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Abstract Poly(vinyl acetate) (PVAc) was grafted onto
wheat straw by y-irradiation to improve the compatibility
between wheat straw and high-density polyethelene (PE).
The grafting was proved by Fourier transform infrared
(FTIR) spectroscopy. The compact structure of wheat straw
was loosened because the chemical bonds and crystalline
structure were destructed by the y-rays. The modified
wheat straw needed less energy for thermal transition, as
revealed by differential scanning calorimetry (DSC).
Thermal analysis revealed that grafted PVAc acted as a
protective barrier for the wheat straw and leads to an
increase in maximum pyrolysis temperature. The crystallite
size of grafted wheat straw decreased to 5.33 nm from
5.63 nm before irradiation. There were holes in melted
form appeared on the surface of the grafted wheat straws.
Both the grafted PVAc and irradiation are beneficial to
lower the torque of wheat straw/PE melts and improve its
mechanical properties by 36%. Possible mechanism of
irradiation grafting was proposed.
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1 Introduction

Wheat straw is an annually renewable fiber resource in
abundant quantity in many regions of the world. However,
wheat straw is often considered as solid waste because of
its limited industrial application due to its low cellulose
content, high extractives content, ash-forming minerals,
inaccessible morphology, insolubility, and loose structure
[1]. Wheat straw usually consists of rigid cellulosic
microfibrils embedded in a soft hemicelluloses and lignin
matrix. Cellulose chains are packed in an ordered manner
to form compact microfibrils, which are stabilized by both
intermolecular and intramolecular hydrogen bonding.
Hemicelluloses and lignin belong to thermoplastic poly-
mer. However, the thermoplasticity of wheat straw is poor
[2]. In other words, the melting temperature of wheat straw
is higher than its decomposed temperature, because there is
no sufficient temperature gap between the temperature
sufficient to open the intermolecular bond and the tem-
perature at which degradation of the entire material starts
[3]. In a word, wheat straw alone is difficult to mold and
process. Therefore, it is necessary to modify the wheat
straw to improve its plasticity and processibility.

Wheat straw can be chemical modified by acetylation,
benzylation, acid chlorides, several anhydrides, carboxylic
acids, isocyanates, formaldehyde and other aldehydes,
methylation, alkyl chlorides, propiolactone, acrylonitrile,
and epoxides via reaction with hydroxyl (OH) groups
[4-7]. Another way to improve plasticity of wheat straw is
graft copolymerization of flexible molecular chains. Being
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a simple method, free radical polymerization induced by 7-
rays can functionalize wheat straw with vinyl monomers
[8, 9]. Vinyl acetate is an organic compound in the formula
of CH;COOCHCH,. Poly(vinyl acetate) (PVAc) is known
as a ductile and non-toxic polymer, synthesized by free
radical polymerization [10]. By grafting vinyl acetate onto
substrate, the properties can be endued with desirable
properties. By grafting copolymerization of vinyl acetate
onto lignin, the mechanical and thermal properties of lignin
can be enhanced to make value-added greener products [8].
The graft copolymerization of vinyl acetate onto the chi-
tosan chain was initiated by chemical method to decrease
the water absorption of the chitosan material [11]. How-
ever, few studies have addressed the effect of modified
wheat straw by radiation-induced grafting of vinyl acetate
on the properties of PE composites.

In this paper, the ®°Co y-rays are used to graft vinyl
acetate onto wheat straw to impart thermoplasticity. The
samples are characterized to examine the chemical struc-
ture, crystallite structure, thermal stability, and surface
morphology. Effects of the y-ray irradiation and grafting on
rheological and mechanical properties of PE/wheat straw
composites are investigated.

2 Experimental
2.1 Materials

Wheat straw was obtained from a wheat field in Jiangsu
Academy of Agricultural Science, China. Vinyl acetate
was purchased from Shantou Xilong Chemical Factory,
Guangdong, China. High-density polyethylene (HDPE,
Density 0.95 g/cm®, MFR 8 g/10 min) was purchased from
Sinopec Yangzi Petrochemical Company Ltd.

