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Abstract
In this paper, polyvinyl alcohol/starch/graphene oxide nanocomposites containing glycerol were prepared via the solution-
casting technique. The effect of different times (10, 20, 30, and 40 min) of nitrogen plasma irradiation on the structural, 
thermal, and dynamic mechanical properties of nanocomposites was studied. The dominancy of the chain scission process 
over crosslinking after irradiation for 10 min compared to the crosslinking at higher exposure times specifically at 30 min 
was proven by XRD. Also, field emission scanning electron microscopy confirmed these findings, where the most improved 
interface compatibility in nanocomposites shown after irradiation for 30 min. Thermogravimetric analysis indicated that 
after irradiation, the lowest thermal stability in nanocomposites shown in the sample irradiated for 10 min, while the high-
est thermal stability was shown in the sample irradiated for 30 min. It was found that the dynamic mechanical properties of 
nanocomposites were dependent on exposure time. The maximum storage modulus value was achieved after 30 min compared 
to the lowest value obtained after 10 min. Also, the calculated crosslinking density was increased by 49.8% after nanocom-
posite irradiation for 30 min compared to the unirradiated sample. Furthermore, the effect of plasma irradiation on both 
storage modulus and loss modulus of nanocomposites and their dependencies on temperature and frequency were studied.
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1  Introduction

The current worldwide attention of the environment boosts 
the researchers to replace petroleum-based plastic with eco-
friendly materials such as biopolymers [1]. Among natural 
biopolymer, starch is extensively used due to its low cost, 
abundance, and biodegradability [2]. Starch consists mainly 
of amylose and amylopectine. Amylose is a linear molecule 
with a spiral structure, while amylopectine is a branched 
structure. The ratio of amylose to amylopectine controls the 
physical properties of starch [3, 4].

Unfortunately, the poor mechanical properties, high water 
sensitivity, and low processability limit the usage of starch 
in many applications, especially packaging purposes. So 

that, blending starch with other biopolymers such as polyvi-
nyl alcohol (PVA) is required to overwhelm its drawbacks. 
PVA is biodegradable, highly polar soluble in water, highly 
mechanical strength, and non-toxic material. In contrast, 
PVA has some shortcomings such as high water uptake, 
high manufacturing cost, and weak dimensional stability. 
So that, the resulting mixture of blending PVA and starch 
provides higher mechanical properties, decreasing cost, a 
stable supporting medium, moisture resistance, rapid bio-
degradation. To further improve the physical properties of 
such blend the incorporation of filler such as graphene, [5] 
biochar [6], graphitic carbon nitride [7] can be applied. The 
addition of glycerol as a plasticizer in the PVA/starch blend 
advances those brittleness, flexibility, and processability 
[8, 9]. Graphene oxide (GO) nanofiller is usually used to 
improve the physical properties of polymers [10–12]. GO is 
rich with oxygen functional groups such as epoxy, carbonyl, 
and carboxyl which led to the construction of strong bonds 
between GO and starch [13]. The tensile strength and mois-
ture resistance of PVA/starch blend containing glycerol were 
increased upon GO addition [2]. The irradiation of polymers 
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and polymer nanocomposites is a well-known tool for modi-
fying their properties [14].

The ionizing radiation such as electron beam [15], γ-rays 
[16], and ion-beam [17–19] was conducted to improve the 
mechanical, electrical, thermal properties of polymers [20]. 
Furthermore, gas plasma is a suitable technique that can 
effectively adjust the polymer’s surface properties for spe-
cific applications [21]. Plasma treatment can make changes 
in polymer’s structural, chemical, and physical properties 
like roughness to improve adhesion [22, 23] as well as creat-
ing well-defined surface nanostructures [24].

The initial processes which occur after interaction of a 
high-energy photon with an organic polymer are well estab-
lished and do not depend basically on the substance’s chem-
ical structure. However, these primary processes led to a 
cascade of secondary reactions which depends on the nature 
of the polymeric materials [25]. The polymer changes that 
depend on different factors such as the treatment period, as 
well as the power, temperature, density, and the frequency 
of plasma [26]. Plasma treatment of polymers with vari-
ous gasses creates polar functional groups (–OH, C–O, and 
–COOH) on the polymer surface, which modify the surface 
energy of polymers and boosts attachments [27, 28]. It was 
reported that the nitrogen plasma treatment led to higher sur-
face oxidation and produced a substantially higher concen-
tration of polar functionalities in polymer surface compared 
with oxygen and argon plasma. As well as nitrogen plasma 
treatment rendered the polymer surface to be the most highly 
hydrophilic, biocompatible, and low surface roughness com-
pared to oxygen and argon plasma [29, 30].

