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Today, as nanotech continues to develop, materials chemistry
is one of the key fields covering topics such as porous
materials, metal-organic-framework materials, photocatalysts, magnetic materials, nanobiomaterials, and energy
materials for fuel cells and batteries. The development of
materials chemistry has made important progress through
use of spectroscopic methods, such as UV-VIS-IR, OES,
optical absorption spectroscopy, LIBS, XRD, vibrational
spectroscopy, Raman/SERS/SERRS, photoluminescence, and
photospectrometry/plasmonics, which are often supported
by SEM, TEM, and AFM analyses to form the foundations of
nanoscience and nanotechnology in recent decades. In addition, many scientists investigate also some special reaction
mechanisms using spectroscopic tools.
This special issue addresses the research studies on the
spectroscopy applications in materials chemistry. For example, W. Wang et al. reported the CO2 absorption by salinealkali soils in arid and semiarid ecosystems and developed
the preliminary theory and methodology for the quantitative analysis. A. Li et al. investigated gas chromatography
resonance-enhanced multiphoton ionization time-of-flight
mass spectrometry (GC/REMPI-TOFMS) using a nanosecond laser to analyze the 16 polycyclic aromatic hydrocarbons (PAHs). G. Zhao et al. prepared fluorine-containing
hydrophobic mesoporous material (MFS) with high surface
area successfully synthesized with hydrothermal synthesis
method by using a perfluorinated surfactant template. J.
Liu et al. reported the preparation of P(AN-VAc-PMMT)

nanocomposites using in situ emulsion polymerization and
further confirmed it by FTIR. H. Guo et al. investigated the
gelation behaviors of binary organogels composed of azobenzene amino derivatives and fatty acids with different alkyl
chains in various organic solvents. L. K. Gao et al. reported
the molecular dynamics simulations for the model diameter
gradually decreasing the deformation mode of ZrCu metallic
glass from highly localized shear band formation to homogeneous deformation with obvious transition. A. Wang et al.
investigated the synthesis and surface modification of CdTe
quantum dots (QDs) and the application in the rice growth.
F. Jin reported the determination of stavudine in human
plasma by LC-MS/MS method applied to the pharmaceutical
formulations bioequivalence study. B. Sun et al. investigated
the constrained optimization method employed to calculate
the colorant values of the multispectral images. H. Li et al.
reported the utilization of infrared spectroscopy to examine
the bone charcoal and the aluminum-impregnated bone
charcoal. D. Yang et al. investigated the analysis for the
oil content of 29 rapeseed samples based on near infrared
spectral data with different wavelengths by an artificial neural
network (ANN) method. L. Zhang and B. Qin reported a
new technique named foamed gel developed to prevent coal
mine fire efficiently. G. Zhao et al. reported the synthesis of a
high surface area, hydrophobic mesoporous material (MFS)
by a hydrothermal synthesis method using a perfluorinated
surfactant, SURFLON S-386, as the single template. J. Lin et
al. reported the preparation of zinc substituted magnesium

2
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ferrite powders by a sol-gel autocombustion method. J. Liu et
al. investigated the heat-activated persulfate oxidative treatment of chlorinated organic solvents containing chlorinated
ethenes and ethanes in soil with different persulfate dosages
and temperatures. Y. Hu et al. reported the preparation of
novel polyurethane microspheres containing curcumin (CurPUMs) using carboxymethyl cellulose sodium to improve the
bioavailability and prolong the retention time of curcumin. In
addition, Y. Hu et al. also investigated the gelation behaviors
of binary organogels composed of azobenzene amino derivatives and alkyloxybenzoic acids with different lengths of alkyl
chains in various organic solvents.
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Multimetallic Prussian blue compound Ni0.25 Mn1.25 [Fe(CN)6 ]⋅6.1H2 O has been prepared by coprecipitation. The temperaturedependent magnetic susceptibilities show the magnet transition for the compound at 8.5 K. According to DC variable-temperature
magnetic susceptibility paramagnetic Curie temperature 𝜃 is −9.32 K. The observed value of coercive field (Hc) and the remanent
magnetization (Mr) for the compound are 0.32 KOe and 0.36 𝜇B . According to study of zero-field-cooled (ZFC) and field-cooled
(FC) magnetization curves and AC magnetization curves, there exists a spin-glass behaviour in the compound, which exhibits
freezing temperature 𝑇𝑔 = 7.76 K, below magnetic transition 𝑇𝐶 = 8.5 K; that glass behavior is termed “reentrant” spin glass.

1. Introduction
Recently, molecule-based magnets, which can be synthesized by chemical process and have a main property of
supramolecular structure, exhibit magnetic properties due
to magnetic exchange interaction between magnetic ions
[1–3]. The design and synthesis of molecule-based magnets
have become one of the research foci on the physics and
chemistry. Ones have attracted extensive attention recently
owe to the high 𝑇𝐶 molecular ferromagnets had been discovered and the molecule-based magnets show a kinds of
fascinating magnetic phenomenon such as photomagnetic
effect, thermal induced magnetic properties, and magneticpole reversal which have important potential application
[4–6]. Among various types of molecule-based magnetism
materials, Prussian blue analogues AP [B(CN)6 ]q ⋅𝑥H2 O [4]
(molecular structure of Prussian blue analogue compound as
shown in Figure 1) play an important role due to their special
structure and outstanding magnetic properties as moleculebased magnets. The multimetal Prussian blue compound
Ni0.25 Mn1.25 [Fe(CN)6 ]⋅6.1H2 O was synthesized and has been

studied for its magnetic properties through elemental analysis, IR, Mossbauer spectrum, magnetic measurements, and
so forth.

2. Experimental
2.1. Materials and Physical Measurements. NiCl2 ⋅6H2 O,
Mn(SO4 )2 ⋅6H2 O, and K3 Fe(CN)6 are of reagent grade and
without further purification. Elemental analyses (C, H,
and N) were performed on Perkin-Elmer 2400 II analyser.
IR spectrum was recorded on a Perkin-Elmer FT-IR
spectrophotometer as KBr pellet in the 4000∼400 cm−1
range. Magnetization measurements were measured by a
Quantum Design MPMS-7S superconducting quantum
interference device (SQUID) magnetometer in the scope of
2–300 K.

2.2. Synthesis of Ni0.25 Mn1.25 [Fe(CN)6 ]⋅6.1H2 O. Polycrystalline samples of Ni0.25 Mn1.25 [Fe(CN)6 ]⋅6.1H2 O have been
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Figure 2: FT-IR spectrum of the compound.
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Figure 1: Structure of Prussian blue analog AP [B(CN)6 ]q ⋅𝑥H2 O.

prepared in coprecipitation method. A mixture of aqueous solutions of Co(NO3 )2 (25 mL, 0.25 mmol) and NiSO4
(125 mL, 1.25 mmol) was poured in aqueous solution of
K3 [Fe(CN)6 ] (100 mL, 1 mmol). Then the mixture solution
was left to stand at room temperature for an appropriate
period of time until those reactants were finished. A light
brown precipitation was obtained, and precipitation then was
filtered, washed many times with demineralized water, and
finally dried under IR lamp for about 50 minutes. Elemental
analysis to measure C, H, and N mass ratio: found: C, 17.44%;
H, 3.09%; N, 21.23%; calculation: C, 17.79%; H, 3.03%; N,
20.74%.

3. Results and Discussion
3.1. IR Spectrum Analysis. IR spectrum of the compound
has been recorded over the 400–4000 cm−1 range shown
in Figure 2. It shows two obvious bands at 2075.01 and
2151.74 cm−1 indicating the existence of two types of cyanide
groups in the crystal lattice of compound [7–9]. Compounds
with CN− functional group are easily identified by their
stretching frequencies in 2200–2000 cm−1 range, which are
consistent with the formation of bridging cyanide groups,
and there are two different coordination environments.
Moreover, the broad peaks at 3432.90 cm−1 and 1615.02 cm−1
are assigned to the v (O–H) of the crystal water stretching
vibrations.
3.2. DC Magnetic Susceptibility. The magnetic susceptibility
of the compound was measured from 2 K to 300 K in 250 Oe
field. Figure 3 shows the field-cooled magnetization (𝑀)
versus temperature (𝑇) curve and a sharp increase in 𝑀 is
observed around 21 K. Magnetic transition temperature was
estimated from minima of 𝑑𝑀/𝑑𝑇 versus 𝑇 curve, which

M (emu)

0.04
0.03
0.02
0.01
0.00
0

50
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200
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300

T (K)
M (emu)

Figure 3: 𝑀 versus 𝑇 for the compound.

corresponds to the steepest increase of magnetization with
decreasing temperature (as shown in Figure 4). The phase
transition the compound undergoes from a paramagnetic to
ferro/ferrimagnetic type is about 8.5 K, which is lower than
that for the parent compound Ni1.5 [Fe(CN)6 ]⋅xH2 O (𝑇𝐶 =
23.6 K) [10].
The inverse susceptibility as a function of temperature in
the paramagnetic state is shown in Figure 5. The curve rises
slowly with decrease of temperature from 300 to 25 K and
then rises sharply as temperature continues to decrease. The
𝜒𝑚 shows a sharp maximum at 2 K. This kind of behaviour is
a characteristic of a ferromagnet. The magnetic order results
from the combination of ferromagnetic and neighboring
antiferromagnetic interactions. Furthermore, high temperature DC susceptibility (𝜒𝑚 = 𝑀/𝐻) is found to obey the
Curie-Weiss law.
Figure 6 shows the temperature dependence of 𝜒𝑚 −1 in
the temperature range of 20–280 K. The Curie constant (𝐶)
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Figure 6: 𝜒𝑚 −1 versus 𝑇 for the compound.

and the Curie-Weiss temperature (𝜃) are estimated by a linear
fitting of 1/𝜒 = (𝑇 − 𝜃)/𝐶 at the linear region [8–10]. Fitting
yielded that the Curie constant 𝐶 = 15.20 cm3 ⋅K⋅mol−1 and
paramagnetic Curie temperature 𝜃 = −9.32 K. The values of
𝑇𝐶, 𝜃, and 𝐶 are different from those values for ferrimagnet
Ni1.5 [Fe(CN)6 ]⋅xH2 O [10] and Mn3 [Fe (CN)6 ]2 ⋅15H2 O (𝑇𝐶 =
9 K) [11].
A curve of 𝜒𝑚 𝑇 versus 𝑇 is shown in Figure 7, and
the 𝜒𝑚 𝑇 value at room temperature is 5.7 cm3 ⋅K⋅mol−1 .
Upon lowering the temperature, 𝜒𝑚 𝑇 value sharply increases
after 15 K with a further decrease of the temperature. The
𝜒𝑚 𝑇 shows a sharp maximum value of 35.3 cm3 ⋅K⋅mol−1
at 9 K and then finally decreases more rapidly on further
cooling. For a ferromagnetic compound, 𝜒𝑚 𝑇 versus 𝑇 curve
reaches a minimum before rising around magnetic ordering
temperature [12–14].
A curve of 𝜇eff versus 𝑇 is shown in Figure 8. The effective
moment 𝜇eff first slowly decreases to reach a minimum of
6.47 𝜇B at 23 K and then sharply increases to reach maximum
of 16.83 𝜇B at 9 K and final decrease at lower temperature, indicating antiferromagnetic interaction between paramagnetic centers [15–17]. Magnetic transition temperature
was estimated from minimum of 𝑑𝜇eff /𝑑𝑇 versus 𝑇 curve,
which corresponds to the steepest increase of magnetization
with decreasing temperature (as shown in Figure 6; insert:
plot of 𝑑𝜇eff /𝑑𝑇 versus 𝑇). The compound undergoes a
paramagnetic to ferro/ferrimagnetic type phase transition
at 9.5 K, which could be attributed to an intermolecular
antiferromagnetic interaction and/or a zero-field splitting
(ZFS) effect. This kind of behaviour is a characteristic of a
ferromagnet [18, 19].

300

3.3. Zero-Field-Cooled (ZFC) and Field-Cooled (FC) Magnetization. Figure 9 shows the curves of zero-field-cooled
(ZFC) and field-cooled (FC) magnetization of the compound
at different field 𝐻 = 20, 100, 250, and 500 Oe. The
values of 𝑀 increase and exhibit weak irreversibility in
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Figure 8: 𝜇eff versus 𝑇 for the compound (insert: plot of 𝑑𝜇eff /𝑑𝑇
versus 𝑇).

Figure 10: 𝑇irr and 𝑇max versus 𝐻 for the compound.
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Figure 9: ZFC and FC magnetization curves with different field.

the field-cooled (FC) magnetization curves below 𝑇𝐶 = 12 K.
There is a clear bifurcation phenomenon of the field-cooled
(𝑀FC ) and zero-field-cooled (𝑀ZFC ) magnetization curves.
𝑇irr is a bifurcation temperature point of which FC and ZFC
magnetization curves separate out. In addition, the behavior
that 𝑀ZFC exhibits a maximum below 𝑇irr is attributed to the
cooperative freezing of spin glass (as shown in Figure 10).
The irreversible behavior of 𝑀 and shift of bifurcation point
to lower temperature with increasing 𝐻 are characteristic
for spin glasses [10, 11]. It may be reasonable that these
metal ions FeIII , NiII , and MnII through cyanide-bridged
ligand have the coexistence of different valence states or spin
states, the presence of inhomogeneity, and inherent structural
disorder, which propagate possibly the ferromagnetic and
antiferromagnetic exchange interaction via bridging cyanide,
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Figure 11: 𝜒 (𝑇) and 𝜒 (𝑇) curves of AC magnetic susceptibility of
the compound with different frequencies.

and there exist a structural disorder and a certain content
of crystallization water which lead to the weak spin-orbit
coupling. The spin-glass property is due to magnetic domain
kinetics under different cooling conditions and the presence
of available vacant sites in the lattice for the water molecules.
3.4. AC Magnetic Susceptibility. It was also confirmed that
there exists a spin-glass behavior in the compound through
AC magnetization curves. The AC magnetic susceptibility
of the compound was measured at 4 Oe AC amplitude with
zero-applied DC field when varying the frequencies (𝑓) from
10 to 1000 Hz, as shown in Figure 11. The temperature dependence of zero-static field AC magnetic susceptibilities shows
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Figure 13: Field-dependent magnetization curves.

Figure 12: The log(𝑤) dependence of the 𝑇𝑓 .

8000

that the in-phase component (𝜒 ) has a maximum at about
7.7 K for frequencies of 10, 32, 100, 320, and 997 Hz and that a
significant out-of-phase component (𝜒 ) appears, confirming the long-range ferromagnetic ordering. On decreasing
temperature, the in-phase signals 𝜒 increase abruptly at
around 12 K, reach the maximum at about 7.7 K, and then
decrease slowly. The out-of-phase signals 𝜒 increase steadily
to the maximum around 8 K and then decrease slowly, as
shown in Figure 11. The fact that the 𝜒 (𝑇) clearly shows a
frequency dependence is typically assigned to spin glasses [12,
13]. The freezing temperature (𝑇𝑓 ), 𝑇𝑓 = 7.7 K, is defined by
the maximum in the 𝑥AC (𝑇) plot at low frequency. It undergoes a paramagnetic to ferromagnetic transition at around
7.7 K. In fact, the temperature value of the maximum of 𝜒 at a
given frequency (𝑛) corresponds to the blocking temperature
(𝑇𝑁 = 𝑇max ), whereby it is assumed that the switching
of the oscillating AC field matches the relaxation rate of
the magnetization.
Proportional relationship between freezing temperature
𝑇𝑓 and logarithm of frequency in spin-glass system can be
described by quantifying the frequency dependence through
the ratio 𝑐, which can be written as 𝑐 = Δ𝑇𝑓 /𝑇𝑓 Δ log 𝑤.
𝑇𝑓 (𝑤) versus log(𝑤) is shown in Figure 12. The value of
freezing temperature of zero frequency is 𝑇𝑔 = 7.76 K by
extrapolation method and the value of 𝑐 obtained for the
compound is 0.0011, which fall within the range typical for the
conventional spin-glass system (10−2 -10−3 ). Surprisingly, both
the in-phase and out-of-phase signals (𝜒 and 𝜒 ) go through
a maximum with strong frequency dependence. Both in the
real and in the imaginary components the peaks shift to
lower temperatures with decreasing frequencies. However,
the intensities of the peaks behave differently. While the
intensity of the peaks for the real component increases with
decreasing frequencies, in the imaginary component the
intensity of the peaks decreases with decreasing frequencies.
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Figure 14: The hysteresis loop for the compound.

This behaviour of 𝜒 and 𝜒 is typical of a spin-glass
state [16–19].
3.5. Field-Dependent Magnetization and Hysteresis Behavior.
In order to further understand the nature of magnetic ordering, the ferromagnetism behavior is characterized by the
measurements of field-dependent magnetization, as shown
in Figures 11 and 13. The observed 𝑀𝑠 value is 3.85 𝜇B
at 50 kOe, but the compound does not reach full saturation and this behavior is likely to be related to the spinglass behavior as well as the amount of spin and type of
coupling in the compounds Ni1.5 [Fe(CN)6 ]⋅xH2 O [18] and
Mn3 [Fe(CN)6 ]2 ⋅15H2 O [10].
Ferromagnetism in the compound Ni0.25 Mn1.25 [Fe(CN)6]⋅
6.1H2 O is also supported by hysteresis loop curves measured
at 4 K as shown in Figure 14. The coercive field (𝐻𝑐 ) was
0.32 kOe, which was smaller than that of the compound
Ni1.5 [Fe(CN)6 ]⋅xH2 O (𝐻𝑐 = 2.5 KOe,4.4 K) [12]. The remanent magnetization (𝑀𝑟 ) with 0.32 𝜇B for the compound. It is
also obtained by the hysteresis loop curves.
Therefore, synthesis ideas of molecular alloy magnet can
be regarded as a synthesis method to expand a new type
of magnetic functional materials, whose magnetic properties

6
can be tuned and controlled by changing the composition of
different transition metal cations [15, 17–19].

4. Conclusion
We have reported a detailed investigation of magnetic
properties of multimetallic Prussian blue compounds
Ni0.25 Mn1.25 [Fe(CN)6 ]⋅6.1H2 O. The temperature-dependent magnetic susceptibilities show the magnetism transition for the compound at 8.5 K. The Curie constant
(𝐶 = 15.20 cm3 ⋅K⋅mol−1 ) and the Curie-Weiss temperature
(𝜃 = −9.32 K) are obtained through a linear fitting of
1/𝜒 = (𝑇 − 𝜃)/𝐶 at the linear region [8–10].
The observed values of coercive field (𝐻𝑐 ) and remanent
magnetization (𝑀𝑟 ) for the compound are 0.32 KOe and
0.36 𝜇𝐵 . Moreover, there exists a spin-glass behaviour in the
compound according to study of zero-field-cooled (ZFC) and
field-cooled (FC) magnetization curves and AC magnetization curves, which exhibits freezing temperature 𝑇𝑔 = 7.76 K,
below magnetic transition 𝑇𝑐 = 8.5 K. Such a glass behavior
is termed “reentrant” spin glass. It was also confirmed by the
behaviour of 𝜒 and 𝜒 , which go through a maximum with
strong frequency dependence.
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Electrochemical lithium intercalation within graphite was investigated in propylene carbonate (PC) containing different
concentrations, 0.4, 0.9, 1.2, 2.2, 2.8, 3.8, and 4.7 mol dm−3 , of lithium perchlorate, LiClO4 . Lithium ion was reversibly intercalated
into and deintercalated from graphite in 3.8 and 4.7 mol dm−3 solutions despite the use of pure PC as the solvent. However,
ceaseless solvent decomposition and intense exfoliation of the graphene layers occurred in other solutions. The results of the
Raman spectroscopic analysis indicated that contact ion pairs are present in 3.8 and 4.7 mol dm−3 solutions, which suggested that
the presence of contact ion pairs is an important factor that determines the solid electrolyte interphase- (SEI-) forming ability in
PC-based electrolytes.

1. Introduction
In commercially available lithium secondary batteries,
lithium ions are electrochemically intercalated into and
deintercalated from the graphite negative electrode during
charging and discharging, respectively. These electrochemical reactions are basically reversible; however, the reversibility
depends greatly on the kind of electrolyte solutions. They
are highly reversible in ethylene carbonate- (EC-) based
solutions containing lithium salts such as LiClO4 , LiPF6 , and
LiCF3 SO3 . The discovery of EC-based electrolyte systems is
a seminal breakthrough that has enabled the electrochemical
preparation of lithium-graphite intercalation compounds
(Li-GICs) [1, 2]. On the other hand, propylene carbonate
(PC)-based solutions are attractive electrolyte systems owing
to their superior ionic conductivities when compared to
EC-based solutions at low temperatures [3]. However, it is
very difficult to get Li-GICs in PC-based electrolytes because
of poor compatibility between graphite and PC [4–6].
In a previous study [7], we reported a simple electrochemical preparation of Li-GICs in PC-based solutions,
LiN(SO2 C2 F5 )2 (LiBETI) dissolved in PC. The work showed
that lithium intercalation within graphite from the LiBETIPC solutions is an electrochemical reaction that strongly

depends on the electrolyte concentration. Lithium ions were
intercalated within graphite to form a stage 1 Li-GIC in concentrated LiBETI-PC solutions whereas solvent decomposition or the intensive exfoliation of graphene layers occurred
continuously in relatively low-concentration solutions; that
is, the poor compatibility between graphite and PC could be
improved by increasing electrolyte concentration. However,
the details for the effects of electrolyte concentration on
lithium intercalation and deintercalation reactions are still
unclear. In this study, we performed Raman spectroscopic
analysis to know the correlations between electrolyte concentration and interfacial reactions between graphite and PCbased solutions.

2. Experimental
The electrolyte solutions were prepared by dissolving LiClO4
in PC. All these reagents were purchased from Kishida
Chemical Co. and were used as received. The concentrations
of LiClO4 were 0.4, 0.9, 1.2, 2.2, 2.8, 3.8, and 4.7 mol dm−3 ,
which correspond to 20 : 1, 1 : 9, 1 : 7, 1 : 5, 1 : 4, 1 : 3, and 1 : 2,
respectively, by the molar ratio of Li+ to PC. The water content
in each solution was less than 30 ppm, which was confirmed
using a Karl-Fischer moisture titrator (Kyoto Electronics

2
3.0
2.5
Potential (V versus Li+ /Li)

Manufacturing Co., MKC-210). The concentration of all
electrolyte solutions is expressed as the molarity of lithium
salt (mol dm−3 ).
Natural graphite powder (The Kansai Coke and Chemicals Co., NG-7) was used for the charge/discharge tests.
The test electrode was prepared by coating a mixture of the
graphite powder (90 wt%) and a polymeric binder (10 wt%)
on copper foil, as described elsewhere [8]. The charge and
discharge tests were carried out using conventional threeelectrode cells at a constant current of 5.2 mA g−1 in an argonfilled glove-box (Miwa, MDB-1B+MM3-P60S) with a dew
point below –60∘ C. Lithium foil was used as the counter and
reference electrodes. All potentials are referred to as volts
versus Li+ /Li.
Raman spectra of the electrolyte solutions were recorded
using a triple monochromator (Jobin-Yvon, T-64000). Excitation was carried out with a 514.5 nm line (50 mW) from
an argon ion laser (NEC, GLG2265). The scattered light was
collected in a direction of 90∘ to the incident light.

Journal of Spectroscopy

2.0
2.8 mol dm−3

1.5
1.0

3.8 mol dm−3

0.5
0.0
0

100

200
300
Specific capacity (mAh g−1 )

400

(a)

0.3

In a previous study [7], we used LiBETI-PC solutions of
different concentrations as electrolytes, as mentioned in
the introduction, to investigate the effects of electrolyte
concentration on lithium intercalation into graphite. In
the present study, however, LiClO4 -PC solutions instead of
LiBETI-PC solutions were used as electrolytes because a
lot more information on ion-solvent or ion-ion interactions
which would be expected to have an effect on interfacial
reactions between electrode and electrolyte can be obtained
from the former solution by Raman spectroscopy. Before
the Raman spectroscopic analysis, the charging (lithium
intercalation) and discharging (lithium deintercalation) of
the graphite electrode was executed in seven LiClO4 -PC electrolytes of different concentrations: 0.4, 0.9, 1.2, 2.2, 2.8, 3.8,
and 4.7 mol dm−3 . The graphite electrode showed electrolyte
concentration dependence of the electrochemical lithium
intercalation reaction in LiClO4 -PC solutions similar to that
observed in LiBETI-PC solutions. Among the electrolytes,
the 3.8 and 4.7 mol dm−3 solutions were effective for the electrochemical preparation of Li-GICs. No lithium intercalation
and deintercalation reactions occurred in the other solutions.
The potential profiles of natural graphite powder during the first charging and discharging cycles in 2.8 and
3.8 mol dm−3 solutions are shown in Figure 1 (potential profiles obtained in the other solutions are not shown here). It is
well known that the electrochemical intercalation of lithium
into graphite mainly occurs at potentials below 0.25 V [9–11].
There was no charge capacity at the potential profile obtained
in 2.8 mol dm−3 solution. In contrast, the charge capacity corresponding to lithium intercalation was recorded at potentials
below 0.25 V in 3.8 mol dm−3 solution. Potential plateaus
observed at 0.170, 0.080, and 0.045 V during charging and
0.135, 0.180, and 0.255 V during discharging in Figure 1(b) are
direct evidence of lithium intercalation and deintercalation.
The potential plateaus can be assigned to reversible stage
transformations between Li-GICs of different stage numbers.

Potential (V versus Li+ /Li)

3. Results and Discussion
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Figure 1: (a) Charge and discharge curves in the first cycle of natural
graphite powder (NG-7) in 2.8 and 3.8 mol dm−3 LiClO4 dissolved
in PC. (b) Magnified view of panel (a).

The above results demonstrate that the solid electrolyte
interphase- (SEI-) forming ability of LiClO4 -PC electrolytes
is greatly dependent on the concentration of LiClO4 . The
following two possibilities can be considered as the reason
for SEI formation on graphite surface to form Li-GICs in
high-concentration solutions. First, it may be due to the
structural changes in solvated lithium ions as the concentration increases, because the electrolyte decomposition
and exfoliation of graphene layers at around 0.8 V in the
2.8 mol dm−3 solution are originated from the intercalation of
solvated lithium ions [12]. The structural changes may lower
the potential of solvated lithium ions to be intercalated into
graphite, resulting in forming an SEI by the decomposition
of electrolyte below 0.8 V. Second, a new chemical species
may have been produced in high-concentration solutions,
resulting in their decomposition to form an SEI.
The ion-solvent interactions between lithium ions and
PC molecules were investigated by laser Raman spectroscopy
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Table 1: Mole fraction of solvated PC molecules and chargedischarge behaviors of graphite in LiClO4 -PC solutions.

4.7
3.8
2.8
2.2
1.2
0.9
0.4

Charging-discharging

Mole fraction of
solvated PC

Success
Success
Failure
Failure
Failure
Failure
Failure

0.91
0.82
0.63
0.52
0.36
0.26
0.05

Free PC

4.7
3.8
2.8

Intensity (a.u.)

Concentration
(mol dm−3 )

Solvated PC

2.2
1.2
0.9
0.4
Pure PC

660

680

700
720
740
Wavenumber (cm−1 )

760

780

Figure 2: Raman spectra of pure PC and LiClO4 -PC solutions
of different concentrations. The concentration of all solutions is
expressed as the molality of LiClO4 (mol dm−3 ) inside figure.
6

Current density (mA cm−2 )

to confirm the first possibility. Figure 2 shows the Raman
spectra of pure PC and LiClO4 -PC solutions of different
concentrations in the wavenumber range of 660 to 800 cm−1 .
The vibrational spectroscopy of PC in this frequency region
provides useful information on the interactions between
lithium ions and PC molecules [13–17]. In pure PC, the strong
band at 712 cm−1 is assigned to the symmetric ring deformation mode of free PC molecules [13]. The shape of this band
became less symmetric and a new band appeared at around
723 cm−1 . The intensity of the new band increased with an
increase in the concentration of LiClO4 whereas the intensity
of the band from free PC decreased. This indicates that the
new band is originated from the interaction between PC
molecules and lithium ions and is assigned to the symmetric
ring deformation mode of solvated PC [13–15]. The band
from free PC almost disappeared in 3.8 and 4.7 mol dm−3
solutions, indicating that most of PC molecules solvate
lithium ions in the solutions. The mole fraction of the solvated
PC molecules in each solution was obtained from the integrated intensities of the free or solvated PC bands (Table 1).
Curve fitting was performed to separate each band. The 82
and 91% of PC molecules were solvated to lithium ions in 3.8
and 4.7 mol dm−3 solutions, respectively, where an effective
SEI was formed on graphite.
Figure 2 and Table 1 clearly show that there are structural changes in solvated lithium ions as the concentration
changes. The solvation number of lithium ions in LiClO4 PC solution is expected to decrease with an increase in the
concentration of the lithium salt. Such a difference in the
solvation number may result in suppressing the intercalation
of solvated lithium ions and their decomposition occurring
at around 0.8 V in the 2.8 mol dm−3 solution or the solvated
lithium ions may be intercalated at lower potentials than
0.8 V, resulting in forming an SEI by the decomposition of
electrolyte below 0.8 V. If this assumption is correct, an SEI
may be generated when the electrode potential is forced
to step to a lower potential than 0.8 V in a short time.
This is because the intercalation of solvated lithium ions is
suppressed by the formation of an SEI although the two
reactions are competing at the low potential. However, such
an effective SEI was not formed, as shown in Figure 3.
Figure 3 shows chronoamperograms obtained after
potential step from 2.9 to 0.3 V in 2.8 and 3.8 mol dm−3

(a)
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Figure 3: Current-time curves of the natural graphite powder (NG7) observed in response to the potential step from 2.9 to 0.3 V in (a)
2.8 and (b) 3.8 mol dm−3 LiClO4 dissolved in PC.

solutions. In 2.8 mol dm−3 solution, more than 10 times
more charge was consumed compared to that consumed in
3.8 mol dm−3 solution, and exfoliation of graphene layers
was also observed. This indicates that no SEI is formed on
graphite by the decomposition of 2.8 mol dm−3 solution. The
above results demonstrate that a chemical species with the
ability to generate an effective SEI is present in 3.8 mol dm−3
solution, but not present in 2.8 mol dm−3 solution. This, as
mentioned earlier, supports the second possibility.
We noted that ion pairs are formed only in concentrated
solutions and investigated them by laser Raman spectroscopy.
Figure 4 shows the Raman spectra of pure PC and LiClO4 PC solutions of different concentrations in the wavenumber

4
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Table 2: Mole fraction of ClO4 − anions and charge-discharge behaviors of graphite in LiClO4 -PC solutions.

Concentration (mol dm−3 )

Charging-discharging

4.7
3.8
2.8
2.2
1.2
0.9
0.4

Success
Success
Failure
Failure
Failure
Failure
Failure

Mole fraction
Solvent-separated
0.58
0.72
0.78
0.62
0.52
0.45
0.00

Contact
0.40
0.20
0.00
0.00
0.00
0.00
0.00

in 3.8 and 4.7 mol dm−3 solutions, in which contact ion
pairs are present. In the other solutions, only free anions
and solvent-separated ion pairs are present. These results
suggest that the presence of contact ion pairs in the electrolyte
enhances the SEI-forming ability. On the other hand, ion
paring in LiClO4 -PC solutions reduces the conductivity of
the electrolyte. The maximum ionic conductivity is observed
at 1.3 mol dm−3 LiClO4 -PC solution [13]. At a higher concentration the conductivity decreases because of the higher
viscosity originating from the formation of ion pairs in the
solution. The conductivity appears to have little effect on SEI
formation reactions. The detailed interpretation of the direct
correlations between the conductivity and the SEI formation
reactions is beyond the scope of the present work.

Solvent separated ion pair ClO4 −
Free ClO4 − Contact ion pair ClO4 −

Intensity (a.u.)

Free
0.02
0.08
0.22
0.38
0.48
0.55
1.00

4.7
3.8
2.8
2.2
1.2
0.9
0.4

4. Conclusions

Pure PC
900

920

940
960
Wavenumber (cm−1 )

980

1000

Figure 4: Raman spectra of pure PC and LiClO4 -PC solutions
of different concentrations. The concentration of all solutions is
expressed as the molality of LiClO4 (mol dm−3 ) inside figure.

range of 900 to 1000 cm−1 . The vibrational spectroscopy
of ClO4 − anions in this frequency region provides useful
information on ion pairs. James et al. studied ion-ionsolvent interactions in LiClO4 -acetone solutions with Raman
spectroscopy [18]. They reported that there are four kinds of
the symmetrical stretching vibration of ClO4 − anions in solutions originating from (i) free anions, ClO4 − (934 cm−1 ), (ii)
solvent-separated ion pairs, Li+ -solvent-ClO4 − (939 cm−1 ),
(iii) contact ion pairs, [Li+ ClO4 − ] (948 cm−1 ), and (iv) multiple ion aggregates, {Li+ ClO4 − }n (𝑛 ≥ 2) (958 cm−1 ). On the
basis of this report, curve fitting was performed to separate
each band. From the fitting results, the mole fraction of each
species was obtained in a manner similar to the method used
to obtain Table 1, and the results are shown in Table 2. Among
the four kinds of ClO4 − anions, three species were observed,
except multiple ion aggregates, from LiClO4 -PC solutions. It
should be noted that an effective SEI formation and reversible
lithium intercalation and deintercalation reactions took place

This study was conducted to better understand SEI formation
reactions occurring at the interface between the graphite
electrodes and PC-based electrolyte in lithium secondary
batteries. Lithium ions were electrochemically intercalated
into graphite in LiClO4 dissolved in PC by increasing the
concentration of LiClO4 . An effective SEI was formed on
graphite in concentrated solutions without the aid of any
SEI-forming agents. The results of this study suggest that
the presence of contact ion pairs is an important factor that
determines the SEI-forming ability in PC-based electrolytes.
We are yet to understand the causative reasons for the SEI
formation by contact ion pairs and intend to focus our
future reports on gaining an understanding of the factors
contributing to the electrolyte-concentration dependence of
SEI formation in PC-based electrolytes.
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A type of iron and nitrogen codoped titania thin film was prepared by sol-gel method to degrade three typical indoor air pollutants:
formaldehyde (HCHO), ammonia (NH3 ), and benzene (C6 H6 ) under solar light. X-ray diffraction (XRD), UV-Vis spectroscopy,
and energy dispersive spectra (EDS) were employed to characterize the photocatalysts. The results showed that the Fe/N codoped
TiO2 had a stronger absorption in the visible region than pure, Fe-doped, and N-doped TiO2 and exhibited excellent photocatalytic
ability for the degradation of indoor HCHO, NH3 , and C6 H6 . When the three pollutants existed in indoor air at the same time, the
removal percentages of HCHO, NH3 , or C6 H6 after 6 h photocatalytic reaction under solar light reached 48.8%, 50.6%, and 32.0%.
The degradation reaction of the three pollutants followed the pseudo-first-order kinetics with the reaction rate constants in the
order of 0.110 h−1 for ammonia, 0.109 h−1 for formaldehyde, and 0.060 h−1 for benzene. The reaction rate constant decreased with
the increase of initial reactant concentration, which reflected that there was oxidation competition between the substrate and its
intermediate during the photocatalytic process.

1. Introduction
Indoor air quality within buildings has been paid great attention, since many metropolitans generally spend more than
80% of time in indoor environment [1]. Indoor air pollutants
mainly include carbonyl compounds, volatile organic compounds, ammonia, particulate matter, and so forth. Among
them, formaldehyde, ammonia, and benzene are the most
representative, which come from the furnishings and decorating materials, causing nausea, chest tightness, wheezing,
skin rashes, allergic reaction, and chronic poisoning [2].
Photocatalysis is an emerging and promising technology
for the indoor air purification [3], and titania has been identified as the most effective and useful photocatalyst because
of its outstanding physical and chemical properties [4–8].
However, with a wide band gap energy of 3.0–3.2 eV, titania
cannot be activated to generate photoexcited electrons and
holes to promote redox reaction unless it is irradiated by
ultraviolet. But the ultraviolet light energy only accounts for

4–6% of solar energy reaching the ground, so the solar energy
cannot be utilized efficiently in the photocatalytic process,
which hinders the application of TiO2 as a photocatalyst with
response to solar light [6, 9].
In the enhancement of the photoresponse of TiO2 from
ultraviolet to the visible range without decreasing photocatalytic activity, the modification to titania by doping
with metal or nonmetal has been considered as one of the
most promising methods [10–15]. Choi et al. conducted a
systematic study of metal ions doping into TiO2 for 21 metal
ions [16]. Among various transition metal ions, Fe3+ was considered to be a successful doping element due to its half-filled
electronic configuration [17]. Nitrogen and carbon doping
have received attention due to low costs and the demonstration of band-gap narrowing, with significant improvement in
visible light absorption capability [18]. Recent research results
showed that the modification to titania by codoping may be a
more effective method to improve the photocatalytic activity

2
under visible light [19, 20]. Zhao et al. prepared the B-Ni
codoped photocatalyst using the modified sol-gel method.
They pointed out that incorporation of B into TiO2 could
extend the spectral response to the visible region and that Ni
doping could increase greatly the photocatalytic activity [21].
In this paper, a new solar photocatalyst, TiO2 thin film
codoped with iron(III) and nitrogen, was developed with flat
glass as carrier to degrade three typical indoor air pollutants,
formaldehyde, ammonia, and benzene, under solar light. The
research finding provides a feasible way for enhancement of
indoor air quality.
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1.00 and 25.0%, respectively. The results showed that all the
samples had anatase structure mainly with the formation of
characteristic diffraction peaks at 2𝜃 = 25.28∘ , 37.80∘ , 48.05∘ ,
53.89∘ , 55.06∘ , and 62.69∘ , corresponding to (101), (04), (200),
(105), (211), and (204) crystal surface. Compared to undoped
TiO2 , the patterns of doped TiO2 , especially Fe/N codoped
TiO2 , became weak and broadening, which indicated that the
crystallite sizes decreased. From the obtained XRD peaks the
crystallite size of the catalysts was determined by applying
Scherrer’s formula. The formula is given as follows:
𝐷=

2. Experimental Procedure
2.1. Photocatalyst Preparation. Pure and doped TiO2 thin
films were prepared by sol-gel technique. The schematic
diagram of preparing procedures of gels was described in
Figure 1.
Then the plate glass was inserted vertically into the gel.
After keeping for 30 seconds, it was pulled out of the gel with
the speed of 12 cm/min. Thus, the gel film was formed on the
glass surface. Then the glass coated with the gel was dried for
30 min at 100∘ C. At last, the glass was calcined for 4 h at 450∘ C
(20∘ C/min).
2.2. Photocatalyst Characterization. The crystal structures of
pure and doped TiO2 were determined by a D-max-2500/PC
X-ray diffractometer (XRD) equipped with Cu-Ka radiation.
The ultraviolet-visible (UV-Vis) absorption spectra of pure
and doped TiO2 thin films were recorded on a Shimadzu
(Japan) UV-2550 spectrophotometer. The energy dispersive
spectra of the Fe/N codoped TiO2 thin film were recorded on
JEM-2010 transmission electron microscopy (EDS).
2.3. Photodegradation of Gaseous Indoor Pollutants. Photocatalytic experiments with the prepared photocatalysts were
carried out in a self-designed, cuboid, airtight, glass reactor
(60 × 60 × 20 cm) with two holes, which were connected to
sampling tubes of KC-6D air sampler. An electric fan was
installed on the bracket of the airtight reactor in order to
circulate the mixture of gaseous pollutants and air. Eight
pieces of coated glass were placed vertically and evenly in the
reactor. A predetermined amount of pollutant was injected
in vessel under dark. The sunlight illumination was started
following a dark period of 2 h which was sufficient to attain
adsorption equilibrium with the pollutants. The residual
concentration of pollutant was periodically measured every
60 min.

3. Results and Discussion
3.1. Results of Characterization
3.1.1. XRD Spectra. Figure 2 shows the XRD patterns of
undoped TiO2 , Fe-doped TiO2 with the doping proportion
(mole ratio) is 1.00%, N-doped TiO2 with the doping proportion (mole ratio) is 25.0%, and Fe/N codoped TiO2 with
the doping proportions (mole ratio) of iron and nitrogen is

0.89𝜆
,
(𝛽 ⋅ cos 𝜃)

(1)

where 𝐷 is crystallite size (nm), 𝜆 is X-ray wavelength
(1.5406 Å), 𝛽 is width of the obtained peak at half maximum,
and 𝜃 is contour peak angle (radian). According to the
Scherrer’s formula, the crystallite sizes of the photocatalysts
can be ranked in an order of Fe/N codoped TiO2 (6.28 nm)
<Fe-doped TiO2 (7.35 nm)<N-doped TiO2 (10.72 nm) <pure
TiO2 (12.02 nm).
3.1.2. UV-Vis Spectra. Figure 3 shows the ultraviolet-visible
(UV-Vis) absorption spectra of the undoped TiO2 thin film,
Fe-doped TiO2 thin film (the doping mole ratio is 1.00%),
N-doped TiO2 thin film (the doping mole ratio is 25.0%),
and Fe/N codoped TiO2 thin film (the doping mole ratios
of iron and nitrogen are 1.00% and 25%, resp.). According to
Figure 3, all the doped TiO2 have stronger absorption than
the undoped TiO2 in the visible region. Among the photocatalysts, Fe/N codoped TiO2 thin film has the strongest
absorption in the visible region.
3.1.3. EDS Spectra. Figure 4 shows the energy dispersive
spectra of the Fe/N codoped TiO2 with the doping mole ratio
of iron and nitrogen are 1.00 and 25.0%, respectively. The
result showed that the iron and nitrogen were doped in the
TiO2 photocatalyst successfully. The mole ratio of Fe and Ti
was very close to 1%, and the mole ratio of N and Ti was very
close to 25%.
3.2. Photocatalytic Experiment
3.2.1. The Optimal Doping Amount of Iron and Nitrogen. The
solar photocatalytic activity of doped TiO2 thin films was
determined by testing the degradation ratio of formaldehyde
after 6 h photocatalytic reaction. Figure 5 shows the effect of
Fe(III) doping amount on the photocatalytic activity of Fedoped TiO2 thin films, and Figure 6 shows the effect of N
doping amount on the photocatalytic activity of N-doped
TiO2 thin films. From Figures 5 and 6, we could see that the
solar photocatalytic performance of doped TiO2 thin films
exceeded that of pure TiO2 thin film, indicating that both
of Fe and N dopant could increase the solar photocatalytic
activity. Among the Fe-doped TiO2 thin films, the film with
the doping mole ratios of iron was 1.00% and owned the
best solar photocatalytic activity. And the solar photocatalytic
activity of N-doped TiO2 thin film with the doping mole ratio
of nitrogen was 25.0% and was the best among the N-doped
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Figure 1: The schematic diagram of preparing procedures of gels.
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Figure 2: XRD spectra of TiO2 catalysts.

TiO2 thin films. So the Fe/N codoped TiO2 thin film was
prepared with the doping mole ratio of iron and nitrogen that
was 1.00 and 25.0%, respectively.
3.2.2. Degradation of Formaldehyde, Ammonia, and Benzene.
Formaldehyde, ammonia, and TVOC exist in the indoor air at

Undoped TiO2
N-doped TiO2

500
600
Wavelength (nm)

700

800

Fe-doped TiO2
Fe/N-doped TiO2

Figure 3: UV-Vis absorption spectra.

the same time usually. So, we not only studied the photocatalytic degradation of formaldehyde, ammonia, and benzene
when they exist in indoor air separately but also studied
the photocatalytic degradation of the mixed formaldehyde,
ammonia, and benzene in the indoor air. Figure 7 shows
the degradation ratios of separate formaldehyde, ammonia,
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and benzene and the mixture of three pollutants after 6 h of
photocatalytic reaction under solar light.
As shown in Figure 7, appropriate amount of Fe3+ and
N codoped into the TiO2 thin film was helpful to further
improve photocatalytic activity. The removal percentage of
separate HCHO in the presence of the Fe/N codoped TiO2
thin film was 63.1%, which was much greater than that in
the presence of Fe-doped TiO2 thin film (49.8%) and Ndoped TiO2 thin film (44.0%). The cooperation of Fe3+ and
nitrogen could induce the formation of new energy levels
close to the conduction band and valence band, respectively,
leading to the much narrowing band gap. Besides, Fe3+ could
trap the photogenerated electrons, while nitrogen could trap
the photogenerated holes; thus, the codoping of Fe3+ and
nitrogen could further restrain the recombination of the photogenerated electron and hole and enhance photocatalytic
activity [22].
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usually, so the kinetics of photocatalytic reaction was studied
with the experimental data of mixed pollutants over the
Fe/N codoped TiO2 thin film. Langmuir-Hinshelwood (LH) equation has been widely used to describe the process of
photocatalytic reaction. At low reactant concentration, which
is a reasonable assumption for most indoor air pollution
problems, the L-H model is simplified to a pseudo-first-order
expression
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Figure 9: The relationship of reaction rate constant and initial
concentration of HCHO.
0.20

The rate constant (h−1 )
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𝐶
) = −𝑘𝑡,
𝐶0

(2)

where the reactant residue (𝐶/𝐶0 ) is a ratio of the instantaneous concentration of gaseous pollutant (𝐶) to the initial
concentration (𝐶0 ), 𝑘 is the reaction rate constant, and 𝑡 is
the irradiation time. The experimental data were fitted by
plotting − ln(𝐶/𝐶0 ) against irradiation time. The fitting result
was shown in Figure 8.
As shown in Figure 8, almost good linear relationships
with the correlation coefficient 𝑅2 > 0.98 were observed,
indicating that the degradation reaction of formaldehyde,
ammonia, and benzene followed the pseudo-first-order
kinetics. The reaction rate constants of three pollutants were
in the following order: ammonia (0.110 h−1 ), formaldehyde
(0.109 h−1 ), and benzene (0.060 h−1 ). This shows that the photocatalytic reaction is controlled by surface chemical reaction
and reaction rate is controlled by reactant concentration.
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Figure 10: The relationship of reaction rate constant and the amount
of catalyst.

Whether the three pollutants, formaldehyde, ammonia,
and benzene, existed separately or mixed, they could be
removed effectively using the Fe/N codoped TiO2 thin film.
But the removal percentage of formaldehyde, ammonia, and
benzene in gas mixture (48.8%, 50.6%, and 32.0%) after
6 h photocatalytic reaction under solar light was lower than
those of formaldehyde, ammonia, and benzene existing in
air separately (63.1%, 65.8%, and 36.0%). This is due to gas
molecules occupying fully the active sites of the photocatalyst, different molecules compete with each other, and the
intermediate product of different pollutant accumulating on
the photocatalyst surface prevents the effective contact of gas
molecules and photocatalyst.
3.2.3. Kinetics of Photocatalytic Reaction. Formaldehyde,
ammonia, and benzene exist in the indoor air at the same time

3.2.4. Effect of Initial Reactant Concentration and Amount of
Catalyst on the Reaction Rate. Since the photocatalytic reaction rate is controlled by reactant concentration, the photocatalytic degradation experiments with different initial concentration of HCHO (3.02 mg/m3 , 3.88 mg/m3 , 5.19 mg/m3 ,
6.15 mg/m3 , and 7.00 mg/m3 ) as degradation objects were
conducted in order to understand controlling mechanism,
and the results were shown in Figure 9. From Figure 9, we
could see that there was good linear relationship between the
rate constant and initial reactant concentration. The relation
equation was 𝑘 = 0.207 − 0.0189𝐶0 , 𝑅2 = 0.956. The
rate constant decreased with the increase of initial reactant
concentration. This reflected that there was oxidation competition between substrate concentration and its intermediate.
In addition, the amount of the photocatalyst is also
the important influencing factor of photocatalytic reaction. Figure 10 shows the effect of the amount of Fe/N
codoped TiO2 (0.01 g, 0.02 g, 0.03 g, 0.04 g, and 0.05 g) on
the photocatalytic degradation rate of formaldehyde. The
results showed that the photocatalytic reaction rate constant
increased with the increase of the amount of photocatalyst.
The relation equation was 𝑘 = 3.16𝑚 − 0.0088 with the
correlation coefficient 𝑅2 = 0.964, and 𝑚 was the amount of
catalyst.

4. Conclusions
The Fe/N codoped TiO2 thin film was prepared by means
of sol-gel method. The Fe/N codoped TiO2 exhibited much
higher photocatalytic activities than the pure one and those
doped with Fe(III) or nitrogen alone under solar light. Indoor

6
HCHO, NH3 , and C6 H6 could be removed effectively using
the Fe/N codoped TiO2 thin film under solar light. The
removal percentages of three indoor pollutants with solar
light irradiation for 6 h reached 63.1%, 65.8%, and 36.0% for
separate formaldehyde, ammonia, and benzene and 48.8%,
50.6%, and 32.0% for mixed formaldehyde, ammonia, and
benzene. The photocatalytic degradation reaction kinetic
of mixed pollutants followed the pseudo-first-order kinetic
model, the photocatalytic reaction was controlled by the
surface chemical reaction, and the reaction rate was controlled by concentration of reactants. Overall, using the Fe/N
codoped TiO2 thin film to purify indoor air under solar light
is very promising.
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Pendant drop method has been used to measure the equilibrium interfacial tension and dynamic interfacial tension of CO2 /crude
oil system under the simulated-formation condition, in which the temperature is 355.65 K and pressure ranges from 0 MPa to
30 MPa. The test results indicated that the equilibrium interfacial tension of CO2 /crude oil systems decreased with the increase of
the systematic pressure. The dynamic interfacial tension of CO2 /original oil, CO2 /remaining oil, and CO2 /produced oil systems is
large at the initial contact and decreases gradually after that, and then finally it reaches dynamic balance. In addition, the higher the
pressure is, the larger the magnitude of changing of CO2 /crude oil interfacial tension with time will reduce. Moreover, by PVT phase
experiment, gas-oil ratio, gas composition, and well fluid composition have been got, and different contents of light components in
three oil samples under reservoir conditions have also been calculated. The relationship between equilibrium interfacial tensions
and pressures of three different components of crude oil and CO2 system was studied, and the higher C1 is, the lower C2 –C10 will
be, and the equilibrium interfacial tension will get higher. Therefore, the effect of light weight fractions on interfacial tension under
formation conditions was studied.

1. Introduction
The EOR technology of gas injection is theoretically better
than water injection in the enhancement of oil recovery. Gas
injection has developed rapidly in recent years overseas, and it
has become the most important EOR method besides thermal
recovery [1–3]. There are a variety of gases that can be
injected, and CO2 , for its wide sources and good flooding
effect, has been widely put into practical application in oil
fields [4–7]. When CO2 is in a supercritical state, at the
temperature above the critical temperature of 31.26∘ C and the
pressure higher than the critical pressure of 7.2 MPa, its property will change. The density of CO2 is close to liquid, and
the viscosity of it is close to gas at this condition; moreover,
the diffusion coefficient of the CO2 is 100 times higher than
liquid. Therefore, CO2 has a great ability to dissolve in liquid
[8–15]. This is helpful in improving the overall mass transfer
rate when supercritical solubility increases and the reservoir

structure is conducive to increase inner diffusion and external
diffusion, in order to increase the opportunity of the contact
of CO2 with oil and make them easier to mix. Therefore,
CO2 miscible flooding can meet the requirements for injected
solvent in many oil fields [16–22].
The data of gas and crude oil interfacial tension under
conditions of formation has very important theoretical and
practical value, and the key of miscible flooding technology
is to determine the minimum miscibility pressure of injection
agent and crude oil [23–27]. The phenomenon that the interfacial tension changes with pressure significantly affects the
reservoir fluid transfer behavior [28–31]. Miscible flooding
technology is considered as one of the most cost-effective
methods of EOR [32–35].
Pendant drop has been used to measure the relationship
between the equilibrium interfacial tension and the pressure
of CO2 /crude oil system under the condition of the stratum temperature. Changes of interfacial tension with time
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Figure 1: The schematic for the determination of interfacial tension by pendent drop method.

and pressure were measured by this method. By PVT phase
experiment, the gas-oil ratio, gas composition, and well fluid
composition have been measured. And the effect of light
weight fractions on the interfacial tension under formation
conditions was also calculated.

2. Experiment

Yuan Co. with a purity of 99.995% and petroleum ether was
produced by Sinopharm Chemical Reagent Company.

3. Experimental Phenomena and
Results Analysis
3.1. CO2 /Oil Equilibrium Interfacial Tension

2.1. Experimental Apparatus. High temperature and pressure
interfacial tension meter has been used in the experiments,
made by a French production company ST. The core of the
device is a reactor with a window, which has an operating
temperature of 0∼200∘ C and a maximum working pressure
of 70 MPa. Diameter of the needle used in the experiment is
0.81 mm, which is used for hanging droplets and using PVT
analyzer for routine analysis.
Pendant drop method technology is the most accurate
method to measure the interfacial tension under high temperature and high pressure conditions. First, the pump is used
to form droplets on stainless steel needle department, and
then the droplets shape photos are shot by amplifying camera
system; after that the computer image processing systems are
used to get the outer contour of the oil droplets. Ultimately
calculated the interfacial tension, by using corrected image
magnification, the density of light phase and heavy phase. The
apparatus is shown in Figure 1.

(1) The Dissolution and Extraction Effect. The experimental
temperature is 82.5∘ C, and the pressure ranged from 0 MPa to
30 MPa. During the experiment, there is a medium exchange
as the oil drop from the tip of the needle interacts with the
CO2 from the reactor on the condition that the experiment
pressure is higher than the bubble point pressure [16–18]. CO2
has been dissolved into the oil droplets constantly, and the
light group of oil droplets also spread to CO2 [19–22]. At the
beginning of the contact of oil and CO2 , the reaction is much
stronger, and the light component of crude oil has been dissolved by supercritical CO2 constantly [23–25], as shown in
Figure 2. After some dissolution and extraction, the heavy
component of crude oil will be left behind, and the crude oil
and CO2 will eventually reach equilibrium state as shown in
Figure 3. The interfacial tension of this time can be seen as the
equilibrium interfacial tension.

2.2. Experimental Samples. Crude oil was provided by Zhongyuan oilfield, and formation temperature was 355.65 K.
Experiment with CO2 gas was produced by Beijing Hua

(2) The Effect of Pressure on the Dissolution and Extraction. It
can be seen from the picture that, with the increase of the
pressure, the extraction of crude oil increases, and the

3.1.1. Experimental Phenomena
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Table 1: The equilibrium interfacial tension of three CO2 /crude oil
systems.
Oil sample
Original oil
Remaining oil
Produced oil

Figure 2: The initial phase.

Figure 3: The equilibrium phase.

interface between CO2 and crude oil becomes unstable. A
small amount of light components can be extracted out at the
pressure of 16 MPa, but the extraction effect becomes more
significant when the pressure reaches 30 MPa, as shown in
Figure 4, taken at the initial state. At this time, the oil droplets
gravity is equal to the CO2 /oil interfacial tension, so that the
oil droplets could suspend on the needle without dripping.
3.1.2. The Experimental Curve. The relationship between
interfacial tension and pressure is shown in Figure 5. The
equilibrium interfacial tension between crude oil and CO2
decreases with the increase of pressure. The minimum miscibility pressure of the system calculated by extrapolation
method is 18.97 MPa. When the pressure is lower than
18.97 MPa, the interfacial tension decreased rapidly; but while
the pressure reaches 18.97 MPa, the reduction of interfacial
tension will get slower.
3.2. The Dynamic Interfacial Tension between Crude Oil and
CO2 . The experiment showed that the interaction between
CO2 and crude oil is strong at the early stage, but with the
extraction of light weight fractions of crude oil by CO2 and
the dissolution of CO2 into the oil, the interfacial tension
between them changes. In order to study the effect of this
process on the interfacial tension, the contact time’s effect on
the interfacial tension between crude oil and CO2 should also
be tested.

Equilibrium interfacial tension/MPa
18.9744
19.4748
20.5144

Figures 6, 7, and 8 show how the three oil samples’
interfacial tension changes with time. The oil samples include
original oil, remaining oil, and produced oil. It can be seen
from the figure that the interfacial tension of CO2 and oil
is large at the initial contact; but as the contact time is
getting longer, the interfacial tension decreases gradually and
eventually reaches dynamic balance.
Figures 9 and 10 compared the curves of CO2 /crude
oil interfacial tension change with time in two different
pressures. It can be seen from the figure that the higher the
pressure is, the larger the magnitude of CO2 /crude oil
interfacial tension changing with time will reduce. The value
of equilibrium interfacial tension under 12 MPa is more than
90% of the initial interfacial tension, but it turns to 80% at the
pressure of 21 MPa. Obviously, the interaction between CO2
and oil is stronger, and the change of interfacial tension is bigger at a higher pressure. This phenomenon is due to the fact
that more lightweight components are extracted out and the
dynamic mass transfer is getting active at high pressure.
The actual reservoir CO2 flooding belongs to multicontact
miscible flooding, it’s a process that after the contact of CO2
and oil, and many times extraction and dissolution, the oil
and CO2 eventually get miscible. This leads to the interfacial
tension between crude oil and CO2 which becomes an
inevitable result of dynamic change.
3.3. Effects of Gas Composition on CO2 /Oil Interfacial Tension.
Using PVT phase experiment, gas-oil ratio, gas composition,
and well fluid composition have been got as shown in Figures
11, 12, and 13. And calculate different contents of light weight
fractions in the three oil samples under reservoir condition.
Contents of C1 , C2 –C10 , and C11+ of three oil samples are
shown in Figure 14.
As can be seen from Figure 13, the higher the C1 is, the
lower its corresponding C2 –C10 will be, and the C11+ content
of the three oil samples is relatively at a low level.
Using extrapolation method, calculate the equilibrium
interfacial tension of CO2 /original oil system, CO2 /remaining oil system, and CO2 /produced oil system. The equilibrium interfacial tension of three different systems is shown
in Table 1.
It can be seen from Figure 13 and Table 1 that the content
of C1 –C10 component is continually increasing. The higher
C1 is, the lower C2 –C10 will be, and the equilibrium interfacial
tension is getting higher. On the contrary, the lower C1 is, the
higher C2 –C10 will be, and the equilibrium interfacial tension
becomes lower. In other words, C1 is negative for CO2 and oil
miscibility, and C2 –C10 promotes the miscibility of CO2 and
oil system. Therefore, factors that affect the CO2 and crude
oil system interfacial tension are pressure, gas composition,
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Figure 6: The relationship between interfacial tension and time of
CO2 /original oil system.

and time. In hydrocarbons and CO2 compound flooding
process, the selection of C2 –C10 and CO2 as a composite
system will achieve better results in flooding.
Recent studies mostly focused on the research and application of equilibrium interfacial tension, and the study of
dynamic interfacial tension is rare. But the actual reservoir
CO2 flooding belongs to multicontact miscible flooding, and
this leads to the interfacial tension between crude oil and
CO2 becoming an inevitable result of dynamic change. So the
dynamic interfacial tension can better simulate the situation
under reservoir conditions and is more valuable. Historical
studies do not mention hydrocarbons and CO2 compound
flooding, but the data from the experimental measurements
are conducive to the development of hydrocarbons and
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Figure 8: The relationship between interfacial tension and time of
CO2 /produced oil system.

CO2 compound flooding technology. The findings not only
provide experimental evidence for indoor hydrocarbons and
CO2 compound flooding but also make it not just stick to a
single CO2 flooding. The experimental results provide a
broad prospect for CO2 flooding and opened up new areas
for hydrocarbons and CO2 compound flooding technology.
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(1) Using the pendant drop method, the interaction between
CO2 and crude oil can be seen through the reactor under
simulated-formation conditions of temperature and pressure.
There is a strong mutual diffusion at the beginning of the contact of CO2 and crude oil, and as the pressure goes higher, the
dissolution and extraction become easier.
(2) Data of CO2 and crude oil interfacial tension under
conditions of the temperature of 355.65 K and the pressure
ranging from 0 MPa to 30 MPa were measured by experiment. Experimental results show that CO2 /crude oil equilibrium interfacial tension decreases with the increasing of
pressure.
(3) The interfacial tension of CO2 and oil is large at the
initial contact, and as time is getting longer, the interfacial
tension decreases gradually and eventually reaches dynamic
balance. Moreover, the higher the pressure is, the more the
magnitude of changing of CO2 /crude oil interfacial tension
with time will reduce.
(4) The higher the content of C1 in crude oil is, the lower
the content of C2 –C10 will be, and the equilibrium interfacial
tension will get higher. On the contrary, the lower the content
of C1 is, the higher the content of C2 –C10 will be, and the equilibrium interfacial tension will become lower. In other words,
C1 is negative for the miscibility of CO2 and oil, and C2 –C10
can promote the miscibility of CO2 and crude oil system.
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Titanate nanotubes were synthesized by a hydrothermal method using commercial TiO2 powder and then used as a photocatalyst.
The titanate nanotubes were synthesized by varying the hydrothermal temperature from 110∘ C to 180∘ C. The morphological changes
and phase transformation of the TiO2 nanotubes were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The particles’ scattering behavior was investigated by Raman studies, and the surface
area of the nanotubes was determined by a Brunauer, Emmett, and Teller (BET) analysis. Comparative studies show that the surface
area of nanotubes increases with increasing temperature up to 130∘ C. The catalytic behavior of the synthesized nanotubes was also
studied. The as-prepared titanate nanotubes were applied to methylene blue (MB, an organic dye) degradation in aqueous media
by UV irradiation. Approximately 99% of the dye was removed from the aqueous media using 2 g/L titanate nanotube when the
initial dye concentration was 9 mg/L. The total irradiation time was 2 h.

1. Introduction
Nanoparticles and their applications are of great interest in
modern science due to their unique properties, which differ
from those of the corresponding bulk materials, and their
diverse applications [1–4]. Gold, silver, ruthenium, platinum,
and bimetallics or nanoalloys of those elements have been
synthesized in various ways and used in biochemistry in
particular for biomedical applications [5–10]. Among these
materials, Titania (TiO2 ) is believed to be the most promising
due to its nontoxicity, long-term stability, and low cost. Its
applications are strongly dependent on the crystallographic
structure, morphology, and size of the particles. Due to its
desirable band gap (3.2 eV), TiO2 nanoparticles are also used
in solar cells. It is also worth mentioning that Titania nanotubes and nanowires are used as photocatalysts due to their
strong oxidizing power, biological and chemical inertness,
and long-term stability against light-based and chemical corrosion [11, 12]. Presently, groups of researchers are attempting

to use this nanoparticle to remove toxic contaminants from
aqueous media and air for the remediation of environmental
contamination [13–15].
Various synthetic routes have been explored for the
synthesis of size-controlled TiO2 nanoparticles. The simple
hydrolysis of titanium salts results in TiO2 nanoparticles [16–
19]. However, this technique produces a mixture of anatase
and rutile polymorphs, which inhibits the formation of
well-shaped anatase nanocrystals [20, 21], which have the
highest photocatalytic activity towards the degradation of
most organic contaminants in aqueous media [20]. Several
groups have reported the preparation of titanate nanotubes
(TNTs) using different hydrothermal reaction temperatures
and durations [22, 23]. This method does not require a
template, and the obtained nanotubes have a small diameter
(∼10 nm) with high crystallinity. Many groups have tried to
analyze the characteristics of TNTs, which can then be used
to evaluate the synthetic mechanism as well as sheet-folding
mechanism [24, 25]. TNTs derived from the hydrothermal

2
method possess ion-exchange properties and are characterized by a high surface area and pore volume. They may also
offer a special environment for the adsorption of large cations,
such as basic dyes. Moreover, the hydrothermal method is
also a simple, cost-effective, and ecofriendly technology and
can prepare TNTs in high yields. Therefore, examining the
potential applications of TNTs synthesized from this method,
which is ecofriendly and cost-effective, is important.
Water pollution due to organic dyes is of great concern
for human health as well as the environment because colored
water is aesthetically unpleasant. The production of different
by-products due to the degradation of some organic dyes
poses a severe health risk due to their carcinogenicity. The
literature contains physical, chemical, and biological methods
that have been applied to remove the color from dyecontaminated wastewater [26–30], and physical adsorption
has been identified as a potentially efficient and economical
way to remove dyes from waste streams and control the
biochemical oxygen demand [31]. Although activated carbon
is believed to be an efficient adsorbent for organic hazardous
removal from aqueous media, it is expensive. Hence, a
number of groups have tried to remove toxic organic dyes
from aqueous media using titanate nanotubes by activating its
photocatalytic activity using UV irradiation. TiO2 /UV photocatalysis is among the most promising advanced oxidation
technologies due to the effectiveness of TiO2 in generating
hydroxyl radicals along with its environmentally benign
properties and relatively low cost [32–34].
In this paper, we have focused on the synthesis of titanate
nanotubes using a hydrothermal method with different reaction temperatures and times. The performances of the titanate
nanotubes synthesized under different reaction temperatures
were analyzed analytically by XRD, Raman, TEM, BET, and
FTIR. Finally, the removal of an organic dye, methylene blue
(MB), was from an aqueous environment attempted using the
synthesized titanate nanotubes and UV irradiation.

2. Materials and Methods
2.1. Reagents. All the chemicals used were of analytical
grade and were used as received. HNO3 , NaOH, TiO2 (P25)
powder, and methylene blue (MB) were purchased from
Acros Organics (New Jersey, USA). A 100 ppm stock MB
solution was prepared in double-distilled water and diluted
as required.
2.2. Instrumentation. All the glass apparatus used were
soaked in concentrated HNO3 for 12 h and then washed
with large volumes of double-distilled water followed by tap
water. Next, the apparatus were dried in a hot-air oven for
2 h at 90∘ C. A high-precision electronic balance was used
for weighing, and a high-precision digital electronic pH
meter was used to measure the pH of the medium. FTIR
spectrometry was conducted using a Bio-Rad Digilab FIS165 spectrophotometer. A Lambda Dimension-P2 Raman
spectrometer was used to measure the Raman shift. Powder
XRD patterns were recorded using a PANalytical X’Pert PRO
X-ray diffractometer with CuK𝛼 (𝜆 = 1.5406 Å) radiation. A
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Figure 1: Preparation of titanate nanotubes by the hydrothermal
method.

Micromeritics ASAP 2101 instrument was used for BET analysis. TEM measurements were performed using a Philips M200 transmission electron microscope operating at 200 kV.
All absorbance measurements were carried out using a UVVis spectrophotometer (HITACHI, U-2800) equipped with a
1 cm quartz cell. Gilson micropipette and microtips were used
to add samples.
2.3. Preparation of Titanate Nanotubes. Hydrothermally
titanate nanotubes were synthesized and the total synthesis
process is shown in Figure 1. Set of experiments were conducted by the mixing of commercially available (0.8 g) (P25)
TiO2 powder in 50 mL aqueous NaOH (10 M) solution. The
mixtures were allowed to continuous stirring for 1 h with a
magnetic stirrer. After the aging time finished, the reactions
mixtures were hydrothermally treated at different temperatures in a stainless Teflon-lined autoclave. The autoclave was
put into an oven and was heated to 110–180∘ C for a prescribed
period of 24 h and cooled to room temperature naturally in
air. Next, the final reaction products were washed thoroughly
with large volumes of double-distilled water to achieve the
neutral pH of the medium and that is ∼7. Finally, obtained
white cotton-batting-like solid was filtrated and dried at 80∘ C
for 1 h and then characterized and used for photodegradation
of organic dye, methylene blue from aqueous media.
2.4. Photocatalytic Degradation of Aqueous Methylene Blue
(MB). To investigate the photocatalytic activity of the synthesized titanate nanotubes, the degradation of a toxic organic
dye, methylene blue (C16 H18 ClN3 S) (Figure 2), in aqueous
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Figure 3: Exfoliating-rolling model of nanotube formation from the
layered Na2 Ti3 O7 particles by a soft chemical process.

media was attempted using UV irradiation. First, 0.2 g of
as-prepared titanate nanotubes was dispersed in 100 mL of
synthetic MB solution when the initial dye concentration was
9 mg/L (titanate nanotubes dose, 2 g/L). The mixture of dye
and catalyst was then placed in a photocatalytic reactor and
subjected to UV irradiation. A 6-W, 254 nm UV lamp was
used as the light source. The aqueous system of the suspended
catalyst was oxygenated to ensure the presence of sufficient
oxygen in the system. The experiment was conducted at room
temperature (∼25 ± 2∘ C). The total UV irradiation time was
2 h. Next, the titanate nanotube suspension was centrifuged at
3200 rpm for 10 min to separate the solid and liquid phases.
Collecting the supernatant liquid, after centrifugation, the
remaining dye concentration in the solution was measured
by UV-Vis spectrophotometry at 669 nm.

3. Results and Discussion
3.1. Formation Mechanism of Titanate Nanotubes. Na+ resides
between the edge-shared TiO6 and Na2 Ti3 O7 octahedral
layers, as is well known. The strong static interaction force
between the Na+ and TiO6 units holds the layers together
tightly and makes it impossible to roll these layers into nanotubes. Under the hydrothermal conditions, Na+ is gradually
released with intercalated H2 O molecules into the interlayer
space of the TiO6 sheets. Because H2 O molecules are larger
than Na+ ions, the interlayer distance increases during the
release of Na+ , weakening the static interaction force between
neighboring TiO6 and octahedral sheets. As a result, the
Na2 Ti3 O7 layer was gradually exfoliated to form numerous
sheet-shaped products [32, 33]. The nanotube formation
mechanism is shown in Figure 3 [35].

3500

3000 2500 2000 1500
Wavenumber (cm−1 )

1000

500

Figure 4: FTIR spectra of the samples prepared at different reaction
temperatures: (a) 110∘ C, (b) 130∘ C, (c) 150∘ C, and (d) 180∘ C.

3.2. Characterization of Titanate Nanotubes. The synthesized
titanate nanotubes were characterized by different methods.
Figure 4 shows the FTIR spectra of the as-prepared nanotubes (using KBr pellets) synthesized at different hydrothermal temperatures and compares these values to those from
a previous work [36]. The broad peaks at 3200∼3400 cm−1
are ascribed to the stretching vibration of the hydroxyl
groups (O–H) from the residual water in the precursors.
The peak of 1630 cm−1 is attributed to the bending vibration
of the hydroxyl groups (H–O–H) present in the titanate
nanotubes. The other broad bands at 700∼1200 cm−1 and
300∼900 cm−1 are assigned to the Ti–O and Ti–O–Ti skeletal
frequency regions, respectively. As the hydrothermal temperature increased to 180∘ C, the peaks of the stretching (O–
H) and bending (H–O–H) vibrations of the hydroxyl groups
disappeared completely. This disappearance is due to the very
low content of organic compounds and water at high reaction
temperatures.
The X-ray diffraction patterns (XRD) of titanate nanotubes synthesized at different hydrothermal temperatures
are shown in Figure 5. The intense peak at approximately
9.1∘ is thought to be due to the layered structure of the
NaHTi3 O7 nanotube wall, while the smaller broad peaks
at approximately 24∘ , 28∘ , and 48∘ suggest the presence of
sodium (Na) in the synthesized nanotubes, for example,
Ti6 O13 , Ti6 O12 , and Ti9 O18 . However, as the hydrothermal
temperature increases to 180∘ C, curve (d) of Figure 5 suggests
the presence of Na2 Ti6 O13 , the hydrothermally synthesized
product [36–39]. This finding indicates that the titanate nanotube structure is changing from tube to rod. The nanorods
are formed by the parallel arrangement of the nanotubes,
which is a result of the adsorption of the nanotube surface
of the water molecules and the evaporation of the inner layer
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Table 1: BET analysis of as-prepared titanate nanotubes at different
temperature and after 24 h.

Intensity (a.u.)

𝑆BET (m2 /g)

Pore volume
(cm3 /g)

Size (nm)

P25

60.0

0.06

3.8

110∘ C

126.7

0.20

3.2

186.8

0.23

3.2

Sample at different
temperature

(d)

∘

(c)

130 C
∘

150 C

183.6

0.39

4.8

180∘ C

9.9

0.05

11.6

(b)

Table 2: BET analysis of the prepared titanate nanotubes at different
time at constant temperature of 130∘ C.
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0.31

3.3

48 h

170.3

0.28
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Figure 5: XRD patterns of the samples prepared at different reaction
temperatures: (a) 110∘ C, (b) 130∘ C, (c) 150∘ C, and (d) 180∘ C.

of moisture to release the high stress inside the nanotube
structure.
Figure 6 shows the TEM images of titanate nanotubes
hydrothermally synthesized at different temperatures. When
the hydrothermal treatment temperature was 110∘ C, the
tubular structure was absent, and sheet-like structures were
observed. Titanate nanotube clusters can be clearly seen when
the hydrothermal treatment temperature was increased to
130∘ C. As the hydrothermal temperature increased to 180∘ C,
the titanate nanotubes adopted a rod-like structure. It is
inferred that the tubular structure is clearer and tube pore
diameter larger at high hydrothermal temperatures. Overall,
no damage of the titanate nanotubes was observed during
the hydrothermal process with increasing temperature. The
nanotubes were 200∼300 nm in length and approximately
10 nm in diameter. Some of the long tubes synthesized at high
temperature broke into shorter tubes. The tubular structure
was retained, but the tubes were deposited onto one another
[37, 40].
The surface morphology of the synthesized nanotubes
was monitored by SEM (JEOL, TFSEM-6330), and the
micrographs are shown in Figure 7. Figure 7 implies that the
nanotube formation depends on temperature. The formation
of nanotubes is due to the warping or splitting of the surface
of Na2 Ti3 O7 octahedral layers. A number of cumulative
steps followed the formation of nanotubes. Figure 8 depicts
the H2 Ti3 O7 nanotube and nanowire formation processes.
Initially, lamellar structures were grown on the brim of TiO2
particles. These lamellar structures grow along the [001]
direction with the (010) plane as the top/bottom surface (a).
Second, the lamellar structures split into nanosheets between

the (100) planes. The height of these nanosheet structures
(in the 𝑏 direction) is the thickness of the original lamellar
structure (b). In the third step, the nanosheets wrapped into
nanotubes with diameters dependent on the height of the
nanosheets (c). Additionally, thick layers or wires may be
formed after prolonged reaction at elevated temperature (d).
Afterwards, splitting may occur between the (100) and (010)
planes of these thick layers or wires (e). Finally, further
splitting leads to the formation of thin nanowires (d) [41].
The nanotubes synthesized at various temperatures for
various durations were subjected to BET analysis to determine the surface area of the synthesized titanate particles
after degassing with nitrogen. The obtained result is given in
Table 1. The specific surface area of the nanotubes increased
with temperature, which in turn proves that the nanotubes are
relatively small. This result can be interpreted as the titanate
nanotubes steadily turning into tubular nanocomposites. At
temperatures above 130∘ C, the surface area slowly decreases,
which indicates that the nanotubes became larger (Table 1).
The maximum surface area of the nanotubes, 186.8 m2 /g, was
produced at 130∘ C after 24 h of synthesis. A time-resolved
study of the surface area of the synthesized nanotubes was
also conducted by varying the synthesis duration from 0
to 48 h, keeping the temperature constant at 130∘ C. It is
observed that the surface area of the nanotubes increases
with reaction time at this constant temperature. The time
dependence of the nanotube surface area can be attributed to
a continuous conversion of nanosheets into nanotubes during
the reaction time. However, the obtained result suggests that
the maximum surface area, 186.8 m2 /g, is found after 24 h of
synthesis (Table 2). In contrast, this value was 60 m2 /g for P25
under room-temperature conditions.
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Figure 6: TEM images of the samples prepared at different reaction temperatures: (a) 110∘ C, (b) 130∘ C, (c) 150∘ C, and (d) 180∘ C.

The Raman spectrum of the as-prepared nanotubes is
shown in curve (a) in Figure 9. For hydrothermal temperatures below 150∘ C, the modes at 662 cm−1 and 700 cm−1
are ascribed to the vibrations of Ti–O–Na and Ti–O–H,
respectively, given that the 662 cm−1 mode disappears from
the as-prepared sample after washing with deionized (DI)
water, which proves the exchange of Na+ by H+ . The 910 cm−1
mode can be ascribed to the vibrations of Ti–O, which
indicates that the structure is NaHTi3 O7 . At 180∘ C, the
characteristic peaks of NaHTi3 O7 disappeared, while the
Raman modes at 197 cm−1 , 224 cm−1 , 278 cm−1 , 306 cm−1 ,
414 cm−1 , 475 cm−1 , 680 cm−1 , and 874 cm−1 were strongly
consistent with the previously reported results, which once
again supports the presence of titanate nanotubes in the
products synthesized by the hydrothermal process [36, 39].
3.3. Photocatalytic Degradation of MB
3.3.1. Calibration Curve. UV-Visible spectra were recorded
with various dye concentrations and are shown in Figure 10.
The study was first conducted without the addition of the
titanate nanotube photocatalyst or UV irradiation. A linear
calibration curve of MB (𝜆 max = 669 nm) was drawn in
the concentration range of 0–18 mg/L. The linear equation
obtained is Absorbance (𝑦) = 0.1719 × (mg/L) + 0.191.
The specific correlation coefficient was (𝑅2 ) = 0.9999. The

obtained linear calibration equation was used through this
study to determine the remaining dye concentration in the
degraded dye solution after UV irradiation.
3.3.2. Photodegradation of Dye. First, 2 g/L of the titanate
nanotubes prepared at different temperatures was mixed with
100 mL of the synthetic MB solution. Next, the mixture was
photoirradiated with UV light for 2 h. The reaction mixture
was stirred with a magnetic stirrer. The experiment was conducted at room temperature with an initial MB concentration
of 9 mg/L. The pH of the medium was ∼7. Kinetically, within
20 min of photoirradiation, ∼99% of the dye had degraded.
Hence, a 20 min photoirradiation time was identified as
the equilibrium time for the dye photodegradation. No
further acceleration of dye degradation was observed over an
additional 100 min of irradiation time. The dye degradation
efficiency was almost the same for each as-prepared titanate
nanotube sample except that prepared at 180∘ C (Figure 11).
The higher specific surface area (186.8 m2 /g) allows more of
the organic pollutant to be adsorbed onto the photocatalyst
surface, while the high pore volume results in a faster diffusion of various reaction products during the photocatalytic
reaction. All these factors contributed to enhancing the photocatalytic activity [42]. However, unlike the conventional
adsorption of other aquatic contaminants on the adsorbent,
which depends on both the particle size and the surface area
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Figure 7: SEM images of the samples prepared at different reaction temperatures: (a) 110∘ C, (b) 130∘ C, (c) 150∘ C, and (d) 180∘ C.
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Figure 8: Nanotube/nanorod formation mechanism.

of the particle [43], the photodegradation of aquatic organic
contaminants (here, dye) may also depend on the photon
absorption and electronic transition between the organic dye
(in the presence of oxygen) and titanate nanotubes, which
in turn may enhance the MB degradation in the aquatic
environment in the present study.

3.3.3. Photodegradation Mechanism. It is well known that
anatase, titanate, and Degussa P-25 are not excited by visible
light but can be used to degrade most colored contaminants because of their photosensitization effect [44]. Titanate
nanotubes have a large BET surface area of approximately
186.8 m2 /g and therefore show a high adsorption capacity, which is beneficial for collecting organic contaminate
molecules such as MB. Under UV irradiation, the MB
molecules were adsorbed onto the nanotube surfaces, and
the produced electrons were transferred to titanate nanotubes
and then injected into the conduction band of the anatase
nanoparticles connected with these nanotubes through the
nanotube channels [45]. This injective process could also
be directly performed by radical MB molecules [46]. The
injected electrons were captured by the surface-adsorbed
O2 molecules to yield O2 ∙− and HO∙ radical ions, among
others. Finally, the MB molecules could be quickly mineralized by the radical ions. Due to the anatase nanoparticles’
high absorption capacity and high concentration of excited
electrons, the MB molecules adsorbed onto the surface of
anatase will be easily photodegraded; thus, the photocatalytic
activity of the nanocomposite is substantially improved. The
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Figure 9: Raman spectra of the samples prepared at different
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Figure 10: UV-Visible spectra of the dye at different concentrations
at room temperature: 0, 3, 6, 9, 12, 15, and 18 mg/L.
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probable photodegradation mechanism of dye under UV
light using titanate nanotubes is shown as follows [47]:
dye + ℎ] → dye∗

800
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80

60

40

20

0

(6)

0
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→ degraded or mineralized products
According to the above formulae, radicals and hydroxyl
groups play a key role in the degradation process, and a
greater amount of radicals or hydroxyl groups corresponds to
better photocatalytic activity. In the present case, the catalyst,
which obeyed a similar mechanism of dye photodegradation,
contained hydroxyl groups, which means that the synthesized
samples have good potential for photocatalytic applications.
The maximum absorption boundaries of the samples mean
that the samples can absorb more photons under UV light or
sunlight [36].

