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For this special issue, we received 29 papers. Finally, 14 papers
were selected for publication andmore than 50%of the papers
were rejected.

It is well known that engineering materials were always
important tools in the technological developmentmainly due
to their physical/chemical and mechanical properties in a
wide range of applications such as machinery, vehicles, ships,
construction, energy instrumentation, and aerospace. It is
necessary to use spectroscopes analysis to study structure in
engineering materials.

Within the published papers, various engineering mate-
rials were introduced such as lithium secondary batteries,
hydrogen sensing materials, polymeric composites, high-
TC superconductor, cellulose film, carbon nanomaterial, and
chitosan. In particular, most spectroscopes analysis meth-
ods were applied for the characterization of engineering
materials including fluorescence spectroscopy, atomic force
microscopy, diode laser-based photoacoustic spectroscopy,
polarized micro-Raman spectroscopy, and Raman imaging.

Z. Xie and W. Guan reported three-dimensional fluo-
rescence and infrared spectroscopy analysis of the leachate
dissolved organic matter (DOM) of the Three Gorges in
spring, summer, and autumn seasons, respectively. Experi-
mental results indicated that three-dimensional fluorescence
spectra of the landfill leachate varied with rubbish stacking
time. They also reported that the longer the waste stacking

time, the lower the protein in leachate concentration and the
higher the fulvic-like acid concentration.

Y.-S. Kim and S.-K. Jeong investigated the electro-
chemical processes occurring at the surface of a highly
ordered pyrolytic graphite electrode by in situ atomic
force microscopy (AFM). Their results provided the direct
and obvious evidence that solvent cointercalation reaction
occurred at the initial stage of the surface film formation.

X. Chen et al. used polarized micro-Raman spectroscopy
as a powerful tool to map out the molecular orientation of a
uniaxially oriented polypropylene-based composite material.
Micro-Raman analysis at the surface region was found to
demonstrate the surface orientation relaxation and provide
an effective way to correlate the extent of relaxation and
process conditions. J. L. González-Soĺıs et al. also explored
the chemical structure of TlBa

2
Ca
2
Cu
3
O
9
high-TC super-

conductor films with Tl-1223 phase to monitor spectral map
changes from normal state to superconducting state using
the technique of Raman imaging, which provided the spatial
distribution of the variousmolecular species within a sample.
They reported that this is the first report of preliminary
results evaluating the usefulness of Raman imaging in the
determination of transition temperature of TlBa

2
Ca
2
Cu
3
O
9

high-TC superconductor films with Tl-1223 phase.
This issue provided the recent development of advanced

spectroscopic characterizations for engineering materials.
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Our expectation is that more attentions will be paid to the
research of engineering materials.
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Different dispersants were added in the dispersion process to improve the efficiency of fluorite flotation. The types and dosage
of dispersant on the improvement of fluorite flotation were investigated; when the sodium polyacrylate (SPA) was used as the
dispersant and its addition is 0.5%, the concentrate grade of CaF

2
increased from 90% to 98% and the fluorite recovery increased

from 81% to 85%. Methods of X-ray powder diffraction (XRD), field emission scanning electron microscopy (FESEM), and Energy
dispersive X-ray spectrometer (EDX) were used to characterize the sample. According to the analysis of results, the optimal sample
consisted of CaF

2
and very little CaCO

3
in the size range of 0–5 𝜇m. It could be concluded that the mechanism of improvement for

the concentrate grade and recovery of CaF
2
was attributed to the change of potential energy barrier which caused the separation of

particles with different charge. All results indicate that SPA has a great potential to be an efficient and cost-effective dispersant for
the improvement of fluorite flotation.

1. Introduction

Fluorite, which is a kind of mineral with the highest level
of fluoride content, derives its name from the Latin word
“flurum.” The main chemical component of fluorite is CaF

2
,

and fluorite also contains traces of impurity elements such as
silicon, aluminum, magnesium, strontium, yttrium, cerium,
and uranium and other foreign matters like asphalt, ferric
oxide, and so forth [1]. Fluorite is a kind of equiaxial crystal,
often featuring in a cube and octahedron, and it also shapes
into amonocrystalline of rhombic dodecahedron or irregular
granular aggregate. Fluorite is characterized by the vitreous
luster, crispness, shell-shaped fractures, and complete cleav-
ages along the octahedron.With its relative density of 3.18 and
melting point of 1360∘C, it is insoluble in water or acid [2].
It has been a long time since humans began to make use of
fluorite. Early in the 15th century, Agricola found the features
of “Flares” in fluorites and employed them as a metallurgical
flux [3]. Fluorite is the most important industrial mineral
containing fluorine. It not only is widely used in the industrial
sectors such as metallurgy, chemicals, ceramics, building

materials, machinery, electrical machinery, aviation, agri-
culture, medicine, and precise instruments, but also serves
as the important energetic materials in the cutting-edge
science and emerging industries such as atomic energy, the
rockets, and aerospace. Fluorite ore can produce products of
different specifications through mineral processing [4]. With
the development of industrial technology, there is a growing
demand for high-quality fluorite ore (with the contents of
CaF
2
more than 93%) [5]. However, there is less rich ore and

poorer ore in terms of the fluorite ore resources inChina, with
the contents ofCaF

2
in fluorite ore about 35 to 40%on average

[6]. Therefore, we must adopt efficient mineral processing
ways so as to improve the contents of CaF

2
.

At present, we commonly adopt the flotation method
to remove the mineral impurities except fluorite in the
fluorite ore to improve the content of CaF

2
, among which

the dispersion process is a very important technique and
the selection of dispersants will have a direct impact on the
contents of CaF

2
of the final products [7]. In this work, we

chose four types of dispersants, studying the dispersion effect
of them on the fluorite purification to produce a high-grade

Hindawi Publishing Corporation
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Table 1: The effect of dispersants on the concentrate grade and
recovery of CaF2.

Samples Dispersant Grade (%) Recovery (%)
FR — 90 81
FSS SS 92 82
FPAM PAM 95 82
FHPMC HPMC 92 83
FSPA SPA 98 85

concentrate of fluorite.The objective of this study is to explore
the best dispersant in increasing the concentrate grade and
recovery of CaF

2
.

2. Experimental

2.1. Materials. The fluorite ore used in this work was mined
from Inner Mongolia, which mainly consists of 77.12% CaF

2
,

11.35% CaCO
3
, 9.71% SiO

2
, and a little clay. The sample was

dried at 95∘C to constant mass and then milled to less than
45 𝜇m. The dispersants supplied from Aladdin Co. Ltd. are
all analytical reagents, including silica sol (SS), polyacry-
lamide (PAM), hydroxypropylmethyl cellulose (HPMC), and
sodium polyacrylate (SPA), and the corresponding samples
with different dispersants are FSS, FPAM, FHPMC, and
FSPA, respectively.

2.2. Experimental Methods. For the preparation of high-
grade fluorite concentrate, the slurry with 200 g fluorite ore
and 700mL water was ground in a ball mill for 20min while
the dispersant was added in this dispersion process, and then,
by the process of rougher flotation and cleaner flotation,
the final fluorite concentrate was obtained. The fluorite
concentrate was dried at 95∘C to constant mass and weighed,
of which the composition was analyzed. From the procedure,
the concentrate grade and recovery of fluorite were calculated
to choose the best dispersant in increasing the concentrate
grade and recovery. The sample prepared with the best
dispersant was characterized by different methods, including
X-ray powder diffraction (XRD), field emission scanning
electron microscopy (FESEM), and energy dispersive X-
ray spectrometer (EDX). XRD was performed on a Rigaku
D/max-3Bx diffractometer withCuK𝛼 radiation, in the range
of 30∘–65∘ 2𝜃 and at a step size of 0.02∘. FESEMmicrographs
were performed by the Hitachi SU8010 operating at the
accelerating voltage of 15 kV and FESEM imageswere taken at
different magnifications. The instrument was equipped with
the energy dispersion X-ray spectroscopy.

3. Results and Discussion

3.1. Effects of Dispersants. Table 1 shows the effect of disper-
sants (0.5% addition) on the concentrate grade and recovery
of CaF

2
. As can be seen from Table 1, without the addition

of dispersant, the concentrate grade and recovery of CaF
2

were 90% and 81%, and, with the addition of dispersant, it
could increase the concentrate grade and recovery of CaF

2
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Figure 1: The effect of SPA amount on the concentrate grade and
recovery of CaF
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Figure 2: XRD pattern of FSPA.

but with a different effect. The concentrate grade of CaF
2
was

in the range of 92∼98% and the recovery was in the range of
82∼85% with the addition of dispersant. In particular, with
the addition of SPA, the concentrate grade and recovery of
FSPA were 98% and 85%, which increased about 8% and 4%
comparedwith FR. It can be attributed to the dispersion effect
which dispersed the mineral particles equably in the solution
and thus prevented other minerals such as calcite and quartz
from being entered into the concentrate [8]. Hence, the
addition of dispersant has great influences on the concentrate
grade and recovery of CaF

2
.

3.2. The Effect of Dispersant Amount. The amount of disper-
sant is an important parameter determining the concentrate
to grade and recovery of CaF

2
. The effect of SPA amount

on the concentrate grade and recovery is shown in Figure 1,
which indicates that the dispersant amount has great influ-
ence on both of concentrate grade and recovery. It is observed
that the concentrate grade of CaF

2
increases obviously with

the increase of SPA addition all the while, and the increases
are much stronger in the low SPA addition than in the high



Journal of Spectroscopy 3

Figure 3: FESEMmicrographs of FSPA.
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Figure 4: FESEM-EDX analysis of FSPA.

addition, which can be attributed to the dispersion effect
[9]. As the dispersibility of raw ore is poor, the impurity is
hard to separate. With the addition of SPA, the dispersibility
is improved and causes the increase of concentrate grade.
However, the recovery of CaF

2
increases with the increase

of dispersant at first but reaches the maximum value when
the dispersant addition is 0.5% and then declines. It shows
that too much dispersant addition makes a bad effect on the
recovery of CaF

2
and the best amount of SPA addition is

about 0.5%.

3.3. XRD Characterization. XRD pattern reveals the micro-
struc-ture and composition of sample. The XRD pattern of
FSPA is presented in Figure 2. As can be seen, the FSPA

consists of fluorite (CaF
2
) with peaks at 1.9311, 1.9267, 1.6470,

and 1.6431 Å (corresponding to 46.1, 47.2, 55.7, and 56.3∘ 2𝜃,
resp.). The peaks are strong and sharp, reflecting an ordered
and high-crystallinity structure, which show that the disposal
of floatation does not change the crystallinity structure of
fluorite [10, 11]. Meanwhile, the peaks of calcite, quartz,
and other minerals are almost not observed, which indicate
the high concentrate grade of CaF

2
. As already introduced,

fluorite, calcite, and quartz are the main minerals in the
fluorite ore; the result suggests that, with the SPA addition,
the other minerals such as calcite and quartz can be removed
drastically from the concentrate and a high concentrate grade
of CaF

2
can be obtained.
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3.4. FESEM-EDX Characterization. The FESEM micro-
graphs of FSPA are presented in Figure 3. As it can be
seen in Figure 3, the microappearance of FSPA is irregular
platelet and pile on each other, and its size is in the range
of 0–5𝜇m, and its appearance is consistent with the typical
characteristics of fluorite [12].The particle size of FSPA is very
fine due to the addition of dispersant, which is beneficial for
the floatation. As the main minerals in the fluorite ore are
fluorite, calcite, and quartz which have their isoelectric point
(IEP) at different pH, the addition of dispersant changes the
pH of slurry and endows the minerals with different charges,
which are beneficial for the separation of the minerals and
getting the high concentrate grade of CaF

2
[13, 14]. It can

be explained that the existence of potential energy barrier
between particles keeps from the approach of particles, which
causes the aggregative stability of colloidal suspensions, but
the interaction energies of electrical double layer and van
der Waals cause the potential energy barrier to arise and the
particles with different charge to separate [15–17].Meanwhile,
the sample was characterized by the method of EDX in order
to analyze the composition of the sample. Figure 4 shows the
results of FESEM-EDX analysis of FSPA. As it can be seen
in Figure 4, the EDX spectra reveal the presence of calcium,
fluorine, and carbon (Ca = 52.12 wt%, F = 43.80wt%, and C =
4.08wt%), which indicate that the sample consists of CaF

2
,

and little of CaCO
3
may be residual [18]. In addition, Si is not

detected in the sample which suggests the quartz had been
removed completely. The result shows the high concentrate
grade of CaF

2
, and in this system the quartz, compared with

calcite, is easier to be removedwith the addition of dispersant.

4. Conclusion

The final results presented in this paper demonstrated the
influence of dispersants in the floatation of fluorite. It was
shown that all the dispersants exhibited certain effects in
increasing the concentrate grade and recovery of CaF

2
and

SPA presented high improvement in the purification of
fluorite ores by flotation. With the addition of SPA in the
slurry, the sample with high concentrate grade and recovery
of CaF

2
was prepared, and when the addition of SPA is

0.5%, FSPAobtained the highest concentrate grade (98%) and
recovery (85%). FSPAwere characterized by several methods,
including XRD, FESEM, and EDX. According to the analysis
of results, the optimal sample consisted of CaF

2
and very little

CaCO
3
in the size range of 0–5𝜇m. It can be concluded that

the mechanism of improvement for the concentrate grade
and recovery of CaF

2
could be attributed to the change

of potential energy barrier which caused the separation of
particles with different charges.

Generally speaking, in the practical application, the addi-
tion of dispersant is technically and economically reliable for
the floatation of fluorite, including (a) the high concentrate
grade of CaF

2
, (b) the increasing recovery of ore fluorite, and

(c) the finer particles. Meanwhile, the addition of dispersant
is cost-effective and has a high recovery for CaF

2
from

the slurry. Furthermore, the dispersion disposal with SPA
as the dispersant in the fluorite flotation could increase
the concentrate grade from 90% to 98% while the fluorite

recovery was increased from 81% to 85%. Hence, in order to
increase the concentrate grade and recovery of CaF

2
, the SPA

can be used as the potential dispersant in the fluorite flotation.

Conflict of Interests

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

Acknowledgments

The study was supported by the Research Funds for the Com-
prehensive Test Technology: The Mineralization Elements
and Components of Associated Fluorite (12120113014300).
The authors are also grateful for the support of Siziwang
Banner Land and Resources Bureau.

References

[1] J. S. Laskowski and R. J. Pugh, “Dispersions stability and
dispersing agents,” in Colloid Chemistry in Mineral Processing, J.
S. Laskowski and J. Ralston, Eds., pp. 151–166, Elsevier, Amster-
dam, The Netherlands, 1992.

[2] M. A. Elrashidi and W. L. Lindsay, “Chemical equilibria of
fluorine in soils: a theoretical development.,” Soil Science, vol.
141, no. 4, pp. 274–280, 1986.

[3] C. E. Manning and D. K. Bird, “Fluorian garnets from the host
rocks of the Skaergaard intrusion: implications for metamor-
phic fluid composition,” American Mineralogist, vol. 75, no. 7-8,
pp. 859–873, 1990.

[4] G. Bhaskar Raju and S. Prabhakar, “Beneficiation of fluorspar
by column flotation,”Minerals andMetallurgical Processing, vol.
17, no. 3, pp. 167–172, 2000.
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The electrochemical processes occurring at the surface of a highly ordered pyrolytic graphite (HOPG) electrode were investigated
by in situ atomic force microscopy (AFM) to understand the solvent cointercalation involved in the formation of a surface film.
AFM images were recorded under the conditions that AFM probe does not affect the electrode reaction. The AFM images show
the morphological changes occurring at the electrode surface, indicating that two different types of reactions occurred in the film
formation at the surface of the electrode. The formation of a blister structure was observed on the graphite surface, because of
the decomposition of solvated lithium ions produced in the electrolyte solution and intercalation between the graphite layer and
particulate materials. The solvent cointercalation reaction leading to the blister structure was more pronounced for the HOPG
electrode with a higher value of mosaic spread.

1. Introduction

Graphite is one of the most important negatively charged
electrode materials in commercially available lithium sec-
ondary batteries. During the charge-discharge processes in
negatively charged graphite electrode, the intercalation and
deintercalation reactions of lithium ions occur in the poten-
tial range 0–0.25V (versus Li+/Li) [1–4]. However, as such
potentials produce very strong reducing environments from
the thermodynamic perspective, chemically stable elec-
trolytes are unlikely to exist in such situations, thereby
reducing and/or decomposing during the electrode reactions.
Nevertheless, because a film is formed on the graphite surface
by the decomposition of electrolyte, stable intercalation and
deintercalation reactions occur at the graphite electrode,
before the intercalation of lithium ions into graphite [5]. This
surface film, often called the solid electrolyte interface, allows
lithium ions to pass through, whereas it blocks the transfer of
electrons [5, 6]. Thus, the surface film formation suppresses
the decomposition of electrolyte that occurs because of the
electron transfer between electrode and electrolyte and allows

selective intercalation and deintercalation of lithium ions.
The formation of surface films strongly depends on the type
of electrolyte used. Surface films with excellent properties are
formed when an ethylene carbonate- (EC-) based electrolyte
solution is used [7]. With the EC-based electrolytes, the
intercalated lithium ions can be extracted with very high
efficiency, after their electrochemical intercalation into the
graphite. Surface films significantly affect the battery perfor-
mance; therefore, identifying their physicochemical charac-
teristics is crucial. Even though surface films have been stud-
ied in detail [8–20], many issues still need to be investigated.

The solvent cointercalation reaction occurring at the
initial stage of surface film formation also needs to be inves-
tigated. This phenomenon, first reported by the Besenhard
group [10], refers to the intercalation of not only lithium ions
but also the solvent in electrolytes into the graphite at the
initial film-forming stage. This solvent cointercalation reac-
tion is fundamental in ascertaining the formation and prop-
erties of the surface films. The Besenhard group investigated
the expansion/contraction of electrodes associated with the
electrochemical intercalation and deintercalation of lithium
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ions by dilatometry using highly ordered pyrolytic graphite
(HOPG) as a negative electrode [10, 11].The results confirmed
that the electrode width increased ∼1.5 times at ∼0.8V in
a vertical direction to the basal plane prior to reaching the
potential range 0.0–0.25V, in which only lithium ions were
intercalated. The data were considered to result from the
intercalation of the solvated lithium ions. This solvent coin-
tercalation phenomenon cannot be investigated by X-ray
diffraction (XRD) analysis [2]. When the molecular space in
graphite is enlarged because of the intercalation of different
chemical species, the position of theXRDpeaks is expected to
shift toward the low angle side according to the Bragg theory.
However, because this explanation was not obtained exper-
imentally, the results of the Besenhard’s group study were
initially not widely accepted. Later studies using scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM) by the Ogumi group and Raman spectroscopic study
by the Huang group confirmed the solvent cointercalation
phenomenon [12–20], and the study results of the Besenhard
group started to receive support. Nevertheless, definite exper-
imental evidence for the solvent cointercalation reaction is
still necessary.

The solvent cointercalation phenomenon was confirmed
by the previously mentioned studies; however, we contend
that the inferences from their data are in contrast with the
explanations provided. In the case of the investigation by the
Besenhard group by dilatometry, considering the structure of
the experimental apparatus, a minute amount of electrolyte
could possibly penetrate into the contact surface between the
electrode and electrical leads of dilatometer. The penetrated
electrolyte might get reduced and decomposed at ∼0.8V,
thereby detecting the expansion by dilatometry. Studies
by the Ogumi group involving STM [12, 13] reported the
formation of a hill structure on the electrode surface at 1.1 V
by gradually lowering the potential of the HOPG electrodes
from the open circuit potential, probably because of the
cointercalation. In this study, because the STManalysis can be
applied to conducting materials, a possibility of breakdown
on the thin surface component with insulating components
probably occurred by the decomposition of electrolyte before
the appearance of the hill structure as a result of the interca-
lation of the solvated lithium ions into the damaged surface.
In the analysis using AFM [14–17] in the contact modes of
the probe and electrode, a possible breakdown (of both the
insulating and conductive properties) of the surface films
similar to the case of the STM experiments exists, thereby
intercalating the solvated lithium ions on the damaged sur-
face.Moreover, theHuang group analyzed the Raman band at
a wavelength of 1598 cm−1 during the first lithium intercala-
tion process to understand the solvent cointercalation. How-
ever, this band was not observed by other research groups
using similar analysis techniques [4, 21, 22].

Based on such reasoning, we considered that more defi-
nite experimental evidence is required to explain the solvent
cointercalation phenomenon. In this study, we used AFM
similar to that used by the Ogumi group and ensured that the
surface films were not damaged by the probes. As a result,
direct experimental evidence strongly supporting the solvent
cointercalation phenomenon was obtained.

Sample stage
WE (HOPG) 

CE (Li metal) RE (Li metal)

Probe

Laser
Photo detector

Piezoscanner

Electrolyte solution

Figure 1: Schematic of electrochemical cell for in situ AFM obser-
vation.

2. Experimental

The electrolyte solutions were prepared by dissolving LiClO
4

in a 1 : 1 (by volume) mixture of EC and diethyl carbonate
(DEC). All the electrolytes were purchased from Kishida
Chemical Co. and were used as received. The water content
in the electrolyte solution was <30 ppm, as measured using
a Karl-Fischer moisture titrator (Kyoto Electronics Manufac-
turing Co., MKC-210).

HOPG blocks (Advanced Ceramics, ZYH grade, Mosaic
spread: 3.5 ± 1.5∘; ZYA grade, Mosaic spread: 0.4 ± 0.1∘) were
used for AFMobservations. A flat surface was easily prepared
by cleaving the HOPG with tape. In situ electrochemical
AFM observations were performed in a conventional contact
mode using an AFM system (Molecular Imaging, PicoSPM)
equipped with a potentiostat (Molecular Imaging, PicoStat)
and a laboratory-made electrochemical cell as shown in
Figure 1. Freshly cleaved HOPG was mounted on the bottom
of the cell. Only the basal plane was brought into contact
with the electrolyte solution using anO-ring.The geometrical
surface area was 1.2 cm2. Lithium foil was used as the counter
and reference electrodes. Pyramidal silicon nitride tips were
used for AFM measurements. Cyclic voltammetry (CV) was
performed between 2.9 and 0.0V at a sweep rate of 5 or
0.5mV s−1.

All the electrochemical measurements including AFM
were performed in an argon-filled glovebox (Three-Shine,
SK-G1200) with a dew point below −60∘C. All the potentials
are referred to as volts versus Li+/Li.

3. Results and Discussion

The main objective of the study was to investigate the
solvent cointercalation reaction on the graphite electrode
surfaces in the absence of physical forces applied by the AFM
probes. Prior to the relevant explanation, the Ogumi group’s
conclusion on the mechanism of the surface film generation,
verified from different aspects, is mentioned. Figure 2 shows
the surface film formation measured by in situ AFM during
the HOPG electrode reaction by CV. In Figure 2(a), three
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Figure 2: (a) The first cyclic voltammogram of the HOPG basal plane at 5mV s−1 in 1M LiClO
4
/EC + DEC and (b) in situ AFM image (5 ×

5 𝜇m2) of the HOPG basal plane surface obtained at 2.9 V between 1.6 and 0.2V in (a).

large peaks are observed at ∼0.8, 0.35, and 0V. The corre-
sponding changes on the electrode surfaces in response to the
peaks measured by CV were confirmed from the AFM image
in Figure 2(b), which shows the in situ AFM image observed
in the potential range 1.6–0.2V during the electrode reactions
by CV. The AFM image was scanned from 1.6V, progressing
in the negative direction until a potential of 0.2 V.The surface
configurations of the electrode showed significant changes at
0.9 and 0.4V, confirming a two-step reaction. These results
are consistent with the report by the Ogumi group [14].

The Ogumi group reported that the formation of surface
films involves two different types of reactions: the decom-
position reaction of the intercalated solvated lithium ions
into graphite and accompanying solvent coinsertion and
direct decomposition reaction of the electrolyte solution on
the graphite surface. The results obtained from Figure 2 are
consistent with those reported by the Ogumi group, and
the AFM measurement was performed in the contact mode
under similar conditions. However, Figure 2 also shows that
the two different types of reactions involved at the surface
films as described earlier were confirmed in one single image
obtained by one time measurement. Figure 2(b) shows the
first situation where two different reactions are confirmed by
a one-timemeasurement.The studies performed until now in
relation to the formation of surface films involved either sin-
gle observations or single measurements of one reaction even
though two reactions occurred, leading some researchers to
doubt the involvement of two different reactions in surface
film formation. The results in Figure 2(b) provide unam-
biguous evidence, supporting the existence of two different
reactions without considering the effects of the contactmode.

Figure 2(b) shows that the results obtained in the contact
mode and the solvent cointercalation phenomenon initiated
at 0.9 V may be caused by the physical force of the AFM
probe, as mentioned in the Introduction. To prevent this, the
AFM observations were not performed until the completion
of surface film formation reactions, and Figure 3(a) shows
the surface configuration before the start of the electrode
reaction. The height of the largest step edge in the image was
∼10 nm. Figure 3(b) shows the results of the observation at
2.9 V after one cycle of CV at the same location as shown
in Figure 3(a). The reasons for the measurement at 2.9 V are
as follows: electrode reactions do not occur at this potential,
allowing observations on the surface films generated on
the electrode by CV without transformation into other
physicochemical states by electrochemical reactions. More-
over, Figure 3(b) shows the results obtained in the contact
mode similar to that shown in Figure 2(b), and the lack of
physical contact between the electrode surface and AFM
probes during surface film formation rules out any possible
effect of the contact mode on the surface film generation.
Undoubtedly, the observations in Figure 3(b) result from the
formation of surface films after one cycle.

To discover any solvent coinsertion in graphite in any
situation independent of any effect produced from the AFM
probes, the film material formed on the surface of the elec-
trode was physically removed using probes. AFM measure-
ments were performed in both the contact mode and non-
contact mode between the probe and sample. Accordingly, by
appropriately controlling the force applied between the probe
and sample while performing AFM in the contact mode,
the film covering the graphite surface was partially removed.
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Figure 3: In situ AFM images (5 × 5 𝜇m2) of the HOPG basal plane surface obtained at 2.9 V (a) before and (b) after the first cycle CV at
5mV s−1 in 1M LiClO
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Figure 4: In situ AFM image of an expanded area (10 × 10 𝜇m2) of
the HOPG basal plane surface obtained at 2.9 V after the first cycle
of CV.The dotted square shows the area observed after the first cycle
in Figure 2(b).

This method was also used by the Ogumi group [14–16]. The
results after the removal of the film obtained in Figure 3(b)
are shown in Figure 4. The area indicated by the dotted line
square in Figure 4 is identical to the area shown by 5 × 5 𝜇m2
in Figure 3(b) and is the region where the surface films are
removed by the AFMprobe.The surrounding area still shows
the remaining film, indicating the selected removal of the
film from the central area of 5 × 5 𝜇m2. Several blisters were
noticed on the graphite surface from which the film was
removed. These blisters were very similar to that reported by
the Ogumi group [14, 16] and can be regarded as structures
resulting from the decomposition of the solvent interca-
lated inside graphite, proving the solvent cointercalation.

Figure 3(a) also shows that the step edge on the electrode
surface before the occurrence of electrode reaction is situated
over the blister, indicated by the white arrow at the center of
Figure 4. In other words, the blister structure is not caused by
the decomposed electrolyte attached to the top of the graphite
surface but rather is a result of the swollen decomposed
product of solvated lithium ions intercalated between the
graphite layers.

The results from the CV and AFM analyses indicate that
the electrochemical reactions occurred during the solvent
cointercalation in the potential range 0.9–0.4V. However,
since AFM is an analytical method presenting information
only on a localized area, the localized reaction cannot be
assumed to occur over the entire electrode surface. Thus,
more investigations considering other aspects are required.
Other electrodes with similar areas but with a different
number of step edges where intercalation and deintercalation
of lithium ion occur were used.The reason for using different
electrodes during the investigation was the expectation of
similar electrolyte decomposition reactions on the electrodes,
even though a large differencemay be observed in the solvent
cointercalation phenomenon. With a similar intention, the
CVbehaviorwas investigated using two differentHOPGelec-
trodes with very different mosaic spread values, as shown in
Figure 4. Mosaic spread is a factor indicating the crystallinity
of HOPG. A higher value indicates inferior crystalline
properties (higher number of step edges on the electrode
surface). The ZYH electrode has a mosaic spread approx-
imately nine times greater than that of the ZYA electrode
and significantly higher current flow at ∼0.8V range related
to the solvent cointercalation reaction as shown in Figure 5.
This result is consistent with the expectation that the solvent
cointercalation is much more pronounced at the electrode
containing a higher number of step edges. Therefore, it can
be assumed to be actively involved in the graphite surface film
formation reactions.
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4. Conclusions

In this study, the surface film formation reactions occurring
at the interface between the negatively charged graphite
electrode and electrolyte in lithium secondary batteries were
investigated. The direct and obvious evidence shows that
solvent cointercalation reaction occurred at the initial stage
of the surface film formation as indicated by the in situ AFM
analysis. The formation of blisters was also confirmed after
the decomposition of lithium ions. These blisters were pre-
sumed to suppress the continued intercalation of the solvent
in the graphite layer. In contrast, this may also be one of the
reasons for the decrease in capacity of the graphite electrode
by obstructing the movement of the lithium ions and reduc-
ing the number of sites for lithium ions intercalation, as a
result of the existence of decomposed solvent products within
the graphite. Another possibility of the decreased electrode
capacity may be the stress resulting during the intercalation
and decomposition of the solvent, thereby detaching the
graphite layer and decreasing the number of active materials
used. To minimize these negative effects, further studies on
the physicochemical properties of the blisters are required.
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Carbon monoxide (CO) is one of the most important fault characteristic gases dissolved in power transformer oil. With the
advantages of high sensitivity and accuracy, long-term stability, and short detection time, photoacoustic spectroscopy (PAS) has
been proven to be one promising sensing technology for trace gas recognition. In this investigation, a tunable PAS experimental
system based on a distributed-feedback (DFB) diode laser was proposed for recognizing dissolved CO in transformer oil. The
molecular spectral line of CO gas detection was selected at 1.567 𝜇m in the whole experiment. Relationships between the
photoacoustic (PA) signal and gas pressure, temperature, laser power, and CO gas concentration were measured and discussed
in detail, respectively. Finally, based on the least square regression theory, a novel quantitative identification method for CO gas
detection with the PAS experimental system was proposed. And a comparative research about the gas detection performances
performed by the PAS system and gas chromatography (GC) measurement was presented. All results lay a solid foundation for
exploring a portable and tunable CO gas PAS detection device for practical application in future.

