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In this study, oxidized wood pulp fiber (OWPF) was prepared by oxidizing wood pulp fiber (WPF) with NaIO4, and OWPFs with
different oxidation degrees were obtained and characterized by light microscope, XRD, and TG. Then, OWPFs with different
oxidation degrees were incorporated into thermoplastic starch (TPS) to prepare OWPF/TPS composites. The cross-section
morphology, water resistance, and physical and mechanical properties of the composites were investigated. SEM showed good
dispersion of OWPF in the continuous TPS phase. The tensile strength of OWPF/TPS reached a maximum value of 5.02MPa
when the oxidation degree of OWPF was 0.5. Elongation at break of OWPF/TPS composites increased with the increasing
oxidation degree of OWPF. Meanwhile, as a result of cross-linking, the water contact angle was also improved with the
increased oxidation degree of OWPF. The study provided a new way to prepare a degradable TPS composite with satisfying
properties to be used for packaging and catering.

1. Introduction

In recent years, great attention has been paid to thermoplas-
tic starch (TPS), which is considered as the most promising
biodegradable plastic due to its low-cost, ample supply of
starch from renewable sources, and totally degradable prop-
erties [1]. However, its broader application is limited by
two major deficiencies, namely, poor mechanical properties
and pronounced sensitivity to moisture [2].

One of the most important methods to overcome the
abovementioned problems is to add reinforcements to TPS.
As is well known, organic fibers and inorganic mineral mate-
rials are two major kinds of reinforcements. Natural fibers
such as cotton fiber [3], flax fiber [4], coir fibers [5], luffa fiber
[6], and inorganic mineral materials including montmoril-
lonite [7], kaolinite [8], halloysite [9], and rectorite [10] had
been added to TPS to improve mechanical and water-
resistant properties.

Up to now, many researches have focused on the investi-
gation of organic fiber-reinforced TPS. Results showed that
the property improvement depends on several factors such

as adding dosage, aspect ratio, and dispersion condition of
the fibers. Among these factors, dosage of the fibers is a main
factor which often affects the mechanical properties of TPS.
For example, it was found in Ma's [11] study that when the
fiber content was increased from 0 to 20wt%, the initial
tensile strength of TPS was trebled up to 15.16MPa. The
shape and size of the fibers are also important factors which
affect the mechanical and thermal stability properties. Short
fibers have a higher specific surface area which leads to
greater stress at maximum load [12], while long fibers are
effective for enhancing thermal stability [13]. The dosage
and shape and size of the fibers also affect their dispersion
in the TPS matrix. Homogeneous dispersion of the fibers is
favorable for the improvement of mechanical property, e.g.,
a glycerol-plasticized pea starch/MCC (microcrystalline
cellulose) composite showed good mechanical properties
because of the excellent dispersion of MCC [14]. Cross-
linking between the matrices is often a useful method to
improve TPS’s properties, especially the water-resistant
property. In Iman and Maji’s study [15], glutaraldehyde
was used as a cross-linker which could react with the starch
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and improve the water resistance and mechanical properties
of TPS effectively. In Zhou et al.’s [16] study, nanocellulose
fibers modified by oxidation showed excellent dispersion in
a PVA matrix, resulting in superior tensile modulus and
strength of the composites. Cross-linking may have occurred
between nanocellulose and PVA.

In this study, oxidized wood pulp fiber (OWPF) was
prepared by oxidizing wood pulp fiber (WPF) and using it
as a reinforcement to prepare OWPF/TPS composites. The
goal is to make OWPF not only as a reinforcement but also
as a cross-linker in the TPS matrix. The effects of different
oxidation degrees of OWPF on the properties of WPF and
the morphology, mechanical properties, thermal properties,
and surface wettability of OWPF/TPS composites were
investigated in detail.

