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Contemporarily, increasing functional softmaterials possess-
ing desirable hierarchical structures and engineered prop-
erties have been applied to energy and health care related
field under the promotion of nanotechnology development.
Providing or creating ideal advanced materials in these
burgeoning fields is associated with conceivable structure
and chemical composition design including nanocomposite
design, multifunctional monomer synthesis and addition,
surface engineering strategies, and structure and property
analysis. This special issue focuses on the recent advance in
polymeric soft matters with different hierarchical structures,
including hydrogels, films, and their applications. Although
the issue could not include all progress in the related fields, it
strives to provide comprehensive and timely information for
polymers-based nanotechnology with diverse applications.
We hope this issue will not only present new original
researches contributed by experienced scientists, but also
offer the general reviews to highlight the development of this
research field.

Firstly, the hierarchical structured polymeric materials in
health care related field as a form of nanoparticle, film, or
solution were prepared by new synthetic strategies and sur-
face design concepts and discussed in this special issue. Z. He
et al. effectively labeled K237/FA-PEG-PLGA nanoparticles
with Technetium-99m (99mTc), evaluated its optimal stability
in different aqueous environment, investigated performance
including affinity and biodistribution through in vitro cell
experiment or in vivo animal experiment, and demonstrated
from their result that K237/FA-PEG-PLGA nanoparticles

have great potential as biodegradable drug carriers. H. Gao
et al. reported an efficient and effective method to use
phospholipid adsorption polymeric materials to determine
xylazine in blood and urine samples, which could be applied
by academic groups and commercial organizations. X. Yang et
al. designed and synthesized photochromic hydrogel contact
lens for drug delivery and investigated its properties and
performance. Beside these original researches, L. Sha et al.
highlighted recent researches of PLA based nanocomposites
and their application in biomedical fields including bone
substitute and repair, tissue engineering, and drug delivery
system.

Secondly, nanocomposite materials were designed to
endow materials of the special structure and functionality.
For example, W. Wang et al. developed hierarchical struc-
tured polymeric nanomaterials (nanodeserts) for enhanc-
ing abiotic CO

2
fixation in the soil-groundwater system

beneath deserts. K. Yang et al. prepared nanocomposites
consisting of polymer matrix (PPO-g-MA or PPO/PA66)
and nanofiller (organomontmorillonite) and investigated the
properties including morphology, the mechanical properties,
and thermal stability. X. Chen et al. prepared nanocomposite
particle with cellulose core and attapulgite nanofibers shell,
characterized core size and thickness of nanofibers shell, and
investigated the absorbance behavior and mechanism.

In summary, we would like to thank all of the authors,
reviewers, and the journal editorial staff members for their
kind contributions to this special issue.We sincerely hope you
enjoy reading those original research work and interesting
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review papers, get inspirations, and find it beneficial to your
future research and teaching activities.
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A photochromic poly(2-hydroxyl-ethyl methacrylate-N-vinylpyrrolidone-spironaphthoxazine) hydrogel (p(HEMA-NVP-SPO))
has been designed and synthesized by free radical polymerization in thiswork.The chemical and structural information of hydrogels
was investigated by IR spectra, equilibrium water content (EWC), and SEM. The IR spectra confirmed successful synthesis of
copolymer. The domain of NVP contributed to not only EWC but also inner structure of hydrogel, while SPO had little influence
on these properties of hydrogel. The photochromic behaviors of hydrogel including photochromic properties and thermal fading
kinetics were systematically studied and compared with hydrogel made by immersing method. Results showed that when SPO was
incorporated in hydrogel by polymerization, maximum absorbance wavelength got shorter, and the relaxation half-life became
longer. In addition, salicylic acid as a drug model could be loaded into hydrogel by immersing method, and its sustained drug
release in a given period was dependent on the characteristics of solution and loading time.

1. Introduction

Photochromic materials can change their color after being
triggered by certain light due to a reversible structural
transformation of chemical [1–3]. Spironaphthoxazine (SPO)
based materials have attracted increasing interest due to
their remarkable photochromic properties, such as excellent
photostability, compatibility in various matrices, and high
fatigue resistance [4–7]. These advantages enhance the prac-
tical applicability of SPO in optical systems for registration
and storage [8], molecular switches [9], and UV sensors
[10]. The photoresponsive site of the SPO comes from the
center sp3 spiro carbon. Upon UV irradiation, the carbon-
oxygen bond cleaves and achieves sp2 hybridization, yielding
an open planar merocyanine (MC), which is metastable
and readily isomerizes [11, 12]. So it can revert back to
the spiro form via ring closing when irradiated with visible
light or thermal radiation. We have previously synthesized a
series of SPOderivatives and investigated their photochromic
behaviors and thermal stability in different films [13]. All
the compounds exhibited excellent photochromic properties
upon UV irradiation. And their relaxation time was in a

broad range (from 129 to 1724 s). On account of these merits,
SPO was introduced into hydrogel contact lens in this work,
aiming at endow contact lens with photochromic properties.

As far as contact lens was concerned, hydrogel is a
leading material of contact lens due to its good trans-
parency, which satisfied the optic requirement of contact
lens [14]. Moreover, hydrogel had a water swollen struc-
ture, which can mimetic nature biological environment.
Thus, generally, hydrogel possesses good biocompatibility
[15, 16]. Traditional hydrogel contact lens is polymerized
by 2-hydroxyl-ethyl methacrylate (HEMA), but a num-
ber of problems restricted its application like low oxygen
permeability, limited hydrophilicity, and poor antibacte-
rial properties. Recently, some measures had been taken
to improve these problems including copolymerizing with
hydrophilic monomer [17], introducing chitosan to hydro-
gel network [18], and modifying surface via layer-by-layer
assembly [19–21]. Further, in order to realize certain functions
like drug delivery function, other functional monomers such
as cyclodextrin (CD) had been introduced into contact lens
by copolymerization [22, 23], by surface functionalization
[24], or by nanocomposite technology [25]. Although the
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abovementioned researches had made considerable progress,
they did not refer to photochromic contact lens.

In this work, we attempted to introduce SPO into hydro-
gel contact lens by polymerization, investigate their proper-
ties, and explore their application. In order to improve the
hydrophilicity, vinylpyrrolidone (NVP) has also been added.
As a control, SPO blended hydrogel contact lens was also
prepared.

2. Experimental

2.1. Materials. Hydroxyethyl methacrylate (HEMA) and
N-vinylpyrrolidone (NVP) were obtained from Shanghai
Jingchun Industries Co. Ltd., China, and distilled under
vacuum before use. 2,2-Azobis(isobutyronitrile) (AIBN) was
recrystallized from methanol. All other chemicals were ana-
lytically pure and were employed without any further drying
or purification.

Phosphate buffered saline (PBS) (pH 7.2) solution is as
follows: 137mmol L−1 NaCl, 2.7mmol L−1 KCl, 10mmol L−1
Na
2
HPO
4
, and 2mmol L−1 KH

2
PO
4
. Artificial tear solution

(ATS) is as follows: 2.18 g L−1 NaHCO
3
, 6.78 g L−1 NaCl,

0.084 g L−1 CaCl
2
, and 1.38 g L−1 KCl.

2.2. Synthesis of Spironaphthoxazine (SPO) Monomer. The
synthetic methods for the photochromic SPO mono-
mer of 1,3,3-trimethyl-9-methacryloyloxy-spiro[indoline-
2,3(3H)naphtho[2,1-b][1,4]oxazine] were adopted and mod-
ified from previously published procedure [26]. Grey solid,
yield: 97.4%, m.p. 151–153∘C (melting point apparatus, Taike,
China). IR (IS10, KBr, cm−1): 3048, 2972, 1730, 1628, 1480,
1440, 1360, 1257, 1080, 1170, 1118, 978, 902, 823, 745. 1H NMR
(CDCl

3
, AV-500 ): 𝛿 8.26 (1H, d, 𝐽 = 2.3Hz, ArH), 7.77 (1H,

d, 𝐽 = 8.9Hz, ArH), 7.73 (1H, s, 2-H), 7.66 (1H, d, 𝐽 = 8.9Hz,
ArH), 7.24–7.17 (2H, m, ArH), 7.08 (1H, d, 𝐽 = 7.1Hz, ArH),
6.98 (1H, d, 𝐽 = 8.9Hz, ArH), 6.90 (1H, t, 𝐽 = 7.4Hz, ArH),
6.56 (1H, d, 𝐽 = 7.7Hz, ArH), 6.39 (1H, s, CH), 5.77 (1H, s,
CH), 2.74 (3H, s, CH

3
), 2.10 (3H, s, CH

3
), 1.36 (6H, s, CH

3
).

Anal. calcd. for C
26
H
24
N
2
O
3
: C, 75.71; H, 5.86; N, 6.79. Found

C, 75.58; H, 5.84; N, 6.80%.

2.3. Synthesis of Photochromic Hydrogels

Polymerization Method. Monomers (5mL) of HEMA, NVP,
and SPO were mixed by stirring, in which certain amount of
AIBN was added into the mixture. This mixture was injected
into the model (150 𝜇m thickness), which then was put into
the oven for 3 hours at 70∘C; the reactionmixturewas brought
to room temperature, filtered, and rinsed with ethanol five
times to remove all chemicals and nonconjugated monomer.
The product was dried in vacuum. In addition, the feed
composition and the samples code of the hydrogels are listed
in Table 1.

Immersing Method. The p(HEMA-NVP) hydrogels were
obtained by using the polymerization method above and
then were immersed in ethanol solution (5mL), in which
the concentration of SPO was 3%. The samples were kept

Table 1: Composition of initial reaction mixtures used for the
preparation of polymer hydrogels.

Hydrogels Mass ratio (%)
HEMA :NVP : SPO

Hydrogel 1 100 : 0 : 0
Hydrogel 2 75 : 25 : 0
Hydrogel 3 60 : 40 : 0
Hydrogel 4 60 : 40 : 3

undisturbed at room temperature for a week; the resulting
films were kept in dark before measurement.

2.4. Characterization of Photochromic Hydrogels. The formed
hydrogels were characterized by IR spectrum (IS10). Each
hydrogel was freeze-dried at −50∘C and then characterized
by scanning electron microscopy (SEM, SU8010).

The hydrogels were dried and weighed (𝑊
0
). The hydro-

gels were weighed (𝑊
1
) after dry hydrogels had been sub-

merged in distilled water at 37∘C for 24 h. Equilibrium water
content of the hydrogels was defined as EWC (%) = (𝑊

1
−

𝑊
0
)/𝑊
1
× 100%.

Optical absorption spectra were recorded using UV
spectrum (CARY 50). The sample was first irradiated with a
40W ultraviolet lamp (365 nm) and then reverse irradiated
with visible light. The process was repeated for 20 cycles. The
intervals were 10min.

The kinetics of the thermal discoloration were recorded
following the color bleaching of the irradiated sample at
𝜆max, immediately after switching off the ultraviolet lamp.
The discoloration dynamic at 𝜆max was fitted by the following
equation [27]:

ln(𝐴 𝑡 − 𝐴∞𝐴
0
− 𝐴
∞

) = −𝑘 ⋅ 𝑡, (1)

where 𝐴
0
, 𝐴
𝑡
, and 𝐴

∞
are the absorbencies at zero, times,

and infinity respectively.
For salicylic acid release experiment, an amount of 5mg

of salicylic acid model drug was dissolved in 100mL water
or buffered solution (PBS, ATS); then, 20mg hydrogels were
submerged into the solution to load drug. After 24 h at
37∘C, the absorbance of salicylic acid was measured by UV-
Vis spectrophotometer (Varian, Vary 50) at 𝜆max = 279 nm
and compared with a standard curve. The salicylic acid
concentration after loading was obtained by the difference
of concentration and volume before and after immerging.
The cumulative release rate in hydrogel was calculated by
the difference of salicylic acid concentration before and after
loading.

3. Results and Discussion

3.1. Synthesis and Fundamental Characterization of Hydrogels.
The FTIR spectra of hydrogels were shown in Figure 1. In
case of PHEMA (hydrogel 1), a broad band that appeared
at 3440 cm−1 was attributed to hydrogen-bonded OH group.
The strong peak at 1720 cm−1 showed ester carbonyl group
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Figure 1: The IR spectra of hydrogels.

(C=O). The peaks at 1166 and 1070 cm−1 were associated
with the stretching vibrations of C-O [28]. Compared to the
IR spectrum of pHEMA, p(HEMA-NVP) (hydrogel 2 and
hydrogel 3) showed a new peak at around 1665 cm−1, corre-
sponding to the carbonyl stretching banding of NVP [29].
With increasing NVP content, this characteristic absorp-
tion band was strengthened, which further confirmed the
presence of NVP in the hydrogels. In the spectrum of
p(HEMA-NVP-SPO) (hydrogel 4), the new absorption bands
at 1360 cm−1 and 845 cm−1 were attributed to the stretching
vibration of Ar-N and the stretching vibration outside surface
of =C-H in SPO, respectively. Furthermore, characteristic
bands at around 900 cm−1 and 3100 cm−1 corresponding to
the vinyl groups ofmonomers disappeared completely, which
indicated nonexistence of unreacted monomers. These well
supported the successful entry of SPO moieties into the
network formation of hydrogels [30].

The equilibrium water content (EWC) of the hydrogels
was also studied (Figure 2). As it can be seen, all hydrogels
exhibited EWC values greater than 30% in distilled water,
which belong to the soft contact lens materials. In the case
of the p(HEMA-NVP) hydrogels (hydrogel 2 and hydrogel
3), EWC values were observed to increase from about 47%
to 61% with the increase of the NVP content. In contrast,
the pure pHEMA hydrogel (hydrogel 1) showed a minimum
EWC value about 34%. NVP was more hydrophilic than
HEMA; hence, when increasing NVP content, the hydrogel
networks became more hydrophilic and then absorbed more
water. Moreover, the adding of a small amount of SPO had
nearly no influence upon EWC of hydrogels. It is noted that
the hydrogels showed a lower EWC in the presence of PBS
than in distilled water.This might be attributed to the change
of osmotic pressure [31]. Compared with water, the higher
salt concentration in PBS decreased the osmotic pressure
difference between hydrogel network and external solution,
which prevented water molecules from penetrating into the
hydrogels.

The interior morphologies of the freeze-dried hydro-
gels were shown in Figure 3. The pure pHEMA hydrogel
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Figure 2: The equilibrium water content of hydrogels.

presented a continuous and even morphology without pores
(hydrogel 1). In contrast, the pHEMA-NVP hydrogel exhib-
ited a highly interconnected porous structure (hydrogel 2 and
hydrogel 3). It was observed that hydrogel 3 had larger average
pore size (24 ± 10 𝜇m) than hydrogel 2 (16 ± 3 𝜇m) due to
the increasing of NVP content.This trendmight be related to
relative larger free volume of NVP owing to the existence of
five-membered ring, which prevented the collapse of linear
chain in the freeze-drying process, resulting in larger pore
size. p(HEMA-NVP-SPO) hydrogel (hydrogel 4) was similar
to that of hydrogel 3, indicating little influence of SPO on the
morphology. This might be attributed to very small content
of SPO in hydrogel.

3.2. Photochromic Performance and Thermal Fading Kinetics.
Electronic absorption spectral changes of two hydrogels
made by immersing method and by polymerization method
are depicted in Figure 4, insets of which show the color
changes of photochromic hydrogel before and after UV
light; nearly colorless hydrogels turned to blue after being
irradiated with UV light and then converted back to that of
the initial color under visible light irradiation.The absorption
spectrums were broad in both hydrogels; this was mainly
related to the coloring mechanism. After UV illumination,
bond breakage in the excited spiro formon SPOoccurred; the
intermediate X was produced first, which then decayed into
zwitterionic merocyanines, because the merocyanines were
mixture of at least four isomers and their optical spectrums
were broad absorption bands [32]. We observed that UV
irradiation of the hydrogel made by immersing method at
365 nm led to the maximum absorbance (𝜆max) at 620 nm
(Figure 4(a)), while in the hydrogel made by polymerization
method there was a shift in 𝜆max to a shorter wavelength,
which was 610 nm (Figure 4(b)). This blue shift presumably
indicated that the interaction modes of SPO and HEME-
NVPaffected theUVabsorption of hydrogel.When SPO took
part in polymerization reaction, main chain of copolymer
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Figure 4: Absorption spectra with irradiation time for (a) immersing method and (b) polymerization method.

became the modified group of 9 -C on SPO, increasing the
steric hindrance around it, which led to the blue shift of the
absorption [33].

Figure 5 shows the thermal fading of photochromic
hydrogels in which the MC absorbance at 𝜆max (620 nm,
immersing method; 610 nm, polymerization method) was

recorded immediately after termination of the UV irradi-
ation. The overall thermal closing in both hydrogels was
evaluated to obey the first-order kinetics as the plots of
ln(𝐴
𝑡
− 𝐴
∞
)/(𝐴
0
− 𝐴
∞
) were linear. The corresponding

relaxation time of the MC isomer (𝜏MC-SPO) was obtained
𝑡 using the expression 𝜏 = 1/𝑘. The relaxation life of hydrogel
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Figure 6: Fatigue resistance cycles of photochromic hydrogel by alternative irradiation: gray box at 𝜆 = 365 nm, and white box 𝜆 = 632 nm.

made by polymerization method was 289 s which was longer
than that made by immersing method (199 s); this could
be assigned to the participation of SPO in polymerization
reaction. As had been reported by earlier work [34], in solid
resins, the bulky substituent in the vicinity of the spirooxazine
moiety was benefit to the thermal fading stability of MC.
For SPO in hydrogel made by polymerization method, the
volume of substituent group on 9 -C is bigger than that
made by immersing method, which depressed the large
conformational change more effectively in the photochromic
reaction. As a result, the thermal fading of hydrogel made
by polymerization method was slower than that made by
immersing method.

In further step, in order to evaluate the long-term
application of photochromic properties for hydrogel, the
photoinduced fatigue resistance property might be inves-
tigated by multiple irradiation cycles with UV and visible
light in Figure 6. The maximum absorbances of the two

photochromic hydrogels were plotted while being irradiated
alternately with 365 nm light and 632 nm light. In each cycle,
two photochromic hydrogels were converted to their ring-
closed forms, respectively, to reach the photostationary states
by irradiation with UV light (365 nm), and all the closed-
ring forms were bleached by irradiation with visible light
(632 nm). It showed that the absorbance of both hydrogels
remained almost constant after 20 cycles, indicating that the
main chain of copolymer as a pendant of 9 -C on SPO
had almost no effect on the fatigue resistance. This might be
because the polymer chain caused little change of 𝜋-electrons
of the photomerocyanine part and the heteroaromatic part,
which led to little change in ground state energy of the closed-
ring isomers and the energy gap between the open and closed
ring isomers [35].

3.3. In Vitro Drug Release Behavior. The drug loading was
achieved by immersing method using different media
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Figure 7: (a) Loaded salicylic acid amount in hydrogels for three times in differentmedia, (b) salicylic acid release behavior in differentmedia
for first drug-loading, (c) salicylic acid release behavior in different media for second drug-loading, and (d) salicylic acid release behavior in
different media for third drug-loading.

