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Abstract: The amidine organocatalyst 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is an
effective nucleophilic catalyst. Biocomposites with tuneable properties were successfully
synthesized by ring-opening graft polymerization (ROGP) of propylene carbonate (PC)
onto xylan using DBU as a catalyst in the ionic liquid (IL) 1-allyl-3-methylimidazolium
chloride ([Amim]Cl). The effects of reaction temperature, reaction time and the molar ratio
of PC to anhydroxylose units (AXU) in xylan were investigated. The physico-chemical
properties of xylan-graft-poly(propylene carbonate) (xylan-g-PPC) copolymers were
characterised by FT-IR, NMR, TGA/DTG, AFM and tensile analysis. The FT-IR and
NMR results indicated the successful attachment of PPC onto xylan. TGA/DTG suggested
the increased thermal stability of xylan after the attachment of PPC side chains. AFM
analysis revealed details about the molecular aggregation of xylan-g-PPC films. The results
also showed that with the increased DS of xylan-g-PPC copolymers, the tensile strength
and Young’s modulus of the films decreased, while the elongation at break increased.
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1. Introduction
The depletion of non-renewable energy and increasing environmental changes have stimulated
human beings to tailor environmentally benign polymer replacements___biocomposites [1,2].
Biocomposites are the combination of a biodegradable polymer as the matrix material and
biodegradable fillers (e.g., lignocellulosic) [2–4]. Over the past decades, lignocellulose has been
recognized as the most important source for a broad variety of advanced polymeric materials for its
excellent biodegradability, renewability, availability, acceptable mechanical and thermal properties
compared to traditional carbon or aramid fibers [1,2,5,6]. The main components of lignocellulose are
cellulose, hemicelluloses and lignin. However, cellulose and lignin have received more attention by far
than hemicelluloses in terms of material application, although hemicelluloses represent about
20%–35% of lignocellulosic biomass [5,7,8].
Unlike cellulose which has a unique structure, hemicelluloses are heterogeneous polymers and the
term is used to describe a group of polysaccharides composed of a combination of 5- and 6-carbon ring
sugars. In the last decades, with the limitations of its heterostructure, research activities on
hemicelluloses were aimed mainly at converting it into sugars, chemicals and fuel [9–12]. Stimulated
by the shortage of natural energy sources, the structural variety and diversity of hemicelluloses has
become more attractive, as they can be utilized in native or modified forms in biocomposites [9]. The
interactions between natural fibers and the polymeric matrix play a key role in biocomposites’
properties [6]. However, the inherent drawbacks of hemicelluloses, such as poor solubility in common
organic solvents, and low thermal stability during processing, lead to poor compatibility between the
hydrophilic hemicellulosic fibers and the hydrophobic polymeric matrix [7,13]. To improve the
compatibility between the fiber and polymer matrix, physical or chemical modifications of the fibers
and/or polymer can be applied [7,14].
Among the various available modification methods, graft polymerization offers an attractive and
versatile means of growing polymers directly off the fiber surface that depends more on which
monomer and catalytic system that are utilised [15]. It is an efficient method to improve the properties
of lignocellulose [16]. In order to achieve high operational efficiency, an effective monomer and an
excellent reaction catalyst must be utilized. Aliphatic polyesters, including poly(ε-caprolactone)
(PCL), poly(L-lactic acid) (PLLA), and poly(propylene carbonate) (PPC), which can be synthesized
from cyclic monomers via ring-opening polymerization (ROP), resulting in controlled molecular
weight and molecular weight distribution [7,17–21], have attracted increasing interest due to their
functionality, biodegradability and biocompatibility [22,23]. These polymers are potential candidates
as biocomposite matrixes. In many cases, several attempts have been conducted to create
biodegradable composites using PCL and PLLA as polymeric matrixes to synthesis biocomposites
derived from cellulose, chitosan and starch via graft polymerization [24–27]. PPC could be applied in
tissue scaffolding, polymer electrolytes, adhesive agents and packaging materials [28]. The utilization
of PPC materials can decrease the dependence on petroleum and reduce the massive emissions of
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carbon dioxide (CO2) [29]. However, research on PPC is mainly concentrated on it use in reinforced
materials, such as PPC reinforced with unmodified granular cornstarch, PPC/starch-graft-poly (methyl
acrylate) copolymer and PLLA/PPC blends [19,23,30]. As far as the authors are aware, there have
been no reports on the graft polymerization of PPC with xylan.
In a heterogeneous catalyst system, propylene oxide and CO2 produce a regular alternating
copolymer PPC, which shows high transparency and good biodegradability [23,31]. Since the first
report of the use of 4-dimethylaminopyridine (DMAP) for the ROP of lactide in 2001 [32], several
further reports have disclosed organocatalytic ROP using other nucleophilic catalysts, such as
N-heterocylic carbenes (NHCs), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [33–35]. Among them, DBU has proven to be a valuable catalyst and has been
applied by a number of researchers [35–37]. However, no research has concentrated on graft
polymerization of cyclic polyesters on a bio-matrix using DBU as catalyst. The aim of this study was
to attempt grafting PPC with ring-opening graft polymerization (ROGP) of propylene carbonate
(PC) onto xylan-type hemicelluloses using DBU as amidine organocatalyst in an ionic liquid (IL)
1-allyl-3-methylimidazolium chloride ([Amim]Cl). The effects of reaction temperature, reaction time
and the molar ratio of PC to anhydroxylose units (AXU) in xylan were investigated.
2. Results and Discussion
2.1. Effects of Reaction Parameters on the Properties of Xylan-g-PPC Copolymers
In the present work, the xylan-g-PPC copolymers were tailored by varying the reaction conditions,
including reaction temperature, reaction time and the molar ratio of AXU in xylan to PC (Table 1). The
effects of reaction conditions on the degree of substitution (DS), the degree of polymerization (DP)
and the weight percent gain (WPG) of xylan-g-PPC copolymers were examined.
Table 1. Detailed structural factors of xylan-g-PPC copolymers obtained under different
reaction conditions in [Amim]Cl.
Sample
No
1
2
3
4
5
6
7
8
9
10
11
12
13
a