Figure 1 shows some works that have been made on 
starch/polyvinyl alcohol blend using other chemical and 
physical methods [31–34]. Also, the most published reports 
about PVA/starch/GO nanocomposites contain glycerol as 
a plasticizer lag behind the detailed study of the impact of 
nitrogen plasma on their dynamic mechanical properties. 
Motivated with this, the plasma irradiation was conducted 
to improve the thermal and dynamic mechanical properties 
of PVA/starch/GO nanocomposite to be used for packag-
ing purposes. The plasma irradiation dose was controlled 
by change the time of irradiation. The physical properties 
of different irradiated samples have been studied compared 
to these unirradiated ones.

2 � Materials and methods

2.1 � Materials

Graphite was gotten from Merk (Germany). H2SO4 (98%) 
and H3PO4 (85%) were procured from Sigma-Aldrich 
(USA). KMnO4, H2O2 (35%), ethanol (96%), HCl (30%), 
and NaOH were purchased from El Nasr Pharmaceutical 

chemicals company (Egypt). Polyvinyl alcohol (M. wt 75) 
was purchased from OCI (Seoul, Korea). Corn starch food-
grade and glycerol were purchased from the Egyptian Starch 
& Glucose Manufacturing (Egypt).

2.2 � Synthesis of graphene oxide

Graphene oxide (GO) material was synthesized accord-
ing to the improved Hummer’s method [35]. Briefly, 
1 gram of graphite was added to 100 ml solution mixture 
from H2SO4 + H3PO4 (3:1) in an ice bath. Then, 6 gram of 
KMnO4 was added slowly to the above mixture which was 
kept under continuous stirring for about 24 h. Deionized 
water was then further added which changed the color of 
the mixture from the dark purplish-green to the dark brown. 
To stop the oxidation reaction, 30 ml of H2O2 solution was 
added to mixtures. The obtained graphite oxide solid was 
washed with 1 M HCl aqueous solution and repeatedly 
washed with deionized water until a pH reaches up to 3.

2.3 � Preparation of PVA/starch/GO nanocomposite

The solution casting technique was used to fabricate PVA/
starch/GO film. First, dissolving of 1 gram from PVA in 
distilled water (30 mL) was made by heating at 90 °C for 
30 min. Similarly, 1 gram of starch dissolved separately, in 
distilled water (20 ml) and heated to 90 °C until gelatiniza-
tion. Then, the starch and PVA solutions were mixed in a 
ratio of 1:1. Then, 1 ml of GO solution (GO dissolved in 

Fig. 1   Some different chemical and physical processing of PVA/
starch blend
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distilled water with ratio of 1:1) was added to the above solu-
tion followed by stirring for about 15 min. Then, 1 ml glyc-
erol plasticizer was added. The composite was then stirred 
for ~ 30 min. Lastly, the suspensions were transferred onto a 
Petri dish for drying at ambient temperature for 72 h.

2.4 � Plasma irradiation of PVA/starch/GO 
nanocomposites

Figure 2 shows the schematic representation of the cold 
plasma reactor used for samples irradiation. It consists of a 
stainless steel cylindrical anode of 40 mm diameter, 60 mm 
length and stainless steel disk cathode of 60 mm outer diam-
eter and 5 mm inner aperture diameter.

The anode and the cathode are insulated by Teflon of 
thickness 4 mm. The distance between a collector plate to 
the exit aperture was 4 mm to measure the output plasma 
current. The samples were irradiated for different times of 
10, 20, 30, and 40 min using nitrogen plasma with energy 
of 2 keV. The current density (Ip) was 1 mA/cm2, the dis-
charge current (Id) was 3 mA, the working pressure was 
1.2 × 10− 3 mbar, and ion flux was 1.25 × 1016 ion/cm2 sec.