(Figure 7(a)). The equilibrium drug-loading amount in
hydrogel was about 9mg g−1. From Figure 7(a), the amount
of drug incorporated in hydrogel showed slight increase
with times of loading, which might be ascribed to higher
drug concentration of loading solution, coming from sol-
vent evaporation. This phenomenon indicated the hydrogel
could load drugs repeatedly. Moreover, the ions in loading
solution showed little influence on drug-loading amount.
Theoretically, Figures 7(b)–7(d) showed the drug-releasing
behavior of salicylic acid in different media. For the first

time, the cumulative release rate of salicylic acid from the
hydrogel was fast during 12 h in water, which was slow in
PBS or in ATS until the release equilibrium was reached
(Figure 7(b)). This difference in the cumulative release rate
was reasonably attributed to salicylic acid charge screening
brought by the ions in the salt solution; it caused the salicylic
acid to be released slowly in PBS and ATS. For the second
time, the cumulative release rate of salicylic acid was also fast
in water or PBS until the release equilibrium was reached,
while it was a little slower in ATS than in water (Figure 7(c)).
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For the third time, salicylic acid was released along with
time in each medium (Figure 7(d)). It was also found that
all cumulative released drug rate reached above 89% no
matter the characteristics of the medium and the release
time of salicylic acid. By comparing Figures 7(b)–7(d), the
drug release profile showed the drug-releasing behavior of
hydrogel in water had little difference among the used time,
and it also showed faster release in PBS or ATS than the last
time. One of the main reasons affecting this drug-releasing
behavior was the increase of the time hydrogel submerged in
the salt solution that led to increase of ions of inner hydrogel,
which decreased the charge screening brought by the ions.

4. Conclusions

In this work, photochromic p(HEMA-NVP-SPO) hydro-
gel was successfully synthesized by radical polymerization,
which was verified by IR spectra. Compared with pHEMA
hydrogel, p(HEMA-NVP) copolymer hydrogel had larger
equilibrium water content (EWC) and more homogenous
porous structure.The formed p(HEMA-NVP-SPO) hydrogel
possessed similar EWC and morphology to p(HEMA-NVP)
hydrogel. The colorless p(HEMA-NVP-SPO) hydrogel could
turn to blue after being irradiated at 365 nm and then recover
back under visible light irradiation in 289 s.Theoretically, the
thermal fading of hydrogel made by polymerization method
was slower than that made by immersing method. Addi-
tionally, the photochromic hydrogel made by polymerization
method exhibited a good fatigue resistance.The drug loading
is realized by immersing method. The equilibrium drug-
loading amount in hydrogel increased slightly with times of
loading regardless of ions in solution. The sustained drug
release in a given period was dependent on the characteristics
of solution and loading time.The drug release profile in water
showed little dependence on loading time, whereas faster
release in PBS or ATS than that of the last time was detected.

Competing Interests

The authors declare that they have no potential conflict of
interests regarding the publication of this article.

Acknowledgments

Thisworkwas financially supported by Research Fund for the
Doctoral Programof Jinling Institute of Technology (jit-2012-
27).

References

[1] M. Irie, T. Lifka, S. Kobatake, and N. Kato, “Photochromism of
1,2-Bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene in
a Single-Crystalline Phase,” Journal of the American Chemical
Society, vol. 122, no. 20, pp. 4871–4876, 2000.

[2] Q.-L. Zhu, T.-L. Sheng, R.-B. Fu et al., “Redox-responsive
photochromism and fluorescence modulation of two 3Dmetal-
organic hybrids derived from a triamine-based polycarboxylate
ligand,” Chemistry—A European Journal, vol. 17, no. 12, pp.
3358–3362, 2011.

[3] Q. Zhang, J. M. Li, L. H. Niu et al., “A rapid response photo-
chromic diarylethene material for rewritable holographic data
storage,” Chinese Science Bulletin, vol. 58, no. 1, pp. 74–78, 2013.

[4] D. L. Watkins and T. Fujiwara, “Bis-spironaphthooxazine based
photochromic polymer materials,” Journal of Materials Chem-
istry C, vol. 1, no. 3, pp. 506–514, 2013.

[5] E. B. Gaeva, V. Pimienta, S. Delbaere et al., “Spectral and
kinetic properties of a red-blue pH-sensitive photochromic
spirooxazine,” Journal of Photochemistry and Photobiology A:
Chemistry, vol. 191, no. 2-3, pp. 114–121, 2007.

[6] W. Yuan, L. Sun, H. Tang et al., “A novel thermally stable
spironaphthoxazine and its application in rewritable high den-
sity optical data storage,” Advanced Materials, vol. 17, no. 2, pp.
156–160, 2005.

[7] D. L. Watkins and T. Fujiwara, “Synthesis, characterization, and
solvent-independent photochromism of spironaphthooxazine
dimers,” Journal of Photochemistry and Photobiology A: Chem-
istry, vol. 228, no. 1, pp. 51–59, 2012.

[8] G. Berkovic, V. Krongauz, and V. Weiss, “Spiropyrans and
spirooxazines for memories and switches,” Chemical Reviews,
vol. 100, no. 5, pp. 1741–1753, 2000.

[9] S. Kumar, D. L. Watkins, and T. Fujiwara, “A tailored spiroox-
azine dimer as a photoswitchable binding tool,” Chemical
Communications, no. 29, pp. 4369–4371, 2009.

[10] E. Herrero, N. Carmona, J. Llopis, andM. A. Villegas, “Sensitive
glasslike sol-gel materials suitable for environmental light sen-
sors,” Journal of the European Ceramic Society, vol. 27, no. 16, pp.
4589–4594, 2007.

[11] A.K.Chibisov andH.Görner, “Photoprocesses in spirooxazines
and their merocyanines,” The Journal of Physical Chemistry A,
vol. 103, no. 26, pp. 5211–5216, 1999.

[12] V. S. Marevtsev and N. L. Zaichenko, “Peculiarities of pho-
tochromic behaviour of spiropyrans and spirooxazines,” Journal
of Photochemistry and Photobiology A: Chemistry, vol. 104, no.
1–3, pp. 197–202, 1997.

[13] X. L. Yang, B. J. Yang, Y. Y. Liu, and H. J. Zhu, “Microwave-
assisted synthesis of novel spirooxazines and their pho-
tochromic behaviors in polymer matrices,” Optoelectronics and
Advanced Materials-Rapid Communications, vol. 6, no. 11, pp.
1146–1152, 2012.

[14] X. Hu, L. Hao, H. Wang et al., “Hydrogel contact lens for
extended delivery of ophthalmic drugs,” International Journal
of Polymer Science, vol. 2011, Article ID 814163, 9 pages, 2011.

[15] K. T. Nguyen and J. L. West, “Photopolymerizable hydrogels for
tissue engineering applications,”Biomaterials, vol. 23, no. 22, pp.
4307–4314, 2002.

[16] W. J. Seeto, Y. Tian, and E. A. Lipke, “Peptide-grafted
poly(ethylene glycol) hydrogels support dynamic adhesion of
endothelial progenitor cells,” Acta Biomaterialia, vol. 9, no. 9,
pp. 8279–8289, 2013.

[17] X. H. Hu and D. Li, “Facile way to synthesise hydrogel contact
lenses with good performance for ophthalmic drug delivery,”
Materials Technology, vol. 28, no. 4, pp. 192–198, 2013.

[18] X. Hu, J. Qiu, H. Tan, D. Li, and X. Ma, “Synthesis and charac-
terization of cyclodextrin-containing hydrogel for ophthalmic
drugs delivery,” Journal of Macromolecular Science, Part A: Pure
and Applied Chemistry, vol. 50, no. 9, pp. 983–990, 2013.

[19] X. H. Hu, H. P. Tan, D. Li, andM. Y. Gu, “Surface functionalisa-
tion of contact lenses by CS/HA multilayer film to improve its
properties and deliver drugs,”Materials Technology, vol. 29, no.
1, pp. 8–13, 2014.



8 International Journal of Polymer Science

[20] X.Gong, “Controlling surface properties of polyelectrolytemul-
tilayers by assembly pH,” Physical Chemistry Chemical Physics,
vol. 15, no. 25, pp. 10459–10465, 2013.

[21] L. Zhang, X. Gong, Y. Bao et al., “Electrospun nanofibrous
membranes surface-decoratedwith silver nanoparticles as flexi-
ble and active/sensitive substrates for surface-enhanced Raman
scattering,” Langmuir, vol. 28, no. 40, pp. 14433–14440, 2012.

[22] X. Hu and X. Gong, “A new route to fabricate biocompatible
hydrogels with controlled drug delivery behavior,” Journal of
Colloid & Interface Science, vol. 470, pp. 62–70, 2016.

[23] X.Hu,H. Tan, and L.Hao, “Functional hydrogel contact lens for
drug delivery in the application of oculopathy therapy,” Journal
of the Mechanical Behavior of Biomedical Materials, vol. 64, pp.
43–52, 2016.

[24] X. Hu, H. Tan, X.Wang, and P. Chen, “Surface functionalization
of hydrogel by thiol-yne click chemistry for drug delivery,” Col-
loids and Surfaces A: Physicochemical and Engineering Aspects,
vol. 489, pp. 297–304, 2016.

[25] X. Hu, H. Tan, P. Chen, X.Wang, and J. Pang, “Polymermicelles
laden hydrogel contact lenses for ophthalmic drug delivery,”
Journal of Nanoscience & Nanotechnology, vol. 16, no. 6, pp.
5480–5488, 2016.

[26] S. Wang, M.-S. Choi, and S.-H. Kim, “Bistable photoswitch-
ing in poly(N-isopropylacrylamide) with spironaphthoxazine
hydrogel for optical data storage,” Journal of Photochemistry &
Photobiology A: Chemistry, vol. 198, no. 2-3, pp. 150–155, 2008.

[27] T. Kardinahl and H. Franke, “Photoinduced refractive-index
changes in fulgide-doped PMMA films,” Applied Physics A
Materials Science & Processing, vol. 61, no. 1, pp. 23–27, 1995.

[28] P. S. Gils, D. Ray, and P. K. Sahoo, “Designing of silver nanopar-
ticles in gum arabic based semi-IPN hydrogel,” International
Journal of Biological Macromolecules, vol. 46, no. 2, pp. 237–244,
2010.

[29] M. M. Fares, S. M. Assaf, and A. A. Jaber, “Biodegrad-
able amphiphiles of grafted poly(lactide) onto 2-hydroxyethyl
methacrylate-co-N-vinylpyrrolidone copolymers as drug carri-
ers,” Journal of Applied Polymer Science, vol. 122, no. 2, pp. 840–
848, 2011.

[30] H. N. Al-Jallo andM. G. Jalhxoom, “Spectral correlations for 𝛼,
𝛽-unsaturated acidhalides,” Spectrochlmica Acta A, vol. 31, no. 3,
pp. 265–271, 1975.

[31] X. Hu, L. Feng, W. Wei et al., “Synthesis and characterization
of a novel semi-IPN hydrogel based on Salecan and poly(N,N-
dimethylacrylamide-co-2-hydroxyethyl methacrylate),” Carbo-
hydrate Polymers, vol. 105, no. 1, pp. 135–144, 2014.

[32] S. Schneider, “Investigation of the photochromic effect of
spiro [indolino-naphthoxazine] derivatives by time-resolved
spectroscopy,” Zeitschrift für Physikalische Chemie, vol. 154, pp.
91–119, 1987.

[33] C. Shin and H. Lee, “Effect of alkyl side-chain length
and solvent on the luminescent characteristics of poly(3-n-
alkylthiophene),” Synthetic Metals, vol. 140, no. 2-3, pp. 177–181,
2004.

[34] R. Nakao, F. Noda, T. Horii, and Y. Abe, “Thermal stability of the
spironaphthoxazine colored form in polymeric siloxanes,” Poly-
mers for Advanced Technologies, vol. 13, no. 2, pp. 81–86, 2002.
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Voncina, “Preparation and characterization of photochromic
poly(methyl methacrylate) and ethyl cellulose nanocapsules
containing a spirooxazine dye,” Journal of Photochemistry &
Photobiology A: Chemistry, vol. 222, no. 1, pp. 293–298, 2011.



Review Article
Polylactic Acid Based Nanocomposites: Promising Safe and
Biodegradable Materials in Biomedical Field

Lili Sha,1,2 Zhaofeng Chen,1,2 Zhou Chen,1,3 Aili Zhang,3 and Zhaogang Yang3

1College of Material Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
2Suqian NUAA Institute of New Materials and New Equipment Manufacturing Co., Ltd., Suqian 223800, China
3Nanoscale Science and Engineering Center, The Ohio State University, Columbus, OH 43210, USA

Correspondence should be addressed to Zhaofeng Chen; cz6327725@163.com and Zhaogang Yang; yzhaogang@gmail.com

Received 28 June 2016; Accepted 31 August 2016

Academic Editor: Ming Zhang

Copyright © 2016 Lili Sha et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Polylactic acid (PLA) is widely used in biological areas due to its excellent compatibility, bioabsorbability, and degradation behavior
in human bodies. Pure polylactic acid has difficulty in meeting all the requirements that specific field may demand. Therefore,
PLA based nanocomposites are extensively investigated over the past few decades. PLA based nanocomposites include PLA based
copolymers in nanometer size and nanocomposites with PLA or PLA copolymers as matrix and nanofillers as annexing agent. The
small scale effect and surface effect of nanomaterials help improve the properties of PLA and make PLA based nanocomposites
more popular compared with pure PLA materials. This review mainly introduces different kinds of PLA based nanocomposites in
recent researches that have great potential to be used in biomedical fields including bone substitute and repair, tissue engineering,
and drug delivery system.

1. Introduction

Biological materials have experienced enormous develop-
ment in the past 30 years. Even when there was an economic
downturn near 2008, the usage of biomaterials maintains
an increase of 13% every year, showing strong vitality and
wide prospect. Fast development of biomaterials improved
living standard of humans to a great extent. In the meantime,
biomaterial science, which aims to search for perfect biocom-
patibility, improved interaction between cells and materials,
tailored degradation rate, synthetical materials design, and
other particular properties of polymers,metals, and ceramics,
has also attracted much attention [1–11]. It is usually these
three classes, either single ingredient or in many cases,
composite ingredients, that are used as biomaterials [12–15].

Different from metal and ceramic, polymer offers an
organic matrix and its molecular is easier to control [16, 17].
It is relatively hard to define and conclude the physical and
chemical performance of polymers because the properties of
different polymers vary extremely. There are generally two

categories of polymers, biodegradable and nonbiodegradable
polymers. Biodegradable polymer is more environmentally
friendly and frequently used for medical devices due to
its excellent degradation behavior in human body and the
purpose of environment protection. Degradation rate can
also be controlled after somemodification or by designing the
proportion of different polymers in order to meet practical
demands [13, 18]. Biodegradable polymers then can be further
divided into naturally derived materials and synthetically
prepared materials. Among synthetically prepared materials,
saturated poly-𝛼-hydroxyl esters are more commonly used
in biomedical field, especially polylactic acid (PLA) [19]. The
degradation products of PLA are usually water and carbon
dioxide that do not cause any harm; more importantly, they
can be cleared out of human body totally, making PLA the
most popular biomedical material in the market.

PLA is a kind of linear aliphatic polyester derived from
renewable resources such as corn, sugar, potato, and other
agricultural products [20–22], whose properties are deter-
mined by many factors, such as the component isomers,
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preparing temperature, and molecular weight. Generally,
there are three kinds of PLA, poly(D-lactic acid) (PDLA),
poly(L-lactic acid) (PLLA), and the racemic blend D,L-PLA
(PDLLA), based on different microstructures. PLLA and
the racemic blend PDLLA are semicrystalline with slightly
different glass transition temperatures, while D-PLA (PDLA)
is always amorphous [23]. Degree of crystallization as well
as the reactivity of polymer is sensitive to the ratio of D to
L enantiomers used. Different structures of these three PLA
materials decide that each kind of PLA has its applicable
field. For example, PDLLA is often used in drug delivery
system owing to its monophasic structure, but PLLA is
more likely to be used where good mechanical behavior is
essential. However, pure PLA materials inevitably present
much restriction when put into use, such as brittle behavior,
poor osteoinduction, and uncontrolled degradation rate. For
a long time, many types of chemicals, such as citrate esters
[24], and some low-molecular-weight plasticizers such as
sorbitol and glycerol have been widely used in this area
to plasticize PLA. Plasticizers such as glucose monoesters,
poly(ethylene glycol) (PEG), and partial fatty acid esters [25]
were also tried to improve the impact resistance and the
flexibility of PLA, but the biocompatibility of PLA materials
is not that easy to improve so that PLA based nanocomposites
appear.

PLA based nanocomposites, which include PLA based
copolymers in nanometer size and nanocomposites with PLA
or PLA copolymers as matrix and nanofillers as annexing
agent, have shown great potential in biomedical field [26].
The small scale effect and surface effect nanomaterials have
particularly helped improve the properties of PLA and
make PLA based nanocomposites more popular compared
with pure PLA materials when it comes to synthetic bone
substitute and repair, tissue engineering, and drug delivery
system.

Among all the PLA based copolymers, poly(lactic-
glycolic acid) (PLGA) has attracted the most public attention
and has been approved by FDA for clinical uses. It can be
obtained from lactide monomer and polyglycolic acid (PGA)
by ring-opening polymerization, which nowadays turns out
to be themost efficient way to prepare high-molecular-weight
polylactic acid as well as PLA based copolymers. Compared
with conventional polycondensation, the polymerization effi-
ciency of ring-opening polymerization can be guaranteed and
some intended properties of polymers can also be obtained
[27]. Other diversified polymers, such as polyethylene oxide
[28], polyvinyl acetate [29], and polyethylene glycol [30], can
also be polymerized with PLA for specific applications.

Nanocomposites with PLA or PLA copolymers as matrix
significantly help improve PLA’s properties and overcome its
shortcomings. Several studies have been performed using
some fillers such as clay minerals, carbon nanotubes, and
graphene and its precursor to obtain nanocomposite mate-
rials [31–34]. Polymer nanocomposites exhibit apparently
improved properties when compared with pure polymers
or their traditional composites [35–38]. Pinto et al. [39]
discussed the effect of small amounts (0.2 to 1 mass%)
of graphene oxide and graphene nanosheets on functional
properties of polylactic acid films. Their results showed

that yield strength, Young’s modulus, and impermeability
of resulting nanocomposites were higher than those of
pristine PLA. Beside these three nanomaterials, organomont-
morillonite and natural nanofibers are also typical annex-
ing agents. Synergy usually exists between different fillers
when they are added together into PLA matrix [40]. Fillers
mentioned above such as clay minerals, carbon nanotubes,
and nanofibers are more frequently used to improve the
mechanical properties of PLA materials. In the case of
biomaterials, biocompatibility and bioactivity should be paid
more attention. In the field of bone substitute and repair,
calcium phosphate ceramics such as hydroxyapatite and 𝛽-
tricalcium phosphate play important roles owing to their
higher biological compatibility. When it comes to tissue
engineering, additives such as collagen, graphene oxide,
and demineralized bone particle are diffusely investigated
in many researches. As for drug delivery system, PLGA
nanoparticles attract extensive concern and montmorillonite
is also reported to be beneficial in prolonging the drug
releasing time (see later in this review).

With the development of manufacturing technology, the
shape of PLA based nanocomposites is also tending to be
various. Different shapes of foams, meshes, films, fibers, or
microspheres are all available. This review will be dedicated
to introducing some update research progresses with an
eye to the applications of PLA based nanocomposites as
biomaterials.

2. Synthetic Bone Substitute and Repair

Over the past few decades, the incidence of various bone
diseases has been increasing and traffic accidents happen
more frequently with the development of human’s living stan-
dard, inducing a growing need for synthetic bone substitute
materials or bone repair materials. Bone of human body has
a high chance of being damaged or lost in injuries or just due
to pathologic changes. Now the reconstruction of bone has
been a major focus point in preclinical research and clinical
application, giving rise to the development of materials that
help to regenerate bone and repair bone defects [41–43]. Bone
defect repair is really common in orthopedic surgeon [44],
where synthetic bone substitutes must be used and implanted
in human bodies and it is of great importance to find suitable
substitutes.