Temp.
(°C)
120
120
120
120
120
90
100
110
130
120
120
120
120

Time
(h)
24
24
24
24
24
24
24
24
24
3
9
12
36

AXU:PC

DS

DP

WPG a (%)

1:1
1:5
1:10
1:15
1:20
1:10
1:10
1:10
1:10
1:10
1:10
1:10
1:10

0.26
0.31
0.33
0.38
0.29
0.25
0.32
0.48
0.30
0.24
0.31
0.47
0.26

1.35
1.42
1.47
1.65
1.49
1.38
1.43
1.62
1.41
1.31
1.40
1.73
1.34

7.69
15.38
26.92
38.46
23.07
3.85
23.07
46.15
23.07
7.69
30.77
57.69
7.69

The weight percent gain of xylan due to the grafting of PPC side chains.
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Scheme 1 illustrates the ROGP reaction of PC with the hydroxyl groups on the backbone of xylan in
[Amim]Cl with DUB as an amidine organocatalyst.
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Scheme 1. The ROGP of PC onto xylan in [Amim]Cl with DBU as catalyst.
As shown in Table 1, with an increase of the molar ratio of AXU to PC from 1:1 to 1:15, the DS,
DP and WPG of xylan-g-PPC copolymers were increased from 0.26 to 0.38, 1.35 to 1.65 and 7.69 to
38.46, respectively; while further increases of the molar ratio of AXU to PC from 1:15 to 1:20 led to
the decrease in DS, DP and WPG. This decrease was probably due to the quick homopolymerization of
PC compared with graft polymerization onto xylan under the high molar ratio. Keeping the molar ratio
of AXU to PC at 1:10, the improvement of reaction temperature from 90 to 110 °C resulted in an
increase in DS, DP and WPG from 0.25 to 0.48, 1.38 to 1.62 and 3.85 to 46.15, respectively, which
was probably due to the diffusion and compatibility of the reaction ingredients and the mobility of the
reactant molecules. Further increment of the temperature to 130 °C led to a slight decrease in DS, DP
and WPG to 0.30, 1.41 and 23.07, respectively, which was probably due to the degradation of xylan at
the high reaction temperature. Similarly, prolonging the reaction time from 3 h to 12 h, the DS, DP
WPG were enhanced from 0.24 to 0.47, 1.31 to 1.73 and 7.69 to 57.69, respectively; while with further
increases of the reaction time to 36 h, the DS, DP and WPG decreased to 0.26, 1.34 and 7.69,
respectively, which may be due to the degradation of xylan and depolymerization of xylan-g-PPC
copolymers in the ionic liquid at high temperature.
2.2. FT-IR Spectra
The FT-IR spectra of unmodified xylan, PC and xylan-g-PC copolymer sample 12 (DS = 0.47,
DP = 1.73) are shown in Figure 1. The characteristic bands at 3437, 2868, 1639, 1048 and 891 cm−1
were previously reported [38,39]. Clearly, the spectrum of xylan-g-PPC copolymer provided direct
evidence of the ROGP reaction by the changes of two important absorbances compared with that of
unmodified xylan. The presence of the two new bands at 2921 cm−1 for CH2 stretching and 1787 cm−1
for C=O stretching indicated that new groups containing methylene and carbonyl moieties were
attached onto xylan, suggesting the occurrence of the reaction illustrated in Scheme 1.
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Figure 1. FT-IR spectra of unmodified xylan, pure PC and xylan-g-PPC copolymer sample
12 (DS = 0.47).
2.3. 1H-NMR, 13C-NMR and 1H-13C HSQC Spectra
The chemical structure of xylan-g-PPC copolymer was elucidated by 1H-NMR, 13C-NMR and