4. Conclusions
A hydrothermal method was explored for the synthesis
of titanate nanotubes. The nanotubes were characterized
by SEM, TEM, and FTIR studies. The particles’ scattering
behavior was investigated by Raman studies. The surface area

110∘ C
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40
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80
Time (min)

100

120

150∘ C
180∘ C

Figure 11: Dye degradation (%) by the as-prepared nanotubes.

of the nanotubes was determined by BET analysis. It was
observed that the surface area of the synthesized nanotubes
is governed by the hydrothermal temperature and reaction
time. At 130∘ C and 24 h of reaction time, the surface area
of the titanate nanotubes was 186.8 m2 /g. The photocatalytic
activity of the synthesized nanotubes for dye degradation
was investigated using a dye-contaminated aqueous solution.
The equilibrium time for dye degradation was 20 min. At
equilibrium, ∼99% of the MB was degraded from the aqueous
media by UV irradiation when the initial dye concentration
was 9 mg/L. The maximum absorption boundaries of the
dye-contaminated samples mean that the samples can absorb
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more photons under UV light or sunlight. Hence, the synthesized titanate nanotubes are a suitable photocatalyst for the
degradation of MB, an organic dye, from aqueous media.
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M. Visca and E. J. Matijević, “Preparation of uniform colloidal
dispersions by chemical reactions in aerosols. I. Spherical
particles of titanium dioxide,” Journal of Colloid and Interface
Science, vol. 68, no. 2, pp. 308–319, 1979.
H. K. Park, Y. T. Moon, D. K. Kim, and C. H. Kim, “Formation
of monodisperse spherical TiO2 powders by thermal hydrolysis
of Ti(SO4 )2 ,” Journal of the American Ceramic Society, vol. 79,
no. 10, pp. 2727–2732, 1996.
E. A. Barringer and H. K. Bowen, “High-purity, monodisperse
TiO2 powders by hydrolysis of titanium tetraethoxide. 1. Synthesis and physical properties,” Langmuir, vol. 1, no. 4, pp. 414–
420, 1985.
Q.-H. Zhang, L. Gao, and J.-K. Guo, “Preparation and characterization of nanosized TiO2 powders from aqueous TiCl4
solution,” Nanostructured Materials, vol. 11, pp. 1293–1300, 1999.
F. Cavani, E. Foresti, F. Parrinello, and F. Trifirò, “Role of the
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A novel Zn-MOF[Zn3 (OH)2 L2 ] was synthesized from dicarboxylate ligands with diimine groups (1,4-bis(4-CO2 HC6 H4 )-2,3dimethyl-1,4-diazabutadiene). The physicochemical properties of the material were characterized by a series of technologies
including XRD, SEM, and ICP. In order to adapt to the ethylene oligomerization process, a catalyst [Zn3 (OH)2 (L1 Ni )2 ] (denoted as
Cat.A) possessing active Ni2+ centers was prepared by a postsynthetic treatment method using dichloride nickel as a nickel source
in this work. For comparison, 𝛼-diimine ligands with/without dicarboxylic acid groups reacted with dichloride nickel to obtain
homogenous Cat.B and Cat.C, respectively. The effects of reaction parameters, including n(Al)/n(Ni), temperature, and pressure
on the oligomerization activities and oligomers distribution were investigated. The results demonstrated that all of catalysts used
with diethylaluminum chloride were active for the ethylene oligomerization. Among them, Cat.A and Cat.B showed higher catalytic
activities and higher selectivities to low-carbon 𝛼-olefins at atmospheric pressure. The Cat.A exhibited the optimal catalytic activity
[6.7 × 105 g/(mol⋅Ni⋅h⋅atm)] for C4 (91.8%) under the conditions of Al/Ni = 1500, P = 1.0 atm, T = 20∘ C. In addition, Cat.A and Cat.B
presented large amount of ethylene polymer, while Cat.C had a higher catalytic activity of ethylene oligomerization at high pressure.

1. Introduction
Low-carbon linear 𝛼-olefins are extensively used as comonomer of linear low-density polyethylene, plasticizers, and
synthetic lubricants [1, 2]. Among technologies of producing low-carbon linear 𝛼-olefins, ethylene oligomerization is
a major industrial process. Today, the well-known industrial processes of ethylene oligomerization include Shell
Higher Olefin Process (SHOP) employing homogeneous
nickel catalysts bearing [P,O] ligands and Philips ethylene
selective trimerization or tetramerization processes using
homogeneous chromium catalysts [3, 4]. Although a lot
of research efforts focus on homogenous oligomerization
catalysts, the process has a serious drawback of separation of oligomerization products from catalysts and solvent

mixtures. The added separation process will lead to the
significant increase of operation costs and environmental
pollution. With respect to the green chemistry principles,
heterogeneous catalysis is an environmentally friendly alternative to the traditional homogenous process. Heterogeneous
catalysts using porous solids (MCM-36, MCM-22, [5] MCM41 [6]) as supporting materials exhibit good catalysis performances for the ethylene oligomerization. Unfortunately,
characteristic results show that anchored active species are
not evenly located within pore channels. As a result, a
rapid enrichment of polymeric waxes occurs in the part;
thus the selectivity to low-carbon linear 𝛼-olefins has been
seriously affected. This phenomenon is commonly encountered in ethylene oligomerization processes using porous
solids as the supports of catalysts. Therefore, the development
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of new supporting strategy on porous materials is desirable.
In the past decade, metal-organic frameworks (MOFs)
have attracted a great deal of attention [7]. Due to their
outstanding features of tunable pore sizes, high specific
surface areas, and the possibility to functionalize, they have
been widely used in the processes of hydrogen storage [8,
9], gas separation [10], catalysis [11], sensing [12, 13], and
drug delivery [14, 15]. In particular, an important feature of
MOFs as catalysts is their self-assembled metal active sites,
which are uniformly distributed over porous frameworks.
Recently, MOFs for ethylene oligomerization have come into
notice by several research groups. Kyogoku and coworkers [16] have prepared metal-organic framework (MOF)
compounds containing Ni-bipyridyl complex. The material
used with diethyl aluminum chloride had high potential
as a catalyst for the oligomerization of ethylene with high
selectivity for linear butenes. Canivet and coworkers [17]
have anchored a molecular nickel complex into a mesoporous metal-organic framework (Ni@(Fe)MIL-101) using
the one-pot postfunctionalization method. It is generating
a very active and reusable catalyst for the liquid-phase
ethylene dimerization to selectively form 1-butene. Mlinar
and coworkers [18] have reported two Ni2+ -containing metalorganic frameworks with high concentrations of coordinatively unsaturated Ni2+ sites, which exhibit activity comparable to Ni2+ -exchanged aluminosilicates but maintain high
selectivity for linear oligomers. However, examples of metalorganic framework bearing metal-binding organic ligands as
ethylene oligomerization catalysts compared with the beforeassembled metalloorganic ligands, particularly in liquidphase oligomerization reactions, are rare.
Here we are interested in assembling dicarboxylate ligands with diimine groups into MOF framework followed
by nickel complexation with 𝛼-diimine groups to realize the
self-support of nickel active sites. The difference of catalytic
performances of these self-supported nickel active sites in the
ethylene oligomerization between nickel sites coordinated
with corresponding unassembled ligands is of interest. For
this purpose, 𝛼-diimine ligand with dicarboxylic acid (L1 ,
Scheme 1) is synthesized according to literature [19]. Such
ligand as a linker is connected by ZnII ions nodes to construct MOF framework. The catalyst active Ni2+ centers are
generated by postsynthetic treatment of MOF with dichloride
nickel to form [Zn3 (OH)2 (L1 Ni )2 ] (Cat.A). For comparison,
𝛼-diimine ligands with dicarboxylic acid groups (L1 ) and
without dicarboxylic acid groups (L2 ) react with dichloride
nickel to obtain homogenous Cat.B and Cat.C [20]. All the
three catalysts are employed in the ethylene oligomerization
and their catalytic performance is investigated under various
reaction conditions.

2. Experimental
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method described in the literature [20]. Similarly, the mixture
composed of aminobenzoic acid and 2,3-butanedione was
stirred at room temperature by Schiff-Alkali condensation
reaction to obtain ligand L1 [19]. The dichloride nickel
catalysts Cat.B were obtained by stirring the ligand L1
(0.84 g, 2.6 mmol), NiCl2 (DME) (0.57 g, 2.6 mmol) with
THF (30 mL) at room temperature for 48 h. Then, the powder
was washed by ether for three times and dried to obtain the
NiL1 Cl2 catalyst.
2.1.2. Preparation of [Zn3 (OH)2 (L1 Ni )2 ] (Cat.A) Catalyst.
[Zn3 (OH)2 (L1 Ni )2 ] catalyst was synthesized according to the
method described in the literature and divided into two
processes [21]. First, ligand L1 (0.97 g, 0.3 mol) was added
to ethanol solution and stirred at room temperature for
4 hours, then Zn(NO3 )2 ⋅6H2 O was added to the mixture,
dripping 1.5 mL triethylamine and stirred for 8 h, and the
power (Zn-MOF) was collected by repeated centrifugation
and thorough washing with distilled water and dried in
vacuum at 60∘ C for 5 h. Then, the mixture composed of
Zn-MOF (0.84 g, 2.6 mmol), NiCl2 (DME) (0.54 g, 2.5 mmol),
and THF (30 mL) was stirred for 48 h to obtain powder. The
powder was washed by ether for three times and dried. The
obtained product is [Zn3 (OH)2 (L1 Ni )2 ] catalyst.
2.2. Characterization. The crystallinity and phase purity of
the product were measured by means of XRD patterns, which
were recorded in a Shimadzu X-6000 diffractometer in the 2
theta range of 1.3–30∘ at a scan speed of 4∘ /min using Cu KR
radiation to determine the crystallinity. The photographs of
samples were taken by scanning electron microscopy (SEM)
analyses, which were performed using FEI-QUANTA 200F
equipment. The chemical compositions of the samples were
measured by inductively coupled plasma (ICP) technique on
a Perkin-Elmer Optima 3300DV spectrometer.
2.3. Ethylene Oligomerization
2.3.1. Procedure for Atmospheric Pressure Ethylene Oligomerization and Polymerization. The as-prepared nickel catalyst
was added to a fully dried Schlenk flask under nitrogen.
The flask was backfilled three times with N2 and twice with
1 atm ethylene, and then charged with toluene and AlEt2 Cl
solution in turn. Under prescribed temperature, the reaction
solution was vigorously stirred under 1 atm ethylene for the
desired period. The polymerization reaction was quenched
by addition of 10% HCl/EtOH solution. About 1.0 mL of
organic solution was taken for GC analysis. The remained
mixture was poured into 100 mL of ethanol to precipitate the
polymer. The polymer was isolated via a filtration and dried
at 60∘ C to constant weight in a vacuum oven. The activity of
oligomer (Ao) or polymer (Ap) was calculated according to
the following equation:

2.1. Material Preparations
2.1.1. Preparation of NiL1 Cl2 (Cat.B) and NiL2 Cl2 (Cat.C) Catalysts. NiL2 Cl2 catalyst was synthesized according to the

Ao (Ap) =

Yield (𝑔) /catalyst (mol)
,
Time (ℎ) × Pressure (atm)

(1)
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Scheme 1: Prepared processes of the three catalysts.

wherein the yield of oligomers was calculated by referencing
with the mass of the solvent on the basis of the prerequisite
that the mass of each fraction is approximately proportional
to its integrated areas in the GC trace, and the yield of
polymer was directly obtained by weighing polymer product
with an electronic balance.

2.3.2. Procedure for High-Pressure Ethylene Oligomerization
and Polymerization. High-pressure ethylene polymerization
was performed in a stainless steel autoclave (500 mL capacity)
equipped through a solenoid clave for continuous feeding of
ethylene at constant pressure. 100 mL toluene containing the
catalyst precursor was transferred to the fully dried reactor
under ethylene atmosphere. Then the required amount of
cocatalyst (AlEt2 Cl) was injected into the reactor using a
syringe. As the temperature was reached 20∘ C, the reactor
was pressurized to prescribed pressure. After stirring for
one hour, the reaction was quenched and worked up using
the similar method described above for ordinary pressure
reaction.

3. Results and Discussion
The NMR, element analysis, and IR characterization results
of catalyst NiL2 Cl2 and NiL1 Cl2 are in well agreement with
the literature [19], confirming the successful synthesis of
homogenous diimine Cat.B and Cat.C. In the following
part, the new material [Zn3 (OH)2 (L1 )2 ] (Zn-MOF) will be
characterized in detail.

3.1. Characterization of the [Zn3 (OH)2 (L1 )2 ]
3.1.1. XRD. XRD pattern of a synthesized Zn-MOF is displayed in Figure 1. The result showed that the XRD pattern
of the synthesized sample was similar to that of a simulated
pattern obtained from the single-crystal structure in the
literature [21]. The crystallographic planes (110) and (220)
of the sample have been denoted on the XRD patterns.
However, there was a slight shift to lower angle region in the
peak positions and the weakening of the peak intensities at
higher angle region compared with those of the simulated
one. The difference can possibly be caused by the unique

4

Journal of Spectroscopy
Table 1: Effects of 𝑛(Al)/𝑛(Ni) on the activity and distribution of oligomera .

Entry
1
2
3
4
5
6
7
8
9
10
11
12

Cat.

𝑛(Al)/𝑛(Ni)

A
A
A
A
B
B
B
B
C
C
C
C

200
500
1000
1500
200
500
1000
1500
200
500
1000
1500

Oligomer distributionb
C6/ΣC
C8/ΣC
15.4
24.3
30.9
20.2
2.9
5.2
2.9
3.3
27.5
28.4
19.4
18.2
14.4
10.5
14.1
4.5
16.6
15.2
22.1
18.9
18.5
22.5
25.6
22.8

C4/ΣC
29.8
42.5
87.4
91.8
34.4
49.2
58.9
72.4
29.9
35.9
37.7
49.6

≧C10/ΣC
30.5
6.4
4.5
2.0
9.7
13.2
16.2
9.0
38.3
23.1
21.3
2.0

𝛼-Olefinb /%

Aoc

Apc

30.7
37.0
85.8
92.2
69.1
50.2
20.9
15.0
24.9
19.8
23.7
24.4

0.9
1.6
8.9
6.7
2.5
7.1
12.0
8.2
4.7
5.7
6.9
3.2

trace
0.018
trace
trace
trace
trace
trace
trace
—
—
—
—

Note: a reaction conditions: 𝜃 = 1 h, 𝑐 = 1 × 10−4 mol/L, 𝑝 = 1.0 atm, 𝑇 = 20∘ C; b 𝛼-olefin content determined by GC; c Ao represents the activity for oligomers,
Ap is the activity for polymer, both activities have the same unit of ×105 g/(mol⋅Ni⋅h⋅atm).
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apparently higher than those of traditional heterogeneous
catalysts reported by some researchers before [22]. The results
also suggested that the catalyst [Zn3 (OH)2 (LNi )2 ]n (Cat.A)
had much more metal active sites for oligomerization catalysis compared to the other heterogeneous oligomerization catalysts. Much more metal active sites are helpful to improve the
catalytic performance of ethylene oligomerization catalysts.
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Figure 1: XRD pattern of Zn-MOF.

diimine ligands. As a result, it can also be concluded that the
synthesized sample and the simulated one possess the similar
porous structure.
3.1.2. SEM. As shown in Figure 2, the SEM images of
[Zn3 (OH)2 (L1 )2 ] present a regular flat stick crystal with
average size of about 20 𝜇m in the length direction and 3 𝜇m
in the width direction. Moreover, a small amount of irregular
particles appears (Figure 2(a)), which could be unreacted
ligands.
3.1.3. ICP. The elemental contents of samples were analyzed
by the inductively coupled plasma (ICP) method. The analysis
results showed that the content of elements C, H, and
N over the Zn-MOF was 31.41, 3.08, and 4.12%. Furthermore, the total Ni content of porous coordination polymer
[Zn3 (OH)2 (LNi )2 ]n was 11.39%. Obviously, the content is

3.2.1. Effects of n(Al)/n(Ni) Values. In the present work, the
catalytic activities of three catalysts (Cat.A, Cat.B, and Cat.C)
were investigated. The catalytic test results were listed in
Table 1.
As can be seen in Table 1, the optimal catalytic activities
of all three catalysts were obtained when the n(Al)/n(Ni)
value was 1000 : 1, respectively. As suggested in the literature
[23], the surface of active species being overlaid with an
excess amount of Et2 AlCl can lead to the deactivation of
active catalytic sites. It indicated that the proper n(Al)/n(Ni)
value was the key factor for the catalytic performance of
the catalyst. However, for the product distributions, it was
surprising to observe that the content of C4 oligomers
increases significantly with the increase of the n(Al)/n(Ni)
values. In particular, for Cat.A, the content of C4 oligomers
was obviously increased from 29.8% to 91.8%. One reason
for these results is that the chain transfer rate increased with
the increase of n(Al)/n(Ni) values. Meanwhile, it also led to
the decrease in the molecular weight of polyethylenes. In
addition, the contents of C4 oligomers obtained over different catalysts were different; they followed the order: Cat.C
(49.6%) < Cat.B (72.4%) < Cat.A (91.8%). This is because
nickel active sites locate in different electronic and special
environments in three catalysts. The electron withdrawing
inductive effect of carboxyl substituent groups attaching to
the diimine ligands in Cat.A and Cat.B has positive effects
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(a)

(b)

Figure 2: SEM images of Zn-MOF.
Table 2: Effects of temperature on the distribution of oligomer.
Entry
1
2
3
4
5
6
7
8
9
10
11
12

Cat.

𝑇/∘ C

A
A
A
A
B
B
B
B
C
C
C
C

0
20
40
60
0
20
40
60
0
20
40
60

C4/ΣC
29.8
87.4
39.9
20.1
21.8
58.9
50.9
38.9
59.4
37.7
35.9
26.9

Oligomer distribution
C6/ΣC
C8/ΣC
30.9
34.8
2.9
5.2
26.1
26.8
37.0
39.1
23.9
27.1
14.4
10.5
26.3
22.4
26.7
28.9
6.1
9.5
18.5
22.5
14.3
11.6
21.1
17.1

≧C10/ΣC
4.5
4.5
7.2
3.8
27.2
16.2
0.4
5.5
25
21.3
38.2
34.9

𝛼-Olefin/%

Ao

Ap

37.0
85.8
55.3
30.3
27.2
50.2
30.5
27.7
28.1
23.7
43.9
15.1

0.9
8.9
1.1
0.76
1.6
12.0
5.7
1.2
10.9
4.7
2.9
1.6

trace
trace
0.02
trace
trace
trace
trace
—
—
—
—
—

Reaction conditions: 𝜃 = 1 h, 𝑐 = 1 × 10−4 mol/L, 𝑛(Al)/𝑛(Ni) = 1000, 𝑝 = 1.0 atm.

for C4 formation. Apparently, Cat.A with self-supported
nickel active sites possessed the best catalytic activity for C4
oligomer.
3.2.2. Effects of Reaction Temperature. As shown in Table 2,
the result phenomena for the oligomerization activities of the
catalysts with temperatures changing from 0 to 60∘ C were
the same as those for the influences of n(Al)/n(Ni) values
on the catalytic activities. The optimal activity of the catalyst
was obtained at 20, 20, and 0∘ C for Cat.A, Cat.B, and Cat.C,
respectively. And the reaction temperature was continued
to increase and it resulted in the decreasing of catalytic
activity. The reason might be caused by deactivation of some
active centers and the lower concentration of ethylene in the
reaction solution [24].
In addition, with the increasing of the reaction temperature, both catalytic reaction rate and the reversible 𝛽-H elimination rate increase, which also led to the lower selectivity
for C4 [25]. In our experiments, the major products are C4

and the minor products are C6 and C8 by using Cat.A and
Cat.B, while the Cat.C also produced a large amount of C10.
This phenomenon might be attributed to the carboxyl group,
which led to stereo-hindrance effects.
3.2.3. Effects of Ethylene Pressure. The effects of pressure on
the activities and distributions of oligomer and polymer are
listed in Table 3. It can be seen that when the reaction pressure
changed from 10 to 20 atm, for Cat.B and Cat.C, the catalytic
activity of oligomerization increased. It attributed to the
higher monomer concentration around active nickel centers
at a proper higher pressure. However, further increasing reaction pressure resulted in lower catalytic activities. The reason
was considered the saturation of ethylene and obstruction
contacted with active species by polymer. Interestingly, the
oligomerization activity of the Cat.A only varied between 9.15
and 11 × 105 g/(mol⋅Ni⋅h⋅atm). Its activity was less affected by
pressures compared with those of other catalysts. The reason
can be concluded that the heterogeneous catalyst Cat.A was
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Table 3: Effects of pressure on the distribution of oligomer.

Entry
1
2
3
4
5
6
7
8
9
10
11
12

Cat.

𝑝/atm

A
A
A
A
B
B
B
B
C
C
C
C

10
15
20
25
10
15
20
25
10
15
20
25

C4/ΣC
71.9
86.3
86.4
87.6
58.9
66.5
93.0
94.9
39.7
44.0
49.0
48.2

Oligomer distribution
C6/ΣC
C8/ΣC
2.3
3.6
0.8
3.6
5.6
5.3
6.0
4.6
2.2
1.9
23.5
4.6
3.2
2.4
1.1
2.4
25.9
24.1
18.4
13.1
20.2
11.2
12.6
10.2

≧C10/ΣC
22.2
9.3
2.7
1.8
37.0
5.4
1.4
1.6
10.3
24.5
19.6
29.0

𝛼-Olefin/%

Ao

Ap

50.6
61.4
71.7
72.3
50.2
48.8
60.4
93.4
31.7
36.3
51.4
71.4

11.0
9.15
10.8
9.25
13.0
19.5
24.0
10.0
16.0
69.0
108
16.3

0.023
9.4
0.24
0.025
0.65
22.5
34.0
5.0
0.19
0.24
0.38
0.225

Reaction conditions: 𝜃 = 1 h, 𝑛(Al)/𝑛(Ni) = 1000, 𝑇 = 20∘ C, 𝑐 = 1 × 10−4 mol/L.

insoluble in the toluene. Moreover, Ni active sites were able
to be effectively immobilized and to be evenly distributed on
the metal-organic framework of the catalyst.
Comparing the catalytic activities over Cat.B and Cat.C,
it is able to be found that the Cat.B with carboxyl groups in
diimine ligands was inferior to the Cat.C without carboxyl
groups in diimine ligands. However, the content of C4
compounds for the Cat.B had a distinct advantage over that
for the Cat.C. The phenomena were due to the fact that the
electron withdrawing effects of the carboxyl groups in Cat.B
decreased the electron cloud density of nickel centers and
thus increased its infinity with ethylene molecules. Compared
with the results at 1 atm, the higher pressure showed that the
activity of polymer remarkably increased, especially for Cat.A
and Cat.B. It can be explained that the propagation rate was
faster than hydrogen elimination rate at higher pressure [26].

also presented a significant effect on the activities of the
catalysts.
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4. Conclusions
An original Zn-MOF[Zn3 (OH)2 L2 ] was synthesized by the
self-assembly of diimine ligands (1,4-bis(4-CO2 HC6 H4 )-2,3dimethyl-1,4-diazabutadiene). In addition, the novel ethylene
oligomerization catalyst [Zn3 (OH)2 (L1 Ni )2 ] was successfully
prepared by a postsynthetic treatment method. The ICP characterization results demonstrated that this material possessed
a higher Ni content than traditional heterogeneous catalysts.
All catalysts showed the catalytic performance of ethylene
oligomerization under various reaction conditions. Among
the catalysts, the heterogeneous Cat.A exhibited the optimal
selectivity for the low-carbon olefin C4. It was attributed
to carboxyl electronic effects and space-confined channel
effects. It is noteworthy that the Cat.B with dicarboxylic acid
groups had the best activity obtained at 20∘ C. The activity
was higher than that of the Cat.C without dicarboxylic acid
groups (obtained at 0∘ C). Obviously, the system temperature had a distinct influence on the catalytic performances.
Compared with Cat.C, the dicarboxylic acid groups of Cat.A
and Cat.B played important roles in promoting ethylene
polymers at high pressure. Furthermore, the system pressure
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A dispersive Raman spectrometer was used with three different excitation sources (Argon-ion, He-Ne, and Diode lasers operating at
514.5 nm, 633 nm, and 782 nm, resp.). The system was employed to a variety of Raman active compounds. Many of the compounds
exhibit very strong fluorescence while being excited with a laser emitting at UV-VIS region, hereby imposing severe limitation to
the detection efficiency of the particular Raman system. The Raman system with variable excitation laser sources provided us with a
desired flexibility toward the suppression of unwanted fluorescence signal. With this Raman system, we could detect and specify the
different vibrational modes of various hazardous organic compounds and some typical dyes (both fluorescent and nonfluorescent).
We then compared those results with the ones reported in literature and found the deviation within the range of ±2 cm−1 , which
indicates reasonable accuracy and usability of the Raman system. Then, the surface enhancement technique of Raman spectrum was
employed to the present system. To this end, we used chemically prepared colloidal suspension of silver nanoparticles as substrate
and Rhodamine 6G as probe. We could observe significant enhancement of Raman signal from Rhodamine 6G using the colloidal
solution of silver nanoparticles the average magnitude of which is estimated to be 103 .

1. Introduction
Raman Spectroscopy is based on the Raman Effect, which is
the inelastic scattering of photons by molecules or molecular
aggregates [1]. In typical Laser Raman Spectroscopy (LRS),
light from a laser in the UV-Vis-IR range of a known
frequency and polarization is allowed to be scattered from a
Raman active sample. The scattered light is then analyzed for
frequency and polarization [2]. If the emitted photon has the
same wavelength as the absorbing photon; the phenomenon
is known as Rayleigh scattering [3]. A small fraction of the
incident photons, about 1 in 107 , undergoes interaction with
the targeted sample and thereby experiences inelastic scattering [4]. In such a case, the incident laser light interacts with
molecular vibrations, phonons, or other possible excitation
sources present in the system and thereby resulting in a shift
in the energy of the scattered laser photons either up or down.
If the frequency of the scattered photon is lowered, then the
phenomenon is called Stokes scattering. If the energy of the

photon is shifted upward it is called anti-Stokes scattering.
The shift in energy provides vital information about the
inherent vibrational modes of the molecule or a molecular
aggregate under investigation. Although, Raman scattered
light is frequency-shifted with respect to the excitation
frequency, the magnitude of the shift in energy is independent
of the excitation frequency [5]. The resulting “Raman shift” is
therefore an intrinsic property of a molecule, which makes
the Raman Spectroscopy a powerful experimental tool for
analytical studies. In fact, Raman spectroscopy is commonly
designed to monitor intrinsic vibrational spectral fingerprints
of a molecule and/or molecular composite. Therefore, Raman
spectroscopy can primarily be used to diagnose the presence
of a molecule and/or molecular composite in an ensemble
[6]. It is also capable of giving detailed information about
molecular structure and quantitative analysis [7].
Raman signal arises mainly from a magnetic dipole active
vibrational transition of a molecule and thus intrinsically
very week in nature. Therefore, it is sometimes very difficult
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to detect the Raman signal of the compounds that are
highly fluorescent, as the very weak Raman signals of such
compounds are often severely masked by the intense fluorescence signal. As a matter of fact, sensitivity remained a
vital issue for Raman spectroscopy which resulted in Raman
spectroscopy not being widely used earlier. Therefore, huge
flurry of research on Raman spectroscopy and its intensity
optimization are found over recent few decades [8]. The
simple approach to avoid the fluorescence emission can be to
select the suitable laser excitation wavelength. The choice of a
near infrared (NIR) excitation wavelength can avoid strong
fluorescence, since, in the NIR excitation, the photon does
not have enough energy to induce molecular fluorescence.
The combination of metal surface (nano) technology and
Raman spectroscopy has given rise to “Surface Enhanced
Raman Spectroscopy” (SERS) [9, 10]. SERS has so far eased
many difficulties associated with the intensity optimization of
intrinsically weak Raman signal(s). SERS is a surface sensitive
technique that results in the enhancement of Raman scattering by adsorbing molecules on rough metal surfaces or on the
surface of the colloidal nano-clusters of suitable dimension.
The enhancement factor can be as much as 104 -105 , which
allows the technique to be sensitive enough to detect single
molecule [11]. In this paper, we used a homebuilt Laser Raman
system with three different excitation sources and applied the
Raman system to a variety of Raman active compounds (hazardous organic compounds and some typical dyes). Many
of the selected compounds have very strong intrinsic fluorescence. Therefore, the construction of Raman system with
variable and suitable excitation laser sources was primarily
aimed to provide a desired flexibility toward the suppression
of unwanted fluorescence while detecting the Raman signal.
Then, an effort is made to evaluate the potential of Raman
spectroscopy to achieve SERS activity. To this end, we used
chemically prepared colloidal suspension of silver nanoparticles (AgN) as substrate and Rhodamine 6G (R6G) as probe.

2. Experimental
We previously constructed a dispersive laser Raman system
with He-Ne or diode laser as excitation sources and used
it to acquire and measure the Raman spectra of a variety
of molecules, pharmaceuticals, and edible oils [13–15]. In
this experiment, we modified the Raman system to operate
with three types of excitation lasers, Argon-Ion laser, HeNe laser, and Diode laser operating at 514.5 nm, 633 nm, and
782 nm, respectively. Out of the three excitation sources, we
have used mostly the Argon-Ion laser and Diode laser for
our experiments. The schematic layout of the modified Laser
Raman system operated with Argon-Ion laser is shown in the
Figure 1.
Argon-Ion laser is a broadband laser which emits simultaneously at a number of different wavelengths (e.g., 454.6 nm,
488.0 nm, 496.5 nm, and 514.5 nm) at the head [16]. Among
the different wavelengths, we used the strongest and welldistinguished 514.5 nm one as the excitation wavelength for
the Raman system. The extraction of the 514.5 nm wavelength
was done as follows: the broadband output of the Argon-Ion
laser was dispersed by a prism, then the 514.5 nm emission
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was separated upon passing the well separated light through
a narrow homemade pinhole of suitable dimension (diameter
around 5 mm).
The beam was then focused on the cylindrical glass vial
containing sample and the Raman-scattered radiations were
collected at an oblique geometry at (45–90)∘ by a largeaperture convex lens (f/0.98) which was ultimately focused
to the entrance window of the optical fiber. A suitable
holographic notch filter was used just in the front of the
entrance of the optical fiber, which in turn allows the desired
Raman signals to pass through it and thus attenuating the
unwanted Rayleigh scattering. The entire system was used in
a dark room to avoid densitization of the sensitive detection
system by ambient light. Furthermore, a light tight housing
(with beam dump in the path way of the laser beam) was used
to cover the sample, lenses, filter, mirror, and entrance slit of
the spectrograph in order to prevent light reaching from computer monitor and other glowing/radiant objects. The outlet
of the optical fiber was connected to the entrance slit of the
spectrograph. Inside the spectrograph, the frequency-shifted
signal was dispersed by the triple grating turret to resolve
spectrally the available Raman signatures. The spectrometer
used is an Acton SpectraPro-2758 system with a CzernyTurner configuration having a focal length of 750 mm. It
has three ruled gratings (150 lines/mm blazed at 500 nm,
300 lines/mm blazed at 500 nm, and 300 lines/mm blazed at
1 𝜇m), which can be selected at will electronically. The output
port of the spectrometer is equipped with an ultrasensitive
CCD camera (Princeton Instruments PIXIS100B), which
records the spectrum. The camera has a 1340 × 100 pixels
imaging array and was cooled to –65∘ C by a Peltier cooler in
order to reduce thermal noise. Both the CCD camera and the
spectrometer were controlled by computer using the software
Winspec/32. Throughout the experiment, the instrumental
parameters were as follows unless stated otherwise in the
figure caption: focused mode (Readout mode: Full Frame,
Digitization rate: 100 kHz, slow type), 100% laser, entrance
slit width 30 microns, 1340 × 100 CCD array (−65∘ C detector temperature), grating selection of 300 lines/mm grooves
blazed at 500 nm for Argon-Ion/He-Ne laser excitation, and
300 lines/mm grooves blazed at 1 𝜇m for the diode laser
excitation. The collection time for spectral acquisition with
good signal-to-noise ratio depended on Raman scattering
intensity; however, we used 60 seconds acquisition time
quite frequently. The Raman Spectrometer reported herein
possesses multitude of advantages compared to some commercially available portable Raman spectrometers. Some
merits, among the others, of our Raman spectrometer can
be summed as follows. (1) It provides one with the ultimate
flexibility towards choosing the excitation wavelength. The
spectrometer is designed on top of a large optical table with
three laser excitation sources in such way that, within the
spectrometer configuration, one can easily change (based
on the necessity) the source of the excitation during the
course of experiments. (2) The sample irradiation and the
Raman signal collection optics of this spectrometer are
assembled on top of a fairly spacious mechanically movable
lab-jack, thereby enabling one to change the irradiation as
well as the collection geometry at will for the quest of better
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Figure 1: Schematic diagram of the modified Raman System using Argon-Ion laser (514.5 nm emission).

Raman signal. This novel design facilitated for us to inspect
characteristics lines as close as 200 cm−1 from the laser line
with a resolution less than 2 cm−1 ample for analyzing Raman
fingerprints for many compounds. (3) The Raman signal is
collected through an optical fiber and thus, once the sample
collection geometry is changed to some extent for optimizing
the Raman signal, one can easily change the position of the
head of the optical fiber to make it compatible with the
new geometry. (4) The detection system of this spectrometer is equipped with highly sensitive spectrograph, Acton
SpectraPro-2758. The frequency selector of this spectrograph
has high-aperture optics and feature coma-corrected CzernyTurner configuration with computer-optimized optics to
reduce astigmatism. The spectrograph is suitably interfaced
with an ultrasensitive CCD camera (PIXIS 100B). The used
CCD camera is Peltier cooled and thereby enabling one to
detect week Raman signal with sufficient resolution.
All the samples, except AgN, used in this study were
commercially available and used without further purification.
AgN is prepared by chemical synthesis by following the same
procedures reported in [17]. A multitude of chemical reduction methods have been used to synthesize AgN from silver
salts. For all the methods, some experimental conditions are
rigorously controlled so as to obtain chemically stable AgN
collide of specific size. The method of AgN synthesis designed
for this experiment is based on the controlled reduction
of silver nitrate (AgNO3 ) by sodium borohydride (NaBH4 ).
For this purpose, commercially available AgNO3 (99.8%)
and NaBH4 (99%) were purchased from Sigma Aldrich
(Germany). Nano pure water was used as the dissolving
media for both AgNO3 and NaBH4 .
A 10 mL volume of 1.0 mM AgNO3 was added drop wise
(roughly 1 drop per second) to 30 mL of 2.0 mM NaBH4
solution that had been chilled in an ice bath. The reaction
mixture was stirred vigorously in a controlled manner on
a magnetic stir plate. The solution turned a brighter yellow
when all of the silver nitrate had been added. The entire
addition took about three minutes, after which the stirring

was stopped and the stir bar removed. The AgN colloid prepared through this protocol would have size less than 50 nm
[17].

3. Results and Discussion
For the course of experiment, we have selected some hazardous organic compounds (such as benzene, aniline, chlorobenzene, and pyridine) and some typical dyes (such as R6G,
Ketone Red and Prussian blue) having well characterized
Raman fingerprints. Since some of the selected organic compounds (such as Ketone red, pyridine, Prussian blue, etc.)
have strong absorption around UV-to-visible region, the
514.5 nm excitation of the Argon ion laser for the Raman measurements of these compounds resulted in strong fluorescence. Therefore, we could not measure the Raman signal for
those samples using Argon-Ion laser. To avoid the inherent
florescence problem, we used the Diode laser which emits 782
wavelengths, at which wavelength the selected compounds do
not have appreciable absorption and thereby do not exhibit
measurable fluorescence.
Figures 2(a, c) and 2(b, d) display the spectra of pyridine/Prussian blue measured with Argon-Ion laser excitation
at 514.5 nm and Diode laser excitation at 782 nm, respectively.
It is apparent from Figures 2(a) and 2(c) that the Argon-Ion
laser excitation at 514.5 nm gives broad, diffused, and intense
fluorescence signal of both the compounds. On the other
hand, Diode laser excitation at 782 nm yielded reasonably
structured Raman fingerprints of the two compounds with
almost negligible fluorescence background. Therefore, from
Figure 2, one can easily assess that, albeit producing comparatively week Raman signals, excitation at 782 nm from Diode
laser in our modified Raman system offers a suitable way of
diminishing strong fluorescence signal of a compound and
thus enabling to measure the corresponding Raman signals.
In addition, some of the selected compounds (such as
benzene, nitrobenzene, and chlorobenzene) exhibit almost
no fluorescence. For such nonfluorescent compounds, we
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Figure 2: (a, b) Fluorescence/Raman signal of pyridine measured by Ar-Ion/Diode laser. (c, d) Fluorescence/Raman signal of Prussian blue
measured by Argon-Ion/Diode laser.

observed notably larger Raman signal intensity with ArgonIon laser than the Diode laser, which is reasonable as the
Raman intensity varies as the inverse of the fourth power of
the excitation wavelength. To show the intensity variation, the
Raman signals of benzene and nitrobenzene were taken using
the Argon-Ion laser and also the Diode laser excitation with
the same experimental condition (Figure 3).
One can easily observe from the two figures that, for the
two nonfluorescent compounds with the same experimental
condition, the Argon-Ion laser can yield significantly stronger
Raman intensity than the Diode laser. This result in fact
points the better usability of the Argon-Ion laser towards

measuring Raman signals of the non-fluorescent molecules
compared to the Diode laser. Similarly, we obtained much
stronger Raman signal using the Argon-Ion laser than the
diode laser from other nonfluorescent organic compounds
such as chlorobenzene and aniline (spectra not shown).
We then compiled the Raman shifts of different vibrational
modes of aniline, chlorobenzene, nitrobenzene, and benzene
(Table 1) and made a comparison with the values available in
literature.
From Table 1, one can see that the values of Raman shifts,
obtained through the Raman scattering, due to different
vibrational modes of different samples lie very close (within
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Figure 3: (a, b) and (c, d) depict the Raman spectra of Benzene/Nitrobenzene taken with Diode laser/Argon-Ion laser, respectively.
Table 1: Raman shift of benzene, aniline, chlorobenzene, and nitrobenzene with their corresponding vibrational bands and Literature values.
Aniline
(cm−1 )
Measured
Literature
value
value

Chlorobenzene
(cm−1 )
Measured
Literature
value
value

531.8
618.7
996.8

531
619.5
996

610.4
1002.7

609
1001

1150.5
1604.4
3057.2

1150
1603
3056

1156.2
1581.9
3068

1156
1580
3068

Nitrobenzene
(cm−1 )
Measured
Literature
value
value
614.7
1021.5
1160.2
1587.9
3081.1

1159
1590
3080

Benzene
(cm−1 )
Measured
Literature
value
value
608
992

609.17
993.19

1178
1588
3061

1176.5
1587.1
3061.1

Band
𝜔 (C–C)
𝜔 (C–C)
𝜔 (C–C)
𝛿 (C–H)
𝛿 (C–H)
𝜔 (C–C)
𝜐 (C–H)
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Figure 4: (a) Raman Signal of R6G without AgN and (b) Raman Signal of R6G with AgN with acquisition time 60 s.
Table 2: Comparison between literature values and experimental values of different vibrational modes of Rhodamine 6G.
Sample

Vibrational modes and
functional groups

Literature values
(cm−1 ) [12]

C–H op bend

785

C–H ip bend
Rhodamine 6G

Arom C–C str

Experimental values
(cm−1 )
772.3
1186.9

1303

1313.3

Arom C–C str

1357

1366.66

Arom C–C str

1508

1513.3

Arom C–C str

1647

1651.9

±2 cm−1 ) to the values reported in literature for those bands
[18, 19]. This in fact demonstrates the reasonable accuracy and
reliability of the present Raman system.
Then, we have extended our work to obtain SERS upon
adsorbing the probe R6G onto the AgN prepared by chemical
synthesis. Figure 4(a) shows the Raman signal of the R6G at
the acquisition time 60 s using diode laser and Figure 4(b)
shows the Raman signal of R6G with chemically prepared
AgN with the same acquisition time and same laser. Note that
R6G is strongly fluorescent with Argon-Ion laser excitation
and thus we have used the Diode laser excitation for measuring its Raman spectrum.
From Table 2, one can see that the values of Raman shifts
due to different vibrational modes of R6G, obtained through
the SERS protocol, lie close to the values reported in literature
[12]. This in fact demonstrates further the reasonable accuracy and reliability of the present Raman system.
In Figure 5, we overlaid the two Raman spectra in the
same layout to see at a glance the resulting enhancement
of the signals. One can easily notice that the Raman band
intensities of R6G throughout the selected spectral region

experience huge enhancement when measured upon incubation with the AgN collide. We have estimated the magnitude
of enhancement for different Raman bands. The average
enhancement of the Raman intensity was found to 103 .
In addition to the overall intensity enhancement, some
more Raman features are also readily apparent especially
around 0–1500 cm−1 , indicating that the Raman modes of
R6G residing around this region suffer larger extent of
enhancement. This observation can be interpreted by considering the fact that the Raman spectrum under SERS conditions can be affected by the Plasmon resonances (producing
the enhancement) which are typically wavelength dependent
[20]. As a consequence, different parts of the spectrum can be
amplified by different amounts, depending on the dispersion
of the underlying resonance producing the enhancement.

4. Conclusion
In this paper, we report the use of a dispersive Laser Raman
system operable with three different excitation sources
(Argon-ion, He-Ne, and Diode lasers) and applied the system
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and inorganic composites give direct effects to the water
pollution, as many of them may have good dissolving strength
to water. Therefore, the proper profiling of the pollutant constituents appears to be a fundamental prerequisite for the
better treatment of the polluted water for the use of river
bank inhabitants and to underneath aquatic microorganisms.
Therefore, our effort of trace detection through SERS would
mark a definite progress in the development of SERS based
detection systems for different hazardous organic pollutants
in our country.

2500

Raman shift (cm−1)

Figure 5: Raman signal of R6G with (red curve) and without (black
curve) AgN.

to a variety of Raman active (hazardous organic compounds
and dyes) molecules, some of which are strongly fluorescent.
Then, an effort was made to evaluate the potential of Raman
spectroscopy to achieve SERS activity. The chemical analysis
of liquid samples containing organic components either as
the main constituent or as a contaminant was of our prime
interest. Raman spectra of some well-known and basic solvents were probed and verified with literature values. The spectra of the samples under investigation could be well acquired
with a spectral range 200–4000 cm−1 and the shifting of
prominent bands were less than ±2 cm−1 which proves the
accuracy of our system. We used frequently the Argon-Ion
laser (514.5 nm) and Diode laser (782 nm) for the Raman excitation.
Following are the three important parts, what we obtained
from our Laser Raman system. (i) We found that the accuracy
of our Raman system lies within the range ±2 cm−1 . (ii) During our experiment, we used mostly two different excitation
sources: Diode laser with wavelength at 782 nm and ArgonIon laser with excitation wavelength at 514.5 nm. We observed
that Argon-Ion laser is more efficient for nonfluorescent
compounds. Besides, we found that Diode laser serves as very
suitable source of excitation towards elimination of inherent
fluorescence of some compounds under Raman study. (iii)
The most exciting and important part of our experiment was
to obtain SERS using the chemically synthesized AgN, in
which case the average enhancement of the Raman intensity
was found to be 103 .
It is to be mentioned here that, due to the huge dumping
of industrial byproducts, most of the rivers in our country
are receiving a large volume of hazardous materials and
composites every day. The continuous dumping of mostly
untreated industrial affluent is imposing a severe threat not
only to the surrounding inhabitants dependent directly or
indirectly to the river water but also the underneath living
bodies and aquatic microorganism and thus throwing a big
challenge to the overall biodiversity in the surrounding areas.
Among the other possible pollutants, hazardous organic
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Study on land use/cover can reflect changing rules of population, economy, agricultural structure adjustment, policy, and traffic and
provide better service for the regional economic development and urban evolution. The study on fine land use/cover assessment
using hyperspectral image classification is a focal growing area in many fields. Semisupervised learning method which takes a
large number of unlabeled samples and minority labeled samples, improving classification and predicting the accuracy effectively,
has been a new research direction. In this paper, we proposed improving fine land use/cover assessment based on semisupervised
hyperspectral classification method. The test analysis of study area showed that the advantages of semisupervised classification
method could improve the high precision overall classification and objective assessment of land use/cover results.

1. Introduction
Remote sensing can quickly obtain surface information,
achieve understanding, and study surface characteristics of
the spatial distribution through transferring, processing, and
analyzing the data. The advantage of high spectral resolution
remote sensing is that it can obtain many continuous band
spectral images therefore, it achieves a fine description of
ground targets and reaches the purpose of identifying features, especially suitable for plant fine classification compared
with the conventional remote sensing methods [1–5].
The land use information has great significance to land
resource survey, planning, and dynamic monitoring. The
analysis of land use/cover assessment using hyperspectral
image remote sensing has attracted more and more attention
in recent years [6–9]. Currently, supervised classification and
unsupervised classification are the two traditional classification methods for land use/cover. The supervised classification
is based on class probability density function for samples
in spatial feature. Generally, it takes higher classification

accuracy and needs a lot of correct training samples. Pal
reported the usage of the extreme learning machine (ELM)
algorithm for land use of hyperspectral image and achieved
good effect [10]. Bao et al. proposed that SVM and random
feature selection (RFS) are applied to explore the potential
of a synergetic use of the two concepts in order to produce
highly accurate [11]. Stankevich et al. proposed a new supervised hyperspectral imagery classification using the imagery
spectral bands as fuzzy data source attributes and cumulative
mutual information resulting fuzzy classification as decision
tree inducing criterion [12].
Unsupervised classification is a clustering method and
can detect unknown classes on images. The advantage of
unsupervised classification is simple and efficient. However, it
cannot guarantee the real relationship between the clustering
features classes and surface features classes [13, 14].
Accessing training data for land cover classification using
hyperspectral data is time consuming and expensive especially for hard-to-reach areas. Semisupervised learning research
for land use/cover classification using a small amount of
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labeled samples based hyperspectral image becomes a new
research hotspot. Rajan et al. proposed that an active learning
is well suited for learning or adapting classifiers when there
is substantial change in the spectral signatures between
labeled and unlabeled data [15]. Jun and Ghosh proposed a
semisupervised learning algorithm called Gaussian process
expectation-maximization (GP-EM) for classification of land
cover based on hyperspectral data analysis [16]. Munoz-Mari
et al. proposed a semiautomatic procedure to generate land
cover maps from remote sensing images [17]. Jun and Ghosh
proposed a semisupervised spatially adaptive mixture model
(SESSAMM) to identify land covers from hyperspectral
images in the presence of previously unknown land-cover
classes and spatial variation of spectral responses [18].
So far, these research results have promoted the development of the land use/cover assessment, but there were
some problems with these study methods. On the one hand,
the misjudgment probability of this strategy is relatively
big. On the other hand, these methods still cannot improve
classification accuracy significantly especially because the
types classified are many.
A new fine land use/cover assessment method was
proposed using hyperspectral image classification based on
combining Rényi entropy and multinomial logistic regression
semisupervised learning model. Finally, the paper has land
use/cover assessment experiment by the real hyperspectral
remote sensing image data. It shows that it can improve the
accuracy of classification and improve fine land use/cover
assessment.
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Then, hyperspectral image is classified by using the fitted
regression coefficient. Secondly, the entropy of the experimental area is calculated through Rényi entropy calculation
method that was proposed by Rényi in 1961 [20], and then
some unlabeled samples of maximum Rényi entropy are
selected from the calculation data to be added to the sample
data. The classification of multinomial logistic regression is
not iterated repeatedly for many times until the classification
accuracy tends to be stable.
2.2.1. Problem Description. For hyperspectral classification
problems, assuming that the hyperspectral remote sensing
image is 𝑋 = (𝑥1 , . . . , 𝑥𝑛 ) ∈ 𝑅𝑑×𝑛 , 𝑑 represents the number of
bands, each pixel represents a vector, there are 𝑑 observations,
𝐶 ≡ {1, . . . , 𝐶}, 𝐶 represents category set, 𝑇 = {𝑥1 , . . . , 𝑥𝑘 }
shows that training set contains sample labels, 𝑇 ⊆ 𝑥, 𝑈
represents unlabeled sample set, 𝑋 = 𝑇 ∪ 𝑈, and 𝑌 =
(𝑦1 , . . . , 𝑦𝑘 ) ∈ 𝐶 represents classification categories of sample
training datasets.
2.2.2. The Principle of Multinomial Logistic Regression Algorithm. The multinomial logistic regression algorithm can
predict the fitted coefficient quickly and accurately [21, 22];
the vector of parameter coefficient 𝛽 = (𝛽1 , . . . , 𝛽𝑛 ) is
gotten by using multinomial logistic regression algorithm
for labeled training sample set. Equation (1) represents the
probability formula that probability of the event occurring
that multinomial logistic model is expressed as outcome
variables:
𝑃 (𝑦𝑖 = 𝑗 | 𝑥𝑖 ) =

2. Modelling of Fine Land
Use/Cover Assessment
2.1. Differences between the Spectral Characteristics. The fine
land use/cover classification is able to use the hyperspectral
image data because the features of spectral characteristics
are the basis of recognition of feature attributes for remote
sensing image. The description model of hyperspectral image
data is shown in Figure 1. The spectral curves of different tree
species are shown in Figure 2.
Furthermore, the green artificial paints and hyperspectral remote sensing can identify vegetation that cannot be
distinguished by the human eyes. Liu et al. proposed that
the outside laboratory spectrometer using ultraviolet, visible,
near-infrared spectrometer can be used to measure all kinds
of vegetation reflectance spectra such as Indus, Camphor,
Broussonetia papyrifera, and Vine vegetable and compared
with some reflection curve of green paint. The results show
that the spectral curves feature can distinguish between
vegetation and green paint [19]. The differences between
green paint spectrum and vegetation spectrum are shown in
Figure 3.
2.2. The Method of Semisupervised Classification. The core
idea of this method of semisupervised classification is that,
firstly, selected small amount of sample data are performed
by multinomial logistic regression algorithm. The fitted
regression coefficient can describe the direct relationship
between selected sample pixel and its category effectively.

as

exp (𝑥𝑖 ℎ (𝑥𝑖 ))

1 + ∑𝐶𝑚=1 exp (𝑥𝑖 ℎ (𝑥𝑖 ))

.

(1)

When 𝑗 is equal to 1, . . . , 𝐾, the ℎ(𝑥𝑖 ) can be represented
ℎ (𝑥𝑖 ) = 𝛽0 + 𝛽1 𝑥𝑖1 + 𝛽2 𝑥𝑖2 ⋅ ⋅ ⋅ 𝛽𝑝 𝑥𝑖𝑝 + 𝜀.

(2)

The coefficient of 𝛽 is estimated through the estimation
criteria of Bayesian maximum a posteriori and the loglikelihood algorithm [23, 24]; the solving method is given as
follows:
𝑘

𝐶

𝑛

𝑤 = 𝐿 (𝛽) = ∑ [∑ 𝑥𝑖 ℎ (𝑥𝑖 ) − log (∑ exp (ℎ (𝑥𝑖 )))] .
𝑖=1 𝑗=1
𝑖=1
]
[
(3)
Equation (3) calculates fitted coefficient of multinomial
logistic classification; the estimating type CLA(𝑥𝑘+1 ) brought
by a new pixel 𝑥𝑘+1 is calculated as follows:
𝐶

CLA (𝑥𝑘+1 ) = arg max∑𝑤.
𝑤

(4)

𝑖=1

Each predicted category (CLA1 , . . . , CLA𝑛 ) for hyperspectral remote sensing image is calculated through (4); it
represents a classification process is completed.
The important issue studied is how to add new samples to
the training sample in the process of semisupervised classification. This process is conducted automatically by predicting
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Figure 1: The description model of hyperspectral image data. (a) The model of original hyperspectral image. (b) The spectral model of original
image. (c) The ground feature model of original image.

through the current classifier. The samples gotten through
predicting by multinomial logistic regression classifier, which
have the biggest probability, were added. Although sample
category is exact, the amount of information contained is
least. The positive effect on the next classification process is
the smallest and it cannot improve classification accuracy if
these samples are added to the training set. On the contrary,
it will increase the computational burden of the classification
algorithm in the process of selecting training samples. So the
research for selecting unlabeled sample added to the training
sample is very important.

2.2.3. Selected Unlabeled Samples Using Rényi Entropy Algorithm. Rényi proposed Rényi entropy in 1961; the definition
form is shown in
𝑅𝛼 (𝑋) =

𝑛
1
𝛼
ln (∑𝑝(𝑥𝑖 ) ) ,
1−𝛼
𝑖=1

𝛼 ≥ 0, 𝛼 ≠
1. (5)

Rényi entropy can reflect the uniformity of the attribute
value distribution, and it is a scale for measuring the degree of
uncertainty for information and the amount of information.
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This paper uses Rényi entropy with two times to describe the
amount of information. It is shown in
𝑛

2

𝛼 = 2,

(6)

𝑖=1

where 𝑝(𝑥𝑖 ) takes the predicted probability value of each
pixel because the object of study is hyperspectral image data.
Equation (6) is normalized to prevent infinite value appeared
in the process of calculation and obtained as
𝑛

2

𝑅2 (𝑋) = −𝑝 (𝑥𝑖 ) ln (∑𝑝(𝑥𝑖 ) ) .

(7)

𝑖=1

Hyperspectral image data set contains a large amount of
implicit information, through the comprehensive analysis of
the statistical information in the data set. Some regularity
knowledge is used to obtain data connection. The classification result of sample that has the bigger entropy is uncertain
for the current classifier and is the most informative sample.
The new training set which is retrained with the unlabeled
samples of maximum Rényi entropy is used for the new
classification process. The overall accuracy of hyperspectral
image classification is greatly improved. 𝑋 = (𝑥1 , . . . , 𝑥𝑛 ) ∈
𝑅𝑑×𝑛 represents the hyperspectral image data; the maximum
Rényi entropy value is calculated by
𝑆 (𝑈) = max {𝑅2 (𝑋)} .
𝑘

1.0
1.4
1.8
Wavelength (𝜇m)

Indus
Camphor
Vine vegetable

Figure 2: The spectral curves of different tree species.

𝑅2 (𝑋) = − ln (∑𝑝(𝑥𝑖 ) ) ,

0.6

(8)

𝑆(𝑈) represents the final choice of unlabeled set in the
above formula, 𝑅2 (𝑋) represents Rényi entropy calculated for
each pixel on image in the process of the last classification,
and then values of Rényi entropy are sorted. The 𝑘 samples
extracted from them are added to the existing training sample
set. 𝑘 is the number of labels in the supplementary training
set.
The process of the algorithm is shown as follows.
Input. The original hyperspectral image 𝑋 = (𝑥1 , . . . , 𝑥𝑛 ) ∈
𝑅𝑑×𝑛 , the selected training sample set 𝑇 = {𝑥1 , . . . , 𝑥𝑘 }, 𝑇 ⊆
𝑋, the corresponding classification categories of training set

2.2

2.6

Broussonetia papyrifera
Green paint

Figure 3: The differences between green paint spectrum and
vegetation spectrum.

𝑌 = (𝑦1 , . . . , 𝑦𝑘 ) ∈ 𝐶, unlabeled sample set 𝑈, and 𝑋 = 𝑇 ∪ 𝑈.
𝑈𝑚new represents the number of selected new unlabeled samples every time. 𝑚 represents the number of semisupervised
training, and 𝑋𝑇∪𝑈new represents the remaining unlabeled tag
𝑚𝑝
on image.
Output. The classification result of the hyperspectral image
data is shown.
2.2.4. The Process of Algorithm. The process is described as
below.
Step 1. Initialize setting and loading original image 𝑋 =
(𝑥1 , . . . , 𝑥𝑛 ) ∈ 𝑅𝑑×𝑛 and structure the matrix of the image.
Step 2. Load the training set 𝑇 = {𝑥1 , . . . , 𝑥𝑘 } and the
categories corresponding to training set 𝑦 = (𝑦1 , . . . , 𝑦𝑘 ).
Step 3. Compute regression coefficient.
Step 4. Use regression coefficient to structure the model
using the predicting classification.
Step 5. Select unclassified pixels 𝑋𝑇∪𝑈new in image 𝑋 and
𝑚𝑝

predict the classification result (CLA1 , . . . , CLA𝑛 ).
Step 6. Calculate the Rényi entropy value of each pixel in
𝑋𝑇∪𝑈new .
𝑚𝑝

of
Step 7. The new 𝑘 pixels of unlabeled sample set 𝑈𝑚new
𝑝
maximum Rényi entropy were extracted and used to update
training set 𝑇. 𝑇new = 𝑋𝑇∪𝑈𝑚new + 𝑋new , 𝑝 = (1 ⋅ ⋅ ⋅ 𝑚).
Step 8. Return to Step 3 and iterate 𝑚 times of the semisupervised learning process.
Step 9. Output the classification result of the hyperspectral
image, and the process of algorithm is over.
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Table 1: Parameters of the original test images.

Image Platform
T-1
EO-1

Size (pixel)
256 × 529

Spatial resolution (m)
30

Band composition
242 bands, covering 400–2500 nm

Position
Inner Mongolia Autonomous Region, China
Spectral profile

3000

Value

2000

1000

0

500

(a)

1000
1500
Wavelength

Wilderness
Water
Buildings

Barren vegetated
Croplands
Grasslands

(b)

2000

(c)

Barren vegetated
Croplands
Grasslands
Wilderness
Water
Buildings
(d)

Figure 4: The T-1 original image of the study area. (a) The original Hyperion hyperspectral image (bands 29, 20, and 11). (b) The training
sites overlay of original image. (c) The spectral curves of 6 kinds of major categories feature representing the land cover types of study area.
(d) The thematic maps definition of 6 classes.

3. The Study Area and Validation Images
The typical test images and the parameters of which are
presented in Table 1. The T-1 data is a subset of an EO-1
Hyperion scene after the atmospheric correction and geometric correction, in Inner Mongolia Autonomous Region,
China, on August 21, 2010. The data in 242 bands of 10 nm
width with center wavelengths from 400 to 2500 nm have

a spatial resolution of 30 m. In the present study, 124 bands
were selected for analysis from the study area data, which
is removing the effects of water vapor absorption and low
SNR bands. The major land cover categories of the region
were barren or sparely vegetated, grasslands, croplands,
wilderness, buildings, and water. The image parameters of
experimental zone are listed in Table 1; then Figure 4(a) is the
true color image of the experimental area image which selects
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(a)

(b)

(c)

(d)

(e)

Figure 5: The classification results of study area using various classifier methods. (a) The classified image using 𝐾-means classifier method.
(b) The classified image using minimum distance classifier method. (c) The classified image using artificial neural network classifier method.
(d) The classified image using support vector machine classifier method. (e) The classified image using the semisupervised classifier of the
proposed method in this paper.

three bands 29 (640 nm), 20 (548 nm), and 11 (457 nm) to be
merged; Figure 4(b) is the training samples of each category
feature. Figure 4(c) is the spectral curve of six kinds of major
categories feature. The last one Figure 4(d) is the thematic
maps definition of six classes.

4. Experiment of Land Use/Cover Assessment
4.1. Data Preprocessing. The first step is radiometric correction in data preprocessing. The radiometric correction is the
key step of quantitative analysis in data preprocessing and
is the premise of the research work of quantitative analysis,
reflectance retrieval, and information extraction.
The second step is dimension reduction method for
hyperspectral image. Hyperspectral images have the ability
to distinguish surface features nuances in high spectral
resolution at the same time; also the dimension disaster
is brought. This phenomenon has seriously affected the
accuracy of classification and efficiency of classification for
hyperspectral image. The purpose of dimension reduction
techniques is based on image feature extraction to use lowdimensional data to effectively express the characteristics
of high-dimensional data. It not only preserves the image
information but also reduce the volume of data effectively.
The common dimension reduction algorithm is principal
component analysis [25].
4.2. Comparison for Different Classification Methods. The
important step of the land use/cover research is to establish a
scientific classification method for study area. To illustrate the
effectiveness of the proposed semisupervised classification
method, the several representative machines learning classification methods including supervised method and unsupervised method are selected to compare with the method
proposed. The Hyperion data set is used to analyze the performance of the proposed method in comparison with other

Table 2: Overall accuracy and Kappa coefficient based on comparison of the varying classification methods.
Classification methods
𝐾-means classifier
Minimum distance
classifier
Neural network classifier
Support vector machine
classifier
Semisupervised classifier

Iteration time
Overall
Kappa
(s)
accuracy (%) coefficient
18

52.58%

0.41

12

80.56%

0.75

151

92.78%

0.90

30

95.23%

0.93

60

97.31%

0.96

methods. The classification results of a variety of classification
methods are shown in Figure 5. The classification results of
unsupervised classifier of the 𝑘-means method are shown in
Figure 5(a). The classification results of supervised classifier
of the minimum distance method are shown in Figure 5(b).
The classification results of supervised classifier artificial
neural network method are shown in Figure 5(c). The classification results of supervised classifier of support vector
machine method are shown in Figure 5(d), and the final
Figure 5(e) is the classification results of the semisupervised
classifier of the proposed method in this paper. Table 2 is a
comparison of various classification method running time,
overall accuracy, and Kappa coefficient evaluation indexes.
The results of experiment are shown in Figure 5 and
Table 2. Based on the classification results of various classification methods, it can be concluded that the results
are analogous with experiment. The overall classification of
the 𝑘-means method is lowest although the running time
is shortest. The serious leak misclassification is shown in
Figure 5 and the only five classes were distinguished from
unsupervised classifier.
The overall classification accuracy of supervised classifier
of minimum distance method is better than the unsupervised
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(a)
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(b)

(c)

(d)

(e)

(f)

Figure 6: The thematic maps of a variety of categories of surface features in study area. (a) The thematic maps of barren vegetated. (b) The
thematic maps of croplands. (c) The thematic maps of grasslands. (d) The thematic maps of wilderness. (e) The thematic maps of water. (f)The
thematic maps of buildings.

𝑘-means classifier method. However, poor quality can be
clearly seen from Figure 5(b) that the buildings feature is
more serious misclassification error.
The overall classification accuracy of artificial neural
network classifier method in experiment is more than unsupervised method because the feature category is simpler
and the image size is smaller in experiment. The method
disadvantages include longer running time, inefficiency, and
misclassification error. Figure 5(c) shows that the buildings feature and wilderness cannot be distinguished by the
method. The road feature has almost disappeared in the
classification results.
The support vector machine classifier is relatively high
quality method including the running speed, the relatively
high overall classification accuracy, and the best effect of
classification for a large contiguous area. However, this
method reveals the low ability for analyzing the small surface
features showing the error of leakage. For instance, the SVM
method will eliminate the small building and road feature in
Figure 5(d).
The semisupervised classification method shows again
good performance in experiment from Figure 5 and Table 2.
The proposed semisupervised classier can effectively improve
the accuracy of classification and obtain better classification
results, especially small features such as road and building
features.
From the above results in experiment, the new semisupervised method can obtain better classification results for
hyperspectral image data and can effectively improve the
accuracy of classification, which is received to be 97.31%,
respectively. The experiment also showed that the new
semisupervised method includes especially large-size images
and complex images.
4.3. Making the Thematic Maps. The thematic maps not only
are objective assessment of classification result, but also can
check the situation of land use/cover in different periods.

The thematic maps of a variety of categories of surface
features are shown in Figure 6.
From Figure 6, it is shown that the barren vegetated
features are the maximum areas in experimental zone. The
buildings features occupy the minimum areas. The overall
distributions of grasslands are of high concentration. The
croplands are more concentrated around water bodies and are
more effectively irrigated by water.

5. Conclusions and Future Work
In this study, a semisupervised method of classification for
hyperspectral remote sensing images is applied to improve
fine land use/cover assessment. Firstly, this paper sets forth
the basic theories of fine land use/cover assessment, which are
differences between the spectral characteristics. Secondly, the
method of semisupervised classification is described in detail.
Thirdly, the paper elaborates the study area and the parameters of validation images. Finally, the fine land use/cover
test of study area is conducted using the semisupervised
hyperspectral image classification. The experimental results
show that the method has a high precision overall classification. The thematic maps of classification results are objective
assessment of land use/cover. Study on land use/cover can
reflect changing rules of population, economy, agricultural
structure adjustment, policy, and traffic and provide better
service for the regional economic development and urban
evolution.
However, the proposed semisupervised method still has
inadequacies, such as long-running time, and needs further
more computing power and hardware. Future research priority will focus on optimizing method, saving the running time,
and promoting working efficiency.
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We investigated the changes in the conformation and crystalline structure of polypropylene (PP) using a combination of Fourier
transform infrared spectroscopy (FTIR), wide-angle X-ray diffraction (WAXD), and differential scanning calorimetry (DSC)
based on PP/chlorinated PP (CPP)/polyaniline (PANI) composites. The DSC heating thermograms and WAXD patterns of the
PP/CPP/PANI composites showed that the 𝛽-crystal was affected greatly by the CPP content. Characterization of the specific
regularity in the infrared band variation showed that the conformational orders of the helical sequences in PP exhibited major
changes that depended on the CPP content. Initially, the intensity ratio of 𝐴 840 /𝐴 810 increased with the CPP concentration and
reached its maximum level when the CPP content was <13.22% before decreasing as the CPP content increased further. The effect
of increased temperature on the conformation of PP was studied by in situ FTIR. Initially, the intensity ratio of 𝐴 999 /𝐴 973 decreased
slowly with increasing the temperature up to 105∘ C before decreasing sharply with further increases in temperature and then
decreasing slowly again when the temperature was higher than 128∘ C.

1. Introduction
Conductive polymers are expected to yield attractive combinations of properties and are getting more and more
attention for researchers from all over the world. Among
conductive polymers, polyaniline has the best potential to
become economically competitive, for its cheap materials,
simple synthetic method, and stability in environment [1].
Although polyaniline has many merits, it is very difficult
to be processed in usual methods used in conventional
polymers due to its strong intermolecular and intramolecular
interactions [2]. For these reasons, wide scale industrial
application of polyaniline has been strongly impeded over
several years. Many new protonating agents such as sulfonic
acids, phosphoric acid esters [2, 3], and phosphoric acid [4]
have been introduced in recent years in order to improve the
processability of polyaniline. To be worthy and mentioned,
it was Cao et al. [5] that firstly introduced sulfonic acid
as a protonating agent, and this made polyaniline possible
to be processed in solvent. Another method to improve

the processability of polyaniline was that polyaniline was
blended with thermoplastic polymers due to polyaniline
poor mechanical properties [4, 6–8]. A unique specialty of
this method lies in the combination of electric properties
of polyaniline and mechanical properties of thermoplastic
polymers.
In a series of previous studies, we have prepared PP/CPP/
PANI composites by melt processing, and investigated the
influence of the concentration of CPP on the electric property
of PP/CPP/PANI composites and the influence of CPP on
the formation of the intermolecular and innermolecular
hydrogen bond in the PP/CPP/PANI composites which is
carefully proved by FTIR. We found that the hydrogen
bond between CPP and PANI plays a prominent role in
the decision of composites’ electric property [9, 10]. Does
there exist a kind of interaction between CPP and PP in the
PP/CPP/PANI composites? Hence, how to detect and identify
the interaction between CPP and PP in the PP/CPP/PANI
composites becomes one of the most important work.
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Since Natta et al. [11] first synthesized high molecular weight isotactic polypropylene (iPP) in 1955, the IR
spectroscopy has been used to elucidate the structure of
this crystalline polymer. In the infrared spectra of isotactic
polypropylene, some absorption bands are connected with
the intramolecular vibration coupling within a single chain,
and this kind of band is defined as a regularity band or
helix band [12, 13]. Therefore, FTIR spectroscopy can provide
much meaningful structural information and it is an effective
method of denoting the changes of helical conformation
of PP [14, 15]. During the past decades, it has been well
established that specific regularity bands are related to the
different critical length “𝑛” of isotactic sequences [16–18]. For
example, the minimum 𝑛 values for appearance of bands at
973, 998, 841, and 1220 cm−1 are 5, 10, 12, and 14 monomer
units in helical sequences, respectively. Zhu et al. [17] adopted
in situ FTIR and arranged the various regularity bands in
terms of the order degree from high to low: 940, 1220, 1167,
1303, 1330, 841, 998, 900, 808, 1100, and 973 cm−1 . Hence, the
information of effects of CPP on the conformation of PP can
be obtained by calculating the absorbance ratios of different
regularity bands in FTIR spectra. It has been reported that,
for iPP samples when the fully isotactic sequences are very
short, iPP crystallizes in the 𝛾 form, whereas very long regular
isotactic sequences generally crystallize only in the 𝛼 form
[19–23]. Therefore, the crystal structure is greatly affected by
the helical conformation regularity.
In this investigation, DSC, WAXD and FTIR are adopted
to detect and identify the interaction between CPP and PP in
the PP/CPP/PANI composites. The variation of conformation
and crystalline structure of PP has been discussed. Conductive polymers are expected to yield attractive combinations
of properties, and they are gaining increasing attention from
researchers throughout the world. In particular, polyaniline
(PANI) is considered to have the highest potential to become
an economically competitive conductive polymer due to the
cheap materials required for its production, simple synthetic
method, and environmental stability [1]. Although PANI
has many merits, it is very difficult to process with the
standard methods used for conventional polymers because of
its strong intermolecular and intramolecular interactions [2].
Thus, large-scale industrial applications of PANI have been
hindered for several years. However, many new protonating
agents such as sulfonic acid, phosphoric acid esters [2, 3], and
phosphoric acid [4] have been employed in recent years to
improve the processability of PANI. It should be mentioned
that Cao et al. [5] were the first to introduce sulfonic acid as a
protonating agent, thereby allowing PANI to be processed in
a solvent. Another method for improving the processability
of PANI is blending with thermoplastic polymers, which
due to the poor mechanical properties of PANI [4, 6–8].
A unique feature of this method is the combination of the
electric properties of PANI and mechanical properties of
thermoplastic polymers.
In a series of previous studies, we prepared polypropylene (PP)/chlorinated PP (CPP)/PANI composites by melt
processing and investigated the effects of the CPP concentration on the electric properties of PP/CPP/PANI composites, as well as the influence of CPP on the formation of
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intermolecular and intramolecular hydrogen bonds in the
PP/CPP/PANI composites, which were carefully examined by
Fourier transform infrared spectroscopy (FTIR). We found
that the hydrogen bonds between CPP and PANI have a major
role in determining the electric properties of composites
[9, 10]. However, there may also be important interactions
between CPP and PP in PP/CPP/PANI composites. Thus,
detecting and identifying the interactions between CPP and
PP in PP/CPP/PANI composites has become a major focus of
our research.
In this study, we used differential scanning calorimetry
(DSC), wide-angle X-ray diffraction (WAXD), and FTIR to
detect and identify the interactions between CPP and PP in
PP/CPP/PANI composites. We discuss the variations in the
conformations and crystalline structure of PP.

2. Experimental
2.1. Materials. PANI protonated with HCl was supplied
by Chengdu Organic Chemicals Co., Ltd. (China) and its
electrical conductivity was ca 1 S cm−1 . PANI was synthesized
using the air oxidation method (China patent: CN1626564A).
The granularity of PANI-HCl was about 30 𝜇M.
PP (PPH-XD-045, melt flow index = 3.5 g 10 min−1 ) was
supplied by PetroChina Co., Ltd. (China).
Dodecylbenzenesulfonic acid (DBSA) was supplied by
Kewei Chemicals Co., Ltd. (China) and its content was about
96% (wt).
CPP was supplied by Sichuan Weiye Chemicals Co., Ltd.
(China) and its chlorine content was about 31% (wt).
2.2. Preparation of Composites. PANI protonated with HCl
was neutralized with 20% (wt) sodium hydroxide (NaOH)
aqueous solution for 48 h (the NaOH aqueous solution was in
great excess compared with the amount of PANI-HCl) where
the pH of the blend (i.e., PANI-HCl and NaOH aqueous
solution) was ca 11, which was followed by filtration and
washing with deionized water until the pH of percolate
was 6–8. The polyemeraldine base (PANIemer ) obtained was
dried under vacuum. The purified and dried PANIemer was
blended with DBSA, where the molar ratio of DBSA relative
to PANIemer was 0.5. The blend was stirred for 48 h at ambient
temperature, thereby obtaining PANI protonated with DBSA
(PANI-DBSA).
The PP/CPP/PANI composites were prepared on a tworoll mill. The compositions of the blends are shown in Table 1.
2.3. FTIR Measurement. The specimens used to obtain FTIR
measurements were molded into very thin films. Compression molding was performed in the following conditions:
preheating at 180∘ C for 5 min at low pressure and compression
for 10 min at 15 MPa at the same temperature, followed by
cooling in the mold to ambient temperature with a cooling
rate of 30∘ C min−1 at 15 MPa. FTIR analysis was conducted
using a Nicolet 170X FTIR spectrometer (Nicolet Co., USA)
at a resolution of 2 cm−1 . For in situ FTIR, the spectra
were obtained at elevated temperatures using a miniature
heat controller. The spectrum was collected every 30 s and a
heating rate of 5∘ C min−1 was employed. The temperature was
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Sample code

PP

PANIemer

DBSA

CPP

Theoretical
degree of
protonation

PP/PANI 1
PP/PANI 2
PP/PANI 3
PP/PANI 4
PP/PANI 5

87.23
83.70
79.30
74.89
70.49

4.10
4.10
4.10
4.10
4.10

7.79
7.79
7.79
7.79
7.79

0.88
4.41
8.81
13.22
17.62

0.5
0.5
0.5
0.5
0.5

Endo

Table 1: Formation of PP/PANI composition (in wt %).

PP/PANI 4
PP/PANI 2

monitored using a copper-constantan thermocouple, which
was placed directly on the sample. During detection, the
specimen was protected by nitrogen.

100

2.4. DSC. The calorimetric measurements of all samples were
obtained using a NETZSCH DSC 204 at a scan rate of
10∘ C min−1 under a flowing nitrogen atmosphere, and the
sample weight was ca 10 mg.

120

140
160
Temperature

180

200

Figure 1: DSC heating thermograms of PP/CPP/PANI blends.

2.5. Wide-Angle X-Ray Diffraction. WAXD investigations
were performed using a DX-2500 SSC diffractometer (China)
in the reflection mode. Cu K𝛼 radiation was used at 40 kV and
25 mA. The scan step was 0.06∘ (in 2𝜃) with a period of 2 s per
step. The 𝛽-crystal content was deduced from the X-ray data
according to standard procedures [24] using the relationship:
𝑘=

𝐻𝛽(300)
𝐻𝛽(300) + 𝐻𝛼(110) + 𝐻𝛼(040) + 𝐻𝛼(130)

,

PP/PANI 4

(1)

where 𝐻𝛼 (ℎ𝑘𝑙) and 𝐻𝛽 (ℎ𝑘𝑙) represent the heights of the (ℎ𝑘𝑙)
peak for the 𝛼 and 𝛽 phases, respectively.

3. Results and Discussion

PP/PANI 1

0

10

20

30

40

50

2𝜃 (deg)

Figure 2: WAXD patterns of PP/PANI 1 and PP/PANI 4.

3.1. Effect of CPP on the Crystal Structure of PP. Figure 1
shows the DSC heating thermograms for PP/CPP/PANI
blends, which were recorded at a heating rate of 10∘ C min−1 .
In order to clearly demonstrate the differences in the DSC
curves, only two curves are shown in Figure 1. The two
samples produced melting endotherms with characteristic
doublet peaks. The peak at the lower temperature is represented as a shoulder of the peak at the higher temperature.
The multiple peaks in the DSC curves are attributable to the
melting of the two polymorphic forms of PP [25]. In general,
the 𝛽 form melted at a lower temperature and the 𝛼 form
melted at a higher temperature. Figure 1 also shows clearly
that the 𝛽 peak of PP/PANI 4 is more prominent than that of
PP/PANI 2. This demonstrates that the 𝛽-crystal is affected
greatly by the CPP content.
Figure 2 shows the WAXD patterns for the PP/CPP/PANI
composites. PP is crystallizable and it has three crystalline
phase types: 𝛼-crystal, 𝛽-crystal, and 𝛾-crystal. In Figure 2,
the presence of 𝛼-crystal is indicated by the crystalline peaks
at ca 14∘ , 17∘ , 18.5∘ , 21∘ , and 21.8∘ , while the crystalline peak at
ca 16∘ is attributed to 𝛽-crystal [25]. According to the standard
procedures [24], the 𝛽-PP contents are 12.7% and 27.7% for
PP/PANI 1 and PP/PANI 4, respectively, thereby indicating

that the CPP content has a major impact on the 𝛽-crystal type.
These results are consistent with those obtained by DSC.
3.2. Effect of the CPP Content on the Conformation Structure
of PP. In general, the regularity bands of PP are related to
the different helical lengths “𝑛” of the isotactic sequences
[15–17]. The intensity of the regularity bands can reflect the
quantity of different helical lengths “𝑛” in isotactic sequences.
Therefore, the conformational ordering of different samples
can be determined based on the absorbance ratios of the
various regularity bands.
Figure 3 shows the FTIR spectra of the PP/CPP/PANI
composites with different CPP contents, which demonstrate
that the intensities of different regularity bands (810, 840,
973, and 999 cm−1 ) changed slightly as the CPP concentration
increased. The variations in these regularity bands indicate
that the conformation of PP is affected by the CPP concentration. These regularity bands can be divided into two groups
(810/40 cm−1 and 973/999 cm−1 ), which we will discuss in
detail later.

4

Journal of Spectroscopy

PP/PANI 5

Table 2: Curve-fitting results for spectra of the region (780–
856 cm−1 ).

PP/PANI 4

Sample code
PP/PANI 1
PP/PANI 2
PP/PANI 3
PP/PANI 4
PP/PANI 5

PP/PANI 3
PP/PANI 2
PP/PANI 1

First band
]1 cm−1 𝐴 810
809.9
1.137
809.8
0.669
809.3
1.753
809.8
0.697
810.1
0.671

XS810
0.546
0.453
0.421
0.362
0.458

Second band
]2 cm−1 𝐴 840 XS840
840.1
0.944 0.454
839.9
0.807 0.547
839.9
2.410 0.579
839.7
1.229 0.638
839.8
0.794 0.542

]: wavenumber; 𝐴: intensity; XS: percent of 𝐴.
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Figure 3: FTIR spectra of the PP/CPP/PANI composites.
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Figure 4: FTIR spectra of the PP/CPP/PANI composites with
different CPP concentrations (780–856 cm−1 ).