An ideal and suitable bone substitute should possess out-
standing biocompatibility and osteoinductive and osteocon-
ductive properties [45]. In previous studies, bioabsorbable
polymer devices with nontoxicity have been widely used
in orthopedic surgery including fractures repair and bone
replacement. Pins, plates, and screws are those frequently
used forms of polymer devices in oral, orthopedic, and cran-
iofacial surgeries [46–49]. PLA and PLGA are two promising
materials which are widely studied and used to prepare
porous scaffolds and repair damaged bones [19, 50, 51]. The
superior degradation of PLAmaterialsmakes no necessity for
second operation and prevents implant removal so that the
pain of patients can be alleviated. Plus, using PLA materials
helps avoid stress block and reduce the risk of operation
failure. However, pure PLA materials lack bone-bonding
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Figure 1: Cross-sectional scanning electron microscopy images of (a) HAp, (b) PGA/HAp, (c) PLGA20/HAp, (d) PLGA50/HAp, (e)
PLGA80/Hap, and (f) PLLA/HAp composites polymerized at 100∘C for 9 days (originally adapted from [63]).

force and the regeneration efficacy and degradation behavior
of PLA are not as good as PLA based nanocomposites.

Schneider et al. [52–54] successfully prepared a flexible
nanocomposite with a cotton wool-like appearance through
an electrospinning process. Amorphous tricalcium phos-
phate nanoparticles (TCP) were added to the biodegradable
copolymer PLGA (PLGA/TCP60:40). This characteristic of
the material with a typical cotton wool-like shape can be
adapted in any bone defect due to its superior moldability.
Comparedwith PLGA-treated defects, the closure behavior of
PLGA/TCP-treated defects improved a lot in almost all nine
New Zealand white rabbits. Moreover, resorption of graft
material four weeks after implantation was also reported later
[54].

Hydroxyapatite (HAp) is one of the calcium phosphate
ceramics that have been largely used as artificial bone mate-
rials. The similarity to human bone elements and excellent
biocompatibility enable hydroxyapatite to be used as suitable
implant in many surgical operations [55–57]. HAp has also
beenwidely added to PLAmatrix andHAp-PLLA composites
obtained exhibit superior biological performance [58–62].
Takeoka et al. [63] managed to polymerize L-lactide and
glycolide in situ and several PLGA/HAp composites with
different ratio of L-lactide and glycolide in porous HAp disks
were successfully obtained. Scanning electron microscopy
result (Figure 1) indicated that porous HAp was completely
full of PLGA after polymerization at 100∘C for 9 days
while PLLA/HAp composites were found containing contin-
uous open pores. After 5 h cultivation of MC3T3-E1 cells,

PLGA20/HAp presented themost adhesion ratio of 38.8±3.7,
almost twice of PGA/HAp composites, suggesting that these
PLGA/HAp composites had suitably bioactive surfaces. After
immersion in PBS, the pH value of PLGA80/HAp was even
over 7.0, which was beneficial to relieve the inflammatory
reaction that plants may cause after degradation.

Beside hydroxyapatite, bioactive glass particles such as
Bioglass 45S5 [64] also have attracted much attention due
to the great importance of controlling degradation rate of
PLA composites used as bone fixation devices, which can be
affected by crystallinity, molecular weight, size, and shape of
the specimens. Many researches ascertain that the existence
of bioactive glass facilitates the degradation of polymers and
there will be an initial sharp weight loss due to the dissolution
of the bioglass [65, 66].When the bioglass comes into contact
with human body fluids, the local environment turns alkaline
gradually along with the salting-out of bioglass, just to be
able to neutralize lactic acid and slow down the degradation
rate of polymers. In general, almost all the studies show a
close relationship between bioglass and the degradation of
polymer matrix; that is to say, the loss of molecular weight
is related not only to autocatalytic degradation, but also
to bioglass dissolution itself. Vergnol et al. [67] combined
PLLA with Bioglass 45S5 particles and in vitro cell viability
testing together with in vivo experiment on rabbits was
conducted. Results suggested that the existence of bioglass in
composites really accelerated the degradation of polymer and
a bioglass proportion of 30wt% seemed to be able to promote
bone osseointegration especially during the first month of
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Figure 2: The 3D reconstruction of the bone around a composite
C30 implant after 6 months of implantation (with ImageJ software)
(I = implant; nb = newly formed bone) (originally adapted from
[67]).

implantation. A white line representing the formation of new
bone surrounding the implants can be clearly observed on
X-ray tomography and 3D picture after onemonth (Figure 2).
All these results indicated that this composite with 30wt%
of bioglass particles had thus strong potential for health
applications.

Bone allograft owns good osteoconduction and osteoin-
duction, whose chemical components resemble bone auto-
graft, but its clinic application has been limited because of
its difficulty of shaping, poor porosity, and bad degradation
behavior. Demineralized bone matrix (DBM) emerges in
this situation; the collagen and osteoinductive growth factors
which it contains really do good for bone regeneration. DBM
formulations are various inmarket, such as granules, powder,
gel, putty, and paste, only depending on the manufacturing
method. However, the mechanical properties and porosity
of DMB are relatively poor, no matter which formulation
[68]. Zhang et al. [45] prepared porous PLA/DBM composite
biomaterials by supercritical CO

2
technique, which is a new

preparation method, especially suitable for the processing
of bioactive materials containing growth factors. Results
showed that the mechanical properties of composites are
significantly improved. Compared with pure PLA and bone
autograft, the repairing effect of PLA/DBM composite to
bone is better than PLA and is almost the same as bone
autograft, reflected from the X-ray result and histological
analysis. Finally the feasibility for PLA/DBM to repair bone
defects was put forward by the author.

In the field of bone substitute and repair, the degradation
rate, degradation products, mechanical property, and bioac-
tivity of the implant materials must be taken into considera-
tion.These properties of PLA or PLGAwill be improved with
tricalciumphosphate nanoparticles, hydroxyapatite, bioglass,
or demineralized bone matrix added to it. The proportion of
these fillers also have sensitive influence on the properties of
PLA based nanocomposites.

3. Tissue Engineering

Tissue engineering, which focuses on the formation and
regeneration of tissues and organs, is now an emerging area
in human healthcare area. It has facilitated numerous humans
due to the long-term dedication to the structure, function,

and growthmechanism of biological tissues against the back-
ground of cellular biology and bioengineering development.
Scaffolds, as the carriers of cell adhesion and growth, play
a decisive role in tissue engineering and have been used in
many branches, such as bone regeneration [69], blood vessel
[70], and neural system [71]. Ideal scaffolds should not only
have suitable construction beneficial to cells growing but also
have excellent biofunctionality because the behavior of cells
can be easily influenced by the local environment, including
some biochemical and mechanical cues [72].

PLA materials are widely used as scaffolds due to its
good biocompatibility. The different efficacy aligned and
random PLLA nano/microfibrous scaffolds have for neural
tissue engineering has been compared [71]. Results showed
that neural stem cells (NSC) and its neurite outgrowth had
tendency to elongate in the direction parallel to PLLA fibers
for aligned scaffolds and there seemed to be no relation
between cell differentiation rate and fiber arrangement, while
nanofibers exhibited better differentiation performance com-
pared with microfibers, indicating the great potential aligned
nanofibrous PLLA scaffold has for neural tissue engineering.
Many other biomaterials such as collagen and graphene oxide
are gradually introduced to polymerize with PLA or PLGA
in order to obtain optimized scaffold structures. Qiao et al.
[69] blended type I collagen with PDLLA and finally found
that when type I collagen occupied a proportion of 40%
in the scaffolds, PDLLA/collagen scaffolds showed greatest
stability, cell proliferation, and osteogenic differentiation after
five-week cultivation. As is shown in Figures 3(a) and 3(b),
PDL60/Col and PDL60/Gel scaffolds have the same size of
500–1000 nm in diameter. However, in Figures 3(c), 3(d), and
3(e), the number of cells attached to PDL60/Col scaffolds is
obviously greater than those attached to PDL60/Gel scaffolds.
Moreover, cells on PDL60/Gel scaffolds are spherical in
shape while cells on PDL60/Col scaffolds are flat, which
also indicates better cell adhesion property of PDL60/Col
scaffolds compared with PDL60/Gel scaffolds.

Shin et al. [72] successfully fabricated hybrid fiber matri-
ces GO-PLGA-Col composed of PLGA and collagen (Col)
impregnated with GO via an electrospinning technique.
Component analysis suggested a well-proportioned distri-
bution of GO all over the GO-PLGA-Col matrices. The
hydrophilicity of the matrices was extensively increased only
even though a small amount of Col and GO was added.
Results also showed that these hybrid matrices helped induce
spontaneous myogenesis which made it the appropriate
candidate for skeletal tissue engineering.

Electrospinning process was well utilized in the
researches mentioned above [69, 71, 72] and electrospinning
is indeed an effective way to prepare scaffolds due to its
numerous superiorities such as mass production capability
and high surface areas of scaffolds. However, there are many
other methods including solvent casting/particulate leaching
[73], phase separation [74], emulsion freeze-drying [75], gas
formation [76], and fiber bonding [77]. Ziabari et al. [77]
successfully fabricated PLGA scaffolds with demineralized
bone particle (DBP) via the solvent casting/salt leaching
method. Cell growth and gene expression of smooth muscle
cells (SMCs) were upregulated with DBP in PLGA scaffold.
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Figure 3: HBMSCs attachment on the PDL60/Col and PDL60/Gel electrospun scaffolds. (a, b) are SEM images of PDL60/Col scaffolds and
PDL60/Gel scaffolds, respectively. (c, d) are maximum projection fluorescence images of PDL60/Col and PDL60/Gel cell-scaffold constructs,
respectively. (e) Cell numbers were counted based on the confocal images (originally adapted from [69]). ∗∗∗PDL60.

Ardjomandi et al. [78] prepared a series of coatings of
𝛽-tricalcium phosphate scaffolds through dip-and-dry
coating and then angularity and topography of the developed
scaffolds were analyzed. In the long term, it is really difficult
to control and design the pore size and interconnectivity
of scaffold [79, 80]. What is worse, the organic solvents
used may cause some damage to cells or tissues [79]. The
appearance of a new method called 3D printing based
on computer-aided design (CAD) can perfectly solve
this intractable problem and it has led to a revolution in
manufacturing industry. Shim et al. [81] recently creatively

prepared a resorbable semi-dome-shaped polycaprolactone
(PCL)/PLGA/𝛽-TCP membrane through a 3D printing
system (Figure 4), with both rapid degradation rate of PLGA
and high elasticity of PCL taken into consideration. In vitro
mechanical and cytology test, in vivo preclinical implanting
experiment, and a comparison with a titanium membrane
were all conducted. When bone regeneration experiment
was performed on oral bone defects, results showed the
PCL/PLGA/𝛽-TCP membrane had almost similar properties
to those nonresorbable and commonly used titanium mesh
membrane, such as osseointegration and the ability to form
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Figure 4: A PCL/PLGA/𝛽-TCP membrane produced using 3D
printing technology. Pores were triangularly structured and com-
pletely interconnected (originally adapted from [81]).

new bone around the implants. This 3D printing technique
coordinating with this biomaterial provided a new choice for
tissue engineering field.

Novel ideas and structures of scaffolds are emerging
endlessly and have achieved considerable research achieve-
ments. Davachi et al. [82] melt-mixed a high-molecular-
weight PLLA and 30% encapsulated triclosan with a low-
molecular-weight PLLA (LATC30) in different proportions.
Results showed that PLA3 (with 5% LATC30) was opted to
be the most suitable candidate for bone tissue engineering,
which was mainly because the encapsulation of triclosan
had reduced its negative effect near the tissue environment.
Besides, P(LA-co-CL) copolymer with a star shape has
attracted public attention. Shafiq et al. [83] recently mixed
P(LA-co-CL) and substance P(SP-) conjugated star-shaped
P(LA-co-CL) copolymers in appropriate ratios and then
fabricated nonwoven meshes via electrospinning. Meshes
containing P(LA-co-CL) and SP were then set subcuta-
neously in Sprague-Dawley rats. Cellularization of P(LA-
co-CL) as well as SP-containing meshes was revealed when
proceeding hematoxylin and eosin staining test. A large
amount of mature blood vessels was later observed in SP-
containingmeshes comparedwith their control counterparts,
further proving the possibility that these novel scaffolds have
to be applied in tissue regeneration of soft tissues.

In general, great efforts have been made to increase cell
adhesion and cell proliferation on the surface of scaffolds in
the field of tissue engineering. Different kinds of collagen and
other additives have also been added to increase the surfac-
tivity of PLA or PLGA. In this field, technologies of tissue
regeneration turn out to bematurewhile the feasibility of PLA
based nanocomposites being used in blood vessel and neural
system needs to be further demonstrated through plentiful
experiments, whichmight be the new future direction of PLA
based nanocomposites as well.

4. Drug Delivery System

Conventional drug formulations usually suffer the drawback
of uncontrollable therapeutic drug level in human body so
that good curative effect cannot be guaranteed. Patients have
to take medicine several times a day in order to maintain a
certain drug level, which has undesirable side effects and is
also a burden mentally. Drug delivery system is therefore a

pivotal link in drug therapy [84–86], which aims to maintain
a sustained blood drug concentration by delivering the drug
to the microenvironment in a good time and at a certain rate
gradually, meanwhile avoiding the decomposition of drugs
[87, 88]. More importantly, it can be acted on a targeted area
of human body. The primary characteristics of this system
include biodegradability, biocompatibility, nontoxicity,
prolonged circulation, and a wide payload spectrum of
a therapeutic agent [89]. Nowadays, nanoparticles of
biodegradable polymers are extensively used to improve the
therapeutic effect of various water soluble or water insoluble
drugs. The presence of those nanoparticles helps to improve
bioavailability, solubility, and retention time of the drugs
in human bodies and further bioactive molecules are also
expected [90, 91]. All the biodegradable polymer nanopar-
ticles can be approximately divided into two categories,
one is nanocapsule and the other is nanosphere [92]. The
drug molecules exist inside the polymer or absorbed on the
surface.

Polylactic acid (PLA) has been mostly exploited to
prepare biodegradable nanoparticles by solvent evaporation,
solvent displacement [93], salting-out [94], and solvent dif-
fusion. As a result, these drug carriers represent a marvelous
efficacy in the encapsulation of psychotic drugs (savoxepine)
[95], restenosis drugs (tyrphostins) [96], hormones (proges-
terone) [97], oridonin [98], and protein (BSA) [99] as well
as enhance the used ratio of drugs and alleviate the damage
to liver and kidney. Extra drug delivery may occur due to
the looser structure when PLA degrades gradually with the
extension of retention time, perfectly compensating the less
drug delivery arising from the decrease of total drug dose so
that a sustained drug delivery system forms.

Besides single polylactic acid carrier, abundant copoly-
mers of PLA have also been put into research. Sánchez
et al. [100] found that polymerized PLA/TCP carrier can
release 60% of the gentamicin in the first week and the
retention time can reach 4 weeks. As for developing nanopar-
ticles encapsulating therapeutic drugs in controlled releasing
field, PLGA and its various derivatives stand out among
all the copolymers and have been the center focus [101–
103]. Ueng et al. [104, 105] concluded that polymerized
poly(DL-lactide co-glycolide) nanosphere is an ideal drug-
loaded material. Govender et al. [101] incorporated procaine
hydrochloride into PLGA nanoparticles by nanoprecipita-
tion and found that drug incorporation efficiency can be
adjusted by changing pH value of aqueous phase, replacing
procaine hydrochloride with procaine dihydrate or adding
excipients without size to further influence the drug delivery
efficiency.

Numerous block copolymers consisting of PLGA alter-
nating with hydrophilic moieties like poly(ethylene oxide)
(PEO) or poly(ethyleneglycol) (PEG) [106–108] also have
been synthesized. Recently, Khodaverdi et al. [109] man-
aged to prepare thermosensitive PLGA-PEG-PLGA triblock
copolymers as in situ gelling matrices and in vitro drug
release studies showed that it was molecular weight that
decided drug release rate, copolymers concentration, and
their microstructures in formulations.The authors also high-
lighted that PLGA-PEG-PLGA with a lactide-to-glycolide
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ratio of 5 : 1 is the optimal system for long-acting controlled
release of naltrexone hydrochloride and vitamin B12.

Other biomedical materials, such as fibrin [110], colla-
gen sponge [111], chitosan [112], and bone matrix gelatin
(BMG) [113], are also applied to drug carriers due to their
excellent bioabsorbability and degradation behavior. Lal and
Datta [114] recently developedmontmorillonite- (Mt-) PLGA
nanocomposites by w/o/w double emulsion solvent evapo-
ration method as sustained release oral delivery vehicle for
atenolol (ATN). For Mt-ATN-PLGA nanocomposites (ATN-
03 and ATN-05), the release of the drug in simulated gastric
fluid in the initial 0.5 h was 1.6% and 4%, respectively, far less
than 32% of ATN-PLGA nanoparticles. In addition, cumu-
lative release of Mt-ATN-PLGA nanocomposites reached
only 70.4% and 72.4%, respectively, in 24 h while cumulative
release of ATN-PLGA nanoparticles approached to 100%
over a period of 12 h. Experiments conducted in simulated
intestinal fluid also showed the same advantage that Mt-
ATN-PLGA nanocomposites had in prolonging the gastric
residence time of ATN, further indicating possibility of
designing the sustained release formulations with improved
bioavailability and patient compliance.

However, it still remains a challenge to prepare and
store the drug and when PLGA degrades, the surrounding
acid environment has a negative effect on protein stability
[115]. Constant degradation results in accumulation of acidic
monomers; lactic and glycolic acids may occur inside the
drug delivery device after constant degradation; then the pH
value of the microenvironment surrounded may reduce and
the encapsulated proteins may get easy to denature [116]. To
overcome these drawbacks of PLGA, great efforts and large
investigations have to be conducted further.

5. Conclusion

Polylactic acid is a degradable and nontoxic polymer, which
has beenwidely used as bone substitute and repairmaterial or
used in tissue engineering and drug releasing field. However,
the application of pure PLAmaterials is greatly limited due to
the accurate and high requirements for material properties.
When evaluating PLA materials used in bone regeneration,
degradation rate, degradation products,mechanical property,
and bioactivity of the implant materials are decisive. As
for tissue engineering, researchers paid more attention to
how to increase cell adhesion and proliferation ratio of cells
on material surfaces. PLA materials are usually prepared
porous when applied in drug delivery system, where it
is of great importance to control releasing rate, releasing
time, and pH value of the microenvironment surrounded.
Common nanoparticles, such as hydroxyapatite, bioactive
glass particles, collagen, and graphene oxide, usually own
excellent biocompatibility and other functional properties.
Once recombined with PLA or the copolymer of PLA, the
nanocomposites are expected to greatly expand the applica-
tion areas of PLA materials.
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[20] A. Araújo, G. Botelho, M. Oliveira, and A. V. Machado,
“Influence of clay organic modifier on the thermal-stability of
PLA based nanocomposites,” Applied Clay Science, vol. 88-89,
pp. 144–150, 2014.

[21] T. Kuang, L. Chang, F. Chen, Y. Sheng, D. Fu, and X. Peng,
“Facile preparation of lightweight high-strength biodegradable
polymer/multi-walled carbon nanotubes nanocomposite foams
for electromagnetic interference shielding,”Carbon, vol. 105, pp.
305–313, 2016.

[22] T. R. Kuang, H. Y. Mi, D. J. Fu et al., “Fabrication of poly(lactic
acid)/graphene oxide foams with highly oriented and elongated
cell structure via unidirectional foaming using supercritical
carbon dioxide,” Industrial & Engineering Chemistry Research,
vol. 54, no. 2, pp. 758–768, 2015.

[23] M. Treiser, S. Abramson, R. Langer, and J. Kohn, “Degradable
and resorbable biomaterials,” in Biomaterials Science, B. D.
Ratner, A. S. Hoffman, F. J. Schoen, and J. E. Lemons, Eds.,
chapter I.2.6, pp. 179–195, 3rd edition, 2013.