2.2 Sample preparation

Vinyl acetate was used as the low surface energy
functional monomers. To prepare the grafted wheat straw,
the wheat straw samples were soaked in vinyl acetate
solution in methanol and irradiated by ®°Co y-rays to
100 kGy in N, environment. After the graft polymeriza-
tion, the homopolymers were thoroughly removed by
means of hot solvent extraction for 48 h. The degree of
grafting (DG) was determined by:

Ppg = [(Wa — Wy)/Wy] x 100, (1)
where W, and W, are the wheat straw weight before and
after grafting, respectively.

The controls were a blank sample treated exactly in the
same experimental conditions without monomer, and a
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poly(vinyl acetate) sample prepared in the same experi-
mental conditions.

2.3 Characterizations
2.3.1 Fourier transform infrared spectroscopy

Using dried powdered samples, attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were obtained on an Nicolet iS10 FTIR system
(Thermo Scientific, USA) in the range of 4000-500 cm™
Thirty-two scans were accumulated at a resolution of

—1
4cm .

2.3.2 Thermal analysis

DSC curve of different samples was performed on a TA
Q20 DSC apparatus (TA Instruments, USA) with a dis-
covery refrigerated cooling system (RCS40) and nitrogen
as purge gas.

Thermal stability of the samples was assessed with
thermogravimetric analysis (TGA) (SII-7200, Japan), from
room temperature to 600 °C at a heating rate of 20 °C/min.
The tests were carried out in N, atmosphere (20 mL/min)
to prevent thermoxidative degradations. The sample pan
was placed on the Pt basket in the furnace, and 5 mg of
materials was used for each measurement.

2.3.3 X-ray diffraction analysis

XRD patterns of the samples were collected with a
Bruker D8 Advance X-ray diffractometer (Bruker AXS,
Karlsruhe, Germany) at 20 kV, 5 mA, using Cu Ka
(A = 1.5418 A), with a scan speed of 6°/min and a step size
of 0.05° in 20 ranging from 5° to 60° at room temperature.

2.3.4 Morphological analysis

Morphology of the samples, gold-sputtered, was
checked by SEM (EVO-LS10, Germany).

2.3.5 Rheological properties of PE/wheat straw
composites

The PE wheat straw blends were prepared with a ZHL-I
torque rheometer (Changchun Intelligent Instrument and
Equipment Co., Ltd., China). The weight ratio of wheat
straw and PE was 1:4, mixed at 160 °C and 50 rpm for
2400 s.
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2.3.6 Mechanical properties

Test specimens were prepared using a Haake Minijet
(Thermo fisher Scientific, Germany). The injection was
performed at 700 bar. Mechanical tests were carried out
with a mechanical testing machine (HY-0580, Shanghai
Hengyi Testing Machine Co., Ltd., China), at room tem-
perature. Mechanical properties of the specimens were
tested according to DIN EN ISO 527-2. For each formu-
lation, at least five samples were tested.

3 Results and discussion
3.1 Chemical structure of the graft copolymers

FTIR spectra of the irradiated wheat straw, the grafted
wheat straw (Ppg of 25.1%), and the controls were col-
lected, as shown in Fig. 1. The peak at around 3335 cm™'
is attributed to the hydrogen bond association among
molecules of cellulose, hemicellulose, lignin, and water in
wheat straw. The characteristic peaks of cellulose are
observed at 3335, 2924, 1158, and 896 cm™!. The
absorption peaks at 1512 and 1619 cm™"' are attributed to
the stretching vibration of aromatic rings, which are the
characteristic absorption peaks of lignin. The characteristic
peak of hemicellulose is located at 1372 cm ™! [12]. The
strong peak at 3335 cm™' is broadened after irradiation,
indicating that the strong hydrogen bond association is
reformed among molecules due to the free radical initia-
tion. The stretching and asymmetric vibration of C—O-C at
896 and 1158 cm™' become stronger after irradiation. The
results show that the chemical bonds in wheat straw are
partially destructed and the crystalline structure of cellu-
lose and the compact structure become loose [13].
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Fig. 1 (Color online) FTIR spectra of wheat straw samples before
and after irradiation/grafting

The peaks at 1438 and 1372 cm™' are attributed to
bending vibration of CH, and CH; in PVAc. The peak at
1730 cm™" of the grafted wheat straw is the stretching
vibration band of the —C=0 functional group of PVAc,
while the bond is not observed in the spectrum of the
pristine wheat straw. This proves that the PVAc is grafted
onto the wheat straw.