3.2.1. The Region (780–856 cm−1 ) of the FTIR Spectra.
Figure 4 shows the FTIR spectra in the 780–856 cm−1 region
for the PP/CPP/PANI composites with different CPP contents. Obviously, there are two Gaussian bands in this region,
where the first band is at around 810 cm−1 and the second
band is at around 840 cm−1 for all of the PP/CPP/PANI
composites. In general, the intensity of the two bands was
closely related to the size of the two critical lengths “𝑛”
for isotactic sequences of PP. Each FTIR band has its own
intensity coefficient and each sample has its own thickness;
thus, the intensities of the regular helical conformation bands
should be processed in order to determine the effect of
the CPP content. In the present study, the variation in the
intensity ratio was used to indicate the effect of the CPP
content on the two critical lengths “𝑛” for isotactic sequences
of PP.
The FTIR results for this region are shown in Table 2,
where XS810 = 𝐴 810 /(𝐴 810 + 𝐴 840 ) and XS840 = 𝐴 840 /(𝐴 810 +
𝐴 840 ). The relationship between the 𝐴 840 /𝐴 810 ratio and the
CPP content is shown in Figure 5.
Table 2 and Figure 5 show that the appearances of bands
at 840/810 cm−1 for the two critical lengths “𝑛” of isotactic
sequences were affected by the CPP content. The 𝐴 840 /𝐴 810

ratio determined the ratio of the two critical lengths “𝑛”
of isotactic sequences. The critical length “𝑛” of isotactic
sequences was larger for the second band than for the first
band. Apparently, the order degree was higher when the
ratio was larger. As shown in Figure 5, the 𝐴 840 /𝐴 810 ratio
increased initially with the CPP content and it reached a
maximum when the CPP content was 13.22%, after which
it decreased as the CPP content increased further. Thus, the
critical length “𝑛” of the isotactic sequences with a band
at 840 cm−1 corresponded to that with a band at 810 cm−1 ,
which increased with the CPP content up to 13.22% before
decreasing as the CPP content increased further. These
results indicate that the conformational structures or the
order degrees of the helical sequences of PP were affected
significantly by the CPP content. This may be attributable to
interactions between CPP and the PP matrix.
3.2.2. The Region (950–1020 cm−1 ) of the FTIR Spectra.
Figure 6 shows the FTIR spectra in the 950–1020 cm−1 region
for the PP/CPP/PANI composites with different CPP contents, which demonstrates that there are two Gaussian bands
in this region, where the first band is at around 973 cm−1 and
the second band is at around 999 cm−1 . The critical length “𝑛”
values of the isotactic sequences for the appearance of bands
at 973 and 999 cm−1 were 2–4 and 5–10 monomer units in the
helical sequences, respectively [13]. The intensities of the two
bands are shown in Table 3.
In Table 3, XS973 = 𝐴 973 /(𝐴 973 + 𝐴 999 ) and XS999 =
𝐴 999 /(𝐴 973 + 𝐴 999 ). The 𝐴 999 /𝐴 973 ratio determines the ratio
of the two critical lengths “𝑛” of isotactic sequences. The
relationship between the 𝐴 999 /𝐴 973 ratio and CPP content is
shown in Figure 7.
Table 3 and Figure 7 show the effects of the CPP content on the 𝐴 999 /𝐴 973 ratio. Figure 7 demonstrates that the
𝐴 999 /𝐴 973 ratio changed slightly with different CPP contents,
which shows that the critical length “𝑛” of isotactic sequences
for the appearance of a band at 999 cm−1 , which corresponded to that for the appearance of a band at 973 cm−1 , was
affected slightly by the CPP content.
3.3. Effect of Temperature on the Conformation Structure of
PP in the PP/CPP/PANI Composite. The crystallization of
PP composites is usually affected significantly by the process
temperature. Thus, to investigate the influence of temperature
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Figure 7: The relation between the ratio (𝐴 999 /𝐴 973 ) and CPP
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on the conformation of PP, the PP/PANI 4 sample was
analyzed by in situ FTIR.
Figure 8 shows the FTIR spectra of PP/PANI 4 at different
temperatures. There are several regularity bands in spectra
that changed slightly with the increasing temperature in
the composite such as 810, 840, 973, and 999 cm−1 , which
indicates that the conformation structure of PP is influenced
by temperature. Two regions included four regularity bands
(810, 840, 973, and 999 cm−1 ) will be discussed in detail later.
Figure 8 shows the FTIR spectra of PP/PANI 4 at different
temperatures. Several regularity bands in the spectra changed
slightly as the temperature increased, such as 810, 840, 973,
and 999 cm−1 , which indicates that the conformation of PP
is affected by the temperature. Two regions included four
regularity bands (810, 840, 973, and 999 cm−1 ), which will be
discussed in detail later.
3.3.1. The Region (780–856 cm−1 ) of the FTIR Spectra of
PP/PANI 4. Figure 9 shows the FTIR spectra in the 780–
856 cm−1 region for PP/PANI 4 at different temperatures,
which demonstrates that there are two Gaussian bands at
around 810 cm−1 and 840 cm−1 . Since the intensity of the
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Table 3: Curve-fitting results for spectra of the region (950–
1020 cm−1 ).
Sample code
PP/PANI 1
PP/PANI 2
PP/PANI 3
PP/PANI 4
PP/PANI 5

First band
]1 cm−1 𝐴 973
973.1
1.288
972.8
1.101
972.7
3.177
972.7
1.442
972.5
1.028

XS973
0.392
0.424
0.412
0.408
0.426

Second band
]2 cm−1 𝐴 999 XS999
998.1
1.993 0.608
999.2
1.494 0.576
998.9
4.537 0.588
999.0
2.089 0.592
999.3
1.385 0.574

two bands is related closely to the size of the two critical
lengths “𝑛” of isotactic sequences of PP, the relative ratio of
the intensity of the two bands can be used to represent the
helical conformation of PP.
Figure 10 shows the relationship between the intensity
ratio of the regularity bands at 810 and 840 cm−1 and
temperature, which demonstrates that the 𝐴 840 /𝐴 810 ratio
decreased slowly initially as the temperature increased to
105∘ C, but it decreased sharply as the temperature increased
further before decreasing slowly again when the temperature
exceeded 125∘ C. Furthermore, the size of the critical lengths
“𝑛” of isotactic sequences related to the appearance of a band
at 840 cm−1 , which corresponded to that for the appearance
of a band at 810 cm−1 , decreases slowly initially as the
temperature increased up to 105∘ C, but it decreased sharply
as the temperature increased further before decreasing slowly
again when the temperature exceeded 125∘ C. These results
indicate that the ordered regularity of PP decreased as the
temperature increased. This may be attributable to differences
in the behavior of the amorphous or partly ordered zones of
PP at different temperatures.
3.3.2. The Region (940–1020 cm−1 ) of the FTIR spectra of
PP/PANI 4. Figure 11 shows the FTIR spectra of the 940–
1020 cm−1 region for PP/PANI 4 at different temperatures,
which demonstrates that there are two Gaussian bands at
around 973 cm−1 and 999 cm−1 . Similar to the bands at

940

960

980
Wavenumber (cm−1 )

1000

1020

Figure 11: FTIR spectra of PP/PANI 4 at different temperatures
(940–1020 cm−1 ).

810 cm−1 and 840 cm−1 , the 𝐴 999 /𝐴 973 intensity ratio can be
used to represent the order degree of the PP composites.
Figure 12 shows the 𝐴 999 /𝐴 973 intensity ratio versus temperature, which demonstrates that the 𝐴 999 /𝐴 973 ratio generally decreased as the temperature increased. The 𝐴 999 /𝐴 973
ratio decreased slowly initially as the temperature increased
up to 105∘ C, but it decreased sharply as the temperature
increased further before decreasing slowly again as the
temperature exceeded 128∘ C. The relationship between the
conformational ordering of the helical sequences of PP and
temperature was determined from the relationship between
the 𝐴 999 /𝐴 973 ratio and temperature. The order degree
decreased slowly initially as the temperature increased up to
105∘ C, but it decreased sharply as the temperature increased
further before decreasing slowly again subsequently. This may
be attributable to differences in the behavior of the different
ordered zones as the temperature increased. These results
were consistent with the relationship between the 𝐴 840 /𝐴 810
intensity ratio and temperature.

4. Conclusions
The analysis of the DSC heating thermograms and WAXD
patterns of the PP/CPP/PANI composites showed that the 𝛽crystal was affected greatly by the CPP content. Furthermore,
the crystal structure was affected by the regularity of the
helical conformation. FTIR was used to investigate the effects
of the CPP content and temperature on the conformation of
PP in the PP/CPP/PANI composites, which showed that four
regularity bands (810, 840, 973, and 999 cm−1 ) were related
to different critical lengths “𝑛” of the isotactic sequences of
PP. The results obtained in this study suggest the following
conclusions.
(i) The 𝐴 840 /𝐴 810 intensity ratio increased initially with
the CPP concentration and reached its maximum
when the CPP content was lower than 13.22% before
decreasing as the CPP content increased further.
Thus, the 𝐴 999 /𝐴 973 ratio was affected slightly by the
CPP content.
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(ii) The 𝐴 840 /𝐴 810 intensity ratio decreased slowly initially as the temperature increased up to 105∘ C, but
it decreased sharply as the temperature increased
further before decreasing slowly again when the
temperature exceeded 125∘ C, where the 𝐴 999 /𝐴 973
intensity ratio was similar to 𝐴 840 /𝐴 810 .
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Temper embrittlement tends to occur in the turbine rotor after long running, which refers to the decrease in notch toughness of alloy
steels in a certain temperature range (e.g., 400∘ C to 600∘ C). The severity of temper embrittlement must be monitored timely to avoid
further damagement, and the fracture appearance transition temperature (FATT50 ) is commonly used as an indicator parameter to
characterize the temper embrittlement. Compared with conventional destructive methods (e.g., small punch test), nondestructive
approaches have drawn significant attention in predicting the material degradation in turbine rotor steels without impairing
the integrity of the components. In this paper, laboratory experiments were carried out based on a nondestructive method,
electrochemical impedance spectroscopy (EIS), with groups of lab-charged specimens for predicting the temper embrittlement
(FATT50 ) of turbine rotor steel. The results show that there was a linear relationship of interfacial impedance of the specimens and
their FATT50 values. The predictive error based on the experiment study is within the range of ±15∘ C, indicating the predicting
model is precise, effective, and reasonable.

1. Introduction
Thermal power stations are the most common electricity
sources all over the world due to their low running costs
and reliability. However, any failures in the main components
(e.g., steam turbine rotor) of aged thermal power plants
operating in many areas may cause significant costs, long
downtime, and even the loss of life. The precisely predicting of
the aging process or the remaining service life of turbine rotor
is of great importance for safe operation and life extension [1].
Temper embrittlement in low alloy steels (e.g., Cr-MoV) of steamed turbine rotors is one of the typical material
degradations (e.g., creep, fatigue, embrittlement, and corrosion) [2, 3] and is commonly characterized by fracture
appearance transition temperature (FATT50 ), at which the
fracture surface of the material is 50% brittle or cleavage
and 50% ductile [1]. The turbine rotor steel operated at a
high temperature for long time may lose its flexibility and

ductility as the segregation of metalloid impurities such as
phosphorus (P), tin (Sn), and antimony (Sb), at the grain
boundaries which reduces the cohesion at grain boundaries
[4–6]. Among the impurity elements, phosphorus (P) is considered as the main impurity causing temper embrittlement
[5, 7, 8]. If the increase of FATT50 value is not detected in
time, the rotor steel can be easily damaged or even broken and
causes severe safety accidents [4]. Therefore, it is essential to
make the accurate predictions and assessments on the temper
embrittlement parameters of the turbine rotor material.
To date, different destructive and nondestructive methods have been developed to detect the FATT50 value of
turbine rotors, such as small punch test [1, 9–12], electromagnetic method [13], ultrasonic [14–16], auger electron
spectroscopy [17, 18], electrochemical method [5, 19, 20],
and chemical corrosion [19]. Destructive methods can provide accurate results of mechanical properties (e.g., yield
stress, tensile strength, FATT50 , fracture toughness, and creep
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properties) from the actual components [11, 12], but their
application is highly-limited due to the damage to the turbine
rotor.
As a relatively high-precision nondestructive detecting
method, electrochemical approach has drawn significant
attention in predicting the material degradation in turbine
rotor steels without impairing the integrity of the components. Mao and Zhao investigated the electrochemical
behaviors of type 321 austenitic stainless steel in sulfuric
acid solution and found that the electrochemical polarization
curves can be used to estimate the aging embrittlement
degradation [21]. Komazaki et al. developed a methodology
for thermal aging embrittlement and the results on electrochemical polarization measurements in 1N KOH solution
revealed that the peak current density “𝐼p ” value was found
to be increasing linearly with the degree of embrittlement as
evaluated by impact absorbed energy at 0∘ C [22, 23]. Anodic
and single loop electrochemical potentiokinetic reactivation
(SL-EPR) polarization curves of the embrittled specimens
have been evaluated; difference in current density (IP2-EIpass-E) between active second peak and passive one in an
anodic polarization curve of temper-embrittled specimens
increases linearly with increase in FATT in the range of
mode transfer over transgranular cleavage to intergranular of
Charpy impact fracture [24]. Zhang et al. developed a genetic
programming (GP) for FATT50 prediction and single loop
electrochemical polarization reactivation (EPR) test has been
conducted [5]. The multiple correlation coefficient between
predicted and measured FATT50 was 0.990, indicating the
model obtained by GP can be used in predicting temper
embrittlement of new rotor materials with a precision of
about ±20∘ C [5]. Bayesian neural network was proposed
to model the temper embrittlement of steam turbine rotor
in service, and the FATT50 was predicted as a function of
ratio of the two peak current densities (𝐼p /𝐼pr ) tested by
electrochemical potentiodynamic reaction method [25].
EIS, as an effective electrochemical method, originally
was used to study the electrical response characteristic
frequency of linear circuit network and has been used by
more and more researchers to study the electrode process
which could provide more information of interface structure
than other methods [26–28].
In this paper, EIS method was employed to study the
thermal embrittlement of turbine rotor and a multiple linear
regression analysis on interfacial impedance and other relevant parameters was carried out to build a predict model
of FATT50 . The predicted and measured values of FATT50
were compared and the error was within an acceptable range,
indicating an effective and reasonable model was obtained.

2. Experimental Method
2.1. Principle. The test specimens in this paper were labcharged phosphorus-doped 30Cr2MoV rotor steel and the
chemical composition was shown in Table 1.
To simulate the temper embrittlement during the longterm service of turbine rotor, step cooling treatment was
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used to promote the segregation of phosphorus to the grain
boundary. Their FATT50 values were measured by a stress
test according to relevant national standard. The result would
be used to verify the subsequent test. Impedance of the
specimens was measured in a three-electrode system and
analyzed by the equivalent circuit method. A predictive
model was built based on the analysis results.
2.2. Experiment. FATT50 values of specimens were measured
by stress test and the result is shown in Table 2.
To measure the impedance of the specimens, a threeelectrode system was employed. As shown in Figure 1, the
specimen was cut into cube with side length of 12 mm and
was welded on a piece of copper wire. The specimen cube acts
as the working electrode in the experiment. In order for the
reaction area of the working electrode to remain fixed, five
sides of the cube, including some parts of the copper wire,
were sealed with epoxy resin; the remaining side was covered
with anticorrosion tape with a hole (diameter = 5 mm) after
being grinded with sandpaper step by step to 2000#.
Platinum electrode was selected as auxiliary electrode and
saturated calomel electrode was used as reference electrode.
Electrolyte was made of 0.01 M Na2 MoO4 with phosphoric
deployed to the pH value of 5.5. The three-electrode system
was placed in a water bath filled with circulating hot water of
25∘ C to maintain a constant temperature.
The three-electrode system was connected to the corresponding position of electrochemical workstation (model of
PARTAT 2273). A computer equipped with software of that
workstation was used to record measurements.
All specimens were anodic polarized; the result showed
that those corrosion potentials are basically the same. In order
to measure the EIS, AC potential with amplitude of 5 mV
was applied to working electrode at the corrosion potential
as input signal. Sixty frequencies were logarithmic sweeply
selected from 100 kHz to 100 mHz. Impedance under that
condition could be measured by comparing the measured
output current with the input potential.

3. Results and Discussion
Figure 2 shows the Nyquist plot of measured impedance of
specimen. The impedance was represented by a complex. The
abscissa of plot in Figure 2 is the real part of the impedance,
and the ordinate is the imaginary part. The results showed
that the Nyquist plot of all specimens is similar. In the high
frequency region, the plots were arcs in the first quadrant,
but the centers of arcs were in the fourth quadrant. Some
studies claimed that high frequency region was dynamics
control district and the diameter of the arc represents the
size of charge transfer resistance of the electrode reaction.
The higher the diameter of arc, the more difficult the charge
transfer in electrode reaction, and the slower the reaction.
In the low frequency region, the plots were straight lines of
different lengths. This region was considered mass transfer
controlled district. If the line in this region was very long, the
electrode reaction could be considered as led by mass transfer.
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Table 1: Chemical composition of 30Cr2MoV rotor steel (wt%).

Sample

P

C

Si

Mn

S

Cr

Ni

Mo

Cu

V

As

Sn

Sb

41
42

0.045
0.107

0.28
0.3

0.36
0.37

0.66
0.69

0.013
0.014

1.62
1.65

0.06
0.05

0.62
0.73

0.08
0.07

0.29
0.29

0.013
0.013

0.004
0.004

0.0013
0.0015

43
44
A2

0.063
0.204
0.065

0.28
0.3
0.28

0.36
0.37
0.43

0.69
0.69
0.68

0.014
0.015
0.012

1.68
1.66
1.79

0.05
0.05
0.28

0.68
0.75
0.7

0.1
0.1
0.08

0.29
0.29
0.3

0.015
0.015
0.013

0.006
0.007
0.004

0.0019
0.002
0.0012

A3

0.019

0.24

0.4

0.62

0.001

1.6

0.25

0.69

0.12

0.27

0.007

0.008

0.0015

Table 2: The FATT50 values of different rotor samples.
Sample

Original state

Heat-treated state

Difference

41
42
43

67.5
198.7
103.6

95.6
211.7
142.2

28.1
13
38.6

44
A2

235
82

275.4
127.1

40.4
45.1

A3

−70.9

−54.1

16.8

RE
WE
AE

Electrochemical
workstation

Record
device

Input

Electrolyte
Output
Hot water

Figure 1: A three-electrode system for measuring the impedance of
the specimens.

The impedance value calculated by the formula matched
well the experimental results. Figure 4 showed the calculated
and measured curves, and the fitting error of each equivalent
circuit component parameter was less than 5%.
By analyzing the component parameter values of equivalent circuit, it could be found that the solution impedance
of specimens was essentially unchanged, but the interface
impedance varied greatly. Figure 5 shows the linear relationship of interfacial impedance of specimen and its FATT50
at a frequency of 100 kHz. The abscissa of Figure 5 was
interfacial impedance value in ohms; ordinate was FATT50
value in degree Celsius. Their fitting formula was in the
upper left corner. The 𝑦 in formula represented FATT50 and
𝑥 interfacial impedance. The 𝑅 in formula is the correlation
coefficient, and it was calculated as 0.836 by 𝑅2 = 0.6983.
𝑅min , the correlation coefficient threshold, could be looked up
from corresponding table as 0.567 [29]. Since 𝑅 was greater
than 𝑅min , it could be believed that there was a close linear
relationship between the interfacial impedance and FATT50 ,
and the FATT50 could be described by linear equations.
In addition to the interfacial impedance, FATT50 also has
linear correlationship with other parameters [29] which were
shown in Table 3.
By multivariate linear regression analysis using excel
software, the regression equation could be expressed by (2),
where Z was interfacial impedance. One has
FATT50 = −2002 + 1264 ∗ Z + 178 ∗ P + 4106 ∗ C
+ 1318 ∗ Mn − 9214 ∗ S − 0.6 ∗ 𝜓.

An equivalent circuit based on impedance plots was
shown in Figure 3.
𝑅𝐿 is the solution impedance between working electrode and auxiliary electrode. CPE is constant-phase-element
which could be expressed by parameters 𝑌0 and 𝑛. 𝑅ct is
the charge transfer impedance of the electrode reaction.
𝑊 is mass transfer impedance and can be expressed by
parameter 𝑌0 . The impedance of the equivalent circuit could
be calculated by (1) as follows:
𝑍 = 𝑍𝑅𝐿 +
= 𝑅𝐿 +

1
𝑌CPE + 𝑌(CPE(𝑅ct 𝑊))

𝑌0 (𝑗𝜔)

−𝑛

1
+ (1/ (𝑅ct + (1/𝑌0 √𝑗𝜔)))

(1)
.

(2)

Significant test using Excel software showed that the equation
was credible and there was significant linear relationship
between FATT50 and other variables.
Table 3 shows that the residuals of predicted value were
±15∘ C, the error was small, and the model was reasonable and
effective.

4. Conclusions
In this work, the EIS of turbine rotor at the corrosion
potential in 0.01 M Na2 MoO4 was studied through laboratory
experiments, and the following conclusions are obtained. The
electrode reaction of rotor in electrolyte could be represented
by an equivalent circuit. The total impedance of the circuit
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Figure 2: Continued.
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Figure 2: Nyquist diagrams of the impedance of different samples.
Table 3: FATT50 -related parameters.
P (%)

C (%)

Mn (%)

S (%)

Reduction 𝜓 (%)

Predicted value

Difference

−70.9
−54.1

0.07
0.09

0.019
0.019

0.24
0.24

0.62
0.62

0.001
0.001

72.2
71.33

−73.432
−48.674

−2.532
5.426

411
A21
412

67.5
82
95.6

0.1
0.09
0.12

0.045
0.065
0.045

0.28
0.28
0.28

0.66
0.68
0.66

0.013
0.012
0.013

64.47
60.3
62.33

70.87
94.862
94.866

3.37
12.862
−0.734

431
A22

103.6
127.1

0.11
0.11

0.063
0.065

0.28
0.28

0.69
0.68

0.014
0.012

56.57
52.57

112.3
115.504

8.7
−11.596

432
421
422

142.2
198.7
211.7

0.13
0.11
0.12

0.063
0.107
0.107

0.28
0.3
0.3

0.69
0.69
0.69

0.014
0.014
0.014

55.33
52.8
54.17

136.836
199.99
213.452

−5.364
1.29
1.752

441
442

235
275.4

0.13
0.18

0.204
0.204

0.3
0.3

0.69
0.69

0.015
0.015

46.65
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7.742
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Figure 3: Constructed equivalent circuit in accordance with
Figure 1.
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R2 = 0.6983
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Figure 5: Relationship of interface impedance and FATT50 values.
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Figure 4: Comparison of the calculated and measured curve.

includes two parts: solution impedance between working
electrode and auxiliary electrode and interfacial impedance
between the rotor and electrolyte. At higher frequency, there
is a linear relationship between the interfacial impedance and
its FATT50 . The larger the interfacial impedance value, the
lower the FATT50 . An effective predictive model could be
built by a series of parameters, and the error is small enough
indicating the model is reasonable and effective.
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K. Darowicki, S. Krakowiak, and P. Ślepski, “Evaluation of pitting corrosion by means of dynamic electrochemical impedance
spectroscopy,” Electrochimica Acta, vol. 49, no. 17-18, pp. 2909–
2918, 2004.

Journal of Spectroscopy
[27] C. Boissy, C. Alemany-Dumont, and B. Normand, “EIS evaluation of steady-state characteristic of 316L stainless steel passive
film grown in acidic solution,” Electrochemistry Communications, vol. 26, no. 1, pp. 10–12, 2013.
[28] S. Krakowiak, K. Darowicki, and P. Slepski, “Impedance investigation of passive 304 stainless steel in the pit pre-initiation
state,” Electrochimica Acta, vol. 50, no. 13, pp. 2699–2704, 2005.
[29] J. T. Zhang, Nondestructive Method for the Evaluation of the
Embrittlement of the Turbine Rotor Steels, North China Electric
Power University, Baoding, China, 2004.

7

Hindawi Publishing Corporation
Journal of Spectroscopy
Volume 2015, Article ID 696513, 5 pages
http://dx.doi.org/10.1155/2015/696513

Research Article
Hydrothermal Synthesis of High Crystalline Silicalite from
Rice Husk Ash
Chaiwat Kongmanklang1 and Kunwadee Rangsriwatananon2
1

The Center for Scientific and Technological Equipment, Nakhon Ratchasima 30000, Thailand
School of Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

2

Correspondence should be addressed to Kunwadee Rangsriwatananon; kunwadee@sut.ac.th
Received 8 August 2014; Accepted 27 October 2014
Academic Editor: Nikša Krstulović
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The objective of this research work was to evaluate the hydrothermal synthesis of silicalite with high crystallinity within a small
particle size. The current study focused on investigating the effects of silica sources such as rice husk ash (RHA) and silica gel (SG),
crystallization time, and ratios of NaOH/SiO2 , H2 O/NaOH, and SiO2 /TPABr. The crystallinity, particle size, and morphology were
characterized by FT-IR, XRD, particle size analyser, and SEM. The conclusion of the main findings indicated that the XRD patterns
of these samples clearly showed a pure phase of MFI structure corresponding to FT-IR spectra with vibration mode at 550 and
1223 cm−1 . The highest crystallinity was obtained at reaction time only 6 hours with the mole ratios of NaOH/SiO2 , H2 O/NaOH
and SiO2 /TPABr as 0.24, 155, and 30, respectively. When SG was used as a silica source, it was found that the particle size was
smaller than that from RHA. The morphologies of all silicalite samples were coffin and cubic-like shape.

1. Introduction
Silicalite or high silica ZSM-5 is MFI structure. It contains two
intersecting channel systems composed of 10-membered ring
straight and sinusoidal channels with a unique pore structure
dimension of 0.54–0.56 nm. According to a variety of its useful properties such as strong hydrophobicity, excellent shape
selectivity, good catalytic activity, and high thermal stability,
hence, it has been widely used in industrial applications for
adsorption [1], catalysis [2], and gas and liquid separation
[3, 4].
Typically, silicalites are synthesized by the hydrothermal
method from the gel compositions of silica, alkaline, and
organic cation as a template. Several types of silica source
were applied in the synthesis of silicalite such as fume silica
in a molar composition of SiO2 : 0.2 TPABr : 0.5 NaOH : 30
H2 O at 180∘ C for 7 days [5], water glass in a reaction mixture
of (1–5) Na2 O : (50–60) SiO2 : (1-2) TPABr : (600–770) H2 O
at 200∘ C for 72 hours [6], and TEOS as a silica source in a
molar composition of SiO2 : 0.12 TPAOH : 0.008 NaOH : 60
H2 O at 95∘ C for 7 days [7]. However, TEOS, fumed silica and

colloidal silica are much more expensive compared to rice
husk ash which is a potential silica source containing amorphous silica about 20% (w/w) [8] considered as a byproduct in
form of an industrial waste abundance in agricultural countries. Moreover, another benefit of silica from rice husk is that
it is highly reactive silica which can be simply extracted to be
highly purifying silica (about 98%) by digesting with dilute
acid and burning at 700∘ C for 4 hours [9].
As a result, the major aim of the present work focused
on synthesizing high crystalline silicalite using rice husk ash
considering the effect of silica sources, reaction times, and gel
compositions by hydrothermal method.

2. Materials and Methods
2.1. Materials. Silica from the rice husk from a local rice mill
in the target area, that is, in Nakhon Ratchasima Province,
Thailand, was used as the starting materials in the initial
mixture for the silicalite synthesis together with pellets of
sodium hydroxide (Merck), tetrapropyl ammonium bromide,
TPABr (Sigma-Aldrich), and distilled water. Simultaneously

2
hydrochloric acid 37% (Carlo-Erba) was used to prepare 1 M
HCl.
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Table 1: The chemical compositions and BET surface areas of silica
sources.
Silica source

2.4. Characterization. Fourier transform infrared (FT-IR)
spectroscopy was carried out by Perkin Elmer Spectrum
GX. The spectra were recorded within the range of 2000–
400 cm−1 with 32 scans at a resolution of 4.0 cm−1 and using
KBr pellet technique. X-ray powder diffraction (XRD) was
collected on Siemens D5005 diffractometer using Cu K𝛼
radiation. The percentage of the relative crystallinity was
calculated from the ratios of the area of the highest intense
reflection peak at 101, 200, 501, 151, and 133 as a reference
and as the area of those peaks from the other samples. The
chemical compositions of RHA and SG were determined by
X-ray fluorescence spectrometer (Oxford DE200). The BET
specific surface area and particle size analyzer were carried
out by a Micrometric ASAP 2000 and Malvern instruments,
respectively. The morphologies of the samples were detected

SG
99.29
0.52
ND.
ND.
ND.
790.33

(f)

800

600

450

547

(b)

980

1087

(c)

1219

(d)

1633

(e)
796

2.3. Synthesis Procedure. The procedure of silicalite synthesis
was carried out from the system SiO2 -NaOH-TPABr-H2 O
with the mole ratios of NaOH/SiO2 , H2 O/NaOH, and SiO2 /
TPABr within the ranges of 0.24–0.48, 155–618, and 30–60,
respectively. To begin, after the required amount of NaOH,
TPABr, silica, and water was mixed together, it needed to be
stirred continuously 5 minutes. Then, the following step was
the hydrothermal treatment in a stainless steel bomb lined
with PTFE under autogenous pressure at 187∘ C under various
reaction times. Next, after reaching the desirable time, the
reaction was stopped through being quenched with distilled
water. After that, it was allowed to cool. Later, it was carefully
filtered and thoroughly and repeatedly washed with distilled
water. Lastly, it was dried overnight at 120∘ C. The synthesized
silicalite samples under different conditions were denoted as
SL1, SL2, SL3, SL4, SL5, SL6, and SL7 (see Table 2).

RHA
Chemical composition, %wt.
SiO2
98.78
Al2 O3
0.52
MgO
0.12
CaO
0.36
Others
0.22
BET surface area, m2 /g
246.91

Transmittance, T (%)

2.2. Methods. The preparation of the rice husk ash (RHA)
extracted from rice husk and silica gel (SG) was in the following steps.
Firstly, the rice husk was thoroughly washed with deionized water and dried at 110∘ C overnight. Next, the dried rice
husk was digested with dilute acid, by boiling with 1 M HCl for
3 hours, then repeatedly washed with water until it is neutral,
and dried at 110∘ C overnight. After that the acid digested rice
husk was burned at 700∘ C for 4 hours until it became clearly
noticeable white ash. Finally, the white ash was ground till it
became fine powder and later was sieved through a mesh with
no. 100.
Likewise, silica gel was prepared by dissolving RHA with
1 M NaOH through boiling it by covering its container to
form sodium silicate solution. Then, the solution was filtered
to remove carbon and silica residue. After the solution was
cool, it was titrated with 1 M HCl until pH 4, and then it was
left overnight to allow its aging in order to form gel. Later, the
gel was crushed and repeatedly washed with distilled water
until it was free from chloride ions and it was left overnight
to dry at 120∘ C. Finally, the product was ground and sieved
with the similar process as RHA.

(a)

2000 1800 1600 1400 1200 1000

400

Wavenumber (cm−1 )

Figure 1: FT-IR spectra of silica source. RHA (a), SG (b), and silicalite samples: SL1 (c), SL3 (d), SL6 (e), and SL7 (f) with different gel
compositions (see Table 2).

by SEM after gold coating with the operation of a JEOL
instrument at 20 KV.

3. Results and Discussion
The chemical compositions and BET surface areas of silica
sources are shown in Table 1. The purity of white RHA
product is 98.78% with a little impurity of natural metal
oxides. While the metal oxide and unburned carbon were
removed during the procedure to prepare, SG could be clearly
observed. Interestingly, the BET surface area was greatly
increased from 246.91 to 790.33 m2 /g.
3.1. Fourier Transform Infrared Spectroscopy. The FT-IR spectra of all the samples are shown in Figure 1. All the synthesized
silicalite samples (see Figure 1(c–f)) reflect the vibration band
at 450, 796, and 1087 cm−1 corresponding to the typical Si–
O–Si bending, Si–O–Si symmetric stretching (outer SiO4
tetrahedron), and Si–O–Si asymmetric stretching (inner
SiO4 tetrahedron) within silica framework, respectively [10].
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Table 2: Mole ratios of gel compositions for silicalite synthesis.
SiO2

NaOH/SiO2

H2 O/NaOH

SiO2 /TPABr

Reaction time (hours)

Relative crystallinity (%)

RHA
RHA
RHA
RHA
RHA
RHA
SG

1
1
1
1
1
1
1

0.24
0.24
0.24
0.24
0.48
0.24
0.24

309
309
618
155
155
155
155

60
30
30
30
30
30
30

24
24
12
12
12
6
6

43
90
67
95
69
98
100

3.2. X-Ray Diffraction. Figure 2 shows the XRD patterns of
all silicalite samples also demonstrate a pure phase of MFI
structure. RHA and SG show amorphous phase with a broad
hump at the 2𝜃 of around 20–22∘ (see Figure 2(a-b)). The
typical characteristic patterns of silicalite zeolite indicate
its indexable peaks as (101), (200), (501), (151), and (133)
reflections [13, 14]. The crystallinity of silicalite is strongly
influenced by the starting gel compositions as shown in
Table 2. When RHA was used as a silica source with higher
ratio of SiO2 /TPABr (SL1-SL2), a crystallinity percentage
sharply decreased from 90% to 43% due to a lower amount
of template. Obviously, the mole ratio of SiO2 /TPABr is 30
optimal for silicalite synthesis. Similarly, with a higher mole
ratio of H2 O/NaOH (SL2–SL4), the crystallinity percentage
greatly dropped from 95% to 42%.
With a higher mole ratio of NaOH/SiO2 , the amount of
TPA decreases due to a reaction with NaOH solution producing tripropylamine and propane [15]. As a result, the percentage of crystallinity decreases. The optimal condition of the
silicalite synthesis with RHA as a silica source indicated that
the mole ratios of NaOH/SiO2 , H2 O/NaOH, and SiO2 /TPABr
became 0.24, 155, and 30, respectively, under only 6 hours
of reaction time. When RHA was manipulated to improve
some properties to become SG (see Table 1), this SG was
then further applied as a silica source for silicalite synthesis
under the same condition as RHA at the optimal condition.
The highest crystallinity is the result. Moreover, a very small
amount of template, TPABr, was used in the synthesis of
silicalite in this work when compared to those as reported
elsewhere [5, 7, 10, 14].
3.3. Scanning Electron Microscope. The scanning electron
micrographs of silicalite (SL1–SL7) are shown in Figure 3.
The SEM images reveal that all silicalite products emerge in

(101)
(200)

The clearly observed vibration modes at 547 and 1219 cm−1
are attributed to double ring tetrahedral vibration and asymmetric stretching of Si tetrahedral in the zeolite framework,
correspondingly resulting in MFI-structured zeolite [11, 12],
and it was not observed in amorphous silica. The bending
vibration of adsorbed water appears at 1633 cm−1 . When
comparing the spectra of RHA and SG (see Figure 1(a-b)), the
additional band of Si–OH at 980 cm−1 is noticeable for SG.
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Figure 2: X-ray diffraction patterns of silica source. RHA (a), SG
(b), and silicalite samples: SL1 (c), SL3 (d), SL6 (e), and SL7 (f) with
different gel compositions (see Table 2).

forms of two morphologies of coffin and cubic-like shape.
In addition, it indicates amorphous nanoparticle on the
crystal face of all silicalite samples when RHA is used as a
silica source (SL1–SL6). On the opposite, if SG is used as a
silica source (SL7), a clean surface clearly occurs. Figure 4
demonstrates the particle size distribution of two silicalite
samples synthesized from RHA and SG under the condition
of SL6 and SL7, accordingly. An average particle size of
silicalite synthesized from RHA (∼10 𝜇m in length) is larger
than that from SG (∼5 𝜇m). It can be evidently explained
that a larger specific surface area of SG could depolymerize
silica with NaOH more rapidly than that of RHA resulting in
inducing faster nucleation. Additionally, with SG as a silica
source, a more narrow size distribution was observed.

4. Conclusions
It is obvious that silica source and synthesis gel composition
strongly influences crystallinity, particle size, and morphology of silicalite. An improvement of some properties of rice
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Figure 3: Scanning electron micrographs of as-synthesized silicalite prepared from RHA and SG under the synthesis conditions in Table 2:
SL1 (a), SL2 (b), SL3 (c), SL4 (d), SL5 (e), SL6 (f), and SL7 (g).
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Figure 4: Particle size distribution of silicalite synthesized from
RHA (SL6) in solid line and SG (SL7) in dashed line.

husk ash such as an increment of a specific surface area and a
reduction of impurity can be successfully done by gel formation with a suggested procedure as an outcome of this study.
The highest crystallinity, a narrow size distribution, and a
smaller particle size of synthesized silicalite are efficiently
achieved from silica gel as a silica source by hydrothermal
method.
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Specular reflectance Fourier transform infrared (SR-FTIR) spectroscopy was used to study the setting reaction of dental resinmodified glass ionomer (RMGI) restoratives as a function of curing depth and postirradiation time. Two light-cure and one tricure RMGI materials were selected and used according to the manufacturers’ instructions. Samples were prepared by filling the
mixed materials into custom-made molds and then light-irradiating using a dental curing light. The degree of conversion and the
extent of acid-base reaction of the materials at different depths (0, 1, 2, and 4 mm) and postirradiation times (10 min, 1 day, and 7
days) were determined using SR-FTIR spectroscopy in conjunction with the Kramers-Kronig (K-K) transformation. The setting
reaction was also investigated using microhardness measurements. The results showed that the depth of cure increased over time
by the continuous acid-base reaction rather than photopolymerization or chemical polymerization. Microhardness tests seemed
less suitable for studying the setting reaction as a function of postirradiation time, probably due to softening from the humidity.
Analysis using specular reflectance in conjunction with the K-K algorithm was an easy and effective method for monitoring the
setting reaction of dental RMGI materials.

1. Introduction
Dental glass ionomers (GIs) are water-based materials that
set by an acid-base reaction between a polyalkenoic acid
and fluoroaluminosilicate glass [1, 2]. Resin-modified glass
ionomers (RMGIs) were developed to overcome the major
drawback of conventional GIs, sensitivity to water during
the initial setting, by incorporating resin monomers into an
aqueous solution of polyacrylic acid [3]. The primary resin
incorporated in RMGIs is a hydrophilic monomer such as 2hydroxyethyl methacrylate (HEMA) [4]; a small amount of
dimethacrylate monomer may be additionally incorporated
to form crosslinked poly-HEMA during polymerization [5].
The setting reaction of RMGIs includes radical polymerization (by either light-cure or self-cure) to form a polymer
network along with a fundamental acid-base reaction to form
a GI polysalt matrix [6, 7].

Light-cure RMGI restoratives may not adequately set
when placed in bulk because of the reduced penetration of
light into the deeper regions of the restoration, which may
not be sufficient to initiate photopolymerization [8]. Tricure
RMGI restoratives were developed in order to ensure that
these deeper regions of the restoration are properly cured
[7–9]. The manufacturers claim that these products undergo
chemical polymerization in addition to an acid-base reaction
and photopolymerization (“tricure”), which consequently
increases the depth of cure [4].
One of the most common methods for evaluating the
setting behavior of light-cure or tricure RMGI restoratives
as a function of curing depth is measuring the hardness
[4, 10]. Although microhardness tests are convenient, they
fail to differentiate the relative contribution between radical
polymerization and acid-base reaction because the two types
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of reactions proceed simultaneously. A previous Fourier
transform infrared (FTIR) spectroscopy study demonstrated
that the visible light-curing process, for either light- or tricure RMGIs, greatly reduces the salt formation (acid-base
reaction) rate during the early setting stages, which is likely
due to rapid polymer network formation [7]. Another FTIR
study showed that the acid-base reaction is greatly delayed
in RMGIs compared to conventional GIs [11]. A differential
scanning calorimetry (DSC) study showed that early lightactivation of RMGIs may limit the acid-base reaction and
result in a varied material structure [12]. However, there
is still limited experimental and clinical information available concerning the setting reaction of RMGI restorative
materials as a function of curing depth and postirradiation
time.
In this in vitro study, we investigated the monomerto-polymer conversion and the acid-base reaction of three
commercial RMGI restoratives at different depths and postirradiation times using an optical microscope connected to
an FTIR spectrophotometer. We also compared the FTIR
analysis results with the measured microhardness of the
materials. It was assumed that each measured microhardness
value reflects the surface hardening by the contribution of
both the polymerization reaction and acid-base reaction at
a specified depth and postirradiation time.

2. Materials and Methods
2.1. Sample Preparation. Two light-cure (Fuji II LC capsule, FL; Fuji Filling LC, FF) and one tri-cure (Vitremer,
VT) RMGI restoratives were selected for this study. Their
codes, manufacturers, types, compositions, batch numbers,
and manufacturers’ instructions for use are summarized in
Table 1.
To prepare samples, two types of silicone molds were
fabricated: one with cylindrical cavities, 5 mm diameter and
1 mm depth (mold “A” for measurements at a depth of 0 mm,
i.e., samples “A”), and the others with rectangular cavities,
5 mm width and 7 mm length (mold “B” for measurements
at a depth of 1, 2, and 4 mm, i.e., samples “B”), as shown in
Figure 1. The materials were mixed according to the manufacturers’ instructions: FL using an amalgamator (ALMICJ, Yoshida Dental Mfg. Co., Ltd., Tokyo, Japan) and FF
and VT by hand (Table 1). In mold A, the mixed material
was transferred into the cavities placed on a polyester strip,
covered with another polyester strip, and gently pressed
to expel the excess material (Figure 1(a)). Mold B was
placed on a polyester strip over a glass slide that had been
covered with a black adhesive paper tape (black glass slide).
The mixed material was filled into the cavities and then
covered with another polyester strip and black glass slide.
This assembly was pressed together by means of a clamp to
displace excess material. The third polyester strip was placed
onto the exposed RMGI material (Figure 1(b)). The filled
RMGI material was then irradiated for 40 s by placing the
end of the light guide of a dental light-curing unit (Elipar
TriLight, 3 M ESPE, Seefeld, Germany; standard mode) onto
the top of the polyester strip so that the light could transmit
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through the polyester strip over the material (𝑛 = 6) [10].
The 750 mW/cm2 output intensity was constantly measured
during the experiment by a built-in radiometer.
2.2. FTIR Spectroscopy. The samples were removed from
the molds and analyzed with FTIR spectroscopy 10 min,
1 day, and 7 days after light-irradiation [10]. The samples
were stored in a dark container at 37∘ C with 100% relative
humidity except during measurements. Before testing, all
samples were blot-dried using a rubber air blower, and all soft
material was scraped from the bottom of samples B. FTIR
analysis was performed at 0 mm (at the center of the top
surface of sample A) and 1, 2, and 4 mm below the surface
(along the central axes of samples B) of the cured materials
using an FTIR spectroscope (IRPrestige-21, Shimadzu Corp.,
Kyoto, Japan) connected to an optical microscope (AIM8800, Shimadzu Corp.). The specular reflectance spectrum
was acquired by scanning the samples 50 times over a
2000–1100 cm−1 range with a resolution of 4 cm−1 and then
mathematically converted into an absorption spectrum via
Kramers-Kronig (K-K) relations using IRSolution software
version 1.21 (Shimadzu Corp.) [13, 14].
From each spectrum, the degree of conversion (DC) and
the extent of acid-base reaction (EAB) of the material at
each specified depth (0, 1, 2, or 4 mm) and each observation
time (10 min, 1 day, and 7 days after light-irradiation) were
calculated. The peak absorbance height of methacrylate C=C
bonds (C=C str at ∼1637 cm−1 ) was used as the analytical
frequency, while the peak absorbance height of methacrylate
ester bonds (C=O str at ∼1724 cm−1 ) was used as a reference
frequency [7]. The DC was then calculated by comparing
the C=C/C=O peak absorbance height in the cured material
with that in the uncured material, according to the following
equation [15]: DC (%) = (1 −𝐶/𝑈) × 100, where 𝐶 and 𝑈
are the normalized absorption peak heights of methacrylate
C=C bonds for the cured and uncured materials, respectively.
To determine the efficiency of the acid-base reaction of
the material, the complex ester peak at ∼1724 cm−1 was
deconvoluted into three subpeaks at ∼1732, ∼1724, and
1708 cm−1 from each spectrum [7]. The peak absorbance
height ratio of the carboxylate salts formed (C=O str of
COOM, ∼1562 cm−1 ) to the remaining unionized carboxyl
groups (C=O str of COOH, ∼1732 cm−1 ) was calculated. The
EAB was determined using the following equation [7]: EAB =
𝐶 /𝑈 , where 𝐶 and 𝑈 are the C=O str of COOM/C=O str
of COOH absorption peak height ratios for the cured and
uncured materials, respectively.
2.3. Microhardness Measurements. The RMGI samples for
microhardness measurements were prepared in the same way
as for FTIR spectroscopy measurements. Using a Vickers
hardness tester (HMV-2, Shimadzu Corp.), three indentations were made at each depth (each indentation separated
by approximately 0.5 mm) on each sample using a 10-s dwell
time and a 100-g load. The Vickers hardness (VH) at each
depth for each sample was recorded as the average of the three
readings (𝑛 = 6) [8].
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Figure 1: Two kinds of custom-made silicone molds simulating cavities prepared in a tooth: (a) for preparation of samples A (measurements
at a depth of 0 mm) and (b) for preparation of samples B (measurement at a depth of 1, 2, and 4 mm).

Table 1: Code, brand, manufacturer, type, composition, batch number, and manufactures’ instructions of the materials used.
Code (material)

FL (Fuji II LC
capsule)

FF (Fuji Filling
LC)

VT (Vitremer)

Manufacturer

GC Corp.,
Tokyo, Japan

GC Corp.

3M ESPE, St.
Paul, MN, USA

Type

Composition
(manufacturer supplied)

Batch number (shade)

Manufacturers’
instructionsa

Light-cure

Powder: aluminosilicate
glass
Liquid: water, polyacrylic
acid, HEMA, UDMA, and
camphorquinone

1009041 (A3)

After activation, set the
capsule into a mixer, and
mix for 10 s. Light-cure for
20 s.

Light-cure

Paste A: aluminosilicate
glass, HEMA, and UDMA
Paste B: water, polyacrylic
acid, UDMA, and silicon
dioxide

1006091 (A3)

After dispensing, mix
thoroughly with lapping
strokes for 10 s. Light-cure
for 20 s.

Tricure

Powder:
fluoroaluminosilicate glass,
microencapsulated
potassium persulfate, and
ascorbic acid
Liquid: copolymer of
acrylic and itaconic acids,
water, HEMA, and
diphenyliodonium
hexafluorophosphate

N136183/N173275 (A3)

Place an equal number of
level powder scoops and
liquid drops. Mix the
powder into the liquid.
Light-cure for 40 s.

Monomer abbreviations: HEMA: 2-hydroxyethyl methacrylate; UDMA: urethane dimethacrylate.
a
In the present study, all materials were light-irradiated for 40 s.

2.4. Statistical Analysis. All of the data were compared
statistically using one-way analysis of variance (ANOVA) and
Duncan’s multiple range tests at the 0.05 significance level
[10, 16]. The statistical analysis was performed using SPSS 17.0
for Windows (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
Using reflection measurements, IR spectra can be nondestructively obtained from a wide range of sample types. The
specular reflectance technique often allows analysis with little
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Figure 2: (a) Specular reflectance IR spectrum of an RMGI sample (before conversion). (b) Kramer-Kronig transformation of the reflection
spectrum (after conversion).

sample preparation and keeps the sample intact for other
measurements. However, wavelength-dependent changes in
refractive index can yield anomalous bands in reflectance
spectra and, as a result, make identification and functional
group analysis difficult. Thus, this distorted spectrum should
be converted into a normal absorption spectrum using a
mathematical algorithm called the K-K transformation [13,
14]. In this study, the Maclaurin method, which provides
better calculation accuracy than the double FFT method, was
employed for the K-K conversion.
To obtain the specular reflectance spectra, flat, smooth,
and shiny surfaces of the RMGI samples were prepared with
a polyester strip and glass slide. Figure 2 shows the specular
reflectance IR spectra before and after the K-K transformation [14]. To determine the EAB, the peak absorbance height
of the unionized carboxyl groups was used for the calculation
after the complex ester peak was deconvoluted from each
spectrum (Figure 3) [7].
A command setting behavior in RMGIs is made by
incorporating photopolymerizable monomers and suitable
photoinitiation systems [4]. The light-curable versions of
GIs include a photocurable component, which may be an
unsaturated organic side chain grafted onto the poly(acrylic
acid) backbone, and/or a separate organic precursor such as
HEMA or mixtures of HEMA with other acrylic monomers
[17]. Thus, HEMA is an important constituent of these hybrid
materials. However, Anstice and Nicholson [17] demonstrated that the incorporation of even a small amount of organic
compounds (including HEMA) into the liquid interferes with
the normal acid-base reaction of an RMGI. Some dental
RMGI products include approximately 15–20% HEMA in
the liquid compartment, and when mixed with powder,
there will be approximately 5% HEMA in the set material
[8, 9, 18]. Thus, the initial setting of an RMGI occurs as
a result of the photopolymerization of HEMA when the
material is light-irradiated after mixing. The DC results of the
two light-cure and one tricure RMGI materials at different
depths and postirradiation times are summarized in Table 2.

At the initial stage of the measurement, within 10 min after
light-irradiation, the values of each material were statistically
similar up to a depth of 2 mm compared to those at the top
layer (0 mm) (𝑃 > 0.05). Mount et al. [9] recommended
the use of incremental placement of RMGI restoratives to
allow for a full irradiation-initiated cure. In the two light-cure
RMGIs (FL and FF), significantly lower 10 min DC values at
a depth of 4 mm than those at the top layer indicate poor
photopolymerization at the deep layer regions, probably due
to substantial light attenuation [19].
In the tricure RMGI VT, the additional chemical polymerization mechanism was expected to contribute to the
curing depth over time. Kakaboura et al. [7] suggested that
chemical polymerization of VT can take place in a deeper
cavity region where there is light attenuation and its slow rate
can allow proper development of the acid-base reaction. In
addition, VT employs a potassium persulfate/ascorbic acid
redox initiation system (Table 1), which was developed by
Antonucci et al. as a new initiator system for the ambient
polymerization of dental monomers [20]. In this study, however, significant chemical polymerization reaction over time
(up to 7 days) was not observed in the tricure material VT
(Table 2). This finding suggests that photopolymerization was
still predominant over chemical polymerization for VT [9].
However, it should be noted that differentiating the relative
contribution of the two polymerization mechanisms (photo
and chemical) to the setting of VT was not possible because
the dark-curing condition (without the light-irradiation) was
not included in the present study.
For all the materials tested, each DC value at the initial
measurement was not significantly altered over time (up to 7
days) (𝑃 > 0.05) (Table 2). Although the clinical set (by acidbase reaction) of conventional GIs appears to be completed
within a few minutes, a continuing maturation phase occurs
over several months through posthardening reactions. For
dental resin composites, in contrast, the significant polymerization reaction finishes within 24 h after mix or after
light-activation [15]. Moreover, previous studies suggested
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Figure 3: (a) FTIR spectrum of an RMGI sample in the range of 1800–1500 cm−1 : the peak at ∼1724 cm−1 indicates the ester bond (C=O str),
the peak at ∼1637 cm−1 indicates the methacrylate C=C bond (C=C str), and the peak at ∼1562 cm−1 indicates the carboxylate salt formed
(C=O str of COOM). (b) Deconvolution of the complex ester peak into three subpeaks: unionized carboxyl groups at ∼1732 cm−1 , ∼1724 cm−1
and ester groups dependent on substitution at ∼1708 cm−1 .
Table 2: Degree of conversion (DC) (%) of materials at different depths and postirradiation times (mean and SD in parentheses).
Material
FL

FF

VT

Depth
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm

10 min
46.0 (6.1) a
44.5 (5.6) a
42.3 (4.1) ab
34.6 (3.8) c
56.5 (4.0) a
53.4 (6.7) a
52.9 (6.8) a
37.5 (3.7) b
38.0 (4.3) a
37.8 (3.7) a
35.6 (5.9) ab
29.6 (5.1) bc

1 day
47.2 (4.8) a
46.1 (3.0) a
41.9 (5.1) ab
36.7 (3.9) bc
58.6 (4.1) a
52.7 (3.9) a
54.8 (4.4) a
39.0 (3.4) b
42.5 (6.8) a
39.9 (6.7) a
37.4 (3.2) a
28.2 (4.5) c

7 days
47.8 (6.0) a
45.2 (5.8) a
44.8 (4.4) a
37.3 (4.2) bc
58.5 (5.7) a
54.9 (2.6) a
52.6 (4.4) a
41.2 (4.6) b
40.1 (5.0) a
41.6 (2.8) a
38.5 (3.6) a
26.5 (4.3) c

Within the same material, means with same lowercase letters indicate no statistically significant difference between the groups (𝑃 > 0.05).

that 90% of the conversion obtained after 24 h is developed
within the first 10 min in light-activated dual-cure resin
composites [15, 21]. The DC results in this study (Table 2)
also show that the initial setting of RMGI restoratives by
photopolymerization has a similar tendency to that of dental
resin composites. In RMGIs, further polymerization after the
initial set may be inhibited by the formation of the polysalt
matrix [4].
The acid-base reaction of RMGI materials can contribute to the curing depth over time, independent of lightactivation. Table 3 presents the EBA of the materials as a
function of curing depth and postirradiation time. At the
initial stage of the measurement, the values of each material
were statistically similar up to a depth of 4 mm compared to
those at the top layer (𝑃 > 0.05), indicating that the acidbase reaction of the materials was depth independent. For FL
and VT, the values consistently and significantly increased
over time, regardless of the depth (𝑃 < 0.05). FF showed

significantly higher values at 1 and 7 days than at 10 min at all
the depths (𝑃 < 0.05). This finding shows that the acid-base
reaction occurred up to 1 day (for FF) or 7 days (for FL and
VT) after light-irradiation and that the reaction also seemed
to be more efficient over time than chemical polymerization
even for the tricure RMGI VT (Tables 2 and 3). The initial
setting of the materials by photopolymerization may decrease
the rates of diffusive processes of a gel matrix [11]. Moreover,
the reduction in content of water, which is an essential
component of the acid-base reaction, may retard the acidbase reaction [9, 11]. Kakaboura et al. [7] and Berzins et al. [12]
demonstrated that the acid-base and photopolymerization
reactions may compete with and inhibit one another during
early RMGI development. However, in accordance with Wan
et al. [11], the acid-base reaction of the three RMGI materials
was delayed instead of being completely inhibited. Thus, the
storage of the RMGI samples in humid condition seems to
have allowed a relatively long-term acid-base reaction. It has
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Table 3: Extent of acid-base reaction (EAB) of materials at different depths and postirradiation times (mean and SD in parentheses).

Material
FL

FF

VT

Depth
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm

10 min
2.0 (0.2) a
2.4 (0.3) a
2.6 (0.5) a
2.6 (0.4) a
6.8 (0.6) a
6.3 (0.9) a
7.4 (1.1) a
7.7 (1.4) a
1.3 (0.2) a
1.0 (0.1) a
1.1 (0.2) a
1.3 (0.2) a

1 day
3.8 (0.5) b
4.1 (0.7) b
3.8 (0.6) b
3.7 (0.3) b
11.2 (1.1) b
17.1 (1.3) c
16.9 (1.9) c
23.1 (3.8) d
2.6 (0.4) b
2.9 (0.4) b
3.7 (0.5) c
5.5 (0.9) d

7 days
5.7 (0.4) c
5.8 (0.8) c
5.5 (0.4) c
5.6 (0.5) c
12.5 (1.6) b
17.9 (2.4) c
18.0 (2.3) c
22.2 (3.5) d
4.1 (0.5) ce
4.5 (0.4) e
4.6 (0.7) e
6.4 (0.8) f

Within the same material, means with same lowercase letters indicate no statistically significant difference between the groups (𝑃 > 0.05).

Table 4: Vickers hardness (VH) of materials at different depths and postirradiation times (mean and SD in parentheses).
Material
FL

FF

VT

Depth
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm
0 mm
1 mm
2 mm
4 mm

10 min
34.7 (3.3) a
32.5 (4.5) a
30.4 (3.6) a
22.0 (1.8) b
35.9 (4.2) a
37.5 (6.5) a
35.6 (2.7) a
31.0 (3.8) b
16.0 (3.3) a
17.9 (2.7) ab
15.2 (2.1) a
5.3 (1.3) c

1 day
29.6 (4.0) a
30.4 (3.2) a
31.1 (5.4) a
31.5 (3.1) a
29.7 (3.3) b
26.5 (4.8) b
25.8 (4.3) b
28.9 (3.5) b
16.2 (1.6) a
17.9 (3.0) ab
16.4 (2.7) a
14.7 (3.2) a

7 days
31.8 (4.4) a
29.6 (3.4) a
33.4 (2.9) a
34.8 (3.3) a
27.1 (3.6) b
26.9 (3.8) b
26.3 (2.6) b
29.7 (4.5) b
20.4 (3.7) b
19.8 (1.6) b
20.6 (2.6) b
15.8 (1.9) a

Within the same material, means with same lowercase letters indicate no statistically significant difference between the groups (𝑃 > 0.05).

been suggested that the initial increase in strength of GIs
is mainly caused by the formation of metal carboxylates,
after which the silicate network reconstruction plays a more
significant role [22–24]. This second reaction through the
growth of a silicate phase [22] was not investigated in the
current SR-FTIR spectroscopy study, but it obviously requires
further investigation to elucidate the setting mechanism of
GIs with time.
The VH values of the RMGI materials are presented in
Table 4. In general, the initial values (at 10 min) showed a
similar trend to the DC values (Table 2), indicating that the
materials were initially hardened by photopolymerization. In
VT, the VH values gradually increased over time. In FF, in
contrast, there were significant reductions in the value at 1
day, except at a depth of 4 mm, compared to the initial values
(𝑃 < 0.05). Previous studies using a shear punch strength
test [9] or a Knoop hardness test [8] suggested that although
the maturation process or slow chemical polymerization
can occur over time in poorly or non-irradiated regions of
RMGIs, these reactions may not be sufficient to compensate for photopolymerization. However, those tests did not

directly investigate the DC or EBA values of the materials;
instead, they only estimated the setting reaction from the
mechanical properties of the hardened materials. Crosslinking of polymer chains may contribute to strengthening of
conventional GIs, but water uptake may eventually decrease
the physical properties of the materials [25]. Similarly, RMGI
materials absorb water over time mainly due to the inclusion
of the hydrophilic monomer HEMA, and the water sorption
contributes to softening of the materials [8, 10]. In this study,
such a softening effect appeared prominent in FF (Table 4),
implying that the material is more hydrophilic than the other
two materials (Table 1). However, this observation should
be further studied. Although microhardness measurement
is a simple approach, it cannot be the final indicator for
evaluating the setting of RMGI materials as a function of
time. Moreover, the microhardness value is greatly influenced
by material composition, and thus cross-comparison between
the different RMGI brands is limited [15].
This in vitro study shows that SR-FTIR spectroscopy
was more effective than microhardness tests for investigating
the complex setting reactions of dental materials such as
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RMGIs. The spectroscopy results clearly show that the initial
setting of dental RMGIs is made by photopolymerization and
then the acid-base reaction progresses over time. Although
the photopolymerization and acid-base reactions may be
completed during the early setting stage [7, 12], the acid-base
reaction progresses over time even at the well-light-irradiated
superficial layers of the materials (Table 3) [11]. Thus, the
incremental buildup of the restoration and increased exposure time are still recommended when the light source
is distant from the cavity floor in order to maximize the
physical and mechanical properties of the filled materials
[9]. However, further experimental and clinical research is
needed to elucidate the mechanisms of the long-term setting
reaction of RMGI restoratives in the oral cavity.

4. Conclusions
(1) Sensitive SR-FTIR spectroscopy was an effective analytical method for investigating the setting reactions
of dental RMGIs.
(2) The light-cure RMGI restoratives exhibited increased
depth of cure over time by the acid-base reaction
rather than photopolymerization. The improvement
in depth of cure for the tricure material was also
attributed to the acid-base reaction rather than chemical polymerization.
(3) Microhardness tests seemed less suitable for evaluating the setting of RMGI materials as a function of
postirradiation time, probably due to the softening
from the humidity.

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

Acknowledgments
This research was supported by Basic Science Research
Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education
(2013R1A1A2012382).

References
[1] M. J. Tyas and M. F. Burrow, “Adhesive restorative materials: a
review,” Australian Dental Journal, vol. 49, no. 3, pp. 112–154,
2004.
[2] J. W. McLean, J. W. Nicholson, and A. D. Wilson, “Proposed
nomenclature for glass-ionomer dental cements and related
materials.,” Quintessence international, vol. 25, no. 9, pp. 587–
589, 1994.
[3] S. Saito, S. Tosaki, and K. Hirota, “Characteristics of glassionomer cements,” in Advances in Glass-Ionomer Cements, C. L.
Davidson and I. A. Mjör, Eds., pp. 15–50, Quintessence, Carol
Stream, Ill, USA, 1999.
[4] H. F. Albers, Tooth-Colored Restoratives: Principles and Techniques, BC Decker, Hamilton, Canada, 9th edition, 2001.

7
[5] D. C. Smith, “Development of glass-ionomer cement systems,”
Biomaterials, vol. 19, no. 6, pp. 467–478, 1998.
[6] A. D. Wilson, “Resin-modified glass-ionomer cements,” The
International Journal of Prosthodontics, vol. 3, no. 5, pp. 425–
429, 1990.
[7] A. Kakaboura, G. Eliades, and G. Palaghias, “An FTIR study
on the setting mechanism of resin-modified glass ionomer
restoratives,” Dental Materials, vol. 12, no. 3, pp. 173–178, 1996.
[8] H. W. Roberts, D. W. Berzins, and D. G. Charlton, “Hardness
of three resin-modified glass-ionomer restorative materials as a
function of depth and time,” Journal of Esthetic and Restorative
Dentistry, vol. 21, no. 4, pp. 262–272, 2009.
[9] G. J. Mount, C. Patel, and O. F. Makinson, “Resin modified glassionomers: strength, cure depth and translucency,” Australian
Dental Journal, vol. 47, no. 4, pp. 339–343, 2002.
[10] E. J. Swift Jr., M. A. Pawlus, M. A. Vargas, and D. Fortin, “Depth
of cure of resin-modified glass ionomers,” Dental Materials, vol.
11, no. 3, pp. 196–199, 1995.
[11] A. C. Wan, A. U. Yap, and G. W. Hastings, “Acid-base complex
reactions in resin-modified and conventional glass ionomer
cements,” Journal of Biomedical Materials Research, vol. 48, no.
5, pp. 700–704, 1999.
[12] D. W. Berzins, S. Abey, M. C. Costache, C. A. Wilkie, and
H. W. Roberts, “Resin-modified glass-ionomer setting reaction
competition,” Journal of Dental Research, vol. 89, no. 1, pp. 82–
86, 2010.
[13] P. Grosse and V. Offermann, “Analysis of reflectance data using
the Kramers-Kronig Relations,” Applied Physics A Solids and
Surfaces, vol. 52, no. 2, pp. 138–144, 1991.
[14] M. A. Calin, R. M. Ion, and N. Herascu, “Kramers-Kronig analysis of 5,10,1,20-tetra-p-sulfonato-phenyl-porphyrin (TSPP) as
photosensitizer for photodynamic therapy,” Journal of Optoelectronics and Advanced Materials, vol. 7, no. 6, pp. 3155–3160, 2005.
[15] Y. L. Yan, Y. K. Kim, K.-H. Kim, and T.-Y. Kwon, “Changes
in degree of conversion and microhardness of dental resin
cements,” Operative Dentistry, vol. 35, no. 2, pp. 203–210, 2010.
[16] H.-B. Ahn, S.-J. Ahn, S.-J. Lee, T.-W. Kim, and D.-S. Nahm,
“Analysis of surface roughness and surface free energy characteristics of various orthodontic materials,” The American
Journal of Orthodontics and Dentofacial Orthopedics, vol. 136,
no. 5, pp. 668–674, 2009.
[17] H. M. Anstice and J. W. Nicholson, “Studies in the setting of
polyelectrolyte materials—part II: the effect of organic compounds on a glass poly(alkenoate) cement,” Journal of Materials
Science: Materials in Medicine, vol. 5, no. 5, pp. 299–302, 1994.
[18] S. K. Sidhu and T. F. Watson, “Resin-modified glass ionomer
materials. A status report for the American Journal of Dentistry,” The American Journal of Dentistry, vol. 8, no. 1, pp. 59–67,
1995.
[19] M.-J. Kim, K.-H. Kim, Y.-K. Kim, and T.-Y. Kwon, “Degree of
conversion of two dual-cured resin cements light-irradiated
through zirconia ceramic disks,” Journal of Advanced
Prosthodontics, vol. 5, no. 4, pp. 464–470, 2013.
[20] J. M. Antonucci, C. L. Grams, and D. J. Termini, “New initiator
systems for dental resins based on ascorbic acid,” Journal of
Dental Research, vol. 58, no. 9, pp. 1887–1899, 1979.
[21] F. A. Rueggeberg and W. F. Caughman, “The influence of
light exposure on polymerization of dual-cure resin cements,”
Operative Dentistry, vol. 18, no. 2, pp. 48–55, 1993.
[22] E. A. Wasson and J. W. Nicholson, “New aspects of the setting
of glass-ionomer cements,” Journal of Dental Research, vol. 72,
no. 2, pp. 481–483, 1993.

8
[23] S. Matsuya, T. Maeda, and M. Ohta, “IR and NMR analyses of
hardening and maturation of glass-ionomer cement,” Journal of
Dental Research, vol. 75, no. 12, pp. 1920–1927, 1996.
[24] S. Shahid, R. W. Billington, and G. J. Pearson, “The role of
glass composition in the behaviour of glass acetic acid and glass
lactic acid cements,” Journal of Materials Science: Materials in
Medicine, vol. 19, no. 2, pp. 541–545, 2008.
[25] M.-A. Cattani-Lorente, C. Godin, and J.-M. Meyer, “Mechanical
behavior of glass ionomer cements affected by long-term
storage in water,” Dental Materials, vol. 10, no. 1, pp. 37–44, 1994.

Journal of Spectroscopy

Hindawi Publishing Corporation
Journal of Spectroscopy
Volume 2015, Article ID 362103, 8 pages
http://dx.doi.org/10.1155/2015/362103

Research Article
Synthesis and Characterization of an Iron Nitride Constructed
by a Novel Template of Metal Organic Framework
Suyan Liu,1,2 Quan Huo,1 Rongna Chen,1 Peipei Chen,1 Yuan Li,1 and Yang Han2
1

Hebei Key Laboratory of Applied Chemistry, College of Environmental and Chemical Engineering, Yanshan University,
Qinhuangdao, Hebei 066004, China
2
The State Key Laboratory of Heavy Oil Processing, Department of Materials Science and Engineering, China University of Petroleum,
Beijing, Changping District, Beijing 102249, China
Correspondence should be addressed to Quan Huo; quanhuo@ysu.edu.cn
Received 31 July 2014; Accepted 27 November 2014
Academic Editor: Bing Wu
Copyright © 2015 Suyan Liu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
An iron nitride with high surface area was synthesized from an iron-based metal organic framework (Fe-MOF) in this work. During
the synthesis process, the Fe-MOF of MIL-53 served as a hard template, a template to impart a certain degree of morphology for
iron oxide products and to form porosities for iron nitride products. Moreover, it played the roles of iron sources for the synthesis
of the final iron oxides and the iron nitrides. The physicochemical properties of the materials were characterized by a series of
technologies including XRD, SEM, and N2 -adsorption/desorption. The results showed that the iron nitride synthesized from MIL53 was 𝛼-Fe2-3 N. And, the 𝛼-Fe2-3 N showed the morphology with loosely aggregated particles which favored the formation of rich
interparticle porosities. As a result, the surface area of the 𝛼-Fe2-3 N was larger than those of samples using 𝛼-Fe2 O3 as precursors
and its value was 41 m2 /g. In addition, the results agreed that both raw material properties (such as crystallinity and surface areas)
and nitriding approaches had significant effects on the surface areas of iron nitrides. Also the results were proved by the iron oxide
synthesized with different methods. This new synthetic strategy could be a general approach for the preparation of late transition
metal nitrides with peculiar properties.

1. Introduction
Transition metal nitride catalysts have attracted great attentions because they exhibit noble metal-like characteristics in
many reactions, such as fuel cells, optical coatings, electrical
contacts, and catalysts [1]. The key to producing successful
catalysts lies in the ability to synthesize materials of high
surface areas [2]. Synthetic strategies of transition metal
nitrides with high surface areas have been intensively studied, including temperature-programmed reaction of solidstate metal compounds with gaseous nitrogen sources [3–
6], pyrolysis of metal precursors [7], and solution reactions
[8] as well as developed reactive hard template [9] and soft
urea pathway [10]. Recently, Yang and DiSalvo [11] reported
a simple process prepared mesoporous transition metal
nitrides (NbN, VN, Ta3 N5 , and TiN) by the ammonolysis of
bulk ternary oxides that contain cadmium. Depending upon

the starting composition and the ammonolysis temperature,
the TMNs had pore sizes from 10 to 40 nm, domain sizes of
5–40 nm, and the surface areas 15–60 m2 /g. However, most
of the nitrides are early transition metal nitrides focusing
on nitrides of molybdenum and tungsten, and only a few
papers have reported the synthesis of late transition metal
nitrides particles such as iron nitrides, due to their relatively
low thermal stability [8, 12–15]. For example, Koltypin et al.
[12] reported the sonochemical synthesis of iron nitride
nanoparticles by two methods, that is, sonication of Fe(CO)5
in a decane solution under a gaseous NH3 /H2 mixture
and nitridation of sonochemically prepared amorphous iron
under a mixed NH3 /H2 stream. Later on, iron particles of
various grain sizes [13], amorphous iron prepared through
reducing ferrous sulfate by potassium borohydride [14], and
Fe2 O3 [15] were also used as precursor to produce iron
nitride by a temperature-programmed reaction in NH3 .
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Recently, Choi and Gillan [8] reported the use of solvothermally moderated metal azide decomposition as a route to
nanocrystalline mid to late transition metal nitrides. This
method utilizes exothermic solid-state metathesis reaction
precursor pairs, namely, metal halides (NiBr2 , FeCl3 , and
MnCl2 ) and sodium azide, but conducts the metathesis
reaction and azide decomposition in superheated toluene.
The reaction temperatures are relatively low (<300∘ C) and
yield thermally metastable nanocrystalline hexagonal Ni3 N
and Fe2 N and tetragonal MnN. Moszyński et al. [16] reported
that three iron samples of various mean sizes of crystallites
were nitrided in gas mixtures with NH3 /H2 ratio increasing
stepwise up to the pure ammonia. The higher the mean size
of crystallites was, the lower nitriding potential was required
to initiate the phase transition 𝛼-Fe → 𝛾-Fe4 N observed
during the nitriding process. Unfortunately, the surface areas
of these iron nitrides are usually lower than 40 m2 /g. In order
to produce promising iron nitride catalysts, new ways to
synthesize iron nitrides with higher surface areas are thus in
great demand.
Metal organic frameworks (MOFs) as a kind of emerging
nanoporous material, built from connectors and organic
linkers, have attracted many attentions due to their intriguing
architectures and topologies, tunable pore sizes, and wide
potential applications such as gas storage and separation and
drug delivery [17]. The various pore sizes, high thermal stability, and synthetically flexible environment of MOFs make
them feasible as templates for preparing nanoporous carbon materials [18], nanoscale NaAlH4 [19], transition metal
nanoparticles [20], silver cluster [21], and so forth. Recently,
Kim et al. [22] reported a versatile method to prepare metal
nanoparticles supported on nanoporous carbon (M/NC3) via
carbonization and carbothermal reduction (CCR) of metalcoordinated IRMOF-3 materials by postsynthetic modification (PSM) with metal precursors (i.e., Ru, W, V, and Ti).
Use of IRMOF materials as templates/carbon sources led
to desirable pore characteristics in the resulting materials,
including high surface area (900–2000 m2 /g) coupled with
an increased mesoporosity (0.14–0.34 𝑉micro /𝑉pore ). However,
examples of metal organic framework as hard template to
synthesis of iron nitride are rare. Transition metal ions
are usually used as connectors; thus, MOFs provide the
possibility to be a porous reactive hard template candidate.
As a typical example of Fe-MOFs, the common MIL-53(Fe)
is chosen, which is built from infinite chains of corner sharing FeIII 4 (OH)2 octahedra interconnected by dicarboxylate
groups of benzene dicarboxylate units [23]. In this way, a 3D
microporous framework with 1D diamond shaped channels
with free internal diameter of about 0.85 nm is formed.
Herein, we report the synthesis of iron nitride from ironbased metal organic framework exemplified by octahedral
MIL-53(Fe) not only as a reactive hard template but also as
a provider of Fe source. The difference in BET surface area
of iron nitride between MOFs and Fe2 O3 is of interest. For
this purpose, Fe2 O3 is synthesized by the sol-gel method
and MOFs as template ways [24] according to the literature,
respectively. All of the Fe2 O3 and MIL-53 were employed
to prepare iron nitride and their BET surface areas were
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Scheme 1: Selective preparation routes of iron oxide and iron nitride
using MOFs as a reactive template.

analyzed. The proposed preparation strategy is shown in
Scheme 1.

2. Experimental
2.1. Synthesis of MIL-53(Fe). All the reagents are of analytic
grade from Beijing Chemical Reagent Company and used as
received. The MIL-53(Fe) was synthesized according to our
prior report [25]; the mixture of FeCl3 ⋅6H2 O, terephthalic
acid, N,N -dimethyl formamide (DMF), and hydrofluoric
acid (HF) with molar ratios of 1 : 1 : 280 : 2 was heated in
Teflon-lined autoclaves. In order to investigate the effect of
the crystallinity on the BET surface area, the mixtures were
heated at 150∘ C for 1 day and 3 days. A yellow powder MIL53(Fe), loaded with DMF inside its pores, was obtained by
filtration method. To remove the occluded DMF, the sample
was heated at 150∘ C in air atmosphere overnight and then
cooled down to room temperature. To further extract the
residual traces of DMF, the sample was stirred with a large
volume of deionized water (1.0 g of MIL-53 in 500 mL of
water) for 4∼6 hours and was filtered, and then it was dried
at room temperature in air atmosphere.
2.2. Synthesis of Iron Oxide. The conventional 𝛼-Fe2 O3
nanoparticle was prepared by heating the mixture of
1.0 mol/L Fe(NO3 )3 solution and 2.0 mol/L citric acid solution with the molar ratio of 1 : 1 at 90∘ C, dropwise adding the
glycol of a dispersant into the mixture until it became viscous,
and then the mixture was dried at 120∘ C for 12 h in a crucible
to form a gel. Finally, the gel was calcined at 550∘ C for 2 h to
obtain Fe2 O3 powder, with the obtained sample designated as
FO-0.
The as-synthesized iron precursors (MIL-53(Fe)) were
positioned at the end of the quartz tube. The quartz tube
was then mounted in the middle of the tube furnace. A
flow of air was introduced into the quartz tube at a rate
of 30 mL/min and was heated to 400∘ C for 5 h at a rate of
10∘ C/min. Then, the system was allowed to cool naturally
to room temperature. The two 𝛼-Fe2 O3 samples were then
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Figure 1: XRD patterns of MIL-53 (Fe) samples with different
crystallization time. (a) 1 day, (b) 3 days.
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2.4. Characterization Techniques. X-ray diffraction (XRD)
measurements were performed using a Rigaku D/MAX-2500
X-ray diffractometer with CuK𝛼 radiation. Samples were
analyzed over a range of 5–80∘ 2𝜃 using a step scan mode with
a step rate of 4∘ /min. Scanning Electron Microscopy (SEM)
measurements were performed using a FEI Quanta 200F
microscope. Nitrogen adsorption experiments of samples
were performed on an ASAP 2020 micropore analyzer. The
MIL-53(Fe) samples were evacuated at 150∘ C for 12 h prior
to exposing them to nitrogen gas, while the other samples
were evacuated at 300∘ C for 12 h. Their surface areas were
calculated using the BET equation and the volumes were
determined using the BJH method.

(b)

Intensity (a.u.)

2.3. Synthesis of Iron Nitride. The as-synthesized iron precursors (MIL-53(Fe), FO-0 and FO-2) were placed in a quartz
tube and treated in a flow of nitrogen (30 mL/min) at 150∘ C
to remove air in the system. Then, the precursors were
heated in NH3 flow (60 mL/min) at a rate of 10∘ C min−1 to
500∘ C for 10 h. After that, the sample was cooled naturally
to room temperature, then flowing 1% O2 /N2 for passivation
treatment to sample surface. The products were denoted as
FN-1, FN-2, FN-3, and FN-4, corresponding to MIL-53(Fe)’s
with the different reaction time of 1 day and 3 days and the
different iron precursors of FO-0 and FO-2, respectively.
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collected designated as FO-1 and FO-2, corresponding to the
reaction time of 1 day and 3 days, respectively.
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Figure 2: XRD patterns of the iron oxide samples. (a) FO-0, (b) FO1, and (c) FO-2.
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3.1. XRD Patterns. To probe the effect of MOFs crystallinity
on the preparation strategies, we had synthesized MIL-53(Fe)
with different crystallization time. As shown in Figure 1,
the XRD patterns of MIL-53(Fe), synthesized with different
crystallization time, were similar with our prior report [24].
Relative crystallinity was calculated based on the integrated
areas of the MIL-53(Fe) characteristic XRD diffraction peaks
at 2𝜃 = 9.26∘ , 11.1∘ , 16.38∘ , 17.2∘ , 18.6∘ , and 22.3∘ using Origin
software after baseline correction. By calculation, the MIL53(Fe), with shortened crystallization time, was provided
with the relative crystallinity of 82%.
The samples of MIL-53(Fe) with different crystallization
time were calcined to obtain Fe2 O3 powders; their XRD
patterns are displayed in Figure 2. As shown in Figure 2, the
XRD patterns of FO-1 and FO-2 were similar with that of FO0 and all the diffraction peaks were able to be assigned to 𝛼Fe2 O3 with a rhombohedral phase (JCPDS card number 330064). Also, the results suggested that the hematite could be
prepared from the iron-based metal organic framework (FeMOF) serving as reactive hard templates. Compared with the
relative crystallinity of FO-1 and FO-2, fewer differences than
those of MIL-53 used as hard templates existed. The result
indicated that MIL-53 possessed little effects on the material
crystallinity.
After nitriding, the FN-3 and FN-4 samples from the 𝛼Fe2 O3 precursors showed polycrystalline mixtures consisting
mainly of 𝛼-Fe2-3 N and 𝛾 -Fe4 N (Figures 3(c) and 3(d)).
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Figure 3: XRD patterns of the iron nitride samples. (a) FN-1, (b)
FN-2, (c) FN-3, and (d) FN-4.
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(a)

(b)

Figure 4: SEM images of MIL-53 (Fe) samples. (a) 1 day, (b) 3 days.

However, the FN-1 and FN-2 samples all produced 𝛼-Fe2-3 N;
almost no peaks related to 𝛾 -Fe4 N were observed. Usually,
iron first undergoes initial nitriding to Fe4 N, and a further
nitridation occurs to form Fe2-3 N (or Fe3 N1+𝑥 ) and Fe2 N.
Here, given the same nitriding conditions, MIL-53(Fe) underwent further nitridation to form 𝛼-Fe2-3 N. It was mainly
attributed to MIL-53(Fe)’s 3D open microporous system
facilitating the contact of NH3 . Compared with FN-1 and FN2, the better the crystallinity of MIL-53(Fe) was, the better
the crystallinity of the resulting 𝛼-Fe2-3 N was. The results
presented that well-crystallized MIL-53(Fe) was necessary for
the formation of iron nitride with high crystallinity.
3.2. SEM Images. SEM images given in Figure 4 showed that
the MIL-53(Fe) sample possessed an octahedral morphology;
its content and uniformity varied depending on the material crystallinity. The low-crystallinity samples prepared by
shortening the crystallization time exhibited some irregular
blocks, which were unformed crystals and unreacted raw
materials. Further increasing crystallization time may promote irregular particles evolving into clear-cut submicronsized MIL-53 octahedral crystals.
The morphologies of the oxidized products are shown
in Figure 5. The conventional FO-0 (Figure 5(a)) showed
compact monodisperse nanospheres with the diameter of
approximately 50 nm. However, the other samples from MIL53(Fe) (Figure 5(b)) presented loosely aggregated particles.
Among them, FO-1 prepared from MIL-53(Fe) with low
crystallinity exhibited irregular particles with the diameters
of about 150 nm. Interestingly, the FO-2 sample (Figure 5(c))
from well-crystallized MIL-53(Fe) exhibited octahedral crystals with the size of about 700 nm, faithfully retaining the
octahedral morphology of MIL-53(Fe). It demonstrated that
the high crystallinity of MIL-53(Fe) was necessary for the
formation of 𝛼-Fe2 O3 with a regular octahedral morphology.
Although a variety of 𝛼-Fe2 O3 morphologies were reported
in some literatures, the octahedral morphology herein, as far
as we know, is the first example. Also, the iron oxide with the
octahedral morphology was creatively employed to prepare
iron nitride.