[24] O. Martin and L. Avérous, “Poly(lactic acid): plasticization and
properties of biodegradable multiphase systems,” Polymer, vol.
42, no. 14, pp. 6209–6219, 2001.

[25] P. Gupta, K. Vermani, and S. Garg, “Hydrogels: from controlled
release to pH-responsive drug delivery,” Drug Discovery Today,
vol. 7, no. 10, pp. 569–579, 2002.

[26] B. Y. Chen, Y. S. Wang, H. Y. Mi et al., “Effect of poly(ethylene
glycol) on the properties and foaming behavior of macroporous
poly(lactic acid)/sodium chloride scaffold,” Journal of Applied
Polymer Science, vol. 131, no. 23, pp. 205–212, 2014.

[27] K. M. Nampoothiri, N. R. Nair, and R. P. John, “An overview
of the recent developments in polylactide (PLA) research,”
Bioresource Technology, vol. 101, no. 22, pp. 8493–8501, 2010.

[28] A. J. Nijenhuis, E. Colstee, D. W. Grijpma, and A. J. Pennings,
“High molecular weight poly(L-lactide) and poly(ethylene
oxide) blends: thermal characterization and physical proper-
ties,” Polymer, vol. 37, no. 26, pp. 5849–5857, 1996.
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The nanocomposites consisting of polymer matrix and nanofiller have attracted great attention because of the improved physical
properties. In this paper, organomontmorillonite (OMMT) was introduced into poly(2,6-dimethyl-1,4-phenylene oxide) grafted
maleic anhydride (PPO-g-MA) compatibilized poly(2,6-dimethyl-1,4-phenylene oxide)/polyamide-66 (PPO/PA66) blends bymelt
extrusion. The morphology of PPO/PA66 nanocomposites with different amounts of OMMT was investigated using transmission
electronmicroscopy (TEM),wide-angle X-ray diffraction (WAXD), and scanning electronmicroscopy (SEM).TheOMMTplatelets
exhibited an exfoliated structure in the PA66 matrix and an intercalated structure on the surface of PPO domains at low OMMT
loading (2 phr). However, the exfoliated platelets in matrix were found to transform into intercalated stacks by adding 6 phr
of OMMT. The mechanical properties and thermal stability were significantly improved with the coexistence of exfoliated and
intercalated OMMT at low OMMT loading (2–4 phr). The exfoliated OMMT platelets imposed a confinement effect on the
macromolecular chains and thereby increased the storage modulus and complex viscosity of nanocomposites.

1. Introduction

Polymer/layered silicate nanocomposites have attracted great
attention because of their ability to improve thermal stability
and mechanical properties [1–5]. Organomontmorillonite
(OMMT) is reported to be efficient in modifying the mor-
phology ofmultiphase blends. Li et al. found that the selective
localization of organ clays in the PA6 phase can change the
viscosity ratio of multiphase polymer blends and prevent
the coalescence of dispersed domains [6–8]. Since OMMT
is a layered filler, separating the layer into intercalated or
exfoliated structures is vital for property improvement [9, 10].
Moreover, the shape of nanoparticles shows a significant
effect on the rheology and strength of nanocomposites [11,
12]. The microstructure of nanocomposites, especially for
multiphase blends, depends drastically on the surface mod-
ification of filler and presence of compatibilizer. Therefore,

functional groups are utilized to modify the surface of
montmorillonite for higher layer spacing [13, 14].

In this study, OMMT is introduced to improve the
mechanical and thermal properties of poly(2,6-dimethyl-
1,4-phenylene oxide)/polyamide-66 (PPO/PA66) blends.The
PPO/PA66 blends inherit the high chemical resistance and
processability of PA66 andmaintain the dimensional stability
and good thermal properties of PPO. However, PPO/PA66
blends are restricted by high immiscibility due to the high
interfacial tensions and the large differences in polymer
polarities [15–19]. The properties of PPO/PA66 blends are
strongly decided by themorphology and interfacial adhesion.
However, the high viscosity ratio and incompatibility endow
PPO/PA66 blends with poor mechanical properties with the
absence of additives. Reactive compatibilization is an efficient
way to strengthen interaction between components and to
obtain blends or compositeswith desirable properties [20, 21].
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PA66/PPO blends with smaller particle size and better
mechanical properties could be prepared with the addition
of copolymers containing maleic anhydride (MA) or gly-
cidyl methacrylate (GMA) [22–26]. Moreover, the rigidity of
both components necessitates the introduction of elastomers
and rubbers into PPO/PA blends, such as styrene-butylene-
styrene block copolymer (SBS), styrene-ethylene-butylene-
styrene block copolymer (SEBS), and ethylene-propylene-
diene terpolymer (EPDM) [27, 28]. Unfortunately, the tough-
ened blends are restricted by low strength and low thermal
stability, which are undesirable for engineering application
[29–31].

In this work, PPO/PA66/OMMT nanocomposites were
prepared with PPO grafted with MA (PPO-g-MA) serving
as a compatibilizer and SEBS as an impact modifier. The
relationship between OMMT loading and its microstructure
was investigated via wide-angle X-ray diffraction and trans-
mission electron microscope. The effects of compatibilizer
on morphological structure of nanocomposites were further
discussed. The main objectives of this study were to investi-
gate the effects of OMMT dispersion on phase morphology,
mechanical properties, thermal stability, and rheological
properties of PPO/PA66/OMMT nanocomposites.

2. Experimental

2.1. Materials. PPO (LXR45) and PA66 (EPR27) were pur-
chased from Shenma Industrial Co. and China National
Bluestar Co., respectively. SEBS (Kraton G1651) was made
by Shell Chemical Co., which contains 29wt% styrene and
number-averagedmolecularweight of 29,000 in the PS blocks
and 116,000 in the EBblock.MAanddicumyl peroxide (DCP)
(analytical grade reagents) were supplied by BeijingChemical
Industry Group Co. Organomontmorillonite (Nanocor I.34
TCN, density 52.00 g/cm3) was modified with methyl dihy-
droxyethyl hydrogenated tallow ammonium.

2.2. Sample Preparation. PPO was grafted with MA as com-
patibilizer via reactive melt extrusion. Briefly, powders of
PPO, MA, and DCP were premixed at a ratio of 100/2/0.1 in a
homogenizer at 70∘C for 10min.Themixturewas extruded by
a Coperion twin-screw extruder (ZSK 26Mc) at 180/260/270/
290/290/290/290/280∘C and a screw speed of 120 rpm. This
graft reaction was studied by Fourier transform infrared
spectrometry (FTIR) analysis and titration analysis. The
grafted MA content in PPO-g-MA was about 0.5–0.6 wt%.

All thematerials were dried at 80∘C for 12 h and premixed
for 5min before extrusion. The melt compounding was
carried out on a self-designed trangle with a screw diameter
of 35.2mmand a length-diameter ratio (L/D) of 28.The screw
speed was maintained at 200 rpm and the barrel tempera-
ture was 240–285∘C. Moreover, the compatibilized ternary
blend (PPO/PPO-g-MA/PA66/SEBS = 25/25/50/5; marked
as T) and nanocomposites with different OMMT con-
tents (PPO/PPO-g-MA/PA66/SEBS/OMMT = 25/25/50/5/x;
marked as N-x) were prepared for comparison.The extruded
blends or nanocomposites were dried in a vacuum oven at
80∘C for 8 h and then molded into standard specimens by

a HAITIAN SA900/260 injection molding machine, which
operated at the barrel temperature of 270/280/285/290/280∘C
and injection pressure of 60MPa.

2.3. Characterization. Pure OMMT, N-2, N-4, and N-6 were
characterized on anEmpyreanwide-angle X-ray diffractome-
ter (WAXD; PANalytical, Netherlands) at𝜆 = 0.154 nm, 4 kW,
2𝜃 = 1–30∘. The scanning speed was 5∘/min with a step of
0.025∘.

The dispersion of OMMT in blends was investigated
using a Hitachi H-800 transmission electron microscope
(TEM) at an accelerating voltage of 200 kV.Thenanocompos-
ites were ultramicrotomed to ∼100 nm thick samples using
a LECIA EMUC7. The samples were stained by osmium
tetroxide (OsO4) for 30min.

The morphology was observed under a Quanta 250
FEG scanning electron microscope (SEM). All the injected
samples were kept in liquid nitrogen for some time and
brittle-fractured.The surfaceswere etched in chloroformover
8 h for selective dissolution of PPO. Moreover, some of the
samples were etched with boiled n-hexane for 3 h for removal
of SEBS phase. The etched surfaces were kept in vacuum at
80∘C for 8 h and then gold-coated before observation. The
number-averaged particle diameter 𝐷𝑛 and volume average
particle size𝐷V of the dispersed phase were analyzed with an
image analyzer (Image J 1.41) and calculated according to the
following:

𝐷𝑛 =
∑𝑁𝑖𝐷𝑖
∑𝑁𝑖
,

𝐷V =
∑𝑁𝑖𝐷

4
𝑖

∑𝑁𝑖𝐷
3
𝑖

,

(1)

where 𝑁𝑖 is the number of particles with diameter 𝐷𝑖. The
number of particles in this study was 300–400 per sample.

Notched impact strengths (ISO-179-2010) were measured
using a pendulum impact tester (ZBC 1400-2, Shenzhen
Sans Co.) at room temperature, and the impact energy
was 4 J. The tensile (ISO-8256-2005) and flexural (ISO-178-
2010) properties were measured with a universal testing
instrument (XWW,Chengde JinjianCo.) at a crosshead speed
of 50mm/min and 2mm/min, respectively.

Dynamicmechanical thermal properties of nanocompos-
ites were investigated using a DMA 242 (Netzsch, Germany),
with a specimen dimension of 16 × 12 × 5mm3. The sample
was heated from −20∘C to 250∘C at a heating rate of 3∘C /min.
A frequency of 1Hz was used after optimization of the static
and dynamic forces.

Thermogravimetric analysis (TGA)was performed under
nitrogen flow from40 to 800∘Cwith heating rate of 10∘C /min
by using a TA TGA Q50 thermal analyzer.

Dynamic rheological properties of nanocomposites were
determined with a HAAKE MARS-III rotational rheometer
(parallel-plate geometry; diameter = 20mm; gap = 1mm) in
a nitrogen environment. Frequency sweeping was performed
at 280∘C at a frequency range of 0.01–100 s−1, with a strain of
1%.
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Figure 1:WAXDpatterns ofOMMTand nanocompositesN-2, N-4,
and N-6: (a) original patterns; (b) magnified patterns.

3. Results and Discussion

3.1. Dispersion of OMMT in PPO/PA66. The location and
dispersion of OMMT in multiphase blends are vital for
property improvement of nanocomposites. The exfoliation
and microstructure of OMMT in PPO/PA66 blends were
investigated via WAXD and TEM.

WAXD patterns of OMMT and its nanocomposites are
shown in Figure 1. The peak (001) and its higher order
diffractions, for example, (002) and (003), of pure OMMT
(dashed line in Figure 1) are at 2𝜃 = 4.91, 14.67, 19.80∘,
respectively, which correspond to basal spacing of 1.80,
0.60 and 0.44 nm, respectively, according to Bragg’s law
(𝜆 = 2𝑑 sin 𝜃, where 𝑑 is the layer spacing; 𝜆 is the X-
ray wavelength). Compared with pure OMMT, the (001)
peaks of nanocomposites N-2, N-4, and N-6 all shift leftward
to a lower angle (about 4∘), while the corresponding 𝑑
increases to 2.2 nm. For each nanocomposite, 𝑑 of the (002)
and (003) peaks increases to 0.65 nm (2𝜃 = 13.73∘) and
0.46 nm (2𝜃 = 19.25∘), respectively. It is indicated that
some molecular chains are intercalated between the stacked
OMMT layers, so intercalated composites are obtained.These
phenomena are attributed to the strong affinity between the
anhydride group and OMMT surface and/or the hydroxyl
groups of PPO and the ammonium surfactant [32–34].
Furthermore, this result may be caused by the separation
of OMMT galleries under the shear flow of extruder. How-
ever, the gallery spacing is reduced with the increase of
OMMT concentration. For N-6, a broad (001) peak appears
around 4.5∘, corresponding to 1.91 nm. The reason is that
the polymer-OMMT interactions at high clay concentration
are dominated by the van der Waals force, which limits the
expansion of OMMT galleries [9]. Meanwhile, the preserva-
tion of the three diffraction peaks indicates that a significant
amount of OMMT remained in the layered form after melt
extrusion.

To further explore the dispersion of OMMT and the
microstructure of nanocomposites, we investigated the mor-
phologies of N-2, N-4, and N-6 using TEM (Figure 2). The
dark line is the stack ofOMMTplatelet and the dark part with
small domains is the PPO phase, while the matrix is the PA66
phase. At the loading of 2 phr of OMMT, it is noteworthy
that silicates are located at both the PA66 matrix and the
PPO-PA66 interfaces. In the PA66 matrix, OMMT shows
a disruption of platelet with a uniform platelet separation.
This indicates an exfoliated structure of OMMT platelets.
Moreover, the platelets exhibit an intercalated structure on
the surface of PPO/PA66 blends. These results suggest that
the intercalated structure and the exfoliated structure coexist
and are selectively located in nanocomposites (Figure 3).
With PPO-g-MA as the compatibilizer, the strong affinity
between MA group and OMMT surface makes the interca-
lated silicates locate at the PPO-PA66 interfaces [32, 33]. Due
to the barrier effect of the interfacial platelets, the OMMT
could effectively prevent the coalescence of dispersion.

When the OMMT loading increases to 4 phr, a similar
dispersion of OMMT was observed, and a bit of small stacks
appeared in the PA66 matrix. This phenomenon indicated
that the surface of the PPO droplets was saturated with the
OMMT platelets. At high OMMT concentration (N-6), the
number of stacks in the matrix increased apparently. The
exfoliated OMMT platelets were found to transform into
intercalated stacks in PA66 matrix. These agglomerates of
OMMT could cause premature fracture in mechanical test
which is discussed in Section 3.2.

3.2. Morphology of the Nanocomposites. Figure 4 illus-
trates the morphologies of the etched fracture surfaces of
PPO/PA66 blend and its nanocomposites.The black domains
indicate the extracted PPO phase. With PPO-g-MA as an
effective compatibilizer, the interfaces between PPO and
PA66 in blend T are vague and uneven. Nevertheless, the
PPO domain has a wide particle size distribution, which is
attributed to the high viscosity ratio of PPO/PA66. Compared
with blend T (𝐷𝑛 = 0.79 𝜇m), the nanocomposites N-2, N-4,
and N-6 show smaller PPO domains (0.65, 0.61, and 0.69𝜇m,
resp.). However, the PPO domain size is not significantly
affected by the increase of OMMT loading.

These phenomena are attributed to the variation of
OMMT distribution and location on the morphology of
PPO/PA66 blends. As OMMT exhibited exfoliated struc-
ture in the PA66 matrix, the viscosity ratio of PPO/PA66
decreases significantly, which is beneficial for the breakdown
of dispersed droplets [32]. Moreover, the interfacial presence
of intercalated OMMT exerts a barrier effect (Figure 3),
which prevents the coalescence of PPO domains. As for
nanocomposite N-6, the thick OMMT stacks play a limiting
role in preventing the coalescence of dispersion, so the
domain size of PPO increases at high OMMT loading.

3.3. Mechanical Properties. The mechanical properties of
polymer blends are dominated by their morphological struc-
tures. The relationship between notched impact strengths
and particle size with increasing OMMT content is shown
in Figure 5. The impact strength of nanocomposites is first
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Figure 2: TEM micrographs of PPO/PA66 nanocomposites: (a1) N-2; (a2) high magnification of (a1); (b1) N-4; (b2) high magnification of
(b1); (c1) N-6; (c2) high magnification of (c1).

PA66

PA66Maleic anhydride

PPO/PPO-g-MAH

OMMT

Methyl dihydroxyethyl
hydrogenated tallow
ammonium

Intercalation Exfoliation

+

Figure 3: Schematic diagram for dispersion of OMMT in
PPO/PA66 nanocomposite.

improved and then weakened dramatically with the increase
of OMMT content. This phenomenon is attributed to the
changes of OMMT morphology and droplet diameter, by

which the smaller particle size could significantly enhance the
multiphase interaction and reduce the stress concentration
in blends. Nevertheless, with the increase of OMMT loading
(N-6), the appearance of OMMT stacks in the PA66 matrix
aggravates the stress concentration which would accelerate
the fracture in impact test.

As shown in Figure 6, both tensile strength and flexural
strength are sharply improved with the addition of OMMT.
This improvement is due to the exfoliated OMMT which
increases the rigidity of the PA matrix. However, the tensile
strength of nanocomposites decreased dramatically at high
OMMT loading. The reason is that the presence of OMMT
stacks in PA66 matrix would induce defects during tensile
tests, resulting in the decrease of tensile strength. These phe-
nomena illustrate that the dispersion of OMMT significantly
affects the mechanical properties.

For modification of PPO/PA66 blends, it is difficult to
keep a balance between the toughness and strength of the
immiscible system. In this study, the impact strength, tensile
strength, and flexural strength of PPO/PA66 composites are
all significantly improved with an appropriate addition of
OMMT. To further explore the effect of OMMTmorphology
on mechanical properties improvement, we observed the
morphology of brittle-fractured surfaces of N-2 etched by
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Figure 4: SEM micrographs of PPO/PA66 blends and nanocomposites: (a) T; (b) N-2; (c) N-4; (d) N-6.
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Figure 5:The relation of notched impact strengths and particle size
for PPO/PA66 nanocomposites.

n-hexane, which could selectively remove the SEBS phase.
As shown in Figure 7, SEBS is mainly located in the PPO
phase, which is ascribed to the high compatibility between PS
block and PPO. According to a previous study, the PPO/SEBS
(90/10) blend has excellent impact strength of 33.5 KJ/m2,
which indicates that the dispersed domains act as toughened
particles in toughening of PA66 matrix. Meanwhile, the
polar OMMT is highly affinitive to both polar PA66 and
the MA group in the PPO phase [7, 32]. Thus, the interca-
lated OMMT at the PPO-PA66 interface could enhance the
interfacial adhesion and reduce the phase separation, thereby
improving the impact strength. Furthermore, the exfoliated
OMMT leads to a confinement effect to PA66 chains, which
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Figure 6: Tensile strengths and flexural strengths of PPO/PA66
nanocomposites with addition of OMMT.

Figure 7: SEM micrographs of brittle-fractured surfaces of
nanocomposite N-2 etched by n-hexane.
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Table 1:The data of DMTA for PPO/PA66 blend and nanocompos-
ites.

Sample 𝐸 (Mpa, 0∘C) 𝐸 (Mpa, 150∘C) 𝑇𝑔 (
∘C)

PA66 PPO
T 1368.6 675.8 48.4 222.8
N-2 1712.8 781.8 51.8 213.4
N-4 1714.7 863.9 53.6 210.6
N-6 1635.1 968.6 52.2 209.4

enhances the rigidity of PA matrix. Therefore, the synergistic
effect between the intercalated structure and the exfoliated
structure in nanocomposites could efficiently improve both
toughness and strength.

3.4. Thermal Properties. The effect of OMMT on nanocom-
posite was investigated through dynamic mechanical ther-
mal analysis (DMTA) and thermogravimetric analysis. Fig-
ure 8(a) illustrates the temperature dependence of storage
modulus (𝐸) for PPO/PA66 blends and nanocomposites.
Two distinct decreases of 𝐸 occur with the temperature rise,
corresponding to the chain segment relaxation of PA66 and
PPO, respectively. The nanocomposites exhibit significantly
higher 𝐸 than PPO/PA66 blends over the test temperature
range (−20 to +250∘C) (Table 1). This result indicates that the
addition of OMMT reinforces both PA66 and PPO phases,
as the exfoliated and intercalated OMMT platelets impose a
significant constraint on the mobility of the PA66 and PPO
chain segments. However, 𝐸 of nanocomposite N-6 is lower
than those of N-2 and N-4 in the low temperature region,
indicating a decrease in rigidity of PA66 phase. It proves that
the presence ofOMMTagglomerates induces defects in PA66
matrix.