2.5 � Characterization techniques

The structural analysis of nanocomposites was conducted by 
X-ray diffractometer (XRD, Shimadzu) using CuKα source 
(λ = 1.5405A°). The scan was done at 4–90° in continuous 
mode. The generator voltage and current were 40 kV and 
30 mA, respectively. The chemical structure of composites 
was investigated using Fourier transform infrared spectros-
copy FT-IR (Shimadzu Prestige-21 Spectrophotometer) 
in the 4000–400 cm−1 range. The surface morphology of 
samples was examined by field emission scanning electron 
microscope (FESEM Sigma 300 VP, Carl Zeiss, Germany). 

The samples were sputter-coated at 30 mA for 30 s by a 
gold thin layer. The thermal stability of the samples is tested 
via thermogravimetric analysis (TGA; Shimadzu -50) in the 
temperature range of 25–600 °C. The heating was performed 
at the rate of 10 °C min−1 under a nitrogen atmosphere. The 
dynamic mechanical properties of nanocomposites were 
tested utilizing dynamic mechanical analysis (Triton Instru-
ments). Rectangular specimens were tested at different fre-
quencies (0.5, 1, 2, 3 Hz) in the tension mode from room 
temperature to 160 °C with a heating rate of 10 °C min−1.

3 � Results and discussion

3.1 � Structural analysis

Figure 3 shows the XRD pattern of pure PVA, pristine 
starch, and GO. Pure PVA shows a strong broad peak at 
19.9° analogous to the (1 1 0) reflection plane. The observed 
shoulder peak at 22.9° as well as a peak at 40.8° ascribed 
to the (2 0 0) and (111) planes, respectively [36, 37]. Pris-
tine starch shows three peaks, the first at 23.25° distinguish-
ing the B-type polymorphs which usually existing in tuber 
starch. The second peak at 14.93° corresponds to A-type 
polymorphs which are chiefly associated with the cereal 
starch. The third peak at 17.76° characteristic of both A- 
and B-type polymorphs [38, 39]. GO displays a strong peak 
located at 9.6° with d = 9.2 Å analogous to the (001) plane 
which characterizes graphitic layers rich in oxygen func-
tional groups [40].

XRD patterns of unirradiated and irradiated nanocom-
posites are presented in Fig. 4. Compared to pure PVA and 
neat starch, the unirradiated nanocomposite sample shows 

Fig. 2   Schematic representation of cold plasma source Fig. 3   XRD pattern of pure PVA, neat starch, and GO
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broad peaks at 19.6° and 40.8°. The absence of starch peaks 
in nanocomposites pattern due to the crystalline structure 
damage of the pristine starch powder caused by gelatiniza-
tion during the blending process [41].

The decreased intensity of GO peak after incorpora-
tion into nanocomposite indicates the strong interac-
tion and homogeneous dispersion of GO sheets in the 
polymers matrix [13, 37]. This behavior is different from 
other reported results where the XRD pattern of PVA was 
dominant in PVA/starch blend containing glycerol [42]. 
The dramatic decreasing intensity of the main diffraction 
peak of PVA in nanocomposite demonstrates the decrease 
in PVA crystallinity. The reduction of polymer crystallin-
ity after incorporation of GO is due to reduction polymer 
chain mobility owing to the formation of a bounded polymer 
region. Such region positioned around filler surface nearby 
the interface region displays dissimilar characteristics com-
pared to the pristine polymer due to the interfacial interac-
tions between the polymer host matrix and the filler surface. 
Also, the mobility of the polymer chains inside this region is 
significantly hindered, and the filler content influences the 
degree of mobility constraint polymer chains [43]. Thus, it 
can be say that the interactions between oxygen groups of 
GO and the –OH of PVA constrain the polymer’s motion 
causing a reduction in its crystallinity [37].

It can be seen that the irradiation not only causes the 
upsurge in the main PVA peak intensity but the broadening 
of the diffraction peak. If the diffraction peak broadens, it 
can be anticipated that the mean crystallite size will decline 
[44]. The crystallite size lessening is induced by crosslinking 
on the lamellae surfaces [44, 45]. So, the remarkable domi-
nance of the main PVA peak after irradiation with 10 min 
reveals chain scission process dominates the crosslinking. In 
contrast, an increase in the amorphous phase due to the dom-
inancy of molecular chain crosslinking of nanocomposite 

over the chain scission at longer irradiation times observed 
specifically at 30 min [46].