HSQC (Figures 2–4). As shown in Figure 2, the proton signals at 2.98, 3.08, 3.24, 3.31 and 4.25 ppm
are assigned to H-2, H-5a, H-3, H-4, and H-1 of AXU in xylan, and those at 5.16 and 5.27 ppm are
related to the protons from the hydroxyl groups in AXU [38]. The proton signal of H-5e is overlapped
with the absorbed moisture (H2O) peak. The chemical shifts at 3.43, 4.96, 3.37, 1.31 and 0.99 are
attributed to the protons at a, b, b', c and c' respectively. In addition, the signals at 4.57 and 4.77 ppm
are assigned to the protons at substituted C-2 and C-3, respectively. These proton signals indicate the
successful attachment of PPC side chains onto xylan backbone. According to the assignments, the DS
and DP of the graft copolymers was estimated by the calculation with the peak intensity of
corresponding signals based on the following equations (1) and (2):

PCTerminal Ib'
=
AXU
IH1

(1)

PCTotal
Ib + Ib'
Ib
=
=1+
PCTernimal
Ib'
Ib'

(2)

DS =
DP =

where DS is the degree of substitution of PPC, DP is the degree of polymerization of PPC, AXU is
anhydroxylose unit, PCTerminal is the end unit of PPC, PCTotal is the total units of PPC, Ib and Ib' are the
integral area of the resonances of the methylene protons at b and b', and IH1 is the integral area of the
resonance assigned to H-1 of AXU.
The DS and DP values estimated from 1H-NMR are listed in Table 1. The results indicated that the
xylan derivatives with DS 0.24–0.47 and DP 1.31–1.73 were obtained under the selected conditions.
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The 13C-NMR spectrum of xylan-g-PPC copolymer sample 12 is shown in Figure 3. The main five
signals at 101.8, 73.1, 74.3, 75.3 and 63.4 ppm are assigned to C-1, C-2, C-3, C-4 and C-5 of AXU in
xylan, respectively [39,40]. The signals at 59.1, 56.1, and 18.6 ppm correspond to the a, b and b', and c
positions of side chain in PPC, respectively. The signal at 173.5 ppm is assigned to the carbonyl at the
d position, indicating the successful attachment of PPC onto the xylan backbone.

Figure 2. 1H-NMR spectrum of xyaln-g-PPC copolymer sample 12 (DS = 0.47).

Figure 3. 13C-NMR spectrum of xylan-g-PPC copolymer sample 12 (DS = 0.47).
To confirm the correct assignment of the main signals of the xylan-g-PPC copolymers, the 1H-13C
HSQC spectrum was collected, as illustrated in Figure 4. HSQC is a powerful tool for quantitative and
qualitative analyses of chemical structures. Strong correlations for AXU were clearly observed, which
were previously reported [27]. As expected, the strong correlations at δH/δC of 3.33/59.3, 4.95/59.1,
3.36/55.73, 1.31/19.4 and 0.99/19.4 were attributed to a, b, b', c and c', respectively. The presence of
these strong correlations indicated the successful graft polymerization reaction of PPC onto xylan. In
addition, the two correlations at δH/δC of 4.58/72.6 and 4.88/74.3 are assigned to substituted C-2 and
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C-3, indicating the attachment of PPC occurred at C-2 and C-3 positions of AXU. Based on
the quantitative integrations of substituted and unsubstituted C-2 and C-3, the results indicated
that 59.31% and 40.69% of PPC side chains were attached to the C-3 and C-2 positions of
AXU, respectively.