Table 2: Thermal data of PPO/PA66 blend and nanocomposites.

Sample 𝑇onset (5%) (
∘C) 𝑇max (

∘C) Residue at
600∘C (wt%)

T 452.8 391.6 1.71
N-2 455.8 397.5 7.75
N-4 457.5 396.8 9.78
N-6 459.8 400.6 11.56

The loss factors (tan 𝛿) of PPO/PA66 blends and
nanocomposites are shown in Figure 8(b). All samples have
two major peaks corresponding to the glass transition tem-
peratures (𝑇𝑔) of PA66 and PPO phases, respectively. The
peaks shift towards each other with the increase of OMMT
loading, which implies the improved compatibility between
the two phases. It is indicated that the higherOMMT loadings
of nanocomposites generate a higher volume of constrained
polymers, despite the greater exfoliation in lower-OMMT
samples.

The TGA data were analyzed to determine if the ther-
mal stability and thermal degradation were influenced by
the dispersion of OMMT. As shown in Figure 9, the
addition of OMMT is favorable for thermal properties
of PPO/PA66/OMMT nanocomposites. The presence of
OMMT resists against the destructive effect of high tem-
perature on macromolecular chains. Moreover, the thermal
stability of nanocomposites is improved gradually with the
increase of OMMT loading, which implies the type of
dispersion has no significant effect on the thermal properties.
Some representative TGA data are listed in Table 2.

3.5. Rheological Properties. The storage modulus (𝐺) and
complex viscosity (𝜂∗) of PPO/PA66 blend and its nanocom-
posites against the shear rate are shown in Figure 10. For
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Figure 9: (a) TGA decomposition and (b) derivative TGA curves of PPO/PA66 blends and nanocomposites.
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Figure 10: (a) Storage modulus (𝐺) and (b) complex viscosity (𝜂∗) patterns of PPO/PA66 blends and nanocomposites.

PPO/PA66 blends, 𝐺 and 𝜂∗ both are increased with the
addition of OMMT, especially at low frequencies. Generally,
the higher 𝐺 and 𝜂∗ correspond to a slower relaxation of the
macromolecular chains, which is consistent with the analysis
of thermal mechanical properties. The exfoliation of OMMT
platelets could change themicrostructure of nanocomposites,
leading to a sensitive response in the dynamic rheological
behavior. Moreover, the viscosity of N-2 is nearly overlapped
with that of the OMMT-free sample T at high shear rate,
which could significantly improve themechanical properties.
It means that PPO/PA66 blends with the coexistence of
exfoliated and intercalated OMMT could maintain both
mechanical properties and processability.

4. Conclusions

OMMT was introduced into PPO/PA66 blend to prepare
nanocomposites with excellent mechanical properties by
simple melt compounding. Under appropriate loading (2,
4 phr), OMMT shows an exfoliated structure in PA66 matrix
and an intercalated structure at the PPO-PA66 interfaces
with the presence of PPO-g-MA. This special microstruc-
ture lessens the dispersed particle diameter and improves
the interfacial adhesion, thus significantly enhancing both
toughness and strength. At high OMMT loading (6 phr),
the presence of OMMT agglomerates limits the mechanical
properties of PPO/PA66 composites.The addition of OMMT
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also improves the thermalmechanical properties and thermal
stability, thus expanding the engineering application of the
nanocomposites.The homogeneous exfoliated or intercalated
structure of OMMT significantly constrains the mobility of
both PA66 and PPO chain segments, thus increasing the
viscosity of nanocomposites. Overall, since the comprehen-
sive properties of PPO/PA66/OMMT nanocomposites are
significantly improved with the addition of OMMT, the
optimum content of OMMT is 2 to 4 phr.
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Polymers have been used in different areas. Recently, polymeric material is favored in analytical area due to its high performance
and high consistency, which was used in sample pretreatment in this study. Xylazine poisoning is often seen in body fluid samples
obtained from various accidents or suicides. However, the content of xylazine is difficult to detect precisely due to matrix effect
in testing practices. In this paper, a method application for phospholipid adsorption polymeric materials to determine xylazine in
blood and urine samples was proposed, developed, and validated. Compared with existing method, this method using polymeric
pretreatment has a wider linear range of 2.0–2000.0 ng/mL for xylazine and its metabolite 2,6-dimethylaniline in both blood and
urine and lower detection limits of 0.3 ng/mL for 2,6-dimethylaniline and xylazine in blood and 0.2 ng/mL for 2,6-dimethylaniline
and xylazine in urine. Therefore, this method is suggested to be applied in testing practices by academic groups and commercial
organizations.

1. Introduction

The variety of polymers gives different research area dif-
ferent opportunities to achieve different functions. In the
recent decades, natural polymers have beenmodified through
grafting to conquer their born defects, including the poor
solubility and poor mechanical properties [1–4]. Meanwhile,
synthetic polymers have been engineered so much to achieve
new functions, such as long-term antimicrobial polymers
[5]. More importantly, polymers have been regarded as the
most important component in composite material towards
stronger and smarter materials [6–9] and more precise and
more sensitive extraction materials [10, 11]. Especially in the
analytical field, polymers play an important role in separation
and purification when dealing with novel materials [12, 13]
and complicated biosamples [14]. Blood is a complex sample
that contains plasma, proteins, and other trace interferents
that can often cause matrix effect when using electrospray

ionization (ESI) technology. Therefore, the blood sample
preparation is a very important step in the analysis process.
In recent years, several new methods have been developed
and applied to blood sample preparation, for example, protein
and phospholipid removal plate; it has been used for the
targeted removal of phospholipids from blood samples. The
protocol can remove interferents in the blood as much as
possible, especially proteins and phospholipids, resulting in
lowered matrix effect and enhanced recovery. The operation
of the protocol is simple and convenient, which only needs to
conduct the protein precipitation inside the plate and then
push samples to flow through the absorber. The resultant
filtrate can be used directly in LC-MS detection.

Xylazine has been suggested to be used on various
kinds of animals, including dogs, cats, horses, and deer, for
antianxiety, sedative, and analgetic purposes [2]. The chem-
ical structure of xylazine resembles that of phenothiazines,
tricyclic antidepressants, and clonidine. Xylazine is a highly
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Figure 1: The structures of xylazine and DMA.

effective 𝛼-2 adrenergic stimulant, which can stimulate 𝛼-
2 receptors at the central nervous system. When those 𝛼-2
receptors are stimulated, the central nervous system reduces
the release of norepinephrine and dopamine, resulting in
the effects of tranquilizer, painkiller, and muscle relaxant.
Xylazine can also affect the cholinergic neuronal system, 𝛼-
1 adrenergic receptor, and histamine system [15]. It has been
reported that xylazine has been abused for its anesthetic effect
either purposely or accidentally in intoxication and criminal
cases [16, 17]. Human bodies will show symptoms such
as depressed central nervous system, depressed respiratory
system, bradycardia, or low blood pressure when intoxicated
with xylazine. The main xylazine biotransformation pathway
ismost likely thiazine ring break-down, and themain product
is most likely 2,6-dimethylaniline [15, 18]; the structure of
xylazine and 2,6-dimethylanilinewas showed in Figure 1. Due
to the qualitative detection ability, chromatography-mass
spectrometry has been widely used in biological samples [19–
22]. The cleanup and target extraction of blood and urine
samples have been achieved by different sample prepara-
tion methods, such as liquid–liquid extraction (LLE) and
solid phase extraction (SPE) [11, 22, 23]. Currently, xylazine
detection is usually chromatography or chromatography-
mass spectrometrymethods.The samples are usually animal-
derived foods such as honey and milk [24, 25]. For human
intoxications, the detection target is xylazine in blood [26,
27].

To validate this method and to create a reliable sample
preparation method quantitatively to determine the xylazine
and its metabolite in body fluids, in this paper, phospholipid
removal technology was applied in the detection of xylazine
and 2,6-dimethylaniline in body fluid sample. At the same
time, the results were verified through a comparisonwith LLE
and SPE.

2. Material and Methods

2.1. Chemicals and Reagents. Acetonitrile, methanol, diethyl
ether, n-hexane, ethyl acetate, dichloromethane (LC/MS
grade, Fisher Scientific, USA), and formic acid (chromatog-
raphy grade, ROE, USA) were used as received. Water
was purified using a Milli-Q water purification system
(Millipore, Billerica, MA, USA), Oasis MCX� (30mg/1mL;
Waters), Cleanert� SLE-AQ (30mg/1mL, Bonna-Agela Tech-
nologies, China), Ostro� 96 wells (30mg/1mL; Waters),
xylazine (high purity, 98.0%, J&K Chemical, China), and
2,6-dimethylaniline (high purity, 98.0%, J&K Chemical,
China) were used as received, blank blood was supplied by
Chongqing city blood center, and blank urine was supplied
by healthy laboratory researchers.

2.2. Preparation of Standards and QC Samples. 100mg/L
stock solutions of xylazine and 2,6-dimethylaniline were
prepared by dissolving 1.0mg chemicals in 10mL acetonitrile.
After preparation, stock solutions were stored at −20∘C until
use. Working solution mixtures were prepared by serial
dilution of the stock solutions with acetonitrile. Matrix-
matched calibration standards and QC samples are done by
spiking whole blood and urine with the appropriate volume
of the mixed working solution. The concentrations of the
matrix-matched calibration standards were 2, 5, 10, 50, 100,
500, and 2000 ng/mL and three QC samples at 5, 50, and
500 ng/mL were prepared for whole blood and urine.

2.3. Instrumentation. LC-MS/MSwas performed using a Shi-
madzu 20A series liquid chromatograph (Shimadzu Corp.,
Japan) equipped with AB2000 triple quadrupole mass spec-
trometry (AB Sciex Pte. Ltd., USA). Chromatographic sep-
aration was achieved on a Waters Atlantis dC18 (150mm
× 3.9mm, 5𝜇m) LC column; temperature: 40∘C, sample
size: 20𝜇L, and flow rate: 0.5mL/min. Mobile phase A is
an aqueous solution containing 0.1% formic acid. Mobile
phase B is acetonitrile solution containing 0.1% formic acid;
the mobile phase is programmed to run in the following
sequence: 0-1min A content is 90%, 2-3min A content is
decreased from 90% to 5%, 3–6min A content is 5%, 6-7min
A content is increased from 5% back to 90%, and 7-8min A
content is 90%.

The electrospray ionization (ESI) conditions for analyte
were as follows: nitrogen was used as nebulizing gas (GS
1, 65 psi), turbo spray gas (GS 2, 65 psi), and curtain gas
(20 psi). The collision-activated dissociation (CAD) was set
to medium level, while the ion spray voltage was at 4000V.
The dwell time was set at 0.1 seconds, and theMass Spectrum
scanned in positive ion mode.

Simultaneous detection of all glycerophosphocholines
(GPCho’s) using Mass Spectrum detection was based on
Little et al. [27]. The Mass Spectrum parameters for AB2000
triple quadrupole mass spectrometry have been optimized
by employing a declustering potential, entrance potential,
collision energy, and collision cell exit potential of 180, 10,
7, and 5V, respectively. The mass transition of 𝑚/𝑧 184.2 →
184.2 was monitored in the positive ion electrospray mode.

2.4. Sample Preparation

2.4.1. SPE. Solid phase extraction was described in the
previous publications [11, 28]. A 100 𝜇L sample was mixed
with 200𝜇L of 2% formic acid and then was vortexed for
10 s and subjected to SPE. The sample mixture was extracted
by Oasis MCX SPE cartridge. The cartridge was activated
subsequently by 1mL methanol and 1mL 2% formic acid
acidified water right before use. Cartridges were eluted with
2mL of 2% ammonia in methanol and then dried under a
stream of heated nitrogen at 40∘C. Finally, the residues were
reconstituted in 100 𝜇L initial mobile phase solution. A 20𝜇L
solution was injected into the LC-MS/MS system for analysis.

2.4.2. SLE. A 100 𝜇L sample was mixed with 200𝜇L deion-
ized water and then was loaded onto a Cleanert SLE-AQ
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cartridge. A minimum positive pressure was applied to
facilitate the sample absorption into the cartridge in less
than 10 s. After the analytes were allowed to equilibrate
with the sorbent for 10min, the analytes were eluted with
1.5mL of extraction solvent each time for three times. The
extraction solvent was eluted by applying a slightly positive
pressure from the top and then evaporated to dryness under
a stream of heated nitrogen at 40∘C. Finally, the residues were
reconstituted in 100 𝜇L initial mobile phase solution. A 20𝜇L
solution was injected into the LC-MS/MS system for analysis.

2.4.3. Protein and Phospholipid Removal Cartridge. Avolume
of 300 𝜇L of acetonitrile was transferred to an Ostro 96-well
cartridge and then 100 𝜇L plasma was added to the cartridge.
The Ostro 96-well cartridge was then manually closed and
vortexed. After short moderate mixing, the cartridge was
applied to positive pressure and the filtrate was collected
into a plastic tube (2mL Axygen). At this point, the filtrate
was ready for immediate LC-MS/MS analysis, but to make
this method comparable with the other methods with higher
sensitivity, it was concentrated by drying under a nitrogen
stream at 40∘C and reconstitution in 100 𝜇L of initial mobile
phase solution. A 20 𝜇L solution was injected into the LC-
MS/MS system for analysis.

2.5. Method Validation. Matrix-matched calibration curves
were constructed by plotting the peak area (𝑦) versus the
nominal concentration of the calibration standards (𝑥).
The linearity of calibration curves was evaluated by fitting
calibration curves by weighted least-squares linear regression
with a weighting factor of 1/𝑥. Selectivity was investigated
by averaging results from five blank samples. The limit of
detection (LOD) was set at the lowest concentration yielding
at least three signal-to-noise (𝑆/𝑁) ratios with an acceptable
chromatographic peak shape. The limit of quantification
(LOQ)was the lowest concentrationwith an 𝑆/𝑁 ratio greater
than 10.

The recovery and matrix effect were evaluated by repeat-
ing 6 analyses at 3 QC samples (5, 50, and 500 ng/mL). The
recovery was calculated by dividing the average peak area of
the analyte spiked before extraction by the average peak area
of the analyte spiked after extraction. The matrix effect was
estimated by dividing the average peak area of the analyte
spiked after extraction by average peak area derived from the
neat standards.

Inaccuracy was determined as the percentage deviation
of the average of the results from the corresponding nominal
value. Imprecision was expressed as the percent relative
standard deviation (% RSD). Intraday precision assays were
determined by analyzing QC samples (5, 50, and 500 ng/mL)
on the same day (𝑛 = 6).

3. Results and Discussion

3.1. Optimization of SPE Method. In current studies, three
different extraction methods, SPE, SLE, and protein and
phospholipid removal, were chosen for comparison. SPEwith
Oasis MCX polymeric sorbent cartridge, SLE with Cleanert
SLE-AQ cartridge, and protein and phospholipid removal
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Figure 2: Effect of different SPE cartridges on the recoveries of
xylazine and DMA.

cartridge with Ostro 96-well cartridge were investigated
during the method development. The extraction efficiencies
of these three different extraction methods were evaluated by
extracting human blood with 100 ng/mL target addition. As
shown in Figure 2, the extraction efficiencies for xylazinewith
SLE were improved significantly when using ethyl acetate
as an eluting solution; the recovery increased from 20% to
95%. However, all five eluting solutions used were not able
to extract 2,6-dimethylaniline effectively; the recovery was
only from 7% to 75%. The extraction efficiencies for xylazine
and 2,6-dimethylaniline with SPE according to the literature
[17] were 81% and 75%. In contrast, the extraction efficiencies
for xylazine and 2,6-dimethylaniline with Ostro 96-well
cartridge are 106% and 103%, respectively. It is obvious to
draw the conclusion that Ostro 96-well cartridge has the
highest extraction efficiency based on the above comparison.
Therefore, Ostro 96-well cartridge was employed to treat
the sample. Ostro 96-well protein and phospholipid removal
cartridge facilitated protein precipitation technology for the
targeted removal of phospholipids from plasma and serum
samples, which was fast, simple, and less time and sample
consuming and could significantly reduce the matrix effect.
According to the results obtained by Bruce et al. [29], ace-
tonitrile has better protein removal efficiency than methanol
in blood samples.The addition of 0.1% formic acid to acetoni-
trile is also beneficial for the protein removal.The parameters
evaluated in method development need to be optimized for
the volume ratio of acetonitrile to blood. Four different ratios
of organic solvent to blood were tested: 1 : 1, 2 : 1, 3 : 1, and
4 : 1 (v/v). 100 𝜇L of blood was used as a blood sample. When
the acetonitrile to blood ratio was 1 : 1, the sample solution
is thickened, but there is no protein precipitation. When the
ratio was increased to 2 : 1, the protein recoveries were 87%
and 81% for xylazine and 2,6-dimethylaniline, respectively,
suggesting the proteins were not precipitated completely.
When the acetonitrile to blood ratio was further increased
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Figure 3: GPCho’s profiles of three different extraction methods.

to 3 : 1 or 4 : 1, the recoveries for both xylazine and 2,6-
dimethylaniline were close to 100%. Taking the sensitivity
into account, the dilution factor of samples should be as little
as possible. Thus, a ratio of 3 : 1 was used.

Glycerophosphocholines (GPCho’s) are known to cause
liquid chromatography-mass spectrometry/mass spectrome-
try (LC-MS/MS)matrix ionization effects during the analysis
of blood samples. To evaluate the phospholipid removal per-
formance of three methods, in source collision, induced dis-
sociation [30] was employed to monitor the major GPCho’s
causing matrix effect. Blood samples pretreated by the pro-
posed three methods and their 184.2-184.2 ion couples were
monitored by MRM method under the same LC condition.
The resultant profile is shown in Figure 3. It is apparent
that the phospholipid profiles after different pretreatments
differ significantly. As indicated in retention time 2–4min,
phospholipids removal by Ostro cartridge is more efficient
than the other two methods, although phospholipids are not
completely removed. Also, there are no phospholipid peaks in
themass spectra in the 6.5–7.5min range of blood sample pre-
treated byOstro cartridgemethod. In contrast, blood samples
pretreated by SPE and SLEmethods show apparent phospho-
lipid peaks. Thus, it can be concluded that the phospholipid
removal efficiency is in the following order: Ostro cartridge >
SPE> SLE.Ostro cartridge has the best phospholipid removal
and lowestmatrix effect, which significantly enhances the tar-
get recovery and accuracy. Also, it can provide other potential
benefits such as longer LC column lifetime due to the lowered
phospholipid content. Regarding pretreatment time, Ostro
cartridge method requires the shortest time among the three
since it only needs filtration, while SPE requires multiple
step procedures to activate and rinse the extraction column
and SLE requires a waiting time of 5–10 minutes to reach
equilibrium. In other words, Ostro cartridge method is the
best among the three for high-throughput sample processing.