As shown in Fig. 5, FTIR spectra of pure PVA, neat starch 
and GO show the absorption bands at ~ 3221, 3277, and 
3190 cm−1, respectively, ascribed to the stretching vibration 
of the OH group inside them [47]. The basic band of pure 
PVA at 2914 cm−1 represents the alkyl (C–H) stretching and 
the band at 1724 cm−1 due to the C=O group. The absorp-
tion bands at 1428–1241 cm−1 ascribed to C–H wagging in 
pure PVA. The bands at 1085 and 1025 cm−1 assigned the 
vibration of C–O in C–OH groups, while bands at 944 and 
846 cm−1 correspond to C–O and C–C vibrations, respec-
tively [48, 49].

The neat starch shows the C–H stretching vibration of 
aliphatic groups at 2927 cm−1, adsorbed water at 1631 cm−1, 
and C–H bending for alkane vibration at 1341 cm−1. Also, 
C–C and C–O stretching at 1148 cm−1 and C–O–H bending 
vibrations at 1002 cm−1 were detected [8]. The spectrum 
of GO shows abundant oxygen functional groups stretching 
vibration of C=O at 1720 cm−1, C–OH at 1395 cm−1, C–O 
at 1210- 1056 cm−1, and C=C a 1623 cm−1 [50].

As shown in Fig. 6, the incorporation of starch and GO 
into PVA results in the OH, and C–H stretching vibra-
tions of neat PVA were shifted to a higher frequency 
and became stronger. Also, decreased intensity of C-H 
and C–C bands at 1724 and 840 cm−1 recommends the 
formation of chemical conjugation of starch with PVA 
molecules. The almost disappearance of bands at 1370 
and 1428 cm−1 indicates the decoupling between O–H 
and C–H vibrations due to the bonding interaction with 
O–H and both starch & GO [51]. The appearance of the 
band at 1655 cm−1 and redshift of the C–O band from 
1085  cm−1 to 1034  cm−1 indicates strong interaction 
occurred between PVA, starch, and GO [51]. The inten-
sity of bands at 3379, 2928, 1250, 1727, and 1034 cm−1 

Fig. 4   XRD pattern of unirradiated and irradiated PVA/starch/GO 
nanocomposites Fig. 5   FTIR spectra of pure PVA, pristine starch, and GO
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has been changed with varying plasma irradiation time 
indicates the rearrangement of PVA chains by nitrogen 
ions irradiation[51], where the lower intensity of bands 
at 3379, 1034, and 1424 cm−1 was observed after 10 min 
from irradiation and then it increased and reached its 
highest value after 30 min of exposure. For example, the 
intensity of absorption peak at 1034 cm−1 was ≈ 10, 9, 
16 and 13% corresponding to irradiation time of zero, 10, 
20, 30, and 40 min, respectively. The decreased intensity 
of these bands suggests the degradation of the sample 
after 10 min from plasma exposure, while the sample 
crosslinking occurs after lengthen the exposure time and 
reaches its maximum after 30 min [52, 53]. The intensity 
of OH groups decreased after irradiation for 10 min then 
increased to its maxima at 30 min. This behavior assigned 
to the chain scission at 10 min causes the production of 
both oxygen and hydrogen radicals. With increasing irra-
diation time, the oxygen radicals can interact with hydro-
gen radicals or with bonded hydrogen to form OH groups 
[53].

The surface and cross section morphologies of unir-
radiated and irradiated PVA/starch/GO blends were 
depicted in Fig. 7. From Fig. 7a–e, the rough surface of 
unirradiated blend with many globules due to immiscibil-
ity and the coexistence of both PVA and starch phases [2].

After plasma irradiation, the size of surface globules 
change and the most improved interface compatibility 
for nanocomposites showed after 30 min. This behavior 
reflects the radiation reorganization and crosslinking 
[54]. By further increasing irradiation time to 40 min, 
the size of the globules was increased again which may 
designate prevail the chains scission process over the 
crosslinking in the polymer matrix [15].

3.2 � Thermal properties

The thermogravimetric analysis of PVA/starch/GO films was 
performed to understand the impact of nitrogen plasma on 
the thermal stability of nanocomposites.