Figure 4. HSQC spectrum of xylan-g-PPC copolymer sample 12 (DS = 0.47).
2.4. Thermal Analysis
The thermal stability of unmodified xylan and xylan-g-PPC copolymers sample 11 (DS = 0.31,
DP = 1.40) and sample 12 (DS = 0.47, DP = 1.73) were investigated using themogravimetric analysis
(TGA) and derivative thermogravimetry (DTG) in the temperature range from 30 to 600 °C under
nitrogen atmosphere, and the corresponding TGA/DTG curves are shown in Figure 5. In TGA curves,
the weight loss can be divided into three stages: minor weight loss below 150 °C, substantial weight
loss and the subsequent marginal weight loss at high temperature. At the first stage, a sudden drop in
the curve of unmodified xylan below 150 °C is due to the lost water, which represents about 11% of
the initial weight of xylan. In the case of xylan-g-PPC copolymers, minimum weight loss was
observed, representing about 5% and 4% for sample 11 and sample 12, respectively, suggesting the
increased hydrophobic nature after ROGP reaction [5]. At the second stage, the substantial weight loss
was due to the decomposition of samples. Unmodified xylan began to decompose at 195 °C, while
xylan-g-PPC copolymers samples 11 and 12 started to decompose at 252 °C and 269 °C, respectively,
indicating the increased thermal stability after the attachment of PPC. At 50% weight loss, the
decomposition temperature occurred at about 285 °C, 290 °C and 300 °C for unmodified xylan and
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xylan-g-PPC copolymers samples 11 and 12, respectively, implying the increased thermal stability of
xylan after ROGP reaction. At the last stage, the pyrolysis residues at 600 °C were 25% for xylan,
higher than 15% and 10% for sample 11 and sample 12, respectively.
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Figure 5. TGA/DTG curves of unmodified xylan and xylan-g-PPC copolymers sample 11
(DS = 0.31) and sample 12 (DS = 0.47).
To further explore the decomposition process of xylan and xylan-g-PPC copolymers, DTG curves
were also recorded and are displayed in Figure 5. DTG represents the degradation rate and can be used
for the comparison of the thermal stability between the samples. The primary peak in DTG curves
showed the maximum degradation rate at 280 °C for unmodified xylan, 310 °C for sample 11, and
330 °C for sample 12, indicating that the attachment of PPC side chains onto xylan led to the increased
thermal stability of xylan.
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2.5. Effect of DS and DP on the Mechanical Properties of Xylan-g-PPC Copolymer Films
Tensile strength and tensile strain at break are important mechanical properties of xylan-g-PPC
copolymer films, mainly depending on the DS and DP of xylan-g-PPC copolymers. The tensile
strength, Young’s modulus and tensile strain at breaks of films are shown in Table 2, and the typical
stress-strain curves are shown in Figure 6. It is known that unmodified xylan hardly form films,
whereas xylan-g-PPC copolymer sample 10 with a DS of 0.24 and DP of 1.31 could easily form films
with a tensile strength of 20.78 MPa, Young’s modulus of 658 MPa and a moderate tensile strain
(4.75%). The improved mechanical performance for the xylan-g-PPC copolymers are obviously
attributable to the good compatibility between xylan and PPC after graft polymerization. However,
further increasing DS and DP of xylan-g-PPC copolymers, both the tensile strength and the Young’s
modulus of the films decreased, while the tensile strain increased. As shown in Figure 6, the highest
tensile train is about 22.13%.
Table 2. Mechanical properties of the films produced from xylan-g-PPC copolymers.
Sample
(S)
10
13
11
3
12

Tensile Strength
(MPa)
20.78 ± 3.2
20.76 ± 2.9
14.48 ± 2.8
13.11 ± 2.3
11.32 ± 2.1

DS

0.23
0.24
0.30
0.32
0.45

22
20

Young’s Modulus
(MPa)
658 ± 38
632 ± 36
343 ± 31
329 ± 29
126 ± 22

Sample10 (DS = 0.24)
Sample13 (DS = 0.26)

18

Tensile strength (MPa)

Tensile Strain at Break
(%)
4.75 ± 1.1
7.73 ± 2.5
9.79 ± 2.7
13.23 ± 3.7
22.13 ± 3.8

Sample11 (DS = 0.31)