3.2. Optimization of Chromatographic Separation. Mobile
phase composition and addition would affect the targets
separation and ionization efficiencies. Two organic solvents,
methanol and acetonitrile, asmobile phases were investigated
for the effect of mobile phases on the retention time and peak
shapes. When methanol was used as mobile phase, the peak
showed an apparent tail and its base had been widening. It
had longer retention time too. In contrast, the peak shape
improved, and retention time is shorter when acetonitrile
was used as mobile phase, at the expense of baseline noise.
The amine groups on xylazine and 2,6-dimethylaniline could
facilitate ionization under acidic conditions. 0.05%, 0.10%,
and 0.15% formic acid were added into mobile phase to
study the sensitivity of target compounds at various acidities.
The results (not shown) suggested the highest sensitivity at
0.10% formic acid. There was no significant improvement in
sensitivity when increasing formic acid concentration from
0.10% to 0.15%. The addition of formic acid into acetonitrile
mobile phase greatly improved the sensitivity of both xylazine
and 2,6-dimethylaniline, which was more than enough to
offset the baseline noise.Thus, the mobile phase composition
was selected to be 0.10% formic acid in acetonitrile and water.
Such mobile phase, with gradient elution, could be helpful to
improve the peak shape and enhance ionization efficiencies.

3.3. Optimization of MS Detection. The amine functional
groups on both target compounds could be easily protonated
at lower pH environments, making the two target com-
pounds suitable to be analyzed under positive ion mode. 2,6-
Dimethylaniline and xylazine protonatedmolecules [M+H]+
were observed in the full spectra MS scan under positive
mode at𝑚/𝑧 122 and𝑚/𝑧 221, respectively, when tuned with
a single standard solution. After the affirmation of precursor
ions, more than two products should be chosen when using
LC-MS analysis.

Then MS/MS scan was performed to each precursor
ion; the major fragments of 2,6-dimethylaniline were at 𝑚/𝑧
105 and 𝑚/𝑧 77, which were selected to construct MRM
transitions with precursor ion at 𝑚/𝑧 122 (Figure 4(a)). Five
major fragments of xylazine were observed at 𝑚/𝑧 164, 𝑚/𝑧
147,𝑚/𝑧 121,𝑚/𝑧 105, and𝑚/𝑧 89 (Figure 4(b)) [25]. Last but
not least, MRM transitions with𝑚/𝑧 164 and𝑚/𝑧 89 for𝑚/𝑧
211 were selected tomonitor in the determination of xylazine.
The addition of formic acid into mobile phase could enhance
ionization efficiencies, target responses, and sensitivities.The
optimized parameters, includingDP,CE, andCXP,were listed
in Table 1.

3.4.Method Validation. In theMRMmode, the high selectiv-
ity for the determination of xylazine and 2,6-dimethylaniline
in blood and urine samples was found. The typical MS/MS
spectra of spiked blood and urine samples and the blank
blood and urine samples are depicted in Figure 5. No
additional peaks due to endogenous substances that could
have interfered with the detection of xylazine and 2,6-
dimethylaniline were observed. The LODs were 0.3 and
0.2 ng/mL for xylazine and 2,6-dimethylaniline in blood and
urine. The LOQs were 1.0 and 0.6 ng/mL for xylazine and
2,6-dimethylaniline in blood and urine in Table 2. Standard



International Journal of Polymer Science 5

Table 1: MS parameters of xylazine and DMA.

Compound MW Precursor/production DP (eV) CE (V) CXP
Xylazine 220 221/164, 221/89∗ 40/40 35/34 8/5
DMA 121 122/105∗, 122/77 30/30 23/31 6/6
∗The quantification production.
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Figure 4: The MS scan spectrum of DMA (a) and xylazine (b).
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calibration curves were linear over the curve range between
2 and 2000 ng/mL in blood and urine for both xylazine and
2,6-dimethylaniline; the linear regression equations were in
Table 2.

Recovery precision andmatrix effect (ME)were repeating
analysis for each QC sample 6 times. The QC samples were
solutions containing 5, 50, and 500 ng/mL target compounds.
The results are summarized in Table 2. The extraction
recovery rates were consistent and greater than 93.8%, which
indicated that protein and phospholipid removal cartridge
was optimal for xylazine and 2,6-dimethylaniline. The pre-
cision, assessed by the relative standard deviation (RSD) for
the replicate analysis, was typically less than 9%.

Since the selectivity of the HPLC-MS/MS method could
be affected by matrix effects by the sample matrix and inter-
ferences from compound metabolites, matrix effects are

investigated to develop a more specific and reliable method.
The matrix effect ranged from 101.1 to 108.2% for both ana-
lytes. This result suggested that ion suppression or enhance-
ment from the blood and urine matrix was negligible under
the current treatment method. With a low matrix effect and
consistent and reproducible recovery, this assay has proved to
be reliable for bioanalysis.

3.5. Application to Actual Samples. A 36-year-old woman
ingested a certain amount of xylazine after a quarrel with her
husband and became unconscious. She was immediately sent
to the hospital when her family discovered and was found
dead at the time of arriving at hospital. A heart blood sample
was collected from the subject for toxicological analysis;
xylazine and 2,6-dimethylaniline were confirmed and quan-
tified at 267 ng/mL and 451 ng/mL in the whole blood sample.
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4. Conclusions

In this study, anHPLC-MS/MSmethod for the quantification
of xylazine and 2,6-dimethylaniline in blood and urine sam-
ples was developed and validated. A rapid, sensitive, specific,
selective, and reproducible assay was developed. Also, the
assay required small sample size and simple protein and phos-
pholipid removal cartridge extraction without additional
procedures.The sensitivemethodwas successfully applied for
the detection of xylazine and 2,6-dimethylaniline in a blood
sample for clinical diagnosis and forensic toxicology.
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This paper advances “nanodeserts” as a conjecture on the possibility of developing the hierarchical structured polymeric
nanomaterials for enhancing abiotic CO

2
fixation in the soil-groundwater system beneath deserts (termed as quasi-photosynthetic

CO
2
absorption). Arid and semiarid deserts ecosystems approximately characterize one-third of the Earth’s land surface but play

an unsung role in the carbon cycling, considering the huge potentials of such CO
2
absorption to expand insights to the long-

sought missing CO
2
sink and the naturally unneglectable turbulence in temperature sensitivities of soil respiration it produced.

“Nanodeserts” as a reconciled concept not only indicate a conjecture in nanotechnology to enhance quasi-photosynthetic CO
2

absorption, but also aim to present to the desert researchers a better understanding of the footprints of abiotic CO
2
transport,

conversion, and assignment in the soil-groundwater system beneath deserts. Meanwhile, nanodeserts allow a stable temperature
sensitivity of soil respiration in deserts by largely reducing the CO

2
release above the deserts surface and highlighting the abiotic

CO
2
fixation beneath deserts. This may be no longer a novelty in the future.

1. Introduction

Attempts to account for the global atmospheric CO
2
fluxes by

quantifying CO
2
sources and sinks have provided evidence of

an unneglectablemissingCO
2
sink [1–3].There are numerous

studies that claimed to find the “missing sink,” but none
of those claims has been widely accepted [4, 5]. Recently,
the reports of carbon uptake by arid and semiarid desert
ecosystems revealed rates of carbon uptake in many forests
(i.e., the CO

2
absorption rate is up to the photosynthetic

absorption level) and focused research attention on arid and

semiarid deserts ecosystems as the location of the long-
sought “missing CO

2
sink” [6–13], which was termed as

quasi-photosynthetic CO
2
absorption [6]. There is strong

evidence suggesting that absorbed CO
2
significantly con-

tributes to the total soil CO
2
flux [7–10]. Arid and semiarid

deserts ecosystems approximately characterize one-third of
the Earth’s land surface and play unsung role in the carbon
cycling [9]. But where the absorbed CO

2
has gone remains

undetermined [11, 12]. A latest publication claimed that such
absorption can be attributed to geochemical CO

2
dissolution

in saline aquifers beneath deserts [9], but the intensity of
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CO
2
dissolution and absorption and the extent to which

it modulates the global C balance are still a matter of
controversy [9, 13, 14].

Differential, difference, and dynamic equations are used
for quantitative analysis in the engineering and natural
sciences [15–18]. This suggests us trying to develop some
differential equations to describe the dynamics of CO

2
disso-

lution and absorption beneath deserts. Since absorbed CO
2
is

largely dissolved in saline aquifers [9, 10], the dynamic equa-
tions for groundwater dissolved in CO

2
(DIC) are representa-

tive for both dissolution and absorption. Before thismodeling
work, the possible difficulties and uncertainties must be
theoretically analyzed. Particularly, the quasi-photosynthetic
CO
2
absorption as a component of soil respiration in deserts

is abound to produce turbulence in temperature sensitivities
of soil respiration. The first estimate of the absorption
intensity is very promising [12], but a subsequent challenge
is how to reduce the CO

2
release above the deserts surface

and enhance the abiotic CO
2
fixation beneath deserts. Oth-

erwise, the abiotic CO
2
fixation cannot be utilized [19–22].

Hierarchical structured polymericmaterials, benefitting from
nanotechnology enhancement, exhibited superior adsorp-
tion selectivity, high adsorption capacity, water tolerance,
and low energy consumption with respect to physisorption,
holding great promise for CO

2
capture, and the capture

can consequently, maybe, employed in the future utilization
and enhancement of quasi-photosynthetic CO

2
absorption

beneath deserts. Considering the rapid development of nan-
otechnology and the wide applications hierarchical struc-
tured polymeric materials [23, 24], it can be conjectured
that there are opportunities for the innovative design of
self-assembling polymeric materials for the separation of
aboveground CO

2
release and underground CO

2
fixation.

This paper hypothesizes that in the future it is possible
to develop some hierarchical structured polymeric materials
to enhance quasi-photosynthetic CO

2
absorption in deserts

and advance “nanodeserts” as a conjecture in nanotechnology
for modulating abiotic CO

2
fixation in the soil-groundwater

system. To illustrate the necessity for introducing this con-
cept, the influences of quasi-photosynthetic CO

2
absorption

on temperature sensitivities of soil respiration are explicitly
analyzed. A perspective Riccati Equation for the quasi-
photosynthetic CO

2
absorption in the soil-groundwater sys-

tem is established, providing that the hierarchical structured
polymeric materials physically reduce the soil surface CO

2

release and enhance the abiotic CO
2
fixation beneath nan-

odeserts and allow a stable temperature sensitivity of soil
respiration in deserts and a reliable quantification of CO

2

absorption intensity on regional and global nanodeserts.

2. Materials and Methods

2.1. Data Sources. “Nanodeserts” are a conjecture on the
possibility of developing hierarchical structured polymeric
materials to enhance abiotic CO

2
fixation in the soil-

groundwater system, where nanoporous materials are sup-
posed to be able to largely reduce the CO

2
release from

the surface of the soil-groundwater system and enhance the
quasi-photosynthetic CO

2
absorption beneath nanodeserts.

Figure 1: SEM image of polyethylenimine (PEI) nanofibers, loading
with BiOCl nanoparticles.

N
um

be
r (

%
)

Size (𝜇m)

0

5

10

15

20

25

0 654321

Figure 2: SEM image of polyethylenimine (PEI) nanofibers, loading
with BiOCl nanoparticles.

As a particular example, the higher-resolution SEM images
of polyethylenimine nanofibers (Figures 1, 2, and 3; loading
with BiOCl nanoparticles) were collected. The morphology
was evaluated via scanning electronmicroscopy (SEM,Model
SU8010, Hitachi Co., Ltd.).

To highlight the necessity for this conjecture, the potential
influences of the quasi-photosynthetic CO

2
absorption on

the temperature sensitivities (𝑄
10
) of soil respiration (𝑅

𝑠
) are

basically analyzed. This work is based on the 𝑅
𝑠
values (both

positive and negative values) and the corresponding 𝜃
𝑠
, 𝑇
𝑎
,

and𝑇
𝑠
values collected from someprevious publications, with

the analysis of 𝑄
10

of 𝑅
𝑠
to soil temperature at 5 cm depths

(𝑇
𝑠
) and air temperatures at 10 cm above the soil surface (𝑇

𝑎
)

at typical ecosystems along a gradient of soil alkalinity at 5 cm
depths within the Manas River Basin [6, 12, 25].

The Manas River Basin is located at the southern periph-
ery of the Gurbantunggut Desert and in the hinterland
of the Eurasian continent. Soils in this inland river basin
bear typical physical and chemical characteristics, which are
resulting from the soil water and soil salt transport during
regional hydrological processes [26]. Almost 10 × 106 km2
of the hinterland of the Eurasian continent is arid and
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Figure 3: The SEM image of polyethylenimine (PEI) nanofibers.

semiarid deserts ecosystems. The inland rivers carried large
quantities of salt into the Eurasian continent, resulting in
strong, complicated ecological responses and forming the
world largest desert-oasis compound system, which allows us
to carry experiments at typical saline desert sites and typical
cropped farmland sites, respectively.

2.2. Calculation and Modeling. The size of the nanoparticles
was statistically analyzed utilizing the DLS measurement
(Figure 2). 𝑄

10
values used in the analysis were calculated

using the following formula (for consistence, the negative
values of 𝑅

𝑠
were not included in calculations of 𝑄

10
),

using the simple model of 𝑅
𝑠
(the derivative of the expo-

nential chemical reaction-temperature equation originally
developed by Van’t Hoff) [27]:

𝑅
𝑠𝑇

𝑅
𝑠𝑇0

= 𝑄
10

(𝑇−𝑇0)/10, (1)

where 𝑅
𝑠𝑇

and 𝑅
𝑠𝑇0

are the 𝑅
𝑠
rates (𝜇mol CO

2
m−2 s−1) at 𝑇

and 𝑇
0
, respectively.

Developing hierarchical structured polymeric materials
to enhance quasi-photosynthetic CO

2
absorption beneath

nanodeserts is very urgent and might draw much attention
in the future. Hypothesizing that such nanoporous carbon
materials were finally synthesized, the performance of CO

2

absorption, conversion, and assignment beneath nanodeserts
would be further studied. Therefore, it is also necessary to
present a preliminary discussion of the coming modeling
work when this interesting and innovative conjecture was
demonstrated [28]. Riccati Equation is traditionally serving
for the theory of transonic gas-dynamic flows and is hence
employed in the present study to illustrate how tomodel CO

2

footprints beneath nanodeserts.

3. The Major Results

3.1. Necessity to Introduce “Nanodeserts”. The necessity to
introduce “nanodeserts” depends onwhetherwide utilization
of quasi-photosynthetic CO

2
absorption is feasible and reli-

able quantification of its overall importance is possible. Since
it has been demonstrated that the current soil-groundwater
system in arid and semiarid deserts ecosystems contributes

both positive and negative CO
2
fluxes and the magnitudes

of these two fluxes components are almost the same [9–13],
wide utilization of quasi-photosynthetic CO

2
absorption is

infeasible unless nanodeserts are introduced.Considering the
rapid development of nanotechnology and its applications in
CO
2
capture and storage technology [29–36], nanodeserts

as an emerging technology may be no longer a novelty
in the future since deserts are attracting more and more
interest in the increasingly urbanized world [37–40]. Because
the wide range of nanomaterials and the particle sizes
provides optional sizes of nanoparticles in the fabrication of
nanomaterials (Figure 1), we can conjecture that there is an
optimal size of nanoparticles to largely reduce CO

2
release

and meanwhile enhance the abiotic CO
2
dissolution and

fixation beneath nanodeserts.
The turbulence in 𝑄

10
values is evident. Quasi-photo-

synthetic CO
2
absorption was demonstrated to have signif-

icant influences on temperature sensitivities (𝑄
10
) of soil

respiration (𝑅
𝑠
), which highlight the necessity to introduce

“nanodeserts.” Using positive 𝑅
𝑠
values, 𝑄

10
was calculated

by the relative change in 𝑅
𝑠
with each 10∘C increase of 𝑇

𝑠
in

the saline desert and cropped farmland largely fell into [1, 2]
and [1, 3], respectively, while calculated 𝑄

10
by the relative

change in 𝑅
𝑠
with 10∘C increases of 𝑇

𝑎
largely fell into [3, 13]

and [2, 4], respectively. The mean 𝑄
10
value of 𝑅

𝑠
to 𝑇
𝑎
(𝑄
10

= 4.88) was almost three times the mean𝑄
10
value of 𝑅

𝑠
to 𝑇
𝑠

(𝑄
10
= 1.66), implying that 𝑅

𝑠
in the alkaline land was much

more sensitive to𝑇
𝑎
than to𝑇

𝑠
.Themean𝑄

10
value of𝑅

𝑠
to𝑇
𝑎

in the desert (𝑄
10
= 6.83) was more than the mean 𝑄

10
value

of 𝑅
𝑠
to 𝑇
𝑎
in the farmland (𝑄

10
= 2.95), implying that 𝑅

𝑠
in

the desert was more sensitive to 𝑇
𝑎
than 𝑅

𝑠
in the farmland.

However, 𝑅
𝑠
in the desert was less sensitive to 𝑇

𝑠
(with the

mean 𝑄
10

= 1.33) than 𝑅
𝑠
in the farmland (with the mean

𝑄
10

= 1.98). Although those negative 𝑅
𝑠
were excluded and

only the positive values were used in the calculations of 𝑄
10
,

their significant influences on the response of 𝑅
𝑠
to 𝑇
𝑠
still

existed. Additionally, the calculated𝑄
10
uniformly decreased

with temperature (𝑇 = 𝑇
𝑠
or 𝑇
𝑎
) at both sites. This indicated

that the variations of 𝑄
10
with temperature in alkaline lands

were not different from that in other terrestrial ecosystems
(Figure 4).

Such turbulence in 𝑄
10

values majorly resulted from
the alternatively appearing positive and negative 𝑅

𝑠
. It is

therefore essentially necessary to introduce “nanodeserts”
as a conjecture on the possibility of developing hierarchical
structured polymeric materials to largely reduce the CO

2

release from the surface of the soil-groundwater system and
enhance the quasi-photosynthetic CO

2
absorption beneath

nanodeserts by nanoporous modulation of the abiotic CO
2

fixation in the soil-groundwater system. A series of polymers
are suitable for nanodeserts working in the future and the
chemical structure of polymer specially used for illustration
here.The chemisorption of CO

2
via amine-based materials is

an efficient approach to reduce the greenhouse gas emission.
In particular, polyethylenimine (PEI) impregnated materi-
als exhibit superior adsorption selectivity, high adsorption
capacity, water tolerance, and low energy consumption with
respect to physisorption, holding great promise for CO

2

capture (Figure 5).
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Figure 4: Responses of the temperature sensitivity (𝑄
10
) to soil temperature at 5 cm depth (𝑇

𝑠
) and air temperature 10 cm above the soil

surface (𝑇
𝑎
) in saline desert (a, c) and cropped farmland (b, d) and the responses of 𝑄

10
to 𝑇
𝑠
and 𝑇

𝑎
when taking the saline desert and

cropped farmland data together (e, f).
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Figure 5: The chemical structure of polyethylenimine (PEI).

3.2. CO2 Footprints beneath Nanodeserts. Nanodeserts
equipped with hierarchical structured polymeric materials
can largely reduce the CO

2
release from the surface of

the soil-groundwater system and enhance the quasi-
photosynthetic CO

2
absorption beneath nanodeserts by

nanoporous modulation of the abiotic CO
2
fixation in the

soil-groundwater system, which not only allows a stable
temperature sensitivity (𝑄

10
) beneath CO

2
absorption and

dissolution in the soil-groundwater system, but also makes
it easy for deserts researchers to predict the CO

2
footprints

beneath nanodeserts. Despite the wide applications of
hierarchical structured polymers [41–46], they are slightly
associated to modulate the carbon cycle in deserts and so
it is difficult to provide the quantification data of polymer
used for CO

2
absorption and the efficiency of CO

2
fixation

beneath deserts. This is really a challenge. At current stage,
we can only present a first approach to quantification data
of polymer used for CO

2
absorption and the efficiency of

CO
2
fixation beneath deserts based on the parameter of CO

2
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content, power of visible-light for photocatalysis they used
for calculation and modeling. Here is a specific example to
explain how to carry out and evaluate the CO

2
capture on

polyethylenimine in future investigations. As an illustrating
example, the CO

2
adsorption-desorption isotherms were

measured at 298K and 308K at low pressure (1 bar) using
a Model Belsorp Max instrument (BEL Japan, Inc.). A
volumetric measurement method was used to obtain the
CO
2
adsorption capacity. Before measurement, the samples

were degassed for 10 h at 200∘C until the residual pressure

fell below 0.01 kPa and then cooled to room temperature.
Photocatalytic activities of the as-prepared samples were
estimated by the degradation rate of RhB under a Solar
Simulator (Sun 2000, ABET) with a 440 nm cutoff filter
(Figures 6 and 7).