Figure 8 shows the TGA curves for PVA/starch/GO films 
irradiated with different times of nitrogen plasma compared 
to unirradiated ones. For the unirradiated nanocompos-
ite, the first major weight loss happens in the temperature 
range 40–110 °C owed to the water elimination. The second 
weight loss happens in temperature span 140–247 °C attrib-
uted to the removal of water and the volatile components 
such as glycerol. The third weight loss temperature span 
is 274–330 °C owing to the thermal degradation of sample 
intermolecular hydrogen bonding. The fourth weight loss 
happens between 375 and 445 °C corresponds to the decom-
position of the sample’s main backbone chain. While the 
last weight loss occurs in temperature span 460–516 °C due 
to the by-products released during extensive degradation of 
polymer nanocomposite backbone [55].

The thermal stability of nanocomposites decreased 
after exposure to plasma for 10 min. By further increas-
ing exposure time, the thermal stability begins to increase 
again till the thermal stability of nanocomposites irradi-
ated with 30 min surpasses the unirradiated nanocompos-
ite in temperature span above 270 °C. By increasing the 
exposure time to 40 min the thermal stability decreased 
again. The remaining weight of unirradiated sample was 
1.13% compared to 0.411%, 0.91%, 2.3%, and 0% for those 
irradiated for 10, 20, 30, and 40 min, respectively. The 
effect of plasma on the thermal stability of nanocompos-
ites could be ascribed to the competitive process of plasma 
radiation-induced crosslinking and degradation reaction 

Fig. 6   FTIR spectra of unirradi-
ated and irradiated PVA/ starch/
GO nanocomposites
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occurred concurrently [54]. Based on this argument, the 
TGA results indicate dominancy of nanocomposites deg-
radation at 10 min of irradiation, while the crosslinking 
dominancy recovered by increased exposure time and 
reach its maximum at 30 min. These findings are consist-
ent with XRD, FTIR, and FESEM results.

3.3 � Dynamic mechanical properties

3.3.1 � The storage and loss modulus

The dynamic mechanical analysis gives strong informa-
tion about the phase structure and viscoelastic properties of 
nanocomposites. The impact of temperature on the storage 
modulus and loss modulus at 1 Hz for unirradiated and irra-
diated PVA/starch/GO nanocomposite is shown in Fig. 9a, 
b. The storage modulus reduced as temperature increased 
and had three separate zones. The first was a glassy zone 
with a high module attributed to the reduction of the chains’ 
mobility. The second is the transition zone with a modulus 
decrease which shows the temperatures of glass transition. 
The third is the rubber zone with small modulus values, 
attributed to the high mobility of polymer chains, attributed 
to energy dissipation. [56]. The storage modulus of PVA/
starch/GO nanocomposite at 30 °C was significantly dropped 
from 6.3 to 4.5 MPa (approximately 27.5%, decreasing) after 
irradiation for 10 min. Then, with increasing irradiation time 
to 20 min, 30 min, and 40 min, the storage modulus was 
increased to 5.9 MPa, 9.4 MPa, and 8.2 MPa, respectively. 
The maximum modulus was at irradiation of 30 min repre-
senting ~ 49% modulus enhancement compared to unirradi-
ated nanocomposite. Also, the loss modulus at 30 °C was 

Fig. 7   FESEM surface area images of PVA/starch/GO nanocomposite unirradiated (a) irradiated with 10 (b), 20 (c), 30 (d), and 40 (e) minutes 
of nitrogen plasma

Fig. 8   TGA curves of unirradiated and irradiated PVA/starch/GO 
nanocomposite
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decreased from 0.74 to 0.33 MPa after 10 min. With further 
increasing exposure time to 20, 30, and 40 min, the loss 
modulus increased to 0.49 MPa, 0.93 MPa, and 1.02 MPa, 
respectively.

As described early, two phenomena can occur concomi-
tantly when polymer composites were subjected to irradia-
tion, namely crosslinking and chain degradation. In the first 
phenomenon, a combination reaction stabilizes free radicals 
and results in crosslinking between the molecules, increasing 
the modulus. Inversely, the second process leads to break 
the backbone of the chain at a higher dose. Polymers are 
then degraded into small fragments, causing a decrease in 
the modulus [57, 58]. In both phenomena, the exposure 
time greatly affects the degree of crosslinking or chain 
degradation.