The radiation grafting mechanism is exhibited in Fig. 2.
The covalent bonds in wheat straw molecules can be bro-
ken randomly by the y-rays [12]. And the covalent bonds in
vinyl acetate can be broken simultaneously, and new
covalent bonds are formed between wheat straw and PVAc
[14]. Also, homopolymerization of PVAc occurs. Wheat
straw-g-poly(vinyl acetate) with DG of 30% is character-
ized and blended with PE in this work.

3.2 Thermal properties of wheat straw

Differential scanning calorimetry curves of the pristine,
irradiated, and grafted (Ppg = 25.1%) wheat straw are
present in Fig. 3, as the amount of heat required as a
function of temperature. The 7T, of PVAc is 36 °C [15].
The peak and onset temperature of irradiated wheat straw
are lower than the pristine wheat straw, because the
interactions among molecules are interrupted by the y-rays.
Also, the molecular chains in wheat straw are broken. The
fractured molecular chains need less energy for thermal
transition. The irradiated wheat straw has reduced value of
AH, i.e., the whole energy required becomes less due to the
irradiation [16]. However, the grafted wheat straw has
higher onset and peak temperature. The PVAc chains that
grafted on wheat straw limit the mobility of wheat straw
molecules. Finally, the grafted wheat straw has lower
AH value, i.e., the whole energy required decreases
significantly.

TGA, DTG, and DTA curves of the pristine, irradiated,
and grafted (Ppg = 25.1%) wheat straw samples are
shown in Fig. 4. The TGA curves (Fig. 4a) show that the
water was evaporated in the temperature range of
30-200 °C. The thermal stability of the untreated wheat
straw is better than the modified wheat straw in the tem-
perature range of room temperature to 300 °C. Above
400 °C, the char residues of the pristine wheat straw were
less than that of the irradiated wheat straw, because the
molecules being easy to decompose were transformed into
volatile gas during the y-irradiation. Then, smaller mole-
cules could transform to volatile molecules in the pyrolysis
process, and more residues were left [17]. The PVAc had
the least amount of residues, i.e., PVAc molecules could
convert to volatile molecules easily above 500 °C. There-
fore, the residues of grafted wheat straw were less than that
of the untreated wheat straw. In addition, the PVAc pos-
sesses better thermal stability from room temperature to
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Fig. 2 (Color online) The
radiation grafting mechanism
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Fig. 3 (Color online) DSC curves of wheat straw with different
treatment

300 °C, indicating that PVAc can meet the processing
requirements.

In the DTG curves (Fig. 4b), the maximum pyrolysis
temperatures of the pristine, irradiated and grafted wheat
straw samples, and the PVAc are 336.1, 334.0, 362.8, and
348.5 °C, respectively. The maximum pyrolysis tempera-
ture of the pristine wheat straw decreased after irradiation,
indicating the radiation-induced reduction in thermal sta-
bility of wheat straw [18], due to the scission of molecular
chains in wheat straw fiber by the y-rays. The maximum
pyrolysis temperature of the grafted wheat straw is the
highest of all samples, showing that the grafted PVAc acts
as a protective barrier for the wheat straw, preventing the

Wheat straw-g-poly(vinyl acetate)

heat transfer. Thus, its maximum pyrolysis temperature
shifted to higher values [19].

In the DTA curves (Fig. 4c), the endothermic peak
temperatures of the pristine, irradiated and grafted wheat
straw samples, and the PVAc are 337.4, 337.6, 364.9, and
334.4 °C, respectively. The endothermic peak temperature
of the irradiated wheat straw is nearly the same as the
controls, and that of the grafted wheat straw is the highest.
Besides, the endothermic energy of grafted wheat straw is
greater than that of the untreated wheat straw. These
indicate that the PVAc contributes to the increase in acti-
vation energy.

XRD patterns of the untreated and treated wheat straw
samples, and the average crystallite size and crystallinity,
are shown in Fig. 5. Crystallite sizes (L) of wheat straw
fiber were calculated from the Scherrer’s equation along
(002) orientation.

Lhkl = K/l/(ﬂCOS 0), (2)

where K = 0.89 is the shape factor, A = 0.154 nm is the
Cu Kol wavelength, f is the full width at half maximum
(20, rad), and 20 = 22.0° is the diffraction angle. The
crystallinity of wheat straw fiber was estimated using the
following Eq. (3).