16

Sample 3 (DS = 0.33)

14

Sample12 (DS = 0.47)

12
10
8
6
4
2
0

0

4

8

12
16
Tensile strain (%)

20

24

28

Figure 6. Tensile strain curves of xylan-g-PPC copolymers films.
Pure PPC exhibits rubber-like characters including low elastic modulus, low tensile strength and
high elongation at break [29]. Comparatively, the grafting of PPC onto xylan could enhance the
properties of PPC-based composites. With the increase of DS and DP, the tensile strain

Molecules 2015, 20

6042

correspondingly increased, and the tensile strength and the Young’s modulus of films decreased due to
the increased content of PPC in xylan-g-PPC copolymers.
2.6. Morphology of Xylan-g-PPC Copolymer Film Surface
Atomic Force Microscopy (AFM) images were also recorded to determine the surface structure of
the films, and the representative images are illustrated in Figure 7. By observing the surface
morphologies of the films with different DS and DP, a large difference in the structure of the films was
visualized. Xylan-g-PPC film with a low DS of 0.24 and DP of 1.31 displayed uniform surface. When
DS increased to 0.31 and DP to 1.40, the film surface became relatively rough and showed some
nodules. Further increasing DS and DP from 0.33 to 0.47 and 1.47 to 1.73, nodules became more
apparent, which was probably due to the attachment of PPC onto the xylan backbone resulting in the
molecular aggregation of PPC side chains on the surface of xylan-g-PPC copolymers films. With the
development of DP, the molecular aggregation of PPC side chains intensified.

Figure 7. AFM images of xylan-g-PPC copolymers.
3. Experimental Section
3.1. Materials
Xylan with xylose content of over 85% was purchased from Yuan-Ye Biological Technology Co.,
Ltd. (Shanghai, China). [Amim]Cl with purity of 99% was supplied by Cheng-Jie Chemical Co., Ltd.
(Shanghai, China), and dried in vacuum for 48 h at 70 °C before use. Propylene carbonate (PC) and
DBU with a purity of 99% were purchased from Aladdin Reagent Co. (Shanghai, China). All other
chemicals were of analytical reagent grade and directly used without further purification.
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3.2. Homogeneous Preparation of Xylan-g-PPC Copolymers with Different Reaction Parameters
The preparation of xylan-g-PPC copolymers was performed in [Amim]Cl under the conditions in
Table 1 according to the following procedure: dry xylan (0.33 g, 0.005 moles of hydroxyl group in
xylan) was added to [Amim]Cl (10 g) in a dried 50 mL three-neck flask. The mixture was agitated with
magnetic stirring at 80 °C for about 2 h under the protection of nitrogen to achieve a homogeneous
solution. Then PC was introduced into the xylan solution at the required temperature. The ROGP
reaction was carried out under the protection of nitrogen with magnetic stirring for 24 h. After the
precipitation in 150 mL ethanol, the solid residues were filtered out and thoroughly washed with
ethanol. The products were suspended in dichloromethane with magnetic agitation at room temperature
for 24 h (thrice, 72 h total) to remove PPC homopolymers. The solid residues were filtered out, dried
in vacuum at 60 °C for 48 h and stored away from moisture. The products were weighed to determine
the yield of ROGP reaction, expressed by WPG, on the basis of the oven-dried measurements
according the following equation:

WPG =

m2 − m 1
× 100%
m1

(3)