1. Introduction

Large power transformers are costly and essential apparatus
in power transmission and distribution system [1, 2], and
their running conditions have important influence on the
safety and reliability of the whole power system [3, 4]. Carbon
monoxide is a critical fault characteristic gas dissolved in oil-
filled power transformers, which can timely and effectively
reflect the insulation performance of transformer insulating
paper and paperboard [5]. And it has been widely used
in assessing the insulation state of running transformers.
Online monitoring and analyzing the gas concentration and
generation rate of dissolved CO gas in transformer oil plays
a quite significant role in transformer condition assessment
and fault diagnosis [6]. In recent years, interest in CO gas
detection has been extremely simulated andmany researchers
have been immersed into this field [5–9]. And metal oxide
semiconductors, palladium gate field effect transistors, cat-
alytic combustion sensors, and fuel cell sensors are the main

conventional methods used to detect and analyze dissolved
gases in transformer oil [5, 7].

As a novel gas sensing technology, photoacoustic spec-
trometry (PAS) has obtained great development and reported
effectively for recognition of both reducing and oxidizing
gases [10, 11]. For instance, Spagnolo et al. [10] reported a
NO trace gas sensor based onquartz-enhanced photoacoustic
spectroscopy and external cavity quantum cascade laser.
Lewicki et al. [11] designed a 2 𝜇m diode laser-based quartz-
enhanced photoacoustic spectroscopy system for carbon
dioxide and ammonia detection. Due to the advantages of
high sensitivity and accuracy, rapid detection speed, long-
term stability, and no gas separation and consumption [12,
13], PAS would be a promising detection technology for
dissolved fault characteristic gases in transformer oil, such as
hydrogen, carbon monoxide, methane, ethane, ethylene, and
acetylene [3].

And with the advantages of narrow line width, tunable
wavelength, and so forth, diode laser has developed as
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an ideal light source, which can be used to analyze molecular
absorption lines and obtain good selectivity, large dynamic
range, excellent portability, and adjustability [14]. In this
study, a distributed-feedback (DFB) diode laser-based PAS
experimental system was proposed, and the molecular spec-
tral line was selected at 1.567 𝜇m for CO detection. CO
response characteristics between the PA signals and gas pres-
sure, temperature, laser power, and gas concentration were
performed and discussed. Furthermore, the least square
regressionmethodwas applied to quantitatively recognize the
gas concentrations from the measured PA signals.

2. Experimental Setup

2.1. The Principle of Gas Photoacoustic Spectroscopy. Photoa-
coustic spectrometry is a kind of calorimetric spectroscopy
technique with high sensitive and dynamic range based on
the gas photoacoustic effect [6]. The basic principle of gas
photoacoustic effect is represented in Figure 1. Generation
and detection of photoacoustic signal is a complex energy
conversion process, which combines with light, heat, sound,
and electricity.

Firstly, light generated from the radiation source ismodu-
lated by amodulator and passes into a PA cell container. Some
gas molecules will absorb certain wavelengths of modulated
light and excite to the upper energy state from its ground
states. Then the absorbed energy is released to the PA cell
and heats the gas molecule periodically to generate the same
frequency thermoacoustic waves with the modulation light.
Finally, the generated acoustic waves are sensed by high sen-
sitivity of microphone and translated into electrical signals.

On the basis of the fluidmechanism and thermodynamics
law, the gas PA signal 𝑆PA can be expressed as follows [6, 15]:

𝑆PA = 𝐶cell𝛼𝑃0. (1)
As shown in (1) 𝑆PA, 𝐶cell, 𝛼, and 𝑃0 denote the gas PA

signal, the PA cell constant, the gas absorption coefficient, and
the incident laser power, respectively, where the gas PA signal,
𝑆PA, is proportional to the product of gas absorption coeffi-
cient and incident laser power. And the PA cell constant 𝐶cell
reflects the conversion from light energy to acoustic energy.

2.2. The Photoacoustic Spectroscopy Experimental Setup. In
this investigation, a tunable PAS experimental setup for gas

recognition with a DFB diode laser was proposed [15] and
the structure diagram of the gas PAS detection system was
shown in Figure 2. It can be clearly seen in Figure 2 that the
main experimental platform consists of several components
including laser controller, laser source, lock-in amplifier,
frequency modulator, modulating chopper, pressure sensor,
temperature sensor, microphone, and laser power meter.

As shown in Figure 2 a certain wavelength of infrared
radiation light generated by the diode laser is modulated to
a particular frequency of intermittent beams by amodulating
chopper firstly and then is injected into the PA cell to excite
the PA effect. Finally, the excited acoustic waves are detected
by a microphone for gas recognition. For the purpose of
minimizing the acoustic noise generated bywall absorption, a
collimator is installed at the end of the laser so that the beams
could be aligned with the longitudinal axis of the PA cell.

A butterfly shape DFB diode laser (NLK1L5GAAA, NEL
Corporation, Japan) was selected as the laser source, which
was mainly fabricated with InGaAsP material. The central
wavelength of the DFB diode laser is 1.567 𝜇m with a max-
imum power output of 20mW, a narrow linewidth of 2MHz,
and a side-mode suppression ratio of 43 dB. The deviation of
its radiation wavelength is not bigger than 1 nm under room
temperature. The diode laser is operated at an amplitude-
modulationmode, and its working temperature and injection
current are controlled by a laser controller (ITC502, THOR-
LABS Corporation, USA) to tune the emission wavelength. A
mechanical modulating chopper (SR540, Stanford Research
System Inc., Sunnyvale, CA, USA) was applied to obtain a
particular frequency of intermittent beams and amicrophone
(EK-3024, Knowles Corporation, USA) was used to acquire
the PA signal with a sensitivity of 22mV/Pa. Finally the
PA signal was measured using a lock-in amplifier (SR830,
Stanford Research System Inc., Sunnyvale, CA, USA).

ThePAcell is the core of the gas PASdetection system, and
its performance has a significant influence on the sensitivity
and stability of the experimental system [16]. In our test the
PA cell is made of stainless steel which has a high heat con-
duction coefficient. And it is designed as a first longitudinal
resonant mode and the physical figure and the longitudinal
section drawing of the PA cell are shown in Figures 3 and
4. One can clearly see from Figures 3 and 4 that the PA
cell mainly contains five departments: a cylindrical resonator
cavity, two Brewster windows, and two buffer volumes.
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Figure 3: The physical figure of the fabricated PA cell.

The length and width of the resonator cavity are 120mm and
6mm, respectively, and 60mm and 30mm for the length
and radius of the buffer volume, separately. The theoretical
resonance frequency, quality factor, and cell constant of the
PA cell in our experiment are calculated to be about 1395.7Hz,
32.8, and 3775.35 Pa⋅cm/W.

3. Results and Discussion

3.1. The Molecular Spectral Line of Carbon Monoxide. Gas
detection with the PAS system mainly depends on the wave-
length of the radiation light source; thus the radiation wave-
length of the DFB diode laser should be well-matched with
the characteristic spectrum line of the target gas [6].The basic
principles [14] for choosing the characteristic wavelengths of
CO gas are as follows.

All characteristic wavelengths should be covered in
the spectrum output range of the radiation source. Cross-
interference between CO gas and the potential interface gases
(other characteristic fault gases dissolved in transformer oil
and impurity gases) should be avoided or decreased as much
as possible. And the characteristic wavelength should be
chosen at a stronger adsorption place.

Combined with the HITRAN 2008 molecular spectro-
scopic database [17], we calculated the near infrared spectra of

COgas using the line-by-line integralmethod. Figure 5 shows
the calculating result ofCOgaswith the temperature of 300K,
the pressure of 0.1MPa, and concentration of 1000 𝜇L/L.

According to the selecting guidelines of gas characteristic
absorption lines, the line at 6380.3012 cm−1 (1.567 𝜇m) with
an intensity of 2.138 × 10−23 cm−1 (molecule⋅cm−2) was
chosen as the characteristic absorption line of CO gas in
the following experiments. Meanwhile, no obvious spectral
absorption has been observed at 1.567𝜇mfor other fault gases
dissolved in transformer oil, implying an excellent selection
absorption line for CO detection.

3.2.The PAS Performances of CarbonMonoxide. Since the PA
cell is sealed during thewholemeasurement, a variation of the
CO gas pressure will directly change the gas PA signal imme-
diately.The influence of gas pressure to PA signal is mainly by
means of the change of gas molecular absorption coefficient.
Figure 6 shows the PA signal of CO gas as a function of
gas pressure ranging from 0.03MPa to 0.12MPa, where the
power of the DFB diode laser was operated at 13.7mW with
a radiation wavelength of 1.567𝜇m, atmospheric temperature
of 300K, and CO gas concentration of 10000 𝜇L/L. As shown
in Figure 6, the PA signal increases rapidly first in linearity
with increasing the gas pressure below 0.08MPa and nearly
reaches saturation at 0.10MPa. This is mainly due to the
variation of the gas molecular absorption spectrum broad-
ening under different pressure. Therefore, if the gas pressure
could be controlled and maintained equal to and higher than
0.1MPa, the influence of the gas pressure to PA signal will be
eliminated nearly. The saturated PA signal to 10000 𝜇L/L of
CO gas under the current condition is about 28.56𝜇V.

Temperature is another significance influence factor to
the PA signal. A standard concentration of CO gas was
injected into the PA cell slowly in a dynamic flow way under
various operating temperature to investigate the PA signal
versus operating temperature. In the whole test period, the
gas pressure was kept at 0.1MPa, the integration time of
the lock-in amplifier was set as 1 s, and the power of the
DFB diode laser was maintained at 13.7mW. As shown in
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Figure 7, the PA signal increases firstly and reaches its
maximum value and then decreases rapidly with the further
increasing operating temperature. These results indicate that
the chopping frequency should be adjusted timely according
to operating temperature during the PAS experiment to
obtain the maximum PA signal.

A standard concentration of 5000 𝜇L/L of CO gas was
injected into the PA cell slowly. The chopping frequency
at 1305Hz referred to the measured first-order longitudinal
resonance frequency was regulated and maintained. The PA
response of CO gas versus different levels of laser power
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Figure 7:The PA signal versus operating temperature ranging from
280 to 330K.

ranging from 3 to 14mW was investigated through adjusting
the laser output power. It is noted that when adjusting the
laser output power, there would exist an inevitable migration
between the laser radiation wavelength and the characteristic
absorption line of CO gas at 1.567𝜇m.Therefore, a seasonable
calibration of the laser radiation wavelength is necessary and
should be employed immediately. In this study an effective
calibration method was performed as follows. The laser
output power was set at the expected value first and then
fine-tuned the laser temperature until the PA signal reached
its maximum, where the laser radiation wavelength could be
supposed to adjust back to the characteristic absorption line
of CO gas.

Figure 8 shows the PA signal and linear fit curve of CO
gas to laser power ranging from 3 to 14mW, where the gas
pressure was maintained at 0.1MPa, the integration time of
the lock-in amplifier was set as 1 s, and the operating tem-
perature was 300K. As shown in Figure 8, a good quasilinear
relationship between the laser power and the PA signal has
been measured, which is well consistent with (1). That is to
say the number of the excited gas molecules increases with
an increasing laser output power at a certain concentration
of target gas, and it should be pointed out that the PA signal
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Figure 8: The PA signal versus laser power in the range of 3 to
14mW.

will not increase consistently and turn to be saturated at a
threshold power.

The gas responses of the PAS detection system to various
concentrations of CO gas were measured and represented in
Figure 9. In our experiment different concentrations of CO
gas were obtained using a RCS2000-A computer controlled
automatic gas distribution system with high purity nitrogen
as the carrier gas.Themeasurement was performed under the
optimum condition, namely, a gas pressure of 0.1MPa, a laser
output power of 13.7mW, an integration time of 1 s, a laser
radiation wavelength of 1.567𝜇m, a chopping frequency of
1305Hz, and an operating temperature of 300K. It can be seen
clearly in Figure 10 that a good linearity between the PA signal
and CO gas concentration was found, well consistent with (1)
as well, and the linear regression coefficient 𝑅2 is as high as
0.997. Similarly with the relationship between the PA signal
and the laser power, it should be pointed out that the PA signal
will not increase unceasingly, and a saturation phenomenon
would appear at the corresponding threshold concentration.

3.3. The PAS Quantitative Analysis of Carbon Monoxide.
Based on the least square regression principle [15, 18], a novel
quantitative identification method was proposed for CO gas
recognition with the PAS experimental system. The relation-
ship between the measured PA signal and the known CO
concentration is established using the least square regression
method first. Then according to the established regression
relationship, the concentration value of an unknown CO gas
can be derived from the PA signal value measured by the PAS
detection system.This proposedmethod can effectively avoid
the measurement errors introduced by the PA cell constant,
gas absorption coefficient, laser power, and so on. Various
concentrations of CO ranging from 1000 to 10000 𝜇L/L have
been obtained with the RCS2000-A gas distribution system
and measured by our experimental device.

As shows in Figure 10 the PA signal exhibits a good linear
relationship with CO gas in the whole concentration range.
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Figure 9:The PA signal versus CO concentration ranging from 300
to 2000𝜇L/L.
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Figure 10: The regression relationship between CO concentration
and PA signal with the least square regression method.

The regression relationship is

𝑦CO = 0.003𝑥CO − 1.3241. (2)

A comparison study about the PAS detection results with
the gas chromatography (GC) test results was performed to
investigate the detection accuracy of PAS system. Detection
error (𝑒) is defined as the deviation percentage of 𝐶PAS
compared with 𝐶GC, where 𝐶PAS and 𝐶GC denote the PAS
detection value and the GC detection value, respectively:

𝑒 =

𝐶PAS − 𝐶GC


𝐶GC
× 100%. (3)

One can clearly see in Table 1 that detection error from
the PAS measurement result compared with the GC method
is quite small, that is, not greater than 2%. Considering
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Table 1: Measurement results detected by PAS and GA.

CO
concentration PAS (𝜇L/L) GA (𝜇L/L) Detection

error (%)
Sample 1 5019.4 5003.8 0.31
Sample 2 2012.7 2000.6 0.61
Sample 3 1011.5 1002.3 0.92
Sample 4 860.9 851.7 1.08
Sample 5 682.1 673.9 1.22
Sample 6 559.8 550.2 1.75

the error induced by gas chromatograph, gas distribution
system, and other laboratory equipment and human factors,
the regression results are acceptable. All results indicate
that the proposed gas analysis method based on the DFB
diode laser PAS system and combined with the least square
regression approach is feasible and effective.

4. Conclusion

In this investigation, we proposed a tunable distributed-
feedback (DFB) diode laser-basedPAS system for the purpose
of recognizing dissolved CO in transformer oil. According
to the HITRAN 2008 molecular spectroscopic database, the
characteristic absorption line at 6380.3012 cm−1 (1.567 𝜇m)
was selected as the molecular spectral line of CO gas. Gas
response characteristics were measured with the proposed
PAS system, and relationships between the sensing perfor-
mances and gas pressure, temperature, laser power, and gas
concentration were investigates in detail. Moreover, the least
square regression approach was applied to quantitatively rec-
ognize the CO gas concentration from the measured PA
signal. Compared with the GC measurement, error from the
PAS system is not bigger than 2%. All results indicate the
proposed method is an effective and feasible way for CO
gas recognition, laying a solid foundation for exploring PAS
online monitoring device for practical application.
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Pure SnO
2
andNiOdoped SnO

2
nanostructures were successfully synthesized via a simple and environment-friendly hydrothermal

method. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and
X-ray photoelectron spectra (XPS) were used to investigate the crystalline structures, surface morphologies and microstructures,
and element components and their valences of the as-synthesized samples. Furthermore, planar chemical gas sensors based on
the synthesized pure SnO

2
and NiO/SnO

2
composites were fabricated and their sensing performances to hydrogen, an important

fault characteristic gas dissolved in power transformer oil, were investigated in detail. Gas sensing experiments indicate that the
NiO/SnO

2
composites showed much higher gas response and lower working temperature than those of pure SnO

2
, which could

be ascribed to the formation of p-n heterojunctions between p-type NiO and n-type SnO
2
. These results demonstrate that the

as-synthesized NiO/SnO
2
composites a promising hydrogen sensing material.

1. Introduction

Larger oil-immersed power transformers are costly and
important electrical apparatus in power supply system. Once
faults happened on transformers, the safety and reliability of
the power system would be affected and cause great damage
to the national economy [1, 2]. As hydrogen gas (H

2
) is one

of the most important fault characteristic gases dissolved in
oil-filled power transformers, we can timely and effectively
acquire the running condition of power transformer through
recognition and analysis of dissolved H

2
gas in oil [3, 4].

In recent years, interest in recognition of dissolved H
2
in

transformer oil has been extremely simulated and a great deal
of effort has been devoted to this field [5].

Currently, metal oxide semiconductor (MOS) [6], carbon
nanotube [7], grapheme [8], infrared spectroscopy, and
photoacoustic spectroscopy [9] have been reported for gas
detection. And due to the remarkable advantages of simple
fabrication technology, rapid response and recovery speed,
and low maintenance cost and long service life, metal oxide

SnO
2
has been proved to be the most promising sensing

material for H
2
recognition [10–12]. However, there still

exist some limitations needed to be further improved, for
instance, higher operating temperature, lower gas response,
and poor selectivity and stability. Thus, many scientific and
technological efforts have been done to perfect SnO

2
sensing

performances [5].
Among them three kinds of doping strategies are devel-

oped and reported, doping noble metals [6] or rare earth ele-
ments, using other n-type semiconductors such as ZnO and
TiO
2
to form composites [11, 13], and forming p-n composites

with p-type semiconductors [14] such as CuO and NiO.
For example, Zeng et al. [6] synthesized Pd2+ doped SnO

2

nanostructures by the sol-gel method and investigated their
gas sensing performances to hydrogen and its sensing mech-
anism by the first principles calculation. Tang et al. [15] pre-
pared hollow hierarchical SnO

2
-ZnO composite nanofibers

by an electrospinning method and reported the SnO
2
-ZnO

composite nanofibers exhibited excellentmethanol selectivity
in the presence of ethanol, acetone, formaldehyde, ammonia,
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toluene, and benzene at an operating temperature of 350∘C.
Hieu et al. [16] synthesized p-type NiO nanoparticles deco-
rated n-type SnO

2
nanowires through thermal evaporation

and reported that NiO-decorated SnO
2
NW sensors exhibit

a significantly enhanced H
2
S response with good improved

response and recovery times. Shen et al. [17] synthesizedNiO-
SnO
2
nanofibers via electrospinning and investigated their

sensing performances to ethanol with three types of sensor
structures.

To the best of our knowledge, reports on the syn-
thesis of p-NiO/n-SnO

2
composites through a simple and

environment-friendly hydrothermal method and researches
on their sensing properties for recognition of dissolved H

2

in transformer oil have been rare. Herein, in this study, we
present sensitive H

2
sensors fabricated from p-NiO and n-

SnO
2
nanostructures and measure their gas sensing perfor-

mances toward H
2
. Firstly, pure SnO

2
nanostructures and

NiO/SnO
2
composites were synthesized by a hydrothermal

method. And then the surface morphologies and structural
features of the samples were characterized by X-ray powder
diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectra (XPS), respectively. Finally, chemical
gas sensors were fabricated and their sensing performances
toward H

2
were measured. We interestingly find that the

NiO/SnO
2
composites sensor exhibits excellent H

2
sensing

properties in comparison to the pure SnO
2
based sensor.

2. Experimental

2.1. Preparation of Pure SnO
2
and NiO/SnO

2
Composites.

The sensing materials in this study, that is, pure SnO
2
and

NiO/SnO
2
composites, were synthesized with a simple, facile,

and environment-friendly hydrothermal method. All chem-
icals were analytical-grade reagents purchased from Beijing
Chemical Reagent Co., Ltd. and used as received without any
further purification. The detailed synthesis processes were
represented as follows.

In a typical synthesis process of NiO/SnO
2
composites,

firstly 2.0mmol SnCl
4
⋅5H
2
O, 0.10mmol Ni(CH

3
COOH)

2
⋅

4H
2
O, 3mmol ammonium carbonate ((NH

4
)
2
CO
3
), 0.1 g

of citric acid, 30mL absolute ethanol, and 30mL distilled
water were mixed together with intense magnetic stirring
in a 100mL capacity beaker. Then the mixed solution was
transferred into a 100mL Teflon autoclave, sealed, and heated
at 180∘C for 24 h in an electric furnace. After reaction,
the autoclave was cooled to room temperature naturally,
and the product was harvested by centrifugation, washed
with distilled water and absolute ethanol four times, respec-
tively, and dried at 80∘C in air for further use [6, 18]. For
comparison, pure SnO

2
nanomaterials were prepared in a

similar synthesis process mentioned above except that no
Ni(CH

3
COOH)

2
⋅4H
2
Owas added to the precursor solution.

2.2. Structural Characterization of Pure SnO
2
and NiO/SnO

2

Composites. The crystalline structures of the as-prepared
samples were performed by X-ray powder diffraction (XRD,
Rigaku D/Max-1200X, Japan) with Cu K𝛼 radiation operated
at 40 kV and 200mA and a scanning rate of 0.02∘ s−1 from

20∘ to 80∘. Surface morphologies and microstructures of
the as-prepared nanostructures were observed with a Nova
400 Nano field emission scanning electron microscope (FE-
SEM, FEI, Hillsboro, OR, USA) equipped with an energy
dispersive X-ray spectroscopy (EDS). Element components
and their valences of the powders were investigated by the X-
ray photoelectron spectra (XPS) performed on an ESCLAB
MKII using Al as the exciting source.

2.3. Fabrication and Measurement of Pure SnO
2
and NiO/

SnO
2
Based Sensors. Planar chemical gas sensors were fabri-

cated with screen-printing technique and the planar ceramic
substrates were purchased from Beijing Elite Tech Co., Ltd.,
China. The planar chemical gas sensor was made up of
three main components: the sensing material, the Ag-Pd
interdigital electrode, and the ceramic substrate [2, 19]. The
length, width, and thickness of the planar ceramic substrate
were 13.4, 7, and 1mm, respectively. And five pairs of Ag-
Pd interdigital electrodes have been preplaced on the planar
ceramic substrate with a width of 0.2mm. Firstly, the as-
synthesized sensing materials were mixed with absolute
ethanol and distilled water in a weight ratio of 8 : 1 : 1 to form a
paste, whichwas subsequently screen-printed onto the planar
ceramic substrate to form a sensing film, and its thickness is
about 50𝜇m [2, 19]. Then the sensing film was dried in air
to remove the unwanted impurities, and a certain amount
of antipollution solution was coated onto the surface of the
sensing film as a protective layer. Finally, the fabricated sensor
was aged in an aging test chamber at 80∘C for 48 h.

Gas sensor properties of the fabricated sensors to H
2

were performed on a CGS-1TP (Chemical Gas Sensor-1
Temperature Pressure) intelligent gas sensing analysis system
(Beijing Elite Tech Co., Ltd.) [2]. This gas sensing analysis
system can automatically record the electrical resistance,
sensitivity, and working temperature of the gas sensor as well
as the humidity and temperature of environment. The gas
response value of the sensor was designated as the ratio of
sensor resistance in air to that in a mixture of H

2
gas and

air [19, 20]. The response and recovery times were defined
as the time taken by the sensor to achieve 90% of the total
resistance change in the case of adsorption and desorption,
respectively [21, 22]. All measurements were repeated several
times to ensure the repeatability and stability of the sensor
[23].

3. Results and Discussion

3.1. Structural and Morphological Characterizations. Figure 1
shows the typical XRD patterns of pure SnO

2
and NiO/SnO

2

composites. As shown in Figure 1 both the as-synthesized
pure SnO

2
and NiO/SnO

2
composites samples are polycrys-

talline in nature. It can be clearly seen in Figure 1(a) that
the prominent peaks at 26.6∘, 33.9∘, and 51.8∘, which can
be well indexed as (110), (101), and (211), respectively, and
other smaller peakswell correspond to the standard spectrum
of rutile SnO

2
given in the standard data file (JCPDS File

number 41-1445). Similar XRD patterns are observed for
the as-prepared NiO/SnO

2
composites samples as shown in

Figure 1(b), and (111), (200), (220), and (311) peaks could
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Figure 1: XRDpatterns of (a) pure SnO
2
and (b)NiO/SnO

2
compos-

ites.

be attributed to nickel oxide. These results are consistent
with other XRD characterizations reported in some similar
publications [16, 17].

The surface structure and morphology characteristics of
the as-synthesized samples were performed by field emission
scanning electron microscopy and shown in Figure 2. As
shown in Figure 2 the overview images of pure SnO

2
and

NiO/SnO
2
composites nanostructures are uniform in size

and shape with spherical structure. The diameters of pure
SnO
2
nanostructures are ranging from 40 to 50 nm and from

38 to 46 nm forNiO/SnO
2
samples.These results indicate that

in this study NiO dopant only has a slight influence on the
structures and morphologies of pure SnO

2
nanostructures

except for an evidently inhibitory effect on its crystalline
growth.

Energy dispersive X-ray spectroscopy measurement was
performed to make clear the element components of the as-
synthesized samples and check whether Ni element has been
successfully doped into the prepared SnO

2
nanostructures.

Figure 3 is the EDS spectrum of the synthesized NiO/SnO
2

composites nanostructures, where Sn, Ni, and O element
peaks are observed and the atomic ratio of Ni element to
Sn element is calculated to be about 8.9 at%. Therefore, we
could draw a conclusion thatNi element has been successfully
incorporated into the SnO

2
nanostructures.

X-ray photoelectron spectra measurement was further
conducted to investigate the compositions and chemical
states of the elements existed in the as-prepared prod-
ucts. Figure 4 shows the survey spectrum of pure SnO

2

and NiO/SnO
2
composites nanostructures. As shown in

Figure 4(a) only Sn and O spectra are observed and no
spectrum from Ni element has been measured, while in
Figure 4(b) spectra for Sn, O, and Ni element are found.

Figure 5 shows the high-resolution spectrum of Sn 3d, O
1s, and Ni 2p for the synthesized NiO/SnO

2
composites. As

shown in Figures 5(a) and 5(b) the spin orbit components of
the Sn 3d

5/2
and Sn 3d

3/2
peaks are measured at 487.1 eV and

495.4 eV, and the peak of O 1s is located at 531.9 eV, which

300nm

(a)

400nm

(b)

Figure 2: SEM images of (a) pure SnO
2
and (b) NiO/SnO

2
compos-

ites.
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Figure 3: EDS spectrum of NiO/SnO
2
composites.

are both well indexed to Sn4+ and O2− in a tetragonal rutile
SnO
2
structure. And in Figure 5(c) the peaks at 850.1 eV and

861.7 eV are defined as Ni 2p
3/2

and Ni 2p
1/2

, which could be
assigned to Ni2+ ions in the synthesized samples. Meanwhile
these Ni 2p

3/2
and Ni 2p

1/2
peaks ruled out the existence

of Ni and Ni
2
O
3
in the as-prepared NiO/SnO

2
composites

[24]. Based on these results, we could draw a conclusion
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that the synthesized samples are composed of NiO and SnO
2

nanostructures.

3.2. Gas Sensing Properties. Firstly, the sensors fabricated
from the synthesized pure SnO

2
and NiO/SnO

2
composites

were exposed to a certain concentration of H
2
gas at various

working conditions to find out the optimum operating tem-
perature. Figure 6 shows the gas responses of the prepared
sensors to 100 𝜇L/L of H

2
gas as a function of operating

temperature ranging from 150 to 450∘C. For each sensor,
its gas response increases quickly firstly and obtains its
maximumgas response value and then decreases rapidly with
further increasing temperature. As shown in Figure 6 the
optimum operating temperature of NiO/SnO

2
composites

was suggested to be 325∘C and 375∘C for pure SnO
2
samples,

where the sensor exhibits the maximum gas response value
at this condition. Simultaneously, at the optimum working
condition, the corresponding H

2
gas response is 45.23 for

NiO/SnO
2
composites and 13.12 for pure SnO

2
samples.

Figure 7 represents the gas responses of the NiO/SnO
2

composites as a function of H
2
gas concentration with sensor

working at its own optimum working condition mentioned
above. Compared with pure SnO

2
samples, the NiO/SnO

2

composites sensor exhibits an obvious H
2
sensing enhance-

ment in the whole range of concentrations. Furthermore,
the gas response curve of the NiO/SnO

2
composites based

sensor demonstrates a quasilinear relationship with H
2
gas

concentration in the range of 1–50𝜇L/L. These results imply
that the NiO dopant can not only increase the gas response
of pure SnO

2
nanostructures but also lower its working

temperature with a high linearity of 0.991 in the range of 1–
50 𝜇L/L.