In this work, the morphologies of iron nitrides prepared
by different strategies are given in Figure 6. The samples
from MIL-53(Fe) (Figures 6(a) and 6(b)) showed loosely
aggregated particles with rich interparticle porosities. The
iron nitride FN-3 corresponding 𝛼-Fe2 O3 had compactly
aggregated particles. Interestingly, the FN-4 samples from
MIL-53 oxide produced peculiar coralloid iron nitrides
(Figure 6(d)). It could be because the nitriding temperature
led to the disrupting of the MIL-53(Fe) framework; the
octahedral morphology disappeared in iron nitride images.
3.3. N2 Adsorption Isotherms. The textural properties and
the isotherms of samples were characterized by the N2
adsorption isotherms. N2 adsorption results (Figure 7 and
Table 1) showed that the shortened crystallization MIL-53
sample had a BET surface area of 611 m2 ⋅g−1 . The surface area
was lower than 1031 m2 ⋅g−1 for the completing crystallized
sample. Similarly, Langmuir surface areas, pore volumes, and
pore diameter reduced due to some raw materials blocking
the pore. Also, the results (see Figure 8 and Table 1) exhibited
that the FO-1 and FO-2 samples from MIL-53 had larger
BET surface area and total pore volume than those of the
conventional FO-0 sample using sol-gel method. Such higher
surface areas for both were believed to benefit from the
calcination of the MOFs template. Compared to the FO-1
sample, the FO-2 sample had a relatively higher BET surface
of 170 m2 ⋅g−1 . It illustrated that FO-2 sample was retaining
not only the octahedral morphology of MIL-53(Fe) but also
the microporous framework. The result was consistent with
the SEM image result. As a result, it may be concluded that
the crystallinity and BET surface of MOFs template had
significant effects on the pore properties of iron oxide.
In addition, in accordance with these observed morphologies, nitrogen adsorption experiment results (see
Figure 9 and Table 1) determined that the BET specific
area of the sample FN-0∼4 was 21, 41, 12, and 17 m2 ⋅g−1 ,
respectively. The surface areas of the FN-1 and FN-2 samples
prepared from MIL-53(Fe) were larger than those of FN3 and FN-4 using 𝛼-Fe2 O3 as the precursor. Although
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(a)

(b)

(c)

Figure 5: SEM images of the iron oxide samples. (a) FO-0, (b) FO-1, and (c) FO-2.

Table 1: Textural properties of samples.
Samples
MIL-53-a
MIL-53-b
FO-0
FO-1
FO-2
FN-1
FN-2
FN-3
FN-4

𝑆BET /(m2 ⋅g−1 )
611
1031
68
106
170
21
41
12
17

𝑆Langmuir /(m2 ⋅g−1 )
854
1286
79
118
183
27
46
18
20

the nitridation reaction finally disrupted the MIL-53(Fe)
framework through the decomposition of dicarboxylate
units, the initial microporous crystalline framework was beneficial for the formation of interparticle porosities. Accordingly, MIL-53(Fe) was considered as a hard template to impart
a certain degree of porosity to the iron nitride product.
Apparently, the increasing of BET surface area for iron
nitrides from MIL-53 raw material was mainly ascribed to the
prior nitriding pathway.

Pore volume/(cm3 ⋅g−1 )
0. 39
0. 47
0.19
0.20
0.28
0.07
0.12
0.02
0.05

Pore size/nm
1.85
2.58
1.12
1.7
2.18
2.13
3.85
1.5
1.93

4. Conclusions
In this work, the iron nitride was creatively prepared through
thermal ammonia nitridation of the iron-based metal organic
framework (Fe-MOF) serving as the reactive hard template
and the iron source. The results demonstrated that the iron
nitride directly prepared from the MIL-53(Fe) was provided
with the optimal surface area in all the preparation strategies.
The high surface area was attributed to the formation of
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(b)

(c)

(d)

Figure 6: SEM images of iron nitride samples. (a) FN-1, (b) FN-2, (c) FN-3, and (d) FN-4.
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Figure 7: N2 adsorption isotherms of MIL-53 (Fe) samples with
different crystallization time. (a) 1 day, (b) 3 days.

Figure 8: N2 adsorption isotherms of the iron oxide samples. (a)
FO-0, (b) FO-1, and (c) FO-2.

interparticle porosity benefited from the initial microporous
crystalline framework of the MIL-53(Fe). Accordingly, the
MIL-53(Fe) was considered as the hard template to impart
a certain degree of porosity to the iron nitride. Thus, the

increasing of BET surface area for iron nitrides from MIL53 raw material was mainly ascribed to the prior nitriding
pathway. In addition, this new synthetic strategy is able
to become a general approach for the preparation of late
transition metal nitrides with peculiar properties.
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Figure 9: N2 adsorption isotherms of the iron nitride samples. (a)
FN-1, (b) FN-2, (c) FN-3, and (d) FN-4.
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Novel water-soluble CdSe quantum dots (QDs) have been prepared with N-acetyl-L-cysteine as new stabilizer through a one-step
hydrothermal route. The influence of experimental conditions, including reaction time, molar ratio of reactants, and pH value, on
the luminescent properties of the obtained CdSe QDs has been systematically investigated. The characterization of as-prepared
QDs was carried out through different methods. In particular, we realized qualitative and semiquantitative studies on CdSe QDs
through X-ray photoelectron spectroscopy and electron diffraction spectroscopy. The results show that the as-prepared CdSe QDs
exhibit a high quantum yield (up to 26.7%), high stability, and monodispersity and might be widely used in biochemical detection
and biochemical research.

1. Introduction
Quantum dots (QDs) are nanomaterials usually composed
of II–VI or III–V elements [1]. The unique optical properties caused by their small diameters (1–10 nm) lead to
their promising applications in biochemistry detections [2],
biological labeling [3], cell imaging in vivo [4], solar battery
[5], and electronic equipment [6].
Among QDs made up of II–VI group elements, CdSe
QDs have attracted broad interests due to their fluorescence
emission in visible light range [7]. Though selenium and
telluride are both VI group elements, the spectra properties of
the prepared CdSe QDs are much worse than those of CdTe
QDs, because those CdSe QDs with sulphydryl compounds
(such as thioglycolate and cysteine) as stabilizers possess
low quantum yields (QYs) and wide emission full width
at half maximum (FWHM) (>100 nm) [8]. Since synthesis
method and the used stabilizer would greatly affect the optical
properties of prepared QDs, the studies on the choice of
stabilizer during the synthesis process of water-soluble QDs
have been widely reported [8], including thiomalic acid,
thioglycolate, N-(2-mercaptopropionyl)glycine, glutathione,
and L-cysteine. The reports on N-acetyl-L-cysteine (NAC) as

the stabilizer during the synthesis, however, have not been
seen in literature. NAC is known as an antioxidant and
impurity removal reagent and can be used to protect cells
from oxidation and QDs induced cytotoxicity [9, 10]. Additionally, it possesses good water-solubility, is nonvolatile and
inodorous, have excellent biocompatibility, and is friendly
to the environment and its users. The commonly employed
methods for direct synthesis of QDs in aqueous solution
are reflux method [11–13] and microwave radiation method
[14–16]. These methods, however, have obvious weaknesses:
the reflux method requires long reaction time and the
prepared QDs have low QYs and wide FWHM, while the
microwave radiation method requires complex synthesis
equipment, which greatly limits their practical applications.
The hydrothermal route [17] is a newly developed hydrothermal route for direct synthesis of water-soluble QDs in an
airtight reaction vessel (autoclave) under high pressure and
temperature. The high temperature (usually supercritical
temperature or close to critical temperature) speeds up the
growth of QDs, decreases the surface defects, and thus
reduces the probability of fluorescence quenching induced by
irradiative decay and improves the fluorescence efficiency of
prepared QDs [9]. Compared with core/shell CdSe/CdS QDs
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prepared by two-step method, the hydrothermal method
allows rapid synthesis of QDs through one-step process with
stabilizer simultaneously as the sulfur source. The simple
synthesis process is thus an ideal method to improve the
optical property of prepared QDs.
In this paper, we report the synthesis of high-quality
water-soluble CdSe QDs through one-step hydrothermal
method and discuss the impacts of important experiment
parameters (reaction time, pH, feed ratio, etc.) on the optical
properties of prepared QDs. The synthesized CdSe QDs
have been characterized through fluorescence spectroscopy,
UV absorption spectroscopy, high resolution transmission
electron microscopy (HRTEM), X-ray powder diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and electron diffraction spectroscopy (EDS), and their morphology,
crystal structure, optical properties, and element composition have been studied with these means. The prepared CdSe
QDs meet the requirements for the fluorescence materials in
biological labeling and will surely have promising applications in biochemical detection and biomedical researches.

2. Experimental Procedures
2.1. Chemicals. Selenium (reagent powder) was purchased
from Shanghai Mei Xing Chemical Co., Ltd. CdCl2 , rhodamine 6G, and sodium borohydride (NaBH4 ) were obtained
from Sinopharm Chemical Reagent. NAC was purchased
from Sigma. All chemicals used were of analytical grade or of
the highest purity available. All solutions were prepared using
Milli-Q water (Millipore) as the solvent.
2.2. Preparation of CdSe QDs. Sodium borohydride
(0.0250 g) and selenium powder (0.0100 g) were dissolved in
3 mL ultrapure water in a 5 mL one-necked flask to produce
sodium hydroselenide (NaHSe, 0.0422 mol/L). A small
outlet connected to the flask was kept open to discharge the
pressure from the resulting hydrogen. After approximately
30 min, the black selenium powder disappeared, and the
small outlet was then completely shut. Fresh NaHSe solution
was then kept in freezer for further use.
CdCl2 (6.4 mmol/L) and a certain amount of NAC were
dissolved in 50 mL of deionized water and stirred vigorously for 20 minutes. The precursor solution was adjusted
to desired value (8.5 to 11) by stepwise addition of
1.0 mol/L of NaOH. Subsequently, the fresh NaHSe solution
(0.0422 mol/L) was added to a N2 -saturated mixture of CdCl2
and NAC with a certain percentage and stirred vigorously
for 5 minutes. The Cd2+ concentration was 6.4 mmol/L in
a total volume of 50 mL. The molar ratios of NAC/Cd2+
used in our experiment are 1.2 : 1, 2.0 : 1, 2.4 : 1, 3.0 : 1, and
3.6 : 1, in sequence. The molar ratios of Se2+ /Cd2+ used in our
experiment are 0.025 : 1, 0.05 : 1, 0.10 : 1, 0.15 : 1, and 0.20 : 1, in
sequence. Finally, the resulting mixture was put into a 50 mL
Teflon-lined stainless steel autoclave. It was loaded in an oven
at 200∘ C for a specified time (50 to 70 min) and then cooled
to the room temperature by a hydrocooling process.
To remove NAC-Cd complexes at the end of the synthesis, cold 2-propanol was added to the reaction mixture
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to precipitate NAC-capped CdSe QDs. The as-prepared
products were dried overnight under vacuum at 40∘ C for
further experiments.
2.3. Characterization. UV-visible absorption spectra were
acquired with a Lambda-35 UV/visible spectrophotometer
(PerkinElmer Company) to determine the absorption of
QDs. Fluorescence spectra were recorded on a LS55 spectrofluorometer (PerkinElmer Company). All optical measurements were performed at room temperature under
ambient conditions. The HRTEM sample was prepared by
dropping an aqueous CdSe QDs solution onto an Agar
carbon-coated copper grid (400 meshes) with the excess
solvent evaporated. The HRTEM image was obtained via
JEM-2100 (HR) transmission electron microscope (Japan
Electron Optics Laboratory CO., Ltd.). XRD spectrum was
recorded on a Shimadzu XRD-2000 X-ray diffractometer.
EDS spectrum was captured with an FEI Quanta 200 scanning electron microscope equipped with an energy dispersive
X-ray spectrometer. XPS measurements were acquired with a
Leybold Heraeus SKL 12 X-ray photoelectron spectrometer.
The QY of CdSe QDs was measured according to the
literature [18]. Rhodamine 6G in ethanol was chosen as the
reference standard (QY = 95%).

3. Results and Discussion
3.1. Influence of Reaction Time. Since the optical properties of
the prepared CdSe QDs are greatly influenced by a series of
experimental parameters, such as reaction time, feeding ratio
of the reaction reagents, and the pH value, the optimizing
experiments were carried out in order to acquire the highquality QDs.
The reaction temperature is a very important factor that
influences optical properties of the prepared QDs. The low
temperature (<170∘ C) would decrease the reaction rate, prolong the reaction time, and consequently lead to the low QYs
of the prepared QDs. The high reaction temperature, on the
other hand, will produce white precipitates in the autoclave
together with pungent odor, which may be the result of the
decomposition of NAC under such high temperature, losing
its ability as stabilizer. Therefore, the optimum reaction time
is in the range of 170 to 210∘ C.
With other reaction parameters fixed ([Cd] =
6.4 mmol/L, 𝑛(Cd) : 𝑛(Se) : 𝑛(NAC) = 1.0 : 0.05 : 3.0, pH =
9, and reaction temperature at 200∘ C), experiments were
carried out to examine the impact of reaction time (50–
70 min) upon the quality of prepared CdSe QDs. As shown in
Figure 1, different from the obvious redshifts of the emission
peak of NAC-capped CdTe QDs with the prolonged reaction
time [17], the emission peaks of CdSe QDs show no obvious
shift (540–555 nm) with the increase of reaction time, and
their FWHM of fluorescence spectra (26–31 nm) as well as
absorption peaks of UV spectra (516–532 nm) also generally
stay stable. The QYs of the prepared QDs, however, are greatly
influenced by the reaction time. The CdSe QDs prepared
at 65 min possess the highest QY. The mechanism of this
phenomenon is that at the initial stage of the reaction, NAC
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Figure 1: Corrected PL spectra of NAC-capped CdSe QDs prepared
at various reaction times; the inset shows the QYs of these prepared
QDs.

combines with the surface of CdSe QDs as the ligand, while
with the reaction continuing, NAC decomposes under high
temperature, releases S2− into the solution, and forms CdS
with the Cd ions on the surface of CdSe QDs. The formed
CdS through alloying reaction can decrease the surface
defects of the QDs and thus improves their QYs. When
the reaction time is over 65 min, the overdecomposition of
NAC would deprive its ability as stabilizer and thus fails to
synthesize water-soluble QDs [9].
3.2. Influence of Molar Ratio of Se to Cd. The molar ratio of
Se to Cd during the synthesis would greatly influence the
element composition of the prepared QDs and thus impact
the QYs of the prepared CdSe QDs. With other experiment
parameters fixed ([Cd] = 6.4 mmol/L, 𝑛(Cd) : 𝑛(NAC) =
1.0 : 3.0, pH = 9, reaction temperature at 200∘ C, and reaction
time at 65 min), the molar ratios of Se to Cd were gradually
increased from 0.025 to 0.20. As shown in Figure 2, the
change of molar ratio of Se to Cd does not produce obvious
influence upon the emission peak of prepared CdSe QDs,
with their emission peak mainly at approximately 554 nm,
but it shows great impact on the QYs of prepared QDs. The
QYs of QDs reach the maximum when 𝑛(Se)/𝑛(Cd) is at 0.05.
The high molar ratio of Se to Cd would increase Se content
in the prepared CdSe QDs, and the easy oxidation of Se
on the surface of QDs would produce many nonradioactive
combination sites, leading to the degradation of QY.
3.3. Influence of pH of Precursor Solution. Since QDs are
prone to aggregate under acid environment, the impacts of
alkaline condition (pH = 8.5–11) of the precursor solution
on the prepared CdSe QDs were the focus of our research.
As shown in Figure 3, with other synthesis parameters fixed
([Cd] = 6.4 mmol/L, 𝑛(Cd) : 𝑛(Se) : 𝑛(NAC) = 1.0 : 0.05 : 3.0,
reaction time at 65 min, and reaction temperature at 200∘ C),
the result shows that the pH also sets no obvious impact
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Figure 2: Corrected PL spectra of NAC-capped CdSe QDs grown
at different 𝑛(Se)/1(Cd) values; the inset shows the QYs of these
prepared QDs.

on the emission peak of fluorescence spectra (555 nm) and
absorption peak of UV spectra (533 nm) when pH value is in
the range of 8.5 to 9.5. However, when pH reaches the range
of 9.5 to 11.0, the emission peak red-shifts to 589 nm and the
UV absorption peak red-shifts to 566 nm, showing that the
alkaline environment is beneficial to the reaction speed of the
synthesis and further increases the particle diameter of the
prepared QDs. The QY reaches the maximum when the pH
is at 9.0.
3.4. Influence of Molar Ratio of NAC to Cd. With other experiment parameters fixed ([Cd] = 6.4 mmol/L, 𝑛(Cd) : 𝑛(Se)
= 1 : 0.05, pH = 9, reaction time at 65 min, and reaction
temperature at 200∘ C), the impacts of varied amount of the
stabilizer NAC upon the prepared CdSe QDs have been
studied. As shown in Figure 4, when the molar ratio of Cd to
NAC reaches 1 : 3, the QY of prepared QDs is the highest, and
the higher or lower molar ratio would both lead to decreased
quantum yield. Since the effect of stabilizer is to inactivate
the surface defects of QDs to decrease the nonradioactive
recombination, the concentration of the stabilizer is of great
significance for the optical properties of prepared QDs. The
improper concentration of the stabilizer would greatly lead
to debased fluorescence efficiency. The experiments showed
that low molar ratio of NAC to Cd (1.2 : 1) led to weak
fluorescence intensity, which may be the result of small
amount of NAC capped on the surface of QDs caused by
shortage of combination sites [8]. When the molar ratio of
NAC to Cd rose to 3 : 1, the fluorescence intensity of prepared
CdSe QDs is greatly improved with the emission peak redshifting from 523 nm to 555 nm and the absorption peak
red-shifting from 500 nm to 523 nm. This is because the
high ratio of NAC would greatly lessen the surface defects
on the surface of QDs [9, 10]. The S2− ions released from
the decomposition of NAC under high temperature dope
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Figure 4: (a) Corrected PL spectra and (b) UV-visible absorption spectra of NAC-capped CdSe QDs grown at different 𝑛(NAC)/1(Cd) values;
the inset shows the QYs of these prepared QDs.

with Cd and form CdS onto the surface of QDs, effectively
inactivating the surface defects of QDs [9]. Moreover, the
formation of CdS can increase the particle diameter of the
QDs and decrease the band gap energy, leading to the red
shift of the absorption peak. However, when the molar ratio

is too high, the formation of more stable dithio complexes
between NAC and Cd can lessen the concentration of free
Cd ions, increase the molar ratio of Se in the prepared CdSe
QDs, and lead to more surface defects and thus low QYs
[17].
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Through a series of optimal experiments, the optimum synthesis parameters for NAC-capped CdSe QDs have
been acquired: [Cd] = 6.4 mmol/L, 𝑛(Cd) : 𝑛(Se) : 𝑛(NAC) =
1 : 0.05 : 3.0, reaction temperature at 200∘ C, reaction time at
65 min, and pH = 9.0. The QY of prepared CdSe QDs
under such optimum condition is 26.7%. The properties
of QDs have been examined via HRTEM, XRD, XPS, and
EDS, and the mechanism of S ions doping on the surface of
CdSe QDs has been further proven via these characterization
methods.

3.6. Characterization via XPS. XPS is a quantitative, surface
analytical tool sensitive to the atomic composition of the
outermost 100 Å of a sample surface. As shown in Figure 7,
the Cd (3d) peak at a binding energy of 404.03 eV, Se (3d) at
53.2 eV, and S (3d) at 162.0 eV are the characteristic peaks of
CdSe QDs, showing the existence of Cd, Se, and S elements.
3.7. Characterization via EDS. The EDS technique has been
employed to probe a semiquantitative picture of the composition of the NAC-capped CdSe QDs. As shown in Figure 8, the
atom percentages of Cd, Se, and S reach 45.98%, 3.96%, and
50.06%, respectively. The S element in QDs derives from the
ligand NAC on the surface of QDs, and the high percentage of
S is partly the result of the doped CdS on the surface of QDs,
which also provides evidence for doping of S on QDs surface.

Figure 5: HRTEM image of NAC-capped CdSe QDs reacted for
65 min. The inset shows the HRTEM image of a single CdSe
quantum dot (left) and electron diffraction (SAED) pattern (right).
14
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Intensity (cps)

3.5. Characterization via XRD and HRTEM. The morphology of the as-prepared NAC-capped CdSe QDs was studied
by HRTEM. Figure 5 depicts the HRTEM image for asprepared nanoparticles; the HRTEM image of single QD
and electron diffraction pattern (SAED) are shown as insets,
demonstrating the relatively narrow size distribution and
spherical morphologies of the prepared QDs. The presence
of lattice planes in the high resolution image confirms that
the nanocrystals have better crystallinity which is further
supported by the SAED pattern. In addition, it is noticed
that the as-prepared nanoparticles possess good dispersivity.
The HRTEM images of the prepared nanoparticles show the
average particles sizes of 5.4 nm. The diameter of the prepared
particles is in consistency with the already reported core/shell
structure model for CdSe/CdS sample (5 nm) [19] and larger
than that of the CdSe nanoparticles (3.5 nm) [20], which
implies a core/shell structure.
The powder XRD patterns of NAC-capped CdSe QDs are
shown in Figure 6. In the XRD pattern of prepared QDs,
three characteristic diffraction peaks at 2𝜃 = 26.44, 43.56,
and 50.38 degrees standing for the (111), (220), and (311)
planes of cubic zinc blende CdSe/CdS could be recognized
clearly. In comparison with the XRD pattern of the CdSe QDs
[21], the three diffraction peaks only shifted slightly toward
larger angles of the values for CdS [22], which demonstrated
the formation of the CdS shell on the surface of the CdSe
QD. This shows that NAC not only can combine onto the
surface of QDs through the combination of its hydrosulfide
group with Cd of QDs, but also can release S2− under high
temperature to form doped CdS on the surface of CdSe QDs
[9, 10].
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Figure 6: XRD pattern of NAC-capped CdSe QDs reacted for
65 min.

3.8. The Impact of pH of QDs Solution on Their Fluorescence
Intensity. The pH value of the QDs solution would greatly
influence its fluorescence intensity and thus its practical
applications in biochemistry fields. As shown in Figure 9,
the as-prepared QDs show excellent stability when the pH
value of the solution is in the range of 4 to 9, better than
MSA capped CdSe QDs [13]. The too low or too high pH
value would lead to weakened fluorescence intensity. This
is because the protonation of NAC under acid condition
would cause the detachment of NAC from the surface of QDs,
leading to the decrease of fluorescence intensity; when pH
value of the solution surpasses 9, the fluorescence weakens
because of the formation of the precipitant Cd(OH)2 [13].
Since the prepared NAC-capped CdSe QDs possess good
stability under common biochemical conditions, they will
surely be suitable for the applications in the biochemical
detections.

4. Conclusion
The high-quality NAC-capped CdSe QDs have been prepared via one-step hydrothermal method with NAC as the
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stabilizer. The optimum synthesis parameters have been
found, and the prepared CdSe QDs have been characterized
in morphology and crystal structure via HRTEM and XRD.
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Figure 9: PL intensity of NAC-capped CdSe QDs at various pH
values.

It is found that the particle size of CdSe QDs is smaller
than that of CdSe/CdS, and their crystal structure is not
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standard CdSe cubic crystal system but close to CdS cubic
crystal system. The XPS image shows the existence of Cd,
Se, and S elements, and S atomic percentage calculated by
EDs is relatively high. All these evidences prove the doping
of S on the surface of CdSe QDs. The prepared NAC-capped
CdSe QDs are stable with good monodispersity and high
QY, ensuring their promising application in biochemistry
detections and biomedical researches.
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In recent years, with the gradual deterioration of air quality and with the more and more frequency of haze weather phenomenon,
it intrudes into the human body and brings great harm to human health when people are unprepared. The basic theory that anion
could purify air and eliminate positive ion explains that anion balata modified bitumen could reduce PM2.5, and the number of
anion pavement release relates to the air purification. At the same time, building materials plaza and pavement materials with many
functions were designed which can release negative ions, eliminate PM2.5 particles, and decompose harmful components of fuel
vehicle exhaust.

1. Introduction
There are 30 areas, cities, and provinces, which were shrouded
in the four-haze process in January 2013. However, there
were only five days without haze in Beijing [1]. The report
shows that only less than 1% of cities have achieved air quality
standards recommended by the World Health Organization
(WHO). At the same time, seven of the world’s ten most polluted cities are in China. The gradual deterioration of air
quality and more and more frequency of haze weather phenomenon would cause respiratory diseases, cardiovascular
system, blood system diseases, reproductive system diseases,
and so forth, when people are not prepared, for example, sore
throat, emphysema, asthma, rhinitis, bronchitis, and other
symptoms. It will lead to lung cancer, myocardial ischemia,
and reperfusion injury in the long term in this environment.
The main components of the haze are sulfur dioxide, nitrogen
oxides, and particulate. The first two belong to the gaseous
pollutants; particulate matter is finally a heavier fog and haze
pollution culprit. There are toxic particulate matter sources in
cities. First, it is the automobile exhaust. Second, it is exhaust
gas burning coal for the winter heating in the north, and
industrial production emissions, such as metallurgy, furnace
or boiler, electrical, mechanical manufacturing industry, and
a large number of automotive paint and building materials

production furnace combustion emissions. Finally, dust was
caused by the construction sites and road traffic.
The negative ions in the air are called air vitamin,
environmental health guardian, which can purify the air. It is
beneficial to human health [2, 3]. The negative ion in the air
is a single molecular and light ion clusters. The negative ion
mainly includes hydroxide ion, oxygen anion, and carbonate
ion, but the proportion of oxygen anion is large and relatively
stable. In nature, the source of negative ions is mainly to stimulate the universe, sun rays, and radioactive elements in rock
and soil release radiation as well as the lightning excitation,
storm, waterfall, the wave friction, and other factors. In addition, the decomposition of rain water and forest and plant
photosynthesis made more oxygen-enrich air.
However, artificial negative ion mainly uses high voltage
electrostatic field, high frequency electric field, ultraviolet
radiation, and radiation to hit water in order to make the air
ionization and produce negative ion. In recent years, people
found that some inorganic oxide composite powder induced
negative ion in the air; some rare earth compound salt also
has led to the air ionization function. The negative ions in
the air have a positive effect on the growth of the body and
preventing disease.
(1) Anion can improve the lung organ function and respiratory villi cleaning efficiency. (2) Aoion can reduce blood

2
pressure and enhance myocardial function. (3) Anion can
reduce strong oxidation. Negative oxygen ions can destroy
bacteria’s cell membrane or the activity of cells bioplasm
active enzyme, so as to achieve the purpose of antibacterial
sterilization. (4) Aoion can encourage people’s spirit. It could
increase body alertness and enhance people’s imagination,
which could improve work efficiency at the same time. (5)
Aoion can strengthen the immune system function. The
results of the study show that nocturnal sleep in pyjamas with
negative ion emission function will reduce to some extent the
rectal temperature of the human body, improve the quality of
sleep, and improve human immunity [4–6]. Thus, negative
ion and human health are closely related, especially in the
increasing pollution today.
At present, PM10 is one of the important general pollution indices in the assessment of atmospheric environment
quality. When the environment aerodynamic diameter is less
than 2.5 𝜇m, it is called PM2.5 [7, 8]. At present, people
gradually realize that the particle size under the 10 𝜇m
endangers the environment and human health; in particular,
PM2.5 pollution is the most serious one. In this paper, Gu
Haiyan is adopted for nanometer ion additive to prepare road
asphalt material. Gu Haiyan not only looks gorgeous but
also has nano-single crystalline, nanosphere, nanofiber, and
nanosheet layer. Of course, the important function is to
release anions. Gu Haiyan can radiate infrared light with a
wavelength 8–15 𝜇m at ambient temperature 20∘ C, and the
normal emission rate is 0.88. Since far infrared ray is very
close to vibration frequency of human body cellular elements,
as long as “Life waves” permeate into the body, it will cause
resonance between atoms and molecules in human cells,
through the resonance absorption and the heat after the
friction between molecules and it will form thermal reaction,
thereby promoting the rise of subcutaneous deep temperature, expanding blood capillary, and accelerating the blood
circulation. It is beneficial for clearing vascular accumulation
and the harmful substances of the body, removing obstruction to hinder metabolism, and reviving the organization.
And then it will promote the generation of enzyme in order
to activate cells, prevent aging, and strengthen the immune
system. Therefore Gu Haiyan is a kind of precious stone and
natural nanomineral materials.

2. Main Materials and Methods
2.1. Main Materials. Recycled rubber powder, 20–100 𝜇m in
diameter, was obtained from Fang da huang yu Co., Ltd.,
Donguan. Anion additive: the anion additive of rubber modified asphalt is Gu Haiyan produced in Baotou city of Mongolia of China in this paper which is a kind of sedimentary rocks
and belongs to Yellow River basin.
2.2. Characterization of Scanning Electron Microscope (SEM).
Figure 1 is SEM images of Gu Haiyan.
Because of the specific geographical environment, coles
contacting between particles, mainly point-line contacting
with medium. In the process of formation rock, a series of
diagenetic reactions between sedimentary components with
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Figure 1: SEM images of Gu Haiyan.

pore takes place. Such structure for Gu Haiyan surface
has good interfacial energy; when contacting with other
polymers, it can increase the stability.
2.3. Fourier Transform Infrared Spectroscopy (FTIR). Figure 2
shows the FTIR spectra of the Gu Haiyan. The main characteristic peaks are 1035 cm−1 ∼1108 cm−1 , 1441 cm−1 , 1841 cm−1 ,
2530 cm−1 , and 2905 cm−1 . The 1035 cm−1 ∼1108 cm−1 belong
to strong peak of S perssad. 1441 cm−1 is crystal water peak,
1814 cm−1 is absorb water peak, and 2530 cm−1 is S–H
perssad, which is weaker than O–H absorption band. The
frequency of S–H perssad is not low when it forms hydrogen.
2905 cm−1 is C–H perssad of the methylene.
2.4. Analysis of XRD. Figure 3 depicts the XRD pattern of
Gu Haiyan. From the XRD diffractogram of Gu Haiyan five
peaks at 2𝜃 value of 26.73∘ , 31.03∘ , 41.14∘ , 50.6∘ , and 51.06∘ have
been observed. These can be assigned to 31.03∘ (104) plane
of CaMg(CO2)3 , 41.14∘ (113) plane of carbon, and 50.6∘ (018)
and 51.06∘ (116) planes of CaZn(CO2)3 . However, 26.73∘ is of
containing S perssad, because Gu Haiyan is mixture, so we
cannot be sure of its plane.
The result of Gu Haiyan is consistent with XRD and FTIR.
Due to existing O–H and S–H, under the action of outside
world, it is easy to be knocked off electronic and generate negative oxygen ion with water vapor in the air. X-ray peak
sharp is different; it was affected by temperature which is
also different; through the action of high temperature and
pressure, it can release negative ion. In addition, because the
particle diameter of the anion additive is at the nanolevel, it
is easy to release anion in the physical admixing process, and
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After adding negative ions additives, cutting, cooling, and
placing it for 30 minutes, then, it is the rubber modified
asphalt of anion. It can be seen in the NMIR and IR that
adding anion additive into rubber modified asphalt is a physical miscible process. There is only molecular interaction
between the addictive and asphalt, and there is no chemical
change which generates a new substance or group. Anion
additives are made by opal and tourmaline material and
others which can release negative ions [12].
2.7. Sample Performance Testing and Equipment. Testing of
the asphalt, including designing the proportions of the mixture, evaluating its properties, and evaluating its road capability, was carried out in accordance with “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering” (JTJ052-2000) and “Technical Specifications
for Construction of Highway Asphalt Pavements” (JTG F402004). We then evaluated the anion release performance [13–
15]. Air ion detectors (DLY-6A232) were performed by Lianteng Electronic Co., Ltd., Zhangzhou, Fujian. X-ray diffraction (D-max-Bsystem) measurements were performed by
Japan’s Neo-Confucianism. FTIR (E55+FRA 106) measurements were performed by Germany Bruker Company.
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Figure 3: XRD of Gu Haiyan.

the miscible system is uniform and stable and thus suitable
for productions.
2.5. Rubber Modified Asphalt Mixture Preparation. The latest
micro/nanocontrollable preparation technology is to control
the maximum particle below 5 microns. We developed the
technology with the international advanced level which can
control the particle size using the efficient equipment developed independently and a unique process, and the technology can adjust particle in the range of 0.2–5 microns. So we
successfully developed anion additive using this technology.
Figure 4 is negative ion Gu Haiyan additive preparation process.
2.6. Composite Material Preparation. Melt a small amount of
asphalt after adding recipes and additives, and then stir and
warm it using a Magnetic stirrer [9–11]; then make it sheared
with high shearing dispersing emulsifier at a temperature
of 170∘ C∼190∘ C and speed of 4000 r/minute∼6000 r/minute.

3. The Principle of the Relationship
between Weakened PM2.5 and Negative
Ions Bituminous Materials
The research confirms many experts in the field of UN Air
environmental, ecological level negative ions (small particle
size anions) can capture dust pellets which will be agglomerated and precipitated and then remove effectively the dust of
2.5 and less 2.5 microns (PM2.5) and even one-micron particles in air which can reduce PM2.5 health hazards on human.
The reason why ecological level negative ions purify the air
is that ions are combined with airborne bacteria, dust, and
smoke and gathered into a ball landing in order to eliminate
PM2.5 hazards. Coincidentally, negative ions in the air are
making Brownian motion without rules. However, Brownian
motion itself is an effective way to eliminate the small dust.
After anion binding particulates, it promotes Brownian
motion and eliminates dust. Experiment shows that the
smaller the diameter of particulates is, the more easily it is
precipitated by anion. Water molecules in the air are moving
without rules and imping on surface of composite material;
under the action of external force, the outermost electrons of
additives jump out of original track and combine with water
vapor in the air or carbon dioxide, product negative oxygen
ions. Figure 5 is a negative ion generation process. There are
three main forms of negative ions purification of air. The first
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Table 1: The results of asphalt pavement anion test.

Rubber modified
asphalt anion
Common asphalt

Sample 1
Sample 2
Sample 3
Sample 4

Anion
concentration
max (a/cm3 )
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concentration
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Temperature ∘ C

Relative humidity %
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−1150
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Figure 6: The anion purification principle.
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Figure 5: A negative ion generation method.

method is that negative ions are adsorbed on the material
surface, under the gravity, sinking gradually. The second is
that negative ion is adsorbed in the material porosity and
influenced by gravity, sinking gradually, so as to eliminate
particles and purify air. The third is that neutralization reaction happens when negative ion is mixed with positively
charged particles in the air; it can also have effect on elimination of particles. Figure 6 is anion purification principle.

4. Result and Discussion
Anion tire and road materials are designed in order to do
the further research mechanism of anion adsorption and
settling particles and friction with pavement. Energy saving
and reduction mechanism are explored, in order to guide
the engineering design and application of materials of anion.
Through the research of rubber creep, heat resistance, friction, and aging experiments, they provide basic data for the
design of roads.
In the release of negative ions, healthy environmentfriendly natural asphalt composite materials, there are 3 polymer species, such as SBS resin, polyacrylamide, recycled rubber, and polyacrylate copolymer; the additives are surfactants
that can release negative ions; asphalt is petroleum asphalt,
coal tar pitch; natural asphalt is cloth asphalt, Xinjiang Bitumen; fillers are inorganic compounds mixed with two or more
kinds of fly ash, mineral ore, and construction waste powder;
The natural anion asphalt composites technology is the same
as the conventional asphalt mixing technology. Anion test

of negative ion and general rubber modified asphalt road is
shown in Table 1.
The test results prove that the rubber modified asphalt
anion has good release negative ions, which can improve road
dust and has a high value for weaking PM2.5.

5. Conclusion
Anion rubber modified asphalt material can release higher
concentrations of air ions than ordinary materials and effectively purify the air. The purifying principle is that anions
can capture dust pellets which will be agglomerated and
precipitated and then remove effectively the dust of 2.5 and
less 2.5 microns (PM2.5) and even one-micron particles in
air which can reduce PM2.5 health hazards on human. But
the work of purifying efficiency which is corresponding with
the number of anions still needs to be further studied.

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

References
[1] J. Xu, G. A. Ding, and P. Yan, “It is from the analysis of
component characteristics and sources of PM2.5 in Beijing
area,” Journal of Applied Meteorology, vol. 3, pp. 41–43, 2007.
[2] B. F. Yu, Z. B. Hu, M. Liu, H. L. Yang, Q. X. Kong, and Y. H. Liu,
“Review of research on air-conditioning systems and indoor
air quality control for human health,” International Journal of
Refrigeration, vol. 32, no. 1, pp. 3–20, 2009.
[3] W. X. Wang and J. J. Li, “Anion and its textiles influence on
human,” Henan Textile Science and Technology, pp. 2–4, 2002.

Journal of Spectroscopy
[4] C. G. Sang and H. J. Zhong, “The research about anion fabric
on natural fiber fabrics,” Textile Science Research, vol. 17, pp. 4–
7, 2007.
[5] Z. Xu, Y. Wu, F. Shen, Q. Chen, M. Tan, and M. Yao, “Bioaerosol
science, technology, and engineering: past, present, and future,”
Aerosol Science and Technology, vol. 45, no. 11, pp. 1337–1349,
2011.
[6] S.-G. Lee, J. Hyun, S. Hwa Lee, and J. Hwang, “One-pass
antibacterial efficacy of bipolar air ions against aerosolized
Staphylococcus epidermidis in a duct flow,” Journal of Aerosol
Science, vol. 69, pp. 71–81, 2014.
[7] J. Wang, Z. M. Hu, and Y. Chen, “Contamination characteristics
and possible sources of PM10 and PM2.5 in different functional
areas of Shanghai, China,” Atmospheric Environment, vol. 68, pp.
221–229, 2013.
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The experiment studies the effect of baicalin and baicalein on mice U14 cervical cancer and its pharmacokinetics in mice. By using
different mouse models of cancer treatment program administered and uptake kinetics experiments, tissue distribution experiment,
excretion, and metabolism in experimental experiments, we found that baicalin and baicalein can improve immunity and the ability
of antioxidation and inhibit the growth of tumor. The absorption of intestinal drug takes place in intestinal tract. Tissue distribution
was ideal. Because of the ideal drug distribution, the liver and kidney were protected. Drug was mainly excreted through the feces
and bile excretion.

1. Introduction
Cervical cancer is one of the most worldwide serious malignant tumors that threat the lives of women. It ranks second in
malignant tumor in the world [1]. In recent years, scientists
explore the prevention, treatment, chance to reduce cervical
cancer incidence, and mortality. Working though many years,
scientists investigate some effective drugs, but it still needs a
large number of experimental data as a powerful support.
Scutellaria baicalensis is the roots of Scutellaria baicalensis
Georgi with the functions of clearing heat, detoxification,
hemostasis, and tocolysis. Modern pharmacy studies prove
that Scutellaria baicalensis root contains many kinds of
flavonoids, including baicalin, baicalein, wogonoside, and
wogonin which are the main effective components [2].
Baicalin and baicalein perform some pharmacological activities such as antioxidant, antiradiation, antibacterial, antiviral,
antitumor [2, 3]. Some researches show that after glycoside
bond of baicalin and wogonoside hydrolyzed, they will produce glucuronic acid and aglycones which can be absorbed
in the stomach and intestine [4]. As a prodrug of baicalein,
baicalin can be hydrolyzed by the intestinal flora enzymatic
into the baicalein, which can be absorbed by the colonic
epithelial cells. The absorbed baicalein was immediately

reduced to baicalin, with blood circulation to the body organs
and tissues; it produces some drug effect. Lots of experiments
show that, due to the intestinal circulation, baicalin and
baicalein perform a double-peaks phenomenon. At present,
Scutellaria baicalensis preparations on the market mainly
contain baicalin as the main component; the bioavailability
is not ideal [5]. So, there is a need to explore the law of
absorption of baicalin and baicalein and improve the efficacy
of drugs.
In this experiment, baicalin and baicalein were discussed
to explore the effects on U14 cervical cancer and its pharmacokinetics in U14 cervical cancer in mice. High performance
liquid chromatography was used to detect relevant indicators
[6] and provide data support for development and improvement of skullcap root.

2. Experiments
2.1. Materials. U14 cervical cancer cells taken from mice
from the Chinese Academy of Medical Sciences Library of
tumor cells in the level passage mice were intraperitoneally
passing. Forty female Kunming mice were purchase at the
Experimental Animal Center of Military Medical Sciences,
Certificate of Conformity: 0023329. The body weight of
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each mouse was 22 ± 5 g, aging 3–6 weeks. Purchase at
the Experimental Animal Center of Military Medical Sciences, Certificate of Conformity, was 0023329. Baicalin and
baicalein were purchased from Chinese Herbal Medicine
Company in Qinhuangdao City, Hebei Province; cyclophosphamide (CTX) was purchased from Shanxi Tai Sheng
Pharmaceutical Co., Ltd., temporary NS formulated with
saline to the required concentration (25 mg/kg) (25 mg/kg);
other chemical reagents were analytical grade.
2.2. U14 Cells of Mice Abdominal Cavity Passing and the
Establishment of U14 Cervical Cancer in Mice Model. Two
female mice were selected and disinfected and then the mice
were injected into cervical cancer U14 cells [7, 8]. After 5
days, mice abdomen was markedly swollen, diet and activity
decreased significantly, and mice ascites was collected. The
ascites were centrifuged for 5 min, the supernatant was
removed, the added amount of NaCl solution was washed
once, adding NaCl solution, adjustment cell concentration of
2 × 106 /mL. Subcutaneously injected U14 cells 0.2 mL into per
mouse at the left fore alar [6, 7] .
2.3. Research Methods of Antitumor Effect. The 40 tumorbearing mice were randomly divided into four groups of 10
[9, 10]. According to the following scheme to drug treatment.
The first group: baicalin (40 mg/kg), lavage, 10 a tumor-burdened mouse, each 0.2 mL.

administration for 7 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h,
16 h, and 24 h. The whole blood was added to the pretreated
centrifuge centrifuged for 10 min [12]. Plasma 0.2 mL and
methanol 1.5 mL were added into tube, 15 min centrifugation,
and the supernatant was removed; add 20 𝜇L 0.1% phosphoric
acid, after mixing, 0.45 𝜇m syringe filter with a filter to be
analyzed. Remove heart, liver, spleen, lung, kidney, brain
tissue, and 0.5 g tissue and add 0.5 mL saline, homogenized.
The homogenate was set in centrifuged tube, 0.4 mL of
methanol was added, vortex 10 min, and centrifuged for
15 min; the supernatant was added 20 𝜇L 0.1% phosphoric
acid, using 0.45 𝜇m syringe filter to filter the solution.
2.5. Excretion Experiment. The experiment was divided into
treatment group and control group, 𝑛 = 10 tumor-bearing
mice, which were placed in a metabolic cage rearing. Mice
were fasted for 12 h, but water was allowed. 12 h later, a single
oral administrate baicalin (20 mg/kg) + baicalein (20 mg/kg).
After the control group was administered 0–4 h, 4–8 h, 8–
12 h, and 12–24 h, all urine and feces were collected [13].
According to the above processing method, handle the sample processing. Take four tumor-bearing mice, a single oral
administrated baicalin (20 mg/kg) + baicalein (20 mg/kg),
taking bile. According to the above processing method handle
the sample processing.

The second group: radix scutellariae (40 mg/kg),
lavage, 10 a tumor-burdened mouse, each 0.2 mL.

2.6. Metabolic Experiments. A single oral administration in
4 mice, took bile 4 h later, methanol was added to a final
volume of 1 mL, using 0.45 um syringe filter to filter, injection
analysis.

The third group: cyclophosphamide (25 mg/kg),
injected, 10 a tumor-burdened mouse, each 0.1 mL.

2.7. Determination of HPLC

The forth group: physiological saline, lavage, 10 a tumor-burdened mouse, each 0.2 mL.
All mice were administered 1 times/d, continuous administration for 15 d, monitoring changes of tumor volume and
weight. The 16th day, eyeball blood, then dissected mouse to
collect tumor, thymus, spleen, and liver, weighed and make a
record.
The calculation of inhibition rate [11] is as follows:
the tumor inhibition rate = (tumor weight of the
control group − tumor weight of the control group)/
tumor weight of the control group × 100%.
Thymus index [11] is as follows:
thymus index = thymus weight (mg)/body weight of
mice (g) × 10.

Column [12, 14]: Agilent Eclipse XDB-C18 (250 mm ×
4.6 mm, 5 𝜇m);
mobile phase: methanol (A) −0.1% phosphoric acid
solution (B), 40% A (0 min), 80% A (40 min), 40% A
(60 min), detection wavelength of 277 nm, a flow rate
of 1.0 mL/min;
analysis voltage: 100 mV;
protection voltage: 500 mV;
column temperature: 30∘ C;
injection volume: 20.0 𝜇L;
number of theoretical plates of not less than 10,000;

spleen index = thymus weight (mg)/body weight of
mice (g) × 10.

preparation of the reference solution: precision
weight baicalin, baicalein reference 5 mg and 5 mg,
in the same 50 mL volumetric flask; add methanol
amount of ultrasound to dissolve, diluted to the mark
with methanol.

2.4. Absorption Kinetics Experiments. Take 18 tumor-bearing
mice. A single oral administrate baicalin (20 mg/kg) +
baicalein (20 mg/kg). Eyeball blood was added twice after

2.8. Statistical Data Processing Method. Experimental data
are presented as mean ± standard deviation (±S), each set of
data was collected using the 𝑡 test.

The calculation of spleen index is as follows:
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Table 1: The effect of baicalin and baicalein inhibition rate of U14
cervical cancer in mice.

Negative
Positive
Baicalin
Scutellarein

3000

The average tumor
weight (g)

Inhibition rate (%)

2.29 ± 0.42
1.47 ± 0.11
1.06 ± 0.03
1.40 ± 0.28

—
35.81
53.71
38.86

2500
2000
Area

Groups

3500

1500
1000
500

3. Results

0
0.00

3.1. Established Mouse Model of Cancer U14. 5d tumors in
mice after planting, armpit lump visible success rate of 100%
was observed before and after the state of motion modeling
in mice and found that mice before modeling activities
between eating large; After modeling, reduced activity, food
intake, less water than before modeling, created by the above
phenomenon known U14 cancer mouse model is successful.

0.01

0.02 0.03 0.04 0.05
The content of baicalin

0.06

0.07

Figure 1: Baicalin standard curve.

1400
1200

Comparing Thymus Index. Compared with the positive control group, baicalin and baicalein group were significantly
higher than the positive control group (𝑃 < 0.01); compared
with the negative control group, baicalin group was significantly higher than the negative control group (𝑃 < 0.01).
Comparing Spleen Index. Compared with the positive control
group, baicalein and baicalin group were significantly higher
than the positive control group (𝑃 < 0.01); compared with
the negative control group, baicalein group was higher than
the negative control group (𝑃 < 0.05).
Due to cyclophosphamide lack of targeting, it not only
can effectively suppress tumors but also reduces the immune
organism. Thymus and spleen are the two organisms immune
organ, on behalf of the immunity organisms [15]. So thymus
index and spleen index positive control group were lower
than the experimental group and control group. Negative
control group of mice completely inhibits tumor immunity
on its own, so the thymus and spleen compared with normal
mice developed; the results are shown in Table 2.
3.3. Blood Standard Curve Test. Baicalin was accurately
weighed, baicalein reference was 31.89 mg and 10.62 mg,
in the same 50 mL volumetric flask; add amount of
methanol ultrasound to dissolve. The reference concentration of baicalin was diluted from 637.80 ug/mL times to
31.890 ug/mL; scutellarein concentration was diluted from
212.4 ug/mL fold to 10.62 ug/mL [6, 16, 17].

1000

Area

3.2. Baicalin and Baicalein Chinese Anticancer Effects in Mice
U14. Compared with the positive control group, baicalin
and baicalein tumor inhibition rates were higher than the
positive control group, but the difference was not statistically
significant. And the size of the relationship between the
inhibition rate was baicalin > baicalein; the results are shown
in Table 1.

800
600
400
200
0

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
The content of scutellarein

Figure 2: Scutellarein standard curve.

Experiments baicalin (𝑥1 , ug/mL) and the peak area (𝑦1 )
in the relation: 𝑦1 = 𝑚1 𝑥1 + 𝑏1 , where 𝑚1 = 46869.17 and
𝑏1 = −108.19, are shown in Figure 1.
Baicalein content (𝑥2 , ug/mL) and the peak area (𝑦2 ) in
the relationship: 𝑦2 = 𝑚2 𝑥2 + 𝑏2 , where 𝑚2 = 84244.97 and
𝑏2 = 4.57, are shown in Figure 2.
3.4. Organizations Like the Standard Curve. In the experiment, baicalin was accurately weighed and baicalein reference was 5 mg and 5 mg, in the same 50 mL volumetric
flask; add amount of methanol ultrasound to dissolve. A
concentration of 100 ug/mL standard solution using the
method of dilution magnification was diluted to 3.125 ug/mL
5 injections gradient [9, 14, 18], the standard curve (Figures 3
and 4).
Experiments baicalin (𝑥3 , ug/mL) and the peak area (𝑦3 )
are in relation to 𝑦3 = 𝑚3 𝑥3 + 𝑏3 , where 𝑚3 = 5.99 and 𝑏3 =
−0.59.
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Table 2: The effect of baicalin and baicalein on U14 cervical thymus index and spleen index.

Groups

Body weight
(g)

The average weight of
the thymus (mg)

The average spleen
weight (mg)

Thymus
index

Spleen index

Negative
Positive
Baicalin
Scutellarein

34.51 ± 0.99
30.12 ± 0.94
28.03 ± 0.85
34.46 ± 2.34

82.05 ± 20.94
44.31 ± 18.99
121.21 ± 16.18
95.03 ± 13.89

425.03 ± 46.76
249.52 ± 80.58
357.63 ± 17.89
492.04 ± 65.81

23.78
14.71∧
43.24∗∗∧∧
27.58∗∗

123.16
82.84
127.59∗∗
142.79∗∗∧

The positive control group: ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01, with the negative control group: ∧ 𝑃 < 0.05, ∧∧ 𝑃 < 0.05.

Table 3: Blood concentrations of baicalin—schedule.
Concentration of baicalin (ng/mL)
937.47
739.35
914.28
892.17
906.81
915.87
748.83
924.27
945.99
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Figure 4: Scutellarein standard curve.
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Figure 3: Baicalin standard curve.
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Area
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Scutellarein content (𝑥4 , ug/mL) and the peak area (𝑦4 )
are in relation to 𝑦4 = 𝑚4 𝑥4 + 𝑏4 , where 𝑚4 = 49.22 and
𝑏4 = −22.81.
3.5. Absorption Kinetics Experiments. Blood samples at all
time points only detected baicalin absorption peak (peak 1)
(Note: Peak 1 baicalin), not scutellarein absorption peaks, as
shown in Figure 2. And the baicalin concentration of plasma
appears first plateau after administration for 0.5 h∼4 h and
16 h∼24 h being a second plateau. This is because scutellarein
ester-soluble glycosides are better; only baicalin turns into
scutellarein; it can be absorbed by the intestinal epithelial
cells. Baicalin is absorbed into the blood quickly and converts
into scutellarein, so no scutellarein was detected in blood
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15

30

1h 2h 4h 8h
Sampling time point

16 h 24 h

Figure 5: Baicalin blood concentrations versus time diagram.

samples. And the presence of baicalin intestinal absorption
cycle that is absorbed into the blood baicalin reverted into
scutellarein again into the intestine, to be absorbed by the
next time, so there will be two absorption plateaus, as shown
in Table 3 and Figure 5.
3.6. Excretion Experiment. Baicalin and baicalein absorption
peak was not detected in urine samples. In faeces, the content
of baicalin is higher than the content of baicalein, and
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Table 4: Feces baicalin and baicalein content (ug/g feces).
0–4 h
45.04
18.59

Baicalin
Scutellarein

4–8 h
90.98
39.49

8–12 h
45.10
22.01

1000

12–24 h
51.78
55.59

800

(mAU)

600
90

400

Content (𝜇g/g fece)

80
200

70
60

0

50

0

5

40

10
Time (min)

15

20

Figure 7: Test group and control group comparison chart fecal
homogenates chromatography.

30
20
0–4

4–8

8–12

12–24

50

Time (h)
Baicalin
Baicalein

the content of baicalin and baicalein in feces are a double
absorption peak. This is because baicalein is with a wide range
of absorption in the gastrointestinal absorption system, and
baicalin can only in the colonic bacteria secrete enzymes, into
baicalein, without the enzyme action large number of baicalin
out of body with feces [15]. So feces of mice have higher
levels of baicalin. Double absorption peak is also due to the
presence of intestinal loop sake. Data are shown in Table 4
and Figures 6 and 7.
3.7. Metabolic Experiments. Samples measured baicalin
absorption peak area of 56.12 mAU∗S and scutellarein
absorption peak area of 2.99 mAU∗S by HPLC. According to
the standard curve formula, baicalin was 2.37 × 10−1 mg/mL
and scutellarein content was 1.31 × 10−2 mg/mL. HPLC
chromatographic result is shown in Figure 8.
3.8. Tissue Distribution Experiments. Just as blood samples,
tissue samples can only detect baicalin absorption peak (1)
but could not detect scutellarein absorption peaks as shown
in Figures 3–10. After baicalin and baicalein medicine gavage
4 h, the content of baicalin in each tissue is heart > lung >
cancer > kidney > liver. Since gavage 4 h, baicalin plasma
concentration reached a plateau for the first time, so the
drug concentration is the highest in the organization. Baicalin
combined with biological heart and lung tissue easily, so the
tissue drug concentrations are high. In tumor tissue, baicalin
content is higher than that in kidneys and liver, indicating a
high using degree of baicalin and baicalein medicine. Baicalin
accumulated more in tumor tissue and took its role; excess

30
(mAU)

Figure 6: Baicalin and baicalein content at each time phase diagram
in fecal content.

40

20
10
0

−10

0

5

10
Time (min)

15

20

Figure 8: HPLC chromatogram of bile.

baicalin through the liver and kidneys and other metabolites
organs were excreted out of body; the results were shown in
Table 5 and Figures 9 and 10.

4. Discussions
Baicalin and baicalein belong to polyphenolic compounds
with weak acid; therefore, baicalin and baicalein which is
the state of the molecule in the stomach may be easier to
be absorbed through the mucosa. Rat gastric absorption test
results showed that baicalin and baicalein are absorbed in
the stomach, in which baicalein showed good absorption
characteristics. The extent of absorption is far superior
baicalin [14], which may be due to the removal of glycosylated
aglycone baicalein having more fat-soluble and hydrophobic.
Thus it is easier to pass through the gastric mucosa.
The liver is the major site of most drug metabolisms.
Most flavonoids metabolism occurs in the digestive tract
and liver. Baicalin metabolites in rat liver were baicalein
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Table 5: U14 cervical cancer organizations mice baicalin.

Content (𝜇g/g tissue)

Organization
Content

Heart
3.708

Liver
1.104

Spleen
0

Kidney
1.334

Brain
0

Tumor
1.690

4.0

5. Conclusions

3.5

Through the study of baicalin and baicalein absorption
kinetics experiment, tissue distribution, excretion, and
metabolism test, we can draw the following conclusions. The
active pharmaceutical ingredient mainly exists in the form of
baicalin in blood, which reached the highest concentration
in 0.5∼4 h and 12∼24 h. This indicated that the baicalin
is absorbed through the gastrointestinal circulation. Four
hours later after gavage, the content of baicalin in tumor,
heart, liver, and kidney reached a higher concentration.
Baicalin and baicalein are mainly excreted through the fecal
excretion and bile excretion. In this experiment, baicalin and
baicalein, as an anticancer drug, and the two effects on U14
cervical cancer and the pharmacokinetic process in mice were
discussed. It provided a data support for the development and
improvement of Scutellaria baicalensis.

3.0
2.5
2.0
1.5
1.0
0.5
0.0
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Liver

Spleen

Lung

Kidney

Brain

Tumor
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Figure 9: Baicalin content in each group.

700

Conflict of Interests

600

The authors declare that they have no any direct financial
relation with the commercial identities mentioned in this
paper that might lead to a conflict of interests for any of the
authors.

500
(mAU)

Lung
3.029

400
300

References

200
100
0
−100

0

2

4

6
8
Time (min)

10

12

14

Figure 10: HPLC of lung homogenate.

6-O-𝛽-glucuronide (M1), 6-O-methyl-baicalein 7-O-𝛽-glucuronide (M2), baicalein 7-O-𝛽-glucuronide (M3), 6-O𝛽-glucuronidase-baicalein-7-O-sulfate (M4), and baicalein
6,7-di-O-𝛽-glucuronide (MS), in which five metabolites,
including M4 and M5, of polar metabolites are relatively
high; a relatively large molecular weight is the major. Some
traditional Chinese herbal formula changes will lead directly
baicalin metabolites in the liver changes. Baicalin or baicalein
metabolites way in urine mainly combines methylation and
glucuronide. Baicalin exhibits enterohepatic circulation, after
intravenous administration of baicalin solution, with its
prototype and metabolites meter; enterohepatic circulation
percentages were 4.8% and 13.3%. After oral administration
of baicalin solution, with its prototype and metabolites meter,
enterohepatic circulation percentage was l8.7% and 19.3%.
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Organicallycoated inorganic nanoparticles were synthesized to produce photoluminescent nanocomposites based on a polymethyl
methacrylate (PMMA) matrix. The nanoparticles comprised organic ligands (acetylsalicylic acid, ASA, and 2-picolinic acid, PA)
attached to the lanthanum trifluoride (LaF3 ) host crystals that were doped with optically active terbium III (Tb3+ ) and synthesized
using solution-based methods. The ligands were employed to functionalize the surface of Tb3+ :LaF3 nanocrystals to aid in dispersing
the nanoparticles. In order to confirm the presence of the constituents within the inorganic-organic system, the nanoparticles
were characterized by infrared spectroscopy and energy-dispersive X-ray spectroscopy. Absorption peaks observed from infrared
spectroscopy for all the polymer nanocomposites loaded with organic surface treated nanocrystals exhibited peaks that were not
present in undoped PMMA but were characteristic of the dopant and the ligand.

1. Introduction
Polymer optical materials (POMs) in devices (e.g., splitters,
couplers, multiplexers, demultiplexers, and amplifiers) have
been used in integrated lightwave circuits wherein polymer
optical fibers and planar waveguides are combined for specific
functionalities [1]. POM applications range from planar
integrated optics (optical circuits on planar substrates) [2] to
local area networks (LANs) [3] and sensing components for
devices used for medical [4], manufacturing [5], and security
applications [6]. Light-emitting polymer nanocomposites (a
subset of POMs) are generally utilized in planar lightwave
circuits and in telecommunication applications [1] as well
as incoherent light-emitting devices, optical sensors, and
photodetectors [7].
In order to create light-emitting polymer nanocomposites, various additives have been employed to change the
optical properties of polymers, in particular polymethyl
methacrylate (PMMA). PMMA has been shown to be a
suitable matrix for optically active additives (dopants) [8].
Luminescent species that have the capability of fluorescing

and being dopants to overcome attenuation are organic dyes,
quantum dots, and rare-earth (RE) ions doped in inorganic
nanocrystals [9–12]. In this research, the dopants studied
were RE ions doped into inorganic nanocrystals. The dopant
is excited upon interaction with light to a higher electronic
energy level. As a result, the dopant produces radiative (photon) and nonradiative emissions (phonon) upon relaxation to
a lower lying state or the ground state.
Nanoscale inorganic materials (e.g., lanthanum trifluoride, LaF3 ) doped with RE (e.g., terbium, Tb3+ ) ions typically
are incompatible with organic polymers. Inorganic material
dispersed in organic polymers generally favors agglomeration. Nanoscale materials tend to form agglomerates as an
attempt to reduce the surface area to minimize interfacial
energy [13]. Therefore, surface treating of the inorganic
material with an organic species, that is, ligands, is an option
for aiding inorganic-organic compatibility.
Ligands are organic molecules that have the ability to
create ion complexes or attach to the surface of nanocrystals
in order to aid in dispersion within the polymer matrix.
Aromatic acids, bipyridines, or donor groups containing

2
negatively charged atoms (e.g., carboxylate or phosphate
groups) are examples of ligands utilized to attach to the
surface of nanocrystals via ionic attraction [14, 15]. Such
organic conjugated ligands typically absorb energy in the
near ultraviolet (UV) spectral region ranging from 200 nm
to about 400 nm [16]. The surface treatment or “capping” of
nanocrystals [1, 14] with aromatic acids [17] (acetylsalicylic
acid, ASA) [18] and bipyridines (2-picolinic acid, PA) have
indicated that the ligands also serve the purpose of UV light
harvesting ligands that enhance fluorescence of RE emissions
by absorbing and transferring energy to the dopant RE ions
[19–21]. The polymer optical nanocomposite studied in this
work consists of ligand capped RE-doped nanocrystals.
Infrared spectroscopy, which is considered a useful tool
for classification and identification, was used to investigate
the relatively small changes in the chemical structures of
various molecules [22]. The focus of this research is the IR
characterization of ASA and PA plus the determination of the
inorganic material within the polymer nanocomposite.

2. Materials and Methods
2.1. Materials. Solvents used were anhydrous tetrahydrofuran, THF (99%—Acros), methanol (99.8%—BDH), and
ultrapure water (18.2 MΩ⋅cm). The following items were
used as received: polymethyl methacrylate, PMMA, at
an approximate weight average molecular weight of 130 k
from Plaskolite West, Inc., lanthanum (III) nitrate hexahydrate (La(NO3 )3 ⋅6H2 O, 99.99%—Sigma-Aldrich), terbium (III) nitrate hydrate (Tb(NO3 )3 ⋅6H2 O, 99.9%—SigmaAldrich), acetylsalicylic acid, ASA (MP Biomedicals, LLC), 2picolinic acid, PA (99%—Alfa Aesar), ammonium fluoride,
NH4 F (99.3%—Fisher Scientific), ammonium hydroxide,
NH4 OH (28–30% ACS—BDH Aristar-VWR), ethanol, EtOH
(99.5%—Acros), and acetone (99.9%—BDH).
2.2. Nanoparticle Synthesis. Tb3+ :LaF3 nanocrystals were
prepared in solutions with either water or methanol as
the solvent and the nanoparticle syntheses are as described
previously [18]. The rare-earth solution of La(NO3 )3 ⋅6H2 O
(9 mmol) and Tb(NO3 )3 ⋅6H2 O (2 mmol) in 16 mL of solvent
was prepared at room temperature. NH4 OH was added to the
rare-earth solution to adjust the pH to a value of 8 for the
aqueous synthesis. The pH of the methanol solution was not
adjusted.
2.3. Synthetic Route 1—Water Solvent Synthesis. The rareearth solution was added drop-wise into a stirring solution
of NH4 F (11 mmol) and 20 mmol of the ligand (ASA or PA)
in water at 70∘ C. The volume ratio of water/ligand was 40 : 1.
NH4 OH was added to readjust the suspension to a pH value
of 8; it was then stirred for 2 hours at 70∘ C. A centrifuge was
used to separate the precipitate at 3000 rpm for 10 minutes.
The nanoparticles (precipitate) were washed with 50 vol% of
ethanol (EtOH) in water followed by an acetone wash and
then dried over night in a vacuum oven at 30∘ C. The particles
were then added to 5 wt% of PMMA in tetrahydrofuran, THF
(PMMA/THF), to form a polymer nanoparticle suspension

Journal of Spectroscopy
of ligand: Tb3+ :LaF3 :PMMA/THF, that was added drop-wise
to excess (v/v of suspension to MeOH; 1 : 400) stirred in
methanol (MeOH) at ∼3∘ C. The precipitated nanocomposite
polymer powder was vacuum-filtered, washed in MeOH, and
then dried over night in a vacuum oven.
2.4. Synthetic Route 2—Methanol Solvent Synthesis. The rareearth solution (prepared in manner stated in Section 2.2) was
added drop-wise to a stirring solution of NH4 F (12 mmol)
and 23 mmol of the desired ligand (ASA or PA) in methanol
at room temperature ∼25∘ C and was stirred for 1 hour.
The volume ratio of methanol/ligand was 40 : 1. pH was
monitored and in the case where ≤5% water was present
in the suspension; the relative pH is stated for the solution
values. A centrifuge was used to separate the precipitate at a
setting of 3000 rpm for 10 minutes. The particles were washed
twice with methanol. Neat MeOH (v/v of PMMA/THF to
MeOH; 1 : 400) was added to resuspend the particles and
the temperature of the nanoparticle suspension in excess
MeOH was decreased to approximately 3∘ C. After 30 minutes,
a solution of 5 wt% of PMMA/THF was added drop-wise
to the ligand: Tb3+ :LaF3 :MeOH suspension. The product
was precipitate nanocomposite polymer powder. The precipitate nanocomposite polymer powder was vacuum-filtered,
washed in MeOH, and then dried under vacuum over night.
2.5. Attenuated Total Reflection (ATR) Infrared Spectroscopy.
Samples of the ligands as well as dried nanoparticles, precipitated polymer, and precipitated polymer nanocomposite were
analyzed by ATR. A Thermo-Fisher Nicolet Magna 550 FTIR
spectrometer equipped with a Thermo-SpectraTech Foundation Series Diamond ATR accessory, Nic-Plan microscope,
and Omnic software acquired the spectra. Sixteen scans were
conducted at room temperature and the spectral resolution
was set at 8 cm−1 .
2.6. Energy-Dispersive X-ray Spectroscopy. The compositions
of the nanoparticles were characterized utilizing a scanning
transmission electron microscope (STEM, Hitachi HD2000,
Pleasanton, CA) equipped with an Oxford INCA Energy
200 Energy Dispersive Spectrometer (EDX). Samples were
prepared by drop casting nanoparticle suspensions followed
by subsequent solvent evaporation onto 200 mesh carbon
coated copper TEM grids.

3. Results and Discussion
Inorganic nanoparticles doped with optically active rareearth ions were synthesized in the presence of organic
aromatic ligands. Two nanocomposite synthetic routes were
evaluated as outlined in Sections 2.3 and 2.4 where the first
synthesis method (Route 1) utilized water as the solvent and
the second synthesis method (Route 2) utilized methanol as
the solvent. After synthesis via Route 1, the nanoparticles were
dried, ball milled, and dispersed in polymer/solvent solutions, which were subsequently phase inverted in methanol
to form polymer nanocomposites. The work of Widiyandari
et al. supported the potential use of mechanical milling
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Figure 1: Infrared spectrum (4000–500 cm−1 ) of picolinic acid.
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3.1. Organic Ligand IR Characterization. Powder samples
of the ligands, nanoparticles, and polymer nanocomposites were used to conduct qualitative characterizations of
ATR absorption peaks. The qualitative characterizations
were based on data found in literature provided by the
following researchers: Binev et al. [28] and Boczar et al.
[29] investigated the infrared spectra of acetylsalicylic acid,
both Silverstein et al. [30] and Dean [31] work offered
spectrometric identification of organic compounds, Soman
and Kelkar [32] research studied infrared spectra of doped
PMMA, and Świderski et al. [33] and Koczoń et al.
[34] research investigated the infrared spectra of picolinic acid. The vibration modes are classified using the
following symbols: ]—stretching, 𝛿—deformation, and 𝜏—
torsion/wagging. Wavenumbers and IR band assignments for
the spectra of PA (Figure 1) and ASA (Figure 2) are found in
Tables 1 and 2, respectively.
Listed in Table 1 are absorption bands associated with
picolinic acid and the IR spectrum is illustrated in Figure 1.
The sharp peak located at 3112 cm−1 denotes the C–H
stretching mode from the aromatic ring. The broad peak
with mid-center location of 2591 cm−1 was attributed to
the O–H stretching from the carboxylic acid. The peak
located at 1706 cm−1 is attributed to the C=O stretching
of carboxylic acid. C–H stretching from the aromatic ring
is assigned to the 1658 cm−1 peak. Six bands represent the
C–C stretching of the conjugated ring system of pyridine.
Świderski et al. conducted experimental FT-IR, FT-Raman,
and 1 H NMR and theoretical studies of metals chelated
by picolinic acid where the six bands were observed at
1606, 1593, 1572, 1527, 1438, and 1339 cm−1 without a contribution from the C–N [33]. The bands that are at 1293
and 1083 cm−1 correspond to in plane deformation of C–H
bonds in the pyridine ring. The absorption peak observed
at 750 cm−1 indicates deformation of the carbons within the
ring.
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as a way to reduce agglomerates formed in nanoparticle
suspensions of electrohydrodynamic atomization [23]. In this
research, the dried particles and dried polymer nanocomposites were ball milled with Telfon spheres in a container that
was vortex stirred.
In Route 2, nanoparticles were synthesized in methanol
and were not dried. The resulting polymer/solvent solutions were phase inverted into nanoparticle suspensions in
methanol to form polymer nanocomposites. Route 2 was
devised to simplify the synthesis technique.
Two different aromatic ligands (acetylsalicylic acid, ASA,
and 2-picolinic acid, PA) were utilized to functionalize
the surface of Tb3+ :LaF3 nanocrystals (NC). The ligand to
nanocrystal (L : NC) molar ratio was varied for each ligand
system for two reasons. Firstly, the emission intensities
of terbium have been observed to be dependent on the
ratio of ligand to inorganic component [24]. Secondly, the
amount of ligand attached to the surface of the nanocrystal
may affect nanoparticle agglomeration [25–27]. The selected
aromatic ligand systems were characterized using infrared
spectroscopy and optical spectroscopy.
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Figure 2: Infrared spectrum (4000–500 cm−1 ) of acetylsalicylic
acid.

The broad absorption peak of ASA that spans from
approximately 3250 to 2500 cm−1 (Figure 2) contains stretching modes of the O–H group from the acid, CH3 group
attached to the ketone, and C–H bonds located on the
benzene ring. C=O stretching was assigned to the peaks
observed at 1749 cm−1 for the ester and 1680 cm−1 for the
carboxy group. The strong peak at 1604 cm−1 is attributed to
C–C stretching in the benzene ring, ring deformation, and C–
C–C deformation [28]. The peaks located at 1562 cm−1 and
1456 cm−1 are also associated with benzene ring stretching
of C=C and C–C bonds, respectively. The band at 1303 cm−1
is related to O–H deformation and C–C stretching of the
ring. The peak observed at 915 cm−1 contains C–C, O–C, C–
O, and C–CH3 deformations. Deformation of the CH3 and
stretching of C–O–C and C–C bonds were assigned to the
peak observed at 1183 cm−1 .
3.2. Nanoparticle IR Characterization. The nanoparticle constitutes the doped nanocrystal, NC (NC = Tb3+ :LaF3 ), with
attached ligand (PA or ASA). PA:NC refers to PA ligand
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capped nanocrystals and ASA:NC corresponds with ASA
ligand capped nanocrystals. Provided in Figures 3 and 4
are the IR spectra of PA:NC via synthesis Routes 1 and 2,
respectively. Changes to the wavenumber of the observed
peaks in the spectra of the nanoparticles could indicate
perturbations to the ligand systems [33]. These perturbations
(deformations of the uniform distribution of 𝜋-electron
density within the ring) of aromatic systems may result in
band elimination, band shifting to lower wavenumbers as a
result of bond weakening, or band intensity reduction [33].
A representative IR spectrum for PA:NC via synthetic
Route 1 is displayed in Figure 3 and via Route 2 in Figure 4.
The spectra are similar and will be discussed as such. The
broad peak with the mid-center point located at 3395 cm−1
corresponds to O–H stretching of the residual solvent.
The observed 1706 cm−1 peak of PA found in Figure 1
corresponds to the stretching of C=O bonds from the carboxylic acid. This peak was not observed in the study of
metal picolinates (picolinic acid coordination of magnesium,
calcium, strontium, and barium) [33]. However, Koczoń et
al. observed the peak in picolinic acid. This work focused
on experimental and theoretical IR and Raman spectra
analyses of picolinic, nicotinic, and isonicotinic acids and
their complexes with different metals [34]. This research
indicated that stretching of the C=O from the carboxylic
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Table 2: Observed vibrational modes for acetylsalicylic acid [28–
34].
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Figure 3: Infrared spectrum (4000–500 cm−1 ) of PA:NC via synthetic Route 1 (water synthesis).

acid occurred at 1717 cm−1 . However they did not observe
the 1706 cm−1 band in the spectra of the PA:NC shown in
Figures 3 and 4. The absence of this peak may indicate ligand
attachment to the nanocrystal.
A peak at 1651 cm−1 was observed in the spectra of
PA:NC via Routes 1 and 2 in Figures 3 and 4, respectively.
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Figure 5: Infrared spectrum (4000–500 cm−1 ) of ASA:NC via
synthetic Route 1 (water synthesis).
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The 1651 cm−1 reflects the C–O stretching of the formed anion
which is not related to the peak of 1658 cm−1 associated with
C–H stretching from the aromatic ring list in Table 1. The
anion of the acid is formed as the result of ionization of the
hydroxyl group.
The 1606, 1527, and 1339 cm−1 observed peaks of picolinic
acid in Figure 1 are similar to the picolinic acid peaks at 1607,
1528, and 1343 cm−1 viewed by Świderski et al. These peaks
are associated with stretching of the C–C bonds from the
aromatic ring and were not observed in the metal picolinate
spectra [33]. The lack of the 1606, 1527, and 1339 cm−1 peaks
in this research as depicted in Figures 3 and 4 is an indication
that the addition of the nanocrystals has an influence on the
ligand structure.
The peaks associated with C–C stretching from the
aromatic ring that are present in picolinic acid and remain
in nanoparticles via Routes 1 and 2 are located at 1593 and
1572 cm−1 (Figure 1) for the acid and ∼1593 and ∼1568 cm−1
for the PA:NCs (Figures 3 and 4). There exists relatively
little change to the peak values, which may indicate stronger
vibrations as the result of perturbations in other areas of the
ligand.
The IR spectra obtained for ASA:NC produced by water
synthesis are shown in Figure 5 and via methanol synthesis are illustrated in Figure 6. The broad peaks located
at 3438 cm−1 for ASA:NC via Route 1 and 3389 cm−1 via
Route 2 are indicative of O–H stretching from the residual
solvent. The 1720 cm−1 peak is associated with C=O stretching
of the carboxy group which is observed in ASA:NC via
Route 2 but not in the IR spectra for Route 1. The peaks
1625 cm−1 (synthetic Route 1 in Figure 5) and 1624 cm−1
(synthetic Route 2 in Figure 6) which were not observed
in the IR spectra for ASA were indications of C=C bond
stretching of the ring. Observed peaks at 1596 cm−1 for Route
1 and 1593 cm−1 for Route 2 correlate to C=O stretching
with the corresponding peak in acid at 1604 cm−1 . O–H
deformation was assigned to the peaks located at 1399 cm−1

1500
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Figure 4: Infrared spectrum (4000–500 cm−1 ) of PA:NC via synthetic Route 2 (methanol synthesis).
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Figure 6: Infrared spectrum (4000–500 cm−1 ) of ASA system via
Route 2 (methanol synthesis).

for water synthesis and 1401 cm−1 for the methanol synthesis
and both peaks were lower than the 1418 cm−1 peak of
the acid. C–H deformation at the ring linked to the peak
located at 1256 cm−1 of the acid was observed to occur at
lower wavenumbers for the nanoparticles, 1249 cm−1 for both
synthesis procedures. These perturbations of ligand clearly
indicate an influence of the nanocrystals on the ligand.
3.3. PMMA IR Characterization. The observed vibrational
modes associated with PMMA are listed in Table 3 and the IR
spectrum is illustrated in Figure 7. Shown in Figure 7 is a cluster of peaks found at 2994 and 2950 cm−1 within the undoped
precipitated PMMA spectra which typically represent CH3 ,
CH2 , and CH stretching. The stretching of the saturated
aldehyde is generally characterized with a strong peak located
around 1725 cm−1 . The two peaks located at ∼1480 cm−1 and
1380 cm−1 may illustrate the two bands that designate C–
CH3 deformation. The CH3 stretching may result in a peak
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Table 3: Observed vibrational modes for PMMA.
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Figure 7: Infrared spectrum (4000–500 cm−1 ) of undoped precipitated PMMA.

located approximately at 1435 cm−1 whereas the peaks located
between 1210 and 1320 cm−1 and at 1145 cm−1 may indicate
O–C and C–O stretching, respectively. The peaks located
between 750 and 988 cm−1 may correspond to torsional
deformation of CH bonds.
3.4. Polymer Nanocomposite IR Characterization. The FTIR spectra shown in Figure 8 compare undoped precipitated
PMMA (red) with ASA ligand capped nanocrystals and PA
ligand capped nanocrystals dispersed in PMMA. The ASA
system was synthesized to 2 : 1, 3 : 1, 4 : 1, and 5 : 1 molar ligand
to nanocrystal ratio via synthetic Routes 1 and 2. PA system
was also synthesized to 2 : 1, 3 : 1, 4 : 1, and 5 : 1 L:NC through
water synthesis and methanol synthesis.
The green spectra represent PMMA nanocomposites
composed of the PA system (PMMA:PA system) via water
synthesis (dark green) and methanol synthesis (light green).
The blue spectra correspond to the PMMA nanocomposites

made from the ASA system (PMMA:ASA system) where
the nanoparticles were synthesized in water (dark blue) and
in methanol (light blue).
All the anticipated peaks for the undoped PMMA were
present in the spectra of the nanoparticle loaded PMMA
(PMMA nanocomposite). The IR spectra of PMMA overlapped many of the absorption bands of the ligand systems
except in area of 1700–1500 cm−1 , inset of Figure 8 The peaks
located in this area were found to correlate to peaks observed
in the IR spectra of the ligands and nanoparticles.
The spectra in Figure 8 for the PMMA nanocomposite
composed of the PA system (PMMA:PA:NC) via water (dark
green) and methanol (light green) nanoparticle synthesis
exhibited absorption peaks at 1653 cm−1 , 1593 cm−1 , and
1568 cm−1 that are not present in undoped PMMA. The
1653 cm−1 reflects the C–O stretching of the formed anion.
The 1593 and 1568 cm−1 peaks are associated with C–C
stretching in the pyridine ring. Świderski et al. observed a
peak located at 1606 cm−1 in picolinic acid that did not appear
for any of the studied metal complexes which is similar to this
work where the this peak did not appear in the IR spectra of
the ligand capped nanocrystals.
The C–C stretching associated with the 1568 cm−1 band
was observed at lower wavenumber compared to the
observed band (1572 cm−1 ) in picolinic acid. The wavenumber shift was comparable with the ligand coordination of
weak cations in a study conducted by Świderski et al. [33]. The
wavenumber reduction may be an indication of nanocrystal
influence on the perturbation on the ligand system. There was
no observed change in the 1593 cm−1 peak.
The synthetic Route 2 of the PMMA:PA:NC produced
broad peaks observed at center mid-points of 3394 cm−1 and
1616 cm−1 . The band with the center point of 3394 cm−1 is
related to the O–H stretching associated with methanol.
The synthetic Route 2 of the PMMA:ASA:NC produced
broad peaks at center mid-points of 3549 cm−1 representing
O–H stretching that corresponds to residual solvent.
Two peaks at 1601 cm−1 and 1559 cm−1 were observed
for the PMMA:ASA:NC that were not present in undoped
PMMA. These bands suggest C–C stretching within the
aromatic ring. The peaks were located at lower wavenumbers
compared to the corresponding bands of 1604 cm−1 and
1562 cm−1 observed in ASA. In ASA:NC these peaks were
located at ∼1596 cm−1 with a shoulder at 1562 cm−1 . Again,
these changes in vibrational signatures are an indication of
nanocrystal and ligand interaction.
The work presented by Wang et al. on a one-step synthesis of LaF3 :Yb3+ and LaF3 :Er3+ nanocrystals in methanol
without ligands reported a broad absorption band around
3412 cm−1 which was attributed to O–H stretching vibrations,
that is, hydrogen bonding of alcohols [35, 36]. The absorption
peak at 3200–3400 cm−1 observed in Figure 4 is similar to the
work of Wang et al. These peaks do not occur in synthetic
Route 1 as a result of two drying steps which eliminate the
water and hence the associated OH groups. The nanoparticles
are dried before incorporation into the polymer/solvent solution and the nanocomposite is dried after phase inversion.
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Figure 8: ATR infrared spectra (a) at 4000–500 cm of undoped precipitated PMMA (red), ASA systems via water (dark blue) and via
methanol (light blue), and PA systems via water (dark green) and via methanol (light green). (b) Inset: representation of peaks located at
1700–1500 cm−1 .