where WPG is the weight percent gain after ROGP reaction, m1 is the weight of xylan regenerated in
IL, and m2 is the weight of xylan-g-PPC copolymers after the treatment of dichloromethane.
3.3. Characterization
FT-IR spectra of unmodified xylan and xylan-g-PPC copolymers were recorded on a Tensor 27
spectrophotometer (Bruker, Karlsruhe, Germany) from a KBr disc containing 1% (w/w) finely ground
samples in the range 4000–400 cm−1.
The 1H-NMR, 13C-NMR spectra of unmodified xylan and xylan-g-PPC copolymers were recorded
from 40 mg samples in 0.5 mL DMSO-d6 on an Avance III 600 M spectrometer (Bruker) with a 5 mm
multinuclear probe. For 1H-NMR analysis, the detailed collecting and processing parameters were as
follows: number of scans, 16; receiver gain, 31; acquisition time, 2.7263 s; relaxation delay, 1.0 s;
pulse width, 11.0 s; spectrometer frequency, 600.17 MHz; and spectral width, 12019.2 Hz. For
13
C-NMR analysis, the detailed collecting and processing parameters were as follows: number of
scans, 2770; receiver gain, 187; acquisition time, 0.9088 s; relaxation delay, 2.0 s; pulse width, 12.0 s;
spectrometer frequency, 150.91 MHz; and spectral width, 36057.7 Hz. The DS and DP of xylan-g-PPC
copolymers were calculated from the integration of the resonances assigned to characteristic signals in
1
H-NMR spectra.
The thermal stability of the samples was performed by TGA and DTG using a Q500 theromgravimetric
analyzer (TA Instruments, New Castle, PA, USA). The apparatus was continually flushed with
nitrogen. The sample between 9 and 11 mg was heated from 30 °C to 600 °C at a heating rate of
10 °C/min.
The surface morphology was determined by AFM analysis (Nanoscope III, Veeco Co. Ltd.,
Plainview, NY, USA). AFM scanning was conducted at four locations on each sample. Topographic
(height) and phase images were recorded in tapping mode under ambient air.
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3.4. Film Preparation
The synthesized xylan-g-PPC copolymers (0.25 g) were dissolved in DMSO (5 mL) at room
temperature with magnetic stirring. Then the solution was cast into a polystyrene dish to form wet
films. The films were dried in an oven at 50 °C for 6 h and stored in plastic bags for characterization.
The tensile strength of xylan-g-PPC copolymer films was determined from rectangular specimens
(15 mm × 10 mm) on a Universal Testing Machine 5565 (Instron, Norwood, MA, USA) fitted with a
100 N load cell at 23 °C with 50% RH.
4. Conclusions
In this study, xylan-g-PPC copolymers were successfully synthesized by ROGP reaction of PC onto
xylan in [Amim]Cl with DBU as an amidine organocatalyst. The DS and DP of xylan-g-PPC
copolymers can be controlled by varying the reaction parameters, including reaction temperature, the
molar ratio of AXU to PC, and reaction time. FT-IR and NMR analyses indicated that PC was
successfully grafted onto the xylan backbone. After the attachment of PPC side chains, the thermal
stability of the copolymers was higher than that of unmodified xylan. Considering the good tensile
strength of the copolymer films and the good biodegradability of xylan and PC, these xylan derivatives
have great potential application as food packaging materials.
Acknowledgments
This work was financially supported by the National Natural Science Foundation of China
(31170550, 31170555), Program for New Century Excellent Talents in University (NCET-11-0154),
the Fundamental Research Funds for the Central Universities, and the National Program for Support of
Top-notch Young Professionals.
Author Contributions
X. Zhang and M. Chen designed research; X. Zhang performed research and analyzed the data;
X. Zhang and C. Liu wrote the paper; A. Zhang and R. Sun polished the paper. All authors read and
approved the final manuscript.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

2.
3.

Lindblad, M.S.; Albertsson, A.C.; Ranucci, E.; Laus, M.; Giani, E. Biodegradable Polymers from
Renewable Sources: Rheological Characterization of Hemicellulose-Based Hydrogels.
Biomacromolecules 2005, 6, 684–690.
John, M.J.; Thomas, S. Biofibres and biocomposites. Carbohydr. Polym. 2008, 71, 343–364.
Choi, E.J.; Kim, C.H.; Park, J.K. Synthesis and Characterization of Starch-g-Polycaprolactone
Copolymer. Macromolecules 1999, 32, 7402–7408.

Molecules 2015, 20
4.
5.
6.

7.

8.

9.
10.

11.
12.

13.

14.

15.
16.
17.
18.
19.
20.
21.