2. Materials and Methods

2.1. Materials. Corn starch was supplied by the Shandong
Hengren Industry and Trade Company (Tengzhou, Shan-
dong, China). Bleached softwood pulpboard was supplied
by the Shandong Dawnsen New Material Co. Ltd. (Longkou,
Shandong, China). Glycerol, glycol, methanol, and sodium
hydroxide, as analytical reagents, were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China).
Sodium periodate, as an analytical reagent, was purchased
from Shantou Xilong Chemical Plant Co., Ltd. (Shantou,
Guangdong, China). Chloride hydroxylamine, was purchased
from Shanghai No. 4 Reagent & H. V. Chemical Co., Ltd.
(Shanghai, China). Sulfuric acid,was a chemically pure
reagent and purchased from Nanjing Chemical Reagent
Factory (Nanjing, Jiangsu, China).

2.2. Preparation of WPF and OWPF. Firstly, a piece of soft-
wood pulpboard was cut into small pieces, then softwood
pulpboard (50 g) and 15wt% NaOH (300mL) were added
into the beaker in order to wet the softwood pulpboard
completely. In fact, it is a process of swelling and activation
for the pulpboard. At the same time, small impurities in the
pulpboard were also removed in this process. After 5 h, HCl
was added rapidly to neutralize NaOH. Then, the deposit
was filtered by a sand-cored funnel and washed with distilled
water to pH7.0. The WPF was obtained after drying at 50°C
for 8 h.

WPF and 60wt% H2SO4 (150mL) were added into a
500mL beaker for hydrolysis reaction at 45°C for 0.5 h under
stirring, then the slurry was washed with distilled water
repeatedly at 3000 rpm to remove acids and other small
molecules. The deposit was dried by a freeze-dryer.

The sodium periodate solution (250mL) was added into a
500mL flask in a water bath at constant temperature (50°C)
and then adjusted to pH4.0. 20 gWPF was added rapidly into
theflask for a dark thermostatic reaction for 3 h under stirring,
and ethylene glycol (50mL) was added to remove unreacted
sodium periodate for 1 h. The suspension was filtered, repeat-
edly washed with distilled water, and dried.

2.3. Determination of Aldehyde Group Content. The aldehyde
contents of OWPF are determined using the hydroxylamine

hydrochloride method according to Yu et al.’s study [17]
based on the following chemical reaction:

−CHO +NH2OH ⋅HC1⟶ −CHNOH +H2O +HC1 ð1Þ

The released HCl was titrated with a sodium hydroxide-
methanol solution during the reaction in methanol. OWPF
(0.5 g) was added in hydroxylamine hydrochloride (10mL of
0.05 g/mL) solution. The pH was adjusted to 5.0 with NaOH
(0.1mol/L) solution. The conversion of aldehydes into oximes
continued at 40°C for 4 h. The aldehyde content was deter-
mined using equation (2) by recording the consumption V1
(mL) of NaOH (0.1mol/L), performing the reaction at a
constant pH of 5.0. 0.5 g WPF without oxidation was used as
a control to record the consumption V2 (mL) of NaOH.

Aldehyde content is calculated as

CHO %ð Þ = M CHOð Þ × c × V1 − V2ð Þ
m × 1000 × 100, ð2Þ

where M (CHO) is the molar mass of the –CHO group
(29 g/mol); c is the concentration of NaOH (0.1mol/L); V1
is the volume of the consumption of NaOH for OWPF
(mL); V2 is the volume of the consumption of NaOH for
WPF without oxidation (mL); m is the mass of OWPF or
WPF (0.5 g).

2.4. Preparation of OWPF/TPS Composites. Glycerol was
blended with corn starch and OWPF by the High-Speed
Mixer (GH-100Y,China) and then stored overnight. The ratio
of glycerol and corn starch (w/w) was 1 : 3 (100 g, 300 g). The
OWPF loading level (6wt%) was based on the amount of TPS.
The mixtures were manually fed into a twin screw plastic
extruder operating at 150 rpm. The temperature profile along
the extruder barrel was based on four heating zones, which
were 115, 120, 125, and 115°C from the feed zone to the die.
The die has a hole of 3mm in diameter. Samples were cut into
small particles by a pelletizer. Dumbbell-shaped specimens
(ASTMD638) were made from these small particles by injec-
tion molding. The scheme of the cross-linking reactions
between OWPF and starch is shown in Figure 1.