Table 4: Inorganic elemental composition and corresponding atomic percentage of nanoparticles synthesized in water and methanol at
different molar ligand to nanocrystal ratios.
Synthetic route
(solvent)

PA : NC
Elemental composition

Molar ligand to
nanocrystal ratio

ASA : NC
Elemental composition

F atomic %

La atomic %

Tb atomic %

F atomic %

La atomic %

Tb atomic %

1 (water)

2:1
3:1
4:1
5:1

59
46
43
64

36
46
49
31

5
8
8
5

48
61
60
62

43
31
32
31

9
8
8
7

2 (MeOH)

2:1
3:1
4:1
5:1

65
54
62
64

26
36
28
22

9
10
10
14

66
67
70
61

24
24
23
31

10
9
7
8

3.5. Elemental Analysis of Inorganic Component of Ligand
Capped Nanocrystal. The results of the elemental composition of the nanoparticles determined by energy dispersive
X-ray (EDX) spectroscopy are summarized in Table 4. The
ligand to nanocrystal ratios were calculated based on the
molar concentrations of the ligand to those of the sum of La3+
and Tb3+ . The calculated atomic percentages were as follows:
F, 75%, La, 20%, and Tb, 5%.
Data analysis through EDX confirmed the existence of Tb,
La, and F in the doped nanocrystals. The desired lanthanum
to terbium (La : Tb) molar ratio was 4 : 1 (80 : 20) since
concentration quenching has been shown to occur when Tb3+
levels exceeded 20% of the total RE ion component of the
inorganic host nanocrystal [37].
In order to maintain an 80/20 ratio of La : Tb so as
to minimize the possibility of concentration quench, the
calculated fluoride to lanthanum ratio was 4 : 1 and fluoride
to terbium was 14 : 1. The importance of the fluoride content

is related to its ability to act as a lattice stabilizer within
the crystal allowing interspatial distance between the active
ions [38]. All the experimental ratios were less than the
calculated ratios. In the case of fluorine, this reduction could
be attributed to the exchange of the fluoride anions with
hydroxyl groups. The exchange between F and OH bonds
throughout the nanoparticles is undesirable as a result of
producing efficient deactivation pathways of the RE ion
emissions [39].

4. Conclusions
PMMA nanocomposites were produced via solution/precipitation chemistry using ligand capped nanocrystals doped
with Tb3+ ions. Two nanocomposite synthesis routes were
evaluated with water being the solvent in Route 1 and
methanol was used as the solvent in Route 2. The organic ligand (ASA and PA) and the inorganic nanocrystal (Tb3+ :LaF3 )
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in the PMMA matrix were verified by ATR-FTIR spectroscopy and EDX analyses. PMMA nanocomposites produced with PA capped nanoparticles via synthesis Routes 1
and 2 exhibited absorption peaks that were not present in
undoped PMMA. These peaks represented C–O stretching of
the formed anion and the stretching vibrations of C–C bonds
in the pyridine ring. For all the polymer nanocomposites
loaded with ASA surface treated nanocrystals, C–H bond
stretching of the aromatic ring structure produced absorption
peaks that were not present in undoped PMMA. The EDX
analysis confirmed the presence of Tb3+ , La3+ , and F in the
doped nanocrystals of all of the polymer nanocomposites.
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Cervical cancer is a serious health hazard for women’s reproductive system cancer; the method of treatment for cervical cancer is
still in surgery, chemotherapy, and radiotherapy as the basic means, but with many complications. The effects of natural medicines
for cervical cancer are increasingly becoming the focus of people’s attentions. By studying the polysaccharide of cervical cancer
in mice, we found that shark cartilage polysaccharide can increase the serum levels of T-SOD and GSH and decrease MDA level
significantly in the tumor mice. The distribution of the drug in the tissue was determined by HPLC method; the drug can be drawn
in the liver and kidney the highest, followed by the spleen, lung, and brain levels being the lowest. Polysaccharide can inhibit tumor
growth in the mice which may be connected with the enhanced immunity and the antioxidant capacity.

1. Introduction
Cervical cancer is a common cancer of the female reproductive system, which ranks second in the incidence of cancer
in women worldwide, second only to breast cancer; it is a
serious threat to women’s health. According to the statistics
worldwide, the number of new cases of cervical cancer each
year reached 500,000, particularly common in developing
countries; China’s new cases are about 100,000, according for
about 1/5 of the world total new case, and more than 30,000
women die of cervical cancer every year [1]. In recent years,
the number of young patients with cervical cancer processes
upward trend clearly, which deserves people’s attention. The
method of treatment for cervical cancer is still in surgery at
present, chemotherapy, and radiotherapy as the basic means;
the disadvantage is more complications. The treatment model
has changed and the local control rate and survival have
been improved. Now western medicine had been widely used,
but it still has some shortcomings, such as severe toxicities,
increased drug-induced disorders, the efficacy being not
ideal, and the high drug prices, so that people look forward
to natural medicine more. Because the toxicity of natural
plant and animal is little, they are easily accepted by patients,

playing an important role in the anticancer drugs. Looking
for anti-tumor drugs from natural plants and animals in order
to improve the therapeutic effect is increasingly becoming the
focus of attention [2, 3].
Polysaccharides are a class of natural macromolecular
polymers in vivo generally. It is made of aloes or ketoses
which connected together by glycoside bonding. Since the
1970s, with the development of polysaccharides special physiological function (transportation intercellular substance,
regulation of immune function, cell-cell recognition, etc.),
Polysaccharides, whose antitumor and immunomodulatory
effects of polysaccharides draw more attention, caught more
attention of drug workers,; it has become one of the hot spots
of cancer treatment [4–7].
At present, gained more and more novel structure and
the unique role of bioactive polysaccharide from marine
organisms has been expected to become a new drug resource
of cancer treatment [8]. With further research, we have
noted the so-called “sea scavenger” sharks which almost
never suffer from cancer. After years of research, scientists
found that shark cartilage polysaccharide, as an animal
polysaccharide, has a variety of physiological effects: lowering
blood pressure, antiradiation, anticoagulation of the blood,
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antiviral, and antitumor [9–12]. For the study of the polysaccharide, predecessors mostly stay in the extraction process
studied. In recent years there are only a few more reports
in terms of functional studies. Currently, the country has
listed health food products, shark cartilage capsules, made
of shark cartilage. In other countries, the glycosaminoglycan
chondroitin sulfate of shark’s raw material products has
been used in patients clinically [13, 14]. Research on shark
cartilage mucopolysaccharide has caused widespread interest
by scholars inside and outside.
The topic for the functional role of the polysaccharide
to do further research and for the treatment of cervical
cancer provides effective and less toxic side effects of natural
medicine; the development of these drugs has a certain
significance.

2. Experiments
2.1. Materials. In this experiment, we use the catshark cartilage as a raw material provided by Yanshan University
Laboratory; the 8-week-old female Kunming mice were
purchased from Beijing Military Medical Sciences weighing
20–24 g. U14 mouse cancer cell line was purchased from
China Medical College Beijing tumor cell library.
2.2. The Extraction of Shark Cartilage Polysaccharides. In
this study, shark cartilage was removed from sharks and
taken into boiling water for 2.5 h to remove most of the
bone marrow and adipose tissue, and then low-temperature
drying, splintered and weight. Powder cartilage into 1000 mL
0.3 mol/L sodium hydroxide dilute alkali solution, followed
by stirring at 65∘ C 3 hours, centrifuge, adjust the pH of
the supernatant to 3, and centrifuge. We Sodium chloride
solution was added slowly to the supernatant slowly until
the precipitate to the most, the supernatant was centrifuged
and the supernatant was concentrated by evaporation. The
resultant product was washed by 60% and 80% ethanol
solution.
2.3. The Determination of the Polysaccharide. We use phenolsulfuric acid method to determine polysaccharide extract.
Principle of this method is the polysaccharide in concentrated
sulfuric acid; dehydration or furfural and HMF can condense
orange-red phenol compounds, within a certain range proportional to the depth of its color and sugar content, and
in the 490 nm wavelength of maximum absorption peak, the
UV spectrophotometry available in this wavelength. Phenol
method can be used for determination of methylated sugar,
pentose sugars, and polysaccharides. The method is simple
and sensitive. The experiment is unaffected by the presence of
proteins substantially, and the resulting color stability is over
160 min.
2.4. Preparation of U14 Cervical Tumor-Bearing Mouse Model.
Take three normal mice by intraperitoneal injection method
U14 tumor cell inoculation 0.2 mL cell suspension. The
first eight days, put the mice to death, collect the ascites,
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centrifuged, dilute the supernatant into density of 1.60 × 106
cells/mL, and inject 0.2 mL into mouse forelimb left armpit.
2.5. Experimental Groups and Drug Program. The inoculated
mice were randomly divided into four groups of 8. The
polysaccharide dissolved in distilled water to prepare a highdose group (1000 mg/kg) and low-dose group (500 mg/kg);
each group was fed 0.2 mL, negative control group was fed
the same amount of distilled water, and positive control group
was injected 0.2 mL CTX intraperitoneally (25 mg/kg), once
a day. Administration continued for 14 days; first on day 15,
all the mice were sacrificed.
2.6. Determination of Tumor Inhibition Rate. First on day 15
all the mice were sacrificed, and tumor of each group mice
was taken and then weighed; the tumor inhibition rate is
calculated according to the following formula:
Tumor inhibition rate (%)
= [ (the average tumor weight of negative control group
− the average tumor weight of medication group)
× (the average tumor weight
−1

of negative control group) ] × 100%.
(1)
2.7. Determination of Thymus and Spleen Weight Index. The
mice were taken off the neck to death; we remove the thymus
and spleen and observe them by naked eye. In accordance
with the “immune organ weights law” in “immunized animals screening procedures” on the tumor-bearing mouse
thymus, the spleen and thymus index [15] was calculated
according to formula 2:
Thymus (spleen) Index (mg/10 g)
=[

thymus (spleen) weight
] × 10.
weight to tumor-bearing mice

(2)

2.8. Serum and Tissue Antioxidant Parameters Were Measured. We prepare serum for the determination of serum
SOD (superoxide dismutase), GSH (glutathione reductase),
and MDA (malondialdehyde) level; we took liver tissue at
the same time, plus saline formulated into 10% of the tissue
homogenates, for the determination of their GSH, SOD, and
MDA levels.
Determination of SOD. Serum total SOD activity is calculated
as follows:
The total SOD activity
= (Control tube absorbance
−Absorbance measurement tube)
× (Control tube absorbance)−1
÷ 50% × Dilution of the sample before the test.

(3)
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The total tissue SOD activity is calculated using the
following formula:
The total SOD activity
= (Control tube absorbance
−Absorbance measurement tube)
× (Control tube absorbance)−1
÷ 50% × (

(4)

Total reaction volume
)
Sample volume

Figure 1: Each concentration of the standard solution.

Determination of Protein Content. The formula is as follows:

÷ Tissue protein content (mgprot/mL) .

Protein concentration (g/L)

Determination of Glutathione. Consider

= (measured OD value − blank OD value)

GSH content in serum

× standard concentration (g/L)

= (OD value measured − blank OD value)

÷ (standard OD value − blank OD value) .

× standard concentration
× (20 × 10−3 mmol/L)
× GSH molecular weight (307)
× prior to the test sample dilution factor
÷ (OD value of the standard − blank OD value) ,
Liver GSH content
= (OD value measured − blank OD value)
× standard concentration (20 × 10−3 mmol/L)
× GSH molecular weight (307)
× dilution of the test sample
÷ (OD value of the standard − blank OD)
(5)
Determination of Malondialdehyde. Consider
Serum (plasma) MDA content (nmol/mL)
= (measured OD values − control OD value)
× standard concentration
× dilution of the sample prior to testing
÷ (standard OD value − blank OD value) ,

= (measured OD values − control OD value)
× concentration of the sample standard
÷ protein concentration (mgprot/mL)
÷ (standard OD value − blank OD value) .

2.9. HPLC Determination of the Distribution of the Drug in
Tissues. Two hours after the last administration, the heart,
liver, spleen, lung, kidney, and other tissues of the mice
are completely removed, weighed, and ground, mixed with
10% saline, centrifuged for 10 min, adding methanol into
supernatant and ultrasonic shock for 20 min. Mix well,
centrifuge for 10 min, and filter the supernatant with 0.45 𝜇m
membrane.
The column was Edipse XDB-C18 (4.6 × 250 mm, 5 𝜇m).
A mobile phase of acetonitrile and mobile phase B were 0.1%
phosphate buffered saline (pH = 3). Ratio of the two mobile
phases is A : B = 15 : 85, with a gradient elution procedure to
adjust the ratio of the two-phase flow; column temperature
was room temperature; flow rate was 0.5 mL/min; injection
volume was 20.0 𝜇L; detection wavelength was 200 nm; and
each run time was 5 min.

3. Result

÷ protein concentration.

Liver tissue MDA content (nmol/mgprot)

(7)

(6)

3.1. Shark Cartilage Extract Polysaccharides. After pretreatment for shark cartilage, we say its weight: 62.7 g. After
digestion of dilute alkali solution, a salt solution to dislodge
the protein, ethanol precipitation, and a series of operations,
we eventually dry the precipitate to obtain 1.98 g of the
polysaccharide crude extract.
3.2. Determination of Shark Polysaccharide. Prepared according to the method of the standard, the concentration of
glucose standard solution was obtained the color shown in
Figure 1.
In the 490 nm wavelength measured absorbance standard
concentrations are shown in Table 1.
Standard curve using Excel software, standard glucose
levels (𝜇g/mL) for the 𝑥-axis and 𝑦-axis plotted as absorbance
are obtained using the standard curve regression equation:
𝑌 = 0.0151𝑋 + 0.0364, and the correlation coefficient
𝑟2 = 0.9933. The linear range is 10–60 𝜇g/mL. The resulting
standard curve is as shown in Figure 2. In accordance with
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Table 1: Glucose standard solution absorbance.
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Figure 3: The average weight of the mice in each group situation.
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Figure 2: Glucose standard curve.
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the standard curve regression equation, the sugar content can
be drawn from the test corresponding absorbance. Calculated
by the test solution to be tested for the average absorbance of
0.407, as the 𝑌 values into the regression equation, derived 𝑋
value 24.54 𝜇g/mL, the final content of polysaccharide extract
obtained was 81.8%, the total extraction rate of 2.58%.
3.3. Animals Generally Observed. After administration of the
first four days, all mice grew visually observable mass, and
mice are in good spirit and move freely, and no deaths
occurred. After 14 days of continuous administration of each
treatment group mice were having sparse dull hair, were
lying curled with back arched, and were action-insensitive,
apathetic, unresponsive, and so on, and because of the
increasing of tumor weight, tumor-bearing mice significantly
increased body weight. Negative control group and treated
group were compared with the above symptoms of weight.
Mental state of positive control group of mice is better, the
action is more flexible, and weight gain is not obvious (shown
in Table 2 and Figure 3).
3.4. The Polysaccharide Solid Tumor Inhibition Rate. The
polysaccharide in mice results in tumor inhibition rates are
shown in Table 3. High and low dose polysaccharides have
anti-tumor effect; tumor inhibition rates were 34.73% and
65.81%, respectively, and the positive control group CTX
tumor inhibition rate is 63.71%. Regarding weight compared
with the negative control group tumors, average tumor weight
difference between the polysaccharide low-dose group and
positive control group was significant (𝑃 < 0.01), and

60
40
20
0

Negative group Positive group

High-dose
group

Low-dose
group

Thymus index (mg/10 g)
Spleen index (mg/10 g)

Figure 4: Thymus and spleen index of mice.

the average tumor weight difference between the high-dose
group was significant (𝑃 < 0.05). The average tumor weight
of the low-dose group was compared with the CTX-positive
control group, and the difference was not significant (𝑃 >
0.05); the high-dose group was compared with the control
group, CTX-positive, and the difference was significant (𝑃 <
0.05); results suggest that low doses of shark cartilage have
significant inhibition of solid tumor polysaccharide with
mice.
3.5. Determination of Mouse Thymus (Spleen) Index. Each
group of mice thymus (spleen) index as shown in Table 4
and Figure 4, the body of thymus and spleen was reduced in
positive group mice was with significantly reduced volume of
thymus and spleen, thymus color was gray, leaf was unclear,
and spleen is pale red. The thymus index and spleen index of
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Table 2: The average weight of each group of mice (g).

Days/group
Negative group
Positive group
High-dose group
Low-dose group

1
23.2
25.6
24.8
28.8

3
24.5
27.1
25.9
30.0

5
26.9
26.7
30.5
28.7

7
27.2
27.9
30.8
29.2

9
28.3
28.1
31.3
29.4

11
29.7
28.4
32.5
30.5

13
30.2
28.7
31.9
31.1

15
34.9
29.8
34.2
31.6

Table 3: Inhibition rate of each group of mice (±𝑆).
Group
Negative group
Positive group
High-dose group
Low-dose group

Dose (mg/kg)
—
25
1000
500

Starting weight (g)
23.24 ± 0.81
25.66 ± 1.12
24.82 ± 1.58
28.84 ± 1.26

Final weight (g)
34.94 ± 1.21
29.82 ± 1.43
34.23 ± 0.84
31.64 ± 1.12

Tumor weight (g)
3.896 ± 0.46
1.474 ± 0.10∗∗
2.543 ± 0.52∗#
1.332 ± 0.23∗∗

Inhibition rate (%)
0
63.71
34.73
65.81

Table 4: Mice in each group thymus (spleen) index (±𝑆).
Group
Dose (mg/kg) The final number of animals Thymus index (mg/10 g body weight) Spleen index (mg/10 g body weight)
Negative group
—
4
10.43 ± 1.36
94.26 ± 3.84
83.45 ± 2.76
Positive group
25
6
2.81 ± 0.74#
∗
118.54 ± 10.85∗#
High-dose group
1000
4
8.32 ± 0.58
∗∗#
Low-dose group
500
5
16.38 ± 1.64
130.78 ± 13.24∗∗#
Table 5: The polysaccharide impact (𝑋 ± 𝑆) for mouse serum antioxidant capacity.
Group
Negative group
Positive group
High-dose group
Low-dose group

Dose (mg/kg)
NS
25
1000
500

SOD (U/mL)
89.84 ± 8.87
124.36 ± 9.96
136.42 ± 10.52∗##
168.43 ± 9.48∗##

GSH (mg/L)
3.43 ± 0. 68
2.91 ± 0. 49
4.32 ± 0.98∗
6.78 ± 0.63∗∗#

MDA (nmol/mL)
4.26 ± 0.78
8.45 ± 0.69
7.54 ± 1.05∗
3.78 ± 0.86∗#

Note: compared with the positive control group, ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01; compared with negative control group, # 𝑃 < 0.05, ## 𝑃 < 0.01.

the polysaccharide of both high- and low-dose groups were
higher than the positive control group, and the thymus was
observed to have more complete appearance and white color,
the color of the normal spleen. The polysaccharide low-dose
group and spleen index and thymus index have increased
compared to CTX-positive and CTX-negative groups; the
statistical analysis showed that the polysaccharide low-dose
group and the positive control group showed significant
difference (𝑃 < 0.01); shark cartilage polysaccharide of
high-dose group compared with the positive control group
showed significant differences (𝑃 < 0.05); high- and lowdose group and negative control group showed low doses of
the negative control group, and the difference was significant
(𝑃 < 0.05) compared with high-dose group and negative
control groups, but the difference did not reach a significant
level (𝑃 > 0.05), and negative control groups and the positive
control group were significantly difference (𝑃 < 0.05). This
indicates that CTX will not be able to promote the growth
of immune organs but will be destroyed, inhibiting the
development of the thymus and spleen tissue, and high- and
low-dose groups can promote the growth of the thymus and
spleen, and thymus tissue of the high-dose group developed
a certain promoting effect, but the effect is not obvious, to
promote the development of the role of spleen tissue, and the

effect of low-dose group was significant, suggesting that the
polysaccharide has better effect than CTX.
3.6. Effects of Shark Cartilage Polysaccharides on Serum
Antioxidant Capacity in Mice. As shown in Table 5, the
high- and low-dose group could significantly improve tumorbearing mouse serum SOD activity, compared with the
negative control group, and the difference was significant
(𝑃 < 0.01); and CTX-positive group was significantly higher
(𝑃 < 0.05), whereas serum CTX levels of SOD-positive
group compared with the control group, although a certain
degree rises, but the difference between the two has not yet
reached a significant level (𝑃 > 0.05), indicating that the
polysaccharide can increase SOD activity in tumor-bearing
mice, better than CTX. Meanwhile, the low-dose group had
significantly higher serum GSH content compared with the
negative group (𝑃 < 0.05), while the high-dose group showed
a rising trend, though, but has not yet reached a significant
level (𝑃 > 0.05); with CTX group phase ratio, serum GSH
content of low-dose group increased significantly (𝑃 < 0.01),
but with no significant difference (𝑃 between the high-dose
group and CTX-positive group > 0.05). Those high doses of
the polysaccharide treatment can significantly increase serum
GSH levels in tumor-bearing mice, and CTX has similar
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Table 6: The polysaccharide impact for mouse liver tissue antioxidant capacity.

Group
Negative group
Positive group
High-dose group
Low-dose group

Dose (mg/kg)
NS
25
1000
500

SOD (mg/prot)
189.21 ± 4.28
223.23 ± 10.47#
242.54 ± 14.68#
284.68 ± 17.32∗#

GSH (mg/prot)
10.43 ± 0.36
2.81 ± 0.74
8.32 ± 0.58∗∗#
15.32 ± 0.84∗∗#

MDA (nmol/mgprot)
17.26 ± 1.54
10.43 ± 1.62
8.54 ± 0.85∗##
4.76 ± 0.74∗∗##

Note: compared with the positive control group, ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01; compared with negative control group, # 𝑃 < 0.05, ## 𝑃 < 0.01.

3.7. Effects of the Polysaccharide on Liver Tissue Antioxidant
Capacity. Each group of mice administered continuously for
14 days was killed, the liver tissues were measured for SOD,
GSH, and MDA activity, and the results are shown in Table 6.
From the table, compared to the negative control group, highand low-doses of SOD activity group and CTX group were
significantly increased (𝑃 < 0.05); differences were compared
with the positive control group; the high-dose group and
the positive group are not significant (𝑃 > 0.05), low-dose
group and CTX-positive group were significantly increased
compared to the drop (𝑃 < 0.05). For the determination
of GSH, compared with the negative control group, lowdose group GSH levels were significantly higher (𝑃 <
0.05); compared with CTX, high- and low-dose groups were
significantly different in the level of activity (𝑃 < 0.01).
Compared with negative group, the content of MDA in high
and low dose group mice liver were lower, the differences
were highly significant (𝑃 < 0.01); compared with the CTX
group, the high- and low-dose groups were significantly lower
than CTX treatment group (𝑃 < 0.05). Hypoxia is one of
the physiological abnormalities characteristic of solid tumors,
and these results suggest that the polysaccharide, maybe by
improving the organization’s ability to achieve the antioxidant
defenses, improves the hypoxic state.
3.8. HPLC Determination of the Distribution of
the Drug in Tissues
3.8.1. Chondroitin Sulfate Standard Curve and Regression
Equation. According to the standard method of preparation,
the concentration of the prepared solution of the test sample
to the standard chromatograms obtained from the map
read out the corresponding peak area (Table 7) to obtain a
standard curve (Figure 6 peak area under the concentration)
and the linear regression equation. Figure 5 is chromatogram
of standard 0.4 mg/mL

Table 7: Absorption peak area of each concentration of standard.
Standard concentration
𝜇g/mL
Peak area mAU ∗ S

0.1

0.2

0.4

0.6

0.8

50.1421 63.0977 92.743 115.428 139.675

25
20
15
(mAU)

effect, but the effect of low-dose treatment is superior to
the polysaccharide CTX-positive group. MDA activity was
measured in serum tumor-bearing mice results which show
that, compared with the negative control group, low-dose
group had significantly lower serum MDA activity in mice
(𝑃 < 0.05), while the CTX group of tumor-bearing mice
did not reduce the activity of serum MDA effect (𝑃 > 0.05).
Meanwhile, in low- and high-dose groups compared with the
CTX group, serum MDA was significantly lower (𝑃 < 0.05).
Therefore, polysaccharide can reduce the content of serum
MDA.

10
5
0
0

2

4

6

Time (min)

Figure 5: Chromatogram of standard 0.4 mg/mL.

Retention time is 3.594; DAD1 A; Sig is 200, 4; Ref = 360,
100. Residual standard error is 1.93706. Regression equation
is 𝑦 = 125.39383𝑥 + 40.14115, where 𝑥 is the content of
chondroitin sulfate and 𝑦 is the peak area; dependency is
0.99891. Chondroitin sulfate at 0.1–0.9 𝜇g/mL is in good
linear relationship.
3.8.2. The Concentration of Drug in the Tissue Sample. Take
the heart, liver, spleen, lung, and kidney of high- and lowdose group; after treating each tissue sample, we can obtain
drug content shown in Table 8. From Figure 8 in each group
it is observed that in liver and kidney tissue drug content
is generally higher than in other tissues, followed by the
content of the heart, spleen, and lung relatively little content.
The result shows that drug distribution in mice was wide
range. Figure 7 is samples of liver tissue of a low-dose of the
chromatogram.

4. Discussions
In this study, shark cartilage polysaccharides was extracted
with dilute and alcohol precipitation method, purified by
phenol-sulfuric acid method, but the total withdrawal rate
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Figure 7: Samples of liver tissue of a low dose of the chromatogram.

Table 8: Distribution of drugs in different tissues.
Drug content of the
low-dose group (𝜇g/mL)

Drug content of the
high-dose group (𝜇g/mL)

Heart
Liver
Spleen
Lungs
Kidney

0.33
0.88
0.26
0.19
0.84

0.62
0.73
0.16
0.10
0.90

0.8
Drug content (𝜇g/mL)

Classes

0.6

0.4

0.2

is low, and extraction conditions remain to be further optimized; overall for shark cartilage polysaccharide extraction
method and content of appraisal provide research basis.
The body ability of antioxidant defense system strength
and weakness are closely related to health, and the antioxidant
effect of the defense system is mainly to eliminate free
radicals and reactive oxygen species in order to prevent the
occurrence of lipid peroxide, decomposition of peroxide, and
peroxide blocking chain. The body produced oxygen free
radicals by enzymes and nonenzyme system and formed
lipid peroxides. Due to the excess of oxygen free radicals
and lipid peroxides, DNA is damaged and mutations occur,
leading to cell damage, which are closely associated with
tumor formation. Such MDA is formed in the process of
lipid peroxides, MDA is a kind of mutagen and genetic agent,
and the development of human tumor probably has to do
with it. Our study found that treatment group compared with
negative control group and CTX-positive control group can
significantly reduce the MDA in the serum in mice and that
shark cartilage polysaccharide could inhibit the generation
of MDA in the serum and inhibit portability tumor development. The body’s antioxidant system mainly consists of
antioxidant enzymes and antioxidants. SOD can clear the
super oxide anion radicals in the body protecting cells from
injury. It plays a key role at body’s anti-oxidant. Thus, SOD
activity is closely related to tumor and inflammation diseases.
Positive compared with negative control group, CTX group,
mice thymus index, spleen index, SOD content in serum
and tissue, and GSH levels were significantly lower; this is

0.0

Heart

Liver

Spleen

Lung

Kidney

Low-dose group
High-dose group

Figure 8: High- and low-dose group of organizations in the
distribution of the drug content.

mainly because of CTX being a kind of immunosuppressant and it caused, by inducing cell apoptosis, thymus and
spleen shrinks, thus leading to the decrease of antioxidant
defense system of organization. While, the thymus and
spleen index SOD, MDA level of high and low does group
have been increased, and tip shark cartilage polysaccharide
probably inhibits lymphocyte apoptosis of immune organ
and enhances the antioxidant capacity of organizations to
inhibit tumor development. Shark cartilage polysaccharide
probably inhibits lymphocyte apoptosis of immune organ and
enhances the antioxidant capacity of organizations to inhibit
tumor development.

5. Conclusions
Shark cartilage polysaccharide in mice tissues distribution is
broad, most abundant in the liver and kidney, which may be
related to the metabolism of the liver and kidney as the main

8
metabolic organs. Visibly, shark cartilage polysaccharide
could inhibit tumor growth in mice solid tumor and improve
the index of thymus and spleen in mice, showing that it
can promote the growth of immune organs and increase the
body’s immune function and the antioxidant defense system
ability, thus suppressing tumor growth.
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The researchers cannot control the composition and structure of coarse grained soil in the indoor experiment because the granular
particles of different size have the characteristics of random distribution and no sorting. Therefore, on the basis of the laboratory tests
with the coarse grained soil, the HHC-Granular model, which could simulate the no sorting and random distribution of different
size particles in the coarse-grained soil, was developed by use of cellular automata method. Meanwhile, the triaxial numerical
simulation experiments of coarse grained soil were finished with the different composition and structure soil, and the variation of
shear strength was discussed. The results showed that the internal friction angle was likely to reduce with the increasing of gravel
contents in the coarse-grained soil, but the mean internal friction angle significantly increased with the increment of gravel contents.
It indicated that the gravel contents of shear bands were the major factor affecting the shear strength.

1. Introduction
The strength parameters of granular media are the main
factor to affect the stability of dumping site. However, the
reasonable strength parameters of granular media are hard to
get. Jiang Jingshan’s studies showed that the composition and
fabric granular particle were the fundamental reasons that
induced the macromechanical properties to be complex and
led the macroscopic mechanical properties to show strong
dispersion characteristics [1, 2]. The influencing factors can
be broadly divided into two kinds [3]. The first factor is
the test site, load-applying manner, sample size, confining
pressures, strain rate, drainage condition, the factors related
with the material properties, and so forth. The second factor
is human uncontrol. With the help of the traditional indoor
tests method, the influence of artificial control factors on the
strength of granular media had been thoroughly studied in
order to obtain relatively reasonable values. Jiang et al. [4]
discussed the effect of density and confining pressure on the

mechanical properties of granular media and the influence
on the stress-strain curves caused by confining pressure.
Liu et al. [5] researched on the shear properties of rockfill
under different stress paths conditions through large scale
triaxial tests. Jiang and Zhao [6] and Dang et al. [7] studied
the influence of shear rate on the shear strength of soil in
triaxial tests. Li et al. [8] and Bagherzadeh-Khalkhali et al.
[9] investigated the effect of the maximum particle size in
coarse grained soil on the shear strength. Mao-tian et al. [10]
accomplished the triaxial experiments of two series of loading
on the sand by use of conventional triaxial compression test
apparatus and studied the stress history and lithology, over
consolidation ratio.
“Granular particle materials of different particle size is
distributed randomly in space” is an obvious feature of
granular media samples. The thesis [11, 12] indicated that
the arrangement of mutual position and interparticle force
of granular particle had important effect on the mechanical
properties. Actually, many problems were related to the fabric
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Central
cell

Figure 2: Schematic diagram of cellular, cellular space, and neighbor.

Figure 1: The triaxial test of granular media.

of granular media. The granular media fabric of sample
was uncontrolled in the indoor tests and the experiments
would cost lots of time and labor. So it was, by far, that
very few people studied this field. In fact, by reason of
the random distribution of the different granular particle
during the tests, the fabric of granular samples might be
quite different. Even if the tests personnel, experimental
method and material, experimental grading and density, and
experimental apparatus are identical, the indoor tests results
also are different. Therefore, using a few indoor tests results
to stand for the strength parameters was unreasonable and
such mechanical parameters had no representativeness. So
it is necessary to introduce into the numerical simulation
triaxial tests for coarse-grained soil.

2. HHC-Granular Model
2.1. Laboratory Triaxial Experiment. At first, a group of
indoor triaxial tests of granular media was carried out, and
the experimental image was shown in Figure 1. According
to the classification and naming of granular media [13], the
granular media of laboratory experiment was described as
the gravel (0.005∼0.06 m), sand (0.0001∼0.005 m), and soil
(<0.0001 m). The particle size range was given in Table 1.
The tests apparatus is the stress-control triaxial compression
which was developed by Sichuan University. The maximum
particle selected 0.06 m and its shear rate was 5∗10−7 m⋅s−1 .
The tests confining pressure selected 200 kPa, 400 kPa,
800 kPa, and 1600 kPa and the experiment was shut down in
axial strain 15%.
In keeping with the laboratory experimental conditions
as soon as possible, the granular media sample of numerical
simulation test was considered to consist of three kinds
of similar particle materials that were the coarse gravel,

medium-grained sand, and fine-grained soil. Therefore, the
cellular automata was employed to generate randomly the
homogeneous hybrid composite in order to prepare the
samples with different initial fabric of grain.
2.2. HHC-Granular Model. By use of the horizontal and
vertical lines of equal intervals, two-dimensional space was
divided into the cellular space consisted of square, and each
square was cellular. The cellular spatial grid was 50 × 100. The
eight neighbors’ Moore model was shown in Figure 2; when
the black cellular was the central, the eight cellulars with the
diagonal line are its neighbor.
There are three kinds of cellular states representing three
different materials, 2: gravel; 1: sand; 0: Soil. In the procedure,
we used different colors to indicate the cellular of different
states and took the periodic boundary conditions as the
boundary condition.
Cellular automata has discrete features on the time and
space and can make synchronized calculation, and its cellular
state changed with the change in time and space. In the
cellular space, at first, several nucleation-points appeared
randomly; then the cellular gradually developed according
to probability around the nucleation-point. The more the
cellulars around the nucleation-point, the greater the growing
probability, and when there were no cellulars around the
nucleation-point, the growth probability was zero. As the
ambient cellulars were the same kind of cellular, the growth
probability was 100%. The evolution would be continued until
the material met the required content percentage.
The cellular was not the simultaneous evolution but the
ergodic evolution in the cellular space. It was distinct from
previous cellular automaton that cellular evolution depended
on not only back state of neighbor cellular, but also current
state of neighbor cellular evolved,
2.3. Simulating Results. Figure 3 was the interface of HHCGranular model with three granular medias (gravel, sand,
and soil). The granular media samples which were generated
by HHC-Granular model could characterize the granular
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that was sand of soil, sandy soil of gravel, gravelly soil of
sand, sandy gravel of soil, and sandy gravel of rubble. The
classification is in Table 2.
To study the reasonable strength parameters with different granular media, the paper selected the HHC-Granular
model to prepare the five different granular media samples
and the simulating five samples of granular media were
shown in Figure 4. Meanwhile, each granular media prepared
40 groups of samples with different fabric to do the triaxial
simulation tests. The strength parameter 𝜑 of different initial
fabric of grain was acquired.

4. Test Results

Figure 3: HHC-Granular model interface and generated granular
sample.

inhomogeneous and random distribution from the graph.
This model could define the different contents of soil, sand,
and gravel and randomly generate samples with the different
fabric in the same particle size grading so as to prepare
the requiring granular media samples. The HHC-Granular
model was maneuverable. Introducing the granular media
sample which was simulated by the HHC-Granular model
into the FLAC3D , we could realize that the distribution of each
particle size was identical.

3. Triaxial Numerical Simulation Tests
3.1. Numerical Calculating Model. In the riaxial numerical
calculating model of granular media, the specimen dimensions was 0.5 m × 0.01 m × 1 m, the normal constraint was
applied on the 𝑋 = 0 m and 𝑋 = 0.5 m planes and the normal
stress was applied on the 𝑌 = 0 m and 𝑌 = 0.01 m planes; the
𝑍 = 0 m plane was applied on the normal constraint and the
𝑍 = 1 m plane was applied on the loading rate.
3.2. Material Parameters and Experimental Schemes for
Numerical Simulation Tests of Granular Media. In keeping
with indoor tests conditions, this simulation tests took the
indoor triaxial tests of granular media as a reference. The
loading rate is 5∗10−7 m⋅s−1 and the normal stress adopted
200 kPa, 400 kPa, 800 kPa, and 1600 kPa. The material parameters of gravel, sand, and soil were acquired based on the
parameters of indoor tests and the simulating test using
the Mohr-Coulomb model; the simulating tests’ material
parameters were shown in Table 1.
According to the project names and classifications with
the granular media [13], the granular media was divided into
five categories to follow the contents of greater than 5 mm:

4.1. Numerical Simulation. Figure 5 contrasted the stressstrain curve of laboratory experiment with that of triaxial
numerical simulation test in the experimental schemes II.
The simulation curves were wave type from the chart, while
the indoor tests were not so obvious, because the shear
bands avoided the coarse particle and always had some
coarse particles in the simulation test until the failure surface
was formed. In the numerical simulation tests process,
the simulation curve could form a wave rising trend line,
while the indoor triaxial tests were completed to express
mainly particle displacement and its curves performed for the
smooth curve. Overall, the stress-strain curves between the
simulation tests and the indoor triaxial tests were uniform
largely, which indicated that the triaxial numerical simulation
tests, which combined the FLAC3D with the HHC-Granular
model, were feasible.
Figure 6 was the different fabric charts of FS.G, and
Figure 7 was the corresponding contours of shear-strain rate.
Combining Figure 6 with Figure 7, we could see that the
gravel of Figure 6(a) appeared primarily near the shear bands
and its internal friction angle was 29.69∘ . The sand accounted
for a larger proportion near shear bands in Figure 6(b) and
its internal friction angle was lower than that of Figure 6(a).
The internal friction angle of Figure 6(c) was 26.84∘ , and the
contents of soil in the shear bands was relatively higher. The
results showed that when there was more gravel in the nearby
shear bands, the internal friction angle values were higher,
and the shear strength was relatively lower as a lot of soil lied
in the nearby shear bands. Thus the shear strength of samples
had to do with the particle distribution in the vicinity of shear
bands.
Figure 7 showed that, as the influence of coarse particles
on the tests, the shear failure plane was not regular shear
plane, but some curved surface. However, the tendency of
curve surface showed that the curves of shear bands appeared
as a single shear bands or “𝑋” shear bands. Therefore, in order
to quantify the impact of coarse particles in the shear bands
on the shear strength, this adopted the “𝑋” shear bands to
analyze the effect of gravel contents within the shear bands
on the shear strength of sample.
4.2. Shear Bands and Inclination Angle of Shear Bands. The
paper generated the total cell 𝑁 (the HHC-Granular model
unit numbers) and displayed the grid ID numbers of FLAC3D
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Figure 4: HHC-Granular model generated granular media samples.
Table 1: Material parameters for numerical simulation tests of granular media.
Range of
particle size (m)

Names

Soil (F)
<0.0001
Sand (S)
0.0001∼0.005
Gravel (G) 0.005∼0.06

Density
(kg⋅m−3 )

Cohesion
×103 (Pa)

Internal
frictional angle
(∘ )

Dilation
angle (∘ )

Bulk modulus
×109 (Pa)

Shear modulus
×109 (Pa)

Tensile
strength ×106
(Pa)

2150
2300
2600

61
75
132

27
32
46

8
10
13

0.07
2.5
23

0.03
1
10

0.05
0.35
1.0

𝜎3 = 1600 kPa

5

𝜎1 − 𝜎3 (MPa)

4

𝑝5 = (

3
𝜎3 = 800 kPa
2
𝜎3 = 400 kPa
1

0

number generated by the HHC-Granular model. Finally, we
could calculate the gravel contents of shear bands:

𝜎3 = 200 kPa

0

4

8
𝜀1 (%)

12

16

Simulative curves
Experimental curves

Figure 5: Stress-strain curves of between simulation tests and
indoor tests.

in the triaxial simulation tests to obtain the gravel contents of
shear bands. And then the producing grid image was induced
into AutoCAD and shear bands were set. The schematic
diagram was shown in Figure 8. The units 𝑛 of gravel in
the shear bands were acquired by comparing with the unit

𝑛
) × 100%,
𝑁

(1)

where 𝑃5 is gravel contents of shear bands, 𝑛 is total units of
gravel in the shear bands, and 𝑁 is total units 𝑛 of sample.
According to Finno et al. [14], the inclination angle and
thickness of shear bands with Sandy soil of gravel were taken
as 𝜓 = 65∘ and 𝐷 = 0.045 m, with which we obtained the
gravel contents of FS.G with 60 groups different fabric in
the shear bands. The relationship between gravel contents in
shear bands and internal friction angle of FS.G was shown in
Figure 9.
Figure 9 showed that the internal friction angle is increscent with the increasing of the gravel contents with the shear
bands, and there was a linear relation between the gravel
contents of shear bands and the internal friction angle. It
indicated that the gravel contents of shear bands were the
major factor affecting the shear strength.
The range value of internal friction angles (𝜑) with the five
categories granular media, which were acquired through the
triaxial simulation tests, was shown in Figure 10. The internal
friction angle (𝜑) was not always increment with the increase
of the sample gravel contents from the chart. The higher 𝜑
of gravel contents 4% is greater than the lower 𝜑 as the gravel
contents are 15%. When the gravel contents are 40%, the lower
𝜑 is less than the higher 𝜑 of gravel contents 15%. Similarly,
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Figure 6: HHC-Granular model generated different initial fabric of grain of FS.G.
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Figure 7: Contours of shear-strain rate indicating shear bands at different fabric.

the higher 𝜑, as the gravel content is 40%, was greater than
the lower 𝜑 when the gravel content is equal to 60%. Actually,
the phenomenon, which the internal friction angle of higher
gravel contents sample is less than that of lower sample gravel
contents, can also appear in the indoor tests. It is caused by
the different fabric of sample. Although the sample gravel
contents were higher, due to the lower sample gravel contents
in the shear bands, the internal friction angle may decrease.
The analysis showed that the influence factors to the strength
parameters of granular media were not always the sample
gravel contents, but the gravel contents of shear bands in some
situations.
Figure 11 expressed the relationship between the average
internal friction angle that was got through the triaxial
simulation test and the samples gravel contents with sand
of soil, sandy soil of gravel, gravelly soil of sand, sandy
gravel of soil, and sandy gravel of rubble. Figure 11 showed
that although the 𝜑 of higher gravel contents was less than
that of lower gravel contents, the average internal friction
angle of different gravel contents obviously increased with

the increment of sample gravel contents and the relationship
between 𝜑 and sample gravel contents could be expressed by
exponential relation which could provide reference for the
selection of mechanical parameters.

5. Conclusions
Generally, acquiring the mechanical properties of similar
particle size with the granular media is relatively easy in the
indoor tests. However, the granular media has characteristics
of obvious heterogeneity and randomness, which caused the
reasonable mechanical parameters to be obtained difficultly
through a few indoor tests. The paper, combining HHCGranular model with FLAC3D , tentatively discussed the
influence of gravel contents on the shear strength of granular
media. The results showed that the stress-strain curves of
numerical simulation tests were consistent with that of
indoor tests with granular media. With the increase of gravel
contents within the shear bands, the internal friction angle
was increscent and the relationship expressed linear relation,
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Table 2: Classification and gradation schemes of simulation tests of granular media.

Test
schemes
I
II

Sand of soil
Sandy soil of gravel
Gravelly soil of
sand
Sandy gravel of soil
Sandy gravel of
rubble

III
IV
V

Contents of different grain size
groups of classification
Gravel (%)
Soil (%)

Symbols of
classification

Project names

Simulated true values of different grain sizes
Gravel (%)

Sand (%)

Soil (%)

S.F
FS.G

<5
<30

≥10%
>10%

4.0%
15.0%

30.0%
25.0%

66.0%
60.0%

FG.S

30–50

>10%

40.0%

20.0%

40.0%

GS.F

50–70

>10%

60.0%

25.0%

15.0%

GS.R

>70

<5%

80.0%

16.0%

4.0%

31

191 192 193 194 195 196 197 198 199 200

y = 0.5697x + 24.004

181 182 183 184 185 186 187 188 189 190

161 162 163 164 165 166 167 168 169 170
151 152 153 154 155 156 157 158 159 160

ear
Sh

Sh
ear

141 142 143 144 145 146 147 148 149 150
131 132 133 134 135 136 137 138 139 140
121 122 123 124 125 126 127 128 129 130

Internal friction angle 𝜑 (∘ )

171 172 173 174 175 176 177 178 179 180

R2 = 0.7972
29

27

25

111 112 113 114 115 116 117 118 119 120
101 102 103 104 105 106 107 108 109 110

93

94

95

96

97

98

99 100

81

82

83

84

85

86

87

88

89

90

71

72

73

74

75

76

77

78

79

80

61

62

63

64

65

66

67

68

69

70

51

52

53

54

55

56

57

58

59

60

41

42

43

44

45
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49
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31

33
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37
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Figure 9: Relationship between gravel contents in shear bands and
internal friction angle.
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Figure 8: Schematic diagram of shear bands.
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and the internal friction angle might decrease when the gravel
contents increased. However, the average internal friction
angle of different gravel contents is increasing obviously with
the increase of sample gravel contents.
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Figure 10: Range of internal friction angle at different granular
media.
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Bacterial contamination is a prevalent problem in fungal dye wastewater decolorization that prevents the development of this
technology in practical engineering. New insight into the relationship between fungi and bacteria is given in terms of settleability,
bioadsorption, and biodegradation, which all confirm their synergistic effect. Sterilization is implied to be not the only mechanism
for fungi decolorization. When the fungi and bacteria isolated from the activated sludge were cocultured, fungi removed more than
70% of the reactive red through sole bioadsorption in 5 min and enhanced the settleability of the bacteria group from 7.7 to 18.4 in
the aggregation index. Subsequently, the bacteria played a more significant role in dye biodegradation according to the ultravioletvisible spectrum analysis. They further enhanced the decolorization efficiency to over 80% when cocultured with fungi. Therefore,
the advanced bioadsorption and settleability of fungi, combined with the good dye biodegradation ability of bacteria, results in the
synergistic effect of the coculture microorganisms.

1. Introduction
Effluents from textile industries that contain dyes are highly
colored and visually identifiable [1]. The complex aromatic
structure of dyes is resistant to light, biological activity, ozone,
and other degrading environmental conditions [2]. Fungi
have attracted much attention because of their ability to
decolorize dyes compared to simple single cell organisms as
their increased cell-to-surface ratio provides a greater physical and enzymatic contact condition [3]. They produce ligninmodifying enzymes, such as laccase, manganese peroxidase,
and lignin peroxidase, to tolerate the toxicity of dyes and
mineralize them [4].
Bacterial contamination is a prevalent problem in fungal
dye wastewater decolorization. Critical operational and environmental conditions, including temperature, pH, hydraulic
residence time, and sludge residence time [5], are usually
controlled to maintain the dominance of fungal biomass [6].
Fulfilling the above control conditions is extremely expensive
and unrealistic for practical wastewater treatment.
The present work gives new insight into the synergistic
relationship between fungi and bacteria. Fungi and bacteria
were cultured together in flasks containing typical reactive
dye, and no extra operational and environmental conditions

that favor the dominance of fungi were set during the whole
experiment. The roles of fungi and bacteria in bioadsorption,
biodegradation, total biomass concentration, and settleability
were evaluated, and they were significant to the decolorization efficiency of industrial wastewater plant operation.
The synergistic effect of fungi and bacteria enhanced their
decolorization and settleability, and it gives a novel view
on using fungi for textile wastewater treatment. Preventing
bacterial contamination or controlling fungi dominance is
not the best way to treat textile wastewater.

2. Materials and Methods
2.1. Medium. Basal salts medium (BSM) with additional
120 mg/L of reactive red X-3B (BSM-dye medium) was used.
The composition of the BSM media was as described by
Juhasz et al. [7]. The reactive red X-3B was purchased from
the Dye Synthesis Laboratory of China. The pH of the
medium was adjusted to 7.0, and the temperature was set to
25∘ C during cultivation.
2.2. Enrichment, Isolation, and Identification. A 100 mL portion of activated sludge sampled from a bioreactor in Jilin

2

2.3. Analysis. Absorbance measurements of the original
dye and the decolorized dye by spectrophotometer were
performed at 538 nm to estimate biodegradation occurrence using an ultraviolet-visible (UV-vis) spectrophotometer. Bioadsorption was evaluated using the decolorization efficiencies of the biomass after inactivation by supplementing
0.7 mg/L HgSO4 in the BSM-dye medium. The decolorization
efficiency of the X-3B was calculated by (1 − 𝐶/𝐶0 ) ×
100%, where 𝐶0 and 𝐶 represent the initial and the residual
concentrations of X-3B, respectively.
The biomass suspension was collected, and the aggregation index was measured by monitoring the changes in
absorbance at 600 nm using a UV-vis spectrophotometer.
The aggregation index (I%) was calculated using [8] 𝐼(%) =
((OD0 −OD30 )/OD0 )×100%, where OD0 and OD30 represent
the initial absorbance and the absorbance after 30 min of
deposition, respectively.
All experiments were performed in duplicate, and the
average values were used in the calculations.

3. Results
3.1. Isolation and Identification. Fungi and bacteria groups
were obtained after separation. Two fungi were isolated from
the fungi group. The 18S rRNA sequences revealed that the
sequences were 99% homologous to those of Geotrichum

4.0
3.5
3.0
2.5

220 nm

210 nm
248 nm

Decolorization
efficiency (%)

4.5

ABS

University was shaken overnight in 100 mL of Ringer’s solution (Dingguo, China) at 30∘ C and 110 rpm in an incubation
shaker. BSM (95 mL) containing 120 mg/L red reactive X3B was inoculated with 5 mL of the supernatant. When the
growth of the microorganisms was observed, enrichment was
continued by serially subculturing the sample several times in
the same medium using a 10% inoculum from the previous
culture.
Initial attempts to separate the resulting fungal-bacterial
consortium involved subculturing it into the fresh BSM
medium containing 0.1 g/L cycloheximide. The absence of
fungi was confirmed by plating the subculture onto PDA
after each transfer. The resulting bacterial consortium is
referred to as the bacteria group hereinafter. To isolate the
fungi, the enriched culture was diluted 10-fold, and 0.1 mL
of the samples was spread onto PDA plates supplemented
with 0.06 g/L penicillin G and 0.1 g/L streptomycin sulfate.
Fungal colonies were selected and replated on the same
medium until pure colonies were obtained. The pure colonies
were subcultivated on PDA and were identified. A 500 𝜇L
portion of each colony spore suspension (with 0.2 OD600 )
was inoculated into the BSM-dye medium for the subsequent
subculturing. This fungal consortium is referred to as the
fungi group hereinafter.
The bacterial and fungal samples were obtained through
centrifugation (8000 rpm) and washed twice with PBS buffer.
Then, DNA extraction, polymerase chain reaction amplification, and denaturing gradient gel electrophoresis (DGGE)
analysis of the bacteria/fungi group were consigned to a professional biological engineering company (Sangon Company,
Shanghai, China).
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Figure 1: UV-vis spectra of the original reactive red X-3B and the
residuals after culturing the bacteria and fungi groups in the BSMdye medium for 3 days, respectively; X-3B adsorption efficiencies of
bacteria and fungi groups, respectively (inset).

candidum (Genbank accession number: KJ543497) and Candida pseudolambica (Genbank accession number: KJ543498),
respectively. Geotrichum candidum was filamentous under
the microscope (Olympus, BX40, Japan) with a Pro-Micro
Scan system and the size of the granules was determined
using the Scopephoto software. For bacteria identification,
the sequences of the 15 dominant bands that appeared in
the DGGE profiles were identified and compared with those
available in the GenBank library. The majority of the bacterial
16S rDNA sequences were grouped with the members of
proteobacteria (9 in total), six of which were in the 𝛽 subdivision. The other bacterial species in the bacteria group were
Sphingobacteriia, Flavobacteriia, Bacteroidia, Nitrospirales,
and Phycisphaerae.
3.2. Decolorization Mechanisms of the Two Groups. The reactive red X-3B decolorization mechanisms of the fungi group
and bacteria group were attributed to both bioadsorption
and biodegradation functions, as shown in Figure 1. However,
the contributions of bioadsorption and biodegradation in
the X-3B decolorization for the microbial groups were quite
different. Bioadsorption, instead of biodegradation, plays a
more significant role in fungi group decolorization as it
achieved more than 70% decolorization in 5 min. Such great
adsorption capability of fungi is due to their wide range of
binding sites for azo dyes [9], that is, amino, carboxyl, phosphate, and hydroxyl functional groups located on the surface
of fungi [10]. Using fungi as adsorbing agents has received
much attention [11]. However, the removal efficiency of X-3B
reached only 44% when absorption achieved equilibrium at
15 min.
The bacteria group seemed to have complementary
advantages over fungi group in terms of bioadsorption
and biodegradation. The living bacteria group had stronger
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Figure 2: Aggregation indexes and biomass concentrations of the
bacteria group, fungi group, and bacteria-fungi coculture at the
stationary phase.

biodegradation ability than that of the fungi group (Figure 1).
Reactive red X-3B has a maximum absorption peak at
538 nm, and this peak almost disappeared after the bacteria
group biodegradation. The new products are found at wavelengths of 210 nm and 248 nm. The chromogenic group of X3B was broken, and it generated other chromogenic groups.
The biodegradation ability of fungus was not as strong as
that of bacteria because the peak at the wavelength of 538 nm
was still apparent. The products of the fungus group were
different from those of the bacteria group, as confirmed by the
shifting of the maximum absorption wavelength from 538 nm
to 220 nm and 270 nm.
In brief, both bioadsorption and biodegradation decolorized reactive red X-3B for both the bacteria group and the
fungi group. Fungi showed a much better bioadsorption capability and reached equilibrium in 5 min, whereas the bacteria
group had a more radical biodegradation for decolorization.
3.3. Settleability Enhancement of the Fungus Group. The
aggregation index was used to evaluate the aggregation capability of the microorganisms. At the stationary phase of the
microbial groups (the 6th day of culture), the bacteria group
had the poorest self-aggregation ability, with an aggregation
index of 7.7. The aggregation index of the fungi group was
68.5, with a very clear boundary between the settled biomass
and the supernatant (see Figure 2). Thus, the settleability of
the mixed group reached an acceptable degree, with an aggregation index of 18.4. The biomass concentrations of these
microbial groups were close. This finding indicates that the
aggregation indexes of the groups are comparable and that the
competition between bacteria and fungus in the cocultured
group does not affect the total biomass. As expected, the
fungus enhanced the settleability in the synergistic fungibacteria cocultured group and had no significant influence
on the total biomass production.

0.2
0.3
Nutrient concentration (mg/L)

Fungi group
Bacteria group

0.4

Fungal + bacteria

Figure 3: Reactive red X-3B decolorization efficiencies at different
nutrient levels (each concentration of (NH4 )2 SO4 , KH2 PO4 , and
K2 HPO4 is 0.1, 0.2, 0.3, and 0.4 mg/L) for the bacteria group, fungi
group, and bacteria-fungi coculture at the stationary phase.

3.4. Decolorization Enhancement of the Bacteria Group. The
reactive red X-3B decolorization efficiencies with different
kinds of nutrient (i.e., (NH4 )2 SO4 , KH2 PO4 , and K2 HPO4 ) at
different levels were determined to identify the decolorization
abilities of the individuals and the cocultured bacteria and
fungi group (see Figure 3). The influence of nutrient feed
levels on decolorization seemed to be generally consistent for
the three groups, and the decolorization efficiencies tended
to be higher when the nutrient supplications were more
abundant. The efficiencies of the three groups with different
kinds of nutrient at the same level were very close, and
the bacteria group seemed to have a positive effect on the
decolorization ability of the cocultured group because of
its advanced biodegradation performance (see the UV-vis
spectra results in Figure 1).

4. Discussion
Traditionally, bacterial proliferation is a problem in nonaseptic fungal decolorization. Bacteria compete with fungi for
substrates, and they also deteriorate the dewatering ability
[6]. An insight into the synergistic relationship between the
fungi group and the bacteria group for azo dye wastewater
treatment was given without artificial modification of any
operational, environmental, and physiological conditions.
These synergistic effects were expressed as both the enhanced
settleability of the fungi group and the enhanced biodegradation ability of the bacteria group when the two groups
were cocultured. The former is the main contributor to the
separation of biomass and effluent, and the latter plays a
more important role in the improvement of the quality of
the effluent (Figure 4). The fungus in the cocultured group
adsorbed the azo dye in several minutes. This adsorption is
attributed to the many binding functional groups in their
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Figure 4: Insight into the synergistic effect of fungi and bacteria for
reactive red X-3B decolorization.

cell walls, such as amino, carboxyl, thiol, and phosphate
[2]. Then, the azo molecule dye closed around the fungal
and bacterial cells that were wrapped together. The dye was
easier to transfer into their cells for further biodegradation.
The enzyme-mediated activity of fungi enabled the treatment
of wastewater containing hazardous or xenobiotic organic
pollutants [12]. Thus, the toxicity of the dye dramatically
decreased when the bacteria, which presented a much greater
growth speed, were added [13].
As discussed above, the synergistic effect of the fungi
group and the bacteria group shows that they promoted their
own bioaccumulation, bioadsorption, and biodegradation.
The relationship between the fungi group and the bacteria
group is implied to be not limited to completion, but it
could also be a synergistic effect. Therefore, sterilization is
not the only way to use fungi for wastewater treatment. The
bacteria and fungi groups used in this work were isolated
from the same source. The synergistic effect between them
was stronger than that from different sources. This process
may be an effective way to strengthen the synergistic effect
rather than the competition between the two groups.

5. Conclusions
Two fungi and 15 bacteria were isolated from activated sludge
and were identified and classified into the fungi group and the
bacteria group, respectively. Fungi played a more significant
role in bioadsorption and settleability, and bacteria were more
efficient in reactive red X-3B decolorization when cocultured.
The synergistic relationship was implied between the fungi
group and the bacteria group for the azo dye wastewater
treatment. Therefore, the expensive artificial modification of
operational, environmental, and physiological conditions to
prevent bacterial contamination is not necessary. The bacteria
group and the fungi group used in this work were isolated
from the same source. Using cocultured microorganisms
from the same source is an effective way to strengthen the
synergistic effect.
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In this work the gelation behaviors of binary organogels composed of azobenzene amino derivatives and alkyloxybenzoic acids
with different lengths of alkyl chains in various organic solvents were investigated and characterized. The corresponding gelation
behaviors in 20 solvents were characterized and shown as new binary organic systems. It showed that the lengths of substituent
alkyl chains in compounds have played an important role in the gelation formation of gelator mixtures in present tested organic
solvents. Longer methylene chains in molecular skeletons in these gelators seem more suitable for the gelation of present solvents.
Morphological characterization showed that these gelator molecules have the tendency to self-assemble into various aggregates from
lamella, wrinkle, and belt to dot with change of solvents and gelator mixtures. Spectral characterization demonstrated different
H-bond formation and hydrophobic force existing in gels, depending on different substituent chains in molecular skeletons.
Meanwhile, these organogels can self-assemble to form monomolecular or multilayer nanostructures owing to the different lengths
of due to alkyl substituent chains. Possible assembly modes for present xerogels were proposed. The present investigation is
perspective to provide new clues for the design of new nanomaterials and functional textile materials with special microstructures.

1. Introduction
In recent years, organogels have been attracting more attention as one kind of special functional materials, in which
various organic solvents are immobilized by different gelators
[1–4]. Previously gels are widely found in polymer systems;
however, there has recently been more increasing attention in low-molecular-mass organic gelators (LMOGs) [5–
9]. In recent years, organized gelation of organic solvents
by LMOGs has been reported as one of the hot areas in
the soft matter and organized materials fields due to their
scientific values and many potential applications in the
biomedical field, including drug delivery, tissue engineering,
and medical implants [10–14]. The gels based on LMOGs
are commonly regarded as supramolecular gels, in which the

gelator molecules can self-assemble in an orderly manner
and form three-dimensional nanostructures in which the
solvent is captured via various noncovalent interactions, such
as 𝜋-𝜋 stacking, hydrogen bonding, van der Waals interaction, coordination, solvophobic interaction, dipole-dipole
interaction, and host-guest interaction [15–17]. LMOGs have
some advantages over polymer gels: the molecular structure
of the gelator is defined and the gel process is usually
reversible. Such properties make it possible and reasonable to
design various functionalized assembly systems and produce
more complicated and/or controllable nanocomposites and
nanostructures [18–20].
In our previous reported research work, the gelation
properties of some cholesterol imide compounds with
cholesteryl units and azobenzene substituent headgroups

2
have been characterized and investigated [21]. We found that
the change in azobenzene headgroup can produce an obvious
change in the gelation formation and assembly modes of
these compounds. Furthermore, another gels system based
on some bolaform and trigonal cholesteryl compounds with
different molecular skeletons have been characterized [22]. In
this paper, we have characterized the spacer effect on the gel
formation and nanostructures of such organogels and found
that different kinds of hydrogen bond interactions among the
molecules play a crucial role in the self-assembly process.
As a subsequent research work, now, we have prepared new binary organogels composed of aminoazobenzene
derivatives and alkyloxybenzoic acids with different lengths
of alkyl chains. We have found that some of present mixtures
could form various organogels in different organic solvents.
Morphological investigation of present organogels indicated
the formation of different nanostructures of the aggregates
in the gels. In addition, we have characterized the effect of
substituent methylene chains in gelators on the nanostructures of present organogel systems and found various kinds
of self-assembly modes. This report may afford a specific
approach to understanding the soft matter and design of new
nanomaterials and functional textile materials.

2. Experiments
2.1. Materials and Reagents. 4-Aminoazobenzene and 2aminoazotoluene were purchased from Alfa Aesar Tianjin
Chemicals and TCI Shanghai Chemicals, respectively. Other
used reagents with analysis purity were obtained from Beijing
Chemicals and distilled before use. Deionized water was
used in all process. 4-n-Alkyloxybenzoic acids with different
substituent chain lengths (carbon numbers 18, 16, 14, and 12)
were prepared in similar method according to previous paper
[23] and confirmed by 1 H NMR.
2.2. Gelation Test. All mixed organogels were prepared
according to a simple procedure. Firstly, these alkyloxybenzoic Acids and amine compounds were mixed with 1: 1 molar
ratio according to the number matching of intermolecular
carboxylic acid and amine group, respectively. Then, a fixed
amount of binary mixtures and a volume of organic solvent
were taken into a sealed glass bottle and ultrasonically
dispersed evenly. Then the solution was heated in a water
bath at 70∘ C for 20 min. After that, the solution was cooled
to room temperature in air and the test bottle was inversed
to see if a gel was formed. If the binary mixture formed a gel
by immobilizing the solvent at this stage, it was designated
as a gel system “G.” For the systems in which only solution
obtained until the end of the tests, they were denoted
by solution (S). When the binary mixtures formed into a
few precipitates in some solvent, it was denoted as a “PS.”
Critical gelation concentration (CGC) refers to the minimum
concentration of the gelator for gel formation.
2.3. Characterization Techniques. Firstly, these xerogels were
obtained by a vacuum pump for 12–24 h from the as-formed
gels under the critical gelation concentration. Then the dried
samples were attached to different substrates, such as copper
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plates, glass slices, and CaF2 slice for morphological and spectral investigation, respectively. Before SEM measurement, the
xerogels were coated on copper plates fixed by conductive
adhesive tape and shielded by gold. SEM images of the
xerogels were obtained from a Hitachi S-4800 field emission
scanning electron microscopy with the accelerating voltage
of 5–15 kV. Transmission FT-IR spectra of the xerogels were
measured by Nicolet is/10 FT-IR spectrophotometer from
Thermo Fisher Scientific Inc. by average 32 scans with a
resolution of 4 cm−1 . The XRD patterns were measured by
a Rigaku D/max 2550PC diffractometer (Rigaku Inc., Tokyo,
Japan). The curves were obtained by CuK𝛼 radiation with an
incident wavelength of 0.1542 nm under a voltage of 40 kV
and a current of 200 mA with scan rate of 0.5∘ /min.

3. Results and Discussions
3.1. Gelation Behaviors. Firstly, the gelation properties
of all binary mixtures in 20 solvents are investigated.
The experimental data showed that the binary mixtures
of alkyloxybenzoic acids with different alkyl chains and
4-aminoazobenzene/2-aminoazotoluene could form organogels in special organic solvents, as listed in Table 1. The
binary mixtures of alkyloxybenzoic acids with different
carbon numbers (18, 16, 14, and 12) and 4-aminoazobenzene
are denoted as C18-Azo, C16-Azo, C14-Azo, and C12-Azo,
respectively. Similarly, the binary mixtures of these acids
and 2-aminoazotoluene are denoted as C18-Azo-Me, C16Azo-Me, C14-Azo-Me, and C12-Azo-Me, respectively. Firstly,
for the mixtures containing longer alkyl chains with carbon
numbers of 18 and 16, 4 and 6 kinds of organogels can be
formed in different solvents, respectively. For example, C18Azo can form gels in toluene, nitrobenzene, ethanolamine,
and benzene, respectively. In addition, for the cases with
shorter alkyl chains, only two and one kinds of organogels
can form organogels in present solvents for mixtures with
carbon numbers of 14 and 12, respectively. The organogels
have been only prepared in ethanolamine for C12-Azo and
C12-Azo-Me systems, respectively. Their photographs of
all as-made organogels in various solvents were shown in
Figure 1. The present research results indicated that length
change of alkyl substituent chains can have an obvious effect
upon the gel formation of present studied mixtures. This
phenomenon indicated that longer methylene chains in
molecular skeletons in present gelators systems are more
suitable for the present mixtures, which was similar to the
recent reports [23, 24]. Furthermore, it should be noted
that the difference of methyl groups in azobenzene segment
seemed to have no obvious effect on the regulation of gelator
behaviors in present cases, which is different from previous
report [21].
3.2. Morphological Investigation. It has been reported that
various gelator molecules can construct nanoscale superstructures such as fibers, ribbons, and sheets in a supramolecular gel [25–27]. In order to obtain more insight into
the gel nanostructures, the organized structures of these
organogels were characterized by SEM technique, as shown in
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Table 1: Gelation behaviors of these binary organogels at room temperature.

Solvents
Acetone
Aniline
n-Hexane
Toluene
Pyridine
Isopropanol
Cyclopentanone
Cyclohexanone
Nitrobenzene
n-Butanol
Ethanolamine
n-Butyl acrylate
1,4-Dioxane
Petroleum ether
Ethyl acetate
Chloroform
THF
DMF
DMSO
Benzene

C18-Azo
PS
PS
S
G (3.0)
S
S
PS
PS
G (3.0)
S
G (3.0)
PS
S
PS
PS
PS
S
S
S
G (3.0)

C18-Azo-Me
PS
PS
S
G (3.0)
S
S
PS
PS
G (3.0)
S
G (3.0)
PS
S
PS
PS
PS
S
S
S
G (3.0)

C16-Azo
PS
PS
S
G (2.8)
S
S
PS
PS
G (2.5)
S
G (2.8)
G (2.8)
S
PS
PS
G (2.5)
S
S
S
G (2.8)

C16-Azo-Me
PS
PS
S
G (2.8)
S
S
PS
PS
G (2.5)
S
G (2.8)
G (2.8)
S
PS
PS
G (2.5)
S
S
S
G (2.8)

C14-Azo
PS
PS
S
S
S
S
PS
PS
G (2.5)
S
G (2.5)
PS
S
PS
PS
PS
S
S
S
PS

C14-Azo-Me
PS
PS
S
S
S
S
PS
PS
G (2.5)
S
G (2.5)
PS
S
PS
PS
PS
S
S
S
PS

C12-Azo
PS
PS
S
S
S
S
PS
PS
S
S
G (2.5)
PS
S
PS
PS
PS
S
S
S
S

C12-Azo-Me
PS
PS
S
S
S
S
PS
PS
S
S
G (2.5)
PS
S
PS
PS
PS
S
S
S
S

DMF, dimethylformamide; THF, tetrahydrofuran; DMSO, dimethyl sulfoxide; S: solution; PS: partially soluble; and G: gel; for gels, the critical gelation
concentrations at room temperature are shown in parentheses (% w/v).

(a)

(b)

(c)

(d)

Figure 1: Photographs of as-made organogels: (a), C18-Azo and C18-Azo-Me; (b), C16-Azo and C16-Azo-Me; (c), C14-Azo and C14-Azo-Me;
and (d), C12-Azo and C12-Azo-Me, respectively.

Figures 2, 3, and 4. From the present diverse images, it can
be obviously observed that the nanostructures of all xerogels
from various solvents are obviously different from each other,
and the nanostructures of the aggregates change from lamella,
wrinkle, and belt to dot with change of solvents and mixtures.
Furthermore, more nanorod or nanobelt aggregates with different sizes were obtained in gels with longer alkyl substituent

chains. In addition, it should be noted that these belt-like
aggregates showed a tendency to aggregate together due to
highly directional intermolecular interactions and/or solvent
evaporation. The difference of morphologies can be mainly
attributed to the different strengths of the intermolecular
forces, such as hydrophobic force between alkyl methylene
chains and 𝜋-𝜋 stacking of azobenzene segments, which
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2: SEM images of xerogels. C18-Azo (a, b, c, and d) and C18-Azo-Me (e, f, g, and h) in toluene, nitrobenzene, ethanolamine, and
benzene, respectively.

can regulate the orderly staking and formation of organized
aggregates in gel formation.
3.3. Spectral Investigation. In addition, in order to further
character the organized stacking unit of xerogels nanostructures, XRD patterns of all xerogels were measured, as shown
in Figure 5. Firstly, the curves of C18-Azo and C18-Azo-Me
xerogels from various solvents show similar strong peaks
in the angle region (2𝜃 values, 5.44, 6.02, 9.02, 16.78, and
19.38∘ ) corresponding to 𝑑 values of 1.63, 1.47, 0.98, 0.53,
and 0.46 nm, respectively. In addition, for the curves of C16Azo and C16-Azo-Me xerogels, the minimum peaks appeared
at 2𝜃 value of 5.92∘ , corresponding to 𝑑 value of 1.49 nm.
However, as for the curves of C14-Azo and C14-Azo-Me from
nitrobenzene and ethanolamine, the small 2𝜃 values are 2.18
and 3.44∘ , corresponding to 𝑑 values of 4.06 and 2.57 nm,
respectively. Meanwhile, as for the curves of C12-Azo and
C12-Azo-Me from ethanolamine, the small 2𝜃 values are 2.50
and 3.76∘ , corresponding to 𝑑 values of 3.54 and 2.35 nm,
respectively. The difference of values between C18-Azo and
C16-Azo with longer alkyl methylene chains can be mainly

attributed to the change of length in substituent groups linked
to azobenzene segment in the molecular skeleton, which
affected the assembly modes in the 3D stacking of organogels
[28]. At the same time, for these xerogels from gelators with
shorter alkyl chains, the changed 𝑑 values indicated organized
multilayer formation in the self-assembly of organogels. The
XRD results mentioned above demonstrated that the length
of substituent alkyl chain in molecular skeletons had obvious
effect on the assembly modes of these gelator mixtures.
It is reported that hydrogen bonding can be used to
monitor the self-assembly process of organogels [29]. In
present case, in order to investigate the effect of many factors
on assembly, the FT-IR spectra of all xerogels were measured,
as shown in Figure 6. Firstly, C18-Azo xerogel was taken as an
example, as shown in Figure 6(a). Some main characteristic
peaks were observed at 3374, 2917, 2848, 1705, 1602, and
1471 cm−1 , respectively, which could be assigned to the N–H
and O–H stretching, methylene stretching, carbonyl group
band, amide I band, and methylene scissoring, respectively
[30, 31]. These bands indicated that the formation of hydrogen
bonding interactions between intermolecular amino and
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)
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Figure 3: SEM images of xerogels. C16-Azo (a, b, c, d, e, and f) and C16-Azo-Me (g, h, i, j, k, and l) in toluene, nitrobenzene, ethanolamine,
n-butyl acrylate, chloroform, and benzene, respectively.

carboxylic acid groups in the gel state can regulate the
self-assembly modes of the gelator molecules to stack in
ordered nanostructures. Similar spectra were observed for
other xerogels.
3.4. Discussion of Assembly Modes. Considering the XRD
results described above and the hydrogen bonding nature
of these binary mixtures as confirmed by FT-IR measurements, the possible assembly modes for present xerogels
were proposed and schematically shown in Figure 7. As
for xerogel of C18-Azo and C16-Azo containing longer alkyl

chains, due to the strong intermolecular hydrophobic force
between substituent alkyl chains and hydrogen bonding
interaction between amino and carboxylic acid groups, these
gelators can self-assemble to form orderly nanostructures.
The calculated repeating unit with length of about 1.6∼
1.7 nm was obtained. The obtained experimental values were
1.63 and 1.49 nm for gels of C18-Azo and C16-Azo, respectively, which was in well accordance with the calculation
result. In addition, for the xerogels of C14-Azo and C12Azo with shorter alkyl chains, with the decrement of alkyl
substituent chains, the weaker intermolecular hydrophobic
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4: SEM images of xerogels. C14-Azo (a and b) and C14-Azo-Me (c and d) in nitrobenzene and ethanolamine, respectively; C12-Azo
(e) and C12-Azo-Me (f) in ethanolamine, respectively.

force between the alkyl chains of the neighboring molecules
will not enable present gelators to orderly assemble as those
cases with longer chains and show a tendency to self-assemble
to form multilayer structures and more disorderly stacking
unit. Thus, the obtained experimental values were double
or multilayer values compared to monomolecular lengths of
C14-Azo and C12-Azo. Meanwhile, it should be noted that
this phenomena is similar to the results of recent reports
[21, 24, 30]. Therein, the substituent groups in azobenzene
residue, luminol segment, or benzimidazole/benzothiazole
imide compounds can have an obvious effect upon the gel
formation, self-assembly, and the as-formed nanostructures
of the studied compounds. For the present system, the
experimental results also demonstrated that the substituent
methylene chains had played a very crucial role in changing
the assembly modes and nanostructures in these organogels.

4. Conclusion
The gelation behaviors of binary organogels composed of
azobenzene amino derivatives and alkyloxybenzoic acids
with different lengths of alkyl chains in various organic
solvents were investigated. The experimental results indicated
that their gelation behaviors could be changed by varying
the lengths of substituent methylene chains. Longer alkyl
methylene chains in molecular skeletons in present gelation
systems are suitable for the gel formation and self-assembly
of organic solvents. For the mixtures containing longer alkyl
chains with carbon numbers of 18 and 16, 4 and 6 kinds of
organogels can be formed in different solvents, respectively.
In addition, for the cases with shorter alkyl chains, only two
and one kinds of organogels can form organogels in present
solvents for mixtures with carbon numbers of 14 and 12,
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Figure 5: X-ray diffraction patterns of xerogels. C18-Azo (A) and C18-Azo-Me (B) in toluene (a), nitrobenzene (b), ethanolamine (c),
and benzene (d), respectively; C16-Azo (C) and C16-Azo-Me (D) in toluene (a), nitrobenzene (b), ethanolamine (c), n-butyl acrylate
(d), chloroform (e), and benzene (f), respectively; C14-Azo and C14-Azo-Me (E) in nitrobenzene (a and c) and ethanolamine (b and d),
respectively; C12-Azo and C12-Azo-Me (F) in ethanolamine (a and b), respectively.
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Figure 6: FT-IR spectra of xerogels. C18-Azo (A) and C18-Azo-Me (B) in toluene (a), nitrobenzene (b), ethanolamine (c), and benzene (d),
respectively; C16-Azo (C) and C16-Azo-Me (D) in toluene (a), nitrobenzene (b), ethanolamine (c), n-butyl acrylate (d), chloroform (e), and
benzene (f), respectively; C14-Azo and C14-Azo-Me (E) in nitrobenzene (a and c) and ethanolamine (b and d), respectively; C12-Azo and
C12-Azo-Me (F) in ethanolamine (a and b), respectively.

Journal of Spectroscopy

9

(a)

(b)

Figure 7: Schematic assembly modes for organogels of C18-Azo (a) and C12-Azo (b).

respectively. Morphological characterization indicated that
the gelator molecules could organize in orderly stacking
and self-assemble into different nanostructures from lamella,
wrinkle, and belt to dot with change of solvents and gelator
mixtures. Spectral characterization indicated that different
H-bond formation and hydrophobic force could be obtained
depending on different substituent chains in molecular skeletons. Meanwhile, these organogels can self-assemble to form
monomolecular or multilayer nanostructures owing to the
different lengths of due to alkyl substituent chains. Possible
assembly modes for present xerogels were proposed. The
prepared nanostructured materials have wide perspectives
and many potential applications in nanoscience and material
fields due to their scientific values. The present investigation
is perspective to provide new clues for the design of new
nanomaterials and functional textile materials with special
microstructures.
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Despite having a wide range of beneficial pharmacological effects, curcumin is characterized by poor water solubility and
absorption. In this study, novel polyurethane microspheres containing curcumin (Cur-PUMs) were prepared using carboxymethyl
cellulose sodium to improve the bioavailability and prolong the retention time of curcumin. The prepared Cur-PUMs were
characterized by Fourier transform infrared spectroscopy, scanning electron microscope, and ultraviolet spectrophotometer. The
sustained-release effects of Cur-PUMs were demonstrated using stability tests in vitro and in vivo pharmacokinetic studies following
oral administration. We found that the stability of Cur-PUMs was strongly affected by pH variation. Further, compared with free
curcumin, Cur-PUMs showed significantly improved maximum concentration and half-life.

1. Introduction
Curcumin (diferuloylmethane, MW = 368.37), the main
component of turmeric, possesses a wide range of pharmacological activities including anti-inflammatory, anticancer,
antioxidant, wound healing, and antimicrobial effects and has
been widely used for centuries in indigenous medicine for
the treatment of inflammatory conditions and other diseases
(Figure 1) [1]. Further, epidemiological studies suggest that
curcumin consumption may reduce the risk of cancer as well
as having other protective biological effects in humans [2].
Raw curcumin products contain a mixture of curcumin,
demethoxycurcumin, and bisdemethoxycurcumin [3]. Currently, there are few methods to determine the amount
of curcumin in food. Although alkaline extraction regimes
have been used previously to determine levels of annatto
in food, these methods are unsuitable for the extraction
of curcumin as it is unstable in alkaline conditions [4–6].
Owing to this instability, it is unsurprising that the relative
alkalinity of the intestines promotes the decomposition of
curcumin, preventing its absorption. This effect has been
demonstrated in rats via oral administration of different

doses of 3H-curcumin [7]. Following oral administration,
only trace amounts of curcumin were found in urine. Rather,
approximately 75% of curcumin was excreted in the feces
because of its rapid metabolism and low aqueous solubility
[8].
Several strategies have been developed to circumvent the
limitations of curcumin, including encapsulation in liposomes, biodegradable microspheres, cyclodextrin, hydrogels,
polymeric nanoparticles, and lipid-based nanoparticles [9].
Recently, Sun et al. showed that the anti-inflammatory activity of curcumin is enhanced when curcumin is encapsulated
in exosomes [10]. Their work indicated that exosomes, but
not lipids alone, are required for the enhanced effect. Further,
Akhtar et al. [11] found that curcumin bound to chitosan
nanoparticles did not degrade as rapidly as free curcumin
when the particles were incubated in mouse plasma in vitro
at room temperature. These results suggested that the binding
of curcumin to chitosan nanoparticles increased its chemical stability and enhanced its bioavailability when fed to
mice. Souguir et al. made a nanoencapsulation of curcumin
in polyurethane and polyurea shells using an emulsiondiffusion method and investigated parameters affecting
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Figure 1: The structure of curcumin.

the mean diameter and size distribution of the particles
[12]. Finally, Cassano et al. successfully prepared a novel
curcumin-based microsphere for the oral delivery of azathioprine [13].
Understanding the effects of pH on curcumin may help
achieve drug delivery in a manner that promotes a more
concentrated release of curcumin and/or the protection of
curcumin from rapid degradation. The progress of pH targeting nanotechnology has been reviewed previously [15]. In
addition, the theory behind pH targeting has also been discussed by Filippov et al. [16]. A number of groups have published work reporting pH responsive drug delivery. Wang
et al. recently prepared temperature- and pH responsive
nanoparticles of biocompatible polyurethanes for the delivery
of doxorubicin [17]. In addition, Hong et al. published PLGAPEG-PLGA thermo- and pH responsive copolymer micelles
[18]. Finally, Zhang et al. have developed pH responsive
microspheres and evaluated them in different pH conditions
[19].
In this paper, carboxymethylcellulose sodium (NaCMC) polyurethane microspheres (PUMs) containing curcumin were prepared using isophorone diisocyanate (IPDI),
polyethylene glycol (PEG), and Na-CMC. The primary
metabolite of IPDI is an ester ring diamine, which is considered nontoxic to humans and is not known to cause inflammation. Moreover, pure CMC has undergone stringent
biological research and toxicological testing and has been
approved by the World Health Organization (WHO) for
food applications. PEG is a nonimmunogenic, biodegradable
molecule with many beneficial physical and biochemical
properties. For example, PEG is nontoxic and miscible in
many solvents. Moreover, PEG itself is not adsorbed by
platelets or proteins.
The objective of this study was to prepare Cur-PUMs and
optimize an encapsulation process based on the emulsiondiffusion method. Further, the drug release profile and
pharmacokinetic parameters of Cur-PUMs were investigated
in vitro and in vivo following oral administration to evaluate
its sustained-release and pH responsive properties.