A possible sensing mechanism is depicted as follows to
understand the sensing behaviors of fabricated SnO

2
based

gas sensors toward H
2
and get an insight into how the

NiO particles improve the sensing properties of SnO
2
based

sensor. As we know SnO
2
is a typical n-type semiconducting

sensing material and a large number of oxygen vacancies
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exist in its crystal lattices, and its sensing behaviors are
predominantly controlled by the surface resistance of sensing
materials [5]. In ambient air, free oxygen molecules are
absorbed on SnO

2
surface and capture electrons from the

conduction band of SnO
2
to form chemisorbed oxygen ions,

such as O
2

−, O2−, and O− [6]. When exposed to a reducing
gas ambient (H

2
in this study), H

2
gas molecules react with

chemisorbed oxygen ions. The trapped electrons are released
back to the conduction band of SnO

2
, resulting in an increase

of the carrier concentration and electron mobility; thus a
decreased resistance is measured.

The enhanced H
2
gas response and decreased working

temperature of NiO/SnO
2
based sensor in the present inves-

tigation may be attributed to a p-n heterojunction effect
between NiO and SnO

2
surface. A similar p-n heterojunc-

tion system has been proposed to explain the enhanced
gas sensitivity of CuO-SnO

2
heterostructures to hydrogen

sulfide [17, 25]. Figure 8 depicts the energy band structure

Hole
Electron

Depletion layer

n-type SnO2

p-type NiO

EC

EF

EV

EC

EF

EV

Figure 8: Energy band structure diagram of NiO/SnO
2
p-n hetero-

junction (𝐸
𝐶
: lower level of conduction band, 𝐸

𝐹
: Fermi level, and

𝐸

𝑉
: upper level of valence band).

diagram of NiO/SnO
2
p-n heterojunction. As NiO and SnO

2

have different election affinities and work functions, a p-
n heterojunction structure emerges at the surface between
NiO and SnO

2
, which leads to a band bending in the

depletion. Then the holes transfer from oxygen-excess NiO
to oxygen-deficient SnO

2
and the electrons transfer from

oxygen-deficient SnO
2
to oxygen-excessNiOuntil the system

obtains an equalization in the Fermi levels between NiO and
SnO
2
[16, 17]. This process will lead to a wider depletion

layer, and more chemisorbed oxygen ions are absorbed
on NiO/SnO

2
heterojunction system. Thus more electrons

are released back into the conduction band of NiO/SnO
2

composites in H
2
sensing reaction, and lower optimum

working temperature and higher gas response are measured
for NiO/SnO

2
composites to H

2
.

4. Conclusion

A simple and environment-friendly hydrothermal method
was employed to prepare pure SnO

2
and NiO-doped SnO

2

nanostructures. The crystalline structures, surface and mor-
phology characteristics, and compositions and chemical
states were characterized by XRD, SEM, EDS, and XPS
measurement, respectively. Chemical gas sensors were fab-
ricated based on the synthesized samples and their sensing
performances toH

2
were performed on aCGS-1TP intelligent

gas sensing analysis system.TheNiO/SnO
2
composites based

sensor demonstrates a lower optimumoperating temperature
of 325∘C and higher gas response than those of pure SnO

2
,

which could be ascribed to the formation of p-n heterojunc-
tions between p-type NiO and n-type SnO

2
. Furthermore,

the NiO/SnO
2
composites based sensor exhibits a quasilinear

relationship to H
2
gas with concentration ranging 1–50𝜇L/L.

All results indicate that the prepared NiO/SnO
2
composites

a promising sensing material for recognition and analysis of
dissolved H

2
gas in transformer oil.
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Molecular orientation has a strong influence on polymeric composite materials’ mechanical properties. In this paper we describe
the use of polarized micro-Raman spectroscopy as a powerful tool to map out the molecular orientation of a uniaxially oriented
polypropylene- (PP-) based composite material. Initial samples exhibited a high degree of surface fibrillation upon cutting. Raman
spectroscopy was used to characterize the degree of orientation in the skin and guide the development of the posttreatment process
to optimize the skin relaxation while maintaining the high degree of orientation in the rest of the board. The PP oriented polymer
composite (OPC) was oriented through an extrusion process and its surface was then treated to achieve relaxation. Micro-Raman
analysis at the surface region demonstrated the surface orientation relaxation, and the results provide an effective way to correlate
the extent of relaxation and process conditions. Larger scale orientation mapping was also carried out over the entire cross-section
(12.7 cm× 2.54 cm).The results agreewell with prior expectation of themolecular orientation based on the extrusion and subsequent
quenching process. The methodologies described here can be readily applied to other polymeric systems.

1. Introduction

Polymer composites are gainingmarket share in construction
markets and offer several advantages over the traditional
woodmaterials. A variety of plastic compositemanufacturers
are offering products for the decking, window and door, and
other specialty markets. A recent development is an oriented
polymer composite (OPC). Using a temperature controlled
proprietary orientation process, products can be fabricated
with a unique combination of low density, high stiffness,
good processability with traditional wood-working tools,
and weatherability compared to traditional plastic composite
structures. Unlike wood boards, where the orientation of the
fibrils and microfibrils is aligned by nature to maintain stiff-
ness, semicrystalline polymeric materials must be oriented
during processing to align the polymer chains to achieve the
desired stiffness.

A high degree of orientation of amorphous regions and
crystalline regions is quite desirable formodulus and stiffness
under load; however the orientation can present issues with
the shaping and cutting of the composites to form the final

part. Initial products showed a high degree of orientation on
the surface of the product that extended toward the center
of the parts dimensions. These products exhibited highly
undesirable fibrillation during surface wear evaluation and
cutting. Efforts were initiated to understand and improve
both wear and cutting performance.

Extensive studies have been previously carried out to
characterize molecular orientation of a wide range of systems
such as liquid crystals, polymers, proteins, and peptides
using vibrational spectroscopic tools. For example, polarized
infrared spectroscopy (IR) can be used to obtain order
parameter defined as 𝑆𝜃 = (3⟨cos

2
𝜃⟩ − 1)/2, where 𝜃 is

the angle of the functional group’s dipole moment relative to
the symmetry axis and the bracket denotes ensemble average
[1]. However, the requirement of thin samples sections
for transmission mode or a good contact with attenuated
total reflectance (ATR) crystals in the ATR mode limits
the application of IR for molecular orientation study in an
industrial environment. Polarized Raman spectroscopy offers
more flexibility as signals can be generated from any surface
or cross-section in a contact-free fashion and, in theory, yields
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more information. For example, the second and fourth terms
of the orientation distribution function, characterized by
Legendre polynomial ⟨𝑃2(cos 𝜃)⟩ and ⟨𝑃4(cos 𝜃)⟩, can be cal-
culated for vibrational modes whose Raman tensor is known
[2, 3]. Other higher order spectroscopy techniques such as
second harmonic generation (SHG) [4, 5] and sum frequency
generation vibrational spectroscopy (SFG) [6–8] have also
been shown to provide insights into molecular orientation,
especially when combined with linear spectroscopy tech-
niques such as IR or Raman. Their complex instrumentation
and data analysis and surface/interface-specific nature have
limited their applications mostly to academic settings.

Here we describe an industrial application of polarized
Raman spectroscopy to characterize the molecular orien-
tation of polymers within an oriented composite material
with uniaxial orientation. It is demonstrated that through the
use of orientation ratio (O.R. (1)), the molecular orientation
of OPC can be effectively characterized on length scale
spanning from 𝜇m scale to macroscopic scale, thus enabling
the mapping of orientation across the entire cross-section of
an OPC sample. O.R. is defined in (1), where 𝐼1 stands for the
intensity of a band that is sensitive to polarization while 𝐼2
stands for the intensity of another band that is insensitive to
polarization or shows the opposite trend. The 𝑍𝑍 and 𝑌𝑌 in
the subscript denote whether the spectrum is collected with
the electric field of the excitation/collection beam parallel or
perpendicular to the extrusion direction of the sample (see
Figure 1):

O.R. =
𝐼1,𝑍𝑍/𝐼2,𝑍𝑍

𝐼1,𝑌𝑌/𝐼2,𝑌𝑌

. (1)

Although this approach does not yield detailed quantita-
tive orientation distribution functions, as the more elab-
orate polarized Raman methods previously developed, its
simplicity and robustness make it suitable for industrial
applications where most samples have many nonpolymer
components such as additives, fillers, and pigments. Voyiatzis
andAndrikopoulos showed that despite the use of calibration
curve, the O.R. can potentially be correlated to the various
terms of the orientation distribution function [9]. This
was not necessary for the applications investigated herein.
Voyiatzis and Andrikopoulos also demonstrated that, for
well-behaved systems such as a dye dissolved in polymeric
matrix, the orientation of the dyemolecules can be effectively
characterized by a simple ratio of 𝐼1,𝑧𝑧/𝐼2,𝑧𝑧, which enables
fast monitoring of orientation during a drawing process. The
assumptions behind this approachmay not always be satisfied
by many industrial OPC samples. For example, difference in
crystallinity may be another factor that may cause a change
in the 𝐼1,𝑧𝑧/𝐼2,𝑧𝑧 ratio [10, 11]. The 𝐼1,𝑦𝑦/𝐼2,𝑦𝑦 term in the
denominator of the O.R. equation can effectively account
for the variation of other factors such as crystallinity and
concentration.

2. Materials and Methods

2.1. OPC Board Production. The details on the OPC extru-
sion and processing can be found in previous patents [12].

An appropriate formulation, consisting of both miscible and
nonmiscible components, is extruded into a profile using
standard material feeding and extruding technology. The
extruded profile is then uniaxially drawn using a drawing die
in a temperature controlled environment. The ratio of the
product dimensions before and after drawing is known as
the drawing ratio. As the drawing ratio is increased towards
its optimum value, density tends to decrease while product
stiffness, defined by flexural modulus and elasticity, tends to
increase.

Use of high draw ratios tends to produce products
with high degrees of surface orientation. While the level of
orientation generates many useful properties for the oriented
polymer composite, high surface orientation causes issues
when the product’s surface undergoes surface wear or the
product is cut to specific lengths or shapes. As noted earlier,
the high degree of orientation tends to generate fibrils on the
worn surface or along the fabricated edges of the product.
Experimentation indicated that controlled surface deorien-
tation would eliminate these issues. An analytical technique
was required that could determine the level of orientation
in multiple axis to allow identification of an effective heat-
treating method to achieve surface deorientation as well
as develop control parameters for processing equipment
that could be applied during the commercial manufacturing
process.

2.2. Sample Preparation for Micro-Raman Spectroscopy. An
OPC board was cut with a saw along the extrusion direction
to expose the cross-section that was perpendicular to the
heat-treated surface as shown in Figure 1. The cutting direc-
tion shown in Figure 1 is vertical but can also be horizontal as
long as it is parallel to the extrusion direction. The exposed
cross-section was then ground to a smooth flat surface using
grinding papers of 320, 800, 1200, 2400, and 4000 grit on a
Struers Pedemat Rotopol-V polisherwithwater cooling. Con-
trol experiments using different orientation of samples rela-
tive to polishing directionwere carried out to ensure that such
sample preparationmethod does not alter or introduce orien-
tation to OPC board cross-sections. Polarized Raman spectra
were then collected at various depths as indicated by the red
dots on the polished cross-section as shown in Figure 1.

2.3. PolarizedMicro-RamanAnalysis. AKaiser Raman RXN1
microscope with 785 nm laser excitation was used. A
schematic of the Raman optical pathway is shown in Figure 1.
Multimode optical fibers were used to deliver the laser to
the microscope and the signal back to the spectrometer.
Two independent linear polarizers were used to control the
polarization state of the excitation laser and the Raman
signals.

Raman signals were collected in the backscattering geom-
etry using a 20x long-working-distance objective. The laser
spot size was approximately 20 𝜇m in diameter. Typical laser
power used was in the range of 30 to 100mW, depending on
the pigment loading in a sample. It should be noted that laser
heating could cause molecular relaxation and even melting.
The exact power used for each spectrumwas generally half of
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Figure 1: Schematic illustration of how a board was cut and analyzed by micro-Raman analysis.

the power that would cause specimen surface melting. One
minute collection time was used to acquire sufficient signal-
to-noise ratio.

At each point of a sample two spectra were collected, the
parallel and the perpendicular. The parallel (perpendicular)
spectrum is collected with the two polarizers oriented so
that the electric field of the incoming laser beam and the
outgoing signal beam are both parallel (perpendicular) to the
extrusion direction. It should be noted that that there are
many more geometries that can be used (e.g., one polarizer
parallel to and one polarizer perpendicular to the extrusion
direction, or with the sample oriented differently), but the
parallel and perpendicular spectra collected in the manner
described above can best reflect the orientation differences in
a sample.

3. Results and Discussion

3.1. Control Samples. Figure 3 compares the parallel and
perpendicular spectra collected from a plastic pellet of the
same material used in the composite formulation (top panel)
and from an oriented fiber of the same material (bottom
panel). For this specific sample, polypropylene was used as
the plastic component of the composite. Details in the peak
assignments for PP have previously been reported and will
not be repeated here [13, 14]. It is obvious that while the par-
allel and perpendicular spectra are almost indistinguishable
for the PP pellet sample (note all spectra are normalized to
the strongest peak within each panel), dramatic differences
can be found for the parallel and perpendicular spectra of PP
fibers.

Such differences in the spectra collected with different
polarizers are commonly observed for most oriented poly-
mers and several examples are shown in Figure 3. The extent
of differences exhibited by the parallel and perpendicular
spectra depends on several factors, such as the level of
orientation within themacromolecular chain, the orientation
of a functional group relative to its polymer backbone,
and the Raman tensor of the functional group. As can be
observed in Figure 3, spectral differences present between

the parallel and perpendicular spectra range from dramatic
for polyethylene and poly(vinylidene fluoride-co-polyester)
fibers, to intermediate for polybutene-1 fibers, and to quite
subtle for poly(styrene-co-acrylonitrile) fibers. O.R. should
not be used to directly compare the level of orientation across
different polymers and rather should only be used as a relative
measure to evaluate molecular orientation level for uniaxially
oriented samples of the same polymer. Discussion below will
be focused on the PP orientation in OPC boards.

According to (1), two bands need to be selected for the
calculation of O.R. for each phase. For the PP investigated
here, both the crystalline and the amorphous phases are
present in significant amount and therefore two sets of
bands should be used, one set for each phase [15]. Below
we will focus on the orientation characterization of the
crystalline phase because a similar trend was observed for
the amorphous phase. The baseline-corrected peak height of
the 809 cm−1 peak and the 841 cm−1 peak is used as 𝐼1 and
𝐼2, respectively, as used in several previous studies [16–18]. In
the next sections line maps, small-area mapping and large-
areamappingwill be shown for the PPOPC samples with and
without surface treatment.

3.2. Line Maps. For consistency, PP OPC cross-section sam-
ples are always oriented the same way in reference to the lab
coordinate system with the extrusion direction parallel to the
microscope stage as shown in Figure 1. Two line maps were
collected: one parallel and one perpendicular. A stable stage is
critical to ensure that the corresponding parallel and perpen-
dicular spectra in the two line maps are from the same spot.
Spectra in these line maps were collected from evenly spaced
points on an OPC cross-section spanning from the surface
into the core. The O.R. profiles from three representative
samples are shown in Figure 4. Samples (a), (b), and (c) were
from similar OPC boards, but after different level of surface
treatments aimed to cause orientation relaxation, with (a)
receiving no surface treatment, (b) an intermediate level, and
(c) the highest level of surface treatment. Before we compare
the O.R. profiles in Figure 4, it is worth noting that the O.R.
for the PP fiber shown in Figure 2 is calculated to be 7.7
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Figure 2: (a) 𝑍𝑍 and 𝑌𝑌 spectra of a PP pellet; (b) 𝑍𝑍 and 𝑌𝑌 spectra of a PP fiber.
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and about 1 for the PP pellet. The values of 7.7 and 1 are
specific for the particular bands selected (841 and 809 cm−1)
and other choices of bands may also be valid but will have
different O.R. values.TheO.R. ratio calculated using the same
pair of bands for PP in OPC can be compared. It is unlikely
for the O.R. value for PP in an extrusion oriented sample
to reach as high as 7.7 as very high draw ratio is needed;
for completely relaxed PP samples its O.R. will be close to
1 as the polarization should not affect the Raman spectra of
isotropic materials. If somehow the PP chain has a preferred
orientation in the transverse direction, then an O.R. smaller
than 1 will be observed. Samples with O.R. value of 𝑥 and
1/𝑥 should have the same level of orientation, but with the
orientation direction orthogonal to each other.

Given the above information, it is clear from Figure 4
that while the inner region of all three samples is relatively

orientated with O.R. ranging from 2.5 to 4, their surface ori-
entation exhibited dramatic differences. Sample (a) showed
no relaxed orientation at the surface because it did not receive
any surface treatment. Samples (b) and (c) both showed
partially relaxed surface region with O.R. ranging between 1
and 1.6, but the relaxed surface layer is only about 110 𝜇m for
Sample (b), much thinner than the 380 𝜇m thick relaxed skin
of Sample (c). Such observations are in good agreement with
the sample treatment history and provided an effective way to
understand how efficient the treatment is in relaxing polymer
orientation.

3.3. Small-Area Maps. The above line map methods can be
readily applied to acquire an area map of PP orientation if
the area of interest can fit within the range of the microscope
stage. It is critical for the OPC cross-section surface to be
horizontal and parallel to the stage to ensure that all the spots
in the map are in focus. The results shown in Figure 5 were
from a surface-treated OPC cross-section with its surface
on the right edge of the map. Spectra were collected in a
raster-scan fashion from an area of 600𝜇m (along the depth
direction) × 1000 𝜇m (along the extrusion direction).The red
dots in Figure 5 right panel represent the spectral collection
spots, which formed a 26 × 8 grid, with 26 evenly spaced lines
distributed along the depth direction and 8 evenly spaced
lines distributed along the extrusion direction. Such a form
of grid was chosen in order to capture the sharp transition
between the skin and core region and because less dramatic
change in O.R. was expected along the extrusion direction.
The map in Figure 5 indeed confirms this expectation and
clearly shows that the skin layer was relatively uniform with a
thickness on the order of 200 to 250 𝜇m.The false-color map
in the left panel of Figure 5 was generated by interpolating the
O.R. over the 26 × 8 grid.

3.4. Large-Area Mapping. While the results above clearly
demonstrate the power of polarized micro-Raman analysis
to characterize the surface relaxation, the orientation dis-
tribution across the entire OPC product cross-section is
what determines the overall mechanical strength of an OPC
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structure. Many interdependent factors can influence the
final strength of an OPC product such as the die design,
temperature, feed rate, cooling rate, and fillers and it is often
difficult to understand how these various factors can lead to
final product performance without first understanding how
they influence the molecular orientation.

Figure 6 illustrates how the large-area orientation map-
ping was carried out. An OPC sample was cut into 11 vertical
sections and line maps were carried out on each section
as represented by the red dots. The sample can also be
cut into horizontal sections. However, due to the sample
geometry, horizontal sections are thin and thus more prone
to deformations.

The orientation mapping results from two representative
samples are shown in the bottom panel of Figure 6. OPC
sample 1 was a regular product while a side slot was built
into OPC sample 2 according to its design. The orienta-
tion mapping yields a direct and visual way to understand
the level of orientation at various regions within an OPC
product. Both samples showed similar general patterns: a
surface skin region on the top and bottom of the product
that underwent relaxation during surface treatment, a rela-
tively oriented region beyond the skin, and a relaxed core
region.

For OPC sample 1 the entire orientation map shows
remarkable symmetry along both the horizontal and vertical
middle line, with the oriented outer layer about 2.5 cm or
1 inch thick (excluding the relaxed surfacewhichwas oriented
prior to surface treatment) surrounding the core region and
with the core region showing a gradient of O.R. which can be
further used to define an inner and outer core region. Such a
distribution of orientation supports the hypothesis that the
core region, due to insulation by the outer layer, has more
time to relax than the material in the outer layer. In contrast
the outer region cools down faster and thus effectively locks
themolecular orientation once the sample temperature drops
below 𝑇𝑚 or 𝑇𝑔. Analysis using micro-Raman technology
provides an improved understanding of how process condi-
tions can be related to molecular orientation and ultimately
to product performance which is thus achieved. OPC sample
2 shows an orientation map that is rather different fromOPC
sample 1.This sample appeared to be less oriented overall.The
exact reasons behind such differences are of great interest to
engineers and material scientists but are beyond the scope of
this study.

4. Conclusions

In this studywe used polarizedmicro-Raman spectroscopy to
study PP morphology and orientation in uniaxially oriented
OPC products in order to guide the posttreatment of PP
composite products. We applied this method to analyze PP
OPC and the results from the surface region enable us
to correlate the surface treatment parameters to the level
of skin orientation relaxation and skin thickness, and the
results from the large scale mapping show in a visual way
how process conditions can influence the molecular orien-
tation across the entire cross-section of an OPC material.
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The methodologies described here can be readily applied to
other polymeric systems.

Conflict of Interests

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

Acknowledgments

Theauthors would like to thank theDowChemical Company
and Eovations, LLC, for permission to publish this work.
Help in sample preparation from Robbie Samson is gratefully
acknowledged.They also appreciate the inspiring discussions
with Robert Cieslinski and Kevin Nichols.



Journal of Spectroscopy 7

References

[1] L. K. Tamm and S. A. Tatulian, “Infrared spectroscopy of pro-
teins and peptides in lipid bilayers,” Quarterly Reviews of
Biophysics, vol. 30, no. 4, pp. 365–429, 1997.

[2] M. Tanaka and R. J. Young, “Review Polarised Raman spec-
troscopy for the study of molecular orientation distributions in
polymers,” Journal of Materials Science, vol. 41, no. 3, pp. 963–
991, 2006.

[3] R. Ikeda, B. Chase, and N. J. Everall, “Basics of orientation mea-
surements in Infrared and Raman spectroscopy,” in Handbook
of Vibrational Spectroscopy, John Wiley & Sons, 2006.

[4] T. G. Zhang, C. H. Zhang, and G. K. Wong, “Determination
of molecular orientation in molecular monolayers by second-
harmonic generation,” Journal of the Optical Society of America
B, vol. 7, no. 6, pp. 902–907, 1990.

[5] M. B. Feller, W. Chen, and Y. R. Shen, “Investigation of
surface-induced alignment of liquid-crystal molecules by opti-
cal second-harmonic generation,” Physical ReviewA, vol. 43, no.
12, pp. 6778–6792, 1991.

[6] X. Chen, M. L. Clarke, J. Wang, and Z. Chen, “Sum frequency
generation vibrational spectroscopy studies on molecular con-
formation and orientation of biological molecules at interfaces,”
International Journal of Modern Physics B, vol. 19, no. 4, pp. 691–
713, 2005.

[7] Z. Chen, Y. R. Shen, and G. A. Somorjai, “Studies of polymer
surfaces by sum frequency generation vibrational spectroscopy,”
Annual Review of Physical Chemistry, vol. 53, pp. 437–465, 2002.

[8] X. Chen, J. Wang, A. P. Boughton, C. B. Kristalyn, and Z. Chen,
“Multiple orientation of melittin inside a single lipid bilayer
determined by combined vibrational spectroscopic studies,”
Journal of the American Chemical Society, vol. 129, no. 5, pp.
1420–1427, 2007.

[9] G. A. Voyiatzis and K. S. Andrikopoulos, “Fast monitoring
of the molecular orientation in drawn polymers using micro-
Raman spectroscopy,” Applied Spectroscopy, vol. 56, no. 4, pp.
528–535, 2002.

[10] C. Minogianni, K. G. Gatos, and C. Galiotis, “Estimation of
crystallinity in isotropic isotactic polypropylene with Raman
spectroscopy,” Applied Spectroscopy, vol. 59, no. 9, pp. 1141–1147,
2005.

[11] R. M. Khafagy, “In situ FT-Raman spectroscopic study of the
conformational changes occurring in isotactic polypropylene
during its melting and crystallization processes,” Journal of
Polymer Science, Part B: Polymer Physics, vol. 44, no. 15, pp.
2173–2182, 2006.

[12] J. J. O’Brien, T. O. Kirch, K. L. Nichols, and B. M. Birchmeier,
“Oriented polymer composition with a deoriented surface
layer,” US8475700 B2, 2010.

[13] M. C. Tobin, “The infrared spectra of polymers. III.The infrared
and Raman spectra of isotactic polypropylene,” The Journal of
Physical Chemistry, vol. 64, no. 2, pp. 216–219, 1960.

[14] P. D. Vasko and J. L. Koenig, “Raman scattering and polarization
measurements of isotactic polypropylene,”Macromolecules, vol.
3, no. 5, pp. 597–601, 1970.

[15] R. P. Paradkar, A. Leugers, R. Patel, X. Chen, G. Meyers, and
E. Lipp, “Raman spectroscopy of polymers,” in Encyclopedia of
Analytical Chemistry, John Wiley & Sons, New York, NY, USA,
2006.
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The material employed in this study is an ecoefficient, environmentally friendly, chromium (VI)-free (noncarcinogenic) metal
polymer. The originality of the research lies in the study of the effect of new production procedures of salmon on metal packaging
withmultilayer polyethylene terephthalate (PET) polymer coatings. Our hypothesis states that the adhesion of postmortem salmon
muscles to the PET polymer coating produces surface and structural changes that affect the functionality and limit the useful life of
metal containers, compromising therefore their recycling capacity as ecomaterials. This work is focused on studying the effects of
the biochemical changes of postmortem salmon on the PET coating and howmuscle degradation favors adhesion to the container.
The experimental design considered a series of laboratory tests of containers simulating the conditions of canned salmon, chemical
and physical tests of food-contact canning to evaluate the adhesion, and characterization of changes in the multilayer PET polymer
by electron microscopy, ATR, FT-IR, and Raman spectroscopy analyses. The analyses determined the effect of heat treatment of
containers on the loss of freshness of canned fish and the increased adhesion to the container wall, and the limited capability of the
urea treatment to remove salmon muscle from the container for recycling purposes.

1. Introduction

There is currently a dispute regarding biosafety in the salmon
farming industry due to the loss of freshness of canned fish,
as evidenced by changes in pH and 𝐾 index value, and the
adhesion of small muscle portions to the protective polymer
coating of the container walls. Spoilage has eventually an
impact on polymer coatings regarding their ecomaterial
capabilities for recycling due to the surface changes under-
gone by the polymer [1–5].

This work evaluated the effect of the salmon farming
processes on the performance of metal-polymer compos-
ites coated with low-permeability, homogeneous polymers
employed in salmon canning.

The release of ammonia compounds, hydrogen sulfide,
and mercaptans (indole, skatole, and other sulfur-containing
chemical compounds) is indicative of the microbiological
spoilage of fish and depends on the storage temperature [6–
10].

Such release generally tends to produce chemical changes
on the industrial molecules and is strongly related to the crys-
tallinity of polymers; thus, polyethylene terephthalate (PET)
polymer coatingsmay degrade under extreme conditions [11–
14].

This study addresses the impact of the new aqua-
culture production practices on polyethylene terephthalate
(PET) coatings protecting electrolytic chromium coated steel
(ECCS) plates, employed as canning materials, resulting
from the biochemical changes undergone by the postmortem
salmon and its adherence to the can walls; therefore, it is
essential to determine the freshness degree of canned salmon
fish and its influence as a factor of adhesion.

These are fundamental topics focused on the basic under-
standing of the mechanics and physics of structural and
functional materials at different length scales to accurately
determine their properties in relation to the underlying
multimaterial microstructures.
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To ensure sufficient shelf life, canned food is heat-treated
by steam, steam-air mixtures, water, or spraying water. The
coldest spot in the can is used as the reference point to
determine whether the cans have received an adequate heat
treatment. The heat treatment should ensure the inactivation
of microorganisms that cause food poisoning and spoilage.
The amount of heating needed in the coldest spot of the pack-
aged food is in the range 4–12min at 121∘C for some typical
canned food products [11, 15, 16]. As a consequence of this
heat treatment, some packed food products can partly adhere
to the can wall.

An important aspect to consider is the production of
energy in the postmortem muscle, where the oxygen supply
to the muscle tissue is interrupted and then the energy pro-
duction is restricted. The glycogen (storage carbohydrate) or
fats are oxidized in a series of reactions which finally produce
carbon dioxide (CO

2
), water, and adenosine triphosphate

(ATP).This type of respiration occurs in two stages: anaerobic
and aerobic. The latter depends on the continuous presence
of oxygen (O

2
), only available in the circulatory system [17].

Postmortem glycolysis results in the accumulation of lactic
acid with the concomitant decrease in muscular pH.

Bistac et al. [18] found several factors that affect mackerel
adhesion to lacquered can walls. The reported effects clearly
indicate that proteins are the major cause of this adhesion.
Proteins consist of chains of covalently bound amino acids.
Four types of bonds can be formed between the amino acids
residues: covalent, electrostatic, hydrogen, and hydrophobic
bonds [19]. These bonds are responsible for the structure
of the native protein. During the heat processes, these
interactions, especially the noncovalent bonds, are partly
broken and hence they become available for interaction with,
for instance, the surface of a can wall.

This study is focused on an integral view of the problems
and considers recent new researches to integrate every neces-
sary aspect for the optimization of multilayer materials used
in salmon containers, which are subject to changes due to
the canning processes employed to improve their commer-
cialization, enhance sustainable recycling, and reduce energy
consumption [20].