6045

Chen, L.; Qiu, X.; Deng, M.; Hong, Z.; Luo, R.; Chen, X.; Jing, X. The starch grafted poly(L-lactide)
and the physical properties of its blending composites. Polymer 2005, 46, 5723–5729.
Fundador, N.G.V.; Enomoto-Rogers, Y.; Takemura, A.; Iwata, T. Syntheses and characterization
of xylan esters. Polymer 2012, 53, 3885–3893.
González, D.; Campos, A.R.; Cunha, A.M.; Santos, V.; Parajó, J.C. Manufacture of fibrous
reinforcements for biodegradable biocomposites from Citysus scoparius. J. Chem. Technol. Biot.
2011, 86, 575–583.
Lönnberg, H.; Zhou, Q.; Brumer, H.; Teeri, T.T.; Malmström, E.; Hult, A. Grafting of Cellulose
Fibers with Poly(ε-caprolactone) and Poly(L-lactic acid) via Ring-Opening Polymerization.
Biomacromolecules 2006, 7, 2178–2185.
Chung, Y.L.; Olsson, J.V.; Li, R.J.; Frank, C.W.; Waymouth, R.M.; Billington, S.L.; Sattely, E.S.
A renewable lignin-lactide copolymer and application in biobased composites. ACS Sustain.
Chem. Eng. 2013, 1, 1231–1238.
Saha, B. Hemicellulose bioconversion. J. Ind. Microbiol. Biot. 2003, 30, 279–291.
Peng, H.; Yang, A.S.; Xiong, J.H. Green, microwave-assisted synthesis of silver nanoparticles
using bamboo hemicelluloses and glucose in an aqueous medium. Carbohydr. Polym. 2013, 91,
348–355.
Peng, F.; Peng, P.; Xu, F.; Sun, R.-C. Fractional purification and bioconversion of hemicelluloses.
Biotechnol. Adv. 2012, 30, 879–903.
Gurbuz, E.I.; Gallo, J.M.R.; Alonso, D.M.; Wettstein, S.G.; Lim, W.Y.; Dumesic, J.A. Conversion
of Hemicellulose into Furfural Using Solid Acid Catalysts in gamma-Valerolactone. Angew. Chem.
Int. Ed. 2013, 52, 1270–1274.
Huda, M.S.; Drzal, L.T.; Misra, M.; Mohanty, A.K.; Williams, K.; Mielewski, D.F. A Study on
Biocomposites from Recycled Newspaper Fiber and Poly(lactic acid). Ind. Eng. Chem. Res. 2005,
44, 5593–5601.
Mohanty, A.K.; Wibowo, A.; Misra, M.; Drzal, L.T. Effect of process engineering on the
performance of natural fiber reinforced cellulose acetate biocomposites. Compos. Part A-Appl.
Sci. Manuf. 2004, 35, 363–370.
Bhattacharya, A.; Misra, B.N. Grafting: A versatile means to modify polymers: Techniques,
factors and applications. Prog. Polym. Sci. 2004, 29, 767–814.
Carlmark, A.; Larsson, E.; Malmström, E. Grafting of cellulose by ring-opening polymerisation—A
review. Eur. Polym. J. 2012, 48, 1646–1659.
Mohanty, A.K.; Misra, M.; Hinrichsen, G. Biofibres, biodegradable polymers and biocomposites:
An overview. Macromol. Mater. Eng. 2000, 276–277, 1–24.
Riedel, U.; Nickel, J. Natural fibre-reinforced biopolymers as construction materials—New
discoveries. Angew. Makromol. Chem. 1999, 272, 34–40.
Ge, X.C.; Li, X.H.; Zhu, Q.; Li, L.; Meng, Y.Z. Preparation and properties of biodegradable
poly(propylene carbonate)/starch composites. Polym. Eng. Sci. 2004, 44, 2134–2140.
Kricheldorf, H.R. Syntheses and application of polylactides. Chemosphere 2001, 43, 49–54.
Endo, T.; Shibasaki, Y.; Sanda, F. Controlled ring-opening polymerization of cyclic carbonates
and lactones by an activated monomer mechanism. J. Polym. Sci. Pol. Chem. 2002, 40, 2190–2198.