2. Experimental
2.1. Materials. PEG (MW = 1000.800 Da), IPDI (99%), NaCMC (99%), N-(2,3-dimercaptopropyl)phthalamidic acid
(DMPA, 99%), 1,4-butanediol (BDO, 99%), dibutyltin dilaurate (DBTDL, 99%), ethyl acetate (EA, 99%), triethylamine
(TEA, 99%), and ethylenediamine (EDA, 99%) were purchased from Xi Reagent Co., Ltd. (Sichuan, China). Curcumin (Cur) was purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). PEG, DMPA, and Na-CMC were

dehydrated in a vacuum oven at 110∘ C for 3 h. Curcumin must
be dehydrated before placement in a nitrogen atmosphere.
2.2. Preparation of Cur-PUMs. Polyurethane was synthesized
by a condensation reaction, via coupling reactions between
the terminal hydroxyl groups (–OH) of PEG and Na-CMC
and the isocyanate groups (–NCO) of IPDI and DMPA. BDO
was used as a chain extender, DBTDL was used as a catalyst,
and TEA and EDA were used as neutralization agents in this
reaction.
First, IPDI, EA (as solvent), the requisite percent of NaCMC, and 10 g PEG were added into three-neck roundbottom flask with a stirrer, reflux condenser, and thermometer. DBTDL was added dropwise (4-5 drops) as a catalyst.
The flask was then heated to 70–90∘ C and stirred for 1–3 h.
The flask was cooled to 50–70∘ C and DMPA was added.
The reaction was incubated for 3 h. BDO was added and the
reaction mixture was incubated for an additional 0.5 h. Next,
the mixture was cooled to 40∘ C and 5 g of curcumin was
added. TEA was added dropwise to the reaction for 30 min.
This was followed by addition of EDA and incubation for
30 min. Finally, the flask was cooled to 30∘ C, and deionized
water was added with stirring for 1–3 h until emulsified. The
mixture was distilled at 65∘ C by reducing pressure.
2.3. Characterizations. Synthesized PUMs, curcumin, and
Cur-PUMs were analyzed by Fourier transform infrared
spectroscopy (FTIR) using a Jasco 4200 instrument. The test
samples were prepared as described previously [12].
A standard curve was plotted to determine the concentration of curcumin versus ultraviolet spectrophotometer
(UV) absorbance. To develop this curve, the absorbance of
known concentration of curcumin dissolved in methanol
(0.612 ng/mL, 1.244 ng/mL, 1.836 ng/mL, 2.448 ng/mL,
3.060 ng/mL, and 15.30 ng/mL) was determined via Nanodrop 1000 spectrophotometer.
Encapsulation efficiency (EE) is defined as the curcumin
contained within the Cur-PUMs (𝑚𝐸 ) divided by the initial
amount of curcumin used (𝑚𝐼 ). 𝑚𝐹 is the curcumin left in
solution during the loading study, as given by the following
equation:
EE (%) =

𝑚𝐸
,
𝑚𝐼

(𝑚𝐸 = 𝑚𝐼 − 𝑚𝐹 ) .

(1)

Drug loading efficiency (DL) is defined as the contained
curcumin amount (𝑚𝐸 ) divided by the amount of microspheres (𝑚𝑀). The 𝑚𝑀 could be obtained via filtration and
distillation after the PU shells were dissolved and cleaned
with DMF:
DL (%) =

𝑚𝐸
.
𝑚𝑀

(2)

All the samples were deposited with gold before scanning
with a scanning electron microscope (SEM) using JEOL
JSMT 300A instrument, just as previously described [11].
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2.4. Influences of Process Parameters on EE and DL during
Synthesis. Several parameters were taken into account and
should be defined first briefly as follows:

𝐶Cur =

4000

2933
3500
3000

(3)

2860
2500

1624
1703 1573
2000
1500

1103
1000

500

Wavenumber (cm−1 )

PUMs

𝑚 (Na-CMC)
× 100
𝑚1

(4)

𝑚 (curcumin)
.
V (solvent)

(5)

𝑛(−NCO) and 𝑛(−OH) are the molar contents of the
–NCO group and –OH group of all the components.
𝑚(Na-CMC) and 𝑚(curcumin) are the mass content of NaCMC and curcumin. 𝑚1 is the mass of all components except
Na-CMC and curcumin. The influence of 𝐶Cur on EE and
DL was studied when 𝑅 was 3.0 and 𝑀Na-CMC was 2.0. The
influences of 𝑀Na-CMC were assessed when 𝑅 was 3.0 and 𝐶Cur
was 0.3. The influences of 𝑅 were assessed when 𝑀Na-CMC was
0.3 and 𝐶Cur was 2.0. Finally, the influences of 𝑅 were assessed
again in the optimized process, as were the effects of both
𝑀Na-CMC and 𝐶Cur on EE and DL.

(a)

Transmittance

𝑀Na-CMC =

𝑛 (−NCO)
𝑛 (−OH)
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2.5. Analysis of Curcumin Concentration In Vitro and In Vivo.
A standard curve was established for use in both in vitro and
in vivo studies. For the in vitro study, 0.5 mg/mL curcumin
in acetonitrile was diluted to 5–50 𝜇mol/L with PBS (pH
7.4). Absorbance was measured with a spectrophotometer
at 420 nm. For the in vitro assay, the standard curve was
developed by diluting 0.5 mg/mL curcumin with plasma
collected from Sprague Dawley rats. The samples were mixed
with emodin and centrifuged to remove protein in the
plasma. The samples were then detected by UV-HPLC with
a 𝐶18 column and at a wavelength of 420 nm, as previously
reported by Sun et al. [10]. PBS solutions were prepared as
previously reported [19].
Cur-PUMs were placed in an Eppendorf tube with 0.5 mg
curcumin, and 5 mL of releasing medium was added. All
samples were incubated at 37∘ C under gentle agitation in the
dark. The absorbance of the samples was detected at various
time points (0, 0.5, 1.0, 2.0, 3.0, and 20 h). The extractions
were centrifuged at 10000 rpm for 15 min and the supernatant
was discarded. The solution was then diluted and detected, as
mentioned above.
To study the releasing properties of Cur-PUMs in vivo,
Sprague Dawley rats were divided into two groups. Group
A received an oral administration of curcumin (200 mg/kg),
whereas Group B received Cur-PUMs (200 mg/kg). Blood
(0.5 mL) was extracted at various time points (0.5, 1.0, 2.0,
3.0, 4.0, 5.0, 6.0, 8.0, 10, and 12 h) after feeding and frozen
at −80∘ C. All measurements were made as described above,
using plasma at room temperature.

3. Results and Discussion
3.1. Characterization of Synthetic Cur-PUMs Chemical Structure. The assignments of adsorption peaks for Na-CMC

(c)

Figure 2: FTIR spectroscopy of PUMs (a), Cur (b), and Cur-PUMs
(c).

polyurethane are presented in Figure 2(a). The peaks at
1703 cm−1 , 1573 cm−1 , and 3400 cm−1 correspond to the C=O
band, N–H deformation vibration band, and N–H stretching
vibration band of urethane, respectively. The absence of a
peak at 2250 cm−1 indicates that no isocyanate groups remain
in the obtained polymer. These records confirm the formation
of polyurethane. The sharp peak at 1624 cm−1 corresponds
to C=O of –CH2 COONa, indicating the Na-CMC incorporated into the polyurethane successfully. However, few
changes were observed in the encapsulated curcumin particles (Figure 2(c)). Nevertheless, two thin shoulders can be
observed at 1630 cm−1 and 1680 cm−1 . The peak at 1680 cm−1
is attributed to the enol groups in curcumin (Figure 2(b)).
Thus, we can confirm that curcumin was incorporated into
the PUMs. Our data indicates that Cur-PUMs were prepared successfully without new chemical bonds emerging,
suggesting that there are no chemical interactions between
polyurethane and curcumin.
3.2. Influences of the Investigated Processing Parameters on
EE and DL. As shown in Figure 3, the optimal wavelength
for measuring the concentration of curcumin in methanol
is 415 nm. The absorbance measurements for the curcumin
standard curve are shown in Table 1.
The standard curve was drawn with the peak absorbance
as the vertical axis (𝐴) and the concentration of curcumin
(ng/mL) as the horizontal axis (𝐶), as shown in Figure 4.
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Table 1: Absorbance measurements for the curcumin standard
curve.

0.9

𝐶 (ng/mL)
6.12
𝐴
0.003761

0.7

18.36
0.009953

24.48
0.013397

30.6
0.017074

Table 2: EE and DL values obtained with optimized parameters.
Sample
1
2
3
Average

EE (%)
86.91
84.95
85.65
85.84

DL (%)
26.43
25.68
25.85
25.99

Absorbance

12.24
0.006890

0.5

0.3

0.1

EE: encapsulation efficiency; DL: drug loading efficiency (𝑀Na-CMC = 2.0,
𝐶cur = 0.3).

200

(6)

0.018

The optimized encapsulation parameters were determined
(𝑀Na-CMC = 2.0 and 𝐶Cur = 0.3), as shown in Figure 5.
Using these parameters, the microspheres were prepared and
characterized with variations in 𝑅. The effect of this variation
on EE and DL is shown in Table 2. Morphology was then
determined by SEM, as shown in Figure 6.
As shown in Table 2, the values of EE and of DL are stable
and feasible using the optimized processes (Table 2). Further,
Cur-PUMs are morphologically spherical and heterogeneous
in size (Figure 6). The diameters of Cur-PUMs prepared with
an 𝑅 value of 1 ranged from 7.74 to 67.62 𝜇m (mean diameter
28.26 ± 18.46 𝜇m). The diameters of Cur-PUMs with an 𝑅
value of 3 ranged from 8.35 to 47.5 𝜇m (mean diameter 19.61±
2.50 𝜇m). Based on these results, the optimized parameters
with a maximum EE and DL (𝑀Na-CMC = 2.0, 𝐶Cur = 0.3,
𝑅 = 3) were selected to prepare Cur-PUMs for the following
experiments.

0.016

3.3. The Study of Stability In Vitro and Pharmacokinetics In
Vivo. The optimal wavelength for measuring the absorbance
of curcumin in PBS (pH 7.4) was 420 nm (Figure 7). This
value was used to determine the concentration of curcumin
in the following experiments.
We determined the time points at which 50% residual
curcumin from the Cur-PUMs remained, using PBS with
varying pH values. At pH 1.0, 4.0, 6.8, and 7.4, 50% of the
residue among negatively charged groups. Swelling of the
shell thereby promotes drug release. In contrast, the lower
media pH will prevent the dissolution of the shell via a
shielding effect, as the nonionized carboxylic acid group
becomes more hydrophobic. This leads to the formation
of a more compact surface structure. This mechanism will
be beneficial to release curcumin in a more concentrated
manner with a lower dosage. 50% of residual curcumin
remained at 3.25, 1.24, 0.51, and 0.35 h, with pH 7.4, 6.8, 4.0,
and 1.0, respectively (Figure 8). These results are consistent
with the mechanism proposed (Figure 9) by Huang et al. [14].
Because carboxylic acid groups will obtain a negative charge

500

600

0.014
Absorbance

𝑅 = 0.9979.

400
Wavelength (nm)

Figure 3: Scanning spectrogram for Cur in methanol.

The regression equation for curcumin was determined as
follows:
𝐴 = 5.4145𝐶 + 2.754,

300

0.012
0.010
0.008
0.006
0.004
0.002

5

10

15

20

25

30

35

C (ng/mL)

Figure 4: The standard curve obtained for use in the curcumin
releasing profile.

as the pH increases, the shell will easily swell or decompose
due to the electrostatic interaction.
The concentrations of curcumin in the plasma of rats
demonstrated the sustained-release properties of Cur-PUMs
(Figure 10). The 𝑇max for Cur-PUMs treated rats (3 h) was
six times higher than that of rats that received curcumin
alone (0.5 h). Further, the 𝐶max (803.27 ± 50.81 ng/mL)
for Cur-PUMs treated rats was 4 times higher than those
that received curcumin (194.02 ± 14.75 ng/mL) (Table 3).
The pharmacokinetic parameters obtained reveal that CurPUMs enhanced the maximum curcumin concentration and
prolonged the half-life of curcumin, resulting in a sustainedrelease effect.

4. Conclusion
A series of Na-CMC incorporated PUMs containing curcumin were synthesized and confirmed by FTIR. Optimized
processing parameters were obtained through the assessment
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Figure 5: Influence on EE and DL at various concentrations of curcumin (a); at various concentrations of Na-CMC (b); at various values of
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6

Journal of Spectroscopy
Table 3: Pharmacokinetic parameters of different curcumin formulations.
𝐶max (ng/mL)
194.02 ± 14.75
803.27 ± 50.81

Formulation
Curcumin
Cur-PUMs

𝑇max (h)
0.5 ± 0.12
3.0 ± 0.23

𝑇1/2 (h)
0.91 ± 0.28
5.61 ± 0.53

AUC0 → ∞ (ng/mL h)
348.77 ± 44.83
3873.95 ± 265.22

Values are reported as mean ± S.E.M. (𝑛 = 5). 𝐶max : maximum concentration; 𝑇max : time to reach peak concentration; AUC: area under the plasma
concentration-time curve from 0 h to ∞; 𝑇1/2 : half-life.
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pH conditions (𝑛 = 3).

of drug loading and encapsulation efficiency. The optimized
concentrations of Na-CMC and curcumin were 2 and 0.3,
respectively, and 𝑅 was defined as 3. The obtained CurPUMs had a spherical morphology. The pH responsive effects
of Cur-PUMs were confirmed using in vitro stability tests.
This analysis indicated that acidic conditions had a shielding

effect, which prevented curcumin diffusion, whereas alkaline conditions disrupted the shield allowing for curcumin
release. The sustained-release effects of Cur-PUMs were
demonstrated directly in vivo. Cur-PUMs displayed a prolonged retention time and higher maximum concentration
in plasma as compared to curcumin alone. Together, our data
suggest that Cur-PUMs may provide an opportunity to utilize
curcumin more efficiently with lower doses and improved
efficacies.

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

Journal of Spectroscopy

References
[1] L. Shen and H. Ji, “The pharmacology of curcumin: is it the
degradation products?” Trends in Molecular Medicine, vol. 18,
no. 3, pp. 138–144, 2012.
[2] R. K. Maheshwari, A. K. Singh, J. Gaddipati, and R. C. Srimal,
“Multiple biological activities of curcumin: a short review,” Life
Sciences, vol. 78, no. 18, pp. 2081–2087, 2006.
[3] G. K. Jayaprakasha, L. J. M. Rao, and K. K. Sakariah, “Improved
HPLC method for the determination of curcumin, demethoxycurcumin, and bisdemethoxycurcumin,” Journal of Agricultural
and Food Chemistry, vol. 50, no. 13, pp. 3668–3672, 2002.
[4] F. E. Lancaster and J. F. Lawrence, “Determination of annatto in
high-fat dairy products, margarine and hard candy by solvent
extraction followed by high-performance liquid chromatography,” Food Additives and Contaminants, vol. 12, no. 1, pp. 9–19,
1995.
[5] M. J. Scotter, L. Castle, C. A. Honeybone, and C. Nelson,
“Method development and analysis of retail foods for annatto
food colouring material,” Food Additives & Contaminants, vol.
19, no. 3, pp. 205–222, 2002.
[6] M. J. Scotter, “Synthesis and chemical characterisation of curcuminoid colouring principles for their potential use as HPLC
standards for the determination of curcumin colour in foods,”
LWT—Food Science and Technology, vol. 42, no. 8, pp. 1345–1351,
2009.
[7] V. Ravindranath and N. Chandrasekhara, “In vitro studies on
the intestinal absorption of curcumin in rats,” Toxicology, vol.
20, no. 2-3, pp. 251–257, 1981.
[8] G. M. Holder, J. L. Plummer, A. J. Ryan et al., “The metabolism
and excretion of curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) in the rat,” Xenobiotica, vol.
8, no. 12, pp. 761–768, 1978.
[9] B. B. Aggarwal and B. Sung, “Pharmacological basis for the role
of curcumin in chronic diseases: an age-old spice with modern
targets,” Trends in Pharmacological Sciences, vol. 30, no. 2, pp.
85–94, 2009.
[10] D. M. Sun, X. Y. Zhuang, X. Y. Xiang et al., “A novel nanoparticle
drug delivery system: the anti-inflammatory activity of curcumin is enhanced when encapsulated in exosomes,” Molecular
Therapy, vol. 18, no. 9, pp. 1606–1614, 2010.
[11] F. Akhtar, M. M. A. Rizvi, and S. K. Kar, “Oral delivery of
curcumin bound to chitosan nanoparticles cured Plasmodium
yoelii infected mice,” Biotechnology Advances, vol. 30, no. 1, pp.
310–320, 2012.
[12] H. Souguir, F. Salaün, P. Douillet, I. Vroman, and S. Chatterjee,
“Nanoencapsulation of curcumin in polyurethane and polyurea
shells by an emulsion diffusion method,” Chemical Engineering
Journal, vol. 221, pp. 133–145, 2013.
[13] R. Cassano, S. Trombino, T. Ferrarelli et al., “Preparation, characterization and in vitro activities evaluation of curcumin
based microspheres for azathioprine oral delivery,” Reactive and
Functional Polymers, vol. 72, no. 7, pp. 446–450, 2012.
[14] Y. W. Huang, X. G. Luo, and R. X. Zhuo, “Studies on the
cotrolled release of aspirin in the temperature and pH-sensitive
hydrogels,” Polymer Materials Science and Engineering, vol. 14,
no. 6, pp. 141–143, 1998.
[15] E. S. Lee, Z. Gao, and Y. H. Bae, “Recent progress in tumor pH
targeting nanotechnology,” Journal of Controlled Release, vol.
132, no. 3, pp. 164–170, 2008.
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Heat-activated persulfate oxidative treatment of chlorinated organic solvents containing chlorinated ethenes and ethanes in soil
was investigated with different persulfate dosages (20 g/L, 40 g/L, and 60 g/L) and different temperatures (30∘ C, 40∘ C, and 50∘ C).
Chlorinated organic solvents removal was increased as persulfate concentration increase. The persulfate dosage of 20 g/L with
the highest OE (oxidant efficiency) value was economically suitable for chlorinated organic solvents removal. The increasing
temperature contributed to the increasing depletion of chlorinated organic solvents. Chlorinated ethenes were more easily removed
than chlorinated ethanes. Moreover, the persulfate depletion followed the pseudo-first-order reaction kinetics (𝑘𝑝𝑠 = 0.0292 [PS]0 +
0.0008, 𝑅2 = 0.9771). Heat-activated persulfate appeared to be an effective oxidant for treatment of chlorinated hydrocarbons.

1. Introduction
The chlorinated organic solvents such as trichloroethene
(TCE), cis-1,2-dichloroethene (cis-1,2-DCE), 1,1,1-trichloroethane (TCA), and 1,2-dichloroethane (1,2-DCA) have
been widely used for decades as a degreasing agent, a cleaning
agent, and organic synthesis intermediates in chemical, pharmaceutical, electronic, tanning, printing, and other industries [1–3]. The chlorinated organic solvents were considered
as priority toxic pollutants and associated risks to humans
representing a public health threat. Historically, the improper
disposal of these chlorinated organic solvents has resulted
in extensive contamination of soils and groundwater. Due
to the high density and low water solubility, the chlorinated
organic solvents sink beneath the water table, do not pool,
and rather continue to migrate downward in the aquifer,
displacing the water until reaching a formation of sufficient
impermeability to prevent further migration. That is, it will
last a long time, once subsurface medium was contaminated.
Therefore, it is urgent to find a fast and efficient method to
remediate chlorinated solvents in soils.
In situ chemical oxidation (ISCO) is a remediation technology used to clean up contaminated soils and groundwater

in-place. It has been greatly recognized and widely applied
in many contaminated field sites. The typical oxidants used
for ISCO are potassium permanganate, hydrogen peroxide
(Fenton’s reagent), and ozone [4]. Each oxidant has its
limitations (e.g., persistence, reactivity, etc.) within a soil
matrix [5]. Recently, persulfate (Na2 S2 O8 , PS) emerged as an
efficient oxidant for ISCO applications with the properties
of high water solubility, no odor, effectiveness of oxidation
over a wide range of pH, and lower affinity for soil organics
[6]. The use of persulfate for soil and groundwater treatment
holds a lot of promise as persulfate can combine the strength
of hydrogen peroxide with the stability of permanganate
[4]. Persulfate can be thermally [2, 7–9], chemically [10–12],
or photochemically [13] activated to generate the powerful
oxidant known as the sulfate free radical (SO4 − ∙), with a
redox potential of 2.6 V [14], which can be instrumental in
the destruction of most organic contaminants commonly
present in soil and groundwater including trichloroethylene
[5, 6, 15], naphthalene [11], and phenol [8, 13, 16]. Compared
with other activations, heat activation is the most effective
activation technology. Thermally activated persulfate oxidation of chlorinated organic solvents such as TCE has been
quite successful in remediating groundwater contaminant.
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Figure 1: The depletion of chlorinated organic solvents by activated persulfate at 30∘ C with different persulfate dosages: (a) 20 g/L, (b) 40 g/L,
and (c) 60 g/L, and (d) the total removal of chlorinated organic solvents.

However, most studies focus on the treatment of single
contaminants, such as TCE or TCA, and focus on the treatment of groundwater rather than soils.
In this study, research focuses on the heat-activated persulfate oxidative treatment of organic compounds containing
chlorinated ethenes and ethanes in the subsurface medium.
The most suitable persulfate dosage for chlorinated organic
compounds depletion was determined and the influence
of activated persulfate oxidative chlorinated organic compounds under different temperature was investigated.

2. Materials and Methods
2.1. Materials. All chemicals were of analytical grade except
for methanol (CH3 OH, >99.5%, Sinopharm Chemical
Reagent Co., Ltd.) which was of HPLC grade. Persulfate
(Na2 S2 O8 , >98.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd, and used as oxidizer. The pure trichloroethene (TCE, >99.0), cis-1,2-dichloroethene (cis-1,2DCE, >99.0%), 1,1,1-trichloroethane (TCA, >94.0%), and
1,2-dichloroethane (1,2-DCA, >99.0%) were purchased from
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2.2. Laboratory Experiments. The mixed solution of TCE, cis1,2-DCE, TCA, and 1,2-DCA was prepared as stock solution
and diluted to the certain concentration (81.8, 71.2, 75.0,
and 70.6 mg/L of TCE, cis-1,2-DCE, TCA, and 1,2-DCA,
resp.) for each experiment. And a series of 30 mL brown
reaction bottles equipped with Agilent caps and TFE liners
were used for all tests. For each test, 25 mL water and 25 g
soil were sequentially added to the reaction bottle with the
solid-water ratio of 1 : 1 and mixed followed by injection
of 7 𝜇L mixed contaminated solution and a predetermined
amount of persulfate solution. Finally, a predetermined
amount of water was added via a syringe to make sure the
reaction bottle filled with no air bubbles. All the reaction
bottles were shaken continuously on a ZWY-240 thermostatic
reciprocating shaker at 100 r/min. At each time interval,
50 𝜇L sample was collected via a syringe from each reaction
bottle for persulfate analysis and 50 𝜇L sample was collected
with methanol addition for organic compounds analysis. All
experiments were conducted in duplicate. Control tests in the
absence of persulfate were also carried out.
2.3. Analysis. Persulfate anion concentration was determined using a spectrophotometric method with potassium
iodide [17]. The organic compounds (TCE, DCE, TCA, and
DCA) were quantified using HP7890A gas chromatography equipped with a column HP-5MS (30 m × 0.25 mm ×
0.25 𝜇m) capillary column.

3. Results and Discussion
3.1. Influence of Persulfate Dosage. The depletion of chlorinated organic solvents by activated persulfate at 30∘ C was
illustrated in Figure 1. The low TCA removal was obtained
at the persulfate concentration of 20, 40, or 60 g/L. The
high removal was up to 79.5%, 74.0%, 69.7%, and 54.8% of
TCE, cis-1,2-DCE, 1,2-DCA, and TCA, respectively, while
the persulfate concentration of 60 g/L was carried out. The
phenomenon showed that chlorinated ethenes (TCE and
cis-1,2-DCE) were more easily removed than chlorinated
ethanes (TCA and 1,2-DCA). Chlorinated organic solvents
removal was increased as persulfate concentration increased
(shown in Figure 1(d)), but meanwhile, more persulfate could
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Reagent Co., Ltd, and used as an internal standard for gas
chromatography analysis. Ultrapure water from a Millipore
system was used in the experiments.
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3

0.7
0.6
0.5
0.4
0.3
0.2

20

40
(g/L)

60

PS
Contaminant
PS/contaminant (OE)

Figure 3: The decomposition of persulfate and contaminants after
72 h reaction time and the oxidant efficiency in the reactive system.

be decomposed (shown in Figure 2). The semilogarithmic
graphs of [PS]/[PS]0 under different initial persulfate concentration as a function of reaction time were shown in Figure 2.
Results demonstrated that the depletion rate was pseudofirst-order with respect to the initial persulfate concentration,
and a similar result was described by Deng et al. [9]. For
a given [PS]0 , the depletion rate constant 𝑘𝑝𝑠 decreased
from 0.0035 to 0.0084 h−1 with increasing initial persulfate
concentration ([PS]0 ) from 20 to 60 g/L. As shown in the
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Figure 4: The depletion of chlorinated organic solvents by activated persulfate at different temperatures: (a) 30∘ C, (b) 40∘ C, and (c) 50∘ C after
72 h reaction time.

insert image of Figure 2, the depletion rate constant exhibits
a linear trend (𝑘𝑝𝑠 = 0.0292 [PS]0 + 0.0008, 𝑅2 = 0.9771).
Therefore, the test with increasing persulfate dosage resulted
in more decomposed persulfate. Moreover, the test with
20 g/L persulfate concentration resulted in the highest OE
value (the oxidant efficiency (mmol of contaminant depletion
per g of persulfate decomposition)) [18], shown in Figure 3.
Thus, the persulfate dosage of 20 g/L was economically
suitable for chlorinated organic solvents removal.
3.2. Influence of Temperature. The depletion of chlorinated
solvents by thermal activated persulfate at different temperatures was illustrated in Figure 4. Results showed that cis-1,2DCE obtained the highest removal by activated persulfate,
followed by TCE, 1,2-DCA, and TCA at 30∘ C, 40∘ C, or 50∘ C.

The test with 30∘ C resulted in the low 1,2-DCA, TCA, cis-1,2DCE, and TCE removal of 50.3%, 35.3%, 72.5%, and 61.3%,
respectively. Compared with TCA and TCE, 1,2-DCA and cis1,2-DCE obtained higher removal which related to the active
molecular structure. The highest TCE, cis-1,2-DCE, 1,2-DCA,
and TCA removal was up to 79.5%, 74.0%, 69.7%, and 54.8%,
respectively, while the test with temperature 50∘ C was carried
out. In general, the depletion of chlorinated solvents was
increased with increasing temperature. First, the increasing
temperature resulted in higher activation energy, which is in
favor of generating the significant oxidant (SO4 − ∙). Second,
the high temperature can accelerate the reaction of chlorinated organic solvents with persulfate. Moreover, heat can
also accelerate desorption from soil phase to aqueous phase,
which contributes to the further destruction of chlorinated
organic solvents.
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4. Conclusion
In this study, heat-activated persulfate appeared to be the
most effective oxidant for treatment of chlorinated organic
solvents. Chlorinated organic solvents removal was increased
as persulfate concentration increased. The persulfate dosage
of 20 g/L with the highest OE (oxidant efficiency) value
was economically suitable for chlorinated organic solvents
removal. The increasing temperature contributed to the
increasing depletion of chlorinated organic solvents. Chlorinated ethenes (TCE and cis-1,2-DCE) were more easily
removed than chlorinated ethanes (TCA and 1,2-DCA).
Moreover, the persulfate depletion followed the pseudo-firstorder reaction kinetics (𝑘𝑝𝑠 = 0.0292 [PS]0 + 0.0008, 𝑅2 =
0.9771).
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Zinc substituted magnesium ferrite Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5, 0.7) powders have been prepared by a sol-gel autocombustion
method. XRD patterns show that the specimens with 𝑥 = 0.5 and 0.7 exhibit single-phase spinel structure, and more content of Zn in
specimens is favorable for the synthesis of pure Mg-Zn ferrites. Room temperature Mössbauer spectra of Mg1−𝑥 Zn𝑥 Fe2 O4 annealed
at 800∘ C display transition from ferrimagnetic behavior to super paramagnetic behavior with increase in zinc concentration. The
Mössbauer spectras of Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures display the magnetic phase change of the ferrite particles.

1. Introduction
MgFe2 O4 is regarded as an important candidate of the spinel
ferrite family. Nanocrystalline Mg ferrite shows more
enhanced magnetization than its crystalline counterpart and
has been found to exhibit some unusual magnetic properties,
such as super paramagnetism and a noncollinear ordering
of the magnetic moments of Fe3+ ions, known as spin canting [1]. If the MgFe2 O4 structure was completely inversed,
its magnet moment would be zero because the magnetic
moment of Mg2+ ion is zero. Manjurul Haque et al. [2] studied
saturation of Zn2+ substitution on the magnetic properties
of Mg1−𝑥 Zn𝑥 Fe2 O4 ferrites. Saturation magnetization and
magnetic moment are observed to increase up to 𝑥 = 0.4
and thereafter decrease due to the spin canting in B-sites.
Similar results of saturation magnetization’s variation should
be reported in the other literature [3, 4]. In this paper, ferrite
Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5, 0.7) powders were prepared by
a sol-gel autocombustion method. The aim of this study is
to investigate variation structural and magnetic properties
of magnesium ferrite powders by partial replacement of
nonmagnetic zinc cations.

2. Experimental
2.1. Sample Preparation. Zinc substituted magnesium ferrite
Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5, 0.7) powders were prepared

by a sol-gel autocombustion method. The analytical grade
Mg(NO3 )2 ⋅6H2 O, Zn(NO3 )2 ⋅6H2 O, Fe(NO3 )3 ⋅9H2 O, citric
acid (C6 H8 O7 ⋅H2 O), and ammonia (NH3 ⋅H2 O) were used
as raw materials. The molar ratio of metal nitrates to citric
acid was taken as 1 : 1. The metal nitrates and citric acid were
dissolved into deionized water to form solution, respectively.
The pH value of metal nitrates solution was changed from
7 to 9 by adding ammonia. And then, the mixed solution
was maintained at 80∘ C in a thermostat water bath under
constant stirring to transform into a dried gel. Citric acid was
dropped continually in the process of heating. The gel were
dried at 120∘ C in a dry-oven for 2 h, being ignited in air at
room temperature, the dried gel burnt in a self-propagating
combustion way to form loose powder. The powder was
grounded and annealed.
2.2. Characterization. The crystalline structure was investigated by X-ray diffraction (D/max-2500 V/PC, Rigaku) with
Cu K𝛼 radiation (𝜆 = 0.15405 nm). The micrographs were
obtained by scanning electron microscopy (NoVa Nano SEM
430). The Mössbauer spectrum was performed at room
temperature, using a conventional Mössbauer spectrometer
(American Fast Com Tec PC-mossII), in constant acceleration mode. The 𝛾-rays were provided by a 57 Co source in a
rhodium matrix.
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Figure 1: Room temperature X-ray diffraction patterns of Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.
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Figure 2: X-ray diffraction patterns of Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures.

3. Results and Discussion
3.1. XRD Patterns Analysis. Figure 1 shows the XRD patterns
of Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5, 0.7) ferrites calcined at 800∘ C
for 3 h. It is clear that the specimens with 𝑥 = 0.5 and 0.7
exhibit single-phase spinel structure. Obviously, increasing
the content of Zn is favorable for the synthesis of pure Mg-Zn
ferrites. Similar results also are reported in the other literature
[4]. Table 1 indicates that the X-ray density increases with
Zn2+ concentration for all samples. The increase in lattice
parameter is probably due to replacement of smaller Mg2+
ions by larger Zn2+ ions [5, 6].
The X-ray patterns of Mg05 Zn0.5 Fe2 O4 annealed at different temperatures are shown in Figure 2. All the samples
are the single-phase cubic spinel structure. No additional
phase was detected. The lattice parameter showed changes
for all the samples from Table 2. Average crystallite size of
Mg05 Zn0.5 Fe2 O4 tends to increase with the increase of the
calcining temperature, due to the coalescence of small grains
through grain boundary diffusion [7]. In other people’s work
[8], the diffraction peaks of Cu0.7 Mg0.3 Fe2 O4 annealed at low
temperature are not very sharp, but in our result the diffraction peaks of Mg05 Zn0.5 Fe2 O4 without burning are very

sharp. The result suggests that magnesium substituted
cobalt ferrite powders prepared by a sol-gel autocombustion
method still have a good crystallinity without calcining.
3.2. Structures and Grain Sizes. The SEM micrographs of
Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5) annealed 800∘ C for 3 h are shown
in Figure 3. It can be observed the distribution of grains with
almost uniform size, well crystallized for Mg0.5 Zn0.5 Fe2 O4 .
Some particles are agglomerated due to the presence of
magnetic interactions among particles [9].
Figure 4 shows the histogram of grain size distribution of
Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5) ferrites. The average grain size of
Mg0.5 Zn0.5 Fe2 O4 estimated by a statistical method is approximately 90.74 nm, respectively. It shows that the ferrite powers
are nanoparticles, and the average grain size decreases with
the increase of Zn content. The average grain size is slightly
larger than the average crystallite size determined by XRD.
This shows that every particle is formed by a number of
crystallites [10, 11].
3.3. Mössbauer Spectroscopy. Mössbauer absorption spectra
measured at room temperature for Mg0.5 Zn0.5 Fe2 O4 powders
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Figure 3: SEM micrographs depict Mg0.5 Zn0.5 Fe2 O4 (𝑥 = 0.5) ferrites with diameters of 100 𝜇m (a), 50 𝜇m (b), 20 𝜇m (c), 10 𝜇m (d), 5 𝜇m
(e), and 3 𝜇m (f).

annealed at different temperatures are shown in Figure 5. All
samples have been analyzed using Mösswin 3.0 program.
Spectra of the samples without calcining and annealed
at 400∘ C are fitted into a single sextet and a central paramagnetic doublet, and the sample annealed at 800∘ C was
analyzed to only a single sextet. The Mössbauer spectra
of Mg0.5 Zn0.5 Fe2 O4 sample show a paramagnetic doublet,
which is due to the super paramagnetic relaxation, in other
words, some particles are a single domain. Table 3 shows
that the Mössbauer absorption area of paramagnetic doublet
decreases with the increase of the annealed temperature; it
is attributed to the change in particle size as a function of
heat treatment [12]. Therefore the Mössbauer spectra of
Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures display
the magnetic phase change of the ferrite particles.

Table 1: Lattice parameters, average crystallite size, and X-ray
densities date of Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.
Sample
(X)

Lattice
parameter (Å)

Average crystallite
size (Å)

Density
(g⋅cm−3 )

0.5

8.43133

377

4.8879

0.7

8.43576

385

5.0620

Table 2: Lattice parameters, average crystallite size, and X-ray densities date of Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures.
Lattice
parameter (Å)

Average crystallite
size (Å)

Density
(g⋅cm−3 )

0∘ C

8.42130

298

4.9054

400∘ C

8.41157

274

4.9224

8.43133

377

4.8879

Mg0.5 Zn0.5 Fe2 O4

4. Conclusion

800 C

The analysis of XRD patterns for Mg1−𝑥 Zn𝑥 Fe2 O4 annealed
at 800∘ C shows that the specimens with 𝑥 = 0.5 and 0.7
exhibit single-phase spinel structure, and more content of Zn
in specimens is favorable for the synthesis of pure Mg-Zn ferrites. The XRD patterns of Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures indicate that all Mg1−𝑥 Zn𝑥 Fe2 O4 ferrite
powders prepared by a sol-gel autocombustion method have
good crystallinity. SEM results indicate the distribution of
grains and morphology of the samples. Room temperature

Mössbauer spectra of Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C
display transition from ferrimagnetic behavior to super
paramagnetic behavior with increase in zinc concentration.
Furthermore, the Mössbauer spectra of Mg0.5 Zn0.5 Fe2 O4
annealed at different temperatures display the magnetic phase
change of the ferrite particles.

∘
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Figure 4: Histogram of grain size distribution of Mg0.5 Zn0.5 Fe2 O4 annealed at 800∘ C.
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Figure 5: Room temperature Mössbauer spectra of Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures.

Table 3: Mössbauer parameters of isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine field (𝐻), line width (Γ), and absorption
area (𝐴 0 ) for Mg0.5 Zn0.5 Fe2 O4 annealed at different temperatures.
Mg0.5 Zn0.5 Fe2 O4
∘

0C
400∘ C
800∘ C

Component
Sextet (B)
Double
Sextet (B)
Double
Sextet (B)

IS (mm/s)
0.313
0.348
0.306
0.333
0.318

QS (mm/s)
−0.027
1.05
0.032
0.570
0.005

𝐻 (T)
28.556
—
28.503
—
24.234

Γ (mm/s)
0.288
0.547
0.322
0.376
0.268

𝐴 0 (mm/s)
91.8
8.2
95.6
4.4
100
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A high surface area, hydrophobic mesoporous material, MFS, has been successfully synthesized by a hydrothermal synthesis method
using a perfluorinated surfactant, SURFLON S-386, as the single template. N2 adsorption and TEM were employed to characterize
the pore structure and morphology of MFS. Static water adsorption test indicates that the hydrophobicity of MFS is significantly
higher than that of MCM-41. XPS and Py-GC/MS analysis confirmed the existence of perfluoroalkyl groups in MFS which led
to its high hydrophobicity. MFS was used as a support for CuO in experiments of catalytic combustion of naphthalene, where it
showed a significant advantage over MCM-41 and ZSM-5. SEM was helpful in understanding why CuO-MFS performed so well in
the catalytic combustion of naphthalene. Experimental results indicated that MFS was a suitable support for catalytic combustion
of large molecular organic compounds, especially for some high temperature catalytic reactions when water vapor was present.

1. Introduction
In recent years, more and more efforts have been focused
on the catalytic removal of VOC or PAHs in ambient air
and industrial emissions [1, 2]. However, traditional catalyst
carriers have pore sizes that are too small to be used effectively in the catalytic combustion of large molecular organic
pollutants [3]. Recently, many researchers have studied the
catalytic removal process of VOC and PAHs on various
mesoporous materials (refers to the kind of aperture between
2 and 50 nm porous materials) [4–7]. However, the presence
of H2 O molecules still has significant negative impacts on
the decomposition of VOCs under these conditions [8].
Therefore, a popular, near-term research goal has been to
develop hydrophobic carrier materials that will reduce the
negative impacts of H2 O on catalytic combustion.
Currently, there are many methods for synthesizing
hydrophobic mesoporous materials [9–12]. One of the most
promising methods involves the use of fluorine-containing
materials [13, 14]. If the method is optimized, the fluorinecontaining groups are introduced onto the surface, even
on the inner surfaces of the framework of the mesoporous materials, which enhances the hydrophobicity of the

material [15–17] because of strong electronegativity of the
fluorine-containing groups.
This paper presents a new method for synthesizing mesoporous materials using the perfluorinated surfactant SURFLON S-386 (a polymeric perfluorocarboxylic acid) as the
single template. The resulting mesoporous material (MFS)
has a large surface area, high hydrophobiclity, and excellent
hydrothermal stability for use in the catalytic combustion of
naphthalene.

2. Experimental
2.1. Materials and Catalyst Preparation. SURFLON S-386
(99%) was received from Asahi Glass Company, Japan. TEOS
(98%) was received from J&K Scientific Company, China. The
chemicals were used without additional purification.
The catalyst was prepared by mixing deionized water
(120 mL) and SURFLON S-386 (0.8 g) in a 250 mL beaker.
After stirring for 1 h at 40∘ C, a mixture of TEOS (10 g) and
HCl (5 mL) was added drop by drop in a period of 30 min
while stirring with a magnetic stirrer. After the mixture
was added, the stirring was continuous for about 24 h. The
mixture was then transferred into an autoclave and was
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Figure 1: (a) N2 sorption isotherms of MFS 77 K and (b) pore size distribution in MFS as determined from the BJH model. 𝑃/𝑃𝑜 is the ratio
of gas pressure (𝑃) to saturation pressure (𝑃𝑜 = 101.3 kPa).

heated for 48 h at 100∘ C. The resulting solid was centrifuged,
washed (with water and alcohol), and dried in an oven at
100∘ C for 12 h. The final mesoporous material was calcined
at 550∘ C for 6 h with the average heating rate of 1∘ C/min. The
resulting product was marked as MFS.
CuO was loaded on the MFS via the impregnation
method by using Cu(NO3 )2 ⋅ 3H2 O [18]. After evaporation
and drying, the resulting solid material was calcined at
500∘ C for 4 h. After tableting and screening through with
40∼60 mesh different concentrations of the catalyst were
prepared by using different amounts of Cu(NO3 )2 ⋅ 3H2 O.
These catalysts were noted as CuO-MFS. The percentage of
CuO ranged from 2 to 25%, expressed as the weight ratio of
WCuO /Wsupport .
2.2. Hydrophobicity Test. The hydrophobicities of the
MFS samples were measured by the GBT6287-86 method
(National Standards, China). The results obtained from the
various materials were characterized by static adsorption
rate.
2.3. Catalyst Activity Test. The catalytic activity test was
performed with a continuous flow fixed-bed reactor with
8 mm ID, similar to that reported in the literature [19]. In each
test run, 100 mg of catalyst was diluted with an appropriate
amount of inert quartz beads (40∼60 mesh) placed at the
center of the reactor, above which a thermocouple was located
to monitor the reaction temperatures. To create the stream
containing naphthalene, a stream of pure dry air was passed
through a U-shaped tube (contain naphthalene) at constant
temperature (30∘ C) to produce a mixed gas containing a high
concentration of naphthalene. The total flow rate was set at
180 mL min−1 with a concentration of 300 ppm naphthalene
by adjusting the flow rate. The gas hourly space velocity
(GHSV) in the tests was kept at 120000 h−1 .
An on-line gas chromatograph equipped with a FID
detector was used to analyze the concentration of naphthalene in the inlet and outlet gas. Before each measurement,

the temperature of the catalytic bed was raised to 200∘ C
and stabilized at that temperature until the concentration of
naphthalene became constant. No conversion of naphthalene
was observed at this temperature. Then the temperature of
catalyst bed was raised at 20∘ C/min until the experimental
temperature was reached. Then the export concentration of
naphthalene could be analyzed.
2.4. Materials Characterization. The specific surface areas
(SSAs) of the catalysts (0.1–0.3 g) were determined with
the BET method using an ASAP 2020 Micropore System
(Micromeritics, USA). A vacuum pretreatment with vacuum
at 300∘ C for 2 h was followed by nitrogen adsorption at
−196∘ C. TEM (transmission electron microscopy) images
were obtained using JEM-2010HR transmission electron
microscope (Japan).
The elements and their valances were measured by XPS
(XML Paper Specification) using VG Multilab 2000 spectrometer (Germany) equipped with a hemispherical electron
analyzer and Mg Ka radiation source (ℎ] = 1253.6 eV). All
binding energies were referenced to the C1s line at 284.6 eV,
which provided an accuracy of ±0.48 eV within full scanning
of 0∼1000 eV.
Py-GC/MS (pyrolysis-gas chromatography/mass spectrometry) analysis was carried out using a GC/MS-QP2010
PLUS pyrolysis gas chromatograph (Shimadzu, Japan) with
a CDS (USA) cracker. SEM (scanning electron microscopy)
images were obtained on a Philips FEIXL-30, operated with a
10 kV accelerating voltage after gold deposition.

3. Results and Discussion
3.1. Samples Characterization
3.1.1. Nitrogen Adsorption. MFS sample was subjected to
N2 adsorption studies [20]. The specific surface area was
calculated according to the Brunauer-Emmett-Teller (BET)
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Figure 2: TEM ((a) and (b)) images of the synthesized MFS.
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Figure 3: (a) XPS full spectra of MFS and (b) XPS spectra of F1s in MFS.

method and the average pore diameter was obtained according to the Barrett-Soyner-Halenda (BJH) method. A typical
nitrogen adsorption isotherm is shown in Figure 1(a). Its BET
surface area, Langmuir surface area, and pore volume were
calculated to be 865.4 m2 g−1 , 1205.1 m2 g−1 , and 0.74 cm3 g−1 ,
respectively. Its mesopore area and mesopore volume were
928.0 m2 g−1 and 0.7 cm3 g−1 . In BJH differential pore volume
plot, two sharp peaks are observed at about 2.9 nm and
4.9 nm for the MFS (Figure 1(b)), indicating a very narrow
pore size for this mesoporous material.
3.1.2. Transmission Electron Microscopy (TEM). Figures 2(a)
and 2(b) show the TEM images of the MFS sample [20].
Some clear amorphous channel can be seen on the surface
of the material. The light and dark stripes that are typical of
mesoporous structures can also be observed in the MFS [16].
3.1.3. XML Paper Specification (XPS). Figure 3(a) shows the
XPS full spectrum of MFS, which shows the electron energy
states of five elements: Si2s , Si2p , C1s , O1s , and F1s , and
content of fluoride element accounts for about 1% (At%).
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..
.
CF2
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O

CF2
O

Figure 4: Molecular structure of SURFLON S-386.

Figure 3(b) shows the XPS spectrum of F1s . F species were
detected centered around 687.7 eV and are attributed to the
–CF𝑥 bonds [21] which are related to the molecular structure
of SURFLON S-386 (Figure 4). Therefore, it implies that a
portion of the SURFLON S-386 fragments remain on the
surface of MFS after calcination.
3.1.4. Pyrolysis-Gas Chromatography/Mass Chromatogram
(PY-GC/MS). Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was employed to obtain structural
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Table 1: Main pyrolytic products of MFS according to Py-GC/MS.

Number

R. time (min)

Compound (matching)

Molecular weight

1

1.575

Carbon dioxide

44

a

2

1.742

Propanone

58

b

1.950

1-Decene,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,
10-heptadecafluoroalpha-Methylfuran

77

c

82

—
—
—

3
4

2.100

5

2.308

2-Propanone

74

6

2.967

Propylene glycol

76

Peak
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Figure 5: PY-GC/MS chromatogram of MFS.

Figure 6: Adsorption of static water on MFSs and MCM-41 (100%
humidity).

information about MFS. The analytical procedure used in
this study is similar to that reported previously [22]. The
pyrolysis temperature was set at 800∘ C and held for 10 s
from room temperature, with an average heating rate of
20∘ C/ms. The main pyrolytic products identified are listed
in Table 1, and main peaks of the chromatogram are shown
in Figure 5. The peak at 1.575 min is attributed to CO2 , a
combustion product of organic matter at high temperatures.
Peak c at 1.950 min is attributed to the fluorine-containing
decene according to the MS database, which is likely the
residue of the template SURFLON S-386. Peak b at 1.742 min
and other peaks from 2.10–4.05 min are also ascribed to the
fragments of the template or intermediate species generated
under high temperature. Peak d at 4.383 min is attributed to
the fluorine-containing decanol according to MS database,
which can be regarded as a new combination of SURFLON
S-386 fragments with silicon-hydroxyl on the MFS surface.
These findings indicate that fluorine-containing species exist

on the MFS surface, which are a result of SURFLON S-386
fragments remaining on the surface of MFS after calcinations.
3.2. Results of Hydrophobicity Test. A series adsorption of
static water tests was conducted to investigate the hydrophobic properties of MFSs and MCM-41. Various MFS samples
were synthesized with different amounts of SURFLON S386 (gSURFLON S-386 /gTEOS , m/m) used during the process
of synthesis. Different materials gave different static water
adsorption rates as shown in Figure 6. Static water adsorption
rate of MCM-41 is 74% (gwater /gadsorbent , m/m), while the
adsorption rate of MFS with 4% SURFLON S-386 is 46.3%.
Then adsorption rate starts to decrease with the increase
of the dosage. Adsorption rate dropped to 25.7%, when the
dosage of SURFLON S-386 increased to 14%. Adsorption rate
did not change significantly with increase of SURFLON S386 dosage. Compared with MCM-41, the largest decrease
of adsorption rate for SURFLON S-386 was greater than
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Figure 7: Conversion curves of naphthalene combustion over various materials.

(10% CuO-MFS-01, before reaction)

(10% CuO-MFS-02, after reaction)

(10% CuO-ZSM-5-01, before reaction)

(10% CuO-ZSM-5-02, after reaction)

Figure 8: SEM of CuO-MFS and CuO-ZSM-5 before reaction and after reaction.

50%. This means the hydrophobicity of MFS is significantly
stronger than that of MCM-41. This behavior may be due
to the existence of perfluoroalkyl groups remaining from
SURFLON S-386 which reduces the surface tension and
reduces the adsorption chances with water.
3.3. Results of Catalytic Performance Experiments. Catalytic
combustion of naphthalene has been investigated, and the
results are shown in Figures 7–9. Figure 7 shows the results
of catalytic combustion of naphthalene with three catalysts:

10% CuO-ZSM-5, 10% CuO-MCM-41, and 10% CuO-MFS at
temperatures from 300∘ C to 600∘ C.
With 10% CuO-MCM-41, the conversion of naphthalene
at first increases sharply, reaching a maximum conversion of
74.3% at 380∘ C and then decreasing at higher temperatures.
A possible reason is that the hydrothermal stability of MCM41 decreases at high temperature [23], which leads to the
decrease in the conversion of naphthalene. Generally, MCM41 is mainly used as a carrier for catalysts of combustion
of small hydrocarbon molecules [24, 25]. If the temperature

6
70

60

Conversion (%)

is higher than 400∘ C, the structure of MCM-41 may be
disrupted due to the presence of water vapor.
As for CuO-ZSM-5, its conversion also initially increases
sharply, reaching a maximum conversion of 48% at 386∘ C
and then decreasing at higher temperatures. One possible
explanation for this behavior is that intermediate products
generated in the reaction process block the channels of
ZSM-5, which reduce the adsorption capacity for organic
compounds, limiting the opportunities for naphthalene to
enter the pores of ZSM-5. Hence, ZSM-5 is probably not
appropriate for use as a catalyst carrier for catalytic combustion of large molecular organic compounds.
Figure 8 shows the SEM images of 10% CuO-ZSM-5
and 10% CuO-MFS before and after reaction. Comparing
the paired images for 10% CuO-ZSM5-01A and for 10%
CuO-ZSM5-02A, it can be seen that many stacked rodlike structures have formed on the surface of catalyst after
reaction. The rod-like structure is probably the deposition of
coke generated by the decomposition of naphthalene during
the conversion process. When the catalytic reaction is going
on, the larger incomplete oxidation products of naphthalene
have difficulty entering the pores of ZSM-5. After continual
accumulation and recombination, the rod-like structures
start to form and grow at higher temperature.
In contrast, Figure 8 shows there is no significant change
observed on the surface of MFS before and after reaction
from the two images of MFS. However, for 10% CuOMFS, the conversion of naphthalene increases slowly without
maximum within the whole operation temperature range.
The maximum conversion of 10% CuO-MFS is lower than
10% CuO-MCM-41, which may be due to the strong electronegativity of F, leading to the reduced activity of active
species.
The light-off curve of CuO-MFS for catalytic combustion
of naphthalene is shown in Figure 9. When the loading
reaches 10%, the conversion reaches a maximum at all
temperatures. Increasing the CuO loading further to 20%,
results in a decline of the naphthalene conversion, which
can be attributed to the agglomeration of the catalyst particles.
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4. Conclusion
A novel fluorine-containing, high surface area, hydrophobic
mesoporous material, MFS, has been successfully synthesized
by a hydrothermal synthesis method using a perfluorinated
surfactant SURFLON S-386 as the single template. Some
perfluoroalkyl groups from the SURFLON S-386 remain on
the surface of MFS which leads to a high hydrophobicity of
the material. MFS has significant advantages for use in the
catalytic combustion of large molecular organic pollutants,
especially those found in high temperature flue gases that
contain water vapor. These advantages stem from MFS’s high
hydrophobicity and larger pore diameter. Further work is
needed to reduce the negative impacts of fluorine on the catalytic combustion reaction and to improve the naphthalene
conversion at lower temperatures.
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According to the existing deficiencies in fire prevention technology, a new technique named foamed gel is developed to prevent coal
mine fire efficiently. Foamed gel, formed by adding the type F3 foam agent, polymer H, and AL into water, introducing nitrogen and
stirring physically and mechanically, is a complex multicomponent foam system. The effects of the mass fraction and mixed ratios
of polymer H and polymer AL blends on gelation were comprehensively studied. The results show that the optimum performance
can be got when the mass fraction of blends was 0.6% and the mixed ratio was 5 : 5. In addition, the interaction between molecules
of these polymer blends was also investigated with the help of atomic force microscope. It can be found that the polymers H and AL,
through having crosslinking reaction with each other, formed three-dimensional network structures, which can not only increase
the nodes of the foamed gel system but also enhance the structures.

1. Introduction
Spontaneous combustion of coal in goaf is one of the main
natural disasters in coal mine production [1, 2]. In recent
years, in China, technology of fully mechanized sublevel
caving mining is extensively used; besides, gas extraction
technique has been widely promoted in the gas treatment.
The significant improvement of production efficiency and the
dramatical reduction of gas emission have caused leakage
serious in goaf, making the coal spontaneous combustion
occur frequently [3–5]. For the past few years, the number of
the working face of China key state-owned coal mines closed
has been over one hundred because of spontaneous fire and
the freezing coals caused by the work of closing were more
than ten million tons. Closing working face often makes tens
of millions of equipment of fully mechanized face and fully
mechanized sublevel caving face closed in spontaneous fire
area, a great deal of coal frozen and reasonable sequence of
deploitation dispose and mining preparation broken, which
bring a large economic loss and major hidden danger to mine.
In order to prevent the spontaneous combustion of coal, the
techniques of grouting, nitrogen, inhibitor, gel, foam, and

so on are adopted to prevent coal spontaneous combustion
since 1950s [6–8]. Although those techniques have supplied
an important guarantee for the mine safety production, due
to the extremely complex condition of coal mine, all of them
can not completely meet the need of fire prevention and
extinguishing. When grouting, slurry can only flow to the
low-lying areas and can not cover the coal in higher places
in goaf. While injecting nitrogen, it is easy for gas to spread
with air but it is difficult to stay in the infuse area and thereby
the effect of fire extinguishing and cooling is not ideal. If
injecting inhibitor, which is hard to evenly disperse on the
coal and has corrosive action, threatening both equipment
and the health of workers. When injecting polymer gelatin,
the small flow is difficult to be applied to put out the fire in
large areas of goaf. If injecting foam, which can not realize
curing and whose normally stability is 8∼12 h. Therefore, the
work of fire prevention and extinguishing in coal mine is still
an arduous task for scholars at home and abroad [9].
In order to overcome the deficiencies in conventional
fire prevention and extinguishing technology, foamed gel,
for the first time, is developed to prevent the spontaneous
combustion of coal. Foamed gel, a complex mixed system, is

2. Experimental Preparation
2.1. Experimental Material. Polymers H and AL are produced by Henan Kuangyuan Chemical Product Co., Ltd.
The polymer H is an anionic polysaccharide produced by
fermentation from Xanthomonas campestris. The polymer AL
is a kind of galactomannan polysaccharide obtained from
Cyamopsis tetragonoloba seeds. Both of them dissolve readily
in water at room temperature. They are polysaccharides,
which are particularly used for the food industry. The main
role of these is to serve as a thickening agent and texture
modifiers for food products. The unique characteristic of
them is that not only do they owe significant viscosity values
at lower concentrations in aqueous solutions but also they can
exhibit excellent crosslinking when they are mixed.
Type F3 foaming agent was made by us; the concentration
of active matter was 30∼32%.
2.2. Experimental Equipment. Philips type HR2006 agitator,
atomic force microscope, and type NDJ-5s digital viscometer
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formed by adding polymers and foaming agent into water and
stirring physically and mechanically under the function of
nitrogen. After a while, different polymers take crosslinking
reaction in foam films and form three-dimensional network
structures, which constitute the rigid backbone of foamed
gel. The foamed gel not only has the properties of gel but
also has the characteristics of foam; at the same time, it can
also overcome the shortages of both and thus significantly
improve the effect of fire prevention and extinguishing. At
present, foamed gel, preliminarily investigated in petroleum
exploitation and related industries, is mostly used as plugging
agent and profile control so as to increase the mining rate
of petroleum. Researchers at home and abroad have made
many great contributions in this field. Fogler research team of
Michigan College carried out a deep experiment on foamed
gel’s infiltration, flow direction, mechanical strength, and so
on in the 1990s [10–14]. Zhiguo et al. studied the selective
water plugging agent of foamed gel [15]. Qibin et al. explored
the stability of foamed gel [16]. Although the foamed gel has
a lot of advantages and good application result, the study on
the effect of fluidity and formation mechanism is far from
satisfactory, limiting its application. Furthermore, foaming
multiple of foamed gel adopted in petroleum exploitation is
small and gelation time is long, while those of foamed gel
used in coal mine for fire prevention and extinguishing are
high and controllable (generally 10∼20 min), more difficult to
investigate, and with more complex influencing factors.
This paper takes type F3 foaming agent, polymer H,
and AL as the basic material, pays more attention to the
effect of mass concentration and mixed ratio of polymer
blends on gelation property, and analyzes the mechanism of
crosslinking action between two polymers with the help of
atomic force microscope, which provide a foundation for this
system as a new type of material for preventing spontaneous
combustion of coal.
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Figure 1: Gelation against the mass fraction of polymer blends.

are used. The viscometer is divided into four crosspieces: 4.2,
8.5, 22.2, and 42.4/s, respectively.
2.3. Experimental Methods
(1) Put polymers H and AL blends into a suitable amount
of water, then add certain type F3 foaming agent, and
finally form the base fluid of foamed gel.
(2) Take 100 mL of the base fluid into agitator, foam by
means of stirring physically and mechanically (for
5 min), measure the foam volume and liquid dropout
volume through its own measuring device, and use
viscosimeter to test the viscosity of foamed gel.

3. Results and Analysis
3.1. Effect of Mass Fraction of Polymer Blends on Gelation of
Foamed Gel. At room temperature, mass fraction of type F3
foaming agent is fixed at 0.4%, and mixed ratio of polymers
H and AL is 1 : 1, investigating the effects of mass fraction of
the polymer blends on the foam volume and liquid dropout
volume, which is shown in Figure 1.
As shown in Figure 1, with the increase of the mass
fraction of polymer blends, the foam volume first increased
and then decreased, but the liquid dropout volume rapidly
decreased to zero. This is because the optimal polymer H has
the high surface activity, which can increase the intersolubility between components and control cell size and uniformity,
increasing the foam volume. However, the viscosity of the
solution was low when the mass fraction of polymer was
small, and crosslinking points in the polymers were less and
three-dimensional network structures can not be formed;
thus a small amount of liquid can be seen in the foam
bottom after standing for some time. With the increasing
of mass fraction of polymer blends, polymers H and AL
firstly fully diffuse in foam films and then have crosslinking
reaction with each other to form three-dimensional network
structures, constituting the rigid backbone of foam and
greatly enhancing the stability of foam [17]. Furthermore,
the molecular chains of the polymers contain a lot of –OH,
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Figure 2: The influence of mixed ratio on gelation of foamed gel.
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Figure 3: Relationship between apparent viscosity and shear rate of
foamed gel.

3.2. Effect of Mixed Ratio of Polymer Blends on Gelation of
Foamed Gel. The mass fraction of type F3 foaming agent is
fixed at 0.4%, the total mass fraction of polymer blends is
0.6%, and the polymers H and AL are mixed at different
compound proportions so as to form foamed gel, respectively.
The effects of mixed ratios on foam volume and foam
viscosity are shown in Figure 2.
From Figure 2, it can be seen that, with the increase of
compound ratio, both foaming multiple and foam viscosity
first rise and then decline. When the compound proportion
of polymers H and AL is 5 : 5, foaming multiple and foam
viscosity are the maximum. If the ratio continues to change,
foaming multiple and foam viscosity begin to fall, which
means that there exists a best compound ratio of the blends,
and by this time, their crosslinking reaction with each other
is maximum.
The reason for this phenomenon is that when polymers
H and AL mixed in the solution, they can fully react with
each other and form three-dimensional network structures,
making the viscosity of foamed gel increase. Whereas if the
mass fraction of polymer H is less, the polymer AL will
be excessive, unexpectedly its dense galactose will hinder
the interaction with polymer H, causing the viscosity of
the system to descend and not to form foamed gel with
satisfactory stability and good appearance. With the rise of
polymer H, foaming property and stability of the solution
increase gradually. However, when mass fraction of polymer
H is more than 50%, the polymer AL relatively reduces
and the crosslinking points decrease, unhelpful to form gel
[19–21]. Foam property becomes worse and stratification

20000
16000
𝜂 (mPa·s)

which can interact with the water molecules by hydrogen
bonds. Consequently, water is absorbed in three-dimensional
network structures, which can maintain the stability of foam.
If the mass fraction of polymer blends exceeds 0.6%, the
viscosity of the system rapidly increases, the penetration
of gas is poor, and foam volume decreases gradually [18].
Therefore, when the mass fraction of polymer blends is 0.6%,
the best foaming effect of polymer solution can be got and the
gelation properties of foamed gel produced are the best.

12000
8000
4000
0

0

5

10

15

20

25

T (min)

0.6%
0.8%

1%

Figure 4: Relationship between mass fraction of blends and gelation
time of foamed gel.

phenomenon can be seen after standing for a while. Consequently, when the mixed ratio of the blend is 5 : 5, foam
property and gelation effect are the best.
3.3. Characteristics of Gelation of Foamed Gel. According to
the research conducted above, the foamed gel is formed when
the mass fraction of type F3 foaming agent is fixed at 0.4%
and the mass fractions of polymers H and AL are both 0.3%.
Viscometer is adopted to measure the apparent viscosity so
as to discuss the relationship between gelation property and
shear rate, as shown in Figure 3.
According to the research conducted above, the concentration of type F3 foaming agent is fixed at 0.4%, and the
mass ratio of polymers H and AL is 1 : 1. Then change the
concentration of mixture so as to form the foamed gel samples
at different concentrations and use viscometer to measure
the apparent viscosity at different shear rate, as shown in
Figure 3.
It can be seen from Figure 3 that the apparent viscosity of
foamed gel at various concentrations of the mixture formed
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Figure 5: AFM images of foamed gel samples in the scanning range of 500 nm. (a) Polymer H; (b) polymers H and AL blends.

by polymers H and AL drops rapidly with the shear rate
increasing, and the higher the concentration is, the more
obviously apparent the viscosity decrease is. This law fits the
fluid character of shear thinning. In static foamed gel, the
arrangement of molecular chains in polymers is ruleless. And
those molecular chains entangle with each other to form
three-dimensional network structures, producing viscous
resistance to flow [22]. Therefore, when the shear rate is low,
the apparent viscosity of foamed gel is high. With the increase
of shear rate, the shear effect subjected to three-dimensional
network structures rises, and the molecules curved and
entangled was open. Molecules nodes reduce, thus apparent
viscosity decreases. When the shear rate reaches a certain
value, the apparent viscosity is stable [23, 24]. Hence, under
the function of shear rate, polymers H and AL can not have
crosslinking reaction with each other in foam films, which
can meet the property of large range flow and diffusion of
foamed gel in goaf.
3.4. Gelation Time. The formation process of foamed gel is
that, after the system foams, polymers H and AL contained
in foam films react with each other and form foamed gel.
If the time of crosslinking reaction between polymers is
too early, the viscosity of solution will be too high and
hard to form foam. Even if foamed gel is formed, the large
viscosity makes it difficult to flow; the limited overage can
not meet the need of fire prevention and extinguishing. Foam
belongs to unstable system of thermodynamics; if the time of
crosslinking reaction between polymers is too late and even
exceeds its stable time, it will break and dehydrate. At this
time, even if crosslinking reaction has been taken place, the
foamed gel can not be formed. Therefore, the best gelation
time is after the solution foaming and before its breaking.
Considering that the pipe transport is used in coal mines,
the time is controlled between 10∼20 min. After the blends

Polymer H and
polymer AL,
water

Mixer

Type F3 foaming agent

Foaming generator

Foamed gel

Compressed air

Figure 6: The flowchart for preparation of foamed gel.

mixed, the viscosity begins to increase. After some time, the
viscosity is essentially constant and forms stable foamed gel.
Polymers H and AL are chosen to investigate how the gelation
time changes at different mass concentrations of the polymer
blends.
The mass fraction of type F3 foaming agent is fixed at
0.4%. The compound proportion of polymers H and AL is
1 : 1; then prepare the polymer blends with the mass fraction
of 0.6%, 0.8%, and 1%, respectively. To study on the effect of
various mass fractions on gelation time, the results are shown
as follows.
From Figure 4, it can be found that, when the mass
fraction of blends was 0.6%, the gelation time was 20 min.
When the mass concentration of the blends increased to
1%, the gelation time decreased to 10 min. This is because
the rise of mass fraction leads to shortening of the distance
and increasing of the collision between molecules. The
crosslinking reaction between polymers H and AL becomes
stronger, which makes great contributions to forming threedimensional network structures with strong continuity [25].
Therefore, the gelling rate of foamed gel increased with the
rise of the mass fraction of polymer blends. Moreover, the
highest gelation viscosity of the system increased with the
rising of the mass concentration. Nevertheless, if the mass
concentration is too high, the reaction rate among polymers
increases and gelling rate of the system speeds up, not easy to
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(b)

(c)

Figure 7: The foamed gel prepared in lab. (a) Foaming, (b) fluidity, and (c) film forming ability.

control the gelation time. Furthermore, the rise of the mass
fraction of polymer increases the viscosity of the solution,
reducing foaming ability.

3.5. Microstructure Analysis. Prepare the mass fraction of
0.3% of polymer H and the mass fraction of 0.3% of both
polymers H and AL, respectively; take 10 𝜇L of the two
solution samples on mica sheet, and make it spread as possible
as you can, heating slightly into membrane. Use AFM to
observe the microstructure under the scanning range of
500 nm, as shown in Figure 5.
We can see from Figure 5 that the microstructure map
of polymer H without polymer AL is chaotic, granularly
distributed in the solution, and thus unable to form threedimensional network structures, as shown in Figure 5(a).
With the adding of polymer AL, filled in the molecules of
polymer H, making the scattered polymer H form a uniform continuous phase and thereby form three-dimensional
network structures, as shown in Figure 5(b). This is because
when polymer H is dispersed into water, it first becomes
pieces of random line structures. Then the random molecular chains will coalesce together to the double helix rigid
structures similar to the rod by hydrogen bond between
the side chain and main chain of polymer H. The rodlike structures, with the help of Na+ , K+ , and Ca2+ ionized by polymer H itself, make the double helix structures
decentralized in the solution connected together to the
helical mesh polymer or double helix cluster by chains
of –COO–Na–H2 O–Na–COO–, –COO–K–H2 O–K–COO–,
and –COO–Ca–COO– [17, 26]. If polymer AL is not added,
polymer and cluster can only be uniformly dispersed into
the solution and can not form three-dimensional network
structures. After adding polymer AL, –CH2 OH in polymer
or cluster and the –CH2 OH in main chain of polymer AL
contact and fully collide, forming three-dimensional network
structures in the form of –CH2 –O–CH2 – and making the
scattered polymer and cluster form a uniform continuous
phase [27–29]. Consequently, polymer AL and polymer H
can react with each other in foam films to form foamed gel
and keep the stability of foam.

4. Preparation and Effect
In order to investigate the foaming effect of foamed gel,
compressed air replacing nitrogen is used, and foaming
device of foamed gel has been constructed to conduct a
simulation test. Firstly, directly mix and stir polymer H,
polymer AL, and water based on the fixed proportion to
form the solution of blends. Then, put the blends solution
into grouting pipes through consistency pump and take type
F3 foaming agent into grouting pipes by fixed displacement
pump. After fully mixed in the flow mixer, solution of
polymers and foaming agent flow to the foaming generator.
Then compressed air is introduced. Finally the air interacts
with the blends solution with type F3 foaming agent and
forms foamed gel. The process of preparing foamed gel is
shown in Figure 6.
According to the experimental parameters above, the
mass fraction of 0.4% of type F3 foaming agent and the
mass fraction of 0.3% of both polymer H and polymer AL
are used to form foamed gel, as shown in Figure 7(a). And
the foamed gel prepared has good fluidity, as shown in
Figure 7(b). After one day, polymer H and polymer AL have
crosslinking interaction with each other in foam films and
obtain compacted thin films, as shown in Figure 7(c).

5. Conclusions
(1) Experimental study on the properties of foamed gel
shows it has the characteristics of high foaming
multiple, strong stability, good fluidity, adjustable
gelation time, and so forth. So using the foamed gel
can significantly improve the efficiency of preventing
spontaneous combustion of coal.
(2) The mass fractions of polymers H and AL and the
compound proportion of the blends greatly influence
the performances of foamed gel. When the mass
fraction of polymer H and polymer AL blends is 0.6%
and the mixed ratio is 1 : 1, the properties of foamed gel
formed for fire prevention and extinguishing are the
best, and the foamed gel prepared has the maximum
viscosity without affecting its fluidity.
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(3) Through the analysis of AFM, polymers H and AL
have crosslinking reaction with each other and form
three-dimensional network structures, increasing the
nodes of the system and enhancing the structures.
Moreover, foaming device of foamed gel is constructed in lab and foamed gel for fire prevention
and extinguishing with optimum performance is
prepared.
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The oil content of rapeseed is a crucial property in practical applications. In this paper, instead of traditional analytical approaches,
an artificial neural network (ANN) method was used to analyze the oil content of 29 rapeseed samples based on near infrared
spectral data with different wavelengths. Results show that multilayer feed-forward neural networks with 8 nodes (MLFN-8) are
the most suitable and reasonable mathematical model to use, with an RMS error of 0.59. This study indicates that using a nonlinear
method is a quick and easy approach to analyze the rapeseed oil’s content based on near infrared spectral data.

1. Introduction

2. Artificial Neural Networks

Infrared absorption spectroscopy is a common approach for
analyzing food composition [1–3]. For a certain characteristic
absorption frequency, Lambert’s law provides the following
equation [4, 5]:

2.1. Fundamental of ANN Models. Artificial neural networks
(ANN) model is composed of an interconnected group of
artificial neurons. In most circumstances, an artificial neural
network is an adaptive system that is equipped to be adapting
continuously to new data and learning from the accumulated
experience and noisy data [6, 7]. Apart from that, the system
structure can be changed based on external or internal information that flows through the network during the learning
phase. Meanwhile, essential information can be abstracted
from data or model complex relationships between inputs
and outputs [8–10].
As can be seen from Figure 1, the main structure of the
artificial neural network (ANN) is made up of the input
layer and the output layer. The input variables are introduced
to the network by the input layer [11]. Also, the response
variables with predictions, which stand for the output of the
nodes in this certain layer, are provided by the network.
Additionally, the hidden layer is included. The type and the
complexity of the process or experimentation usually iteratively determine the optimal number of the neurons in the
hidden layers [12].

log

𝐼0
= 𝜀ℓ𝑐,
𝐼

(1)

where 𝐼0 represents incident light intensity, 𝐼 represents
transmission light intensity, 𝜀 represents the attenuation
coefficient, ℓ represents the distance the light travels through
the material, and 𝑐 represents concentration.
Equation (1) is widely used for determining food composition. However, because the wavelengths in the infrared
absorption spectrum are diverse and the force of penetration
is tiny, infrared absorption spectroscopy can only be used
for analyzing transparent liquids. It is of great difficulty to
analyze the oil content of rapeseed using infrared absorption
spectroscopy. Therefore, to solve this problem, this study
instead uses a nonlinear approach to analyze near-spectral
data to determine the oil content of rapeseed.
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Table 1: Data of 29 rapeseed samples.

Sample

𝑐 (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

39.60
40.33
38.71
38.53
37.57
37.76
38.22
37.57
39.17
39.98
38.93
36.61
39.74
38.12
38.89
39.85
39.90
38.84
38.32
38.21
38.13
38.51
38.31
39.21
38.61
39.03
39.31
36.50
37.40

𝜆 = 1.68
0.70059
0.70218
0.69428
0.70560
0.69840
0.69448
0.73863
0.69165
0.68090
0.68634
0.69500
0.69674
0.69335
0.69504
0.69658
0.68976
0.68955
0.69057
0.69654
0.69645
0.70596
0.69456
0.70629
0.68059
0.68567
0.68050
0.68053
0.68824
0.69583

𝜆 = 1.73
0.76184
0.77053
0.75829
0.77184
0.76610
0.76032
0.81279
0.76566
0.74233
0.75908
0.76286
0.76537
0.76262
0.76614
0.76258
0.75463
0.75582
0.75927
0.76187
0.76287
0.77703
0.76413
0.77119
0.74624
0.75328
0.75124
0.74778
0.75139
0.76104

Output

Hidden layer

Input

Figure 1: A schematic view of artificial neural network structure.

Wavelength (𝜇m)
𝜆 = 1.94
0.85572
0.89213
0.88461
0.89991
0.90143
0.89164
0.93508
0.90251
0.87103
0.88710
0.88532
0.89669
0.88754
0.89400
0.88753
0.85723
0.87775
0.88184
0.88378
0.89703
0.90508
0.89476
0.89479
0.87088
0.88502
0.87930
0.87492
0.88715
0.89541

𝜆 = 2.10
0.86851
0.87777
0.86710
0.88426
0.88410
0.87292
0.92134
0.88688
0.85752
0.87267
0.87407
0.88421
0.87327
0.88275
0.87480
0.86513
0.86404
0.87312
0.87097
0.87551
0.88704
0.87563
0.88420
0.85682
0.86225
0.86176
0.85486
0.86963
0.88044

𝜆 = 2.18
0.87385
0.88360
0.87264
0.88747
0.88841
0.87551
0.92534
0.88994
0.85983
0.87799
0.87893
0.89025
0.87888
0.88853
0.87960
0.86898
0.86850
0.87900
0.88071
0.87432
0.89242
0.88302
0.88730
0.86421
0.87175
0.87014
0.86043
0.87842
0.88611

2.2. Model Development. Gu and Wang [12] have accomplished a series of researches from correlative precision
instrument from which we could obtain data of rapeseeds’
near infrared spectroscopy by analyzing absorbance under
different wavelengths. We defined 𝑐 (%) as the percentage
composition of the oil in rapeseed. Data of 29 rapeseed
samples are shown on Table 1.
In order to confirm the most suitable and robust ANN
model in analyzing the oil content of rapeseed, 21 models
were established including linear prediction model, general
regression neural networks (GRNN) [14] and multilayer
feed-forward neural networks (MLFN) [15, 16]. Into that
matter, nodes of MLFN models were set to be from 2 to
20, so that the most robust MLFN model could be found.
The independent variables are the absorbancies under the
wavelength of 1.68 𝜇m (reference wavelength), 1.73 𝜇m (characteristic absorption wavelength of fat), 1.94 𝜇m (characteristic absorption wavelength of water), 2.10 𝜇m (characteristic
absorption wavelength of starch), and 2.18 𝜇m (characteristic
absorption wavelength of protein), respectively, while the
dependent variable is the percentage composition of the oil in
rapeseed. Training set is consist of 24 samples while the rest
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Table 2: Results of different models in analyzing oil content of
rapeseed.
RMS
error

Stopped reason

24

5

0.60

Autostopped

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

0.74
1.04
1.23
0.88
1.29
1.31
2.20
0.59
3.39
1.93
0.83
1.54
1.10
1.57
3.02
1.67
1.07
1.72
0.85
2.79

40.5
40
39.5

Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped
Autostopped

Predicted

Linear
prediction
GRNN
MLFN 2 nodes
MLFN 3 nodes
MLFN 4 nodes
MLFN 5 nodes
MLFN 6 nodes
MLFN 7 nodes
MLFN 8 nodes
MLFN 9 nodes
MLFN 10 nodes
MLFN 11 nodes
MLFN 12 nodes
MLFN 13 nodes
MLFN 14 nodes
MLFN 15 nodes
MLFN 16 nodes
MLFN 17 nodes
MLFN 18 nodes
MLFN 19 nodes
MLFN 20 nodes

Tested
samples

39
38.5
38
37.5
37
36.5
36

36

36.5

37

37.5

38

38.5

39

39.5

40

40.5

41

Actual

Figure 2: Comparison between predicted values and actual values
during training process.
Residual versus actual (training)

0.00025
0.0002
0.00015
0.0001
Residual

Model

Trained
samples

Predicted versus actual (training)

41

0.00005
0

−0.00005

of the samples are considered to be the testing set. To ensure
the accuracy of the experiments, we did the training process
repeatedly. The composing of trained samples and tested
samples is different in each experiment. Results of the 21
models were obtained by correlative software, which are
shown in Table 2.
Results presented by Table 2 imply that the lowest RMS
error of testing exists in the MLFN model with 8 nodes
(MLFN-8), which is 0.59, lower than those generated by linear
prediction model and GRNN model. And the accuracy rate of
the testing is 100% with the permission error. Therefore, the
MLFN-8 model is proved to be an accurate and robust model.

3. Results and Discussion
3.1. Training Results of MLFN-8. Training and testing results
of MLFN-8 model were extracted from the experiments. For
more intuitionistic, six figures described by data are used to
portray the training and testing results, which are shown in
Figures 2 to 7.
In training process, the comparison result between predicted values and actual values is depicted by Figure 2. The
regulation between predicted values and actual values implies
that the training process is precise.
Figure 3 depicts the relationship between residual values
and actual values during training process, showing that the
residual values are relatively concentrated.

−0.0001
−0.00015
36

36.5

37

37.5

38

38.5

39

39.5

40

40.5

41

Actual

Figure 3: Comparison between residual values and actual values
during training process.

Different from Figure 3, Figure 4 depicts the relationship
between residual values and predicted values during training
process. Similar to the result shown in Figure 3, the residual
values present the same phenomenon as Figure 3, which
indicates that the training process is precise.
In general, Figures 2, 3, and 4 depict the results of training
process, showing that the values are concentrated and correspond with the normal training process of MLFN-8 model. It
is worth mentioning that the residue values are generally tiny
and close to zero, which implies that the training process is
correct and precise.
3.2. Testing Results of MLFN-8. To analyze the testing process, three figures were used to present the average values of
testing results, which are shown in Figures 5 to 7.
In testing process, as shown in Figure 5, the comparison
between predicted values and actual values is also close to linear situation, which means that the MLFN-8 model is precise
while predicting.
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Residual versus predicted (training)

0.00025

1.04

1

0.0002

0.8

0.00015

0.6
Residual

0.0001
Residual

Residual versus actual (testing)

1.2

0.00005

0.2

0

0

−0.00005

−0.2

−0.0001

−0.4
−0.6

−0.00015

36

36.5

37

37.5

38

38.5

39

39.5

40

40.5

41

0.52

0.4
0.05

37

37.5

38

Predicted

Figure 4: Comparison between residual values and predicted values
during training process.