2. Methodology

The standard manufacturing protocol was employed to
determine the salmon adhesion to the PET coating of the
container and the morphological and chemical changes in
the multilayers. Food cans were manufactured employing
50mL of 2.5% NaCl solution, sterilized at 120∘C for 60
minutes, immersed in warm water bath ranging from 50∘C
to 80∘C prior to sterilization, and stored for one week at 20∘C
before opening. The adhesion of salmon was determined by
subtracting theweight of the can after cleaningwith detergent
and water from the weight of the can with portions of flesh
attached to the polymer after emptying the container. The
protein denaturation step or removal ofmusclematerial from
the PET surface was performed by soaking the emptied cans
in 6M urea solution, since urea is well known for its capacity
to form hydrogen bonds and is therefore used to unfold
proteins.

A number of parameters typical of the analysis of fish
spoilage were considered to estimate the freshness of canned
salmon.These parameters were referred to as𝐾 value and pH.

The 𝐾 value is an important index for assessing the
freshness quality of postmortem salmon. Nucleotide degra-
dation analysis can be used to determine the degree of
fish freshness before spoilage commences. This value can
be obtained by calculating the concentration of nucleotides,
inosine and hypoxanthine, in the muscle. Homogenized
samples of salmonmuscle were prepared with trichloroacetic
acid. The homogenized sample was centrifuged and the
supernatant was neutralized with 1M potassium hydroxide.
Later, the 𝐾 value was determined by high-performance
liquid chromatography (HPCL); the nucleotide concentra-
tion in the samples was assessed using a C8 reversed-phase
column with phosphate buffer at pH 3.0 as the mobile phase.
The flow was maintained at 1mL/min and measured at a
wavelength of 254 nm.

The variations in the acidity of the solution resulting from
the loss of freshness of canned salmon were measured in situ
by the Unisense pH microelectrode.

The morphology of the composite’s constituting layers
was characterized by SEM to assess the level of degradation,
intending to determine the relationships between surface
structure and adhesion of salmon to the PET.

The changes in the multilayers were characterized by
vibrational spectroscopy: ATR, FT-IR, and Raman. These
techniques have proven extremely reliable and useful in
the chemical fingerprinting of a wide range of materials
employed in several applications [21–24]. The Raman anal-
yses considered the employment of two back-illuminated
fiber-coupled spectrometers featuring 633 nm and 785 nm
wavelengths. The experiment considered mainly the data
gathered with the 785 nm spectrometer.This device consisted
of amultimode fiber laser BWTEKBRM-OEM-785 (785 nm),
a Raman head BWTEK BAC100-785E, and an objective lens
Zeiss Epiplan 50X/0.50 infinite/0 44 28 50 (focal length).
The maximum output of the laser through this lens was
approximately 165mW; the laser spot diameter measured on
the samples was 48 microns.The spectrometer employed was
a BWTEK Prime T BTC661E-785CUST, covering a spectral
range 0–3000 cm−1, with a spectral resolution of 5 cm−1,
and the detection was performed by a CCD Hamamatsu
S10141-1107S operating at −10∘C. Several analyses were made
to determine the chemical and orientation changes of the
molecular chains and/or atomic rearrangements; in addition,
atomic absorption measurements in the PET polymer were
also performed.

3. Results and Discussion

3.1. Evaluation and Characterization of the Loss of Salmon
Freshness and Adhesion to the PET Surface. Variations in
canned salmon pH affect the PET surface and adhesion to
the container wall in time. Figure 1 shows the pH gradi-
ent measurements of preserved salmon using Unisense pH
microelectrode.

The in situ measurements reflected the acidity of the
solution in the food container with changes from the head
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Figure 1: (a) Unisense pH microelectrode measurements per-
formed in canned salmon samples; (b) there was a pH gradient from
water overlying fluid towards the surface of the salmon meat. The
gradient started at neutral pH 6-7 and ended at 4-5 inside the flesh.

space of the container to the bottom thereof, with evident
variations from neutral to acid in areas of adhesion and
around the PET polymer surface.

The following results were obtained after emptying the
container, when determining adhesion of salmon to polymer-
coated can walls: a slight increase in the percentage of salmon
muscle adhering to the PET-coated can wall was observed
with longer storage times. The percentage of adhesion for
the samples analyzed was in the range 2.5–4%. The batch of
cans stored for a period of 11 months showed the greatest
adhesion. Possibly, this adhesionmay have been enhanced by
higher canning or storage temperatures. The lowest amount
of adhesion was observed in cans opened after 4 months
of storage. These results indicate that the major cause of
salmon adhesion was mainly related to physical flaws on the
PET surface, such as bends and micropores, as evidenced
by electron microscopy observations. These surface defects
may have favored a major role of the chemical interactions
between the polymer coating and the proteins of salmon
(Figure 2).

The following interaction has been suggested for the
adhesion of proteins to PET: the carbonyl group in the ester
bond of the PET coating is engaged to form hydrogen links
with the amino group of the protein, which would explain
the adhesion of salmon to the food container (Figure 3).

According to Fletcher et al., the 𝐾 value ranges from
approximately 36% for fresh salmon to 73% for spoiled raw
material. The results obtained indicated that canned salmon
samples were within acceptable levels (Figure 4); however,
those values were close to the maximum limit where loss of
freshness occurs.

200𝜇m

(a)

200𝜇m

(b)

Figure 2: (a) The filiform and bifurcated muscle edges increase
physical adhesion to the PET polymer coating; (b) salmon flesh not
removed by the urea treatment and adhered to the container wall
surface.

O

O
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Figure 3: PET-protein chemical interaction.

The morphological characterization of salmon tissue
adhered to the polymer showed not only the adhesion of
physical portions of raw material related to the surface
roughness and flaws of the coating but stronger long-lasting
bonds.
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Figure 4: 𝐾 value, freshness quality index of canned salmon.

3.2. Evaluation of Chemical and Structural Changes of the
PET Coating by Vibrational Spectroscopy: ATR, FT-IR, and
Raman. In this work we intended to identify any changes
occurring on the polymer in contact with the salmon tissues
and also explore the possibility of contamination. Sample
M1 is from salmon tissue adhered to the container wall and
sample M2 is from muscle treated with urea. Figure 5 shows
the spectroscopy results of samples M1 and M2; the last digit
refers to their position on the images.

3.2.1. FT-IR. FT-IR spectra were measured on different
points of the sample with a PerkinElmer Spectrum 100
spectrometer equippedwith a universal ATR accessory.These
points were very similar to those employed in the Raman
spectroscopy analyses in order to determine differences
and similarities between the results of both methods. The
nomenclature of the spectra followed that established in
Figure 5 and, in general, spectra were taken from areas
without remains of salmon, areas with stains arising from
the contact with salmon, and areas with small portions of
salmon adhered to the surface. In the case of sample M2, no
appreciable areas of the latter type were found.

Figure 6 shows some of the differences observed between
the spectra ofM1, corresponding tomuscle naturally adhered
to the can wall, and M2 belonging to the urea-treated con-
tainer to detach the salmon flesh and where no appreciable
remains of salmon can be seen.

These differences were clearly associated with the pres-
ence of urea in the sample M2 with residues easily notice-
able: bands V(NH) at 3220 and 3360 cm−1, the V(C=O)
band at 1676 cm−1, and deformation bands 𝛿(NH2) at 1630
and 1595 cm−1, respectively. That is, the protective polymer
allowed for the adhesion of salmon on certain given areas
depending on the heterogeneity of the surface, defects, and
pores. The urea solution treatment was not able to detach
all of the material adhered to the polymer surface and
small residues remained attached as indicated by the FT-IR
analyses.

Even though the spectra are fairly homogeneous within
each sample, the spectroscopy analyses are capable of char-
acterizing them for quality control purposes of the canning
processes. Thus, Figure 7 shows the spectra taken at points
where salmon muscle adhesion was clearly visible (points 8

(a)

(b)

Figure 5: (a) Sample M1 of PET-coated ECCS plate showing zones
of salmon muscle adhesion; numbers indicate points of spectral
analyses. (b) Layout of points for spectral analyses in urea-treated
sample M2.

and 9 in Figure 5) and hardly noticeable (point 6 in Figure 5)
in sample M1, demonstrating the sensitivity of the spectral
analyses performed. The spectrum of PET in points 8 and
9 remains largely concealed; however, the C=O band of the
protein at 1743 cm−1 can be easily seen. In point 6, this band
appears as a shoulder of the C=O band of PET.

3.2.2. Micro-Raman Spectroscopy. Figure 8 shows the micro-
Raman spectralmeasurementsmade in nondegraded areas of
samples M1 and M2, respectively, whose references to points
in Figure 5 can be seen in the upper right side. In some spots,
such as point 5 in sample M2 (M2-P5), the concentration
of urea was very high as indicated by the most intense
band observed at 1013 cm−1. Also the bands at 136, 548, and
1541 cm−1 were also detected. In other spots the intense band
of urea was observed as a shoulder of the 1003 cm−1 band of
PET.These results showed that the distribution of the residual
urea on the PET surface was not homogeneous. No bands
from urea were detected in sample M1 and, in general, the
spectra observed were quite homogeneous and represented
the structure of PET.
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Figure 6: ATR spectra from samples M1 (bottom) and M2 (top)
measured in areas of reduced contamination (point 1 in Figure 5).
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Figure 7: ATR spectra taken on sample M1 at positions where
remains of adhered salmon were observed. Points 6, 8, and 9 from
Figure 5.
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Figure 8: Raman spectra from nondegraded areas of samples M1
and M2. The spectrum for point 5 in sample M2 is dominated by
urea bands.

Figure 9 shows the micro-Raman spectra from areas
degraded by salmon adhesion in sample M1 and compares
them with the spectrum taken at a nondegraded spot (point
P1). Even though the spectra are similar, those bands cor-
responding to adhered salmon muscle can be easily distin-
guished. These bands can be seen at 960 cm−1, 1260 cm−1,
1300 cm−1, 1440 cm−1, and 1657 cm−1.The spectral plot shows
the correlation between bands and adhered muscle and can

200 400 600 800 1000 1200 1400 1600 1800

2.2000
1.9810
1.7619
1.5428
1.3238
1.1047
0.8856
0.6666
0.4475
0.2284
0.0094

In
te

ns
ity

 (a
.u

.)

� (cm−1)

P1

P8

P9

Figure 9: Micro-Raman spectra from areas of salmon adhesion in
sample M1; points 01, 08, and 09 in Figure 5.
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Figure 10: Micro-Raman spectra at grey areas of sample M2 where
salmon adhesion was observed. Spectral plots P1, P8, P12, and P14
correspond to points 01, 08, 12, and 14 in Figure 5.

therefore determine if the polymer surface has undergone
any damage.The above values indicated no significant effects
on the polymer surface structure; however, it was possible
to characterize the different areas of the samples. Neverthe-
less, band 960 cm−1 can be attributed to the symmetrical
vibration of the phosphate group, possibly resulting from
the contamination of salmon during the canning process;
therefore, Raman spectroscopy becomes a useful tool by
showing the presence of elements potentially threatening the
human health or affecting the PET surface and the recycling
capabilities. Work is in progress to identify the spectral
characteristics of different parts of salmon.

Figure 10 shows a similar analysis that was performed
on sample M2, comparing grey areas where visual remains
of salmon were observed with clear areas (P1). No evidence
of Raman bands was observed as a consequence of the urea
treatment. The urea band at 1013 cm−1 was observed as a
shoulder of the 1003 cm−1 band of PET, as previously men-
tioned.

The most outstanding of these results was the presence
of urea in almost all the spots of sample M2, with the
characteristic band V(CN) at 1003 cm−1 and variable intensity.
Even though salmon residues were persistent after the urea
treatment, no bands were seen for salmon muscle; however,
the urea employed to remove the salmon residues could be
identified on the PET surface.
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The degradation of PET coatings by salmon muscle
is time dependent and it can be further monitored using
local techniques with higher spatial resolution. In this sense,
electron probe microanalyses (EPMA) can be used to col-
lect qualitative and quantitative elemental information to
establish the composition of small areas on specimens at a
nanoscale level. In addition, Kelvin probe force microscopy
(KPFM) can be a useful tool to study the composition and
electronic state at the surface of materials.

4. Conclusions

This study evaluated the adhesion of salmon to PET poly-
mer coatings employed in canning processes in order to
understand this physicochemical phenomenon and hence
minimize adhesion for the benefit of consumers.

Thermal treatment of containers is directly related to the
loss of freshness, understood as the lack of ability to meet
sensory and chemical requirements for a long shelf life, as
indicated by pH and 𝐾 index values. Fish spoilage facilitates
adhesion of salmon tissue to the container wall; proteins
are responsible for the formation of bonds between the PET
coating and salmonmuscle, and the application of ureamakes
evident the presence of noncovalent bonds due to the easy
removal of the remaining tissue.

The morphology characterization of the PET polymer in
areas of salmon adhesion by scanning electron microscopy
(SEM) showed a homogeneous contact surface; however,
surface pores, roughness, or polymer microfolds favored
adhesion of muscle proteins to the container.

Spectroscopy analyses showed the presence of PET and
rutile, as well as salmon tissue adhered to the polymer
surface. Areas with salmon adhesion or surface degraded
showed smallmicrostructural changes; the PETpolymerwith
small traces of urea did not show the same crystallinity, as
indicated by the low Raman frequencies. This would prove
that the urea solution activity causes changes on the polymer,
compromising its functionality in degraded areas.

Finally, the vibrational techniques allowed the under-
standing of the adhesion mechanisms of salmon to polymer-
coated can walls and discerning the changes undergone after
the urea treatments employed to minimize the amount of
salmon adhering in salmon canning processes.
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We have explored the chemical structure of TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223 phase to monitor spectral

map changes from normal state to superconducting state using the technique of Raman imaging. Raman images were performed
for 12 different temperatures in the 77–293K range. At room temperature, the Raman images were characterized by a single color
but as the temperature dropped a new color appeared and when the temperature of 77K is reached and the superconducting state is
assured, the Raman images were characterized by the red, green, and blue colors. Our study could suggest that the superconducting
state emerged around 133K, in full agreement with those reported in the literature. A cross-checking was done applying principal
component analysis (PCA) to other sets of Raman spectra of our films measured at different temperatures. PCA result showed that
the spectra can be grouped into two temperature ranges, one in the 293–153 K range and the other in the 133–77K range suggesting
that transition to the superconducting state occurred at some temperature around 133K.This is the first report of preliminary results
evaluating the usefulness of Raman imaging in determination of transition temperature of superconductor films.

1. Introduction

The scientific applications of superconductivity in commerce
and industry have been broadened by the discovery of
ceramic superconductors or high-𝑇

𝐶
superconductors [1].

Creating high-𝑇
𝐶
superconductor films with high current

densities (∼106A/cm2) in long kilometer lengths has become
the major goal to be achieved for industrial and commercial
applications. The creation of high-𝑇

𝐶
superconductor films

with high current densities has been achieved in laboratories
with smaller lengths of films but has not yet been achieved
for longer lengths of film. Some of the superconducting films

preparation techniques used include metal organic chemical
vapor deposition (MOCVD), pulsed laser deposition (PLD),
sol-gel, metal-organic deposition (MOD), chemical vapor
deposition (CVD), electrophoresis, electrodeposition, and
aerosol/spray pyrolysis. Because only films of high quality
are useful in industrial and commercial applications, several
parameters of the films as crystal orientation, oxygen concen-
tration, morphology, grain size, and layer thickness must be
monitored to insure that films with high current density and
transition temperature are being manufactured [2]. In order
to determine the current density and transition temperature
of the films, crystal orientation, oxygen concentration, and
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layer thickness play major roles [2–5]. Current flow in a
high-𝑇

𝐶
superconductor film is directly related to the crystal

orientation and layer thickness of the films, so that the
better aligned the axes of the crystal for the appropriate
layer thickness, the higher the current density in the film.
Furthermore, the transition temperature is directly related
to the oxygen concentration of the crystal; the higher the
oxygen concentration, the higher the transition temperature.
Previously published works show that these three important
characteristics of these films can be monitored using Raman
spectroscopy technique [6]. In addition, the temperature
dependence of the Raman line shapes can indicate changes
in the electronic density of states and help in the search for
superconducting mechanisms. The analysis of temperature
dependence of the phonon frequencies is also a means to
determine which phonons could be directly associated with
the superconducting transition. Almost all aspects of high-𝑇

𝐶

superconductivity have been addressed by Raman scattering
because of its experimental versatility and the coupling of the
elementary excitations to electron-hole pairs. Small samples
have been nondestructively investigated at low temperatures,
under electric or magnetic fields, as a function of excitation
energy, and under high pressure. Thus, the effects of external
parameters on superconductivity can be studied [7].

Raman scattering is the inelastic scattering of photons
creating or annihilating an elementary excitation (phonons,
plasmons, excitons, or spin fluctuations) in the solid. All of
these excitations have been observed and studied in high-
𝑇
𝐶
superconductors, which is why Raman scattering has

contributed so much to their understanding [8]. Raman
spectroscopy is a powerful analytical investigation tech-
nique for studying phonons in solid with relatively simple
instrumentation [9]. Therefore, Raman spectroscopy is an
excellent tool for acquiring information on properties of
high-𝑇

𝐶
superconductor films in situ; however, the technique

of Raman spectroscopy could be even more powerful if it
allows us to know the spatial distribution of the chemical
composition in high-𝑇

𝐶
films. In a Raman image, each pixel is

assigned the Raman spectrum recorded in the same position
obtaining a spatial distribution of colors (red, green, or blue)
where each color indicates a specific chemical component
[10].

Furthermore of the Raman imaging, recentlymultivariate
analysis has been applied to Raman spectroscopy to classify a
wide variety of biological samples becoming a very promising
tool to be used in biomedical research. In particular, PCA
has been used to differentiate between epithelial precancers
and cancers [11] and leukemia, cervical cancer, and control
samples [12, 13]. PCA is a way of identifying patterns in
data and expressing the data in such a way as to highlight
differences. When the principal component loadings are
plotted as a function of different variables, they reveal which
variable accounts for the greatest difference.Other techniques
widely used in data analysis are linear discriminant analysis
(LDA) and hierarchical clustering analysis (HCA), allowing
identifying in a natural way the classes present in data and
depicted by a tree diagram or dendrogram.These techniques
have been used in a large 5 variety of engineering and

scientific disciplines such as gene expression [14, 15], stock
indices [16], and astrophysics [17].

In this work, we characterized the chemical structure of
TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223

phase andmonitored spectralmap changes fromnormal state
to superconducting state by using the technique of Raman
imaging. A cross-checking was done applying PCA to other
sets of Raman spectra measured at different temperature of
the films obtaining the same Raman imaging result. The
transition temperature reported for these films using the stan-
dard technique of the strong fall in the electrical resistance
is 133.5 K [18]. It is the first report of preliminary results
evaluating the usefulness of Raman imaging and PCA in the
determination of transition temperature of TlBa

2
Ca
2
Cu
3
O
9

high-𝑇
𝐶
superconductor films with Tl-1223 phase.

2. Experiment

In this work, we explored three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶

superconductor films with Tl-1223 phase processed by Pérez-
Arrieta et al. through a two-step novel synthesis [19]. The
films of average size of about 0.5 cm2 and a thickness of∼3 𝜇m
were labeled as M74, M89A, and M98A. Raman images were
obtained using aHoriba Jobin-Yvon LabRAMHR800 Raman
system, constituted by an Olympus confocal microscope
which focuses with a 50X Leica long-range objective, a laser
of 830 nm, and 17mWpower irradiation (spot size of approx-
imately 1 𝜇m diameter) on the surface of the superconductor
film and collects the Raman backscattered radiation.

The control of the Raman system, spectra recording,
and images processing were performed with the LabSpec
5.0 software. We used the Raman peak at 520 cm−1 of a
silicon semiconductor for instrument calibration. In order
to measure temperature-dependent Raman spectra, each
superconductor film covered by a pair of quartz sheets
was placed inside a Linkam THMS600 heating and cooling
microscope stage coupled to Raman system. Microscope
stage or cryostat allows that the Raman measurements can
be performed within the 77 to 900K temperature range.
The cryostat is attached to a Linkam TMS94 temperature
programmer whereby the desired temperature and laser
exposure were programmed. Temperature programmer and
the cryostat are connected to a tank, which supplies liquid
nitrogen to cryostat.The cryostat is placed on the X-Y stage of
microscope and its window positioned under themicroscope
objective allowing point to point automatic mapping of the
interest region on the film.

All Raman spectra were recorded with spectral resolution
of 0.6 cm−1. By using LabSpec software, a region of 100 ×
100 𝜇m2 was selected to characterize the films. Once desired
temperature is reached, X-Y stage automaticallymoves across
the selected region in step of 1 𝜇m with laser exposure of 0.5
seconds. For each temperature, the data acquisition time for a
single Raman image of a superconductor filmwas 90minutes,
on average.

Raman images of the three superconductor films were
obtained for 12 different temperatures within 77–293K range.
The resolution for each Raman image was 100 × 100 pixels by
containing a total of 10,000 Raman spectra.



Journal of Spectroscopy 3

(a) (b)

(c) (d)

Figure 1: Raman images of M74 TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223 phase. (a) Raman image at 293K. (b) Raman

image at 153 K. (c) Raman image at 133 K. (d) Raman image at 77K.

For the PCA, we measured an average of 2.5 spectra for
each of the 12 temperatures within 77–293K temperature
range using the same Raman system. PCA and all the
algorithms for data analysis were implemented in MatLab
commercial software.

3. Results and Discussion

We analyzed three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor

films with Tl-1223 phase. These superconductor films have a
tetragonal (D4h) unit cell with 𝑎 = 0.38429 and 𝑐 = 15.871 Å
and belong to the P4/mmm space group. They have one
insulating TlO layer, two spacing BaO layers, two separating
Ca layers, and three conducting CuO

2
planes making them

“1223” type. The transition temperature measured in these
films using standard techniques is about 133.5 K [3, 4, 18, 20].

Raman images were constructed by plotting spectral
intensities of superconductor films versus the coordinates of
points from where spectra were recorded and, according to
this, the red, green, or blue colors are assigned. Each film
was analyzed according to the methodology described in the
previous section.

In order to obtain the Raman images, we measured a
large number of spectra in a programmed manner. Figure 1
shows four of twelve Raman images of M74 superconductor
film measured at 293, 153, 133, and 77K. Raman image
measured at 293K (see Figure 1(a)) is characterized only by

Table 1: Experimental Raman bands for TlBa2Ca2Cu3O9 high-𝑇𝐶
superconductor films with Tl-1223 phase.

Banda (cm−1) Symmetry Atoms mainly involved
104 𝐴

1𝑔
Tl, Ba, Cu

152 𝐴
1𝑔

Cu, Ba
238 𝐵

1𝑔
O(1) CuO2 plane-O(4)

260 𝐴
1𝑔

Ca-Ca
526 𝐴

1𝑔
Bridge O(3), O(4)

the blue color and its representative spectrum is given in
Figure 2(a). At room temperature, the blue color dominates
and as temperature drops and approaches the transition
temperature, 𝑇

𝐶
, new green regions appear and increase

considerably (see Figures 1(b) and 2(b) and Table 1). Figures
1(c) and 1(d) show Raman images of M74 superconductor
film measured at 133 and 77K, respectively. At 133 K, we
observed that the red color started to appear inside green
regions and its Raman spectrum is shown in Figure 2(c) (see
Table 1). At 77K, where it is known that the superconducting
state is already expressed in our type of films, the Raman
image is characterized by the red color showing that its
appearance shows us the emergence of the superconducting
state, determining 𝑇

𝐶
. This monitoring of spectral map

changes from normal state to superconducting state in
TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223



4 Journal of Spectroscopy

100 200 300 400 500 600 700

293K

687

5
2
6

5
6
8

4
3
6

3
5
3

2
2
2 5
8
7

In
te

ns
ity

 (a
.u

.)

153K

5
0
5

4
4
9 6
3
3

5
7
3

133K

2
3
8

1
5
2

104

Raman shift (cm−1)

1
5
2

2
1
1 2
3
8

2
6
0

2
9
0

3
2
6

3
5
3

4
4
9

4
8
7

77K

(a)

(d)

(b)

(c)

Figure 2: Raman spectra of the TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
supercon-

ductor films with Tl-1223 phase measured at different temperatures.

phase using Raman imaging could allow us to suggest that
the emergence of the superconducting state occurred around
𝑇
𝐶
= 133K. In Raman spectra at 133 and 77K (Figures 2(c)

and 2(d)), we observe that the strong band at 238 cm−1 (𝐵
1𝑔

modes) is the one that best characterizes this red region of
the Raman images and it is assigned to O(1) in CuO

2
planes,

where the superconducting charge carriers are thought to be
localized.

In Table 1, we observe that the 𝐴
1𝑔

modes of T1-1223
involve motion of Ca, Ba, Cu(2), O(2), and O(3) atoms along
the 𝑐-axis [21–25]. Other Raman bands, whose origin is not
clear, are shown in the Raman spectra; however, some of the
bands at 293 and 449 cm−1 could be assignedCuplanesO(1,2)
and O(2,3) [25] and the bands at 587 and 633 cm−1 could be
a 𝐵
1𝑔

O(4) motion (oxygen atom of TlO plane) [26].
Raman images and spectra obtained for superconductor

films, M89A and M98A, showed the same behavior as the
Raman images and spectra for M74 film.

In this paper, we present the spatial distribution of the
high-𝑇

𝐶
superconductor film’s major chemical components

during the transition to the superconducting state.
We have reported in this paper the first spectral maps

of superconductor films during superconducting transition.
Raman imaging could provide us with information about
which phonons could be directly associated with the super-
conducting transition and the regions on superconductor
films where there is a greater concentration of oxygen as
temperature approaches the transition temperature.

The exact sequence of events during superconducting
transition is, of course, well understood from studies of fall
in the electrical resistance of the superconductor films.Unlike
this method, highly limited by the grain boundaries, spectral
imaging methodology affords the advantage of monitoring
the distribution of chemical components using only their
inherent vibrational fingerprints and therefore without these

limitations of granular type. Furthermore, spectral recogni-
tion of TlBa

2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films is nec-

essary for an application of vibrational imagingmethodology
to aid in the detection of the superconducting phase in high-
𝑇
𝐶
films.
The main advantages of Raman imaging over other

techniques include the high spatial resolution achievable,
which is in the same order as visiblemicroscopy, and the com-
positional sensitivity of vibrational spectroscopic methods.

As a cross-checking, we applied PCA to other sets of
spectra from each film. The average of Raman spectra taken
per temperature was 3 obtaining a total of 30 spectra for
each film. Raw spectra were processed by carrying baseline
correction, smoothing, and normalization to remove noise,
sample fluorescence, and shot noise from cosmic rays. This
spectral processing was performed through a filter based
on the Baseline Correction with Asymmetric Least Squares
Smoothing algorithm [27]. Unlike other algorithms, it is fast
and simple (even for large signals) and asymmetric weighting
applies everywhere. Each acquired spectrumwas normalized
to the highest peak. Upon processing the spectra, PCA was
implemented, where themain information is described by the
first principal components.

PCA was implemented based on the temperature depen-
dence of Raman spectra.The PCA results for theM74,M89A,
and M98A films are shown in Figure 3. In PCA plots, each
point represents a Raman spectrum measured to a given
temperature.

In each plot, clearly, the 30 points can be grouped into
two temperature ranges, one in the range of 293–153K (black
points and normal state of films) and the other in the range
of 133–77K (red points and superconducting state of films)
suggesting that the transition to the superconducting state
occurred at some temperature around 133K. Our result of the
transition temperature using the Raman imaging technique is
strongly supported by a cross-checking applying PCA. PCA
was able to distinguish between spectra of the normal state
and superconducting state of high-𝑇

𝐶
superconductor films

with 100% sensitivity and 100% specificity allowing us to
obtain a highly reliable value for the transition temperature,
𝑇
𝐶
. This temperature value, around 𝑇

𝐶
= 133K, obtained

using PCA agrees perfectly with the value obtained using the
technique of Raman imaging.

In this paper, we demonstrate that the recognition of
the superconducting transition using methods of vibrational
spectral imaging is possible, although the instrumentation
utilized may not have been optimal for this purpose. In
Raman spectroscopy, the high spatial resolution reveals
details of the spatial distribution of chemical components
in high-𝑇

𝐶
superconductor films. The use of somewhat

higher laser power and more efficient optical components
will reduce the data acquisition time and improve the signal
quality to such an extent that this methodologymay be useful
for screening applications of all types of thin films.