To predict CO
2
footprints beneath “nanodeserts,” first we

establish amathematical equation to describe the dynamics of
CO
2
in the groundwater-soil system beneath hypothetically

built “nanodeserts.” Suppose thatCO
2
absorption per square-

meter alkaline soils was finally dissolved in the groundwater
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of volume𝑉. Let𝐷
0
be the initial amount of DIC at 𝑡

0
and the

growth rate of DIC is 𝑟. Ignoring groundwater flows and the
restricting effect of current DIC, it is straight that

𝑑𝐷
1
(𝑡)

𝑑𝑡
= 𝐷
0
⋅ 𝑟 (𝑡 − 𝑡

0
) , (2)

where𝐷
1
(𝑡) represents the one-dimension groundwater DIC

dynamics.
Noting that 𝐷

1
(0) = 𝐷

0
, the analytic solution of (2) is

𝐷
1
(𝑡) = 𝐷

0
⋅ 𝑒
𝑟(𝑡−𝑡0).

Now take into account groundwater flows. It is natural to
provide that outflow = inflow, with volume 𝑄. Because such
flows are very slow, assume that groundwater flows out after
the inflow is uniformly mixed with the groundwater unit 𝑉.
The quality conversation law implies

𝐷
2
(𝑡 + Δ𝑡) − 𝐷

2
(𝑡) = 𝑄𝑝Δ𝑡

+ ∫

𝑡+Δ𝑡

𝑡

𝑟𝐷
2
(𝑡) − 𝑄
𝐷
2
(𝑡)

𝑉 + 𝑄
𝑑𝑡,

(3)

where 𝑝 is DIC proportion in the inflows (hypothesized as a
constant).

Simplifying and taking the limit Δ𝑡 → 0, it implies

𝑑𝐷
2
(𝑡)

𝑑𝑡
= 𝑄𝑝 − (

𝑄

𝑉 + 𝑄
− 𝑟)𝐷

2
(𝑡) . (4)

Noting that𝐷
2
(0) = 𝐷

0
, the analytic solution of (2) is

𝐷
2
(𝑡) =
𝑄𝑝 (𝑉 + 𝑄)

𝑄 − 𝑟 (𝑉 + 𝑄)

− (𝐷
0
−
𝑄𝑝 (𝑉 + 𝑄)

𝑄 − 𝑟 (𝑉 + 𝑄)
) 𝑒
(𝑟−𝑄/(𝑉+𝑄))𝑡

,

(5)

where𝐷
2
(𝑡) represents the two-dimension groundwater DIC

dynamics.
Finally take into account both the groundwater flows and

the restricting effect of current DIC.The quality conversation
law implies

𝐷
3
(𝑡 + Δ𝑡) − 𝐷

3
(𝑡)

= 𝑄𝑝Δ𝑡

+ ∫

𝑡+Δ𝑡

𝑡

𝑟 (𝑅 − 𝜆𝐷
3
(𝑡))𝐷

3
(𝑡) − 𝑄
𝐷
3
(𝑡)

𝑉 + 𝑄
𝑑𝑡,

(6)

where 𝑅 − 𝜆𝐷
3
(𝑡) determines the restricting effect of current

DIC on 𝑟.
Simplifying and taking the limit Δ𝑡 → 0, it implies

𝑑𝐷
3
(𝑡)

𝑑𝑡
= 𝑄𝑝 +

𝑟𝑅 (𝑉 + 𝑄) − 𝑄

𝑉 + 𝑄
𝐷
3
(𝑡) − 𝜆𝑟𝐷

3
(𝑡)
2
, (7)

where 𝐷
3
(𝑡) represents the three-dimension groundwater

DIC dynamics.
Equation (7) is the famous Riccati Equation, where the

parameters 𝑝, 𝑄, 𝑟, 𝑅, and 𝑉 are allowed to be changing
with 𝑡 [15–18]. Equations (2) and (4) are both simple forms

of (7) and hence are also special forms of the famous Riccati
Equation. Generally the Riccati Equation has no analytic
solutions unless some assumptions are imposed. And it is
better to provide a specific example to prove analytic solutions
in certain conditions, which help to understand the full
story of CO

2
footprint and make chances for the subsequent

quantitative analysis of quasi-photosynthetic CO
2
absorption

and fixation beneath nanodeserts (Figure 8).
Suppose its analytic solutions by discussing that root of

𝑄𝑝 +
𝑟𝑅 (𝑉 + 𝑄) − 𝑄

𝑉 + 𝑄
𝐷
3
(𝑡) − 𝜆𝑟𝐷

3
(𝑡)
2
= 0 (8)

is zero; that is, 4𝜆𝑟𝑝𝑄2 + (4𝜆𝑟𝑝𝑉 + 𝑟𝑅 − 1)𝑄 + 𝑟𝑅𝑉 is zero;
then (8) has two same real roots, say 𝑑, and (7) is simplified
as

𝑑𝐷
3
(𝑡)

(𝐷
3
(𝑡) − 𝑑)

2
= 𝜆𝑟𝑑𝑡, (9)

where the analytic solution can be obtained by 𝐷
3
(0) = 𝐷

0

and

𝐷
3
(𝑡) = 𝑑 −

𝜆𝑟

𝑡 + 𝑐
, 𝑐 is arbitrary constant. (10)

CO
2
footprints beneath nanodeserts can be therefore

theoretically characterized. First, to note the auxiliary role of
soil-groundwater metal ions in the CO

2
footprints beneath

nanodeserts is significant, which prepare chemical condition
for the quasi-photosynthetic CO

2
absorption beneath deserts

(Figure 8). This is a key point of the whole story. Those metal
ions come from the dissolution of soil salt during the dis-
charge and recharge of groundwater.The percentages of those
metal ions beneath deserts can be very different in different
sites and the local extremes amount to 80mg/L [47–56].
Second, the CO

2
movements in the soil-groundwater system

beneath nanodeserts are usually accompanied by the move-
ments and sequestration of these metal ions. Finally, such
accompanied movements present advantageous conditions
for geochemical processes and therefore reconstruct CO

2

footprints beneath nanodeserts. The above assumption and
analytic solution (10) indicate that the quasi-photosynthetic
CO
2
absorption beneath deserts significantly contributed

to the dynamic of the soil-groundwater CO
2
concentration

beneath deserts. In other words, the subterranean 𝐶 pool
and CO

2
footprints would be reconstructed in next centuries

when/if the quasi-photosynthetic CO
2
absorption becoming

the predominant processes was beneath “nanodeserts.”

4. Discussion

In subsequent studies, the diverse kinds of hierarchical
structured nanoporous materials should be synthesized as
a set of microporous nanomaterials with small pore size
and their CO

2
sorption performance should be mechani-

cally analyzed. The performance of CO
2
absorption by the

hierarchical structured polymeric nanomaterials needs to be
systematically investigated to find the critical pore size to
enhance the CO

2
uptake according to the arithmetic method
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−

Figure 8: Hypothetical CO
2
footprints beneath nanodeserts and the C sink kinetics in CO

2
explosion.

proposed in subsequent studies. Moreover, the exact mecha-
nisms about the heterostructured nanofibers for visible-light
photocatalytic enhancements and full utilization of the solar
thermal sources above nanodeserts are also worthy of further
investigations [57–60].

In the present study it is indicated that it is themicropores
with pore size smaller than a necessary pore size for soil CO

2

release that play a crucial role in such abiotic CO
2
adsorption.

Such efforts are practical considering the wide applications of
the hierarchical structured polymers and the nanomaterials.
The pore structure and surface chemical properties of these
prepared nanomaterials should be symmetrically studied by
using different kinds of testing methods. Additionally, the
DLS was used to measure the size of the nanoparticles in
the present study since the size of the nanoparticles had
been decorated on the PEI fibers. Considering the size of
the particles is important for photocatalytic performance
[61], it is very important to employ the DLS to measure
the size distribution of the nanoparticles. Nevertheless, when
measuring the diameter or the length of the PEI nanofiber,
other suitable methods must be additionally employed since
it is not appropriate to use DLS to measure such size of the
fiber.

At the current stage it is impossible to obtain a reliable
quantification of the CO

2
adsorption capacity, but a pre-

liminary approach can be concluded from Figures 6 and
7. One can get detailed information from Figures 6 and 7,
respectively. In Figure 6, it is highlighted that chemisorption
of CO

2
via amine-based solid adsorbents is another effi-

cient approach to reduce the greenhouse gas emission [62].
In particular, polyethylenimine (PEI) impregnated materi-
als exhibit superior adsorption selectivity, high adsorption
capacity, water tolerance, and low energy consumption with
respect to physisorption, holding great promise for CO

2

capture [63]. Nevertheless, the low thermal conductivity of
PEI coupled with high adsorption heat (Δ𝐻) of chemisorp-
tion commonly generates overheating of these adsorbents
during the CO

2
capture. This unavoidably leads to partial

degradation of PEI, poor cycle stability, and even safety
problems. Therefore, the development of a suitable material

with high CO
2
adsorption capacity, superior adsorption

selectivity, and excellent cycle performance remains a major
challenge. In Figure 6, the GO sheets can serve as an
efficient carrier support for PEI via a nanocasting technology.
Such features are favorable for the efficient diffusion and
adsorption of CO

2
as well as the rapid thermal transfer. As

for Figure 7, PEI nanofibers were prepared by electrospinning
so that the graphene oxide/BiOCl heterostructured PEI
nanofibers can be synthesized through in situ method. As
well known, harmful chemical compounds have become the
main cause of water pollution. For instance, organic dyes are
often discharged with wastewater into the local environment
without adequate treatment. Although the preparation of
graphene-based composite hydrogels for photocatalyst has
been previously reported [64, 65], recovering the photocat-
alyst after waste water purification has been a challenging
issue. Thus, polymer-based photocatalyst nanocomposites
have been attracting more interest due to their advantages
for photocatalyst recovery. Exactly, the formation of graphene
oxide/BiOCl heterostructured PEI nanofibers using an in situ
reduction approach has been stated in the present study.
Interestingly, this composite hydrogel matrix can be further
utilized as highly efficient catalyst for wastewater treatment.

Furthermore, the Riccati Equation presented in the
present studies demands further investigations by the math-
ematicians who are interested in this conjecture and are able
to make contributions. Therefore, the analysis of qualitative
properties of solutions to Riccati Equation is crucial for
understanding the CO

2
absorption, offering some cautionary

notes for interpretations based on first principles for CO
2

capture at ecosystem level and large-scale applications, which
is also a future research priority.

5. Conclusion

“Nanodeserts” as a reconciled concept not only indi-
cate a conjecture in nanotechnology to enhance quasi-
photosynthetic CO

2
absorption, but also aim to present to

desert researchers a better understanding of the footprints
of abiotic CO

2
transport, conversion, and assignment in
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the soil-groundwater system beneath deserts. Meanwhile,
nanodeserts allow a stable temperature sensitivity of soil
respiration in deserts by largely reducing the CO

2
release

above the deserts surface and highlight the abiotic CO
2

fixation beneath deserts. When/if the dream is realized, it is
not difficult then to widely utilize the quasi-photosynthetic
CO
2
absorption in the soil-groundwater system and present

further explicit modeling results towards a reliable quantifi-
cation of the quasi-photosynthetic CO

2
absorption beneath

nanodeserts. This may be no longer a novelty in the future
since deserts are attracting more and more interest in the
increasingly urbanized world.
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Nanocomposite particle used for adsorption has attracted continuous attention because of large specific surface area and adjustable
properties from nanocomponent. Herein nanocomposite particle with cellulose core and attapulgite nanofibers shell was prepared.
The size of cellulose core was about 2mm and the thickness of nanofibers shell is about 300 𝜇m. Adsorption capacity of
nanocomposite particle tomethylene blue can reach up to 11.07mg L−1 and the best adsorption effect occurs at pH= 8; pseudo-first-
order equation and the Langmuir equation best describe the adsorption kinetic and isotherm, respectively; repeated adsorption-
desorption experimental results show that 94.64% of the original adsorption capacity can be retained after being reused three
times.

1. Introduction

Attapulgite nanofiber is a kind of hydrated octahedral layered
magnesium aluminum silicate with diameter of 20 nm and
length of several hundred nanometers to several microm-
eters [1, 2]. Theoretical formula of attapulgite nanofiber is
(Al2Mg2)Si8O20(OH)2(OH2)4⋅4H2O [3]. Due to large spe-
cific surface area, attapulgite nanofiber has high sorption
ability and is widely used in decoloring, drying, removing
heavy metal ions or organic contaminants, and other fields
[4, 5]. Attapulgite nanofiber possesses permanent negative
charges and exchangeable cations [2]. Used as dye adsor-
bent, attapulgite nanofiber can remove cationic dye such
as methylene blue from water. But when added to water,
attapulgite nanofibers suspend in water and are difficult to
be separated from water after adsorption. The suspended
attapulgite will cause secondary pollution to the water and
cannot be reused [6]. Therefore, finding an excellent carrier
for attapulgite is important to avoid secondary pollution and
to reuse attapulgite.

Polymer nanocomposites are composites of particle-
filled polymers for which at least one dimension of the
dispersed particles is in the nanometer range [7–9]. Polymer

nanocomposites containing attapulgite nanofiber have been
prepared, in which polymer exists as hydrogel and attapulgite
nanofibers are embedded in the hydrogel [10, 11]. This
hydrogel can be used as super adsorbent and adsorbent for
heavy metal ions [10, 11].

Adsorption usually occurred on the surface of absorbent
[12, 13]. Particle adsorbents have large surface area, which
leads to high adsorption ability. Core-shell structure with
adsorbent on the shell has low cost and is favorable for
particle adsorbent to adsorb dye. Cellulose is one of the most
abundant biopolymers in nature [14, 15]. Nanocomposite
particle with cellulose core and attapulgite nanofiber shell has
never been reported. But cellulose is difficult to dissolve in
common solvent to form cellulose bead. NaOH/urea solution
is a “green” and cheap method to dissolve cellulose with no
pollution [16].

In this study, we combined attapulgite nanofiber and
cellulose to prepare a low-cost adsorbent for water treat-
ment. We prepared cellulose bead by dissolving cellulose in
NaOH/urea solution as core to afford necessary strength.
Attapulgite nanofibers were coated on cellulose bead as shell
to adsorb dye. Coated attapulgite shell can prevent second
pollution of attapulgite in water. The structure, adsorption
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behaviors, and reusability of this nanocomposite were inves-
tigated.

2. Materials and Methods

2.1. Materials. NaOH, HCl, CaCl2, urea, acetic acid, methy-
lene blue (methylthioninium chloride C16H18N3SCl), and
other reagents used in the current work are all A.R. grade
reagents. Attapulgite is provided by Jiangsu dianjinshi Au
soil Mining Industry Co., Ltd. Distilled water is used in
all experiments. Scoured cotton was used in this study as
cellulose provided by Xuzhou weicai hygienematerial factory
Co., Ltd. Sodium alginate is provided by Shanghai Qingxi
Chemical Technology Co., Ltd.

2.2. Preparation of the Nanocomposite Particle. Cellulose was
dissolved inNaOH/urea solution using reportedmethod [17].
Solution of NaOH (7 g), urea (12 g), and H2O (81mL) was
cooled to −12∘C; then 2 g scoured cotton was immediately
added to above solution; then scoured cotton was stirred vig-
orously for 2min to obtain a transparent cellulose solution.
The resulting solution was dropped into 20wt% acetic acid
solution to form cellulose bead; then the cellulose bead was
immersed in water for three days to remove urea and NaOH
in bead.

Attapulgite powder was dispersed in 2.5 wt% sodium
alginate solutions with agitation and the mass ratios of
sodium alginate/attapulgite are 1 : 0, 1 : 1, 0.83 : 1, and 0.5 : 1.
Then cellulose bead was coated with above suspension and
dipped in CaCl2 solution to cross-link the sodium alginate.
The coated bead was washed with deionized water and
dried in an oven at 50∘C for 48 h to get dried composite
particle. Composite particles with alginate/attapulgite mass
ratios of 1 : 0, 1 : 1, 0.83 : 1, and 0.5 : 1 were labeled as AC0,
AC1, AC2, and AC3, respectively. In addition, attapulgite and
cellulose solution mixture was dropped into 20wt% acetic
acid solution to form bead coded as AC4.

2.3. Morphology and Structure of Composite Particle. Surface
morphology of composite bead was observed by scanning
electron microscopy (SEM, SU8010, Hitachi). Microstruc-
ture of composite particles was observed by digital micro-
scope (503+GuangzhouHaote optical instrument company).
Fourier-transform infrared (FTIR) spectra are recorded by
Smart iTR accessory of FTIR spectrometer (Thermo Fisher
Nicolet iS10). Wide-angle X-ray diffraction (XRD) mea-
surement was carried out on an XRD diffractometer (D8-
Advance, Bruker). The patterns with the Cu K𝛼 radiation at
40 kV and 30mAwere recorded in the region of 2𝜃 from 5∘ to
70∘. TGA (STA 409 PC Luxx NETZSCH) was performed by
heating samples to 700∘C at 5∘C/min under a nitrogen flow.

2.4. Adsorption Studies

2.4.1. The Adsorption Ability Study. 0.1 g adsorbent was im-
mersed into 80mL methylene blue solution of 12.016mg L−1

at 25∘C for 36 h with 120 r/min controlled by a full temper-
ature incubator shaker. The adsorption capacity 𝑄 (mg g−1)
was calculated using the following equation:

𝑄 = (𝐶0 − 𝐶𝑒) 𝑉𝑚 , (1)

where 𝐶0 (mg L−1) is the initial dye concentrations of the
solutions, 𝐶𝑒 (mg L−1) is the equilibrium dye concentrations
of the solutions, 𝑉 (L) is the volume of the solution, and
𝑚 (g) is the dried weight of the adsorbent [18]. Methylene
blue concentration was measured at 664 nm using UV-Vis
spectrophotometer (VARIAN Cary 50).

2.4.2. pHVariation. Theinitial pHofmethylene blue solution
(12.016mg L−1) was adjusted by 0.1mol L−1 HCl or NaOH
aqueous solutions to change between 2.06 and 9.93. 0.1 g AC2
was immersed into 80mL of above solution for 36 h at 25∘C.
The adsorption capacity was calculated based on (1).

2.4.3. Adsorption Kinetics. The change of adsorption
capacity with time was measured. 0.5 g adsorbents (AC1)
were immersed into 200mL methylene blue solution of
12.016mg L−1 at 25∘C with continuous shaking at 120 r/min.
At desired time intervals, 0.5mL dyes solution was taken
out to detect the current methylene blue concentration and
0.5mL distilled water was added to the bulk solution to keep
the volume constant. At time 𝑡𝑖, the adsorption capacity𝑄(𝑡𝑖)
(mg g−1) was calculated using the following equation [18]:

𝑄 (𝑡𝑖) =
(𝐶0 − 𝐶𝑡𝑖)𝑉0 − ∑𝑖−12 𝐶𝑡𝑖−1𝑉𝑆

𝑚 , (2)

where𝐶𝑡𝑖 (mg L−1) is the dye concentration at time 𝑡𝑖;𝑉𝑆 is the
volume of solution taken out each time for dye concentration
analysis, and𝑚 (g) represents the mass of the adsorbent [18].