40.32

39

39.26

1.04

0.6

39.46
Residual

Predicted

39.38

38.5

0.2
0

37.5

−0.2

37

0.52

0.4

38

0.05

−0.4

36.5

36.36

36
37

37.5

38

38.5
39
Actual

39.5

40

40.5

0.8

40
39.5

40

39.5

Residual versus predicted (testing)

1.2
1

40.5

38.5
39
Actual

Figure 6: Comparison between residual values and actual values
during testing process.

Predicted versus actual (testing)

41

−0.42

−0.45

40.5

Figure 5: Comparison between predicted values and actual values
during testing process.

In order to confirm the robustness of comparison
between residual values and actual values as well as the
comparison between residual values and predicted values, we
plotted the comparison between residual values and these two
kinds of values, which are shown in Figures 6 and 7.
Figures 5, 6, and 7 depict the average testing process of
the MLFN-8 model. All the values shown in the three figures
are the average values, from which we can draw a conclusion
that the model is accurate and robust.
According to the results presented above, MLFN-8 model
is proved to be a suitable and rational model in determining
the oil content of rapeseed.
3.3. Discussion. There are several previous studies that are
relative to the field we studied [12, 17–20]. Gu and Wang [12]
analyzed the oil content of rapeseed by multiple linear regression based on near spectral data, which is the chief inspiration
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Figure 7: Comparison between residual values and predicted values
during testing process.

of our work. In contrast, our work has a higher robustness
and precision since the core we paid attention to is the wellfitted nonlinear function. Besides, Madsen [17] established
a quick determination approach of oil content in rapeseed
by a commercial nuclear magnetic resonance spectrometer.
Tkachuk [18] utilized a near infrared reflectance technique to
determine oil, protein, chlorophyll, and glucosinolate content
in whole rapeseed kernels. In addition, Velasco and relative
coworkers [19] used near-infrared reflectance spectroscopy
to estimate the seed weight, oil content, and fatty acid composition in intact single seeds of rapeseed. Shafii and his
coworkers [20] analyzed the interaction effects on the winter
rapeseeds yield and oil content. These researches can analyze
the oil content and other properties of rapeseeds effectively,
which can be seen as the great references. However, these
analytical approaches still need complex manual operation
and the process is intricate to some extent. Our study has
successfully proved that the oil content of rapeseed can
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be analyzed by artificial neural networks, which is a quick
and easy method that can be calculated automatically by
computer.
In the field of food science and analytical chemistry, oil
content of rapeseed reveals the yield of the relative products
in practical applications. Taking one of the production steps
as an example, people should estimate and evaluate the oil
content of the rapeseed samples before mass run. Therefore,
using artificial neural networks can achieve this step in a high
effective way.

4. Conclusion
Oil content of rapeseed is a crucial aspect on practical applications of food science and chemistry. In this paper, instead
of using traditional analytical methods, we successfully used
artificial neural networks (ANNs) method to analyze the oil
content of 29 rapeseed samples based on near spectral data
with different wavelengths. Results show that the multilayer
feed-forward neural networks with 8 nodes (MLFN-8) are
the most suitable and reasonable mathematical model during
experiments. In future research, we will aim at looking for
the explicit nonlinear functions of near spectral data in the
analysis of rapeseed’s oil content.
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Fluoride contamination in drinking water is a prominent and widespread problem in many parts of the world. Excessive ingestion
of fluoride through water can lead to the high risk of fluorosis in human body. Bone charcoal, with the principal active component
of hydroxyapatite, is a frequently used adsorbent for fluoride removal. Many laboratory experiments suggest that the aluminumimpregnated bone charcoal is an effective adsorbent in defluoridation. However, the mechanisms underlying this modification
process are still not well understood, which in turn greatly impedes the further studies on other different modified adsorbents. To
address this issue, we used the infrared spectroscopy to examine the bone charcoal and the aluminum-impregnated bone charcoal,
respectively. The comparative results show that the −OH peak of infrared spectroscopy has been intensified after modification.
This significant change helped speculate the modified mechanism of the aluminum-impregnated bone charcoal. In addition,
it is found that the hydroxide ion dissociates from hydroxyapatite in the modification process. Such finding implies that the
tetrahydroxoaluminate can be combined with the hydroxyapatite and the aluminum ion can be impregnated onto the bone char
surface.

1. Introduction
Fluoride is widely distributed in nature, which mainly exists
in lithosphere, hydrosphere, biosphere, and atmosphere [1,
2]. Most fluorides are soluble, even the lowest solubility of
calcium fluoride can reach 40 mg/L in normal condition [3].
The soluble fluorides in rocks can dissolve in water, which are
the main sources of the fluorides in fresh water. Therefore,
humans obtain fluorides largely from drinking water [4].
There exists about 2 to 3 g (commonly 2.6 g) fluorine in a
healthy adult body, 90% of which distributes in bones and
teeth [5, 6]. A trace of fluorine is useful to prevent saprodontia
but excessive amount tends to be harmful [7, 8]. It is supposed
to be poisonous if the intake of fluorine is higher than 4 mg/d;
therefore, people are more likely to develop fluorosis of bone
when the amount of fluorine in drinking water is more than
4 ppm [9].
As the fluorine-containing substances are increasingly
applied in industry, the amount of the fluorine-containing

wasted water tends to become higher. Purification and
defluoridation of high-fluorinated drinking water have drawn
more and more attention. Conventional methods of defluoridation are precipitation and adsorption [10–13]. Adsorption
method is mainly used in the deep disposal of low fluorinecontaining waste water and natural water. Because the
adsorption method of disposing fluorine-containing waste
water has the advantages of lower cost and higher removal
rate [14], the modification of traditional fluorine removal
agent and the research of new fluorine removal materials
are popular topic in relative area [15–17]. Traditional fluorine
removal agents include alumina, natural zeolite, and rare
earth while the new adsorbent with good adsorption effects is
calcium aluminate slag, aluminum sulfate modified bamboo
charcoal, and bone charcoal [18–23]. In the midst of these
adsorbents, bone charcoal is now considered to be one
of the most recommendatory adsorbents in defluoridation
since World Health Organization regarded bone charcoal as
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20 g bone charcoal,
particle size:
+
0.8∼1.2 mm
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Ultrasonic
immersion
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Modified bone
charcoal

Figure 1: Manufacturing approach of aluminum-impregnated bone charcoal.

the high-performance absorbent of fluorion in undeveloped
regions [24]. Based on this reason, we aimed at studying the
defluoridation effect of bone charcoal and finding out the
mechanism of the modification and adsorption.
Bone charcoal is a porous, black, granular material
produced by charring animal bones [25]. It is made up of
hydroxyapatite (57–80%), calcium carbonate (6–10%), and
activated carbon (7–10%). In the development of purification,
bone charcoal was primarily used for filtration and decolourisation, which can also adsorb a large quantity of pollutants
like pigments as well as fluorinion from water [26]. Based on
the absorption theory, the hydroxylapatite in bone chars can
be used to remove fluoride and metal ions from water, making
it useful for the treatment of drinking supplies.
Adsorption is a separation method with the equilibrium
principle. The main components of bone charcoal are hydroxyapatite. The mechanism of the removal of fluorine is mainly
the adsorption and ion exchange reaction, which is shown as
follows:
Ca10 (PO4 )6 (OH)2 + 2F− → Ca10 (PO4 )6 F2 + 2OH−

(1)

Previous research [27] reported that, being immersed in
aluminum solution for certain temporal, bone charcoal can
be modified. The aluminum can impregnate onto the surface
of bone charcoal, improving the effect of the defluoridation,
which is the main core of our work. However, although this
novel modified approach to optimize the performance of
aluminum-impregnated bone charcoal in defluoridation has
been discovered, the mechanism of the modification is still
undefined. It is undoubtedly a huge impediment for us to
explore the further studies of modified adsorbent. Therefore,
we paid our attention to construct a probable reaction during
the modified process in order to resolve this crucial problem.
Infrared spectroscopy is one of the most common analytic techniques in material characterization [28]. It is the
spectroscopy that deals with the infrared region of the
electromagnetic spectrum, with longer wavelength and lower
frequency compared to the visible light. It covers a range
of techniques, mostly based on absorption spectroscopy.
As with all spectroscopic techniques, it can be used to
study chemicals and relative substances [29]. In recent years,
there are more and more explorations of reaction mechanism detected by spectroscopic methods [30–37]. Green
and his coworkers [30] obtained the information of dual
catalytic sites during oxidation of CO on Au/TiO2 catalyst
by spectroscopic observation. Roithová [31] concluded the
characterization approaches of reaction intermediates by ion
spectroscopy. Acik and his coworkers [32] have detected
the role of oxygen during thermal reduction of graphene
oxide using infrared absorption spectroscopy. Black and
his coworkers [33] used spectroscopic method to screen

for superoxide reactivity in Li–O2 batteries. Chen and his
coworkers [34] used FT-IR spectroscopy as a part of the
instruments to determine mechanisms in water-gas-shift
reaction on Au/CeO2 . Huang and his coworkers [35] utilized surface-enhanced Raman spectroscopy to study paminothiophenol. Costa and his coworkers [36] used relative
spectroscopic methods to determine the clues to the internal
barrier layer capacitance mechanism. Xu and his coworkers
[37] clarified the thermal deterioration mechanism of bio-oil
pyrolyzed from rice husk using Fourier transform infrared
spectroscopy. The common point of the studies listed above is
that all of them utilized the relative spectroscopic approaches
to determine or infer the mechanism of the chemical reaction
and process, proving that the spectroscopy is an available
approach to estimate the mechanism of chemical reactions.
What is worth mentioning is that all of these listed researches
were published in the recent three years, showing that using
spectroscopic approaches to establish the conjecture of chemical reactions is becoming a popular method among relative
academic fields. Since detecting the modified mechanism of
aluminum-impregnated bone charcoal and calculating the
main reaction process by the modeling approach are difficult,
in our study, we innovatively used infrared spectroscopy to
obtain the infrared spectrums of the modified bone charcoal
and the unmodified one, so that the mechanism can be
inferred during the change of the modification.

2. Materials and Methods
2.1. Material Source and Treatment. Raw materials of bone
charcoal in our experiments were supplied by Langfang
Huaya Water Treatment Ltd., Hebei Province, China. All the
bone charcoals were sieved by screens, of which the granularity is approximately from 0.8 to 1.2 mm. Because of the
adsorption mechanism shown in (1), alkaline environment of
solution can provide a better effect of defluoridation; thus to
ensure the good adsorbability materials were firstly immersed
in saturated solution of sodium hydrate for 12 hours and then
immersed in deionized water for 12 hours. After repetitive
scrubbing, these raw bone charcoals were stoved by electric
thermostatic drying oven under the temperature of 120∘ C.
Afterwards, the bone charcoals were sealed in the desiccator.
The manufacturing approach of aluminum-impregnated
bone charcoal in our study met the standards of modified
approaches created by previous studies. 20 g bone charcoal
was immersed in 40 mL saturated solution of AlCl3 , and
the modification system was immersed in the ultrasonic
oscillator, so that aluminum ion can impregnate onto the
bone charcoal better. The modification procedure is shown
in Figure 1.
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Figure 2: Aluminum-impregnated bone charcoal.

To guarantee the modification, we chose the saturated
solution so the aluminum ion can impregnate onto the bone
charcoal during the process of ultrasonic immersion. The
dried aluminum-impregnated bone charcoal is shown as
Figure 2.
The aluminum-impregnated bone charcoal takes on a
color of silvery white and grey, while the unmodified bone
charcoal is atrous. The change of macroscopic features can be
observed obviously from this characteristic.
For comparison, we also designed a series of other
modified bone charcoals. After the testing results, ferriimpregnated bone charcoal and magnesium-impregnated
bone charcoal are also considered to be good modified
adsorbents, with high removal rates of fluorinion. Therefore,
we used these two modified bone charcoals together with
the blank control group (those ultrasonic immersed in
the saturated solution of sodium hydroxide) as the control
groups in the analysis of adsorption isotherm (see Section 3.1:
Adsorption Isotherm).
2.2. Preparation of Fluoride Solution. The sodium fluoride
(NaF, AR) with deionized water configured to stock fluorinion solution of 1.0 g/L. Then it was diluted to be 5.0 mg/L,
as to be used for the follow-up test. This actual initial mass
concentration was determined by fluoride selective electrode.
2.3. Adsorption Isotherms. To test the rationality of choosing aluminum-impregnated bone char as the object of
study, we chose ferri-impregnated bone charcoal, aluminumimpregnated bone charcoal, and magnesium-impregnated
bone charcoal as the main objects of studying the adsorption isotherms. All the metal-modified bone charcoals were
modified under the same conditions and procedures. In
addition, those raw bone charcoals immersed in the saturated
solution of sodium hydroxide ultrasonically were taken as
the blank control group. In the midst of these four types
of bone charcoal, each kind of bone charcoals was divided
into 6 groups, respectively: 0.2, 0.4, 0.8, 1.2, 1.6, and 2.0 g.
After three-hour defluoridation, adsorption isotherms were
developed during sample analysis.

3. Results and Discussion
3.1. Adsorption Isotherm. Previous studies show that the
adsorption process of bone charcoal is corresponded with
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Figure 3: Adsorption isotherms of different modified bone charcoals in defluoridation.

Langmuir isotherm [38–41], which is an ordinary adsorption
process of general adsorbents. For a better comparison,
several modification experiments with different immersed
ions were done and we obtained the adsorption isotherms
for different ion-modified bone charcoal in defluoridation,
which is shown in Figure 3 (blank control group: bone
charcoal immersed in saturated solution of sodium hydrate).
Results shown in Figure 3 indicate the descending order
of the corresponding defluoridation efficiency as follows:
ferri-impregnated bone charcoal, aluminum-impregnated
bone charcoal, magnesium-impregnated bone charcoal, and
sodium hydrate immersed bone charcoal. Nevertheless, our
experimental results are quite different from Shen’s previous study [42]. In Shen’s study, the defluoridation effect
of aluminum bone charcoal is higher than those of ferriimpregnated bone charcoal. However, due to the different
source of raw bone charcoals and the precise procedure of
our modification experiments, we considered our results are
accurate and reliable.
Although ferri-impregnated bone charcoal had the best
defluoridation effect in our experiments, however, ferri ion
is toxic and harmful to human body, which means that it
cannot be applied to the practical applications [43]. Therefore,
aluminum-impregnated bone charcoal is still the most rational option for defluoridation. Besides, results also prove that
the aluminum-impregnated bone charcoal of our research is
effective and can be used for further studies of the modified
mechanism.
3.2. Infrared Spectroscopic Study on Aluminum-Impregnated
Bone Charcoal. In order to study the modified mechanism
of aluminum-impregnated bone charcoal, two samples from
the same raw bone charcoal were determined by infrared
spectrum. Figure 4 shows the infrared spectrum of raw bone
charcoal without modification, while Figure 5 shows the
infrared spectrum of aluminum-impregnated bone charcoal.
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Figure 4: Infrared spectrum of bone charcoal without modification.
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Figure 6: The overlapped infrared spectrum of Figures 4 and 5.

modified mechanism is constructed as the reaction shown as
follows:
Ca10 (PO4 )6 (OH)2 + Al (OH)−4
→ Ca10 (PO4 )6 OH ⋅ Al (OH)4 + OH−

Aluminum-impregnated modification

(2)

In previous study, Chen and her coworkers [46] offered
an explanation for the mechanism of removal of arsenic (V)
using bone charcoal as the adsorbent:
3500
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Wavenumber (cm−1 )

1500

1000

Figure 5: Infrared spectrum of aluminum-impregnated bone charcoal.

Figures 4 and 5 show the infrared spectrums of the two
samples of bone charcoal, respectively. It is obvious that there
are some differences of the peaks between the two infrared
spectrums. The arrow heads in Figures 4 and 5 are the indexes
of these main differences. In order to present these differences
in a more evident way, Figures 4 and 5 were overlapped into
the one picture, which is shown in Figure 6.
Figure 6 depicts an interesting phenomenon: after modification, in the stretching vibration area of hydrogen bond
held together with –OH, intensity of the typical absorption
band of hydroxyapatite (3400 cm−1 nearby) [44, 45] has
risen obviously. In contrast, other peaks have tiny significant
change. This strange phenomenon attracted our attention:
under the theoretically dry condition, how to explain this
bizarre change of the peak?
To explain the interesting phenomenon presented in
Figure 6, we should consider the possible reaction between
aluminum ion and bone charcoal at first. One of the
most striking explanations of this phenomenon is that
anion exchange has happened during the modified process.
Hydroxide ion is dissociated from Ca–OH during the anion
exchange, elevating the PH value. Under this circumstance,
aluminum ion can combine with hydroxyl ion, forming
tetrahydroxoaluminate ion. Based on this conjecture, the

Ca10 (PO4 )6 (OH)2 + HAsO4 2−
→ Ca10 (PO4 )6 (HAsO4 ) + 2OH−

(3)

Compared to our conjecture of the modified mechanism,
Chen’s research indicates that bone charcoal can arise from
the ion exchange reaction during the adsorption, from
which we can infer that the mechanism of adsorption and
modification is extremely similar. In other words, during
the modification process, aluminum ion can be “adsorbed”
onto the surface of bone charcoal, and we deduce that this
combination is stable and thus the aluminum can impregnate
firmly.
As for the adsorption mechanism of aluminumimpregnated bone charcoal, Dong [47] offered an explanation
for the high performance of the modified bone charcoal.
This explanation discusses that because the aluminum ion
has the unoccupied orbital, there exists the complex reaction
between aluminum ion and fluorinion, and the maximum
coordination number is considered to be six:
Al3+ + F− ←→ AlF2+
↓
Al3+ + 2F− ←→ AlF+2
↓
Al3+ + 3F− ←→ AlF03
↓
Al3+ + 4F− ←→ AlF4 −
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−

+ 5F ←→ AlF5
↓

2−

Al3+ + 6F− ←→ AlF6 3−
(4)
Dong’s explanation of aluminum-impregnated bone
charcoal seems reasonable. However, according to our study,
some of the unoccupied orbitals of the aluminum impregnated onto the bone charcoal had actually been occupied
during the modified process. Therefore, the average maximum coordination number of aluminum in the aluminumimpregnated bone charcoal may be less than six. Based
on our opinion, the adsorption mechanism explained by
Dong [47] is not totally perfect, which may overestimate the
adsorption effects of aluminum-impregnated bone charcoal.
Our research indicates that, in the process of defluoridation,
aluminum-impregnated bone charcoal is undergoing two
kinds of adsorption process. On the one hand, hydroxyapatite
in bone charcoal is undergoing the adsorption process as
(1) presents; on the other hand, aluminum which has been
impregnated onto the bone charcoal’s surface is undergoing
the process of coordination reaction: aluminum combines
with fluorinion in a stable way.
According to previous studies [48–51], some similar
researches on determining the mechanisms of different
adsorbents were used to make comparison. Namasivayam
and Kavitha [48] detected the adsorption interactions of dye,
phenol, and chlorophenol onto coir pith carbon from aqueous solution using various detection techniques. Nadeem and
his coworkers [49] detected the modified carbon adsorbents
by SEM. In addition, Ahmad and Kumar [50] also utilize SEM
to detect the adsorption information of amaranth dye onto
alumina reinforced polystyrene. Gupta and his coworkers
[51] detected the details about banana pseudostem fiber in
the removal of harmful malachite green dye using Fourier
transform infrared spectroscopy, scanning electron microscope, and X-ray diffractometer. These studies are advanced
in detecting the properties of adsorbents which can seem
as the excellent references. Nevertheless, these researches
did not detect the adsorption processes of the modification
mechanisms of the studied adsorbents by infrared spectroscopic methods. Hence, our research has successfully made
up the blank of this area. According to the comparison, using
infrared spectroscopy to detect and infer the modification
mechanism of bone charcoal is proved to be effective and
available.

4. Conclusion
Fluoride contamination is a prominent and widespread
problem in many parts of the world. Such contamination
in drinking water is mostly natural and unpreventable
that affects the health for human beings. There is a common agreement that drinking fluoridated water can lead
to a high risk of fluorosis in human body. To reduce the
risk, metal-impregnated bone charcoal has been frequently
used as an ideal material for fluoride removal. In this

study, the defluoridation efficiency of the bone charcoals
modified by different metal ions was investigated. Their
adsorption isotherms help highlighting the descending order
of the corresponding defluoridation efficiency as follows:
ferri-impregnated bone charcoal, aluminum-impregnated
bone charcoal, magnesium-impregnated bone charcoal, and
sodium hydrate immersed bone charcoal. Considering the
potential toxicity of ferri-impregnated bone charcoal, the
aluminum-impregnated bone charcoal was adapted as the
most rational adsorbent for defluoridation in our experiments. Its modified mechanism was further successfully
explored using the infrared spectroscopy. The strengthening
of the hydroxyl peak intensified in infrared spectrum was
examined. The results imply that the probable modified
reaction is ion exchange and tetrahydroxoaluminate can
combine with hydroxyapatite, which in turn suggests that
aluminum ion can be impregnated onto the surface of the
bone charcoal. In future study, more attention deserves to be
paid to the adsorption of lead and arsenic as some advanced
researches provide great inspirations on the topic [46, 52–55].
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The constrained optimization method is employed to calculate the colorant values of the multispectral images. Because the spectral
separation from the 31-dimensional spectral reflectance to low dimensional colorant values is very complex, an inverse process
based on spectral Neugebauer model and constrained optimization method is performed. Firstly, the spectral Neugebauer model is
applied to predict the colorants’ spectral reflectance values, and it is modified by using the Yule-Nielsen 𝑛-value and the effective area
coverages. Then, the spectral reflectance root mean square (RRMS) error is established as the objective function for the optimization
method, while the colorant values are constrained to 0∼1. At last, when the nonlinear constraints and related parameters are set
appropriately, the colorant values are accurately calculated for the multispectral images corresponding to the minimum RRMS
errors. In the experiment, the colorant errors of the cyan, magenta and yellow inks are all below 2.5% and the average spectral error
is below 5%, which indicate that the precision of the spectral separation method in this paper is acceptable.

1. Introduction
The objective of color reproduction is to obtain the same
visual perception of the original images, and it is mainly
implemented based on the metameric reproduction principle
[1, 2]. However, when the illuminants or observers change,
the color consistency between the original and the hard
copy is hardly maintained. Thus, in many high-accuracy
reproduction areas, the originals are represented as multispectral images, not the common 𝑅𝐺𝐵/𝐶𝑀𝑌𝐾 images [3, 4].
If the image’s spectral information is reproduced correctly, the
hard copy will look the same as the original under different
illuminants.
Within the multispectral image reproduction workflow,
after the spectral reconstruction [5–7] and gamut mapping
process [8–10], the image pixel’s spectral values should be
precisely converted into ink values for printing, while the
conversion process is often defined as spectral separation
[11, 12]. For most printers, the primary inks are cyan,
magenta, yellow, and black; hence the input spectral images’

reflectances are transformed to 𝐶𝑀𝑌𝐾 values during spectral
separation.
In fact, as most of the multispectral image pixels are
31-dimensional, it is difficult to calculate the colorant values from the spectral data straightly. Most of the spectral
separation processes are based on the spectral predication
models and iteration methods. The spectral predication
models can be used to calculate different ink combinations’
spectral values. And the iteration of the separation process
will stop when the image pixel’s spectral matches with the
predicated spectral. Several spectral predication models can
be used for spectral separation, such as multiinterpolation
techniques [13], spectral Neugebauer model [14, 15], YuleNielsen model [16, 17], and Kubelka-Munk model [18, 19].
Because the spectral Neugebauer model uses less sample
colors and often generates acceptable accuracy, it is widely
applied to the spectral separation process. However, there are
many factors which influence the separation accuracy. In this
paper, the spectral Neugebauer model is modified and a nonlinear optimization method is analyzed, in order to improve
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the multispectral image’s spectral separation accuracy for
𝐶𝑀𝑌𝐾 printers.

2. Modification of Spectral Neugebauer Model
2.1. The Expression of Spectral Neugebauer Model. The spectral Neugebauer model is a halftone color predication model,
which calculates the spectral reflectance values within the
visual wavelength from printers’ colorant space. In fact it is
developed from Murray-Davies model which is a monochromatic model [20]. When a primary ink is printed on the
paper, if the spectral reflectance of the solid and substrate are
represented as 𝑅𝜆,𝑡 and 𝑅𝜆,𝑠 , respectively, and the patch’s dot
̂ 𝜆 can be predicted
area is given, then its reflectance values 𝑅
by using Murray-Davies model as follows:
̂ 𝜆 = 𝑎𝑡 𝑅𝜆,𝑡 + (1 − 𝑎𝑡 ) 𝑅𝜆,𝑠 ,
𝑅

(1)

where 𝜆 is the wavelength of light within 400 nm–700 nm and
𝑎𝑡 is the fractional dot area of the printed patch.
When the monochrome Murray-Davies model is
extended to predict color halftones, the spectral Neugebauer
model is generated. Take the cyan, magenta, and yellow
colorants printing, for example; eight possible colors exist
in the halftone patch which are white (bare substrate), cyan,
magenta, yellow, red (magenta + yellow), green (cyan +
yellow), blue (cyan + magenta), and black (cyan + magenta
+ yellow), respectively. These eight halftone colors are
usually defined as Neugebauer primaries. When the spectral
reflectance values of the primaries are measured, the halftone
patch’s overall reflectance can be predicated by using the
spectral Neugebauer model as follows [21]:
8

̂ 𝜆 = ∑𝑤𝑖 𝑅𝜆,𝑖 ,
𝑅

(2)

𝑖=1

where 𝑅𝜆,𝑖 is the 𝑖th Neugebauer primary’s reflectance value at
full colorant coverage, and 𝑤𝑖 is the corresponding weighting
factor calculated by the dot areas of the cyan, magenta, and
yellow inks. If 𝑐, 𝑚, and 𝑦 represent the cyan, magenta, and
yellow inks’ area coverage, respectively, the eight Neugebauer
primaries’ weighting factors can be deduced using Demichel
equations, and the full expression of (2) is written as follows:
̂ 𝜆 = (1 − 𝑐) (1 − 𝑚) (1 − 𝑦) 𝑅𝜆,𝑊 + 𝑐 (1 − 𝑚) (1 − 𝑦) 𝑅𝜆,𝐶
𝑅
+ (1 − 𝑐) 𝑚 (1 − 𝑦) 𝑅𝜆,𝑀 + (1 − 𝑐) (1 − 𝑚) 𝑦𝑅𝜆,𝑌
+ (1 − 𝑐) 𝑚𝑦𝑅𝜆,𝑅 + 𝑐 (1 − 𝑚) 𝑦𝑅𝜆,𝐺
+ 𝑐𝑚 (1 − 𝑦) 𝑅𝜆,𝐵 + 𝑐𝑚𝑦𝑅𝜆,𝐾 .
(3)
When the 𝐶𝑀𝑌 three-color spectral Neugebauer model is
extended to 𝐶𝑀𝑌𝐾 four colors, there are 16 Neugebauer
primaries, and the weighting factors are listed in Table 1 (𝑐,
𝑚, 𝑦, and 𝑘 represent the cyan, magenta, yellow, and black
ink’s area coverage).

Table 1: The respective fractional area coverages of the CMYK
combinations.
Index
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Weighting factor
𝑤𝑤
𝑤𝑐
𝑤𝑚
𝑤𝑦
𝑤𝑘
𝑤𝑐𝑚
𝑤𝑐𝑦
𝑤𝑚𝑦
𝑤𝑐𝑚𝑦
𝑤𝑐𝑘
𝑤𝑚𝑘
𝑤𝑦𝑘
𝑤𝑐𝑚𝑘
𝑤𝑐𝑦𝑘
𝑤𝑚𝑦𝑘
𝑤𝑐𝑚𝑦𝑘

Fractional area coverage
(1 − 𝑐) ∗ (1 − 𝑚) ∗ (1 − 𝑦) ∗ (1 − 𝑘)
𝑐 ∗ (1 − 𝑚) ∗ (1 − 𝑦) ∗ (1 − 𝑘)
(1 − 𝑐) ∗ 𝑚 ∗ (1 − 𝑦) ∗ (1 − 𝑘)
(1 − 𝑐) ∗ (1 − 𝑚) ∗ 𝑦 ∗ (1 − 𝑘)
(1 − 𝑐) ∗ (1 − 𝑚) ∗ (1 − 𝑦) ∗ 𝑘
𝑐 ∗ 𝑚 ∗ (1 − 𝑦) ∗ (1 − 𝑘)
𝑐 ∗ (1 − 𝑚) ∗ 𝑦 ∗ (1 − 𝑘)
(1 − 𝑐) ∗ 𝑚 ∗ 𝑦 ∗ (1 − 𝑘)
𝐶 ∗ 𝑚 ∗ 𝑦 ∗ (1 − 𝑘)
𝑐 ∗ (1 − 𝑚) ∗ (1 − 𝑦) ∗ 𝑘
(1 − 𝑐) ∗ 𝑚 ∗ (1 − 𝑦) ∗ 𝑘
(1 − 𝑐) ∗ (1 − 𝑚) ∗ 𝑦 ∗ 𝑘
𝑐 ∗ 𝑚 ∗ 𝑦 ∗ (1 − 𝑘)
𝑐 ∗ (1 − 𝑚) ∗ 𝑦 ∗ 𝑘
(1 − 𝑐) ∗ 𝑚 ∗ 𝑦 ∗ 𝑘
𝑐∗𝑚∗𝑦∗𝑘

In fact, the spectral Neugebauer model is also suitable for
multi-ink color systems. If 𝑝 colorants are included as follows:
𝑐 = [𝑐1 , . . . , 𝑐𝑗 , . . . , 𝑐𝑝 ]

𝑇

𝑐𝑗 ∈ [0, 1] for 𝑗 ∈ {1, . . . , 𝑝} , (4)

there will be 2𝑝 Neugebauer primaries, and their weighting
factors can be determined by the following equation [11, 22]:
if colorant 𝑗 is part of
{
{𝑐𝑗 ;
𝑤𝑖 = ∏ {
the 𝑖th Neugebauer primary,
{
𝑗=1
(1
−
𝑐
)
;
else.
𝑗
{
𝑝

(5)

It can be concluded that the primaries’ area coverages are
expressed as fractions of the total area, and they satisfy the
𝑝
constraint ∑2𝑖=1 𝑤𝑖 = 1.
Because there are only eight Neugebauer primaries within
the spectral Neugebauer model for three-color printers, the
predication accuracy is very limited. In order to employ
more measured halftone patches as Neugebauer primaries,
the cellular spectral Neugebauer model is frequently used
in which the colorant space is divided into more cellular
subdomains [23]. For example, when the individual ink’s area
coverages are partitioned into two parts with three points
[0%, 50%, and 100%], the 𝐶𝑀𝑌 colorant space will be divided
into eight cellular subdomains.
2.2. The Optimization of Spectral Neugebauer Model. There
are actually several reasons which decrease the predication accuracy of the spectral Neugebauer model, such as
the dot gain, light scattering and penetration, and nonlinearity between the summed and the individual primaries’
reflectances. For the purpose of reducing the influence
of these factors, some optimization approaches should be
performed.
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2.2.1. Calculating the Effective Area Coverage Values. Within
the spectral Neugebauer model, the colorants’ area coverages
are employed to calculate the primaries’ weighting factors;
thus the spectral predication accuracy is highly dependent
on these area coverage values, and it is significant to obtain
their optimal values. For halftone color reproduction images,
the change in dot diameter is the critical factor for the print
image transfer, and these changes usually lead to tonal and
color shifts. For a monochrome halftone patch, its spectral
reflectance is usually calculated from the remitted light
reflectance of solid and halftone areas as follows:
𝑅𝜆,𝑚 − 𝑅𝜆,𝑠
,
𝑎𝑡 =
(6)
𝑅𝜆,𝑡 − 𝑅𝜆,𝑠
where 𝑎𝑡 is the predicted area coverage and 𝑅𝜆,𝑚 is the
measured reflectance values of the halftone patch. Because
the reflectance values change with the wavelength, the minimum reflectance value within 400 nm∼700 nm is usually
used. Actually in conventional printing techniques, a widely
adopted form of area coverage is deduced from the optical
density values and (6) is written as
1 − 10−𝐷𝑟
(7)
,
1 − 10−𝐷𝑡
where 𝐷𝑡 is the optical density of solid tone, and 𝐷𝑟 is the
halftone optical density.
When the halftone patch is measured with a densitometer,
it is not the geometrical area coverage (the ratio between dots
and white paper on the measuring patch), but the “optically
effective area coverage.” The difference between geometric
and optically effective area coverage is due to the fact of light
penetration and trapping. For example, as shown in Figure 1,
part of the arriving light penetrates into the paper between
the dots at the unprinted areas and are trapped under the
dots during reflection; thus this light seems to be absorbed
(as shown in Figure 1) [24].
The above phenomenon is called “light gathering,” and
it causes the dots to appear optically larger than they are in
reality. For this reason, the optically effective area coverage
consists of the geometric area coverage and the optical area
gain. The optical area gain is usually defined as dot gain value
increase, and it is calculated from the area coverage of the film
as a master for platemaking and the tone value printed on the
substrate via the printing form. The area coverage of the film
(or the pixel values after color separation for Computer-toPlate techniques) is called theoretical value 𝑎𝑡 , and the printed
halftone’s area coverage is the effective value 𝑎eff ; thus the dot
gain 𝑍 is 𝑍 = 𝑎eff − 𝑎𝑡 . In fact, dot gain essentially depends
on the paper’s surface and its absorption/ink setting behavior,
the ink rheology, the blanket, printing pressure, and so on.
In order to acquire the real area coverage for the spectral
Neugebauer model, all the spectral reflectance values within
the visual wavelength are considered during the effective area
coverage calculation. By using the least squares analysis, (6)
is described into a spectral form:
𝑎𝑡 =

𝑎eff = (𝑅𝜆,𝑚 − 𝑅𝜆,𝑠 ) (𝑅𝜆,𝑡 − 𝑅𝜆,𝑠 )

𝑇
𝑇 −1

× [(𝑅𝜆,𝑡 − 𝑅𝜆,𝑠 ) (𝑅𝜆,𝑡 − 𝑅𝜆,𝑠 ) ] .

(8)

Ink

Paper

Figure 1: Light gathering in the area of the inked paper surface.

As we measure the reflectance from 400 nm to 700 nm with
the interval of 10 nm, all the reflectance terms above are 1
× 31 row vectors, while the superscripts 𝑇 and −1 indicate
matrix transpose and inverse, respectively. Because most of
the reflectances within 400nm–700nm are involved during
effective area coverage calculation in (8), it is usually more
precise than (6) and (7), and we use this equation for spectral
predication in the experiment.
2.2.2. Calculating the Optimal 𝑛-Values. As a result of light
penetration and scattering effect, the relationship between
measured and predicted reflectance is nonlinear for the
Murray-Davies and spectral Neugebauer models. An effective
solution for this problem is to add an exponent 1/𝑛 to the
reflectance values, which is developed by Yule and Nielsen
[25]. Taking the Murray-Davies model, for example, the
modified form can be described as follows:
𝑛

̂ 𝜆 = [𝑎eff 𝑅1/𝑛 + (1 − 𝑎eff ) 𝑅1/𝑛 ] ,
𝑅
𝜆,𝑡
𝜆,𝑠

(9)

where 𝑎eff is the effective area coverage value and 𝑛 is a
parameter accounting for light spreading in paper, and it
is referred to as the Yule-Nielsen 𝑛-value. Generally, the
modified Yule-Nielsen model is more accurate than the
original Murray-Davies model. Likewise, the Yule-Nielsen
model can be extended to the spectral Neugebauer model,
which is called Yule-Nielsen spectral Neugebauer (YNSN)
model as follows:
8

𝑛

̂ 𝜆 = [∑𝑤𝑖 𝑅1/𝑛 ] .
𝑅
𝜆,𝑖

(10)

𝑖=1

Because the 𝑛-value is not a constant, it is significant to
acquire the optimal value for the specific halftone patches.
Pearson [26] recommended using 𝑛 = 1.7 by testing a variety
of substrates, halftone screens, and area coverages, and most
of his experiment results showed that using 𝑛 = 1.7 always
improved performance over using 𝑛 = 1. However, Wyble
and Berns have noted that values of 𝑛 greater than 2 are often
required for modern, high-resolution printers [27]. Arney et
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reflectance

CMYK(k)

ΔR𝜆 < 𝜀

YNSN model

Y

CMYK output

N
CMYK(k + 1)

Figure 2: Diagram of spectral separation process based on optimization method.

al. [28] analyzed the process of light spreading in paper and
approximated 𝑛-value as
V

𝑛 = 2 − 𝑒−𝐴𝑘𝑝 ,

(11)

where 𝐴 is a constant relating to dot geometry, 𝑘𝑝 is a constant
relating to modulation transfer function, and V is the halftone
dot frequency in dots per millimeter. In addition, Shiraiwa
and Mizuno interpreted the 𝑛-value in another form [29], and
(9) is modified as follows based on it:
̂𝜆 =
𝑅

1/𝑛
[𝑎eff (𝑅𝜆,𝑠 𝑇𝜆𝑛 )

+ (1 −

𝑛
1/𝑛
𝑎eff ) 𝑅𝜆,𝑠
] ,

(12)

where the solid ink’s reflectance 𝑅𝜆,𝑡 is replaced by the term
𝑅𝜆,𝑡 𝑇𝜆𝑛 and 𝑇𝜆 is the ink transmittance. It should be noted
that this model is valid only for integer values of 𝑛-value, and
the overall effect of this is to make the predicted reflectance
lower, which is consistent with the fact that the MurrayDavies model overpredicts reflectance values.
In this paper, we use a spectral-error-comparing method
to find the optimal 𝑛-value. Firstly, the YNSN model is
established with the 𝑛-value initialized from 1, and then a
certain number of testing patches are selected to calculate the
YNSN model’s spectral error. We set 𝑛-value ranging from 1
to 5 with the increment Δ𝑛 = 0.1; thus when all the spectral
errors of different 𝑛-values are obtained and compared, the
optimal value is determined corresponding to the minimal
spectral error.

3. Spectral Separation Based on
Constrained Optimization Method
For 𝐶𝑀𝑌𝐾 printers, it is very difficult to convert the 31dimensional spectral reflectances into the 4-dimensional
𝐶𝑀𝑌𝐾 colorant values. However, as the 31-D spectral
reflectance can be precisely predicted from 𝐶𝑀𝑌𝐾 values by
spectral Neugebauer model, it is more feasible to convert the
spectral separation process into the constrained optimization
process based on the spectral predication model. Actually,
the spectral separation is an iteration process, where the
optimal 𝐶𝑀𝑌𝐾 values are continually searched until the
predicated spectral values match well with the given spectral
reflectances. Generally, the spectral separation workflow
based on constrained optimization method can be described
as in Figure 2.

It can be seen from the separation workflow that the
objective function and the nonlinear constraints should be
accurately defined for the optimization problem. Because
the major purpose for printing multispectral images is to
reproduce the same spectral reflectance values, the objective
function is defined as the spectral reflectance error:

̂
Δ𝑅𝜆 = 𝑅
 ,
𝜆,𝐶𝑀𝑌𝐾 − 𝑅𝜆,image 

(13)

̂ 𝜆,𝐶𝑀𝑌𝐾 is predicated reflectance values using YNSN
where 𝑅
model and 𝑅𝜆,image is the multispectral image’s reflectance
values. The iteration process in Figure 2 will stop when
the difference of (13) is smaller than a threshold value 𝜀
predefined.
In addition, as the colorant values have the specific scale
range, the nonlinear constraints can be defined as follows:
0 ≤ 𝑎eff ≤ 1,

∑ 𝑎eff ≤ 𝑎limit ,

(14)

where 𝑎 = {𝑐, 𝑚, 𝑦, 𝑘}, and 𝑎limit represents the limit of the
total ink amount. Thus, the nonlinear optimization process
for spectral separation is described as
min


 ̂
𝑅𝜆,𝐶𝑀𝑌𝐾 − 𝑅𝜆,image 



s.t.

𝑎eff ∈ [0, 1] ,

(15)

∑ 𝑎eff ≤ 𝑎limit .
It should be noted that the use of an optimization
technique may lead to a nonoptimal solution (e.g., a local
minimum will stop the iteration process) as Mahy and
Delabastita presented [30]. Thus, Gerhardt and Hardeberg
[11] analyzed the parameters which determined the right
colorant combination obtained, including the limitations on
the minimum difference between the desired value and its
estimation, difference between colorant values in successive
iterations, and initial guess values to start the iterative search.

4. Experiment and Analysis
In the experiment, the cyan, magenta, and yellow inks are
used to print the multispectral images, and the three-color
spectral Neugebauer model is employed for spectral predication. The halftone patches are printed with a HP digital
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Table 2: The colorant and spectral reflectance error for 50 testing halftone samples.

Avg. (error)
Std. (error)
Max. (error)

ΔC
1.43
0.98
4.54

ΔM
2.26
1.54
6.07

ΔY
2.21
2.00
7.23

Δ𝐸𝑐𝑚𝑦
3.85
2.13
9.86

RRMS
0.0047
0.0030
0.0128

1
0.9
0.8

Reflectance

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
400

450

500

550

600

650

700

Wavelength (nm)
W
Y
M
R

C
G
B
K

Figure 3: Spectral reflectance data of eight Neugebauer primaries.

printer, and the spectral reflectance values are measured
with an X-Rite 530 spectrophotometer with geometry (𝑑: 10∘ )
under a D65 illuminant. Take the eight Neugebauer primaries
of 𝐶𝑀𝑌 space, for example, the spectral reflectances within
400 nm–700 nm are illustrated as in Figure 3.
Besides, 50 testing halftone patches are selected to test the
spectral separation method in the paper. Firstly, the testing
patches are printed with the defined ink values 𝐶1 𝑀1 𝑌1 ,
and then the spectral reflectance values 𝑅𝜆,1 are measured.
Secondly, by using the spectral separation method described
in Sections 2 and 3, new ink values 𝐶2 𝑀2 𝑌2 are calculated
from the measured spectral reflectance 𝑅𝜆,1 . At last, when
these 𝐶2 𝑀2 𝑌2 values are printed and measured, new spectral
reflectance values 𝑅𝜆,2 are obtained. The difference of 𝐶𝑀𝑌
values between 𝐶1 𝑀1 𝑌1 and 𝐶2 𝑀2 𝑌2 and the spectral error
between 𝑅𝜆,1 and 𝑅𝜆,2 are calculated to test the separation
accuracy [23, 31]. The 𝐶𝑀𝑌 ink difference and the reflectance
error are expressed as follows:
Δ𝐸𝐶𝑀𝑌 = √Δ𝐶2 + Δ𝑀2 + Δ𝑌2 ,

(16)

where Δ𝐶 = |𝐶1 − 𝐶2 |, Δ𝑀 = |𝑀1 − 𝑀2 |, and Δ𝑌 = |𝑌1 − 𝑌2 |.
While for the spectral errors, the reflectance root mean square
(RRMS) difference is represented as
2

∑ [𝑅𝜆,1 − 𝑅𝜆,2 ]
RRMS = √ 𝜆
,
𝑁

(17)

where 𝑁 is the dimensionality of spectral reflectance, 𝑅𝜆,1
is the input and given reflectance values, and 𝑅𝜆,2 is newly
predicted 𝐶𝑀𝑌 inks’ reflectance values, and they are both
scaled to 0∼1. The RRMS error reveals the matching degree
of two spectral reflectance values, so it may favorably evaluate
the precision of spectral separation method.
In Table 2 the errors in the form of Δ𝐶, Δ𝑀, Δ𝑌, and
RRMS are listed, where the Avg(Error) represents the average
of the errors, Std(Error) is the standard deviation of the
errors, and Max(Error) is the maximum of the errors.
From Table 2, it can be seen that the differences of ink
values are about 2%, and most of the spectral reflectance
errors are below 5%, which indicates that the accuracy of the
spectral separation method in this paper is acceptable. For all
the 50 testing halftone patches, the colorant errors of cyan,
magenta, and yellow inks are shown in Figure 4.
The spectral reflectance error is depicted in Figures 5 and
6. In Figure 5, the distribution of RRMS errors for 50 halftone
patches is listed, while, in Figure 6, the original and newly
separated spectral reflectance values are compared, and it can
be seen that these two figures match very well.

5. Conclusions
The spectral separation algorithm is significant for the multispectral image printing devices, which can calculate the accurate colorant values. In the traditional printing process, the
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Figure 4: Colorant errors of cyan, magenta, and yellow inks.
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Figure 5: Spectral reflectance error of the 50 halftone patches.
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Figure 6: Comparison of the original and newly separated spectral values of the 50 testing samples.

multispectral images are firstly converted into the CIE color
values under specific illuminant, and then the colorant values
are calculated from the CIE colors. Because the connection
space is the 3-dimentional CIEXYZ or CIELAB under one
illuminant, the original and reproduced multispectral images
cannot keep same color appearance under different observing
circumstances. In this paper, the spectral separation method
is employed to calculate the spectral reflectance’s colorant
values and the purpose of which is to generate the identical
spectral values of the input multispectral images. Thus, the
original and reproduced images reveal the same visual colors
under different illuminants. The accuracy of the spectral
separation method is evaluated in the experiment. The
experiment results show that the colorants errors of three
inks are about 2%, and the average spectral error is below
5%, which can guarantee the spectral consistence between the
original and the printed multispectral images.
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A LC-MS/MS method for determination of stavudine in human plasma was established and validated, and it was applied to the
pharmaceutical formulations bioequivalence study. 0.5 mL plasma sample was extracted by liquid-liquid extraction. Stavudine
was detected by a LC-MS/MS system. The pharmacokinetic parameters of stavudine in different formulations were calculated by
noncompartment model statistics. The method was linear over the concentration ranges 5.00–1000 ng/mL in plasma. The intra- and
interassay relative standard deviation (RSD) was <10%. The average accuracies for the assay at three concentrations (5.00, 80.0, and
900 ng/mL) were from 100.2% to 102.5%. Pharmacokinetic parameters of stavudine reference formulation were obtained as follows:
𝑇max was 0.6 ± 0.2 h, 𝐶max was 480.7 ± 150.9 g/L, t 1/2 was 1.7 ± 0.4 h, and AUC0−𝑡 was 872.8 ± 227.8 g⋅h/L, and pharmacokinetic
parameters of stavudine test formulation were obtained as follows: 𝑇max was 0.5±0.2 h, 𝐶max was 537.5±178.5 g/L, t 1/2 was 1.7±0.3 h,
and AUC0−𝑡 was (914.1 ± 284.5) g⋅h/L. Calculated with AUC0−𝑡 , the bioavailability of two formulations was 105.0%.

1. Introduction
Stavudine is the first four approved for marketing the treatment of human immunodeficiency virus (HIV) infections
following zidovudine, hydroxy glycosides, and go after zalcitabine by the U.S. Food and Drug Administration (FDA).
It contains nucleoside reverse transcriptase inhibitors which
can inhibit the replication of HIV-1 and HIV-2 in different
kinds of cells. Stavudine triphosphate formed by cell kinase
phosphorylation can prevent the HIV virus replication in
human cells. Stavudine has been used in the adult HIVinfected people and AIDS patients who do not tolerate
zidovudine and who can no longer be zidovudine-treated,
and it also has been used in HIV-infected children from 3
months to 12 years old [1].
Determination of stavudine in plasma by high performance liquid chromatography method has been described
[2, 3]; analysis time was more than 12 minutes. The liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
method [4] was established for the simultaneous monitoring
of multiple anti-HIV drugs in vivo plasma concentrations
after long-term combination therapy of AIDS. The LCMS/MS [5] method needs a larger workload because external

standard was used. Two sets of standard curves and quality
control (QC) samples were made to each analytical batch, and
the system performance correction fluid was injected to confirm whether the response of ionization mass spectrometry is
stable. This paper intends to establish a rapid, sensitive LCMS/MS method to determinate stavudine plasma concentrations for bioequivalence and pharmacokinetic study.

2. Materials and Methods
2.1. Reagents and Chemicals. Purity of stavudine and 𝛽thymidine (internal standard) was more than 99.7% and
99.4%. They were purchased from the Institute of Northeast
General Pharmaceutical Factory (Shenyang, China). Zerit
capsules were kindly supplied from Bristol-Myers Squibb
Company (Canada). All chemicals and reagents were of
analytical grade, and water was bidistilled water which was
prepared from demineralized water.
2.2. Apparatus. Analyses were performed on an LC-MS/MS
system composed of a Shimadzu LC-10AD pump (Kyoto,
Japan), a Thermo Finnigan TSQ Quantum Ultra tandem
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mass spectrometer (San Jose, CA, USA), an LC-10ADVP
pump, and a SIL-HTA autosampler.

time. The concentration data of the unknown sample and the
QC sample were calculated by the standard curve.

2.3. Chromatographic Conditions. The analytical column was
a Zorbax Extend C18 column (150 mm × 4.6 mm, inner
diameter, 5 𝜇m; Agilent, Wilmington, DE, USA) and a SecurityGuard C18 guard column (4 mm × 3.0 mm inner diameter;
Phenomenex, Torrance, CA, USA). The mobile phase was
methanol-water 1% ammonia (50 : 50 : 0.5, v/v/v). The liquid
flow rate was set at 0.5 mL/min. The sample injection volume
was 20 𝜇L. The column temperature was maintained at 20∘ C.

3. Results and Discussion

2.4. Mass Spectrometric Conditions. Stavudine and internal
standard were monitored in the negative ion mode using a
Turboion spray interface. The spray voltage was set at 3.8 kV
and the source temperature at 350∘ C. Nitrogen was used as
sheath gas (20 Arb) and auxiliary gas (2 Arb). The collision
gas was argon at a pressure of 1.0 mTorr. Collision-induced
dissociation voltage was 22 eV for both the analyte and
internal standard. The selected reaction monitoring (SRM)
was selected to monitor precursor-product ion transitions.
These corresponded to m/z 223 → m/z 42 for stavudine and
m/z 241 → m/z 42 for internal standard. The dwell time was
0.3 s per transition.
2.5. Sample Preparation Procedure. A volume of 0.5 mL
thawed human plasma was transferred to a 10 mL tube and
100 𝜇L of 𝛽-thymidine and 100 𝜇L methanol-water (50 : 50,
v/v) were spiked and briefly vortex-mixed. To each sample,
250 𝜇L phosphate buffer (50 mmol/L, pH 6) and 3 mL acetic
ether were added. The tubes were capped and shaken for 10
minutes and then centrifuged at 3,500 rpm for 5 minutes. The
upper organic phase was divided to a test tube and evaporated
to dryness at 50∘ C by a gentle flow of air. The residue was
dissolved in 100 𝜇L mobile phase, and a 20 𝜇L aliquot was
injected into the LC-MS/MS system.
2.6. Bioequivalence and Pharmacokinetics Study. Cross double cycle test was adopted to invest bioequivalence study
of two stavudine capsules. 20 healthy male volunteers were
divided into two (I and II) groups stochastically, each group
of 10 people. At the first cycle, group I and group II received
the oral dosing of reference and text formulation (stavudine
20 mg), respectively. At the second cycle, groups I and II
received the text and reference formulation, oppositely. Each
test interval was for a week. Forearm venous blood (3 mL) was
collected in tubes containing sodium heparin before taking
the medicine (0 h) and at 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0,
4.0, 6.0, 8.0, and 10.0 h after a single oral dose. The blood
samples were centrifuged at 2,000 g for 10 min immediately.
The plasma samples were separated and stored at −20∘ C until
analysis. Clinical trials were performed in Liaoning Province
People’s Hospital.
The plasma samples were prepared according to
Section 2.5. One standard curve was established in each
analytical batch, and double QC samples of three concentrations (high, medium and low) were analyzed, at the same

3.1. Chromatographic and Mass Spectrometric Conditions.
The selection of internal standard for LC-MS/MS method
was different for HPLC-UV method. The ideal internal
standard is isotope marker of analyte, but it is expensive
and difficult to get, generally. Because of the instrument, the
pressure of collision gas changes within a day. This leads
the ratio of mass spectrometry signal intensity for analyte
and internal standard to change. As a result, the intra-assay
deviation of QC samples was large. Therefore, the requirement of internal standard is as follows: when the collision
gas pressure changed, the signal intensity change of analyte
and internal standard should trend accordingly. Zidovudine
and 𝛽-thymidine were structural analogues of stavudine and
were tried to be used as internal standard. In selected mass
spectrometry conditions and chromatographic conditions,
zidovudine response was high, but the retention time is 1 min
longer than stavudine. 𝛽-thymidine also has a good response,
and retention time was similar to stavudine, with good
reproducibility. Considering the analysis time, 𝛽-thymidine
was selected as the internal standard substance. The analyte
and the internal standard formed predominately protonated
molecules [M–H]− , m/z 223 and m/z 241. Through collisioninduced dissociation, and thire major fragment ions were
both at m/z 42 (Figure 1).
3.2. Sample Preparation. Biological sample pretreatment
method was improved as liquid-liquid extraction (LLE)
which is most commonly used. LLE can remove fats, proteins,
and endogenous ions effectively, and the operation is simple.
LLE method lies in choosing the right extraction solvent and
acidification and alkalization reagent according to the analyte
polarity and acid-base property. Stavudine and 𝛽-thymidine
are polar compounds, and both have acid group. The etherdichloromethane (3 : 2) and ethyl acetate were tried as the
extraction solvent. The pH 4 and pH 6 phosphate buffer
(50 mmol/L) were tried as acidifying agents. The ethyl acetate
and pH 6 phosphate buffer (50 mmol/L) were determined
as extraction solvent and acidifying agents, because the
extraction rate of analyte and the internal standard was higher
(about 50% of both) and stable.
3.3. Selectivity. Blank plasma samples of six volunteers were
prepared according to Section 2.5 (no internal standard),
and the chromatogram was shown in Figure 2(a). A certain
concentration of stavudine reference solution and internal
standard solution was joined in blank plasma, with the same
operation, and the chromatogram was shown in Figure 2(b).
The retention time was 2.98 min and 2.83 min, respectively.
The chromatogram of plasma sample of a volunteer after oral
dosing was shown in Figure 2(c). The results showed that the
endogenous substances of blank plasma do not interfere with
the determination of the analytes and internal standard.
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Figure 1: Full-scan product ion spectra of [M–H]− of (a) stavudine and (b) 𝛽-thymidine (internal standard).
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Table 1: Precision and accuracy data for the analysis of stavudine.

Conc. added (ng/mL)
5.00
80.0
900

Conc. found (ng/mL)
5.12
80.7
902.2

Intraday RSD (%)
6.1
6.4
2.9

Interday RSD (%)
0.9
6.6
9.7

Accuracy (%)
102.5
100.8
100.2

𝑛
18
18
18

RSD (%)
0.3
6.4
0.3
6.2

Accuracy (%)
92.6
96.7
92.2
92.3

𝑛
3
3
3
3

Table 2: Stability of stavudine.

Postpreparative stability

Conc. found (ng/mL)
4.63
871
4.61
831

3.4. Linearity and LLOQ. According to stavudine plasma
concentration levels of the preliminary experiment, the linear
range was selected from 5.00 ng/mL to 1,000 ng/mL. The
LLOQ was 5.00 ng/mL, which was more sensitive than the
reported methods. The concentration of analyte was as the
abscissa. The peak area ratio of analyte to the internal
standard was as the ordinate. Using weighted least-squares
method (w = 1/x2 ) [6], linear regression equation was calculated. A weighted least-squares (w = 1/x2 ) linear regression of
response versus concentration was used for the calibration. A
typical equation was as follows: 𝑦 = 3.070 × 10−3 𝑥 − 1.129 ×
10−4 (𝑟 = 0.9975). The RSD at the LLOQ was 6.1%, and the
accuracy was 102.5%.
3.5. Precision and Accuracy. The accuracy and precision of
the method were determined by assaying QC samples. The
intra- and interbatch precisions and the accuracy were summarized in Table 1. The results indicated that the values were
within the acceptable range and the method was accurate and
precise.
3.6. Extraction Recovery and Stability Study. The extraction
recovery for stavudine was estimated at the three QC concentrations (𝑛 = 6). The extraction recoveries were 55.8%,
54.3%, and 54.4%, respectively, and the recovery of the
internal standard was 45.8%. These data showed that the
recovery values were similar and stable, and therefore no
significant degradation occurred during the extraction and
sample storage processes for stavudine in plasma samples.
The stability experiments were aimed at testing the effects
of possible conditions that the analytes might experience
during collection, storage, and analysis. It was reported that
the stavudine plasma samples were stable at room temperature for 12 h. Stavudine in plasma was stable at −20∘ C for a
period of 30 days and after three freeze (−20∘ C) thaw (room
temperature) cycles [2, 5]. The short-term stability (at room
temperature for 2 h) and the postpreparative stability (at 20∘ C
for 12 h) were investigated. The data are demonstrated in
Table 2.
3.7. Bioequivalence and Pharmacokinetics Study. The mean
plasma concentration-time curves were shown in Figure 3.

600
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Short-term stability

Conc. added (ng/mL)
5.00
900
5.00
900

400

200

0
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Time (h)
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Figure 3: Mean plasma concentration versus time curve of stavudine after oral administration of 20 mg stavudine capsule test and
reference formulations to 18 healthy volunteers (𝑛 = 20, 𝑥 ± 𝑠).

The main pharmacokinetic parameters are shown in Table 3.
These data showed that AUC0−𝑡 and 𝐶max of stavudine
reject not bioequivalent hypothesis. The test results of 𝑇max
nonparametric method showed that there was no significant
difference between two formulations. Therefore, these two
formulations were bioequivalent.

4. Conclusions
A LC-MS/MS method was established for determination of
stavudine in human plasma. The linear range of stavudine
plasma concentration was 5.00−1,000 ng/mL. The LLOQ
was 5.00 ng/mL. Calculated by QC samples, the intra- and
interassay precision (RSD) was less than 10%. The accuracy
was from 100.2% to 102.5%. The results show that this method
was rapid and sensitive, with good precision and accuracy.
The separation time of every sample was 3.5 min. Nearly 200
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Table 3: The main pharmacokinetic parameters.

Parameter
AUC0–𝑡 (ng⋅h/mL)
AUC0–∞ (ng⋅h/mL)
𝐶max (ng/mL)
𝑇max (h)
𝑘𝑒 (h−1 )
𝑡1/2 (h)
𝐹 (%)

Reference
872 ± 228
889 ± 228
480 ± 151
0.55 ± 0.19
0.42 ± 0.09
1.72 ± 0.43

plasma samples could be analyzed per day. This method was
applied to human bioavailability and bioequivalence study of
stavudine capsules.
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Herein, we report the synthesis and surface modification of CdTe quantum dots (QDs) and the application in the rice growth.
Water-soluble thioglycolic acid (TGA) stabilized CdTe quantum dots were synthesized firstly and then the surface modification
was conducted. II–VI semiconductor nanocrystals prefer to be coated with silica as inert materials to improve their chemical
properties. The toxicity of QDs reduced after the modification. Silica coated QDs were used in the growth of rice seed and the
effect was discussed. In our knowledge it is the first time we report that the silica coated QDs had nice effect on the growth of rice.

1. Introduction
Colloidal II–VI semiconductor nanocrystals (quantum dots)
have shown nice size-dependent optical properties with
narrow bandgap [1] like CdS [2], CdSe [3], CdTe [4], CdHgTe
[5], HgTe [6], and ZnSe [7] which exhibit great potential as a
labeling material due to their unique size-tunable photoluminescence. In the past 20 years, great progress has been made
in the synthesis of the quantum dots, and the quantum dots
have applications for fluorescent biological research [8–12].
However, QDs have disadvantages in their applications:
toxicity due to the heavy metal ions [13], the chemical
stabilities, and oxidation in the surface area. To solve these
problems, coating QDs with inert materials like silica would
be a good choice [14]. Silica coating of semiconductor
nanocrystals has received specific effects [15–17]. The methods of silica coating can be divided into two groups, that is,
the reverse microemulsion method and Stober method. For
the aqueous QDs, the reverse microemulsion (water in oil)
can be used in silica coating with better controlling of particle

size than the Stober method. As for the Stober method,
the silica sphere is usually large as 200 nm and bigger. By
the reverse microemulsion method, the particle size can be
controlled in a range of 30–150 nm [18] so that the reverse
microemulsion method is more suitable. In our reported
work, not only 40 nm of silica coating can be synthesized but
also 400 nm of silica coating can be synthesized by the reverse
microemulsion method.
In the past ten years, nanotechnology and nanomaterials
were widely applied as life science [19]. But the research about
their applications in agriculture began relatively late. Some
work reported that silver nanoparticles reduced bacterial
contaminations during tissue culture of Araucaria excelsa
var. Glauca [20]; multiwall carbon nanotubes (MWNTs) had
the ability to enhance the proliferation of callus cells of
tobacco (Nicotiana tabacum) and make tomato produce two
times more flowers and fruits [21, 22]; TiO2 and MWNTs
significantly promoted the germination, seedlings growth
of tomato (Lycopersicon esculentum), and spinach (Spinacia
oleracea) [23, 24]. Khodakovskaya et al. even illustrated
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2. Experimental Section
2.1. Chemicals. Cd (CH3 COO)2 ∗2H2 O (Aldrich, 99%), tetraethyl orthosilicate (TEOS) (98%), thioglycolic acid (TGA)
(98%), sodium hydroxide, polyoxyethylene octyl phenyl
ether (TritonX-100), cyclohexane, n-hexanol, ethanol, and
ammonium solution were purchased from Sigma-Aldrich.
2.2. Synthesis of CdTe QDs Stabilized by Thioglycolic Acid.
CdTe QDs were synthesized according to the method
reported previously [25]. First of all, 0.08 mmol of Na2 TeO3 ,
0.4 mmol of Cd (CH3 COO)2 ∗2H2 O, and 160 mg of NaBH4
were prepared. Secondly, the Cd (CH3 COO)2 ∗2H2 O was
dissolved in 50 mL deionized water and then poured into a
flask with a magnetic bar. The solution was kept stirring. After
that 100 mL of deionized water was added followed by the
36 𝜇L of TGA into the flask. Then the pH of the solution
was adjusted to 11.5 by 2 M NaOH (several drops); next the
Na2 TeO3 was dissolved in 50 mL deionized water. After 5
minutes, Na2 TeO3 with NaBH4 was added to the solution;
other five minutes later, the flask was connected to a reflux
condenser and through the opening at 100∘ C—up to 1 to 7
hours under air conditions. Finally, after cooling the filtered
solution was poured into the bottle and stored in 4∘ C without
washing.
2.3. Synthesis of Silica Coated CdTe QDs. Silica coated QDs
were prepared according to previous reports by the reverse
microemulsion method [16]. In detail, 4 mL of the solution
prepared CdTe QDs was washed one time by 4 mL of
isopropanol. The microemulsion solution was combined by
15 mL of cyclohexane, 2.25 mL of Triton X-100, and 1.5 mL
of n-hexanol under the N2 atmosphere for half an hour
(solution 1). Then 40 𝜇L of ammonia solution (25% by weight)
was introduced and several drops of 1 M NaOH were added
to make the pH to 12 (solution 2). The washed CdTe QDs
dissolved in 1 mL of solution 2 (solution 3). Then the solution
3 was introduced into the prepared solution 1 (microemulsion
liquid system). After 10 minutes of stirring, fixed amount of
PDDA was introduced. 200 𝜇L TEOS was introduced under
vigorous magnetic stirring. The reaction system was then
sealed and kept in the dark; mixture was stirred at room
temperature for 3 days. Isopropanol, ethanol, and water were
used for washing the CdTe @ silica composite particles. In
each washing process, a sonicator was needed. Firstly the
ratio 1 : 1 with isopropanol was centrifuged; after that the
precipitate was dissolved in the ethanol and deionized water.
Finally CdTe @ silica composite particles were dissolved in
the deionized water stored in 4∘ C.

800

600
PL intensity (a.u.)

MWNTs have the potential to act as plant growth regulators
[22]. Some results proved several kinds of nanomaterials had
the positive effects at every stage of plant life cycle and showed
great capacity to regulate the plant growth and development.
We investigated that silica coated CdTe QDs had good effects
on the rice root growth.
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Figure 1: Fluorescence spectra of pure uncoated QDs, silica coated
before washing QDs, and silica coated after washing QDs.

2.4. Rice Seed Germination and Root Development. Rice
(Oryza sativa cv. ‘Nanjing 45’) seeds were immersed in a
0.1% potassium permanganate (KMnO4 ) solution for 24 h for
sterilization. After rinsing three times with deionized water,
the seeds were soaked in 100 mL 1/2 MS solution with silica
coated QDs suspensions at various concentrations (0.13 𝜇M,
0.26 𝜇M, and 0.52 𝜇M) in thermostat incubator (25 ± 1∘ C,
60% rH, and 16/8 light/day) for germination, which 1/2 MS
with no silica coated QDs was used as a control. The root
length was measured at 8, 11, and 15 days after treatment. Each
treatment was conducted with thirty seeds, and the results
were presented as increasing percent of ten seedlings root
length average from 8 to 11 and 11 to 15 days.
2.5. Characterizations. Steady-state photoluminescence
(PL) spectra were measured on an Edinburgh Instrument
FLS920P fluorescence spectrometer. TEM machine model
used for the images of CdTe@SiO2 is Philips-CM20 with the
operation voltage 200 kV.

3. Results and Discussion
3.1. Silica Coating of CdTe QDs and Thickness Controlling.
The fluorescence spectra and particles before and after silica
coating were shown below in Figure 1.
After the reverse microemulsion method, the silica coated
QDs are oil-soluble. After being washed in the ethanol and
water, water-soluble silica coated QDs were available. After
the washing, the amounts of QDs reduced so that the PL
intensity decreased.
Transmission electron microscopy (TEM) images of silica
coated QDs sample were presented in Figure 2.
As Figure 2 showed the nice effect with the coating is
spherical and uniform. The chemical properties of QDs may
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Figure 2: TEM images of samples of good silica coating of QDs under the suitable adjustment of conditions. (a) The size of silica is 40 nm;
(b) the size of silica is 400 nm.
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Figure 3: PL spectra of pure QDs in the different buffers tested for
different times.

be better and also the stability. What is more, we can adjust
the thickness of silica coating by controlling the amount of
TEOS; the thickness of the silica coating is as large as 400 nm
in comparison to the previous 40 nm.
3.2. Stability Test between the Pure Uncoated QDs and Silica
Coated QDs. The pure CdTe and silica coated after washing
CdTe QDs were tested for stability in water and the buffers
with different pH (4, 7, and 10 corresponding) for 4 days.
Results are presented in Figure 3 for uncoated samples and
in Figure 5 for silica coated.
From Figure 3 we can realize that the pure QDs in the
water are stable, in the buffer with pH = 10 had an increase
of PL than that of in the water, in the buffers with pH = 7 and
pH = 4 are of low PL compared to that of in the water. What
is more, the buffer with pH = 4 can quench the QDs in a short
time, which implied that the QDs are sensitive to the pH of
solution.

0 minutes 30 minutes 60 minutes
Time
QDs in water
QDs in pH = 4

2 days

5 days

QDs in pH = 7
QDs in pH = 10

Figure 4: PL spectra of silica coating of QDs in the different buffers
tested for different times.

From Figure 4 we can observe that the PL of silica coated
QDs in the buffer with pH = 10 had a slight increase at first
compared to the pure uncoated QDs in the pH = 10. And the
PL of silica coated QDs in the buffer with pH = 7 had a higher
increase than the pure QDs in the pH = 7. And the PL of silica
coated QDs in the buffer with pH = 4 was slightly higher than
the pure uncoated QDs. With the good effect we can infer
that the stability of silica coated QDs is better than the pure
uncoated QDs.
3.3. Rice Seed Germination and Root Development. Each
treatment was conducted with thirty seeds, and the results are
presented as increasing percent of ten seedlings root length
average from 8 to 11 and 11 to 15 days.
As we can observe from Figure 5 that the rice roots with
silica coated QDs were longer than the rice roots without
silica coated QDs inside. The pure QDs significantly inhibited
the growth of root due to its toxicity. The different increment
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Figure 5: Image of rice roots (a) with pure QDs; (b) without QDs; and (c) with silica coated QDs.

promote the growth of plant. Iron nanoparticles can enhance
root elongation of arabidopsis thaliana by triggering cell wall
loosening [33]. Silica coated QDs are minority nanomaterials
that are helpful in the growth of plants. And the mechanism
needs to be further studied.

Increasing root length (%)
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4. Conclusion
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Figure 6: Effects of silica coated QDs at different concentrations on
rice root length.

of different concentrations of silica coated QDs was shown
below as Figure 6.
To test the action of the synthesized silica coated QDs,
we placed the seeds in 1/2 Murashige and Skoog solution
supplemented with different concentrations of silica coated
QDs (0.13 𝜇M, 0.26 𝜇M, and 0.52 𝜇M). As shown in Figures 5
and 6, all the treatments led to the growth of the increasing
percent of root length. Silica coated CdTe QDs did not have
toxic effect but promoted root elongation of rice seedlings.
The roots grew faster in shorter time under low concentrations. The results were different from many other researches
about the nanomaterials affecting the plant growth [26–29].
Many investigations in the past were negative mainly due to
the toxicity of nanoparticles. For example, TiO2 nanoparticles
significantly inhibited the germination rates, root lengths,
and biomasses of tobacco seedlings [30]. Iron ions/NPs did
not affect the physiological parameters with respect to water
control. Conversely, Cu ions/NPs reduced water content, root
length, and dry biomass of the lettuce plants [31]. Toxicity
of CuO NPs was mainly due to NPs solubilization in the
media [32]. However, there are some nanoparticles that can

Silica coating of CdTe QDs particles has successfully been
prepared by a reverse microemulsion method and the thickness of silica sphere can be varied from 40 nm to 440 nm. The
amount of TEOS is critical for the experiments. The stability
test was made which approved the better stability of silica
coated QDs than pure uncoated QDs. At last the 40 nm size
of silica coated CdTe QDs had good effect on the rice roots
growth for the first time reported.
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Molecular dynamics simulations indicate that with the model diameter gradually decreasing the deformation mode of ZrCu metallic
glass evolves from highly localized shear band formation to homogeneous deformation with obvious transition in 𝐷 = 7–9 nm.
Through the statistic of atoms that sustain shear strain larger than 8% in the models with 8% strain along 𝑧-direction, we found
that the main reason for the uniform deformation that occurs in the smallest size model is that there are 61% atoms involved in
the deformation, which significantly decrease the strain assigned to individual atoms, avoiding large atomic rearrangement and
making those atoms evenly distributed in the model matrix.

1. Introduction
Metallic glasses (MGs) are a relatively new materials that
have many excellent properties, such as high strength, high
elastic limit, and high corrosion resistance [1]. But they
almost have no plasticity under low temperature loads; this
is mainly due to the highly spontaneous localization within a
narrow shear band during the plastic deformation process,
which rapidly expands along the shear plane and disables
the material instantaneously [2]; this defect seriously affects
the MGs as the application of engineering material. So how
to improve the plasticity of MGs under low temperature
loads became the focus of study. Similar to the crystalline
alloy, reducing the size of the amorphous alloy is a kind of
possible way to improve the plasticity [3, 4], but there are
many controversies about size effects on amorphous alloy.
(i) The preparation of micron or nanometer MGs usually
uses focused ion beam (FIB) in experiments, the highenergy ion beam would damage the surface [5–7] and the
fabricated sample generally exists 1∘ -2∘ deviation and forms
a cone, and the cone sample inevitably induces complex
stress states and deformation localization on the end of the
sample [8]. (ii) With the decrease of the sample size, the
change of deformation behavior is gradual or abrupt due
to the difficulty to preparation of nanoscale sample, making

the problem hard to get a system discussion and proof in
experiment. So the size effects on the deformation behavior
and deformation mechanism of MGs has always been a
continuous explore problem.
In this paper, we systematically study the size effects on
the deformation behavior of the nanoscale MGs using molecular dynamics simulation. Molecular dynamics simulation
can prepare perfect nanoscale cylindrical model, and the
preparation process would not damage the surface state, so
we can cleverly avoid some experiment shortages and play a
supplement and guiding role in experimental study.

2. Model and Method
In our MD simulation, we studied the deformation behavior
and the deformation mechanism of ZrCu metallic glass
(MG) with different size models. ZrCu amorphous alloy is
a binary alloy [9], since the binary alloys easier to model
and analyse than the multielement alloys, it makes ZrCu
an attractive MG to study theoretically. The simulations
are carried out using the embedded atom method (EAM)
potential, supplied in LAMMPS [10]. A small box of 10000
random configuration atoms with 3D periodic boundary
conditions (PBCs) is first equilibrated at 2600 K for 50 ps,
and then we cool the system from 2600 K down to 50 K in
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Figure 1: (a) The amorphous alloy model and (b) TEM photo of the ZrCu alloy.
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Figure 2: Tensile strength change curve with the decrease of the
model size.

50 K decrements at a constant quenching rate of 2 K/ps to
the glass state (50 K), at zero external pressure as shown in
Figure 1. Figure 1(a) is the RDF of the simulation model which
indicates the amorphous structure. Figure 1(b) shows a typical
bright-field TEM image of ZrCu alloy and its corresponding
selected-area electron diffraction (SAED) pattern. It can be
seen that a uniform image without any contrast and sharp
electron diffraction rings were observed, indicating a typical
amorphous structure. To get large samples, we replicate the
10000 atom configuration, which then annealed for 500 ps
at 800 K to remove the increased surface energy and then
relaxation under 50 K for 500 ps. By deleting the redundant
atoms from cube configuration we get a series of diameters
(𝐷) from 3.6 nm to 20 nm amorphous cylindrical model with
aspect ratio of 2 : 1. A constant strain rate of 1 × 108 s−1 along
𝑧-direction is used at low temperature of 50 K by moving the
rigid atoms at one end along the 𝑧 axis, while keeping the rigid
atoms at the other end unchanged.

3. Results and Discussion
Figure 2 shows the relationship of the tensile strength and the
reciprocal of diameter for different size models. We find that

20 nm
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Figure 3: The typical stress-strain curves for different size models
during the tensile process.

with the decrease of the model size the corresponding tensile
strength increased significantly, and the smaller the model
size the more significant increase of the tensile strength,
suggesting the stronger ability to resist deformation of the
model. It is worth noting that along the decreasing of model
size the tensile strength is increased gradually.
Figure 3 shows the typical stress-strain curves, from
which we observe that in the smallest size model the stressstrain curve shows an obvious “rise and fall” phenomenon
due to the stress is sensitive to the formation and propagation
of individual plastic events in the small size model. In the
𝐷 = 7–9 nm model the wave amplitude and the number
of fluctuation decreased greatly; this is mainly because with
the increase of the model size, more local strain starts at the
same time during the deformation process which weakens
the mutation of stress and the wave amplitude of fluctuation.
In the 20 nm cylindrical model the fluctuation phenomenon
disappears completely and presents a smooth stress strain
curve; however when the stress reaches its maximum then
accompanied by shear softening occurs a sharply decline,
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Figure 4: The distribution of local strain along the diameter: (a) 𝐷 = 20 nm, (b) 𝐷 = 9 nm, (c) 𝐷 = 7 nm, and (d) 𝐷 = 3.6 nm.
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Figure 5: Statistical distribution of individual atom with shear strain > 8% ((a), (b), (c), and (d) are 𝐷 = 20 nm, 9 nm, 7 nm, and 3.6 nm
model, resp.).
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heralding the formation of highly localized shear band along
the shear plane [11].
In order to further understand the distribution of shear
bands and the local strain along the decrease of model
size during the deformation process, we use the local strain
𝜂𝑖Misses to monitor the difference of the deformation [12].
𝜂𝑖Misses is measured by referenced to the relaxed glass prior
to employing uniaxial tensile deformation along 𝑧-direction.
The atoms in the Figure 4 are colored by the 𝜂𝑖Misses which tend
to blue representing the smaller local strain value and tend to
red representing larger local strain value.
From Figure 4(a) we can clearly see the shear band
apparent on the direction of 45∘ and 135∘ and throughout
the entire model, which can lead to shear instability with
the increase of following strain. While Figures 4(b) and 4(c)
present obvious transition process; 9 nm model appeared
stress localization on the 45∘ and 135∘ direction, but without
the formation of shear band, is a kind of transition to shear
transformation process. The stress localization in 𝐷 = 7 nm
model is distributed scatteredly on the surface and inside with
blurred direction and Figure 4(d) model only with several
obvious localization on the surface, with the internal strain
values almost uniformly distributed. This shows that the
size has a very large effect on the deformation behavior of
ZrCu MGs, with the decrease of the size, ZrCu MGs have
experienced from the highly localized shear band formation
to the homogeneous deformation, and the deformation
process exists with obvious transition in 𝐷 = 7–9 nm which
demonstrate that the size decreased deformation mode is a
gradual process instead of abrupt.
Statistic has been further performed on the individual
atom along the 𝑧-direction strained 8% of the model and
found that the number of atoms that is under the same shear
strain accounts for different percentages of the total atoms
in different models; the atoms that sustain shear strain larger
than 8% in 3.6 nm model account for about 61% of the total
atoms, while in 20 nm are only 37% and in 7 nm and 9 nm
are about 55% and 49%, respectively. To some extent, this
illustrates that in the large size model, only a small fraction
of the atoms are involved in deformation, while in small size
model there are more atoms participating in deformation. We
define those atoms as participating deformation atoms. How
those atoms are distributed in the model is of great concern.
So we divided each model into 0.1 nm along the loading axis
and plot the average von Mises shear strain in Figure 5 as a
function of position.
From Figure 5 we can find that the maximum shear strain
of schematic atoms decreases along the decrease of model
size. And in the model in Figures 5(a) and 5(b) there are
about 57% and 35% atoms, respectively, gathered in tensile
end and sustained larger shear strain, which is a kind of
unstable distribution state. While in the model in Figures
5(c) and 5(d) those atoms are basically evenly distributed in
the matrix model, sharing the strain caused by the plastic
deformation, making the model a high tensile strength and
plastic deformation ability.
Rearrangement would take place when local atomic strain
beyond a certain critical threshold [13–15], which exhibits a
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strong autocatalytic behavior, is responsible for a considerable
flow softening [16, 17]. That is larger local atomic strain more
propensity of strain localization and the formation of shear
band. In our study we find that in the smallest model there
are 61% atoms that participate in deformation; thus the strain
assigned to individual atom will significantly decrease, which
avoids large atomic rearrangement during the deformation
process, so these atoms basically diffuse in the model matrix.
While there are only 37% atoms involved in the deformation
of the 𝐷 = 20 nm model, the strain assigned to a single
atom is greatly increased, so these atoms are more prone to
restructuring. As a consequence, plastic deformation suffers
a severe instability and forms the highly localized shear band.
With the decrease of the model size, the fraction of atoms
participating in deformation gradually increase, and this is
the reason why the transition of the deformation mode is
gradual instead of abrupt.

4. Conclusion
In summary, our MD simulations indicate that with the
decrease of the model size the tensile strength of ZrCu
metallic glass increases significantly and its deformation
mode evolves from highly localized shear band formation to
homogeneous deformation with obvious transition in 𝐷 =
7–9 nm. We further find that when the models strained 8%
along the 𝑧-direction there are 61% atoms involved in the
deformation in the smallest model and due to avoiding large
atomic rearrangement those atoms evenly distributed in the
matrix. While only 37% atoms participate in deformation in
the 𝐷 = 20 nm model and because of an inevitable atomic
rearrangement, the model exhibits a severe instability and
forms the highly localized shear band.
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In present work the gelation behaviors of binary organogels composed of azobenzene amino derivatives and fatty acids with different
alkyl chains in various organic solvents were designed and investigated. Their gelation behaviors in 20 solvents were tested as new
binary organic gelators. It showed that the length of alkyl substituent chains and azobenzene segment have played a crucial role
in the gelation behavior of all gelator mixtures in various organic solvents. Longer alkyl chains in molecular skeletons in present
gelators are favorable for the gelation of organic solvents. Morphological studies revealed that the gelator molecules self-assemble
into different aggregates from lamella, wrinkle, to belt with change of solvents. Spectral studies indicated that there existed different
H-bond formation and hydrophobic force, depending on different substituent chains in molecular skeletons. The present work may
also give new perspectives for designing new binary organogelators and soft materials.