4. Conclusions

In this paper, we presented the first spectralmaps of the distri-
bution of the high-𝑇

𝐶
superconductor film’s major chemical
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Figure 3: Scatter plot of all temperature-dependent Raman spectra for three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223

phase.

components during the transition to the superconducting
state allowing us to determine the transition temperature,
𝑇
𝐶
. Raman imaging showed that the transition temperature

to superconducting state for TlBa
2
Ca
2
Cu
3
O
9
superconductor

films occurred at some temperature around 𝑇
𝐶
= 133K in

full agreement with those reported in the literature. A cross-
checking was done applying principal component analysis to
other sets of spectra of the superconductor films measured
at different temperatures and obtaining same value for the
transition temperature. Unlike othermethods tomeasure this
critical temperature in high-𝑇

𝐶
superconductor films, highly

limited by the grain boundaries, Raman imaging technique

affords the advantage of monitoring the distribution of
chemical components using only their inherent vibrational
fingerprints and therefore without these limitations of gran-
ular type. This is the first report of preliminary results
evaluating the usefulness of Raman imaging and PCA in the
determination of transition temperature of TlBa

2
Ca
2
Cu
3
O
9

high-𝑇
𝐶
superconductor films with Tl-1223 phase.
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[10] C. Matthäus, S. Boydston-White, M. Miljković, M. Romeo,
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Three-dimensional fluorescence and infrared spectroscopy analysis of the leachate dissolved organic matter (DOM) of the Three
Gorges was reported in spring, summer, and autumn seasons, respectively. Studies show that, that organicmatter of landfill leachate
in Yongchuan,Dazu and Jiangjin is the class of fulvic-like acid and protein-like fluorescence.The study also found that the longer the
time of the pile of garbage, the lower the content of class of protein-like concentration, and the higher the concentration of fulvic-
like acid, indicating that the protein waste material in the humification process is easy degradation. However, the same source
of DOM is similar in the functional group composition and molecular structure. Characteristic frequency area analysis showed
that humic acids (HA), and fulvic acids (FA) contain more than hydrophilic organic matter (HyI) aromatic ring structure, and FA
aromatic ring structure is the most. Because of Chung-amide NH deformation vibration, there are strong absorption peaks in the
1562∼1572 cm−1 for various components; HyI contains many organic nitrogen compounds and fatty acids.

1. Introduction

Chinese major cities’ living garbage is given priority to
kitchenwaste, its organicmatter composition is high, calorific
value matter content is little, the moisture content is high,
making landfill leachate water amount large, and water
contained more organic pollutants [1, 2]. DOM in landfill
leachate comes from landfill organic matter biodegradation,
which is similar to the degradation of organic matter in
the soil. DOM refers to organic matter retained in water
after filtering through the 0.45 um film. Generally, in leachate
DOM can be divided into three ingredients such as HA, FA,
and HyI. HA and FA in waste leachate are known as humic
substances (HS).

Ultraviolet-visible spectroscopy, infrared spectroscopy,
fluorescence spectroscopy, nuclear magnetic resonance
(NMR), pyrolysis + GC-MS, and other analysis technology
are widely used in chemistry to determine structure and
functional characteristics of organic matter [3–8]. Many
researchers in other disciplines at home and abroad applied
these for chemical structure characteristics analysis of

hydrophilic organic matter, humic acid, and fulvic acids of
natural water body or soil. At present, there are also some
abroad researchers who carry out these techniques to study
chemical structure and functional characteristics of dissolved
organic matter in the landfill leachate [9–12]. In order to
further understand the chemical properties of organic
matter in leachate, the most prevalent method is ultraviolet-
visible spectroscopy and infrared spectroscopy. In domestic,
the related research reports about this technology used in
leachate organic matter are rare. However, three-dimensional
fluorescence spectrum can be used to characterize the
leachate DOM and organic fluorophores specific information
can be obtained; infrared spectroscopy can be further used
to characterize the structure characteristics of DOM rapidly.

The reports of three-dimensional fluorescence and
infrared spectrum used to study the characteristics of waste
leachate quality are very rare and those combined with two
kinds of spectral technology in molecular level study landfill
leachate are rarely reported. In order to understand physical
and chemical characteristics and their seasonal variation of
landfill leachate, three-dimensional fluorescence, infrared
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Table 1: Water quality parameters landfill leachate.

Season Region pH COD UV254 𝐸4/𝐸6

Spring
Yongchuan 8.0 5162 123.9 1.857
Jiangjin 8.2 5225 139.5 2.667
Dazu 8.2 5045 74.2 1.310

Summer Yongchuan 8.3 3918 66.4 2.784

Autumn
Yongchuan 7.9 2255 28.1 1.777
Jiangjin 8.5 2332 29.2 2.680
Dazu 8.3 3668 46.8 1.125

Raw water

Suction filtration

Acidification, precipitation

Suction filtration

Acid pickling

Collect cleaning liquid

HA aqueous solution

Filtered water

Adjusted pH value to 2.0

Chromatography

Back flushing

HA
aqueous solution aqueous solution

HyI

Figure 1: Separation procedures to fractionate DOM in leachate.

spectroscopy, UV-Vis spectra, and elemental are used to
characterize rear parts of the Three Gorges for the leachate
DOM. It has a positive guiding significance on developing
landfill leachate treatment technology and on studying the
landfill leachate influence on environment.

2. Materials and Methods

2.1. Sample Collection. Landfill leachate samples were col-
lected from leachate equalization basin of domestic waste
treatment plant in Yongchuan, Jiangjin, and Dazu. The
landfill timeswere 4, 5, and 6 years in these three sites, respec-
tively. When water samples is brought to the laboratory, it is
immediately centrifuged under the condition of 12000 r/min
for 10min, followed by supernatant filtration with 0.45𝜇m
microporous membrane, and the organic matter in filtrate
is the DOM. The basic physical and chemical parameters of
water samples are shown in Table 1.

2.2. Enrichment and Separation of the DOM. XAD-8 resins
are adopted to enrich and to separate DOM in leachate,
namely, HA, FA, and HyI. XAD-8 resins are widely used in
the enrichment and separation ofDOMin sewage andnatural
water [13–16]. Separation step is shown in Figure 1.

Water amount relationship is recorded before and after
the enrichment and separation, and the water samples are
stored separately at 4∘C in refrigerator. Some water samples

are taken out to freeze and to dry. Freeze drier, manufactured
at Beijing Boyikang Experimental Instrument Co., Ltd., with
working condition temperature less than −50∘C and pressure
less than 20 Pa, was used to analyze HA, FA, and HyI after
freeze drying.

2.3. Three-Dimensional Fluorescence Spectrum Analysis. Flu-
orescence spectrum determined by HITACHI F-7000 fluo-
rescence spectrophotometer. Instrument light source is 150W
xenon lamp, and photomultiplier tube voltage is 700V. Exci-
tation and emission monochromator are diffraction grating,
and excitation and emission slit width is 5 nm. Excitation
light wavelength range is 200∼450 nm, and emitting light
wavelength range is 250∼550 nm. Data are processed with
Sigmaplot software and are characterized by contour line dia-
gram,with reference to ultrapurewater as blank correction on
basis of the Raman scattering of water.

2.4. Infrared Spectrum Analysis. Fourier transformation
infrared spectroscopy (FTIR) was adapted in infrared spec-
trum analysis. 1∼2mg freeze dried HA, FA, HyI, and intact
samples from landfill leachate are taken and are mixed
with about 300mg KBr (spectrum pure). These samples are
ground to the fine particles and are blended to the particle
size of smaller than 2 um. These are pressed to flakiness in
(5∼10) × 107 pa for 1min. FTIR-8400 spectrometer scan is
used in the range of 4000∼1200 cm−1, and the spectrum is
measured and recorded.

3. Results and Analysis

3.1. Three-Dimensional Fluorescence Spectrum of Leachate
DOM. Different DOM has different fluorescent groups. Our
previous research [17] suggests that the three-dimensional
fluorescence characteristic of wastewater DOM is shown in
Table 2. Fulvic-like fluorescence (Peak A and Peak C) is
relevant with carbonyl and carboxyl of humus structure [18–
22]. However, protein-like fluorescence (Peak D, Peak B,
Peak S, and Peak T) is relevant with amino acid structure
[17, 23–26].

The position and intensity of fluorescence peak are differ-
ent. Figure 2 is partial diagram of the three-dimensional fluo-
rescence spectra of landfill leachate DOM. Table 3 shows the
fluorescence and fluorescence intensity of percolate DOM.

According to Figure 2, for spring landfill leachate, the
fluorescence peak type of Yongchuan includes fulvic-like acid
(visible region, UV region, resp.), high excitation wavelength
tryptophan-like, high excitation wavelength tyrosine-like,
and humic acid. The fluorescence peak of low excitation
wavelength tryptophan-like and low excitation wavelength
tyrosine-like is weak. Leachate fluorescence peak type of
Spring Jiangjin is visible fulvic-like acid, high excitation
wavelength tryptophan-like, UV fulvic-like acid, high excita-
tionwavelength tyrosine-like, and high excitationwavelength
tryptophan-like, respectively. The leachate fluorescence peak
type of Dazu and Jiangjin is similar. The UV fulvic-like
acid fluorescence intensity of Dazu is stronger than that of
Jiangjin, and the high excitation wavelength tryptophan-like
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Table 2: Major fluorescence peak for DOM.

Peak Ex/nm Em/nm Matter
I 350∼440 430∼510 Humic-like
A 240∼270 370∼440 UV fulvic-like
C 310∼360 370∼450 Vis fulvic-like
D 220∼230 280∼310 Low-excitation wavelength tyrosine-like
B 270∼280 280∼310 High-excitation wavelength tyrosine-like
S 220∼230 320∼350 Low-excitation wavelength tryptophan-like
T 270∼280 320∼350 High-excitation wavelength tryptophan-like

fluorescence intensity of Dazu is weaker than that of Jiangjin.
There is no humic-like fluorescence peak in percolate of Dazu
and Jiangjin; maybe it is related to longer landfill time.

We test the dissolved organic matter of summer
Yongchuan landfill leachate. The fluorescence peak type
includes ultraviolet fulvic-like acid, visible fulvic-like acid,
high excitation wavelength tyrosine-like, and high excitation
wavelength tryptophan-like.

The fluorescence peak type of autumn landfill leachate
includes UV fulvic-like acid, visible fulvic-like acid, high
excitation wavelength tryptophan-like, and low excitation
wavelength tryptophan-like. The strongest fluorescence peak
is Yongchuan infiltration fluorescence intensity of filtrate is
strong, and Dazu infiltration fluorescence intensity of filtrate
is weak.

Leachate fulvic-like fluorescence (including visible and
ultraviolet region) is related to the carbonyl and carboxyl
groups in humus structure. Protein-like fluorescence is
related to aromatic amino acid structure. The study of three-
dimensional fluorescence spectroscopy indicates that the
dissolved organic matter of landfill leachate of Three Gorges
Reservoir (Yongchuan, Jiangjin, and Dazu) mainly includes
organics with aromatic amino acid structure and organics
with carbonyl and carboxyl groups.

Fluorescent intensity of proteins in landfill leachate
decreased with the increase of landfill time, while the trend
of fulvic-like acid is opposite. This indicated that with the
prolonged time of the landfill, microorganisms becomemore
active, and degradation of organic matter is more obvious.
With the increase of landfill time, there are obvious red
shifts in fluorescence peak. This result indicated that, during
the stacking process, except for the degradation of organic
matter, microbial would break down proteins to produce
small organic molecules. Thus, landfill proteins fluorescence
intensity in the filtrate weakened, and fluorescence spectrum
red shifted.The seasonal variations of leachate organicmatter
content are similar to the research of Coble [18], but the
change magnitude is relatively small. However, the variation
characteristics in spring and summer are inconsistent with
Lou’s study results [19]. Lou considered that summer leachate
organic matter content should be reduced due to the dilution
effect of rainfall. Yongchuan leachate organic matter content
increased in summer, the reason is that the influence of land-
fill leachate is complex, such as landfill landfill age, operation
mode, climatic characteristics, and waste components. It is
worth further studying these influencing factors.

3.2. Fluorescence Emission Spectrum of Leachate DOM. DOM
is a complex mixture comprised of fluorescent groups. The
band wide fluorescence peak is shown in Figure 3. Fluo-
rescence intensity maximum at about 412 nm is obtained,
and the fluorescence is made from unsaturated hydroxyl and
carbonyl in the DOM. In spring, the fluorescence intensity
of landfill leachate DOM at ex = 335 nm shows gradually
increasing trend with landfill time, which is consistent with
the result of three-dimensional fluorescence spectrum. How-
ever, the fluorescence intensity of Jiangjin leachate DOM in
at ex = 335 nm is strong on the contrary. The reasons may be
many, which is worthy of further exploration.

The fluorescence index f
450/500

can describe the humic
acid in the water. The index f

450/500

= 1.4 indicates that
the humic acid generated from land, f

450/500

= 1.9, indicates
that the humic acid produced by organisms [20]. The index
f
450/500

of Jiangjin, Yongchuan, and Dazu spring leachate is
3.0, 2.9, and 2.8, respectively. The index f

450/500

of summer
Yongchuan is 2.7. The index f

450/500

of autumn of these three
regions is 3.0, 2.8, and 2.8, respectively. These values (>1.9)
indicate that humus leachate comes from organisms. The
higher f

450/500

values reveal that humic substances aromatic is
weakwith less benzene ring structure.The fluorescence index
increased with the decrease of landfill time. As the landfill
time becomes longer, the contribution of microorganism to
fluorescence increased.

3.3. Infrared Spectra of Landfill Leachate DOM. FTIR can
provide more detailed organic matter information about
chemical and functional group. Various kinds of com-
pound functional group and characteristic frequency area are
located in the area of 4000∼1300 cm−1. Vibration frequency
is higher in this area, due to influence by the rest of small
molecule. But different groups can form the interference,
affecting the group’s judgment. And 1300∼400 cm−1 area is
fingerprint region, in which a variety of functional groups do
not have distinct characteristics, and it is strongly influenced
by themolecular structure. Small changes ofmolecular struc-
ture can cause the obvious spectrum change in fingerprint
region. In this study, organic constituent is relatively complex,
and characteristics area is mainly used to identify the main
functional groups. Each component landfill leachate infrared
spectrumwas shown in Figure 4, while the infrared spectrum
ofYongchuan spring, summer, and autumn landfill DOMwas
shown Figure 5.
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Figure 2:Three-dimensional fluorescence spectrumof organicmatter in different landfill leachate.Note. Spring—(a) Yongchuan; (b) Jiangjin;
(c) Dazu. Summer—(d) Yongchuan. Autumn—(e) Yongchuan; (f) Jiangjin; (g) Dazu (all 10 times diluted).
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Figure 3: Fluorescence emission spectrum of DOM (Ex = 335 nm). Spring: Yongchuan (a), Jiangjin (b), and Dazu (c). Summer: Yongchuan
(d). Autumn: Yongchuan (e), Jiangjin (f), and Dazu (g).

Related infrared absorption peak of humic organicmatter
[27–29] shows that the absorption peak in 1735∼1690 cm−1
is stretching vibration of carboxyl (COOH) group and the
C=O of ketone compounds in organic matter.The absorption
peak in 1550∼1515 cm−1 is deformation vibration of N–H in
nitrogen compounds, namely, the characteristic band II of
amide compounds. The absorption peak in 1460∼1450 cm−1
is shear type asymmetric deformation of carbohydrates and
aliphatic compounds –CH

2

group and asymmetric deforma-
tion vibration of C–H in aliphatic compounds –CH

3

groups.
The absorption peak in 1430∼1420 cm−1 is deformation vibra-
tion of aliphatic compounds in the double bond or –CH

2

connected with carbonyl.
As described in Figure 4, in different seasons and the

same landfill, HA and FA have similar spectrum character-
istics, showing that the same source humus is more similar in
functional groups and molecular structure. Different landfill
site spectrum feature has greater difference, showing that dif-
ferent sources of humus in have great difference in functional
groups and in molecular structure, and HyI spectrum has
little difference.

IR analysis showed that the components of different
molecular weight in terms of functional group and themolec-
ular structure are relatively similar, but the same molecular
weight of each components spectrum feature has greater
differences, whereas the composition of different landfills is
similar. All ingredients in 1637∼1644 cm−1 area have a strong
stretching vibration of C=C in aromatic ring skeleton, and
the absorption intensity of HA and FA in this area is stronger
than HyI and that of FA is larger than that of HA. It shows
that HA and FA contain more aromatic ring structure. The
absorption degree of HA and FA composition in Dazu and

Jiangjin is greater than that in Yongchuan. It shows that
bothDazu and Jiangjin containmore aromatic ring structure.
FA contains more aromatic ring structure than HA, and it
is higher in autumn than in spring and in summer. In all
regions, HA and FA spectrum are similar, and both in 1562∼
1572 cm−1 area have a strong and apparent absorption peak.
This should be deformation vibration of N–H in secondary
amide. In addition, in the 1402 cm−1 areaHyI also has a strong
absorption peak, which is shear type asymmetric deforma-
tion of carbohydrates and aliphatic compounds –CH

2

group
and contraction vibration of N–H in amide compounds. HyI
in 1630 cm−1 area has strong absorption. HyI composition
absorption intensity in Dazu is greater than the other two. In
the organic matter, the concentration of N elements is very
high; it should be shear type vibration absorption peak of
a –NH

2

in primary amide, and this is amide characteristic
peak II. In different places, HyI components in leachate at
1400∼1420 cm−1 area all have very strong absorption peak;
this is because the C=O stretching vibration absorption.

According to Figure 5, the spectroscopic characteristic
of FA and HyI in same landfill with different season is
similar, except for the absorption peak position. This result
indicated that the functional group and molecular structure
of same source of fulvic acid and hydrophilic organic matter
are similar. The obvious difference of HA atlas indicated
that the structure and composition of humic acid affect the
degradation of humus.

4. Conclusions

From the three-dimensional fluorescence spectrum analysis
of garbage leachate, it is concluded that the characteristic
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Figure 4: HA, FA, and HyI FTIR spectra from different landfill site.
Notes: a—Yongchuan, b—Jiangjin, and c—Dazu.
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Figure 5: HA, FA, and HyI FTIR spectra in different season site
(Yongchuan).
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peak type, position, and fluorescence intensity of landfill
leachate organic matter in different landfill leachate are
different season and different region. In different landfill,
leachate DOM structure is different that is mainly embodied
in leachate. HA proportion in Yongchuan is greater than that
in other regions, and FA and HyI regional difference is not
large.

Three-dimensional fluorescence spectra of the landfill
leachate varied with rubbish stacking time. The longer the
waste stacking time, the lower the protein in leachate con-
centration, and the higher the fulvic-like acid concentration.
It shows that the protein material in the garbage is easily
degraded in the process of humification, and it humified
and produced all sorts of humus. These have some guiding
significance in landfill leachate treatment.

Infrared spectrum analysis shows that, in the same area
among different components, they have similar spectrum
characteristics. It indicates that the same source humus in
terms of functional group and molecular structure is rela-
tively similar. Characteristic frequency area analysis shows
that FA contains more aromatic ring structure than HA.
In autumn there is more aromatic ring structure. Due to
deformation vibration of N–H in secondary amide, all the
components in 1562∼1572 cm−1 area has a very intense and
obvious absorption peak. HyI contains a lot of nitrogen
compounds and fatty acid organic matter.
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Rice is one of themost abundant food crops in theworld and its straw stands as an important source of fibres both from an economic
and an environmental point of view. Pulp characterization is of special relevance in works involving alternative rawmaterials, since
pulp properties are closely linked to the quality of the final product. One of the analytical techniques that can be used in pulp
characterization is near-infrared spectroscopy (NIRS). The use of NIRS has economic and technical advantages over conventional
techniques.This paper aims to discuss the convenience of using NIRS to predict Kappa number in rice straw pulps produced under
different conditions. We found that the resulting Kappa number can be acceptably estimated by NIRS, as the errors obtained with
that method are similar to those found for other techniques.

1. Introduction

The use of wood as the main raw material in the pulp
and paper industry is related to some economic and envi-
ronmental issues. Wood prices make up the largest part
of the costs of cellulose pulp production. While most of
the wood comes from plantation forests, this has raised
some controversy due to some natural forests having been
replaced by monocultures. These are two of the reasons that
have fostered research into the use of alternative, nonwood
raw materials in response to environmental and economic
pressure. In fact, nonwood raw materials constitute the sole
effective source of cellulose fibre in some regions of the world
where wood is a scarce resource [1–4].

Rice for human consumption belongs commonly to
speciesOryza sativa orOryza glaberrima; the latter, however,
is much less widely used than the former and its production
is restricted to West Africa [5]. Rice straw is an abundant
nonwood raw material due to the large disposal of it which
takes place during the harvest which poses serious problems
to farmers. Traditionally, straw has been burnt on site.
This practice generates heavy smoke frequently resulting in

breathing, cardiorespiratory, and allergic problems in nearby
populations and also in the release of large amounts of carbon
dioxide to the environment. However, rice straw can be
processed differently in order to facilitate its valorisation.One
way is by using it as animal feed; however, advocates and
detractors of this use disagree on the actual protein value and
the digestibility of the material [6]. Another way is by using
straw ash or husk ash, which is similar in composition, to
extract silicon [7]. This substance can also be obtained from
the liquors of alkaline and acid treatments [8]. In any case,
using rice straw to produce cellulose pulp [9] is the most
attractive choice.

The growing concern with the preservation of the envi-
ronment in developed societies must be reconciled with the
increasing demand for paper and board pulp worldwide.This
leads to a new focus on the use of alternative raw materials
and the development of pulping processes which cause less
environmental impact (soda, soda-anthraquinone) [10].

Pulps characterization has special relevance in studies
related to the use of alternative raw materials through less
polluting processes in the pulp and paper industry. Pulp
properties are closely linked to the quality of the final product.
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However, conventional techniques imply a high consumption
of reagents and time for its realization. At the same time,
the destruction of samples during the process hinders the
execution of subsequent determinations that could favour the
knowledge of other parameters of special interest [11].

From the 1950s, near-infrared spectroscopy (NIRS) began
to get known, and its possibilities were foreseen. Previously,
only MIR and FIR spectroscopy were considered useful,
since they allowed for analysing individual components
present in each sample [12]. NIRS began to be used in the
characterization of organic compounds from the 60s and its
use has been extended to the control of almost all processes in
food, pharmaceuticals, textile, chemical, petrochemical, and
medical industries [13, 14].

NIRS has a number of advantages over conventional
techniques: it suits solids, liquids, and gases and does not
require sample pretreatment; the spectral recording and
analysis of routine are fast; it is nondestructive and allows
for multicomponent analysis and in-line analysis, and it is
inexpensive [15].

NIRS is a powerful and fast tool for the determination of
the constituents of wood [16, 17].There are precedents for the
use of the near-infrared spectroscopy for the determination
of yield [18] and Kappa number of pulps from hardwoods
and softwoods [19, 20]. Absorption bands observed in the
reflectance of the wood spectra arise from the emission
of electromagnetic waves produced by the overtones and
combinations of C–H, C–O, N–H, and O–H [18].

The difficulty of NIRS application lies in the nature
of spectra combined with the existence of multiple peaks
which overlap. Therefore, it is necessary to develop advanced
chemometric techniques helping to decipher the wide range
of information provided by the spectra. Instruments and
software developments have allowed great advances in the
applicability of the technique [21].

Multivariate calibration can be difficult to perform, and
it generally requires quantitative and qualitative knowledge
of the properties of the samples to be analysed. In order
to extract valuable information, different chemometric tech-
niques can be used: principal components analysis (PCA),
partial least squares (PLS), and multivariate resolution of
curves (MCR), to name a few.

In the pulp and paper industry, the determination of the
Kappa number is a parameter of special significance, since
it is an indirect method to estimate the content of residual
lignin and an indicator of bleachability [22]. The aim of this
study is to evaluate the potential of NIR technology as a
substitute for conventional trials in the determination of the
Kappa number. The influence of the variables involved in the
cooking process of rice straw on Kappa number has been
studied, and so has their relationship with the NIR spectra
obtained.

2. Materials and Methods

2.1. Raw Material. The rice species used in this study are
Oryza sativa (Asiatic) and Oryza glaberrima (African). Rice
from both species was grown in the Southeast of Spain and
its straw was harvested.

2.2. Pulping. Pulps were obtained by cooking rice straw in
a 15 L batch cylindrical reactor that was heated by means of
electrical resistances. Rice straw was placed in the reactor
together with soda and anthraquinone and pulped by using
a reagent concentration, temperature, cooking time, and a
liquid/solid ratio as shown in Table 1. The operating condi-
tions have been chosen based on previous works [2]. The
reactor was linked through an axle to a control unit, which
included a motor actuating the reactor and instruments
for measurement and control of pressure and temperature.
Afterwards, the cooked material was unloaded into a washer
in order to remove residual cooking liquor and then fiberized
in a disintegrator at 1200 rpm for 30min. The washed pulp
was beaten in a Sprout-Bauer refiner and the fiberized
material passed through a screen of 0.16mm mesh size in
order to remove uncooked particles.

2.3. Experimental Design. Pulping processes have beenmod-
elled in various ways for the estimation of Kappa number in
terms of process variables, in order to optimize the operating
conditions accordingly.

Most of the existing models are kinetic equations. How-
ever, to the best of our knowledge, few researchers have used
a factorial design that allows for the development of empirical
models with several independent variables, to examine the
Kappa number. These empirical models are preferable to the
mechanistic ones, since the latter are too complex when they
contain more than two independent variables.

In this work, we chose a factorial design consisting of a
series of points (tests) around a central composition point
(central test).

The total number of tests required for the five indepen-
dent variables studied (namely, temperature (𝑇), time (𝑡),
soda concentration (𝑆), anthraquinone concentration (𝐴),
and liquid/solid ratio (𝐻)) was found to be 27.

The values of the independent variables were normalized:

𝑋
𝑛
= 2
𝑋 − 𝑋

𝑋max − 𝑋min
, (1)

where𝑋
𝑛
is the normalized value of temperature (𝑇), time (𝑡),

or liquid/solid ratio (𝑆);𝑋 is the absolute experimental value
of the variable concerned;𝑋 is themean of the extreme values
of X, and 𝑋max and 𝑋min are its maximum and minimum
value, respectively. Experimental conditions and normalized
values are shown in Table 1.

The experimental data were fitted to the following second
order polynomial model:
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where 𝑖 < 𝑗.𝑋
𝑛
represent the normalized values of the process

variables (time, temperature, concentration of reagents, etc.).
The coefficients 𝑎

0
, 𝑏
𝑖
, 𝑐
𝑖
, and 𝑑

𝑖𝑗
are constants to be estimated

from the experimental data.

2.4. Determination of Kappa Number. Kappa number was
determined in accordance with ISO 302:2004, applicable for
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Table 1: Values of operating variables used in the design of experiments.

Experiment 𝑇, ∘C 𝑡, min Soda, % Anthraquinone, % Liquid/solid ratio 𝑋
𝑇
𝑋
𝑡
𝑋
𝑆
𝑋
𝐴
𝑋
𝐻

1 170 60 15 0.5 6 0 0 0 0 0
2 155 30 10 1 4 −1 −1 −1 1 −1
3 155 30 10 0 8 −1 −1 −1 −1 1
4 155 30 20 1 8 −1 −1 1 1 1
5 185 60 15 0.5 6 1 0 0 0 0
6 170 60 15 1 6 0 0 0 1 0
7 170 30 15 0.5 6 0 −1 0 0 0
8 170 60 10 0.5 6 0 0 −1 0 0
9 185 30 10 1 8 1 −1 −1 1 1
10 185 30 20 1 4 1 −1 1 1 −1
11 170 60 20 0.5 6 0 0 1 0 0
12 170 90 15 0.5 6 0 1 0 0 0
13 185 30 20 0 8 1 −1 1 −1 1
14 170 60 15 0.5 8 0 0 0 0 1
15 155 60 15 0.5 6 −1 0 0 0 0
16 185 90 10 0 8 1 1 −1 −1 1
17 170 60 15 0 6 0 0 0 −1 0
18 155 90 20 0 8 −1 1 1 −1 1
19 185 90 20 0 4 1 1 1 −1 −1
20 155 90 20 1 4 −1 1 1 1 −1
21 185 90 20 1 8 1 1 1 1 1
22 155 90 10 1 8 −1 1 −1 1 1
23 185 90 10 1 4 1 1 −1 1 −1
24 155 30 20 0 4 −1 −1 1 −1 −1
25 155 90 10 0 4 −1 1 −1 −1 −1
26 170 60 15 0.5 4 0 0 0 0 −1
27 185 30 10 0 4 1 −1 −1 −1 −1
𝑋
𝑇
, 𝑋
𝑡
, 𝑋
𝑆
, 𝑋
𝐴
, and 𝑋

𝐻
= normalized values of temperature (𝑇), time (𝑡), soda concentration (𝑆), anthraquinone concentration (𝐴), and liquid/solid ratio

(𝐻), respectively.

a wide range of values, from 1 to 100. It aims to determine the
degree of delignification of pulp. It is defined as the volume
(in mL) of a 0.1 N solution of potassium permanganate that
is consumed per gram of dry pulp. Iodometric titration was
performed to measure permanganate consumption. Three
repetitions were made for each test.

2.5. NIR Spectroscopy Analysis. All samples were scanned
by duplicate with a Foss NIRSystems 6500 monochromator
(Foss NIRSystems, Silver Spring,MD,USA) using theWinISI
II 1.5 software (Infrasoft International, Port Matilda, PA,
USA). This software was also used for the treatment of the
spectral data obtained. The visible and NIR (VNIR) spectra
(400 to 2500 nm) were collected at 2 nm intervals. Samples
were placed in a rectangular cell with a 4.5 × 5.5 cm2 quartz
window.

2.6. Spectral Data Analysis. Spectral data analysis and cali-
bration equations were performedwithWinISI II 1.5 software
(Infrasoft International, Port Matilda, PA, USA). Data of
calibration setswere subjected to spectral pretreatments com-
bined with mathematical pretreatments. Standard normal

variate (SNV) and Multiplicative scatter correction (MSC)
were used as spectral pretreatments [23].

SNV is often used on spectra where baseline and path
length changes cause differences between otherwise identical
spectra.Mathematically, it is identical to an autoscaling of the
rows instead of the columns of the matrix.