2.5. Light Microscope. A light microscope (MA1000/MA2000,
Chongqing Optical Instrument Co., Ltd, China) was used to
observe the morphology of WPF and OWPF with different
degrees of oxidation, and the resolution of the light micro-
scope was 1.0μm.

2.6. X-Ray Diffractometry. X-ray diffraction patterns were
recorded in the reflection mode in an angular range of 5-60°

(2θ) at ambient temperature by an X-ray diffractometer
(Ultima IV, Rikagu, Japan). Radiation was operated at 30 kV
and 30mA.

2.7. Thermal Stability. TG thermograms and DTG of a sam-
ple were recorded by a thermogravimetric analyzer (TG 209
F1, NETZSCH, Germany). Samples were tested under a
nitrogen atmosphere within a temperature range of 50–
600°C at a heating rate of 20°C/min.
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2.8. Scanning Electron Microscopy (SEM). The fracture sur-
faces of OWPF/TPS composites were examined using a field
emission scanning electron microscope (JEOL JSM-7600F,
Japan). The fracture surfaces were vacuum-coated with gold
for SEM, which were fractured in tensile tests.

2.9. Mechanical Testing. Tensile tests were conducted accord-
ing to ISO 527-2012 at a temperature of 20 ± 2°C and relative
humidity of 55 ± 5%. The tensile measurements from dumb-
bell specimens were carried out using Testing Medicine
(SANS, Shenzhen, China) with a cross-head speed of
20mm/min. It should be noted that the results of the
mechanical properties of the samples were obtained by aver-
aging from 5 independent tested specimens.

2.10. Contact Angle Measurement. OWPF/TPS composites
were measured with a contact angle testing instrument
(DSA100, Kruss, Germany). It should be noted that the con-
tact angle testing results of the samples were obtained by
averaging from 10 independent tested specimens, and the
contact angle was tested 20 seconds after the water droplets
fell into the specimen.

3. Results and Discussion

3.1. Characterization of OWPF

3.1.1. Aldehyde Contents and Morphology of OWPF. Table 1
lists the aldehyde contents of OWPF, which are prepared at
the conditions of different mass ratios of NaIO4/WPF. It
can be seen that aldehyde contents of OWPF increased with
the increase of m(NaIO4)/m(WPF) under the same hydroly-
sis temperature, reaction temperature, and pH conditions.
When the ratio of m(NaIO4)/m(WPF) is 0.5, the aldehyde
contents reached 5.5%.

The morphology of WPF before and after oxidation was
observed by a polarizing microscope (100x). As shown in
Figures 2(a) and 2(b), hydrolysis made the fibers shorter and

more dispersed. But after oxidation, the fibers became rod-
like and the phenomenon of birefringence becamemore obvi-
ous (Figures 2(c)–2(f)). This can be due to the breakdown of
the amorphous region of the fibers during oxidation. The
aspect ratio of the fibers decreased with the increase of the oxi-
dation degree. When the ratio of oxidant m(NaIO4)/m(WPF)
reached 0.5 and the aldehyde contents of the fibers reached
5.5%, the length of OWPF was below 100μm (Figure 2(e)).
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Figure 1: Schematics of cross-linking reaction between OWPF and TPS.

Table 1: The aldehyde contents of OWPF prepared at the different ratios of m(NaIO4)/m(WPF).