2.4.4. Adsorption Equilibrium Study. 0.1 g of AC2 was
immersed into 80mL methylene blue solution with
concentration of 6.008mg L−1, 9.012mg L−1, 10.514mg L−1,
12.016mg L−1, and 15.02mg L−1. Above five solutions were
shook at 120 r/min at 25∘C for 36 h. Then the adsorption
capacity (𝑄𝑒) of each solution was measured based on (1).
The same procedure was conducted at 30∘C, 35∘C, 40∘C, and
50∘C.Then the curves of 𝑄𝑒-𝐶𝑒 were plotted.

2.5. Reusability Property. The methylene blue-loaded AC1
and AC2 were immersed into 0.1mol L−1 H2SO4 aqueous
solutions, washed with distilled water, and then reused in
the next cycle of adsorption experiment. The adsorption-
desorption experiments were conducted for four cycles. All
experiments were performed at 25∘C.

3. Results and Discussion

3.1. Preparation of Composite Particles. When used as adsor-
bent, attapulgite nanofiber usually suspends in solution,
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Figure 1: Schematic depiction of core-shell structure of cellulose-
attapulgite composite particle.

which leads to second pollution to water and difficulty of
regeneration. In this study, attapulgite is mixed with sodium
alginate solution and is coated on the surface of cellulose
bead. Sodium alginate, derived primarily from brown sea-
weed, is a linear polysaccharide copolymer that consists of
two sterically different repeating units, 𝛽-d-mannuronic acid
(M) and 𝛼-l-guluronic acid (G), in varying proportions
[19]. Sodium alginate can be cross-linked by Ca2+ to form
hydrogel. Above mixture is cross-linked by Ca2+ to form
a hydrogel layer above the cellulose bead. After drying,
the hydrogel becomes an attapulgite shell on the surface of
cellulose core, preventing the second pollution of attapulgite
powder. The structure of nanocomposite particle is shown in
Figure 1.

Cellulose is selected to prepare the core for its low cost and
being nontoxic and biodegradable. But cellulose is difficult to
dissolve in usual solvent. In this study, we use NaOH/urea
solution in low temperature as solvent to dissolve cellulose
and to prepare cellulose bead as the core.

3.2. Morphology and Structure of Composite Particles. Fig-
ure 2(a) shows microscope image of AC2 and particle has
a diameter of about 2mm and has a core-shell structure.
Figures 2(b)–2(f) show the SEM image of cross section
and surface of composite particle. Figure 2(b) shows that
the shell is adhered closely to the cellulose core and no
obvious boundary is found. Figure 2(c) shows the coarse
shell with thickness of 300 𝜇m (area between two white
arrows). Figure 2(d) shows the aggregation area of attapulgite
nanofibers (white arrow pointed). Aggregation areas of atta-
pulgite indicate that the dispersion of attapulgite in shell is not
well. The aggregation areas are enlarged in Figure 2(e), from
which fibrous attapulgite is found. Figure 2(f) shows the pure
sodium alginate area existing in the shell.

FTIR spectra of sodium alginate, attapulgite, and AC2 are
shown in Figure 3. In the spectrum of AC2, 1421 cm−1 belongs
to the symmetric stretch vibration of C=Oof sodium alginate.
3614 cm−1 is attributed to the stretching modes of hydroxyls
coordinated with the magnesium. 3582 cm−1 and 3553 cm−1
belong to the symmetric and antisymmetric stretching mode
of molecular water coordinated with the magnesium at the
edges of the channels [20]. 1027 cm−1 belongs to Si-O-Si
stretching vibration of attapulgite [21]. The results indicate
that the shell is composed by sodium alginate and attapulgite.
Smart iTR measures the surface structure of sample. So only
the shell structure of composite particle can be detected.

Figure 4 shows the XRD peaks of attapulgite and atta-
pulgite shell. Strong diffraction peak of 8.48∘ is a typical
peak of attapulgite corresponding to basal spacing of about
10.55 Å and is attributed to the primary diffraction of the (110)
crystal face. Other diffraction peaks are attributed as d(110)
(10.55 Å), d(200) (6.43 Å), d(130) (5.43 Å), d(040) (4.48 Å),
d(121) (4.14 Å), and d(061) (2.55 Å) [22]. All belong to the
character peaks of attapulgite.The diffraction peaks of 26.54∘
are attributed to intergrowthminerals of quartz in attapulgite.
In attapulgite shell, no obvious shift of peak position indicates
that the crystal structure of attapulgite has no change during
mixing. Absence of diffraction peaks of sodium alginate
revealed that sodium alginate exists as amorphous. XRD
results confirmed that attapulgite is the main component of
shell.

TG and DTG curves for the cellulose, attapulgite, and
AC1 are presented in Figure 5. The weight loss rate of
AC1 is between attapulgite and cellulose. For AC1, below
100∘C, the weight loss was ascribed to the removal of
water which included surface water and zeolitic water of
attapulgite. Between 200 and 300∘C, the rapid weight loss
can be attributed to the decomposition of cellulose and
sodium alginate. Above 300∘C, the weight loss corresponds
to the degradation of residual decomposition products and
loss of coordinated water and structural hydroxyl water in
attapulgite [23]. The high residue mass of AC1 compared to
the cellulose indicates the existence of attapulgite.

3.3. Adsorption Capacity. Figure 6 shows the adsorption
effect of AC1 (Figure 6(a), before adsorption; Figure 6(b),
after adsorption). The slight color of Figure 6(b) reveals that
the nanocomposite particles could effectively remove the
methylene blue from water. The clear solution indicates that
attapulgite nanocomposite prevents the second pollution of
attapulgite nanofiber in water.

Figure 7 compares the adsorption capacities of nanocom-
posite particles (AC1, AC2, and AC3) with core-shell struc-
ture to contrast samples (cellulose bead, AC0, and AC4).
Composite particles have better adsorption capacities com-
pared to the adsorption capacities of cellulose bead, AC0, and
AC4, which indicate that the shell of attapulgite nanofiber can
effectively absorb methylene blue. The adsorption capacities
of AC1, AC2, and AC3 are higher than AC0 which only has
a shell of sodium alginate, indicating the adsorption mainly
resulted from attapulgite nanofiber. AC3 has maximum
adsorption capacity of 9.1mg⋅g−1.

Attapulgite fiber is a kind of silicate with nanosized rod-
like morphology and consists of two double chains of the
pyroxene type (SiO3)

2− like amphibole (Si4O11)
6− running

parallel to the fiber axis [24, 25]. Attapulgite fiber has
high surface area and moderate cation exchange capacity,
which is useful for attapulgite as adsorbents to remove dye
in wastewater. In addition, attapulgite fiber has negatively
charged sorption sites because of isomorphic substitutions
in structure. So attapulgite nanofiber can absorb cationic
dyes through electrostatic attraction. The higher adsorption
capacity of AC3 resulted from the high content of attapulgite
nanofiber. From Figure 8, we can see that AC1 has rare
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(a) (b) (c)

(d) (e) (f)

Figure 2:Themorphology of the cellulose-attapulgite composite particles (AC2) ((a) cross section of particle by digital microscope; (b) cross
section of particle by SEM; (c) shell structure of particle; (d) aggregation area of attapulgite; (e) amplified aggregation area of attapulgite; (f)
area of sodium alginate).
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Figure 3: FTIR spectra of sodium alginate, attapulgite, and AC2.

dispersion of attapulgite nanofibers on the shell compared to
AC2 andAC3, which leads to low adsorption capacity of AC1.

Other adsorption capacities formethylene blue have been
reported, such as cross-linked porous starch (9.46mg g−1)
[26], sugar extracted spent rice biomass (8.13mg g−1) [27],
and attapulgite (51mg g−1) [28]. Compared to attapulgite, the
relative lower capacity of nanocomposite particle may have
resulted in the aggregation of attapulgite on the shell which
was observed by SEM photo (Figure 2(d)). The aggregation
decreased the specific surface area of attapulgite and then
decreased adsorption ability [29].
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Figure 4: The powder X-ray diffraction pattern of the attapulgite
and attapulgite shell.

3.4. Effects of pH on the Adsorption. Figure 9 shows the
adsorption capacity of AC2 in the pH range of 2.06∼9.93.
As the pH increased from 2.06 to 7.97, adsorption capacity
increased from 7.70 to 8.88mg g−1; as the pH increased from
7.97 to 9.93, adsorption capacity decreased from 8.88 to
8.43mg g−1.

For attapulgite, some isomorphic substitutions in the
tetrahedral layer, such as Al3+ for Si4+, develop negatively
charged sorption sites (Si-O−) on the surface of attapulgite
[30]. Si-O− can absorb cation dye through electrostatic
attraction [30]. But, at low pH, these negatively charged
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Figure 5: The TG and DTG of cellulose, attapulgite, and AC1.

(a) (b)

Figure 6: The methylene blue adsorption effect of 0.5 g AC1 in
200mL 12.016mg L−1 methylene blue solution for 48 h ((a) before
adsorption and (b) after adsorption).

sorption sites are protonated to form Si-OH2
+ by H+, which

decrease the negative sites to attract methylene blue. As
pH increases, protonated groups become less and negatively
charged sites such as Si-O− increase and favor the adsorption
of cationic dye. In the alkaline pH range, the decreasing of
adsorption capacity could be attributed to competition ofNa+
ions for the negative adsorption sites [31].

3.5. Adsorption Kinetics. Time dependence of the adsorption
capacity of AC1 for methylene blue was tested to study the
adsorption kinetics. The initial concentration of methylene
blue is 12.016mg L−1. The experimental results are shown
in Figure 10. About 50% of methylene blue was adsorbed
within 7 h. The adsorption equilibrium was achieved after
36 h. These results were similar to cross-linked porous starch
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Figure 7: Adsorption capacity of six samples (cellulose bead, AC0,
AC1, AC2, AC3, and AC4).

whose adsorption equilibrium was reached in about 30 h for
methylene blue [26].

To further investigate the adsorption mechanisms, four
common kinetic models were used to fit the data, namely,
pseudo-first-order model [32], pseudo-second-order model
[33], intraparticle diffusion models [34], and the Elovich
equation [35]. Table 1 shows the equations of these models.
In these models, 𝑘1 is the rate constant first-order absorption
(min−1) [32]; 𝑄eq (mg g−1) is the amount of dye adsorbed
at equilibrium; 𝑄𝑡 (mg g−1) is the amount of dye adsorbed
at any time 𝑡 (min); 𝑘2 (gmg−1min−1) is the second-order
rate constant [33]; 𝐾𝑇 (mg g−1⋅min1/2) is the diffusion rate
constant [34]; 𝐶 is a constant related to the thickness of
boundary layer [34]; 𝑎 (mg g−1min−1) is the initial sorption
rate [35]; 𝑏 (gmg−1) is the desorption constant related to
the extent of surface coverage and activation energy for
chemisorption [35].
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(a) (b) (c)

Figure 8: The surface morphology of the nanocomposite particles ((a) AC1; (b) AC2; (c) AC3).

Table 1: Kinetic models and their equations.

Kinetic model Equation Plot Reference
Pseudo-first-order log(𝑄eq − 𝑄𝑡) = log𝑄eq − 𝑘1𝑡 log(𝑄eq − 𝑄𝑡) versus 𝑡 [32]
Pseudo-second-order 𝑡

𝑄𝑡 =
1
𝑘2𝑄2eq
+ 1𝑄eq 𝑡 𝑡/𝑄𝑡 versus 𝑡 [33]

Intraparticle diffusion 𝑄𝑡 = 𝐾𝑇𝑡1/2 + 𝐶 𝑄𝑡 versus 𝑡 [34]

Elovich equation 𝑄𝑡 = (1𝑏) ln (𝑎𝑏) +
1
𝑏 ln 𝑡 𝑄𝑡 versus ln 𝑡 [35]
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Figure 9:The influence of pH on the adsorption capacity of AC2 for
methylene blue with concentration of 12.016mg L−1 at 25∘C.

The pseudo-second-order model assumes that the rate
limiting step is chemical sorption [36]. Elovich model
recently has been found to be valid to describe the sorption
kinetics of ion exchange systems [18].The fitted parameters of
these kineticmodels are listed in Table 2.𝑅2 of the linear form
for the various models suggests that the pseudo-first-order
model is more suitable to describe the adsorption kinetic
behavior. Using intraparticle diffusion model, plots of 𝑄𝑡
versus 𝑡1/2 do not pass through the origin indicating that the
adsorption process is also controlled by film diffusion [36].

3.6. Adsorption Equilibrium Study. The equilibrium adsorp-
tion data is shown in Figure 11. At each temperature, adsorp-
tion capacity of AC2 for five different concentrations of
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Figure 10: The absorbed capacity of AC1 for methylene blue with
concentration of 12.016mg L−1at 25∘C and pH = 7.0 as a function
of time (◼ represents experiment data; the full line represents fit
of experimental data with a pseudo-first-order kinetic equation; 
represents concentration of methylene blue in solution).

methylene blue was measured. The equilibrium adsorption
data was correlated to four isotherm models: Langmuir [37],
Freundlich [38], Sips [39], and Dubinin-Radushkevich [40].
Table 3 shows the equations of these models. In these models,
𝑄max is the maximum adsorption at monolayer coverage
(mg g−1) [37]; 𝑏 is equilibrium constant (mLmg−1) in Lang-
muir adsorption [37] or Sips constant related to energy of
adsorption in Sips model [39]; 𝐾𝐹 is the Freundlich charac-
teristic constants [38]; 1/𝑛 is the Freundlich characteristic
constants [38]; 𝑛 could be regarded as the Sips parameter
characterizing the system heterogeneity; 𝐵 is a constant
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Table 2: The kinetic parameters for MB adsorption onto AC1.

𝑇 (∘C)

Pseudo-first-
order

equation

Pseudo-second-order
equation Intraparticle diffusion models Elovich equation

𝑘1(min−1) 𝑅
2 𝑘2(gmg−1min−1) 𝑅2 𝐾𝑇(mg g−1min−1/2) 𝑅2 𝑎

(mgg−1min−1)
𝑏
(gmg−1) 𝑅2

25 0.11309 0.9952 0.01674 0.9779 0.7593 0.8746 1.3717 0.7705 0.9687

Table 3: Isotherm models and their equations.

Isotherm model Equation Plot Reference
Langmuir 1

𝑄eq =
1
𝑄max
+ 1𝑄max𝑏

1
𝐶𝑒 1/𝑄eq versus 1/𝐶𝑒 [37]

Freundlich ln𝑄eq = 1𝑛 ln𝐶𝑒 + ln𝐾𝐹 ln𝑄eq versus ln𝐶𝑒 [38]

Sips 𝑄eq = 𝑄𝑚𝑏𝐶
1/𝑛

𝑒

1 + 𝑏𝐶1/𝑛𝑒
𝑄eq versus 𝐶𝑒 [39]

Dubinin-Radushkevich ln𝑄eq = ln𝑄𝑚 − 𝐵𝜀2 ln𝑄eq versus 𝜀 [40]
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Figure 11: The curve of 𝐶𝑒-𝑄𝑒 of AC2 under different temperatures
with duration time of 36 h.

related to the mean free energy of adsorption per mol of
the adsorbate (mol2 J−2) [40];𝑄𝑚 is the theoretical saturation
capacity (mg g−1) [40]; 𝜀 is the Polanyi potential [40], which
is equal to𝑅𝑇ln(1+1/𝐶𝑒);𝑅 (Jmol−1 K−1) is the gas constant;
𝑇 (K) is the absolute temperature.

The Langmuir isothermmodel assumes the adsorption is
monolayer adsorption [18]. A finite number of identical sites
exist on a surface and all sites are energetically equivalent
and there is no interaction between adsorbed molecules.
Freundlich model is applied to describe that adsorption
occurs on a heterogeneous surface. The fitting parameters of
the above models are listed in Table 4. Most of the determi-
nation coefficients (𝑅2) of the Langmuir model exceed 0.93
compared with those of the other models. This indicates that
the Langmuir model is suitable to describe the adsorption

behavior of AC2. So it can be concluded that methylene blue
molecule is absorbed on the surface with monolayer. From
Figure 11, we can see that𝐶𝑒 is almost near zero at 25∘C, 40∘C,
and 50∘C, which indicates that the particle can remove dye in
very dilute aqueous solutions.

3.7. Regeneration Efficiency. Reusability is very important
for adsorbent in practical applications. In current work, the
adsorption and desorption processes were repeated for three
cycles to measure the regeneration efficiency. 0.1mol L−1
H2SO4 aqueous solution was used to recover the methylene
blue loaded composite particles. Table 5 shows the adsorption
capacities and the regeneration efficiency in each cycle.
After three cycles, AC2 gets 94.64% recovery, indicating a
high regeneration efficiency. This also illuminates that the
adsorbent is suitable for practical applications.

4. Conclusions

The attapulgite nanofibers were coated onto the surface of
cellulose bead to form nanocomposite particles with core-
shell structure. SEM, FTIR, XRD, and TG all revealed that
attapulgite nanofiber exists in the shell of nanocomposite
particles. Nanocomposite particles have higher adsorption
capacity than cellulose bead. Adsorption capacity is changed
with pH of dye solution and largest adsorption capacity
occurs at pH = 8. The adsorption equilibrium and kinetics
study of composite particles indicate that the adsorption
behavior follows Langmuir model and pseudo-first-order
equation. Dye-loaded nanocomposite could be regenerated
easily and high adsorption ability is reserved. Simple prepa-
ration, low cost, being easy to regenerate make the core-shell
structured nanocomposite a suitable carrier for attapulgite
and an attractive adsorbent for removal of the organic dyes
from water. This study also proposes a new approach to use
the attapulgite and cellulose as adsorption material.
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Table 4: The isotherms parameters for methylene blue adsorption onto AC2.

𝑇 (∘C)
Langmuir model Freundlich model Dubinin-Radushkevich

model Sips model

𝑄max(mgg−1)
𝑏
(Lmg−1) 𝑅2 1/𝑛 𝐾𝐹(mg g−1) 𝑅2 𝑄max(mgg−1)

𝐸
(kJ/mol) 𝑅

2 𝑄max(mg g−1) 𝑏 1/𝑛 𝑅2

25 11.2284 4.6800 0.9365 0.2410 8.8710 0.9282 8.7615 6.3976 0.8012 123.1803 0.0795 0.2963 0.9153
30 14.1965 0.7031 0.9875 0.5227 5.7221 0.9991 9.1354 2.0422 0.9360 51.6949 0.1252 0.5965 0.9992
35 13.1130 1.5313 0.9801 0.4446 7.6222 0.9677 9.6025 2.9773 0.9125 16.70934 0.8786 0.7696 0.9677
40 11.6023 8.7149 0.9721 0.1413 9.4353 0.9199 8.8507 12.1932 0.7702 151.0619 0.0699 0.1783 0.9006
50 11.3469 36.8745 0.9940 0.0741 10.7578 0.8544 10.2382 16.4501 0.7087 320.9413 0.0351 0.0818 0.8492

Table 5: Adsorption-desorption cycles of methylene blue.

Sample Adsorption ability First adsorption Second adsorption Third adsorption Fourth adsorption

AC1 Adsorption capacity (mg g−1) 8.6317 8.5228 7.9651 7.6254
Recovery (%) — 98.74 92.28 88.34

AC2 Adsorption capacity (mg g−1) 8.7754 8.6317 8.5707 8.3050
Recovery (%) — 98.36 97.67 94.64
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Zeitschrift für Physikalische Chemie, vol. 57, pp. 385–470, 1906.

[39] R. Sips, “On the structure of a catalyst surface,” The Journal of
Chemical Physics, vol. 16, no. 5, pp. 490–495, 1948.

[40] M. M. Dubinin, “Sorption and structure of active carbons: I.
Adsorption of organic vapors,” Zhurnal Fizicheskoi Khimii, vol.
21, pp. 1351–1362, 1947.