Multiplicative scatter correction (MSC) is achieved by
regressing ameasured spectrum against a reference spectrum
and then correcting the measured spectrum using the slope
and intercept of this linear fit. This pretreatment method
has proven to be effective in minimizing baseline offsets and
multiplicative effect.

As for mathematical pretreatments, first and second
derivatives were used to reduce baseline variation and
enhance spectral features. Two preprocessing methods were
evaluated: (1,4,4,1) and (2,5,5,1). The numbers in parentheses,
respectively, designate the order of the derivative, the gap, the
first smoothing, and the second smoothing [24].

Calibration in all cases was based on full cross-validation.
Modified partial least square regression (MPLSR) [22] was
used to relate spectra with the measured values of dependent
variables. Multivariate regression was carried out using the
partial least squares (PLS) algorithm.
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The residuals obtained after the calculation of each
regression term in the modified partial least squares (MPLS)
regression were standardized dividing by the standard devi-
ation before the calculation of the next regression term.
According to Shenk and Westerhaus [25], the number of
terms was fixed when the SECV presented a minimum value
before overfitting.

The different pretreatments were characterised by cal-
culating the standard error of cross-validation (SECV) and
the coefficient of determination of cross-validation (1-VR).
Two measurements of each sample were used to estimate the
standard error of the reference method (ETL):

ETL = √
∑ (𝑦
1
− 𝑦
2
)

2𝑁
, (3)

where 𝑦
1
and 𝑦

2
are the values obtained for a sample and its

repetition andN is the number of data pairs used to calculate
the ETL.

3. Results and Discussion

Table 2 gives the results of the tests (Kappa number) as the
averages of three determinations for each set of independent
variables. Relative standard deviation was never higher than
5%.

We dealt with experimental data by using nonlinear
regression to fit them to a polynomialmodel of second degree
described in the experimental part (see (2)). This regression
analysis is conducted considering five independent variables,
these same variables to the square and its products two to two,
thus neglecting higher order terms.

The statistically significant terms of the polynomialmodel
were selected with the double standard of having a value of
Snedecor’s 𝐹 greater than 4 and a Student’s 𝑡 greater than 2.0.
Also, coefficients whose 95% confidence interval included 0
were discarded.

We found the following equation:

𝐾𝑁 = 10.9 + 1.7𝑋
𝐴
𝑋
𝐻
− 2.0𝑋

𝑡
− 2.2𝑋

𝑆
− 2.6𝑋

𝑇
. (4)

As expected, time, soda concentration, and temperature were
found to be the most influencing independent variables.
Equation (4) also shows that there is a significant interaction
between anthraquinone concentration and the liquor-to-
solid ratio.

Statistical parameters of the model are shown in Table 3.
Thismodel provides a good fit of the experimental data to the
polynomial model, as indicated by the values of 𝑅-multiple,
𝑅
2,𝑅2-adjusted, Student’s 𝑡 (given for a 95% confidence level),

and Snedecor’s 𝐹 of the terms of (4).
According to the model, the lowest value of Kappa

number that can be obtained, as long as the values of
independent variables fall into the intervals considered, is
2.40. The values needed to achieve that local optimum are
temperature of 185∘C, time of 90min, 20 grams of soda per
100 grams of dry pulp, 1 gram of anthraquinone per 100 grams
of dry pulp, and a liquid-to-solid ratio of 4. If a brighter pulp
with a lower Kappa number is desired, operating under more
severe conditions is necessary.

Table 2: Kappa number values obtained by iodometric titration for
the different operating variables of the experimental design.

𝑋
𝑇
𝑋
𝑡

𝑋
𝑆

𝑋
𝐴

𝑋
𝐻

Kappa number
0 0 0 0 0 9.4
−1 −1 −1 1 −1 16.5
−1 −1 −1 −1 1 16.8
−1 −1 1 1 1 16.0
1 0 0 0 0 8.8
0 0 0 1 0 9.3
0 −1 0 0 0 11.6
0 0 −1 0 0 11.7
1 −1 −1 1 1 14.8
1 −1 1 1 −1 6.7
0 0 1 0 0 8.9
0 1 0 0 0 9.2
1 −1 1 −1 1 7.1
0 0 0 0 1 9.3
−1 0 0 0 0 14.5
1 1 −1 −1 1 7.8
0 0 0 −1 0 9.5
−1 1 1 −1 1 8.1
1 1 1 −1 −1 6.4
−1 1 1 1 −1 8.0
1 1 1 1 1 6.5
−1 1 −1 1 1 15.3
1 1 −1 1 −1 7.2
−1 −1 1 −1 −1 15.1
−1 1 −1 −1 −1 16.2
0 0 0 0 −1 9.4
1 −1 −1 −1 −1 15.2

Table 3: Values of statistical parameters for the fitting of experimen-
tal data (Kappa number) to (4).

Fitting parameter 𝑅-multiple 𝑅
2

𝑅
2-adjusted 𝑡 >

Value 0.96 0.93 0.92 6.69
Equation term 𝑋

𝐴
𝑋
𝐻

𝑋
𝑡

𝑋
𝑆

𝑋
𝑇

Snedecor’s 𝐹 44.71 65.48 80.23 112.55

As can be seen from Figure 1, all spectral data were
summarized in a few variables (PLS terms of multivariate
regression) with good correlation with reference values. In
the graph, the predicted values (𝑥-axis) do not deviate in
more than 8% from the reference values (𝑦-axis).

In order to determine the relevance of the simultaneous
analysis of visible and NIR (VNIR) spectroscopy with the
aim to perform forecasting based only with NIRS, a set of
trials were carried out using both analytic methods. The
VNIR trials were carried out in a spectral region between
400 and 2500 nm and the NIR samples were processed in a
spectral region between 1100 and 2500 nm, as Figure 2 shows.
Figure 2(a) shows the whole near-infrared spectrum with no
mathematical pretreatment, while Figure 2(b) focuses on the
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Figure 1: Correlation of the PLS terms with spectral data.
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Figure 2: Near-infrared (NIR) and visible NIR (VNIR) spectra for
the samples.

visible part. The whole NIR spectrum shows a peak outside
of the visible region, at 450 cm−1.

As it is shown in Table 4, the reference error (ETL) used
in the calculation of Kappa number was 0.11. The error (as
SECV) obtained by the mathematical method (1,4,4,1) in the
trials carried out for NIR was lower than that obtained by
the mathematical methods (2,5,5,1) for NIR. The coefficients
of determination of cross-validation (measurement of the
expected explained variation) obtained support the use of the
NIR predictionmethod for the determination of Kappa index

Table 4: Comparison between the errors obtained by VNIR, NIR,
and the standard error of the reference method (Kappa number).

Treatment SECV 1-VR ETL CV (%)
1, 4, 4, 1 VNIR 0.13 0.92

0,11 7,82, 5, 5, 1 VNIR 0.12 0.87
1, 4, 4, 1 NIR 0.15 0.89
2, 5, 5, 1 NIR 0.18 0.85

present in the raw matter studied. CV (%), the coefficient of
variation, is acceptably low.

These results show that the Kappa number obtained after
different cooking processes can be predicted by means of a
direct measurement of rice straw pulp, using near-infrared
spectroscopy.

4. Conclusions

The errors (SECV) obtained in the measurements carried out
for VNIR and NIR were similar. The results obtained using a
spectral scanning of VNIR and NIR do not show a significant
variation between both of the systems used.

The use of NIR technology can be seen as a viable
alternative method to predict Kappa number in rice straw
pulp subjected to different treatments. The NIR technology
also has the additional advantage of being a fast, nondestruc-
tive technique that does not need any sample pretreatment.
Therefore, the cost and the environmental impact are dimin-
ished by removing the chemical reagents needed for other
ways to measure Kappa number.
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[5] Y. Agnoun, S. S. H. Biaou, M. Sié, R. S. Vodouhè, and
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Anovel cellulose-chitosan gelwas successfully prepared in three steps: (1) ferrocene- (Fc-) cellulosewith degrees of substitution (DS)
of 0.5 wt%was synthesised by ferrocenecarboxylic acid and cellulose within dimethylacetamide/lithium chloride (DMAc/LiCl); (2)
the 𝛽-cyclodextrin (𝛽-CD) groups were introduced onto the chitosan chains by reacting chitosan with epichlorohydrin in dimethyl
sulphoxide and a DS of 0.35 wt%; (3) thus, the cellulose-chitosan gel was obtained via an intermolecular inclusion interaction of Fc-
cellulose and 𝛽-CD-chitosan in DMA/LiCl, that is, by an intermolecular inclusion interaction, between the Fc groups of cellulose
and the 𝛽-CD groups on the chitosan backbone at room temperature. The successful synthesis of Fc-cellulose and 𝛽-CD-chitosan
was characterised by 13C-NMR spectroscopy.The gel based on 𝛽-CD-chitosan and Fc-cellulose was formed under mild conditions
which can engender autonomous healing between cut surfaces after 24 hours: the gel cannot self-heal while the cut surfaces were
coated with a solution of a competitive guest (adamantane acid). The cellulose-chitosan complex made by this method underwent
self-healing. Therefore, this study provided a novel method of expanding the application of chitosan by binding it with another
polymer.

1. Introduction

Chitosan is a partially deacetylated polymer of N-acetyl glu-
cosamine. It is essentially a natural, water-soluble derivative
of cellulosewith unique properties [1]. Chitosan is usually pre-
pared from chitin and chitin has been found in a wide range
of natural sources [2] (crustaceans, fungi, insects, annelids,
molluscs, coelenterate, etc.) [1, 2]. Chitosan is used in many
applications (flocculant [3, 4], clarifier [5–7], fibre [8, 9],
film [10–12], and wound healing promoting agent [13, 14]).
Cellulose and chitosan have similar molecular structures,
with the same b-glycoside linkages. The main difference is
the presence of primary amino groups at the C-2 positions
in chitosan, where cellulose has hydroxyl groups. The pres-
ence of active groups in chitosan’s molecular structure allows
for easy chemical modification. Cellulose and chitosan are
both biocompatible, nontoxic, and naturally occurring bio-
polymers that have been used extensively for biomedical
applications.

In recent years, many studies of the different applications
of chitosan and especially of chitosan blends with cellulose
have been undertaken [3–24].The complex based on cellulose
and chitosan is to be studied as a fibre [8, 9], a film [3, 8, 10–
12], hydrogen [7, 15], andmicrospheres [5, 16, 17] and be used
as a drug carrier [17, 18], wound healing promoting agent [14,
15], a medical material [17], a food packagingmaterial [11], an
adsorbent [3–7], and as a range of other functional materials
[15, 20–23]. The preparation of cellulose-chitosan composite
materials has involved two main strategies: physical mixing
[6, 8, 13] and covalent bonding [24, 25], whereas cellulose-
chitosan hydrogel binding with host-guest interactions has
never been reported before. This method differed with phys-
ical mixing in that it incorporated a “lock” formed by the
Fc and 𝛽-CD groups between cellulose and chitosan
molecules: the gel prepared by this method with Fc-cellulose
and 𝛽-CD-chitosan by self-assembled Fc and 𝛽-CD groups in
the absence of chemical cross-links was also novel.The incor-
poration of “locks” ensured a uniformmixing system and the
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Figure 1: Infrared spectra of cellulose-Fc (a), chitosan-CDs (b), and the inclusion compound (c).

“locks” in this Fc-𝛽-CD system made the materials smart in
such amanner as to allow them to respond by their “locking”
and “unlocking” behaviour [26–29].The potential responsive
properties present this kind of gel with a wider range of
applications. The aim of this research was to modify the
cellulose and chitosan and to prepare an Fc-cellulose/𝛽-CD-
chitosan gel.

2. Experimental

2.1. Materials. Cellulose (DP380), chitosan (DP465), 𝛽-
cyclodextrin, epichlorohydrin, sodium hydroxide, lithium
chloride, N,N-dimethyl acetamide, methylene chloride, fer-
rocene carboxylic acid, oxalyl chloride, sodium hypochlorite,
and glutathione were commercially available and used as
received. IR spectra were recorded by FTIR (Nicolet iN10
Thermo Fisher Scientific, China) in the region of 400 to
4000 cm−1. Compressive strengths were measured using an
Instron 3365 Universal Testing Machine (Norwood, MA,
USA) with the following parameters: sampling rate, 10.000
points/s; beam speed, 1.0000mm/min; full-scale load range,
0.1000 kN; humidity, 25%; and temperature, 23∘C. The gel
samples were formed using a 10mm diameter cylindrical die.

2.2. Preparation of Cellulose-Chitosan Gel

2.2.1. Preparation of Chitosan-CDs. 𝛽-CD and isopropanol
were dissolved in dimethyl sulphoxide (DMSO). To this
solution, epichlorohydrin and solution (1mol/L) were added.
After stirring for 5 h, chitosanwas added and the solutionwas
stirred for another 12 h at room temperature. The polymer
product was reprecipitated from distilled water and washed
with distilled water. The cyclodextrin grafting efficiency was
0.35% wt, which was detected by the phenolphthalein probe
method [30].

2.2.2. Synthesis of Fc-COCl. Ferrocenecarboxylic acid was
suspended in dichloromethane (DCM).Then oxalyl chloride

was added dropwise, and the suspension was stirred for 3 h at
room temperature. The orange suspension turned into a red
solution. After evaporating the solvent, the solid product was
collected.

2.2.3. Synthesis of Cellulose-Fc. Cellulose was dissolved
in lithium chloride/dimethylacetamide (LiCl/DMAc). The
chlorocarbonyl ferrocene solution was added dropwise. After
stirring overnight at room temperature, the solution was
washedwith distilledwater.Theorange solidwaswashedwith
lithium chloride; the solid product was collected by centrifu-
gation and dried for 4 days at 50∘C to obtain the cellulose-Fc
as a yellow powder. The ferrocene grafting rate was 0.5% wt,
which was detected by weighing before and after the cellulose
reaction.

2.2.4. Synthesis of Cellulose-Chitosan Gel. The ferrocene-
cellulose (0.017mM) and cyclodextrin-chitosan (0.017mM)
were dissolved in N,N-dimethylformamide (DMF)/lithium
chloride solution.The solution was poured into a glass mould
in a humid box until the gel had stabilised.

3. Results and Discussion

Figure 1 shows the infrared spectra of the cellulose-Fc (a) and
chitosan-CDs (b). According to the curves in (a), absorption
was observed at 3380 cm−1 (hydroxyl stretch influenced by
hydrogen bonding), 1646 cm−1 and 1354 cm−1 (carbonyl
stretch), 1043 cm−1 (carboxyl in ethers), and 2920 cm−1
(methylene). The characteristic peaks of ferrocene could be
found at 1402 cm−1, 1100 cm−1 VC-C (cyclopentadienyl ring),
and 856 cm−1 DC-H (cyclopentadienyl ring). As seen from
the curves in (b), the characteristic absorption peaks of
chitosan-CDs structures were observed at 1656 cm−1 (the
stretching vibration of C=O) and at 1591 cm−1 (the bending
vibration of N–H). The characteristic peaks of ferrocene
disappeared from the infrared spectra of the envelope of the
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Figure 5: Self-healing experiments.

inclusion compound (curves in (c)). This indicated that the
cellulose-Fc and chitosan-CDs have been formed in the
inclusion complex. Similar findings were reported in the
literature [26–28].

Figures 2 and 3 show the solid-state 13C-NMR spectra of
the chitin-CDs and cellulose-Fc. As can be seen in Figure 2,
the C1 of the glucose units was assigned to 104.3 and
103.7 ppm, their C4 was assigned to 88.2 ppm, C2, C3, and C5
were assigned to 74.4 ppm, and C6 was assigned to 61.8 ppm.
Fc could be found at carbon sites in regions between 124.4
and 123.0 ppm and 82.8 and 81.7 ppm; this suggested that
ferrocene was successfully grafted to the cellulose by the
proposed experimental method. A detailed assignment of
different carbons of chitin-CDs was shown in Figure 3: the
C1 site of the glucose units was assigned to 104.6 ppm, C4 to
85.4 ppm, C2, C3, and C5 to 74.9 ppm, C6 to 60.5 ppm and
57.0 ppm, carbonyl carbon C7 (connected acetyl group) to
173.0 ppm, and C8 to 23.5 ppm.The carbon atoms connecting
cellulose and cyclodextrin were assigned to 80.9 ppm; this
indicated that cyclodextrins had been successfully grafted
onto chitosan.

Cellulose-chitosan gel was prepared from the solution of
ferrocene-cellulose and cyclodextrin-chitosan at room tem-
perature. The schematic diagram of the binding of cellulose
and chitosan by an intermolecular inclusion interaction was
shown in Figure 4. The gel based on 𝛽-CD-chitosan and
Fc-cellulose was formed under mild conditions which can
engender autonomous healing between cut surfaces after
24 hours (Figure 5). To clarify the intermolecular inclusion
interaction between the 𝛽-CD and Fc groups on cellulose and
chitosan, a competitive guest molecule was coated onto the
cut surfaces. Adamantane acid was used as a competitive
guest, because the association constant for 𝛽-CD (𝐾

𝑎
= 35 ×

103M−1) is higher than that of Fc. A 𝛽-CD-chitosan/Fc-
cellulose gel was cut in half, and the cut surfaces were coated
with a solution of adamantine acid (3 Mm). After 24 h, heal-
ingwas not observed.These results indicated the formation of
an inclusion complex between the 𝛽-CD unit of 𝛽-CD-
chitosan and the Fc unit of Fc-cellulose. The compressive
strength (Instron 3365Universal TestingMachine (Norwood,
MA, USA)) of Fc-cellulose/𝛽-CD-chitosan hydrogel (3 wt%)
without cracking was 4.70 kPa, and the compressive strength
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of the sample healed after standing for 24 h was 3.42 kPa.
Thereafter, the compressive strength of the healed gel can
recover 72.77% of its original compressive strength.

4. Conclusion

𝛽-CD-chitosan/Fc-cellulose gel was prepared at room tem-
perature, the 𝛽-CD unit of the 𝛽-CD-chitosan and the Fc
unit of the Fc-cellulose can form inclusion complexes. The
cellulose and chitosan can bind by intermolecular inclusion
interaction. This research reports the resulting self-healing
properties arising from host-guest interactions. The healed
gel can recover 72.77% of its original compressive strength.
The 𝛽-CD-chitosan/Fc-cellulose gel hydrogels have a wide
potential for industrial applications including medicine, tex-
tiles, sports, cosmetics, and hygiene product manufacture.
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This experiment adopts the hypochlorite oxidation method to constantly synthesize potassium ferrate. Under the condition of
micropolluted source water pH and on the basis of naphthalene, phenanthrene, and pyrene as research objects, the effects of
different systems to remove aromatic hydrocarbons were studied. Various oxidation systems to remove phenanthrene intermediate
are analyzed and the detailed mechanisms for removal of phenanthrene are discussed. The study found that the main intermediate
of potassium ferrate system to transform phenanthrene is 9,10-phenanthraquinone and its area percentage reached 82.66%; that is,
9,10-phenanthraquinone is the key entity to remove phenanthrene.

1. Introduction

Ferrate is an ideal water treatment reagent. In acidic medium,
ferrate redox potential is very high; in a wide pH range,
its oxidation is strong, and it has strong deactivating effect
on microorganisms. Ferrate in sewage purification shows
excellent oxidation, adsorption, and flocculation to remove
contaminants, and it has stronger sterilization effect than
chlorine department oxidant [1–3]. Ferrate is the best oxidant
replacement for chlorine source as water purification agent.
In addition, ferrate as the positive active material of the green
power supply has high electrode potential and capacitance
[4–6]. This unique feature makes ferrates environmentally
friendly green oxidation reagents with dual function.

The ferrate crystal belongs to orthogonal crystal system.
For potassium ferrate (K

2
FeO
4
), ferrate has regular tetrahe-

dron structure. Fe atom is at the center of the tetrahedron,
with four oxygen atoms in the four corners of tetrahedron,
presenting a slightly distorted tetrahedron structure. Ferrate
is a deep purple solid, its solution has specific purple color,
and maximum absorption wavelength is 510 nm. At the same
time, ferrate ion has an absorption peak at 786 nm, which is
also its characteristic absorption peak. The main compound
in ferrate is potassium ferrate and in solid state it is dark

purple powder, and melting point is 198∘C. When ferrate is
in dry conditions, it starts to break down at 230∘C [7–9].

Iron (VI) ions in potassium ferrate, located in the
highest valence state of iron, have strong oxidativity; also
they have selectivity. They can oxidize plenty of organics.
Their oxidativity is significantly stronger than conventional
water treatment oxidant, such as potassium permanganate,
ozone, and hypochlorite. Under acid medium their standard
electrode potential is 2.20V; however, it is 0.72V in alkaline
condition. We can modify the ferrate cations’ structure and
adjust pH value to control the oxidation activity, so as to
achieve high selectivity [10–14].

Heavy metal pollutants in the micropolluted water, such
as cadmium and manganese, can be removed by potassium
ferrate, and the removal rate reached 80%. In addition, potas-
sium ferrate has good ability to remove organic compounds,
such as phenols, alcohols, phenols, organic acid, organic
nitrogen, and amino acid, lipid compounds containing sulfur
and benzene, and some refractory compounds.

At present, much domestic and foreign source water
is polluted by aromatic hydrocarbon. The concentration of
aromatic hydrocarbon in water is very low, but the removal
efficiency of conventional water treatment technology is
not ideal. Due to the special stability of the benzene ring
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Table 1: Main reagents and their specifications.

Number Name Chemical level Manufacturer
1 Caustic potash AR ACROS
2 Calcium hypochlorite AR ACROS
3 Potassium nitrate AR ACROS
4 Sodium sulfite AR ACROS
5 Cyanoacrylate AR ACROS
6 Butanol AR ACROS
7 Glacial acetic acid AR ACROS
8 Anhydrous ethanol AR ACROS
9 Cupric nitrate AR ACROS
10 Naphthalene AR ACROS
11 Phenanthrene AR ACROS
12 Pyrene AR ACROS

structure, aromatic hydrocarbon in oxidation might generate
series of intermediates. There are some potential environ-
mental risks; it is difficult to guarantee the safety of drinking
water. This paper completes the transformation and removal
of aromatic hydrocarbons in micropolluted water, in view of
the refractory aromatic hydrocarbon inmicropolluted source
water and in view of potassium ferrate treatment technology.

2. Experiment Methods

2.1. Experiment Materials and Reagents. The main reagents
and specifications used in the experiment are shown in
Table 1.

2.2. Instruments and Equipment. The main instruments and
related information used in the experiment are shown in
Table 2. The infrared spectrum of potassium ferrate by
Fourier infrared spectrometer (FTIR) is drawn, and the
infrared characteristic peaks of potassium ferrate crystal
are measured. Fluorescence spectrophotometer determines
the degradation rate of the sample. Gas chromatography-
mass spectrometry instrument determines the intermediate
of sample transformation and removal.

Some small instruments used in experiments consist of
the beaker, 1000W long arc xenon lamp, magnetic stirrer,
electronic balance, separatory funnel, vacuum pump, the
suction filter device, and so forth.

2.3.ThePreparation of PotassiumFerrate. Proper 3mol/L and
13mol/L saturated potassium hydroxide solutions, cooling
to room temperature, are prepared, respectively, for sub-
sequent experiments. 15 g calcium hypochlorite is weighed
in a small beaker; 25mL of 13mol/L potassium hydroxide
solution is added in slight agitation with a glass rod. The
resulting solution is suckedwith 800-mesh filter cloth to leach
impurities such as potassium chloride, collecting the yellow-
green filtrate. 20mL cooling saturated potassium hydroxide
solution is added with batch into the yellow-green filtrate.
Impurities are removed by careful control of temperature,
sufficient mixing, and air pump filtration, and then alkaline

saturated potassium hypochlorite solution is obtained. 8 g
Fe(NO

3
)
3
⋅9H
2
O is weighed and is ground to powder and

then is added slowly into the alkaline saturated potassium
hypochlorite solution in batch with vigorous agitation. This
reaction is exothermic with the ice-bath to control reaction
temperature and stirring. The oxidation reaction is fast; soon
the solution turns into purple. After 1-hour sufficient reaction,
90mL cooling saturated potassium hydroxide solution was
added into purple-black solution. The mixture is contin-
uously stirred for 5min and then is allowed to stand to
cool in ice-bath for 30–40min, followed by quickly sucking
filtration with air pump. The liquor is abandoned and the
resulting filtered cake, a crude potassium ferrate product,
survives. The crude potassium ferrate product is washed 3
times with 3mol/L potassium hydroxide solution, 5mL for
each washing. The resulting potassium ferrate is redissolved,
and filtration is done with air pump sucking. Filter cake
is withdrawn, whereas the liquor is retained. The liquor is
poured into distillation flask in ice-water bath, with addition
of 40mL cooling saturated potassium hydroxide solution.
Recrystallization for 20∼30 minutes is done, followed by
sucking filtrationwith air pump.The resulting filter cake is the
potassium ferrate, leached with n-hexane (4 × 25mL), with
pentane (4 × 25mL), with methanol (4 × 10mL), and with
ether (2 × 10mL), respectively. The final product potassium
ferrate crystal (purple-black), dried at 65∘C for 2 hours,
weighed, and kept in the drier, is prepared for subsequent use.

2.4. The Experiment of Potassium Ferrate to Remove Aromatic
Hydrocarbon. Self-made potassium ferrate transforms aro-
matic hydrocarbon. In the micropolluted water medium (pH
= 7.1) with naphthalene, phenanthrene, and pyrene, the ability
of potassium ferrate to transform aromatic hydrocarbons is
explored on the basis of reaction time, potassium ferrate
amounts, and removal of aromatic hydrocarbon.

On account of water quality of Chongqing Water Plant,
polluted water by aromatic hydrocarbon is simulated by
artificial addition of 200𝜇g/L aromatic hydrocarbon.The pH
of the water is 7.1. 1000mL of the polluted water is taken into
a beaker with addition of different quantity of potassium fer-
rate, carrying out oxidation reaction withmagnetic stirrer. At
a specified time point 20mL of the said solution is taken out
of reaction system, followed by addition of sodium sulfite as
termination agent.The content of aromatics remaining in the
solution is determined by fluorescence spectrophotometer.

2.5. The Main Testing Index and Method. The removal
of aromatic hydrocarbon is quantitatively determined by
fluorescence spectrophotometer. The exciting wavelength
and emission wavelength of three materials are as follows:
naphthalene EX/EM is 218/332 nm, phenanthrene EX/EM is
250/362 nm, and pyrene EX/EM is 238/372 nm, respectively.
Excitation and emission slit are 5 nm; scanning speed is
2400 nm/min.

The properties of phenanthrene oxidation intermediate
are determined by gas chromatography-mass spectrometry.
After 30min reaction to attain constant state, 200mL solution
is taken out from phenanthrene reaction system, followed
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Table 2: Main equipment and the respective specifications.

Number Instrument name Instrument model Manufacturer
1 X-ray diffractometer XD-2 SHIMADZU, Japan
2 UV spectrometer UV-3010 SHIMADZU, Japan
3 Fourier transform infrared spectrometer IRPrestige-21 SHIMADZU, Japan
4 Fluorescence spectrophotometer F-7000 SHIMADZU, Japan
5 Gas chromatograph-mass spectrometer (GC-MS) 6890N GC/5973 MS SHIMADZU, Japan

by introduction into 400mL separatory funnel. 6 g NaCl is
added into the filtered solution. When completely dissolved,
10mL CH

2
Cl
2
is poured. The said solution is shaken for

10min, and then it was allowed to stand for 5min. CH
2
Cl
2

layer is transferred to the pear-shaped flask. Additional 10mL
CH
2
Cl
2
is put into the separative funnel twice, 5mL for

each. The solution was allowed to stand until organic layer
survives. Then, the organic layer is merged and transferred.
Anhydrous sodium sulfate is added into CH

2
Cl
2
layer for

drying. CH
2
Cl
2
layer is concentrated at low temperature in

the rotary evaporator; highly pure nitrogen is bubbled into
the said layer until only 1mL of the said solution is left. GC-
MS analysis is applied.

Gas chromatography-mass spectrometry, Agilent 6890
NetGC-Agilent 5973NetMS series, is used; chromatographic
column for HP-5 MS quartz capillary column (25m ×
0.25mm × 0.25 𝜇m). The pattern of input sample is branch-
stream-free system, carrier gas is helium gas, and the flow rate
is 1.0mL/min. Temperature raising procedure is 40∼290∘C
(10∘C/min). Ionization mass spectrometry conditions are as
follows: voltage is 70 eV and the scanning range is of 30∼400
m/z.

Fourier transformed infrared spectrometer and ultra-
violet-visible spectrometer are used to qualitatively charac-
terize potassium ferrate.

3. The Results and Discussion

3.1. The Characterization of Potassium Ferrate Crystal. Four-
ier infrared spectrometer determined the purple crystal
infrared spectrum at experimental conditions, as shown in
Figure 1.

As can be seen in the figure, there is an absorption
peak at 808 cm−1, which is potassium ferrate crystal Fe–O
bond stretching vibration characteristic peak. The peak is
considered as the infrared characteristic peak of potassium
ferrate. Other impurity peaks in the infrared spectrogram
should be water vapor occurring in the instrument and the
characteristics of absorption peak of the organic solvent used
in the purification elution [15, 16].

Potassium Ferrate Ultraviolet-Visible Absorption Spectrum
Characteristics. 0.0934 g purple crystal is weighed to prepare
100mL of potassium ferrate solution in volumetric flask.
Ultraviolet-visible spectrometer is used to test the ultraviolet-
visible absorption spectrum, as shown in Figure 2.