C}’I(%) = [(1002 — Iam)/l()()z] X 1007 (3)

where Iy, is the height of (002) reflection (20 = 22.0°),
I,m 1s the minimum between the (002) and (110) peaks
(20 = 17.6°).
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Fig. 4 (Color online) TGA (a), DTG (b), and DTA (c) curves of the wheat straw with different treatment
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Fig. 5 (Color online) XRD spectra of the original wheat straw and
grafted wheat straw

Typical diffraction pattern of cellulose type I is attrib-
uted at 16.3° and 22.0° [20]. The crystallite size and
crystallinity decreased after irradiation, as the partial
crystalline structure was destructed by the y-rays. The
grafted wheat straw decreased in crystallinity. On the other
hand, the grafted PVAc is kind of amorphous compound,
and the chains growth from active sites in the non-crys-
talline zone of wheat straw would increase the disorder of
structure, due to decreased crystallinity of grafted wheat
straw.

The small increase in crystallite size and crystallinity of
the grafted wheat straw indicates strong interactions, such
as chemical bonds, van der Waals forces, and hydrogen
bonds, between grafted PVAc and wheat straw molecules.

3.3 Surface morphology of the treated wheat straw

SEM images of the wheat straw samples before and after
irradiation are shown in Fig. 6. The pristine sample is of a
smooth structure with few attachments, while the irradiated
samples are of rough and uneven surface morphology, with
holes and trenches. The energy deposition by the y-rays
generates free radicals, which cause molecular chain scis-
sion and crosslinking [21]. The irradiated sample has
increased specific surface area [22]. The grafted sample
exhibits round holes on the surface, but the surface mor-
phology is relatively smooth.

3.4 Thermal properties of PE/wheat straw
composites

DSC was used to study the crystallization and melting
behavior of the PE/wheat straw composites. The crystal-
lization behavior and thermal properties were analyzed.
DSC curves of the composites of PE and wheat straws
before and after irradiation/grafting, and the crystallization

temperature (7.), crystallization heat (AH.), and melting
point (7,,), are shown in Fig. 7. Generally, introducing of
the irradiated and grafted wheat straw decreased the crys-
tallization temperature of the composites. The crystalliza-
tion growth rate of PE decreased. That is to say the rate of
crystallization was reduced by the grafted wheat straw [23].
Adding irradiated wheat straw led to a slight increase of
AH.. This is possibly due to the produced small molecules
and reduced polarity during the irradiation. The grafted
wheat straw/PE had a larger AH., due to the ductile
molecules PVAc. The composite with the grafted wheat
straw had a slight decrease in melting point. The results
show that the reduced polarity, fractured structure, and
grafted PVAc help to decrease the processing temperature
and improve the compatibility with PE.

3.5 Torque rheology

The torque versus time for the wheat straw/PE melts,
and data from the torque curves are present in Fig. 8.
Crystallinity, crystallite size, and surface characteristic of
the wheat straw affect greatly rheological properties of the
wheat straw/PE composites [24]. The appearance of peak
torque of the pristine wheat straw is the fastest of all the
samples, while its peak torque and equilibrium torque are
the highest, due to the difficulty in dispersing of wheat
straw in PE matrix. The y-irradiation decreases the peak
torque and equilibrium torque. The time of peak torque of
the grafted wheat straw is longer than the irradiated wheat
straw. The irradiated wheat straw is easy to blend with PE
due to the lower crystallinity and crystallite size, fractured
structure, and increased specific surface area and density.
The equilibrium torque decreases for the PE/irradiated
wheat straw and PE/grafted wheat straw melts, due to the
lower crystallinity, smaller crystallite size, and less porous,
which improve the thermal mobility [24]. The compati-
bility of grafted wheat straw and PE is better than that of
the others, and higher graft ratio leads to better compati-
bility between PE and wheat straw. Also, changes in
microstructure help to improve the interaction between
wheat straw and PE. Therefore, the grafted wheat straw/PE
melt shows a lower time of peak torque.