Sample no. Hydrolysis temperature (°C) Reaction temperature (°C) Reaction pH m(NaIO4)/m(WPF) CHO (%)

1 45 50 4.0 0.125 1.624

2 45 50 4.0 0.250 2.387

3 45 50 4.0 0.375 4.640

4 45 50 4.0 0.500 5.510

(a)

100 𝜇m

(b)

100 𝜇m

(c)

100 𝜇m

(d)

100 𝜇m

100 𝜇m

(e)

100 𝜇m

(f)

Figure 2: Polarizing microscope micrograph (100×) of WPF before
and after hydrolysis and OWPF with different oxidation degrees: (a)
before hydrolysis; (b) after hydrolysis (0); (c) 0.125 OWPF; (d) 0.25
OWPF; (e) 0.375 OWPF; (f) 0.5 OWPF.
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3.1.2. X-Ray Diffractometry. The effect of oxidation on the
crystalline structure of WPF was investigated by X-ray dif-
fraction (XRD) analysis. XRD patterns of WPF and OWPF
are shown in Figure 3. Obviously, WPF possessed a charac-
teristic crystalline region, and the corresponding diffraction
peak from the crystalline region occurred at 15.5° and 22.7°,
which was attributed to cellulose I crystallinity [18]. No obvi-
ous changes of the diffraction peaks occurred whenWPF was
oxidized to OWPF, which implies that the oxidation mainly
occurred in the amorphous region of the WPF [18], only
the degree of crystallinity decreased after oxidation [19].
With the increase in the degree of oxidation, the degree of
crystallinity of OWPF decreased. This is also in accordance
with the morphology observation.

3.1.3. Thermal Stability. Thermogravimetric analysis (TGA)
was carried out to evaluate the thermostability of WPF before
and after oxidation (shown in Figure 4). WPF showed two
mass losses at around 200 and 300°C, related to the amor-
phous and crystalline region degradation of polysaccharide.
OWPF showed main mass losses at around 300°C. The max-
imum degradation rates were assigned to the degradation of
the polysaccharides [11, 20, 21]. It can be seen that, with the
increase of oxidation degree, the maximum degradation
temperature of the fibers increased from 205 to 322.8°C.
Then, with the improved oxidation degree, a slight decrease
of the maximum temperature was observed. This may be
due to the decline of the amorphous region in WPF during
oxidation. The amorphous region of WPF was destroyed,
and the proportion of the crystalline region in the fibers
increased with an increase in the oxidation degree. The
decomposition temperature of the crystalline region is
higher than the amorphous region, so the thermal stability
of the fibers has an obvious increase after oxidation. The
slight decrease is due to the further disintegration of the
crystalline structure.

3.2. Characterization of OWPF/TPS Composites

3.2.1. Morphology Analysis. OWPFs with different oxidation
degrees were incorporated into the TPS matrix to prepare
OWPF/TPS composites. SEM micrographs of the fractured

surface of the OWPF/TPS composite are shown in Figure 5.
It can be seen that there are no starch granule structures pres-
ent in the OWPF/TPS phase because native corn starch gran-
ules were molten or physically broken up into small
fragments under the high shear and temperature conditions
with the action of glycerol [14]. When the oxidation degree
(the m(NaIO4)/m(WPF) ratio) was 0.125 and 0.25, the
fractured surface of OWPF/TPS composites looks a little
rough, and a lot of the rod-like fiber ends are exposed on
the surface. With a further increase in the oxidation degree
of OWPF, the fracture surface of the composite became
smooth as shown in Figures 5(c) and 5(d). As expected, in
all TPS composites, OWPF dispersed homogeneously in the
TPS matrix, indicating excellent phase compatibility because
of their chemical similarities.

3.2.2. Mechanical Property. Figure 6 shows the effect of
OWPF with different oxidation degrees on the mechanical
properties of OWPF/TPS composites. As shown in the figure,
TPS showed poor mechanical properties of tensile strength
and elongation at break. When OWPFs with oxidation
degrees of 0-0.25 were incorporated, the tensile strength
increased from 1.52 to 5.02MPa, and the elongation at break
increased from 89.61 to 103.32%. This mechanical improve-
ment can be attributed to the strong interfacial interactions
between OWPF and the TPS matrix. However, when the
oxidation degree of OWPF increased from 0.25 to 0.5, the
tensile strength of the composites decreased gradually from
5.02 to 1.54MPa, while the elongation at break increased
from 103.32 to 196.35%. The possible explanations for this
phenomenon are as follows: (1) The WPF fibers became
shorter with an increase of the oxidation degree. (2) The
crystalline structure of WPF was damaged during oxidation.
The results revealed that the aspect ratio of the fibers have an
important effect on the mechanical properties of TPS
composites. When the oxidation degree was 0.25, the aspect
ratio of OWPF is appropriate and favorable for the mutual
entanglement between the fibers and the starch matrix and
led to the efficient stress transfer from the matrix to the fillers
[22, 23]. The improved mechanical properties were also
found in many other researches in which TPS was reinforced
with chitin or cellulose nanosize fillers [24–26]. Unlike the
results in many other researches, the elongation at break of
the composites in this study was also improved with the
incorporation of OWPF. This must be attributed to the
cross-linking reaction between aldehyde and the hydroxyl
group which leads to strong interfacial interaction between
OWPF and the TPS matrix.