As can be seen in the figure, there is an obvious charac-
teristic absorption peak at 510 nm, which is ultraviolet-visible
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characteristic absorption peak of potassium ferrate.The peak
is also considered as the quantitative analysis wavelength.

3.2. The Influence of Reaction Time on Aromatic Hydrocarbon
Removal. When the oxidant concentration of potassium
ferrate is at 6mg/L, the removal percentage of three kinds
of aromatic hydrocarbon along with the change of time
is shown in Figure 3. As can be seen in the figure, the
transformation oxidation process of potassium ferrate for
three kinds of aromatic hydrocarbon mainly occurred in
the initial 5–10 minutes when the removal percentage of
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Figure 3: Influence of reaction time on aromatic hydrocarbons
conversion and removal.

aromatic hydrocarbon increased rapidly as time increased. In
five minutes later, the removal percentage of aromatic hydro-
carbon only increased slightly. The result is consistent with
the degradation rule of potassium ferrate oxidation degrading
BPA [17] and arsenic [18]. Furthermore, it can be seen that
over 80% final removal percentage of phenanthrene, 37%
that of naphthalene, and 58% that of pyrene are developed,
respectively.This shows that potassium ferrate can effectively
transform phenanthrene in a relatively short time. These
results are consistent with potassium ferrate high activity
and instability. By comparison of three kinds of aromatic
hydrocarbon removal percentage it is found that potassium
ferrate has high oxidation, but to different samples its oxi-
dation ability is not the same. Relatively, phenanthrene is
most likely to be transformed, andnaphthalene ismore stable.
The experiment results consisted of the three substances’
delocalization. According to the experimental results, the
oxidation reaction time of potassium ferrate to the three
substances is preliminarily identified to be 20min.

3.3. The Influence of the Amount on Aromatic Hydrocar-
bon Removal Effect. The influence of potassium ferrate
amount on aromatic hydrocarbon removal ability is shown
in Figure 4, derived frommeasurement of samples in 20min.
As can be seen in Figure 4, as potassium ferrate amount
increases, three kinds of aromatic hydrocarbon removal per-
centage gradually increased. Relatively, at the same reagent
amount, phenanthrene has the highest removal percent-
age. When the potassium ferrate concentration is 10mg/L,
phenanthrene has the highest removal percentage, reaching
98%; pyrene andnaphthalenewere 84%and61%, respectively.
Further improvement of amount of oxidant potassium ferrate
cannot obviously improve the removal percentage for the
three substances. Removal of the aromatic hydrocarbons in
micropolluted source water, therefore, has the most appro-
priate 10mg/L potassium ferrate amount.
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Figure 4: Influence of K
2
FeO
4
concentration on aromatic hydrocar-

bons conversion and removal.

Potassium ferrate has strong oxidation, regardless of
being in acidic medium or alkaline medium. The elec-
trode potential is significantly higher than potassium per-
manganate and potassium dichromate; it can oxidize most
organic substances. In hydrolysis process potassium ferrate
produces strong oxidation hydroxyl free radicals [19]; at
the same time, the unstable intermediate pentavalent iron
and tetravalent iron also have a strong oxidizing ability
[20]. The final reduction product is ferric iron. Potassium
ferrate removal of aromatic hydrocarbon is the outcome of
concerted action of these strong oxidizing substances. Low
concentration potassium ferrate can transform removal of
aromatic hydrocarbon. When the reaction time is 20min,
potassium ferrate concentrations are 12, 8, and 10mg/L;
naphthalene, phenanthrene, and pyrene removal percentage
reached the maximum value, that is, 67%, 98%, and 84%,
respectively.

3.4. Analysis of the Intermediate of Removing Phenanthrene.
Due to the special stability of benzene ring structure, interme-
diate products can be generated during the oxidation process
of aromatic substances.Thus, the removal process of aromatic
substances has a potential environmental risk. Therefore, we
studied the concrete structure of intermediate by GC-MS
analysis.

Following are the GC of potassium ferrate system
and mass spectrogram of some intermediates to transform
phenanthrene.

Figure 5 is the GC of potassium ferrate system to trans-
form phenanthrene.

As can be seen in the figure, the retention time of phenan-
threne and main potassium ferrate reaction products was
12.443, 13.375, 13.575, and 18.139min, respectively. In terms
of corresponding mass spectrum, the peak retention time at
12.453min is the undegraded phenanthrene peak. Compared
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Figure 5: The GC map of phenanthrene conversion and removal by potassium ferrate system.
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Figure 6: The mass spectrogram of 12.443min.

with mass spectrometry retrieve library standard spectro-
gram, other intermediates mainly include butyl phthalate,
9,10-phenanthraquinone, and diphenyl-2,2-biformaldehyde.
In addition, there are some significant intermediates, such
as 9-fluorenone and dimethylbenzenal. And the peak of
the main production prepared by phenanthrene reaction
with potassium ferrate is at 13.575min; the component area
percentage accounted for 82.66%. Specific mass spectrum
and structural formula of main products are as follows.

(1) The mass spectrum peak diagram in GC of retention
time at 12.443min is as shown in Figure 6.
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Figure 7: The mass spectrogram of 13.375min.

According to comparison with the spectral library spectrum
standard substance, phenanthrene residue is identified in
original solution, with 96% matching degree with the liter-
atures, as the following structural formula:

(1)

(2) The peak mass spectrum diagram in GC as of reten-
tion time at 13.375min is as shown in Figure 7.

According to comparison with the spectral library spec-
trum standard substance, this material is identified as butyl
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phthalate, with 86% matching degree, and its formula is as
follows:

O

O

O
O

(2)

This material area percentage is only 1.32%, to show
that this material accounts for a very small proportion in
the product. This kind of material can be the intermediate
produced by complex reaction of oxidation.

(3) The peak mass spectrum diagram in GC of retention
time at 13.575min is as shown in Figure 8.

According to comparison with the spectral library spec-
trum standard substance, this material is identified as 9,10-
phenanthraquinone, with 92% matching degree, and its
formula is as follows:

O O

(3)

This material area percentage is 82.66%, to show that
this material accounts for a very high proportion in the
product. It is the main product of potassium ferrate in
transformation of phenanthrene. Phenanthrene ismade up of
three benzene rings, where 9,10-position has strong chemical
reactivity, prone to oxidation. In potassium ferrate oxidation
system, phenanthrene gives Fe (VI) electron to be oxidized.
In addition, phenanthrene can get 98% transformation in
ferrate oxidation system, but it cannot completely inorganic,
but is turned into 9,10-phenanthrenequinone. According to
the research results by Lawton et al. [21], quinone structure
is a kind of functional group more biophile than benzene
ring. Its relatively weak biological resistance is advantageous
over the biochemical conversion process. It changes aromatic
hydrocarbon environmental durability characteristics and, to
some extent, reduces the environmental risk.

(4) The peak mass spectrum diagram in GC of retention
time at 18.139min is as shown in Figure 9.

According to comparison with the spectral library spectrum
standard substance, this material is identified as diphenyl-
2,2-biformaldehyde, with 70% matching degree, and its
formula is as follows:

O

O

(4)
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Figure 8: The mass spectrogram of 13.575min.
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Figure 9: The mass spectrogram of 18.139min.

This material area percentage is only 1.05%, showing that
thismaterial accounts for a very small proportion in the prod-
uct. In the process of potassium ferrate oxidation of phenan-
threne, Fe (VI) to be reduced generates Fe (V), Fe (IV),
and Fe (III) [22, 23] through single electron transfer steps.
Phenanthrene 9,10-position has strong chemical reactivity,
prone to oxidation. In potassium ferrate oxidation system,
phenanthrene gives Fe (VI) electron to be oxidized. Since
this is an oxidation system, diphenyl-2,2-biformaldehyde is
easy to be oxidized by potassium ferrate, so its proportion in
products accounted for quite a few.

3.5. Primary Analysis of Oxidation System Mechanism to
Transform Phenanthrene. In the process of potassium ferrate
to oxidize phenanthrene, Fe (VI) to be reduced generates Fe
(V), Fe (IV), and Fe (III) [24, 25] through single electron
transfer steps. Phenanthrene is made up of three benzene
rings, of which 9,10-position has strong chemical reactivity
prone to oxidation. In potassium ferrate oxidation system,
phenanthrene gives Fe (VI) electron to be oxidized. Accord-
ing to the single electron transfer mechanism, the possible
reaction of potassium ferrate and phenanthrene is shown in
Figure 10.
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O OO∙ O∙OH OH

Figure 10: The possible way of reaction of potassium ferrate with
phenanthrene.

4. Conclusions

This experiment adopts the hypochlorite oxidation approach
to constantly synthesize potassium ferrate. The transforma-
tion oxidation process of potassium ferrate for aromatic
hydrocarbons mainly occurred in the initial 5–10 min-
utes. Compared with aromatic hydrocarbon transformation
removal percentage, it was found that potassium ferrate has
high oxidation, but to different samples its transformation
oxidation ability is not the same. Relatively, phenanthrene is
most likely to be transformed, andnaphthalene ismore stable.
In potassium ferrate, to remove phenanthrene, in GC and
in the intermediate mass spectrum analysis, phenanthrene
gives electron to Fe (VI) of potassium ferrate oxidation
system, so that phenanthrene oxidation occurs.Thus possible
reaction path is proposed: the quinone structure is a kind of
functional group more biophile than benzene ring. Because
of its biologically weak resistance, it is advantageous to the
biochemical conversion process, to conversion of aromatic
hydrocarbon’s environmental durability characteristics, and,
to some extent, to reduction of the environmental risk.
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The coprecipitation method has been used to synthesize layered double hydroxide (Zn-Fe-LDH) nanostructure at different
Zn2+/Fe3+ molar ratios. The structural properties of samples were studied using powder X-ray diffraction (PXRD). LDH samples
were calcined at 600∘C to producemixed oxides (ZnO andZnFe

2
O
4
).The crystallite size ofmixed oxidewas found in the nanometer

scale (18.1 nm for ZnFe
2
O
4
and 43.3 nm for ZnO). The photocatalytic activity of the calcination products was investigated using

ultraviolet-visible-near infrared (UV-VIS-NIR) diffuse reflectance spectroscopy. The magnetic properties of calcined LDHs were
investigated using a vibrating samplemagnetometer (VSM).The calcined samples showed a paramagnetic behavior for all Zn2+/Fe3+
molar ratios. The effect of molar ratio on magnetic susceptibility of the calcined samples was also studied.

1. Introduction

Layered double hydroxides (LDHs) are one of the popular
inorganic hosts to form an organic-inorganic hybrid type
nanocomposite or so-called nanolayered compositematerials
[1]. LDHs, also known as hydrotalcite-like structure and
anionic clay compounds, belong to a special class of synthetic
two-dimensional inorganic compounds with lamellar
structures. The chemical composition of LDHs can be
described by the general formula [M2+

1−𝑥
M3+
𝑥
(OH)
2
]
𝑥+

[(A𝑛−)
𝑥𝑙𝑛
⋅ 𝑚H
2
O]𝑥− , where M2+ = divalent metals, M3+ is

trivalent metals, and A𝑛− is an anion with charge 𝑛. Molar
fraction number mol of water in LDH interlayer per formula
weight of compounds and 𝑥 = M3+/(M3+ + M2+) molar
fraction (normally, it is between 0.2 and 0.33) [2].

An important use of LDH precursors is to get mixed
nanometal oxides by calcination at temperature above 600∘C
[3, 4]. This method has been used to address the problem of
the fast recombination of photogenerated electron-hole pairs
in the mixed semiconductors to enhance the photocatalytic
efficiency of semiconductor. Nano-zinc oxide (ZnO) with
its excellent features has been used as photocatalysts [5]. At
the same time, ZnFe

2
O
4
spinel, which is a semiconductor

with narrow band gap, exhibits characteristics of excellent
visible-light response, as well as favorable magnetism and
good photochemical stability [6]. In the current paper, Zn-
Fe-CO

3
-LDH has been synthesized by the coprecipitation

method with Zn2+/Fe3+ molar ratios of 1, 2, 3, and 4 at the
final pH value of 8. The mixed metal oxides were formed
by the calcination process of LDH at 600∘C. The structural,
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Figure 1: PXRD patterns of Zn-Fe-LDH samples synthesized at
different Zn2+/Fe3+ molar ratios.

optical, andmagnetic properties of calcination products were
studied.

2. Experimental

2.1. Synthesis of Zn-Fe-LDH and Its Calcination Products.
LDHprecursors (Zn-Fe-LDH)were synthesized using copre-
cipitationmethod at pH 8 with Zn2+/Fe3+ molar ratios of 1, 2,
3, and 4. Zn2+/Fe3+ molar ratio was changed to evaluate its
effect on the properties of the calcination products of LDH.

The synthesis was carried out by a slow addition of
two metal nitrates solutions which were Zn(NO

3
)
2
⋅6H
2
O

and Fe(NO
3
)
3
⋅9H
2
O.The concentrations of Zn(NO

3
)
2
⋅6H
2
O

solution were 0.025, 0.050, 0.075, and 0.1M for Zn2+/Fe3+
molar ratios of 1, 2, 3, and 4, respectively, while the con-
centration of Fe(NO

3
)
3
⋅9H
2
O solution was fixed at 0.025M

for all samples. The solution that contained 0.1M of Na
2
CO
3

was added slowly (dropwise addition) to the metal nitrates
solutions with constant stirring. The pH value for all samples
was controlled by addition of aqueous NaOH (0.5M). The
resulting slurry was aged at 70∘C for 18 h in an oil bath shaker
(50 rpm). The precipitate was washed with deionized water
many times with centrifugation. Finally, the precipitate was
dried in an oven at 70∘C for two days. The resultant Zn-Fe-
CO
3
-LDH was ground into fine powder.
Heat-treated samples of Zn-Fe-CO

3
-LDH were prepared

by heating LDH at 600∘C. The samples were labeled Z𝑟F,
where 𝑟 represents the Zn2+/Fe3+ molar ratio. Heating was
performed in an electric tubular furnace at atmospheric
pressure in a ceramic boat holder for 3 h at a rate of 3∘C/min
(heating and cooling rate). The annealing process was per-
formed in the ambient air. After the heat treatment was
completed, the sample was left to cool to room temperature
and stored in a sample bottle for further characterization.

2.2. Characterizations. Powder X-ray diffraction (PXRD)
patterns of the samples were recorded on an X-ray diffrac-
tometer (X’PERT-PRO PANALYTICAL) using CuK

𝛼
(𝜆 =

1.54060 Å) at 40 kV and 40mA. The slit configuration
includes the fixing type of the divergence slit with slit size
of 0.25∘. The goniometer radius is 240mm and distance of
the focus-divergence slit is 100mm. The scan configuration
includes the continuous scan type with step size of 0.0330
[2𝜃∘] and scan step time of 19.685 s. The optical proper-
ties were studied using a UV-VIS-NIR diffuse reflectance
spectrophotometer (Shimadzu, UV-3600). This spectropho-
tometer is equipped with an integrating-sphere detector. The
magnetic properties of calcined samplesweremeasured using
a vibrating sample magnetometer (VSM Model Lakeshore
7404).

3. Results and Discussion

3.1. Powder X-Ray Diffraction (PXRD) Study. Figure 1 shows
XRD patterns of Zn-Fe-CO

3
-LDH prepared at different

Zn2+/Fe3+ molar ratios of 1, 2, 3, and 4. XRD patterns
exhibit two characteristic intense peaks of basal reflection
of Zn-Fe-CO

3
-LDH which were located near 2𝜃 of 11.9∘ and

23.1∘ corresponding to diffraction by (003) and (006) planes,
respectively. As seen in Figure 1, Zn-Fe-CO

3
-LDH phase is

observedwith ZnOphasewhichwas formed during the aging
of the coprecipitated products or during the titration process
[7, 8]. At Zn2+/Fe3+ molar ratio of 1, the Fe metal also was
clearly observed. This may be attributed to the presence of
a residual of the Fe ions which could not precipitate into
prepared Zn-Fe-CO

3
-LDH layer. At Zn2+/Fe3+ molar ratio

values of 2, 3, and 4, the high crystallinity of (003) and (006)
peaks was observed which indicated the presence of a well-
ordered layered structure [7].

XRD patterns exhibit ZnO/ZnFe
2
O
4
nanocomposite as

the calcination products of Zn-Fe-CO
3
-LDH samples at

different Zn2+/Fe3+ molar ratios (Z1F, Z2F, Z3F, and Z4F)
as shown in Figure 2. X’Pert-High-Score Plus software has
been used to analyze the XRD data. The peaks of hexagonal
wurtzite structure of ZnOwere observed near 2𝜃 of 31.8, 34.5,
36.3, 47.7, 56.6, 62.9, 66.5, 68.1, 69.1, and 77∘ which correspond
to diffraction by (100), (002), (101), (102), (110), (103), (200),
(112), (201), and (202) planes, respectively, (reference code: 01-
079-0206). For ZnFe

2
O
4
nanocrystal, the peaks were located

at 2𝜃 of 18.2, 29.9, 35.2, 42.8, 53.2, 56.6, 62.1, and 66.4∘ which
corresponds to diffraction by (111), (220), (311), (400), (422),
(511), (440), and (442) planes, respectively (reference code:
01-089-4926). This is identified as face-centered-cubic (FCC)
franklinite ZnFe

2
O
4
with space groupFd-3m (227) and lattice

parameters of 𝑎 = 𝑏 = 𝑐 = 8.443 Å.
The crystallinity of ZnOphase increasedwith the increase

in Zn2+/Fe3+ molar ratio, while ZnFe
2
O
4
nanocrystal was

observed with almost the same crystallinity due to the fixing
of Fe3+ content during the preparation of Zn-Fe-CO

3
-LDH

samples. This observation is in good agreement with the
literature [7]. The average crystallite size of ZnFe

2
O
4
in the

(111) crystal plane is 18.1 nm [9] and for ZnO in the (002)
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Figure 2: PXRD patterns of calcined Zn-Fe-LDH nanostructure.

crystal plane it is 43.3 nm [3, 10, 11] as estimated using
Scherrer’s equation.

3.2. UV-Visible Spectra. The fundamental absorption of light,
which corresponds to an electronic excitation from the
valance band to the conduction band, can be applied to
calculate the optical band-gap energy (𝐸

𝑔
). In this study, the

optical band-gap energy can be calculated using the Kubelka-
Munk equation in terms of reflectance (𝑅):

𝐹 (𝑅
∞
) =
(1 − 𝑅

∞
)
2

2𝑅
∞

, (1)

where 𝑅
∞

is the diffuse reflectance of the examined samples
(𝑅
∞
= 𝑅sample/𝑅standard) and 𝐹(𝑅∞) is called the remission

or Kubelka-Munk function [12, 13]. Thus, the band gap is
obtained using the following equation:

(𝐹 (𝑅
∞
) ⋅ ℎ])2 = 𝐴 (ℎ] − 𝐸

𝑔
) . (2)

The variation of (𝐹(𝑅
∞
) ⋅ ℎ])2 versus (ℎ]) is plotted and the

straight line range of these plots is extended on (ℎ]) axis to
obtain the values of optical band gap (𝐸

𝑔
).

Figure 3(a) shows the recorded reflectance of calcined
Zn-Fe-LDH samples and Figure 3(b) exhibits the band-gap
energies of ZnO phase which is found at around 3.19 eV. The
average band gap of ZnO/ZnFe

2
O
4
nanocomposite annealed

at 600∘C is found at ∼2.30 eV as shown in Figure 3(c). The
band-gap value of pure ZnFe

2
O
4
is 1.9 eV [14], while the band

gap for whole nanocomposite (ZnO/ZnFe
2
O
4
) increased to

2.32 eV as seen in the recent study [15]. This is in good
agreement with our results. On the other hand, the ZnO
band-gap energy decreases from ∼3.37 eV (for pure ZnO
phase) [16] to around 3.19 eV in this work.This phenomenon
occurs due to the presence of ZnO with another metal oxide
(ZnFe

2
O
4
) which indicates the photocatalytic activity [17].

As seen in Figure 3(c), another band gap also is observed
at ∼2.70 eV which may be attributed to the presence of
ZnO/ZnFe

2
O
4
nanocomposite.

Table 1 exhibits the effect of Zn2+/Fe3+ molar ratio on
the crystallite size of mixed metal oxide (ZnO and ZnFe

2
O
4
)

and ZnO band-gap energy. As Zn2+/Fe3+ molar ratio value
increases from 1 to 4, the crystallite size of ZnO phase
decreases from 51.2 to 36.6 nm; thus, the ZnO band gap
increases from 3.188 to 3.198 eV. The fluctuation in band-gap
value of ZnO in Table 1 may be attributed to the additional
ZnO phase which formed during the preparation of Zn-Fe-
LDH as shown in Figure 1.

As seen in Figure 3(d), the absorbance of LDHcalcination
products has shown an edge at 360 nm which indicates the
free exciton absorption of the lower particle size of ZnO [18].
Thebroad band at around 295 nmmay suggest charge transfer
transition from O2− to Fe3+ in ZnFe

2
O
4
spinel [19]. The

threshold of the absorption band of ZnFe
2
O
4
spinel occurs

at around 685 nm. The blue shift absorption of ZnFe
2
O
4

spinel and ZnO compared with the ZnFe
2
O
4
(700 nm) may

be attributed to the quantum-size effect.
Under visible-light irradiation, photogenerated electrons

(e) and holes (h) are produced in mixed oxides (ZnO and
ZnFe
2
O
4
) via electron excitation from valence band (VB) to

conductance band (CB) of ZnFe
2
O
4
nanocrystal. Due to the

differences in the positions of band gap in these oxides, the
photogenerated electrons transferred from CB of ZnFe

2
O
4

to CB of ZnO as illustrated schematically in Figure 4. At the
same time, the number of holes with positive charge left (VB)
of ZnAl

2
O
4
to (VB) of ZnO. The difference in the energy

levels of ZnO and ZnFe
2
O
4
semiconductors is important

in achieving such charge separation which gives rise to the
improvement of the photocatalytic activity of ZnO [17].

3.3. Magnetic Spectroscopy. The magnetic behavior of mixed
oxides (ZnO and ZnFe

2
O
4
) as a function of Zn2+/Fe3+ molar

ratio incorporated is quite different. All calcined samples
exhibit a paramagnetic behavior as shown in Figure 5. The
typical curves for paramagnetic systems can be defined as

𝑀 = 𝜒 ⋅ 𝐻, (3)

where 𝑀 is the magnetization, 𝐻 is the applied magnetic
field, and 𝜒 is the magnetic susceptibility.

Normally, the magnetic contribution of pure ZnFe
2
O
4

nanocrystal below a critical value of particle size 10 nm for [9]
is superparamagnetic behavior, while this behavior changed
to paramagnetic when ZnFe

2
O
4
nanocrystal was calcined at

temperature of 650∘C [9].This is due to the oxygen vacancies
of ZnFe

2
O
4
fully occupied during the heat treatment in air,

which is responsible for the reduction in magnetic moment.
In this study, the room temperature magnetic hysteresis loop
of the calcined products of LDH (ZnO and ZnFe

2
O
4
) shows
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Table 1: Crystallite size and optical band-gap energy (𝐸
𝑔
) for Z1F, Z2F, Z3F and Z4F samples.

Samples ZnO sizea (nm) ZnFe2O4 size
a (nm) 𝐸

𝑔
of ZnO phase (eV)

Z1F 51.2 10.3 3.188 ± 0.014

Z2F 42.7 20.6 3.196 ± 0.015

Z3F 42.7 20.6 3.187 ± 0.020

Z4F 36.6 20.7 3.198 ± 0.018
aCrystallite size: calculated using Scherrer’s equation.
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Figure 3: Kubelka-Munk transformed reflectance spectra of (a) reflectance spectra of ZnO/ZnFe
2
O
4
nanocomposite, (b) band-gap energy of

ZnO, (c) Kubelka-Munk plot ZnO/ZnFe
2
O
4
nanocomposite (for sample Z3F as an example), and (d) diffuse reflectanceUV-visible absorption

spectra of calcined Zn-Fe-LDH nanostructure.

a paramagnetic behavior as shown in Figure 5. The final
magnetization value (there is no saturation magnetization)
decreases as Zn content (Zn2+/Fe3+molar ratio) increases due
to the presence of high crystalline ZnO. Figure 6 shows the

magnetic susceptibility as function of the Zn2+/Fe3+ molar
ratio in the samples. The value of paramagnetic response
(𝜒) decreases with the increase in Zn2+/Fe3+ molar ratio
according to the observed formation of ZnO [7].



Journal of Spectroscopy 5

ee

h

h

h�
CB CB

ZnO

VB

VB

ZnFe2O4

3
.1
9

eV1.
9

eV

Figure 4: Scheme of the coupling action of different energy bands
between ZnO and ZnFe

2
O
4
[17].

0 5 10 15

0.0

0.5

1.0

M
(e

m
u/

g)

H (KOe)

−1.0

−15 −10 −5

−0.5

Z1F
Z2F

Z3F
Z4F

Figure 5: Paramagnetic contribution of the hysteresis loop after the
calcination.

1.0 1.5 2.0 2.5 3.0 3.5 4.0

3

4

5

6

7

8

9

Zn2+/Fe3+ molar ratio

Su
sc

ep
tib

ili
ty

(e
m

u/
O

eg
)
×
10

−
5

Figure 6: Susceptibility as function of Zn2+/Fe3+ molar ratio for
calcined samples.

4. Conclusions

The coprecipitation method was used to synthesize Zn-Fe-
LDH at the Zn2+/Fe3+ molar ratios of 1, 2, 3, and 4. XRD
patterns of the calcined LDH showed ZnO and ZnFe

2
O
4

phases. XRD confirmed that ZnFe
2
O
4
is composed of frankli-

nite. The crystallite sizes of both phases in nanocrystal range
were found as 18.1 nm for ZnFe

2
O
4
and 43.3 nm for ZnO.

The optical band-gap value of ZnO was improved to around
3.19 eV due to the photocatalytic activity, while the optical
band-gap energy of ZnO/ZnFe

2
O
4
nanocompositewas found

at around two values of 2.30 and 2.70 eV. The magnetic
behavior ofmixed oxides (ZnO andZnFe

2
O
4
) phases showed

a paramagnetic behavior due to the oxygen vacancies of
ZnFe
2
O
4
fully occupied during the heat treatment in air,

which resulted in the reduction in magnetic moment. The
magnetic susceptibility decreased as Zn2+/Fe3+ molar ratio
increased due to the increase in the crystallinity of formed
ZnO.
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Carbon nanofiber films were prepared via a simple chemical vapor deposition (CVD) method on various bulk metal substrates
including bulk 316 L stainless steel, pure cobalt, and pure nickel treated by surface mechanical attrition treatment (SMAT). The
microstructures of the carbon nanomaterial film were studied by SEM, TEM, XRD, and Raman spectroscopy. In this paper, bulk
metallic materials treated by SMAT served as substrates as well as catalysts for carbon nanomaterial film formation. The results
indicate that the carbon nanofiber films are formed concerning the catalytic effects of the refined metallic particles during CVD on
the surface of SMAT-treated bulkmetal substrates. However, distinguishedmorphologies of carbon nanomaterial film are displayed
in the case of the diverse bulk metal substrates.

1. Introduction

Surface mechanical attrition treatment (SMAT) is proved to
be an effective technique to achieve nanocrystallization in the
surface layer of the bulk materials by means of severe plastic
deformation (SPD). It has been successfully applied in a vari-
ety of materials including pure metals, alloys, and steels [1, 2].
With this kind of surfacemodification, the surface properties,
for example, diffusivities, can be greatly enhanced [3–5].
Carbon nanomaterials, on the other hand, have attracted
much attention due to their excellent properties and the
inspiring applications [6]. Carbon nanomaterial film with
rational structural design synthesized directly on the surface
of bulk substrate displays wide potential applications [7, 8].
Thus, various templates or new techniques are developed
[9–11]. However, few of them are facile and of low cost.
Recently, using hybrid SMAT, that is, SMAT followed by
chemical vapor deposition (CVD), carbon nanomaterials
have been successfully synthesized in situ on the surface of
bulk transition metals [12, 13]. It is a new way to obtain
functional carbon nanomaterial film in situ on bulk metals,
which shows many prospective potential applications.

To get more details about the synthesized carbon prod-
ucts, in current work, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction

(XRD), and Raman spectroscopy were used to characterize
the resulting carbon nanomaterials.

2. Experimental Details

Three metallic plates including stainless steel (AISI 316 L),
pure cobalt (purity 99.9%), and pure nickel (purity 99.9%)
were chosen as substrates to in situ synthesize carbon nano-
material films bymethod of SMAT followed byCVD.The size
of plates was 20mm in diameter and 1mm in thickness.

Surface modification was firstly applied on the bulk
metallic samples by the SMAT process to achieve nanostruc-
tured surface layer.The details of the SMATwere described in
the literature [2]. Figure 1 displays the schematic illustration
of the SMAT setup. Due to the severe plastic deformation
introduced on the sample surface by numerous repeated
multidirectional impacts, the metallic grains in the surface
were refined into the nanometer regime. The key opera-
tion parameters of the SMAT process were outlined as the
following: the vibration frequency of the ultrasonic system
was 20 kHz, the shot diameter was 2mm, and the perpetual
treatment time was 30min.