3.6 Mechanical properties

Mechanical properties of various wheat straw/PE com-
posites are listed in Table 1. The PE/pristine wheat straw is
of the least elongation, because of the low compatibility of
wheat straw and PE. Mechanical properties of PE/irradi-
ated wheat straw increase a little, due to the reduced
polarity, increased density, and specific surface area, after
destruction of the porous structure by irradiation. The
tensile strength, elongation, tensile modulus, flexural
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Fig. 7 (Color online) DSC curves of the composites of PE and wheat
straws before and after irradiation/grafting

strength, and flexural modulus of the PE/grafted wheat
straw (Ppg = 25.1%) increased by 36.52, 65.86, 52.38,
31.74, and 36.78%, respectively, than those of the PE/
pristine wheat straw composites. The property improve-
ments are more obvious for higher graft degree. This can
be explained by an enhanced compatibility and a more
even distribution of grafted wheat straw in PE matrix [25].
The grafted PVAc on the wheat straw belongs to polyvinyl
ester family with the general formula -[RCOOCHCH,]-.
The non-toxic and thermoplastic PVAc can penetrate into
the PE matrix and form strong interaction and entangle-
ment with PE. The better interfacial adhesion provides
stress transfer from the matrix to the fibers. The weak
interface between wheat straw and PE is improved by the
irradiation grafting copolymerization.

@ Springer

5 T T T T T
Pristine
4t —
Grafted, Poe=10.2%
- Grafted, Ppg=25.1%
£l |
4
N
o
3 Time of | Peak |Equilibrium
T2t peak |torque| torque [&
'g torque (s)| (N'm)| (N'm)
[ Pristine ST 4.56 4.40
1 887 421 415 |
965 4.19 4.06
1016 4.8 407
0 . Il 1 . 1 . 1 N
0 500 1000 1500 2000 2500
Time (s)

Fig. 8 (Color online) Torque versus time for the wheat straw/PE
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Overall, our results indicate a mechanism of radiation-
induced grafting of vinyl acetate onto wheat straw to
improve its compatibility with polyethylene (Fig. 9).
Wheat straw is a compact structure, which is composed of
rigid cellulose, and thermoplastic hemicellulose and lignin.
The y-rays produce free radicals to cleave the molecules
and initiate chemical reactions. The free radicals can react
further, causing degradation of wheat straw by chain scis-
sion, depolymerization, or oxidation [26]. The cell walls
and microstructure are destructed, with increased density of
wheat straw. Meanwhile, new covalent bonds are formed
between wheat straw and PVAc. The reduced polarity,
fractured structure, and grafted PVAc help to improve the
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Table 1 Mechanical properties of wheat straw/PE composites

Samples Tensile strength (MPa) Elongation (%) Tensile modulus (GPa) Flexural strength (MPa) Flexural modulus (GPa)
a 18.43 £ 0.78 2.49 + 0.79 0.21 £ 0.04 38.09 + 1.34 0.87 + 0.06
b 21.32 £+ 0.35 2.86 + 0.92 0.20 + 0.03 38.44 + 0.76 1.08 + 0.05
c 22.13 £ 0.15 298 + 0.72 0.26 + 0.95 41.23 £ 0.74 1.12 £ 0.32
d 25.16 + 0.91 4.13 + 0.78 0.32 + 0.05 50.18 + 0.54 1.19 £+ 0.04

a: PE/pristine wheat straw, b: PE/irradiated wheat straw, ¢ and d: PE/grafted wheat straw (c: Ppg = 10.2%, d: Ppg = 25.1%)

Cells Cell wall

Poly(vinyl acetate)
iL |'L\7/
=] :‘a

Fractured cells and grafted PVAc

—

Fig. 9 (Color online) Schematic illustration of the compatibility
improvement

compatibility with PE. Wheat straw-g-poly(vinyl acetate)
is easily transferred into wheat straw-g-poly(vinyl alcohol)
via saponification reaction [27].

4 Conclusion

PVAc is grafted onto wheat straw by irradiation grafting
to improve its plasticity. Effects of the PVAc grafting and
irradiation on rheological and mechanical properties are
evaluated. Covalent bonds are formed between wheat straw
and PVAc. Increases in the peak, onset temperature, and
AH value of the grafted wheat straw are observed.
Although irradiation reduces the thermal stability of the
wheat straw, the grafted PVAc can prevent the heat transfer
and improve thermal stability of wheat straw. The
mechanical properties of the PE/grafted wheat straw
(Ppg = 25.1%) are improved greatly (32-66%), due to the
improved compatibility between grafted wheat straw and
PE. The PVAc grafting improves the plasticity and pro-
cessibility of PE/wheat straw composites, too.
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