3.2.3. Thermal Stability. TG and DTG curves of the TPS and
OWPF/TPS composites are shown in Figure 7. The weight
loss below 200°C for all samples was related to the volatiliza-
tion of water or glycerol, and the maximum degradation rate
was assigned to the degradation of polysaccharides [11, 20,
21]. Overall, the incorporation of WPF into TPS resulted in
an increase in the thermal stability of the resulting compos-
ites compared with the thermoplastic starch matrix, and the
oxidation of WPF significantly improved the thermostability
of the composites. This improvement can also be attributed
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Figure 3: XRD spectra of OWPFwith different degrees of oxidation.
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to the cross-linking interaction between OWPF and TPS.
When the oxidation degree of OWPF surpassed 0.25, the
thermal stability of OWPF/TPS composites has a little

decrease, which was related to the damage of the crystalline
structure of the OWPF during oxidation.

3.2.4. Water Resistance. Water contact angle is one of the
important methods for testing the surface wettability of mate-
rials, and it is often used as an indicator for the hydrophilicity
or hydrophobicity of materials. Figure 8 shows the contact
angle of TPS and OWPF/TPS composites, and it can be seen
that the contact angle of OWPF/TPS composites was signifi-
cantly improved compared with TPS. With the increased
oxidation degree of WPF, the contact angle of OWPF/TPS
composites increased from 79 to 120°. This indicates that
the increased aldehyde content in OWPF can promote an
effective chemical connection between the aldehyde group
and starch macromolecules, thus destroying some of the
hydroxyl groups in the starch macromolecules, and thereby
reducing the water wettability of the OWPF/TPS compos-
ites. The maximum oxidation degree of WPF resulted in
the maximum contact angle of the OWPF/TPS composite,
all higher than that of the TPS. Therefore, it is possible that
the surface water wettability of the OWPF/TPS composites is
mainly related to the degree of cross-linking between the
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Figure 5: SEMmicrographs of the fracture surface of OWPF/TPS composites with different oxidation degrees: (a) 0.125 OWPF/TPS; (b) 0.25
OWPF/TPS; (c) 0.375 OWPF/TPS; (d) 0.5 OWPF/TPS.
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OWPF and starch macromolecules, and further characteri-
zation will be performed.

4. Conclusions

In this study, an OWPF-reinforced TPS was successfully
prepared. The increased oxidization of WPF decreased its
aspect ratio, and the tensile strength of OWPF/TPS compos-
ites reached a maximum (5.02MPa) when the oxidation
degree of OWPF was 0.25; a higher oxidation degree of
OWPF resulted in a smaller OWPF size and a decreased
tensile strength of composites. However, the elongation at
break of WPF/TPS composites increased with the increased
oxidation degree of OWPF. These results can be ascribed to
the optimum aspect ratio of OWPF and the chemical bond
interaction between OWPF and TPS. In addition, with the
increased oxidation degree of OWPF, the water contact angle
of OWPF/TPS composites became larger, which was possibly
mainly related to the cross-linking between the OWPF and
starch macromolecules. This study provided a new way to
prepare a degradable TPS composite with satisfying proper-
ties to be used for packaging and catering, including for trays,
lids, cutlery, cups, and straws.
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