1. Introduction
In recent years, organogels have been attracting more attention as one class of important soft materials, in which organic
solvents are immobilized by gelators [1–4]. Although gels are
widely found in polymer systems, there has recently been
an increasing interest in low-molecular-mass organic gelators
(LMOGs) [5–8]. In recent years, physical gelation of organic
solvents by LMOGs has become one of the hot areas in the
soft matter research due to their scientific values and many
potential applications in the biomedical field, including tissue
engineering, controlled drug release, and medical implants
[9–12]. The gels based on LMOGs are usually considered
as supramolecular gels, in which the gelator molecules selfassemble into three-dimensional networks in which the solvent is trapped via various noncovalent interactions, such as
hydrogen bonding, 𝜋-𝜋 stacking, van der Waals interaction,
dipole-dipole interaction, coordination, solvophobic interaction, and host-guest interaction [13–16]. Such organogels

have some advantages over polymer gels: the molecular
structure of the gelator is defined and the gel process is usually
reversible. Such properties make it possible to design various
functional gel systems and produce more complicated and
defined, as well as controllable, nanostructures [17–20].
In our reported work, the gelation properties of some
cholesterol imide derivatives consisting of cholesteryl units
and photoresponsive azobenzene substituent groups have
been investigated [21]. We found that a subtle change in the
headgroup of azobenzene segment can produce a dramatic
change in the gelation behavior of both compounds. In
addition, the gelation properties of bolaform and trigonal
cholesteryl derivatives with different aromatic spacers have
been characterized [22]. Therein, we have investigated the
spacer effect on the microstructures of such organogels and
found that various kinds of hydrogen bond interactions
among the molecules play an important role in the formation
of gels. Furthermore, in another relative research work, the
gelation behaviors of some new azobenzene imide derivatives

2
with different alkyl substituent chains and headgroups of
azobenzene residues were investigated [23]. The experimental
results indicated that more alkyl chains in molecular skeletons in synthesized imide gelators were favorable for the
gelation of organic solvents.
As a continuous research work, herein, we have designed
and prepared new binary organogels composed of aminoazobenzene derivatives and fatty acids with different alkyl
chains. We have found that some of present mixtures of
acid/amine compounds could form different organogels in
various organic solvents. Morphological characterization of
the organogels revealed different structures of the aggregates
in the gels. We have investigated the effect of alkyl substituent
chains in gelators on the microstructures of such organogels
in detail and found different kinds of hydrogen bond interactions.

2. Experiments
2.1. Materials. The starting materials, 4-aminoazobenzene, 2aminoazotoluene, stearic acid, palmitic acid, tetradecanoic
acid, and dodecanoic acid, were purchased from Alfa Aesar
Tianjin Chemicals, Aldrich Chemicals, and TCI Shanghai
Chemicals, respectively. Other used reagents were all for
analysis purity from Beijing Chemicals and were distilled
before use.
2.2. Gelation Test. All mixed organogels were prepared
according to a simple procedure. Firstly, these fatty acid and
amine derivatives were mixed with 1 : 1 molar ratio according
to the number matching of intermolecular carboxylic acid
and amine group, respectively. Then, a weighted amount of
binary mixtures and a measured volume of selected pure
organic solvent were placed into a sealed glass bottle and
the solution was heated in a water bath until the solid was
dissolved. Then, the solution was cooled to room temperature
in air and the test bottle was inversed to see if a gel
was formed. When the binary mixtures formed a gel by
immobilizing the solvent at this stage, it was denoted as
“G.” For the systems in which only solution remained until
the end of the tests, they were referred to as solution (S).
When the binary mixtures formed into a few precipitate
in some solvent, it was denoted as a “PS.” Critical gelation
concentration refers to the minimum concentration of the
gelator for gel formation.
2.3. Measurements. Firstly, the xerogel was prepared by a
vacuum pump for 12–24 h. The dried sample thus obtained
was attached to copper foil, glass, and CaF2 slice for morphological and spectral investigation, respectively. Before SEM
measurement, the samples were coated on copper foil fixed by
conductive adhesive tape and shielded by gold. SEM pictures
of the xerogel were taken on a Hitachi S-4800 field emission
scanning electron microscopy with the accelerating voltage
of 5–15 kV. Transmission FT-IR spectra of the xerogel were
obtained by Nicolet is/10 FT-IR spectrophotometer from
Thermo Fisher Scientific Inc. by average 32 scans and at a
resolution of 4 cm−1 . The XRD measurement was conducted
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using a Rigaku D/max 2550PC diffractometer (Rigaku Inc.,
Tokyo, Japan). The XRD pattern was obtained using CuK𝛼
radiation with an incident wavelength of 0.1542 nm under a
voltage of 40 kV and a current of 200 mA. The scan rate was
0.5∘ /min.

3. Results and Discussions
3.1. Gelation Behaviors of These Binary Mixtures. The
gelation performances of all binary mixtures in 20
solvents are tested. The experimental data showed that
the binary mixtures of fatty acids with different alkyl chains
and 4-aminoazobenzene/2-aminoazotoluene could form
organogels in special organic solvents, as listed in Table 1.
The binary mixtures of fatty acids with different carbon
numbers (18, 16, 14, and 12) and 4-aminoazobenzene are
denoted as C18-Azo, C16-Azo, C14-Azo, and C12-Azo,
respectively. Similarly, the binary mixtures of these acids
and 2-aminoazotoluene are denoted as C18-Azo-Me, C16Azo-Me, C14-Azo-Me, and C12-Azo-Me, respectively. Firstly,
for the mixtures containing 4-aminoazobenzene, C18-Azo,
C16-Azo, and C14-Azo can form organogel in ethanolamine,
while C12-Azo do no form any organogel in present solvents.
In addition, it is interesting to note that C16-Azo can
form another organogel in nitrobenzene. However, for the
mixtures containing 2-aminoazotoluene, only C18-Azo-Me
and C16-Azo-Me can form gel in ethanolamine, respectively.
Their photographs of all as-made organogels in different
solvents were shown in Figure 1. The present research results
indicated that length change of alkyl chains can have a
profound effect upon the gelation abilities of these studied
mixtures. It seemed that longer alkyl chains in molecular
skeletons in present mixture gelators are more favorable for
the present mixtures, which was similar to the recent reports
[21, 22].
3.2. Morphological Investigation of Organogels. Many
researchers have reported that a gelator molecule constructs
nanoscale superstructures such as fibers, ribbons, and sheets
in a supramolecular gel [23, 24]. To obtain a visual insight
into the gel nanostructures, the typical organized structures
of these organogels were studied by SEM technique, as
shown in Figure 2. From the present diverse images, it can
be obviously observed that the nanostructures of all xerogels
from ethanolamine and nitrobenzene are significantly
different from each other, and the morphologies of the
aggregates change from lamella, wrinkle, to belt with change
of solvents and mixtures. In addition, more rod-like or
belt-like aggregates with different sizes were prepared in gels
of C16-Azo in nitrobenzene. In addition, it is interesting
to note that these belt aggregates showed a tendency to
aggregate together due to highly directional intermolecular
interactions and/or solvent evaporation. The difference of
morphologies can be mainly due to the different strengths of
the intermolecular hydrophobic force between alkyl chains of
fatty acids, which have played an important role in regulating
the intermolecular orderly staking and formation of special
aggregates.
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(a)

(b)

(d)

(c)

(e)

Figure 1: Photographs of as-made organogels: (a) C18-Azo; (b) C16-Azo; (c) C14-Azo; (d) C18-Azo-Me; (e) C16-Azo-Me, respectively.

3.3. Spectral Investigation of Organogels. In addition, in order
to further investigate the orderly stacking of xerogels nanostructures, XRD of all xerogels from gels were measured, as
shown in Figure 3. Firstly, the curves of C16-Azo xerogels
from ethanolamine and nitrobenzene show similar strong
peaks in the angle region (2𝜃 values, 3.56, 7.18, 10.90, 18.28,
and 21.94∘ ) corresponding to 𝑑 values of 2.48, 1.23, 0.81,
0.49, and 0.41 nm, respectively. In addition, for the curves of
C14-Azo and C18-Azo xerogels from ethanolamine, weaker
peaks appeared, suggesting more disordered structures in
the gels. However, as for the curves of C18-Azo-Me and
C16-Azo-Me from ethanolamine, the minimum 2𝜃 values
are 3.20 and 3.32∘ , corresponding to 𝑑 values of 2.76 and
2.66 nm, respectively. The difference of values between C16Azo and C16-Azo-Me can be mainly assigned to the change
of substituent groups linked to azobenzene segment in the
molecular skeleton, which affected the assembly modes in the
3D stacking of organogels [22]. The XRD results described
above demonstrated again that the many factors, such as
chain length and substituent group, had great effect on the
assembly modes of these gelator mixtures.

It is well-known that hydrogen bonding plays an important role in the self-assembly process of organogels [25–27].
At present, in order to further clarify this and investigate
the effect of many factors on assembly, we have measured
the FT-IR spectra of all xerogels, as shown in Figure 4.
Firstly, C18-Azo xerogel was taken as examples, as shown
in Figure 4(a). Some main peaks were observed at 3354,
3224, 2918, 2850, 1724, 1633, and 1470 cm−1 , respectively,
which can be assigned to the N–H and O–H stretching,
methylene stretching, carbonyl group band, amide I band,
and methylene scissoring, respectively [28–31]. These bands
indicated the formation of hydrogen bonding interactions
between intermolecular amino and carboxylic acid groups in
the gel state, which can regulate the stacking of the gelator
molecules to self-assemble into ordered structures. Similar
spectra were observed for other xerogels.
Considering the XRD results described above and the
hydrogen bonding nature of these binary mixtures as confirmed by FT-IR measurements, a possible assembly mode
for present xerogels was proposed and schematically shown
in Figure 5. As for C18-Azo xerogel containing longer alkyl
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Figure 2: SEM images of xerogels: (a) and ((c)–(f)): C18-Azo, C16-Azo, C14-Azo, C18-Azo-Me, and C16-Azo-Me in ethanolamine,
respectively; (b) C16-Azo in nitrobenzene.
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Figure 3: X-ray diffraction patterns of xerogels: (a) and ((c)–
(f)): C18-Azo, C16-Azo, C14-Azo, C18-Azo-Me, and C16-Azo-Me in
ethanolamine, respectively; (b) C16-Azo in nitrobenzene.

chain, due to the hydrophobic force of methylene chains,
after the intermolecular hydrogen bonding and orderly
stacking, the nanostructures of supramolecular assembly
were obtained. For the binary mixture C12-Azo with shorter
alkyl chain, the intermolecular interaction is not enough to
connect the repeating units with each other, so no gels were
formed.

3500
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1400
Wavenumber (cm−1 )

1200

1000

Figure 4: FT-IR spectra of xerogels: (a) and ((c)–(f)): C18-Azo,
C16-Azo, C14-Azo, C18-Azo-Me, and C16-Azo-Me in ethanolamine,
respectively; (b) C16-Azo in nitrobenzene.

4. Conclusion
In summary, the gelation behaviors of binary organogels
composed of azobenzene amino derivatives and fatty acids
with different alkyl chains in various organic solvents were
investigated. The experimental results indicated that their
gelation behaviors solvents can be regulated by changing
length of alkyl substituent chains and azobenzene segment.
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Solution

Gel

Figure 5: Assembly modes for C18-Azo in organogel and C12-Azo in solution.

Table 1: Gelation behaviors of these binary organogels.
Solvents
Acetone
Aniline
n-Hexane
Toluene
Pyridine
Isopropanol
Cyclopentanone
Cyclohexanone
Nitrobenzene
n-Butanol
Ethanolamine
n-Butyl acrylate
1,4-Dioxane
Petroleum ether
Ethyl acetate
Dichloromethane
THF
DMF
DMSO
Benzene

C18-Azo
S
PS
S
PS
S
S
PS
S
PS
S
G (2.5)
PS
S
S
S
PS
S
PS
S
S

C16-Azo
S
PS
PS
S
S
S
S
S
G (2.0)
S
G (2.0)
S
S
PS
S
PS
S
S
S
S

C14-Azo
S
S
PS
S
S
S
S
S
PS
S
G (2.0)
S
S
PS
S
S
S
S
S
S

C12-Azo
S
PS
PS
S
S
S
PS
S
PS
S
S
PS
S
S
PS
PS
S
PS
S
PS

C18-Azo-Me
S
PS
S
PS
S
S
S
S
PS
S
G (2.5)
PS
S
S
S
S
S
PS
S
S

C16-Azo-Me
S
S
PS
S
S
S
S
S
S
S
G (2.0)
S
S
PS
S
S
S
S
PS
PS

C14-Azo-Me
S
PS
PS
S
S
S
S
S
S
S
S
S
S
PS
S
S
S
S
S
S

C12-Azo-Me
S
S
S
S
S
S
S
S
S
S
S
S
S
PS
S
S
S
S
S
S

DMF: dimethylformamide; THF: tetrahydrofuran; DMSO: dimethyl sulfoxide; S: solution; PS: partially soluble; G: gel; I: insoluble; for gels, the critical gelation
concentrations at room temperature are shown in parentheses (% w/v).

Longer alkyl chains in molecular skeletons in present gelators are favorable for the gelation of organic solvents. For
the mixtures containing 4-aminoazobenzene, only C12-Azo
cannot form any organogel in present solvents. While for the
mixtures containing 2-aminoazotoluene, only C18-Azo-Me
and C16-Azo-Me can form gel in ethanolamine, respectively.
Morphological studies revealed that the gelator molecules
self-assemble into different aggregates from lamella, wrinkle,

to belt with change of solvents. Spectral studies indicated that
there existed different H-bond formation and hydrophobic
force, depending on different substituent chains in molecular
skeletons. The prepared nanostructured materials have wide
perspectives and many potential applications in nanoscience
and material fields due to their scientific values. The present
work may also give some insight to design and character new
organogelators and soft materials.
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P(AN-VAc-PMMT) nanocomposites were prepared using in situ emulsion polymerization and further confirmed by FTIR. A
polymerizable quaternary ammonium ion monomer was used to modify montmorillonite. XRD testing showed that the quaternary
ammonium ion was successfully intercalated into the montmorillonite chip layer. This is the first paper to discuss an investigation
of P(AN-VAc-PMMT) nanofiber morphology using SEM. The fibers were prepared through electrospinning.

1. Introduction
In recent years, a significant amount of work has been
carried out on polymer-clay nanocomposites because they
show more favorable mechanical properties than pure polymers and conventional inorganic-polymer composites [1–3].
The most common approaches [4] to achieving exfoliated
nanocomposite structures are modification of the chemistry
of the clay surface from hydrophilic to organophilic, which
improves compatibility with the host polymer [5, 6] matrix,
and special processing techniques, such as in situ polymerization, high shear solution blending, and melt blending [7, 8].
Electrospinning is an effective method for the production
of polymeric fibers [9] with diameters ranging from tens
of nanometers to microns. The feasibility of incorporating
nanometer-sized particulates into fibers has made this process even more attractive in the production of composite
fibers.
The purpose of this project was to improve the thermal
properties of PAN-based fibers via electrospinning. Specifically, this paper describes the formation of electrospun

fibers from solutions of poly (AN-co-VAc) copolymers and
dispersions of their layered-silicate nanocomposites. Fibers
have also been formed under the same conditions. The
nanocomposites were prepared using in situ emulsion polymerization to enhance the dispersion and exfoliation of clay
in the polymer matrix. The polymerized nanocomposites
were then dispersed into solutions of dimethylformamide
(DMF), from which fibers were electrospun. The morphology
and thermal properties of the electrospun fibers from the
copolymer and nanocomposite solutions were characterized.

2. Experiments
2.1. MSDQA (Methyl Styrene Dodecyl Quaternary Ammonium) Preparation. A certain amount of acetone, chloromethyl
styrene, and dodecyl dimethyl amine was added to a 250 mL
three-neck bottle equipped with a stirrer, reflux condenser,
and thermometer. It was heated until the acetone was
refluxed. A yellow emulsion was produced after 2 hours. The
product was precipitated by n-heptane and then washed with
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(a)
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Figure 1: TEM of P(AN-VAc-PMMT) ((a) 2%, (b) 5%).

acetone three times. After centrifugation, the sediment was
washed with deionized water, dried in vacuum at 60∘ C for 24
hours, and ground into fine powder.
One gram of Na-MMT was dispersed in 30 mL of distilled
water with vigorous stirring for 0.5 hours at room temperature. Three-tenths of a gram of methyl styrene dodecyl
quaternary ammonium was dissolved in 20 mL of distilled
water. The two solutions were mixed under nitrogen and
kept at 80∘ C with stirring at 800 rpm for 3 hours. After
centrifugation, the sediment was washed with deionized
water, dried in a vacuum at 80∘ C for 24 hours, and ground
to a fine powder.
2.2. P(AN-VAc-PMMT) Nanocomposite Preparation. The
P(AN-co-VAc) copolymers containing 10 wt% VAc and
layered-silicate nanocomposites with the same nominal
compositions were prepared individually via emulsion
polymerization.
Details follow: a given weight of PMMT was dispersed
in admixture of 9 g acrylonitrile (AN) and 1 g vinyl acetate
(VAc). The solution was surged ultrasonically for 30 minutes
when the ultrasonic frequency was 400 KHz and ultrasonic
power was 250 W. 90 mL deionized water and 0.2 g sodium
dodecyl benzene sulfonate (SDBS) were placed in a threeneck bottle with a battle stirrer, a reflux condenser, and a
thermometer. The solution was mixed thoroughly and then
added to a PMMT and polymerizable quaternary ammonium
ion monomer mixture while being continuously mixed by
ultrasonic. When the temperature reached 70∘ C, the solution
of K2 S2 O8 was added to the three-neck bottle and allowed
to react for about 2 hours. Then it was swilled into beakers
and various 13 wt% NaCl solutions were added to the beakers
to precipitate the product. After centrifugation, the sediment
was washed with deionized water, dried in a vacuum at 70∘ C
for 24 hours, and ground to a fine powder.

3. Results and Discussion
3.1. Characterization of Materials. P(AN-VAc-PMMT) composites prepared by in situ emulsion polymerization presented as nanometer microspheres of about 150 nm in

size (Figure 1). When montmorillonite content was below
5%, the surface morphology of the composite microspheres appeared clear because long chains of polymers curl
naturally.
The spectrum contained characteristic absorbance
bands of all components. The spectrum of pure MSDQA
(Figure 2(a)) shows the peak whose wave numbers are in
the region of 1470 cm−1 due to the substance’s quaternary
ammonium ions. The peaks at 2920 cm−1 and 2850 cm−1
were characteristic of CH3 and CH2 absorption peaks,
respectively. The peak at 3450 cm−1 was attributed to the
band of water in MSDQA. MSDQA also showed peaks at
1630 cm−1 and 1514 cm−1 due to its phenyl group. Absorbance
peaks from C–N stretching at 1221 cm−1 confirmed the
successful synthesis of MSDQA. Figure 2(b) shows the FTIR
spectra of P(AN-VAc-PMMT). The spectrum of P(ANVAc-PMMT) contained characteristic absorbance bands
for all components. C–H stretching at 2930 cm−1 , C≡N
stretching at 2240 cm−1 , and C–H bending at 1454 cm−1 are
characteristic of P(AN-VAC). Absorbance peaks from phenyl
groups at 1630 cm−1 and 1514 cm−1 confirmed the presence
of MSDQA in the nanocomposite. Absorbance peaks from
O–H stretching at about 3464 cm−1 , Si–O stretching at
about 1027 cm−1 , and Si–O bending at about 520 cm−1
confirmed the presence of PMMT in the nanocomposite.
C=O stretching at 1740 cm−1 was detected.
As shown in Figure 3, the quaternary ammonium salt
was intercalated into the montmorillonite layers on chip
by cation exchange, thereby forming composites with the
required nanometer-sized spaces. PMMT reflection in the
nanocomposite was not observed when PMMT content was
below 5 wt%. At the PMMT content of 8 wt%, the PMMT
reflection appeared at 2𝜃 = 1.94∘ , corresponding to a basal
spacing of 4.54 nm. This indicated that the polymer chains
were intercalated into the PMMT.
3.2. Analysis of Fiber Morphology. Fiber morphology was
characterized using SEM. Figure 4 shows that, as the montmorillonite content increased, the diameters of the P(ANVAc-PMMT) fibers did not change significantly and line
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Figure 2: FTIR spectra of (a) MSDQA and (b) P(AN-VAc-PMMT).
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Figure 3: XRD: (a) Na-MMT and PMMT; (b) 1: the PMMT content 5 wt%, 2: the PMMT content 8 wt%, and 3: PMMT.

densities were the same. This may have been due to the effect
of the molecular weight of composite materials. When montmorillonite was added, the molecular weight of the polymers
increased, leading to thickening of the P(AN-VAc-PMMT)
fibers. As MMT content increased, the adsorption capacity of
MMT to free radicals gradually became preponderant. This
caused the molecular weight to decrease slightly. However,
this trend was not very obvious. The average diameters of the
fibers that were prepared with MMT may have been affected
in an inconspicuous way.
Figure 4(a) shows that the electrospun P(AN-VAc) fibers
contained a certain number of small beads. After montmorillonite was added, the surfaces of the fibers became
smooth because the negative charge of the montmorillonite

surfaces increased the conductivity of the solution during
electrospinning. The polymer chain can be arranged parallel
to the surface of the montmorillonite lamellae when the
montmorillonite is introduced. In this way, the electrospinnability of P(AN-VAc-PMMT) composite fibers is better
than that of P(AN-VAC) fibers.

4. Conclusions
(1) P(AN-VAc-PMMT) nanocomposites were prepared
by the method of emulsion intercalation polymerization. It is a result that P(AN-VAc-PMMT) nanocomposite was synthesized token by FTIR spectra and

4

Journal of Spectroscopy

1 𝜇m

(a)

1 𝜇m

(b)

Figure 4: SEM images of P(AN-VAc-PMMT) ((a) 0%, (b) 2%) electrospinning fibers processed in a capillary tube with an inner diameter of
0.7 mm at a voltage of 30 KV, a spinning distance of 25 cm, and a speed of 0.5 mL/h.

the copolymer P(AN-VAc) is intercalated into montmorillonite layer by XRD.
(2) P(AN-VAc) and P(AN-VAc-PMMT) composites can
be made into nanofibers by electrospinning. The
electrospinnability of P(AN-VAc) fiber composites
was found to be better than that of P(AN-VAC).
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Fluorine-containing hydrophobic mesoporous material (MFS) with high surface area is successfully synthesized with hydrothermal
synthesis method by using a perfluorinated surfactant SURFLON S-386 template. The adsorption properties of water vapor on the
synthesized MFS are also investigated by using gravimetric method. Results show that SEM image of the MFS depicted roundish
morphology with the average crystal size of 1-2 𝜇m. The BET surface area and total pore volume of the MFS are 865.4 m2 g−1 and
0.74 cm3 g−1 with a narrow pore size distribution at 4.9 nm. The amount of water vapor on the MFS is about 0.41 mmol g−1 at 303 K,
which is only 52.6% and 55.4% of MCM-41 and SBA-15 under the similar conditions, separately. The isosteric adsorption heat of
water on the MFS is gradually about 27.0–19.8 kJ mol−1 , which decreases as the absorbed water vapor amount increases. The value is
much smaller than that on MCM-41 and SBA-15. Therefore, the MFS shows more hydrophobic surface properties than the MCM-41
and SBA-15. It may be a kind of good candidate for adsorption of large molecule and catalyst carrier with high moisture resistance.

1. Introduction
With the development of industry, air pollution and its
adverse impact on the environment and human health has
been an ongoing issue for decades, especially in developing
countries. The growing world population and the emergence
of recently industrialized countries make this issue even more
pronounced. Volatile organic compounds (VOCs) are the
main pollutants in the ambient air released by chemical,
petrochemical, and related industries and have drawn more
and more attention in recent years. Release of VOCs into the
atmosphere may significantly reduce air quality and do harm
to our health and welfare directly [1]. In addition, VOCs are
key reactants involved in photochemical reactions occurring
in the atmosphere, which lead to serious environmental
hazards when they reach a certain concentration [2]. So, the
VOCs concentration in air needs to be strictly regulated to
an extremely low level and an efficient method to reduce the
concentration in atmosphere is now strongly demanded.
There are many techniques available to abate the emission
of VOCs, such as adsorption [3], catalytic oxidation [4],

condensation [5], membrane separation [6], and biological treatments. Catalysis method has been considered as
one of the most cost-effective and environmentally friendly
technologies for the removal of VOCs, especially at high
concentrations.
Mesoporous materials, with a pore size range of 2–50 nm,
offer unique opportunities to catalysis thanks to the large
surface area. The wide range of acid/base or redox catalysts
will be developed after loading some active elements inside
the pore walls of such materials [7, 8]. Mesoporous inorganic
materials possess high specific surface area, nanometersized channels [9] with an ordered interconnected internal
structure, and high thermal stability [10], which has made
feasible potential applications as the carrier of many kinds of
catalysts [11]. Recently, the ordered mesoporous silica MCM41 [12], MCM-48 [13], SBA-15 [14], SBA-16 [15], and SBA-12
[16] have been investigated to introduce active elements to
prepare the catalysts.
However, water vapor is often present in polluted air
under the real situations and may affect the catalytic characteristics of catalysts. Sometimes, water will become a poison

2
for the catalytic combustion of VOCs [17]. Zelenak et al. [15]
investigated the effect of water vapor on the activity of copper
loaded catalysts with different supports such as CuO/𝛾Al2 O3 , CuO/SiO2 , and CuO/TiO2 for styrene oxidation and
found that the presence of water vapor had a significant
negative effect on the activity of the copper based catalysts
for styrene oxidation. Li et al. [18] reported the catalytic
activity of copper and manganese based catalysts prepared
with different supports for toluene oxidation. Results showed
that the conversion of toluene decreased by about 90% on
the CuMn(1)O𝑥 /𝛾-Al2 O3 and 50% on the CuMn(1)O𝑥 /TiO2
in the presence of water vapor (3.78, vol%) at 180∘ C. Jacobs
et al. [19] studied the effects of water on the deactivation of
Pt-promoted Co/Al2 O3 catalyst by XAFS and found that the
catalyst activity depicted a sudden irreversible loss when the
humidity reached 25%. Therefore, the improvement of the
water resistance of catalyst supports by different methods of
surface treatment is the key issue in practice applications.
Xia et al. [20] prepared a Pt supported on MCM-41 catalyst
synthesized in the presence of fluoride anions for combustion
of toluene and discovered that the presence of the additional
H2 O had almost no effect on the oxidation activity of this
catalyst. The synthesized MCM-41 support showed the more
hydrophobic properties than the common MCM-41 without
adding fluoride anions. Thus, it can be seen that adding
fluoride element may be a promising way to strengthen the
hydrophobicity of materials.
In this work we proposed to use a novel template
(perfluorinated-surfactant SURFLON S-386, polymeric perfluorocarboxylic acid) to synthesize a more hydrophobic
mesoporous MFS with higher surface area. The element of
fluorine was successfully introduced into the structure of the
mesoporous MFS and formed a more hydrophobic surface
on it. The adsorption performance of water vapor at different
temperatures on the MFS was investigated and compared
with traditional mesoporous materials MCM-41 and SBA15. Meanwhile, the water isosteric heat of adsorption on the
synthesized MFS was estimated and the interaction between
water molecules and the MFS was studied.

2. Experimental
2.1. Synthesis of the MFS Material. The MFS samples were
synthesized using SURFLON S-386 (≥99%, ASAHI glass)
and tetraethylorthosilicate (>98%, J&K Scientific, TEOS)
under acidic conditions from a hydrothermal reaction. First,
SURFLON S-386 (0.4, 1.0, and 1.6 g) was dissolved into
120 mL deionized water at 313 K in a 250 mL beaker. After
strong stirring for 60 min, TEOS (10.0 g) and aqueous HCl
(5 mL, 1 mol L−1 , Donghong) were added to the solution and
stirred for 30 min. The derived homogenous solution was
then transferred into an autoclave and aged for 24 h in air to
produce a rigid gel. The gel was covered and heated at 373 K
for 48 h. The obtained samples were centrifuged and then
washed with water and alcohol. After that these samples were
dried in an oven at 373 K for 12 h. Finally, the samples were
calcined at 823 K for 6 h with a heating rate of 1 K min−1 . The
obtained samples were named as MFS-01 (0.4 g SURFLON
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S-386), MFS-02 (1.0 g SURFLON S-386), and MFS-03 (1.6 g
SURFLON S-386), separately.
2.2. Materials Characterization. Scanning electron microscope (SEM) images were obtained on a Philips FEIXL30 operated by using a 10 kV accelerating voltage after
gold deposition. Transmission electron microscope (TEM)
images were taken with a JEM-2010HR electron microscope
operating at 200 kV. In TEM measurements, the samples were
prepared by dispersing the powdered product as slurry in
ethanol, after which they were dispersed and dried on a holey
carbon film on a cooper grid. Small-angel X-ray diffraction
(XRD) pattern was obtained with a D-MAX 2200 VPC
using CuK𝛼 radiation. Langmuir and Brunauer-EmmettTeller (BET) surface areas and pore volume of the synthesis
MFS-02 were measured with a Micromeritics ASAP 2020
sorptometer using N2 adsorption at 77 K. Fourier Transforminfrared spectroscopy (FT-IR) measurements were recorded
on a Nicolet 6700 spectrophotometer.
2.3. Measurements of Adsorption Isotherms of Water Vapor.
Water vapor adsorption on the synthesized MFS-02, MCM41 (from Novel chemical Technology Co.), and SBA-15 (from
Novel chemical Technology Co.) at 283–313 K was performed
gravimetrically in a water sorption analyzer (Aquadyne DVS,
USA). Prior to each sorption experiment, approximately 20–
30 mg of preactivated sample (heated at 408–413 K under
vacuum overnight) was charged into the sample pan with an
accuracy of ±0.1 𝜇g to acquire data. Microbalance system can
provide a direct measurement of adsorption. The temperature
and humidity of the sorption chamber can be controlled by
thermal couple and a dehumidifier and a humidifier with an
accuracy of ±0.1 K and ±0.1 RH%, respectively.
2.4. Measurements of the Isosteric Heat of Adsorption. The
isosteric heat of adsorption can be used to evaluate the interaction between the adsorbate molecules and the adsorbent
surfaces. The isosteric heats of adsorption as a function of
the surface coverage can be calculated from isotherms at
different temperatures by using Clausius-Clapeyron equation
(1) [21, 22]:
ln(𝑃) = −

Δ𝐻
+ 𝐶,
𝑅𝑇

(1)

where Δ𝐻𝑠 is isosteric heat of water vapor adsorption, kJ
mol−1 , 𝑅 is the ideal gas constant, kJ mol−1 K, 𝑃 is the water
vapor feed pressure, Pa, and 𝐶 is an integration constant.
The isotherms of water vapor on the MFS-02 at different
temperatures can be used to estimate the heat of adsorption
[23]. Firstly, the water vapor isotherms were converted to
water vapor adsorption isosteres. After that, ln 𝑃 is plotted
to 1/T, and thus it yields a straight line with a slope −Δ𝐻𝑠 /𝑅.
Finally, the isosteric heat (Δ𝐻𝑠 ) of water vapor adsorption can
be calculated directly from the slope −Δ𝐻𝑠 /𝑅 of the plotted
straight line. It is similar to calculating isosteric heat of water
vapor adsorption for MCM-41 and SBA-15.
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(a)

(b)

(c)

Figure 1: SEM (a) and TEM (b and c) images of the synthesis MFS-02.

3. Results and Discussion

(1) SEM and TEM. Figure 1(a) shows the SEM image of the
MFS-02 sample. It can be seen that the MFS-02 shows a
spherical-like morphological characteristic with a uniform
diameter around 1-2 𝜇m.
Figures 1(b) and 1(c) show the TEM images of the MFS02 sample. Some clear amorphous channel displays on the
surface of the material. The light and dark stripes of typical
mesoporous structure can also be observed, revealing the
presence of mesopores in the MFS [24].
(2) XRD. Figure 2 shows the small-angle X-ray diffraction
(XRD) patterns of the MFS-01, MFS-02, and MFS-03 samples.
It can be seen that only one diffraction peak was detected at
2𝜃 = 0.7∘ . The characteristic peak at low angle indicates a
short-range order in the structure [24], which is consistent
with the TEM images shown in Figures 1(b) and 1(c).
Moreover, the intensity of the peak was very weak in XRD
pattern of the MFS-01, indicating a weak crystallinity in the
structure. With the increase of SURFLON S-386 content in
the mother solution, the intensity of this peak was gradually
increased firstly and then decreased. It was indicated that
the appropriate amount of the template will favor to form a
relative order structure and high crystallinity.

Intensity (a.u.)

3.1. Samples Characterization

MFS-03 (16.0%)
MFS-02 (10.0%)
MFS-01 (4.0%)

0

1

2

3

4

5

6

2𝜃 (deg)

Figure 2: PXRD pattern of the synthesized MFS crystals.

(3) ASAP. The specific surface area was calculated according
to the Brunauer-Emmett-Teller (BET) model and the average pore diameter was obtained according to the BarrettJoyner-Halenda (BJH) model. Figure 3(a) shows N2 adsorption/desorption isotherms of the MFS-02 at 77 K and its pore
size distribution of the MFS-02 crystals from BJH model.
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Figure 3: (a) N2 sorption isotherms of the MFS-02 crystals at 77 K; (b) pore size distribution the MFS-02 crystals from the BJH model. 𝑃/𝑃0
is the ratio of gas pressure (𝑃) to saturation pressure (𝑃0 = 101.3 Kpa).

MFS-03 (16.0%)

Sample
(According to
SURFLON S-386
contents, %)

MFS-02 (10.0%)

4
8
10
14
24

BET Surface
Area (m2 g−1 )

Langmuir
Surface Area
(m2 g−1 )

Pore volume
(cm2 g−1 )

563.9
766.6
865.4
718.1
544.2

785.7
1062.7
1205.3
989.5
760.2

0.74
0.64
0.75
0.70
0.78

Transmittance (a.u.)

Table 1: The parameters of the porous texture of the synthesized
MFSs.

MFS-01 (4.0%)

1340
1378
1459

The N2 adsorption isotherm exhibits a reversible type IV
isotherm with a clear hysteresis at 𝑃 > 0.4 atm, which is a
characteristic of mesoporous material. Its BET surface area,
Langmuir surface area, and pore volume were calculated
to be 865.4–1205.1 m2 g−1 and 0.74 cm3 g−1 , respectively. Its
mesopore area and mesopore volume were 928.0 m2 g−1 and
0.7 cm3 g−1 . In BJH differential pore volume plot, only one
sharp peak is observed at about 4.9 nm for the MFS-02
crystals (Figure 3(b)), indicating a very narrow mesoporous
material.
Table 1 shows the parameters of the porous texture of the
series MFSs synthesized by using different amounts of the
SURFLON S-386 template. It can be seen that the BET surface
areas and Langmuir surface areas were increased gradually
with the increase of the addition of SURFLON S-386 content.
The surface areas reached the maximum when the SURFLON
S-386 contents was up to 10% and then declined gradually. It
indicates that concentration of template may create greater
impact on the formation of micelles and crystalline phases. It
is favourable for the formation of liquid crystalline phases as
increase of the template under low concentration. However,
agglomeration of surfactant molecules will appear at high

800

1000
1200
1400
Wavenumber (cm−1)

1600

Figure 4: FT-IR spectra of MFSs with various dosage of SURFLON
S-386 (a: MFS-01; b: MFS-02; c: MFS-03).

template concentration, which may affect the formation of
liquid crystalline phases and mesoscopic structures selfassemble and then lead to the lower specific surface area of
MFS ultimately.
(4) FTIR. Figure 4 shows the FTIR spectra of the MFS samples
synthesized with different SURFLON S-386 contents. For
each sample, the spectra show two strong distinct peaks at
1378 and 1459 cm−1 as well as and a weak peak at 1340 cm−1 ,
respectively.
The peak at 1378 cm−1 is assigned to the symmetric
deformation vibration of methyl groups [25, 26], which
came from the residual of TEOS. The peak at 1459 cm−1 is
associated with –CF2 asymmetric stretch vibration [27], and
the peak at 1340 cm−1 represents –CF3 stretch vibration of
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Table 2: Langmuir-Freundlich equation fitting of water vapor
adsorption on the MFS-02 at 283–313 K.

CF2 CF2 CF2 CF2 CF2 CF2
F3 C

CF2 CF2 CF2 CF2 CF2 O
..
.
CF2 CF2 CF2 CF2 CF2 CF2

F3 C

CF2 CF2 CF2 CF2 CF2 O

Figure 5: Molecular structure of SURFLON S-386.
0.5

𝑅2
0.97
0.99
0.99
0.99

0.8

0.4
Adsorption quantity (mmol g−1)

Adsorption quantity (mmol g−1)

𝑄𝑚 (mmol g−1 )
0.43
0.39
0.39
0.38

283
293
303
313

𝑏L-F 𝑃1/𝑛L-F
1 + 𝑏L-F 𝑃1/𝑛L-F
𝑏L-F (×10−6 ) 1/𝑛L-F
2.54
3.65
9.11
3.18
9.18
3.13
3.98
3.07

𝑄𝑒 = 𝑄𝑚

Temperature (K)

0.3

0.2

0.1

0.0
0

1

2

3

4
P (kPa)

5

6

7

0.0

carbon-fluorine bond [28]. These two peaks are all attributed
to the residual of the SURFLON S-386 after calcination. The
SURFLON S-386 was composed of –CF2 groups (Figure 5).
The carbon-fluorine bond is the strongest single bond in
organic chemistry due to its partial ionic character [29]. It
was hard to breaks the bond during the calcinations step of
the synthesis process. Therefore, a portion of the SURFLON
S-386 fragments might remain in the MFSs. The presence of
carbon-fluorine groups on the surface of the MFSs may led to
more hydrophobicity [24, 30].
3.2. Adsorption of Water Vapor on the MFS-02. Figure 6
shows the adsorption isotherms of water vapor on the MFS02 at 283–313 K measured experimentally by gravimetric
method and fitted by Langmuir-Freundlich (L-F) model (2):
𝑏L-F 𝑃1/𝑛L-F
,
1 + 𝑏L-F 𝑃1/𝑛L-F

0.2

0.0

Figure 6: Langmuir-Freundlich isotherms of water vapor on the
synthesized MFS-02 at different temperatures.

𝑄𝑒 = 𝑄𝑚

0.4

8

313 K
Langmuir-Freundlich model

283 K
293 K
303 K

0.6

(2)

where 𝑄𝑒 (mmol g−1 ) is the adsorbed amount at equilibrium
pressure 𝑃 (mbar), 𝑄𝑚 (mmol g−1 ) is the saturated adsorbed
amount, 𝑏L-F is the affinity coefficients (mbar−1/𝑛 ), and 1/𝑛L-F
represents the deviations from an ideal homogeneous surface
(heterogeneity factor) [31]. All the adsorption isotherms of
water vapor on the MFS-02 show a typical type-V profile
with an initial unfavorable adsorption isotherms at the at

0.2

0.4
0.6
Relative humidity

0.8

1.0

MFS-02
SBA-15
MCM-41

Figure 7: Comparison of the adsorption isotherms of water vapor
on the MFS-02, SBA-15, and MCM-41 at 303 K.

low absolute pressure and pore condensationat low absolute
pressure. This type of isotherm of water vapour indicated
a very weak adsorption interaction of water with the pores
in the MFS-02. Thus, it can be seen that the surface of
the MFS-02 became more hydrophobic through grafting
fluorine element on the surface of the mesoporous MFS02. Meanwhile, it can also been seen that the adsorption
capacity of water vapour on the MFS-02 was decreased with
the increase of temperature, indicating a physisorption-type
interaction. Table 2 lists the fitted parameters, 𝑄𝑚 , 𝑏L-F , of
the L-F model as well as the regression coefficients for linear
regression of data of water vapor adsorption on the MFS02. As shown, the experimental adsorption isotherms were
well fitted by the L-F isotherm model with high regression
coefficient (𝑅2 > 0.97). Table 2 shows a slight decrease in
the value of 𝑄𝑚 as well as 1/𝑛L-F as the temperature increases,
suggesting a decrease in the adsorption interaction and less
heterogeneous surface of the MFS-02 as the temperature
increases [32].
Figure 7 shows the comparison of the adsorption
isotherms of water vapor on the MFS-02, SBA-15, and MCM41 at 303 K. As shown, the amounts of adsorbed water of
these three materials were similar when the relative humidity
was lower than 30%, while the amount of adsorbed water on
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Figure 8: Temperature dependence of ln 𝑃 for water vapor adsorption on the MFS-02.

the MFS-02 was much lower than those on the MCM-41 and
SBA-15 when the relative humidity was higher than 80%. It
indicated that the presence of fluorine-containing group in
MFS-02 might effectively increase the hydrophobic property
of the porous surface, as mentioned in Figure 4.
3.3. The Isosteric Heat of Water Vapor Adsorption on the
MFS. According to the method described in Section 2.4,
Figure 8 can be obtained, which exhibits a series of plots
of ln 𝑃 versus 1/𝑇 at different amounts of water vapor on
the MFS-02. From the slope of the plotted straight lines, the
isosteric adsorption heats (Δ𝐻𝑠 ) of water vapor adsorbed
on the MFS-02 under various water vapor loadings were
available. Figure 9 shows the dependence of the isosteric
adsorption heats on the amounts of adsorbed water vapor on
the MFS-02. It indicates that the isosteric adsorption heats
are in the range of 27.0–19.8 kJ mol−1 , gradually decreasing
with the amount of adsorbed water vapor increasing from
0.08 to 0.22 mmol g−1 . This means that an energetically
heterogeneous surface for water vapor adsorption leads to
the discrepant sorbate-sorbent interaction potential under
different surface loadings [33]. The isosteric heat of water
adsorption on the MFS-02 was much lower than that of
water adsorption on the MCM-41 (57 kJ mol−1 ) and SBA-15
(45 kJ mol−1 ) at 𝑄𝑚 = 0.08 mmol g−1 , indicating the more
hydrophobic surface property of the MFS-02 compared to
MCM-41 and SBA-15. Therefore, the MFS-02 can be used as
the adsorbent for large VOCs capture or as the catalyst carrier
under the condition of higher relative humidity.

4. Conclusions
Fluorine-containing hydrophobic mesoporous material
(MFS) with high surface area was successfully synthesized

0.10 0.12 0.14 0.16 0.18 0.20
Adsorption quantity (mmol g−1)

0.22

0.24

Figure 9: Isosteric heat of the amounts of adsorbed water vapor on
the MFS-02.

with hydrothermal synthesis method by using a
perfluorinated-surfactant SURFLON S-386 template.
The adsorbed amount of water on the MFS-02 was much
lower than that on the MCM-41 and SBA-15 at high relative
humidity. The adsorption isotherms and the isosteric heat
of water adsorption on the MFS-02 suggested the weak
interaction between the water vapor and the MFS surface.
Material characterization results showed that MFS has
stronger hydrophobicity than SBA-15 and MCM-41 due to
the presence of fluorine-containing group. It may be a kind of
good candidate for MFS to be a good material for adsorption
of large molecule and catalyst carrier under high moisture
environments.
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Gas chromatography resonance-enhanced multiphoton ionization time-of-flight mass spectrometry (GC/REMPI-TOFMS) using a
nanosecond laser has been applied to analyze the 16 polycyclic aromatic hydrocarbons (PAHs). The excited-state lifetime, absorption
characters, and energy of electronic states of the 16 PAHs were investigated to optimize the ionization yield. A river water sample
pretreated by means of solid phase extraction was analyzed to evaluate the performance of the analytical instrument. The results
suggested that REMPI is superior to electron impact ionization method for soft ionization and suppresses the background signal
due to aliphatic hydrocarbons. Thus, GC/REMPI-TOFMS is a more reliable method for the determination of PAHs present in the
environment.

1. Introduction
The ionization technique for the analyte molecules is of
particular importance to mass spectrometry (MS); the application of varied ion sources of the MS introduces selectivity
features of the analysis result, that is, species, isomers, or
state-selective ionization and control of fragment intense
[1–3]. Electron impact (EI) represents one of the most
useful ionization methods used in the current studies of
gas chromatography/mass spectrometry (GC/MS) analysis.
The method, however, suffers from the mass information
caused by the hard ionization, which results in the difficulty
of identifying the complicated matrix of samples. The typical soft ionization including chemical ionization (CI), field
ionization (FI), and photoionization (PI) has been developed
to overcome the weakness of the hard ionization method.
PI is superior to CI and FI on the mass spectrometric
analysis because there is no limitation caused by the chemical
reaction in CI and oxidation of the emitter in FI. Laser
based PI methods, such as resonance-enhanced multiphoton
ionization (REMPI) and single-photon ionization (SPI), have
been very successfully applied to research and practical
applications [4–7]. REMPI is more elective and sensitive than

SPI for the ionization of aromatic hydrocarbons using UV
wavelengths that are readily accessible with standard pulsed
lasers. Most applications of REMPI-MS involve direct-inlet
MS, but successful couplings of REMPI-MS to GC and LC
as well as laser desorption have also been reported [5, 7].
The coupling of such techniques with mass-spectrometry has
expanded considerably the realm of analytical capabilities
of MS. A laser with different pulse durations has been
employed for ionization [8–10]. For example, a femtosecond
laser has been successfully used for efficient ionization before
relaxation process of internal conversion and intersystem
crossing of some chlorinated, brominated compounds [11, 12].
Unfortunately, a high cost, a large dimension, and difficulties
in the maintenance prevent practical use of this method in
environmental analysis. In addition, if the laser pulse width is
much shorter than the time scale of relaxation, the use of such
high intensive laser leads to unfavorable dissociation of both
neutrals and ions, thus making sensitive and reliable analysis
more difficult [13]. To date, a number of studies have been
reported to investigate the importance of laser parameters on
the ionization yield for various chemical species [9, 10, 14–16].
In this study, a combination of gas chromatography (GC)
and REMPI/MS (GC-REMPI/MS) using a nanosecond laser

2
was utilized for trace analysis of 16 polycyclic aromatic
hydrocarbons (PAHs) in the priority list of US Environmental
Protection Agency (EPA) to investigate the best performance
of this technique. With REMPI, the molecule absorbs the first
photon for excitation and the second photon for subsequent
ionization. Since only a molecule absorbing the first photon
can be ionized, interference arising from aliphatic hydrocarbons can be reduced. Thus, this technique provides superior
selectivity since each congener can be selectively ionized via
resonance excitation. A river water sample was also analyzed
after pretreatment by solid phase extraction (SPE) method
using this system to demonstrate the advantage especially in
selectivity in environmental analysis.
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2.1. Apparatus. Figure 1 shows the experimental setup in this
study. The fourth harmonic emission of a Nd:YAG laser
(Crylas, 266 nm, 1 ns, 1 kHz) was employed as an ionization
source. One 𝜇L of the analyte was injected into a GC system
(Agilent Technologies, 6890N) using an autosampler (Agilent
Technologies, 7683B) followed by a DB-5 (30 m × 0.32 mm
I.D.) capillary column. Helium was used as a carrier gas at
a constant flow rate of 1 mL/min. The temperature program
for analysis of PAHs was set at a rate of 20∘ C/min from 40 to
120∘ C. It was further increased at a rate of 5∘ C/min from 120∘ C
to 250∘ C and held for 3 min and was then increased at a rate
of 5∘ C/min to 280∘ C and held for 10 min. The temperatures
of the injection port and the transfer line were maintained
at 300∘ C. The sample eluting from GC was introduced into
a linear-type TOF-MS as an effusive molecular beam. A
microchannel plate (Hamamatsu, F4655-11) was utilized for
the detection of the ions induced by multiphoton ionization.
The signal of the mass spectrum was optimized using a digital
oscilloscope (Tektronix DPO7104, 1 GHz, 20 GS/s). The twodimensioned data of GC/REMPI-TOFMS was recorded by a
digitizer (Agilent Technologies, 8 bit PCI High-speed Signal
Analyzers, Acqiris AP240, 1 GHz, 1-2 GS/s). The final results
of the data were analyzed and displayed using Labview
software.
2.2. Reagents. A standard mixture of PAHs in the priority list of US EPA (acenaphthene (ACE), acenaphthylene (ACY), anthracene (ANT), benzo(a)anthracene (BaA),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(ghi)perylene (BPY), benzo(a)pyrene (BaP), chrysene
(CHR), dibenzo(a,h)anthracene (DBA), fluoranthene (FLT),
fluorene (FLU), indeno(1,2,3-cd)pyrene (IND), naphthalene
(NAP), phenanthrene (PHE), and pyrene (PYR)) prepared
at a concentration of 2000 𝜇g/mL in methylene chloridebenzene (1 : 1 v/v) and a mixture of deuterated internal
standards (I.S.) (acenaphthene-d10 , phenanthrene-d10 , and
chrysene-d12 ) prepared at a concentration of 500 𝜇g/mL in
acetone were purchased from Supelco (Bellefonte, PA, USA).
All the solutions were stored in containers made of amber
glass at 4∘ C. Analytical-reagent grade of acetonitrile, acetone,
methanol, and dichloromethane was purchased from Kanto

Figure 1: Experimental setup of the GC/REMPI-TOFMS based on
the forth harmonic emission of a nanosecond Nd:YAG laser.
IP
A
ΔET-I

Energy

2. Materials and Methods

S1

I.C.
A

T2
T1

F

P
S0
Electronic ground state

Figure 2: Schematic diagram of one-color two-photon ionization
process and the relaxation process. A: photon absorption; F: fluorescence; S: singlet state; P: phosphorescence; I.C.: intersystem crossing.

Kagaku (Tokyo). Deionized water was obtained from a MilliQ water purification system (Millipore, Molsheim, France).
2.3. SPE. A surface water sample was collected from a river
located in the northern part of Kyushu area in Japan. A
river water sample was spiked with 0.5 mL (200 pg/𝜇L) of
I.S. to investigate the recovery of PAHs in the SPE process.
The 500 mL of water sample was passed through an SPE
cartridge (Sep-Pak Plus C18 with 10 mL of dichloromethane,
10 mL of methanol, and 10 mL of Milli-Q water) at a flow rate
of 10 mL/min. The PAHs and dioxin were eluted with 5 mL
of dichloromethane from the Sep-Pak Plus C18 cartridge
connected with the Sep-Pak Dry cartridge. The solvent of the
extract was evaporated under a nitrogen flow and filled with
0.5 mL of acetonitrile for analysis by GC/REMPI-TOFMS.

3. Results and Discussion
3.1. Excited-State Lifetime. Figure 2 shows a total ion chromatogram (TIC) of the standard mixture sample that contained 16 PAHs (200 pg/𝜇L). Generally, the excited-state
lifetimes (𝜏𝑠 ) have an important influence on the ionization
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ACY
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FLU

PHE

ANT

FLT

1

2

3

4

5

6

7

Retention order Compound

Structure

LOD
(pg)

0.18

18

0.20

0.42

0.29

2.2

1.9

16

0.1

31

56

87

7.7

10

154

166

202

178

178

152

128

MW

Peak area
(relative intensity)

D

ND

D

ND

ND

ND

D

PAHs in
the river

38

8

76

nf

nf

nf

nf

𝜏𝑠 in jet
(ns)a

53

5.3

60

10

46

nf

96

𝜏𝑠 in
sol
(ns)b

2

15

80

100

1

3.4c

3.5d

4.2c

4.0c

3e

5

30

3.4c

nf

REMPI
(mV/(𝜇J⋅pmol))a

Absorption in sol
(log𝜀)c

Table 1: Quality parameter obtained using REMPI-GC/MS and determination of PAHs in a spiked water sample obtained from the artificial lake.
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8

9

10
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Retention order Compound

Structure

LOD
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0.24
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0.24
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0.19
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Table 1: Continued.
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nf
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nf
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nf

120

4.8c

nf

200

150

REMPI
(mV/(𝜇J⋅pmol))a

nf

nf

Absorption in sol
(log𝜀)c

4
Journal of Spectroscopy

BPY

16

Structure

LOD
(pg)

1.3

0.38

0.6

Peak area
(relative intensity)

29

180

99

276

278

276

MW

D

D

D

PAHs in
the river

nf

nf

nf

𝜏𝑠 in jet
(ns)a

203

37

9.1

𝜏𝑠 in
sol
(ns)b

nf

90

50

4.2c

4.3c

REMPI
(mV/(𝜇J⋅pmol))a

nf

Absorption in sol
(log𝜀)c

Reference [17], nf: not found. b Reference [18]. c Data compiled from NIST Standard Reference Database. Database, March 1998 Release: NIST Chemistry Web Book. d calculated from [19] and e calculated from [20].
D: detected, ND: not detected.

DBA
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a
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Retention order Compound

Table 1: Continued.
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Table 2: Electronic states energy of the 16 PAHs in U.S. EPA list.

Compound
IP (eV)
𝑆1 (eV)c
𝑇1 (eV)c
𝐸𝑇-𝐼 (eV)

NAP
8.12a
4.03d
2.88d
5.24

ACY
8.22a
nf
nf
nf

ACE
7.68a
nf
nf
nf

FLU
7.88a
4.12c
2.95c
4.93

PHE
7.90a
3.61d
2.7d
5.2

ANT
7.44a
3.31c
1.85c
5.59

FLT
7.9a
3.06c
2.92c
4.98

PYR
7.43a
3.34c
2.11c
5.32

BaA
7.53a
3.22c
2.07c
5.46

CHR
7.6a
3.44c
2.48c
5.12

BbF
7.70b
3.38c
2.49c
5.21

BkF
7.48b
3.10c
2.19c
5.29

BaP
7.10a
3.08c
1.84c
5.26

IND
nf
nf
nf
nf

DBA
7.38a
3.14c
2.26c
5.12

BPY
7.16a
3.05
2.00
5.16

a

Data compiled from NIST Standard Reference Database. Database, March 1998 Release: NIST Chemistry Web Book; nf: not found. b Reference [21]. c calculated
from [22] and d calculated from [23].

9
Signal intensity (a.u.)

2
5
8 8.5

8

13
15
16

11
6

10

12

4
3

1

5

10

15

14

7

20
25
30
Retention time (min)

35

40

45

Figure 3: The total ion chromatogram (TIC) of GC/REMPI-TOFMS
obtained for a standard solution of PAHs at 200 pg/𝜇L. Peak
numbers are 1, NAP; 2, ACY; 3, ACE; 4, FLU; 5, PHE; 6, ANT; 7,
FLT; 8, PYR; 9, BaA; 10, CHR; 11, BbF; 12, BkF; 13, BaP; 14, IND; 15,
DBA; and 16, BPY.

efficiency of PAHs, because an important feature of the
PAHs molecules considered is the close-to-unity sum of the
quantum yields of fluorescence Φ𝐹 and of triplet formation
Φ𝑇 due to the intersystem crossing transition 𝑆1 → 𝑇1 . The
photophysical properties of the PAHs and the experimental
results are shown in Table 1. There are only a few reports on
the lifetime of isolated PAHs in the gas phase, although the
lifetimes of PAHs in the condensed phase are well known [17].
The lifetimes of PAHs in solution are similar to, or slightly
shorter than, those in the gas phase due to an additional
relaxation pathway from collisions between the analyte and
solvent molecules [18]. Therefore, the lifetimes of the 16 PAHs
(8–1400 ns in the gas phase and 6–650 ns in the condensed
phase, except for ACY and IND) were much longer than the
pulse width of the laser used in the present study (1 ns). Thus,
no obvious loss of ionization efficiency could be observed for
most of the 16 PAHs except of ACY. In ACY molecule, the
major deactivation pathway from the 𝑆1 state was an efficient
𝑆1 → 𝑆0 internal conversion. The lifetime of the 𝑆1 state of
ACY had been determined to be 345 ps and 0.2 ns, which were
shorter than the pulse width of the laser in the present study
[24, 25]. In the other cases, the 𝜏𝑠 was not the determination
factor to the ionization efficiency. For example, the 𝜏𝑠 of PYR
is the longest in all the analytes in this research, but the
ionization efficiency of it is even lower than that of BaP. Thus,
only when the 𝜏𝑠 of the PAHs is shorter than the pulse width
of the laser, the ionization efficiency can be increased using a
more intensive laser.

3.2. Energy of Electronic States. The schematic diagram of
the photochemical conversion in the one-color two-photon
ionization process is shown in Figure 3. When the gas
molecules absorb photons, the electrons can be elevated to
higher energy state to form the excited state. The PAHs
molecules having absorbed the first photon in the excited
state could absorb another photon to the ionization potential
(IP) to accomplish the 1 + 1 REMPI process. Simultaneously,
it could lose energy through the intersystem crossing or the
internal conversation to the triplet state or the ground state
because the crossing and conversation from the upper to
the lower excited state are normally fast and very efficient;
the states mentioned here are the lowest singlet-state𝑆1 and
lowest triplet-state 𝑇1 . The photochemistry properties of the
16 PAHs are shown in Table 2. The energy from triplet state
to IP was shown as 𝐸𝑇−𝐼 in Table 2. It should be noticed
that, in the case of ANT, 𝑆1 may cross to 𝑇2 , which is nearly
isoenergetic with 𝑆1 [26]. Thus, in ANT, a small energy
gap and consequently a favorable Frank-Condon factor exist
for intersystem crossing, thus leading to a higher limit of
detection (LOD) (𝑆/𝑁 = 3) of it. From Table 2, it was obvious
that the two-photon energy applied in this study (266 nm +
266 nm = 9.32 eV) was qualified for a 1 + 1 REMPI for all the
16 PAHs in this research, but one-photon energy could not
provide the subsequent exciting from the triplet-state.
3.3. Absorption Character. During 1 + 1 REMPI absorption
process, the ionization efficiency of a molecule depended
primarily on two factors: 𝜎1 , the cross section for absorption
of the first photon which excites the molecule from the
ground electronic state into an electronically excited intermediate state; 𝜎2 , the cross section for absorption of the
second photon which pumps the excited molecule into the
ionization continuum. In the theory when the first photon
absorption event is the rate-limiting step of the ionization
process (i.e., 𝜎1 ≪ 𝜎2 ), then similarities are expected between
the absorption or fluorescence excitation spectra and the 1+1
REMPI spectra. If, on the other hand, the second photon
absorption event is the rate-determining step (i.e., 𝜎1 ≫ 𝜎2 ),
then the spectroscopy of the molecules in the excited state
is expected to dominate the spectrum. As to 𝜎1 , it can be
derived from the distinction coefficiency (𝜀) as follows:
𝜎1 = 2.303

𝜀
= 3.82 × 10−21 𝜀
𝑁𝐴

(𝑁𝐴 : Avogadro constant) .

(1)
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of GC/EI-MS, the background of the mass spectra was much
reduced and the selectivity was improved greatly.
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Figure 4: The TIC obtained by GC/REMPI-TOFMS from a river
sample spiked with an I.S. standard mixture of PAHs. Peak numbers
are 1, NAP; 5, PHE; 7, FLT; 8, PYR; 9, BaA; 10, CHR; 11, BbF; 12, BkF;
13, BaP; 14, IND; 15, DBA; and 16, BPY.

There were few reports about the gas phase UV absorption spectra of PAHs because in most cases the UV absorption
spectra were given in solution phase. But the shape and width
of these two phases were the same and they shift generally
between 6 and 18 nm [27]. Thus the extinction coefficients
absorption discussed here was the data obtained from the
solution phase.
From the peak area of PHE and ANT, shown in Table 1,
it was clear that the ionization efficiency of PHE was about
11 times that of ANT. The dominant ionization efficiency
at 266 nm of PHE would change if a wavelength was more
selective to ANT. For example, at 310 nm, ANT was preferentially ionized in the presence of PHE due to the different 𝜎1
absorption character [28]. On the other hand, the 𝜎2 could
determine the intensity of the REMPI spectra as well. As
shown in Table 1, the 𝜀 of NAP and ACY was the same, but
the REMPI intensity of NAP was 15 times that of ACY, which
resulted in the lower ionization efficiency of ACY compared
to NAP.
3.4. Measurement of a Water Sample. A sample derived from
surface water was spiked with three deuterated compounds,
which served as internal standards, and was analyzed by
GC/REMPI-TOFMS.The TIC was displayed by extracting the
data between m/z = 100 and 400 in Figure 4, in which 12
PAHs on the U.S. EPA list and the internal standards were
evident. We noticed that several of the chromatograph peaks
had m/z values that were identical to those of the PAHs on
the U.S. EPA list. These peaks might have been due to isomers
of the PAHs. Therefore, the signal peaks should be carefully
identified, even though the REMPI technique had superior
selectivity. For example, several NAP isomers with the chemical formula C10 H8 were detected, which might be either 1Hindene-1-methylene, azulene, or 2-methylene-2H-indene. A
more serious case was observed for FLT; there were several
peaks with larger signal intensities than that of FLT. These
isomers could be either acephenanthrylene, aceanthrylene, or
their analogues. However, for all the compounds detected in
this research, the mass chromatogram was much simplified
and generally no fragments except the parent ion could be
detected. Compared to the conventional ionization technique

4. Conclusions
The forth harmonic emission of a nanosecond Nd:YAG laser
emitting at 266 nm was employed to detect 16 PAHs of US
EPA both in standard samples and in a water sample. The
detection limits of the 16 PAHs were determined to be 0.18∼
18 pg. The absorption characters at 266 nm can influence the
ionization efficiency obviously, owing to the longer lifetime
of the 16 PAHs compared to the pulse width of the laser.
As to ionization potential, the photon energy of the laser
applied in this study is enough to induce the REMPI process
but not an ionization process from triplet state. In the
analysis of the river sample, few compounds except PAHs
can be detected in the mass chromatogram due to selective
ionization of REMPI. The GC/REMPI-TOFMS based on
nanosecond laser ionization is suitable for the trace detection
of PAHs in environmental sample due to the high selectivity
and sensitivity.

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

Acknowledgments
This research was supported by the Science and Technology
Research of Higher Education Institute of Hebei province of
China (QN20131038) and the Independent Research Project
for Yong Teachers of Yanshan University (13LGA014).

References
[1] T. Uchimura, Y. Sakoda, and T. Imasaka, “On-line concentration
by analyte adsorption and subsequent laser desorption in
supersonic jet spectrometry,” Analytical Chemistry, vol. 80, no.
10, pp. 3798–3802, 2008.
[2] D. M. Lubman, “Optically selective molecular mass spectrometry,” Analytical Chemistry, vol. 59, no. 1, pp. 31A–40A, 1987.
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CO2 absorption by saline-alkali soils was recently demonstrated in the measurements of soil respiration fluxes in arid and
semiarid ecosystems and hypothetically contributed to the long-thought “missing carbon sink.” This paper is aimed to develop the
preliminary theory and methodology for the quantitative analysis of CO2 absorption by saline-alkali soils on regional and global
scales. Both the technological progress of multispectral remote sensing over the past decades and the conjectures of mechanisms
and controls of CO2 absorption by saline-alkali soils are advantageous for remote sensing of such absorption. At the end of this
paper, the scheme for remote sensing is presented and some unresolved issues related to the scheme are also proposed for further
investigations.

1. Introduction
Energy shortage and environment security are hot issues on
economy and social development in the world today [1–3].
Global trends of soil desertification and degradation pose
a direct threat to the food safety and human survival and
become the hottest part of the issues. Soil salinization is one
of the main types of soil desertification and degradation. It
is caused by soil water and salt movement, usually occurring
in arid and semiarid areas of strong evaporation and hightable groundwater with dissolvable salt [4]. Because of the
alternating affection of rainfall, irrigation, and evaporation,
soil salt further accumulates in unsaturated zone and leads
to the secondary salinization, which induces a great loss of
the resources of arable land and the agricultural production
and meanwhile poses a serious threat to biosphere and
ecological environment [5]. In order to manage saline-alkali
soils and prevent further soil degradation, people must be
timely informed about the nature and geographic distribution
of saline-alkali soils and the degrees of salinity/alkalinity.
Therefore, accurately acquiring the information on salinealkali soils is significant to protect soil quality and agricultural

yield. Remote sensing data allows us to dynamically monitor
saline-alkali soils on large scales [6]. Such information
reflects the soil nature, geographical distribution, and its
dynamic changes in the degrees of salinity/alkalinity, which
is essentially significant for the reasonable planning of agricultural production and the steady development of social
economy in arid and semiarid regions [4–6].
Exactly, such information not only can be used to monitor
soil salinization, but also can be used to quantify the effects
of other environmental processes, especially the geochemical processes related to the long-thought “missing carbon
sink” [7]. It has been demonstrated that saline-alkali soils
are absorbing CO2 and may significantly contribute to the
“missing carbon sink” [8–10]. A global quantification of CO2
absorption by saline-alkali soils is important to readdress
the “missing carbon sink” [7–9]. However, there is still no
theory and methodology was developed for quantifying the
CO2 absorption by saline-alkali soils on large scales. Some
empirical models are presented to approximately quantify the
absorption on site scales, but the model was parameterized
using the collected data from the Gubantonggut desert and
the environmental controls on model parameters were poorly
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Figure 1: Conjectured mechanisms for CO2 absorption by salinealkali soils. Note: MSC (the molecular solubility of CO2 ); SSC (the
soil storage of CO2 ).

understood [11–14]. It is emergent to take further readings
in other arid and semiarid regions and develop theory and
methodology for remote sensing of CO2 absorption by salinealkali soils on regional and global scales [13].
This paper is aimed to develop some preliminary theory
and methodology for remote sensing of CO2 absorption by
saline-alkali soils on large scales. As a first attempt, the theory
potentials of and constraints on applying the methodology
are also discussed. Strategies against the constraints are
presented. Theoretical feasibility for remote sensing of CO2
absorption by saline-alkali soils on large scales is discussed.
At the end of this paper, the strategies against the constraints
and some unresolved issues about the theory and methodology are proposed.

2. Theory and Methodology
Although there are a series of studies speculated the mechanisms of CO2 absorption by saline-alkali soils, none of
those speculations has been widely accepted. Conjectured
mechanisms in the previous publications [7, 9, 10, 13] include
(1) the soil storage of CO2 ; (2) the molecular dissolution
of CO2 in soil water films; (3) the surface adhesion of CO2
onto soil minerals; (4) pH-mediated CO2 dissolution; and
(4) migration and sequestration of CO2 into groundwater.
The molecular solubility of CO2 (MSC) and the pH-mediated
CO2 dissolution are two determining physiochemical parameters [10].
Spectral data from laboratory and field observations
suggested that spectral reflectance of saline-alkali soil was
affected by soil salt, organic matter content, structure, and soil
color [16]. In addition, the solar altitude and soil salt composition also affect the spectral response mode of saline-alkali
soils. Spectral reflectance increases/decreases when soil salt
content increases for the difference in soil salt composition
[6]. Although spectral reflectance of saline-alkali soils is the
integrated effect of a series of environmental factors, soil salts
and soil minerals content, soil surface morphology and soil
water content are more determining factors. These are right
the materials that contribute to CO2 absorption by salinealkali soils (Figure 1).

Soil water not only directly affects the spectral characteristics of soils, but also controls the vertical movement
of soil salt [16]. Saline-alkali soil usually contains Na+ , K+ ,
Mg2+ , Ca2+ , Cl− , SO4 2− , CO3 2− , and so forth. Special salts
(aqueous sodium chloride, sodium sulfate, potassium sulfate,
calcium sulfate, and magnesium sulfate) absorb solar radiation and present additional spectral information [17–20].
These chemical materials, driven by soil water movements,
are accumulated in the soil surface as salt crystals. Salinealkali soils containing the heavier mass of sodium also have
higher spectral reflectance than common saline-alkali soils
[6]. Soil salinization and alkalization were caused by the
increases of soluble salts (sodium carbonate, sodium sulfate,
and sodium chloride) in soils. The higher sodium content
in the soils implies more CO2 can be dissolved [10]. The
spectral characteristics also reflect the different stages of soil
salinization and alkalization [21, 22], while the alkalinity
degree is a determining factor of CO2 absorption intensity
[13].
Both the technological progress of multispectral remote
sensing over the past decades and the conjectures of mechanisms and controls of CO2 absorption by saline-alkali soils
are advantageous for remote sensing of such absorption on
large scales. As a preliminary attempt, we need only to know
well about how much soil dew can be accumulated in these
soils and how much CO2 can be dissolved in the dew. These
will help us to finally calculate the rate of CO2 absorption by
saline-alkali soils. Estimation of the soil CO2 flux (i.e., soil
respiration flux: 𝐹𝑐 ) along a field gradient of air temperature
10 cm above the soil surface (𝑇) with 𝐹𝑐 = 2.58∗1.17(𝑇−10)/10 −
2.86 (𝑅2 = 0.86, RMSE = 0.23) and the contribution analysis
of soil dew in the unexplained part of 𝐹𝑐 by the 𝑄10 model
(denoted by 𝐹𝑥 ) with 𝐹𝑥 = 4.07 ∗ 𝑒−10∗dew − 6.38 (dew > 1 mm;
𝑅2 = 0.53, RMSE = 0.75) present further evidence (Figure 3).
It recommends that remote sensing of CO2 absorption by
saline-alkali soils should be based on the following equation.
Let 𝐶0 be the initial amounts of CO2 in soil dew at 𝑡0 and
the rate of CO2 increases in dew is 𝑟. Ignoring the restricting
effect of history CO2 absorption, it is straight that
𝑑𝐶 (𝑡)
= 𝑟𝐶 (𝑡) ,
𝑑𝑡

𝐶 (𝑡0 ) = 𝐶0 ,

(1)

where 𝐶(𝑡) represents the CO2 dissolution dynamics on time
scales.
It is easy to see that the analytic solution of (1) is 𝐶(𝑡) =
𝐶0 𝑒𝑟(𝑡−𝑡0 ) . Noting that 𝐶0 and 𝑟 determine the dynamic
changes of soil CO2 dissolution and the absorption rate,
remote sensing of CO2 absorption by saline-alkali soils is
equivalent to the retrieval of these two parameters. These two
parameters are largely determined by soil pH (determines
the amounts of soil CO2 dissolution), soil water content
(reflects the dynamic changes of dew amounts in the soil), and
air temperature (controls the dew deposition/evaporation).
Exactly, it was found that CO2 absorption by saline-alkali
soils correlates well with these three determining factors and
an alternative form of (1) has been employed in large-scale
applications [13].

Soil CO2 ﬂux (𝜇mol m−2 s−1 )

Soil CO2 ﬂux (𝜇mol m−2 s−1 )
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Figure 2: Variations of soil CO2 fluxes (soil respiration fluxes) with dew accumulation along a laboratory gradient of colder air temperatures
(from [12]).

It is worthy to be noted that soil CO3 2− content largely
determines soil alkalinity degree, which in turn determines
the intensity of CO2 absorption by saline-alkali soils. Soil
CO3 2− strongly absorbs infrared radiation and may present
additional helpful spectral information [23]. When soils
are sufficiently dry, salt crystal is accumulated onto the
soil surface and hence the surface CO2 adhesion onto soil
minerals is increasingly important since it makes chances for
this CO2 on the soil surface to be further dissolved in soil
water when soil dew amounts increase at lower temperatures
(Figure 2). The significance of soil CO3 2− content on CO2
absorption by saline-alkali soils is mainly determined by
its close relation with soil pH, soil water content, and air
temperature.

3. Potential and Constraints
The spectral characteristics of saline-alkali soils are vulnerable to the effects of the external environmental factors. If
such an issue is not properly addressed, then it is easy to

generate cumulative errors, which increased the uncertainties
in model parameters and in quantifying CO2 absorption by
saline-alkali soils. These external environmental factors are
also the main determinants of the model parameters. So it is
an inevitable challenge to the traditional multispectral remote
sensing. Fortunately, the development of modern spectroscopic techniques, especially the development of hyperspectral technology, allows researchers to detect specific
substances in the soil using spectral diagnosis characteristics
and further reduces uncertainties in remote sensing of CO2
absorption by saline-alkali soils.
Vegetation coverage can change spectral reflectance mode
of saline-alkali soils and result in external interference [6,
24, 25]. Remote sensing of CO2 absorption by saline-alkali
soils deserves the remote sensing images of high spatial
resolution. Currently, the CO2 absorption phenomenon is
mainly observed at saline-alkali sites of arid and semiarid
regions. Remote sensing of the absorption on large scales
should be naturally focused on arid and semiarid ecosystems.
Some natural phenomena occurred at soil surface, such as the
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Figure 3: Estimation of soil CO2 fluxes (soil respiration fluxes: 𝐹𝑐 ) along a field gradient of the air temperature 10 cm above the soil surface (𝑇)
with 𝐹𝑐 = 2.58∗1.17(𝑇−10)/10 −2.86 (a: 𝑅2 = 0.86, RMSE = 0.23) and analysis of the contributions of dew amounts in 𝐹𝑥 with 𝐹𝑥 = −0.82∗𝑒10∗dew
+ 0.18 (b: 𝑅2 = 0.1008, RMSE = 0.4219) and 𝐹𝑥 = 4.07 ∗ 𝑒−10∗dew − 6.38 (c: 𝑅2 = 0.53, RMSE = 0.75), where 𝐹𝑥 is defined as the unexplained
part of 𝐹𝑐 by the 𝑄10 model (from [12]).

dry river-bed, the erosion of soil surface, the muddy crust,
and their dynamic changes may generate the spectral characteristics similar to saline-alkali soils and cause confusions of
the spectrum. These bring technological difficulties in remote
sensing of the dynamic changes of the soil salt content on time
and spatial scales.
The spectral characteristics are also closely related to
the surface morphology of saline-alkali soils, including the
salt incrustation of different thickness and salt content, the
loose soil structure with aggregated and crystalline salt, and
the loose formation caused by wind erosion. Soil surface
roughness of different surface morphology is different and
the spectral reflectance characteristics become different [26].
These external interferences can affect the surface spectral
information of soil surface texture and caused bigger errors in
the retrieval of model parameters [27–29]. Other physical and
chemical characteristics also affect the spectral characteristics
of saline-alkali soils [30–32]. Human farming causes higher
surface roughness because the soils are reconstructed and
soil surface roughness is significantly increased. However,
spatial and spectral resolution of the multispectral remote
sensing are relatively low and it is difficult to differentiate the
complex spectral characteristics of soil surface and to obtain
the precise and quantitative results if we only use the soil
spectral characteristics [33]. When the salt content is less than
10∼15%, it is almost impossible to distinguish saline-alkali
soils from other soils [34].
Hyperspectral images are feasible for the synchronization
acquisition of spatial features, radiation information, and
spectral characteristics. These images of higher spectral resolution can even reflect the subtle characteristics of landmark

spectrum. Quantitative analysis of the distribution of salinealkali soils and their surface morphology becomes possible, reducing the interference from external environmental
factors [35–38]. Hyperspectral remote sensing data improve
the accuracy of classification of halophyte and the degrees
of salinity/alkalinity [39, 40], which further cut down the
subjective errors in remote sensing of the model parameters.

4. Schemes for Remote Sensing
Quantitative mapping of the properties of global saline-alkali
soils according to hyperspectral data (including soil salinity)
is feasible. Exactly, some scientists have proved the feasibility
on regional scales [41–43]. In addition, hyperspectral remote
sensing can be provided for each pixel the information of
high-quality (similar to the laboratory accuracy) and can
accurately monitor the vegetation information (such as the
growth and distribution of different types of vegetation). This
allows a pretreatment of the vegetation-covered part in hyperspectral images, overcomes the interference of vegetation,
and helps to indirectly infer the salinity and alkalinity of
the soil according to the vegetation types [44–46], since the
vegetation types reflect the ranges of soil salt content and
soil pH. These preliminary illustrations present necessary
theoretical basis for remote sensing of CO2 absorption by
saline-alkali soil on large scales.
Now we are going to design remote sensing schemes
for CO2 absorption by saline-alkali soil on the global scale.
First, collect the representative soil samples for chemical,
physical analysis, and the field and laboratory measurements
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Figure 4: Remote sensing schemes for CO2 absorption by salinealkali soil on large scales.

of the soil spectral characteristics. This helps to obtain
the spectral information related to physical and chemical
characteristics. The model parameters are determined by the
sampling measurements of soil CO2 fluxes. Second, conduct
the atmospheric correction of high reflectance spectrum
image, the retrievial of soil surface reflectance, and the
pretreatment of vegetation-covered areas. The retrieval of
model parameters is implemented using multiple stepwise
regression analyses. Finally, the model with the determined
parameters is employed in remote sensing of CO2 absorption
by saline-alkali soil on region scales and then integrated to the
global scale. Sketch of the full scheme for quantitative remote
sensing of CO2 absorption by saline-alkali soils on the global
scales is presented in Figure 4.
Over the last three decades, the sources of remote sensing
data became more abundant and the methods for retrieval
became more sophisticated. Saline-alkali soils and other
soils can be easily distinguished according to the spectral
characteristics from the hyperspectral images when combined with the GIS assessment of the degrees of soil salinity
and alkalinity. Soil salt content can also be accurately predicted by the standard reflectance spectrum, using the datamining technologies (such as PLSR and ANN) [47]. Spectral
reflectance of saline-alkali soils has been applied in studies on
soil science, ecology, environmental science, biophysiology,
ecology, and economics [48–51]. The scheme for retrieval of
CO2 absorption by saline-alkali soil on the global scale seems
feasible under the strong backgrounds. However, there are
still some unresolved issues to be investigated for further
reducing uncertainties in the retrieval as follows.
(1) Visual interpretation remains as an important means
of monitoring and analysis on saline-alkali soil and its
dynamics [52]. But in fact, the imaging characteristics
of saline-alkali soils can vary depending on the
resolution and the image sensor at different times.
Interpretation of saline-alkali soils should be done
not only in accordance with their image features, but
also in accordance with a comprehensive analysis of
the geographical and landscape features of the salinealkali soils [53–56].

(2) Remote sensing of CO2 absorption by saline-alkali
soils deserves a better understanding of spectral
reflectance of the different types of saline-alkali soils
and the relationship between them and the degrees of
soil salinity and alkalinity. This deserves the hyperspectral images of high spatial resolution, which is
essentially significant to enhance the reliability of
retrieval of model parameters. But the access of hyperspectral remote sensing data remains too expensive,
especially, when the retrieval is considered on the
global scale.
(3) Salts dissolution in the soil during the rainy seasons
and salts migration due to the seasonal changes of
land-cover changes will also cause interference in
the extraction of information for saline-alkali soils.
These will increase the difficulty of detecting dynamic
changes in remote sensing data, which is partly
because of the integrated effects of vegetation and soil
types and other factors on spectral information of the
pilot land farming. This can be resolved using the
multitemporal image and by the adoption of different
tillage.
Study on these issues will not only help us to distinguish
different types of saline-alkali soils, but will also imply
the comprehensive applications of multitemporal remote
sensing data in zoning soil CO2 source or sink over arid
and semiarid regions [15, 57–59]. In addition, the largescale effort on measuring soil respiration fluxes in arid and
semiarid ecosystems around the world must be organized for
a reliable quantitative inversion of soil CO2 absorption. This
is a laborious challenge and needs the common attention by
the world scientific communities.

5. Conclusions
With the increases of the spectral resolution, the radiation
resolution, the time resolution, and the spatial resolution of
remote sensing data, retrieval of soil salt content becomes
more active and researches on the mechanisms are prized. In
particular, research on the applications of the hyperspectral
remote sensing data on soil salinization and alkalization
has tremendous potential. Utilizing the hyperspectral remote
sensing data, it becomes possible to accurately distinguish the
special salt content in the soils (Figure 5). Remote sensing of
CO2 absorption by saline-alkali soils is theoretical feasible.
However, the spectroscopy studies on the saline-alkali soil
are mainly restricted to monitor the salinity degree, the
spatial scope, and the geographic distribution of saline-alkali
soils, mainly using the multispectral remote sensing data
(the hyperspectral remote sensing data were less employed
because it is expensive). As a first attempt, this paper
presented remote sensing scheme for CO2 absorption by
saline-alkali soil on large scales. But the qualitative research
of spectral reflectance properties of saline-alkali soils was
less focused on CO2 absorption by saline-alkali soil, which
is partly because of traditional ignoring of such absorption.
There are still a series of unresolved issues to be further
addressed before the remote sensing scheme is carried out.
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Figure 5: Reflectance of soils rich in Na2 SO4 with different salt
content (adapted from [15]).
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