Subsequently, a one-step CVD process was adopted for
the synthesis of the nanostructured carbon films. The SMAT
samples were inserted into the center of a quartz tube furnace,
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Figure 1: Schematic illustration of the experimental SMAT setup.

which was heated to 550∘C. A mixture of C
2
H
2
/H
2
/N
2

(50/100/300, v/v/v) was introduced into the tube at a flow
rate of 450 sccm (mL/min) and kept for 30min. After that,
the samples were cooled down to room temperature in the
furnace with the protection of N

2
atmosphere to obtain the

final products.
For the microstructural analysis of carbon nanomaterial

films, SEM was carried out on a Sirion, FEI working at
3 kV accelerated voltage. TEM observations were performed
using a Philips CM30 microscope working under 300 kV
accelerated voltage. XRD analysis was carried out with CuK𝛼
radiation. Scans were performed at a rate of 0.05∘/s, in the
range of 2𝜃 = 20–85∘. Raman scattering measurements were
performed with Jobin Yvon Horiba HR 800 micro-Raman
system. Scans were in the range 1000–2000 cm−1, 10 s, 3 to 5
acquisitions per point, using an Ar+ laser with wavelength of
488 nm.

3. Results and Discussions
After CVD process, black thin films have been obviously
formed on the surface of the SMAT areas. SEM and TEM
characterizations were performed to estimate the nature of
the products and to get more detailed information of the
morphology. The films were carefully scratched from the
substrates and were dispersed in distilled water using ultra-
sonication to prepare the specimens for TEM observations.
The representative SEM and TEM images of the samples were
shown in Figure 2. As can be seen from Figure 2(a), amixture
composed of amorphous carbon, carbon nanofibers, and
metallic particles was synthesized on SMAT 316 L stainless
steel substrate. Many metallic particles embedded in amor-
phous carbon are observed (Figure 2(b)). In contrast, residual
metal particles are rarely observed on the surface of SMAT
Co, and the film mainly composed of carbon nanofibers is
formed, as shown in Figures 2(c) and 2(d). The nanofibers
have a relatively uniform diameter of about 25 nm despite
several much thicker fibers. Most of the carbon nanofibers
are curly and entangled with each other. Somemetal particles
are maintained at the top ends of the fibers, as can be
seen from Figure 2(d), which implies that the growth of the
carbonnanofibers on SMATComight follow the “deposition-
diffusion-nucleation-growth”mechanism. Differing from the
morphologies of carbon films on SMAT 316 L stainless and
SMAT Co, a thick black film composed of carbon products

with the appearance as dust clusters was formed on SMAT
Ni. Figures 2(e) and 2(f) show the typical SEM and TEM
images of the carbon nanomaterials synthesized on SMATNi,
indicating long and straight thick fibers with a diameter of
over 100 nm. Also, there are relatively thin curly fibers around
the straight thick fibers.

The phase composition of SMAT metals after CVD
process was studied by XRD. Figure 3 collects the XRD data
of the obtained products. For the SMAT 316 L stainless steel
(Figure 3(a)), it is observed that the XRD patterns contain
the diffraction peaks of both the 𝛾 austenite phase and the 𝛼’
martensite phase, indicating that amartensite transformation
has taken place during the SMAT process and led to a mixed
structure of martensite and austenite. The noncrystal broad
peak reveals the presence of the amorphous carbon. The
diffraction peak at 2𝜃 = (about 26∘) can be indexed as the
(002) graphite reflection. The intensity of the diffraction
peaks relates to the graphitization degree of the carbon
nanofibers. Result deduced from the XRD patterns suggests
that graphite products have formed on the SMAT 316 L
stainless steel. For the SMAT Co, as shown in Figure 3(b),
the diffraction peaks of Co are evidently broadened due to
the grain refinement. No obvious noncrystal broad peak is
observed, indicating that there is hardly amorphous carbon
among the products. The representative peak of graphite C
(002) is sharp and smooth, which represents the high degree
of long-range order of the carbon products. XRD patterns
shown in Figure 3(c) display the peaks of Ni and carbon
nanofibers. The representative peak of graphite C (002) (2𝜃 =
26∘) is smooth but broader than that of the carbon nanofibers
synthesized on SMAT Co, indicating a lower degree of long-
range order of the carbon products. Nevertheless, no obvious
noncrystal broad peak representing the amorphous carbon is
observed. The broadening peaks of Ni may be attributed to
nanocrystallization of the metallic surface layer.

Although using the SEM and TEM can directly observe
the microstructure of the carbon nanomaterial, the compre-
hensive graphitization quality cannot be represented. Raman
spectroscopy is one of the most valuable techniques for char-
acterizing the deposited carbon by providing the information
about the surface molecular vibration [14]. The carbon bond
nature of the deposited carbon products over SMAT 316 L
stainless steel, Co, and Ni was characterized by Raman spec-
troscopy and the obtained results are presented in Figure 4.
As shown in Figure 4(a), the products synthesized on SMAT
316 L stainless steel exhibit two distinct Raman bands located
at around 1359 cm−1 and at around 1597 cm−1. The peak at
1597 cm−1 is the graphite band (G-band), which implies the
high degree of symmetry and order of carbon materials,
generally used to identify well-ordered carbon, while the
peak at 1359 cm−1 is the disorder-induced phonon mode (D-
band), which is attributed either to structural imperfection
of graphite or to the presence of nanoparticles as well as to
the in-plane carbon-carbon stretching vibrations arising. Its
shifts and line-width variations are indications of the defects
of the crystal lattice. The ratio of the G-band to the D-band
represents the amount of 𝑠𝑝2(graphite) clusters in the sam-
ple. High G/D ratio represents high graphitization quality.
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Figure 2: SEM (a, c, and e) and TEM (b, d, and f) images of the carbon nanofibers synthesized on different SMAT metals: (a, b) on SMAT
316 L stainless steel; (c, d) on SMAT Co; and (e, f) on SMAT Ni.

In Figure 4(a), the intensity of peak D is a little lower than
that of peak G, which indicates that the products over SMAT
316 L stainless steel have relatively higher graphitization. The
products formed on SMAT Co were also characterized by
Raman spectroscopy, as shown in Figure 4(b). The figure
displays two distinct bands located at 1394 cm−1 (D peak)
and 1590 cm−1 (G peak). Peak G corresponds to 𝑠𝑝2 bonding
(due to the graphitic structure) and peak D corresponds to

𝑠𝑝
3 bonding (due to the disordered structure in carbon). In

this case, the intensity of peak G is much higher than that of
peak D, which indicates the carbon with high graphitization.
Figure 4(c) displays the Raman spectrum of the carbon
nanofibers formed on SMATNi, showing two peaks assigned
to carbon located at 1342 cm−1 (D-band peak) and 1578 cm−1
(G-band peak). It is noted that in this case the intensity
of D-band peak is comparative with that of G-band peak.
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Figure 3: XRD patterns of carbon nanofibers synthesized on (a) SMAT 316 L stainless steel, (b) SMAT Co, and (c) SMAT Ni.

This indicates that two-dimensional disorders existed in the
basal plane, which is quite common in pyrolytic carbon
materials synthesized by CVD. The existence of a carbon
sheet turbostratic structure in the carbon nanomaterial can
also result in a significant D-band peak.

The catalytic ability of the transition metals to pre-
pare carbon nanomaterial is thought to be related to the
complicated factors including their catalytic activity for the
decomposition of volatile carbon compounds, the formation
of metastable carbides, and the diffusion of carbon through
the metal particles [15]. It was reported in the literatures [16,
17] that the high chemical reactivity of the nanocrystallined
metal particles (because of numerous grain boundaries) and
a large excess energy in form of nonequilibrium defects bring
an extra driving force stored in the SMAT metals. The high
concentration of the nonequilibrium defects (dislocations
and subgrain boundaries) that are induced by plastic defor-
mation may decrease the activation energy of diffusion and
act as fast atomic transfer channels as well.

4. Conclusions

In summary, carbon material films were synthesized on the
surface of the SMAT 316 L stainless steel, SMAT Co, and
SMAT Ni by means of CVD process. Bulk metallic materials
by SMAT surface modification served as substrates as well
as catalysts for carbon nanomaterial film formation. Dif-
ferent metallic materials result in carbon nanomaterial film
with various morphologies. Carbon nanofibers synthesized
on SMAT 316 L stainless steel are not uniform or dense,
along with amorphous carbon and many embedded inactive
metallic particles. SMAT Co results in rather thin, uniform,
and curly carbon nanofibers. These two kinds of carbon
nanofibers show significant G-band peak in Raman char-
acterizations, indicating high graphitization in the samples
while carbon nanofibers formed on SMAT Ni are straighter,
longer, and thicker, showing significant D-band peak in
Raman characterization.
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Figure 4: Raman spectrum of carbon nanofibers synthesized on (a) SMAT 316 L stainless steel, (b) SMAT Co, and (c) SMAT Ni.
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The demand for substitution of fossil-based materials by renewable bio-based materials is increasing with the fossil resources
reduction and its negative impacts on the environment. In this study, environmentally friendly regenerated cellulose films were
successfully prepared using 1-allyl-3-methylimidazolium chloride (AmimCl), 1-butyl-3-methylimidazolium chloride (BmimCl), 1-
ethyl-3-methylimidazolium chloride (EmimCl), and 1-ethyl-3-methylimidazolium acetate (EmimAc) as solvents, respectively. The
results of morphology from scanning electronmicroscopy (SEM) and atomic force microscopy (AFM) showed that all the cellulose
films possessed smooth, highly uniform, and dense surface.The solid-state cross-polarization/magic angle spinning (CP/MAS) 13C
NMR spectra and X-ray diffraction (XRD) corroborated that the transition from cellulose I to II had occurred after preparation.
Moreover, it was shown that the ionic liquid EmimAc possessed much stronger dissolubility for cellulose as compared with other
ionic liquids and the cellulose film regenerated from EmimCl exhibited the most excellent tensile strength (119Mpa). The notable
properties of regenerated cellulose films are promising for applications in transparent biodegradable packaging and agricultural
purpose as a substitute for PP and PE.

1. Introduction

With the development of modern society and industry,
there is growing demand for development of renewable and
biodegradable materials as substitutes for petroleum-derived
synthetic polymers [1]. Cellulose is themost abundant natural
polymer in nature and it will become one of themost promis-
ing polymeric resources, which is renewable, biodegradable,
and biocompatible [2, 3]. However, chemical processing of
cellulose is extremely difficult in general because it is neither
meltable nor soluble in water or common solvents due to
its partially crystalline structure and close chain packing via
numerous inter- and intramolecular hydrogen bonds [4, 5].

Over the past decades, several cellulose solvent sys-
tems have been available for dissolving cellulose, such as
viscose process (CS

2
) [6, 7], LiCl/N,N-dimethylacetamide

(DMAc) [8], DMSO/paraformaldehyde (PF) [9], and some
aqueous solutions of metal complexes [10]. However, these
conventional cellulose solvent systems have disadvantages,

such as limited dissolving capability, toxicity, high cost,
solvents recovery, uncontrollable side reaction, and insta-
bility during cellulose processing and/or derivatization. The
recently developed Lyocell process [11], which uses N-
methylmorpholine N-oxide (NMMO) to dissolve cellulose
directly, also has some disadvantages including the formation
of byproducts, the degradation of cellulose, and high cost
[12]. In recent years, Zhang et al. [13, 14] have developed
a green and efficient method for dissolution of cellulose in
NaOH/urea aqueous solution, in which the cellulose can
be rapidly dissolved as precooled to −12∘C within 2min.
However, the dissolution process is limited in terms of cel-
lulose concentration and degree polymerization (DP). More
recently, ionic liquids (ILs) have attractedmuch attention due
to their high electrochemical and thermal stability, non-
flammability, and tunable solubility properties [15]. Ionic
liquids are often fluid at room temperature and consist
entirely of ionic species and represent a new class of solvents
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with high polarity. Since no toxic or explosive gases are
formed due to their low vapor pressure, ionic liquids are
considered as “green solvents.” Moreover, ionic liquids exhib-
ited outstanding dissolving capability for cellulose [16], which
will broaden the comprehensive utilization for cellulose. It
has been shown that the ability to dissolve cellulose is not
an inherent property of this broad class of compounds [17].
Among the vast number of ILs reported so far, only aminority
dissolve cellulose. In order to compare the dissolubility and
processability of different ionic liquids on cellulose, four ILs
including 1-allyl-3-methylimidazolium chloride (AmimCl),
1-ethyl-3-methylimidazolium chloride (EmimCl), 1-butyl-
3-methylimidazolium chloride (BmimCl), and 1-ethyl-3-
methylimidazolium acetate (EmimAc) were chosen as sol-
vents to dissolve cellulose and elaborate regenerated cellulose
films. The morphology, chemical structure, and mechanical
properties of cellulose films were investigated to evaluate
the desirability of their applications in the packaging and
functional materials fields.

2. Materials and Methods

2.1. Materials. Cotton linter, supplied by Silver Hawk Fiber
Corporation (Shandong province, China), was used as cel-
lulose sample with the degree of polymerization (DP) 920.
The degree of polymerization was measured by TAPPI test
method using cupriethylenediamine (CED) as a solvent and
a capillary viscometer, to give an indication of the average
degree of polymerization of the cellulose materials. The
viscosities determined as centipoises (cP) were converted to
degree of polymerization (DP) based on the following for-
mula:

DP0.905 = 0.75 × [954 × log (𝑋) − 325] , (1)

where𝑋 = TAPPI viscosity in cP.
The cellulose sample used was dried in vacuum at 105∘C

for 24 h before using. The ILs 1-ethyl-3-methylimidazolium
acetate (EmimAc), 1-allyl-3-methylimidazolium chloride
(AmimCl), 1-ethyl-3-methylimidazolium chloride(EmimCl),
and 1-butyl-3-methylimidazolium chloride (BmimCl), used
as solvents for dissolution of the cellulose, were purchased
from Chengjie Chemistry Corporation.

2.2. Preparation of Regenerated Cellulose Films. In a typical
procedure for preparation of regenerated cellulose film, 5 g
cotton linter sample was dispersed in 100 g ILs of EmimAc,
AmimCl, EmimCl, and BmimCl, respectively. The mixture
was heated at different temperatures in the range of 80∘C–
120∘C under magnetic stirring until cellulose dissolved in
ILs completely. After dissolution, the resulting transparent
solution was cast on a glass plate and then immediately coag-
ulated in thewater to obtain transparent regenerated cellulose
gel. The regenerated cellulose gel was washed with running
distilled water and then air dried. All films were kept in a
conditioning cabinet at 50% relative humidity (RH) and
25∘C to ensure the stabilization of their water content before
characterization.

2.3. Thickness Measurements. A micrometer (Lorentzen &
Wettre, precision 1 𝜇m) was used to measure film thickness.
Measurement was taken at six different locations on each
film, and the mean value was used in the calculations of the
mechanical test.

2.4. Scanning Electron Microscopy Analysis. Scanning elec-
tronmicrographs (SEM) were taken on a HITACHI S-3400N
scanning electronmicroscopewith 10 kV acceleration voltage
and at a magnification of 2000. The free surface and the frac-
ture surface of the films were sputtered with gold-palladium
on a HITACHI E-1010 and then observed and photographed.

2.5. Atomic Force Microscopy Analysis. Atomic force
microscopy (AFM) (SPM-9600, Shimadzu)was used to study
themorphology of film surface. InAFMscanning, two to four
interest locations on each sample were tested. Small pieces of
films were glued onto metal disks and attached to a magnetic
sample holder located on the top of the scanner tube.
Phase images were recorded under ambient air conditions.
All of the images were recorded in contact mode using
silicon cantilevers.

2.6. X-Ray Diffraction. Crystallinity of the regenerated cel-
lulose film samples was determined by X-ray diffraction
patterns using XRD-6000 instrument (Shimidzu, Japan).The
method was the same as that at literature [13].

2.7. Thermal Analysis. Thermal analysis was determined by
using thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) on a simultaneous thermal ana-
lyzer (SDT Q600 TGA/DSC, TA Instrument). The samples
weighed around 10mg were heated from room temperature
to 600∘C at a heating rate of 10∘C/min under an inert
atmosphere of N

2
.

2.8. Fourier Transform Infrared Spectra Analysis. Infrared
spectra of cellulose film samples were recordedwith a Fourier
transform IR spectrometer (FT-IR TENSOR27, Germany) in
ATR mode. The specimens were measured directly with a
scan range from 400 cm−1 to 4000 cm−1.

2.9. CP/MAS 13C NMR Spectra. Solid-state cross-
polarization/magic angle spinning (CP/MAS) 13C NMR
spectra of the regenerated cellulose film samples were
recorded on a Bruker AV-III 400M spectrometer (Germany)
operated at a 13C frequency of 100.6MHz. A 4mm zirconia
(ZrO
2
) rotor was used to pack cellulose films, and the

measurement was performed using a CP pulse program with
a 2ms contact time and a 2 s delay between transitions. The
spinning speed was set at 5 kHz for all samples.

2.10. Contact Angle Measurements. Contact angles of the
cellulose films were measured to calculate the surface free
energies of the cellulose films. The measurements were per-
formed at room temperature by the sessile dropmethod using
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Figure 1: SEM images of regenerated films, (a) AmimCl, (b) BmimCl, (c) EmimCl, and (d) EmimAc.

Table 1: Crystallinity, peak positions in X-ray diffractograms, and contact angle of cellulose films.

Sample Crystallinity (%) Diffraction angle 2𝜃 Contact angle/𝜃∘
(−110) (110) (200) (020)

Cotton linter 54.01 15.0 16.4 22.6 — —
AmimCl 38.41 12.8 20.2 — 21.2 38.48
BmimCl 39.25 12.6 20.2 — 21.2 40.08
EmimCl 39.24 12.8 20.6 — 21.2 54.12
EmimAc 34.04 12.8 20.2 — 21.2 34.18

a goniometer equipped with a high-speed camera (OCA 20,
Data physics Ltd., Germany).

2.11. Tensile Strength Testing. The tensile strength of the
regenerated cellulose films was measured by using a tensile
testing machine (Zwick Universal testing machine Z005) at a
speed of 5mm/min. The samples were cut in the rectangular
specimens with a width of 20mm and length of 60mm, and
eight replicate specimens were tested from each film type. A
grip distance of 20mm was maintained. The measurements
were performed at 25∘C and relative humidity of 50%.

3. Results and Discussion

3.1. Topography of Films. The topography of produced films
was analyzed by SEM and AFM. SEM and AFMmicrographs
of the regenerated films are shown in Figures 1 and 2. The
SEM images indicated that all the regenerated films displayed

smooth, highly uniform, and dense surface, indicating a com-
plete regeneration of cellulose.The small nodules especially in
the cellulose filmobtained from ionic liquid EmimAc (sample
d) were possibly caused by the presence of bubbles in pro-
cesses of casting and coagulation. AFM images with higher
resolution were recorded to determine the surface structural
information of the films, whereas the height images were gen-
erated for the additional morphology and surface roughness
of the films. AFM images (Figure 2) revealed that the surface
of the regenerated cellulose films displayed typical granular
morphology.

3.2. Crystallinity. TheX-ray diffraction patterns of cotton lin-
ter and cellulose films regenerated from AmimCl, BmimCl,
EmimCl, and EmimAc are shown in Figure 3. The value
of crystallinity and diffraction planes of cellulose films are
presented in Table 1. It was shown that the XRD profiles of
cotton linter exhibited typical diffraction cellulose I angles
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Figure 2: AFM images of regenerated films, (a) AmimCl, (b) BmimCl, (c) EmimCl, and (d) EmimAc.

(2𝜃) around at 15.0∘, 16.4∘, and 22.6∘, which corresponded to
the diffraction planes of (−110), (110), and (200), respectively
[18].The diffraction patterns of the regenerated films (spectra
b, c, d, and e) from the four ILs showed a broad peak at 2𝜃 =
20.2∘ (110), 21.2∘ (020) and a small broad peak at 2𝜃 = 12.8∘
(−110), which correspond to the crystalline form of cellulose
II [19–21].These results indicate that the transformation from
cellulose I to cellulose II occurred after the dissolution and
regeneration process in ILs. Compared to the original cellu-
lose, the crystallinity of the regenerated cellulose films was
lower than that of the cotton linter (Table 1). These results
meant that the inter- and intramolecular hydrogen bonds
between cellulose molecule were rapidly broken during the
dissolution process, thus destroying the original crystalline

form [22, 23]. Moreover, the coagulation process was unfa-
vorable to the cellulose crystallization [24]. In addition, it
was noteworthy that the regenerated film fabricated with
EmimAc had relatively higher hydrophilicity as the contact
angle was the lowest (34.18∘) as well as crystallinity (34.04%),
which demonstrated that EmimAc exhibited much stronger
dissolubility for cellulose as compared with other ILs.

3.3. FT-IR. FT-IR spectroscopy was used to obtain direct
information on chemical changes in cellulose during dissolu-
tion and regeneration. Figure 4 illustrates the FT-IR spectra
of the regenerated films prepared from AmimCl (spectrum
a), BmimCl (spectrum b), EmimCl (spectrum c), and Emi-
mAc (spectrum d). The peak at 3331 cm−1 is originated from
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Figure 4: FT-IR images of films, (a) AmimCl, (b) BmimCl, (c)
EmimCl, and (d) EmimAc.

the stretching of –OH groups and the signal at 2896 cm−1 is
assigned to CH– stretching [25].The band at 1643 cm−1 could
be due to water in the amorphous region [26]. The peak at
1369 cm−1 is attributed to the O–H bending vibration and the
strong band at 1022 cm−1 is attributed to the characteristic C–
O–C stretching.Theband at 1430 cm−1 in all spectra indicated
that all samples contained a mixture of crystallized cellulose
II and amorphous cellulose [27]. The bands due to C–O
antisymmetric bridge stretching and C–O–C pyranose ring
skeletal vibration were detected at 1157 cm−1. A small sharp
band at 894 cm−1 corresponds to the glycosidic C–H defor-
mation with ring vibration contribution and O–H bending,
which is characteristic of 𝛽-glycosidic linkages between glu-
cose in cellulose [28]. Moreover, the intensity of this band is
relatively higher as compared with cellulose I, which corrob-
orated the transition from cellulose I to II [29]. The bands at
1375, 1315, and 1156 cm−1 are assigned to CH-stretching, CH

2

wagging, andC–O stretching in cellulose II, respectively [30].
Furthermore, it could be observed that these spectra were
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Figure 5: TGA of films, (a) virgin fibers, (b) AmimCl, (c) BmimCl,
(d) EmimCl, and (e) EmimAc.

quite similar and no new peaks appeared in the regenerated
samples, which indicated that no chemical reaction between
the ILs and the cellulose had occurred during the dissolution
and regeneration process. In other words, AmimCl, BmimCl,
EmimCl, and EmimAc were nonderivatizing solvents for
cellulose, which was consistent with the literature [7, 27].

3.4. Thermal Properties. Thermal degradability is affected by
the chemical composition of the material. The typical TGA
and DSC curves of the regenerated cellulose films are shown
in Figures 5 and 6. As shown in Figure 5, the thermal decom-
position of the original cellulose and the regenerated cellulose
was divided into two weight loss stages, corresponding to the
slow pyrolysis and fast pyrolysis stages, respectively. At the
first stage, the mass loss was associated with the volatilization
of water. At the fast pyrolysis stage, the onset decomposition
temperatures of the regenerated cellulose films were all lower
than that of the original cellulose, especially the cellulose
films regenerated from BmimCl (sample c) and EmimCl
(sample d). The maximum decomposition rate (𝑇max, the
decomposition temperature corresponding to the maximum
weight loss rate) is shown in Figure 6. It was noted that ther-
mal stabilities of the regenerated cellulose films were lower
than that from original cellulose, which was probably caused
by the lower crystallinity of regenerated cellulose as the pre-
vious work has shown that lower crystallinity and lower cel-
lulose crystallite size can accelerate the degradation process
and reduce the wood thermal stability [31].

3.5. 13C CP/MAS NMR Spectra. The 13C CP/MAS NMR
spectra of cotton linter and different film samples are shown
in Figure 7. The major signals at 105.8, 89.2, 75.3, 72.9, 71.7,
and 65.4 ppm in the spectrum of cotton linter are attributed
to the C-1, C-4, C-5, C-3, C-2, and C-6, respectively, which
correspond to the cellulose I structure [32]. Compared with
native cellulose, the C-6 signal of the regenerated cellulose
film shifted from 65.4 to 62.8 ppm as a single peak, suggesting
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Figure 6: DSC of films, (a) virgin fibers, (b) AmimCl, (c) BmimCl,
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Figure 7: 13C CP-MAS spectra of films, (a) virgin fibers, (b)
AmimCl, (c) BmimCl, (d) EmimCl, and (e) EmimAc.

that the “t-g” conformation (ca. 66 ppm for C-6) of the
C6-OH group for the crystalline parts of cellulose I had
changed into a “g-t” conformation (ca. 61–63 ppm for C-6)
of cellulose II [33]. For the regenerated cellulose films, the C-
4 peaks located at 87.9 ppm shifted to higher magnetic field
than the native cellulose (89.2 ppm), and the intensity was
significantly lower, which suggested the dramatic decrease
in the crystallinity due to the dissolution and regeneration
process.

3.6. Mechanical Properties. To examine the suitability of
the cellulose films for industry applications, the mechanical
properties of the regenerated cellulose filmswere determined.
The typical stress-strain curves of regenerated films prepared
in AmimCl (a), BmimCl (b), EmimCl (c), and EmimAc (d)
are shown in Figure 8. It can be seen from Figure 8 that the
cellulose film regenerated from EmimCl caused the most
excellent tensile strength, which was suggested by the highest
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Figure 8: Strength of films, (a) AmimCl, (b) BmimCl, (c) EmimCl,
and (d) EmimAc.

tensile stress (119Mpa).Moreover, it was noted that the tensile
strain of regenerated film prepared by EmimCl was the high-
est (8.8%). In addition, all the samples showed thermoplastic
like behavior with stress increasing rapidly at small strains
and more slowly after a yield point. In comparison, although
the tensile strength value for the regenerated cellulose films
obtained from AmimCl was lowest, it was still slightly
higher than those of the largely used commercial polyolefin
films, such as polyethylene (PE) and polypropylene (PP)
with tensile strength in the range of 20–40Mpa [34]. There-
fore, these results indicated that the environmentally friendly
regenerated cellulose films had the potential to replace both
nonbiodegradable PE and PP for packaging and agricultural
purpose.

4. Conclusion

The regenerated cellulose films were successfully prepared
using different ionic liquids including AmimCl, BmimCl,
EmimCl, and EmimAc as solvents. It was shown that the
regenerated cellulose films displayed smooth, highly uni-
form, and dense morphology properties. 13C CP/MAS NMR
spectra and XRD corroborated that the transition from cellu-
lose I to II had occurred after preparation. In comparison, the
ionic liquid EmimAc possessed much stronger dissolubility
for cellulose and the cellulose film regenerated from ionic
liquid EmimCl exhibited the most excellent tensile strength.
The notable properties of the regenerated cellulose films are
promising for applications in transparent, biodegradable
packaging and agricultural purpose as a substitute for PP and
PE.

Conflict of Interests

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



Journal of Spectroscopy 7

Acknowledgments

The authors are grateful for the financial support of this
research from the Beijing Higher Education Young Elite
Teacher Project (YETP0766), Program for New Century
Excellent Talents in University (NCET-12-0782), Natural Sci-
ence Foundation of China (no. 31170557), Major State Basic
Research Projects of China (973-2010CB732203), and China
Ministry of Education (no. 111).

References

[1] R. A. Gross and B. Kalra, “Biodegradable polymers for the
environment,” Science, vol. 297, no. 5582, pp. 803–807, 2002.

[2] L. Zhang, D. Ruan, and J. Zhou, “Structure and properties
of regenerated cellulose films prepared from cotton linters
in NaOH/urea aqueous solution,” Industrial and Engineering
Chemistry Research, vol. 40, no. 25, pp. 5923–5928, 2001.

[3] J. Schurz, “Trends in polymer science. A bright future for
cellulose,”Progress in Polymer Science, vol. 24, no. 4, pp. 481–483,
1999.

[4] K. Bredereck and F. Hermanutz, “Man-made cellulosics,”
Review of Progress in Coloration and Related Topics, vol. 35, pp.
59–75, 2005.

[5] S. Mahmoudian, M. U. Wahit, A. F. Ismail, and A. A.
Yussuf, “Preparation of regenerated cellulose/montmorillonite
nanocomposite films via ionic liquids,” Carbohydrate Polymers,
vol. 88, no. 4, pp. 1251–1257, 2012.

[6] R. Li, L. Zhang, and M. Xu, “Novel regenerated cellulose films
prepared by coagulating with water: structure and properties,”
Carbohydrate Polymers, vol. 87, no. 1, pp. 95–100, 2012.

[7] Y. Cao, H. Li, Y. Zhang, J. Zhang, and J. He, “Structure and prop-
erties of novel regenerated cellulose films prepared from corn-
husk cellulose in room temperature ionic liquids,” Journal of
Applied Polymer Science, vol. 116, no. 1, pp. 547–554, 2010.

[8] S. L. Williamson, R. S. Armentrout, R. S. Porter, and
C. L. McCormick, “Microstructural examination of semi-
interpenetrating networks of poly(N,N-dimethylacrylamide)
with cellulose or chitin synthesized in lithium chloride/N,N-
dimethylacetamide,” Macromolecules, vol. 31, no. 23, pp. 8134–
8141, 1998.

[9] J.-F. Masson and R. S. J. Manley, “Cellulose/poly(4-vinyl-
pyridine) blends,” Macromolecules, vol. 24, no. 22, pp. 5914–
5921, 1991.

[10] T. Heinze and T. Liebert, “Unconventional methods in cellulose
functionalization,” Progress in Polymer Science, vol. 26, no. 9, pp.
1689–1762, 2001.
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