Molecules 2015, 20

6046

22. Guillaume, S.M.; Carpentier, J.-F. Recent advances in metallo/organo-catalyzed immortal
ring-opening polymerization of cyclic carbonates. Catal. Sci. Technol. 2012, 2, 898–906.
23. Ma, X.; Yu, J.; Wang, N. Compatibility characterization of poly(lactic acid)/poly(propylene
carbonate) blends. J. Polym. Sci. Pol. Phys. 2006, 44, 94–101.
24. Yan, C.; Zhang, J.; Lv, Y.; Yu, J.; Wu, J.; Zhang, J.; He, J. Thermoplastic Cellulose-graft-poly(Llactide) Copolymers Homogeneously Synthesized in an Ionic Liquid with 4-Dimethylaminopyridine
Catalyst. Biomacromolecules 2009, 10, 2013–2018.
25. Wang, Z.; Zheng, L.; Li, C.; Zhang, D.; Xiao, Y.; Guan, G.; Zhu, W. A novel and simple
procedure to synthesize chitosan-graft-polycaprolactone in an ionic liquid. Carbohydr. Polym.
2013, 94, 505–510.
26. Zhang, X.-Q.; Chen, M.-J.; Liu, C.-F.; Sun, R.-C. Dual-component system dimethyl sulfoxide/licl
as a solvent and catalyst for homogeneous ring-opening grafted polymerization of ε-caprolactone
onto xylan. J. Agric. Food Chem. 2014, 62, 682–690.
27. Mani, R.; Tang, J.; Bhattacharya, M. Synthesis and characterization of starch-graft-polycaprolactone
as compatibilizer for starch/polycarprolactone blends. Macromol. Rapid Commun. 1998, 19, 283–286.
28. Ren, G.; Sheng, X.; Qin, Y.; Chen, X.; Wang, X.; Wang, F. Toughening of poly(propylene
carbonate) using rubbery non-isocyanate polyurethane: Transition from brittle to marginally
tough. Polymer 2014, 55, 5460–5468.
29. Xing, C.; Wang, H.; Hu, Q.; Xu, F.; Cao, X.; You, J.; Li, Y. Mechanical and thermal properties of
eco-friendly poly(propylene carbonate)/cellulose acetate butyrate blends. Carbohydr. Polym.
2013, 92, 1921–1927.
30. Ge, X.C.; Xu, Y.; Meng, Y.Z.; Li, R.K.Y. Thermal and mechanical properties of biodegradable
composites of poly(propylene carbonate) and starch–poly(methyl acrylate) graft copolymer.
Compos. Sci. Technol. 2005, 65, 2219–2225.
31. Ma, X.; Chang, P.R.; Yu, J.; Wang, N. Preparation and properties of biodegradable
poly(propylene carbonate)/thermoplastic dried starch composites. Carbohydr. Polym. 2008, 71,
229–234.
32. Nederberg, F.; Connor, E.F.; Möller, M.; Glauser, T.; Hedrick, J.L. New Paradigms for Organic
Catalysts: The First Organocatalytic Living Polymerization. Angew. Chem. Int. Ed. 2001, 40,
2712–2715.
33. Becker, J.M.; Tempelaar, S.; Standord, M.J.; Pounder, R.J.; Covington, J.A.; Dove, A.P.
Development of amino-oxazoline and amino-thiazoline organic catalysts for the ring opening
polymerization of lactide. Chem.-Eur. J. 2009, 16, 6099–6105.
34. Kamber, N.E.; Jeong, W.; Waymouth, R.M.; Pratt, R.C.; Lohmeijer, B.G.G.; Hedrick, J.L.
Organocatalytic Ring-Opening Polymerization. Chem. Rev. 2007, 107, 5813–5840.
35. Nederberg, F.; Lohmeijer, B.G.G.; Leibfarth, F.; Pratt, R.C.; Choi, J.; Dove, A.P.; Waymouth, R.M.;
Hedrick, J.L. Organocatalytic Ring Opening Polymerization of Trimethylene Carbonate.
Biomacromolecules 2006, 8, 153–160.
36. Brown, H.A.; de Crisci, A.G.; Hedrick, J.L.; Waymouth, R.M. Amidine-Mediated Zwitterionic
Polymerization of Lactide. ACS Macro Lett. 2012, 1, 1113–1115.
37. Chen, C.-Y.; Chen, M.-J.; Zhang, X.-Q.; Liu, C.-F.; Sun, R.-C. Per-O-acetylation of cellulose in
dimethyl sulfoxide with catalyzed transesterification. J. Agric. Food Chem. 2014, 62, 3446–3452.

Molecules 2015, 20

6047

38. Cao, X.F.; Sun, S.N.; Peng, X.W.; Zhong, L.X.; Sun, R.C. Synthesis and characterization of
cyanoethyl hemicelluloses and their hydrated products. Cellulose 2013, 20, 291–301.
39. Peng, X.W.; Ren, J.L.; Zhong, L.X.; Sun, R.C. Synthesis and Characterization of Amphoteric
Xylan-type Hemicelluloses by Microwave Irradiation. J. Agric. Food Chem. 2012, 60, 1695–1702.
40. Peng, X.W.; Ren, J.L.; Zhong, L.X.; Sun, R.C. Homogeneous synthesis of hemicellulosic succinates
with high degree of substitution in ionic liquid. Carbohydr. Polym. 2011, 86, 1768–1774.
Sample Availability: Samples are available from the authors.
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