To further verify the influence of exposure time on the 
degree of crosslinking and consecutively on mechanical 
properties of PVA/starch/GO nanocomposite, polymer’s 
crosslink density was calculated according to the elasticity 
theory using the following equation: [59, 60]

where υ is the crosslinking density, E′ is the storage modulus 
in the rubbery region, while R (8.31 J⋅K−1⋅mol−1) is the gas 
constant, and T is the absolute temperature of (Tg + 50) K. 
The calculated degree of crosslinking density is presented 
in Fig. 10. The outcomes display that nanocomposite irra-
diation for 10 min and 20 min reduced the crosslinking by 
10.4% and 0.8% compared with unirradiated composite, 
respectively, leading to a decrease in storage modulus as 
shown in Fig. 7 a. Dissimilar at exposure time’s 30 min 
and 40 min, the crosslinking increased by 49.8% and 8.6% 
compared with unirradiated composite, respectively. This 
causes’ a significant improvement in storage modulus as 
described earlier. So that, the best exposure time consider-
ing the maximum crosslinking achieved was 30 min. The 
decreasing crosslinking after 30 min ascribed to the pre-
dominance of chain scission process caused by irradiation 
over the crosslinking as described earlier.

3.3.2 � The effect of frequency

The variation of storage modulus with frequency as a func-
tion of the temperature of unirradiated and different irradi-
ated PVA/starch/GO nanocomposites is shown in Fig. 11a, b.

The storage modulus is significantly affected by frequency 
especially at high temperatures. The modulus values were 
dropped at temperature ~ 60 °C and continue steadily till a 
temperature of 120 °C. The change in dynamic mechanical 
properties is accompanying with the creation of microscopic 
cracks and the breaking down of crosslinking bonds [61]. 
At high temperatures, usually breaking down of the filler 
agglomerates and the breaking down of the bonds between 
the filler and polymer matrix have been occurred, leading to 
a significant change in modulus values.

It was also found that the storage modulus curves shift to 
higher temperatures with an increase in frequency. This is 
because when the material is subjected to constant stress, the 

(1)� = E�∕ (3RT)

Fig. 9   a Storage modulus and b loss modulus dependency on temper-
ature for the unirradiated and irradiated nanocomposites

Fig. 10   The crosslinking for the unirradiated and irradiated nanocom-
posites
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modulus will be declined over a period owed to the material 
subject to molecular rearrangement to minimize the local-
ized stresses. Modulus measurements performed over a short 
time (high frequency) result in higher values, whereas meas-
urements were taken over long times (low frequency) result 
in lower values [61].

The relation between glass transition temperature and 
the frequencies for the unirradiated and irradiated PVA/

starch/GO nanocomposite is shown in Fig. 12. The impact 
of frequency on the glass transition (Tg) of the nanocom-
posites can be elucidated by the Arrehenius relationship. At 
the glass transition region, the activation energy (E) for the 
relaxation process is proportional to the slope of a plot of 
frequency (the natural log) and the reciprocal of T (K). The 
activation energy (E) can be calculated from the slope of the 
regression line by the following equation [62]:

where F is the frequency, R is the universal gas constant 
and Tg is the absolute glass transition temperature. Table 1 
presents measured E values and the coefficient of the fitting 
curves (r2). The energy of activation is aligned to the energy 
needed to encourage the initial movement of polymer chain 
molecular segments [63]. The highest activation energy was 
obtained at an exposure time of 30 min (≈ 944.6 kJ/mol). 
The higher restriction of polymer chains mobility and the 
higher activation energy of the nanocomposites designate 
the existence of high values of crosslinking. This result is 
consistent with the previous findings.

4 � Conclusion

PVA/starch/GO nanocomposite was successfully prepared 
by the solution casting method. The influence of different 
times of nitrogen plasma irradiation on nanocomposite was 
studied. Compared to the broad peak appearance of PVA 
main peak in XRD pattern of unirradiated composite, the 
remarkably predominance of this peak was observed after 
plasma exposure for 10 min; then, the increased amorphous 
phase was observed with increased exposure times. This 
behavior exhibited the dominancy of the chain scission 
process over crosslinking after 10 min of irradiation com-
pared to prevailing crosslinking at higher exposure times 

(2)ΔE = −R
d(lnF)

d
(

1∕Tg
)

Fig. 11   The frequency dependency of the storage modulus of a unir-
radiated and b irradiated PVA/starch/GO nanocomposite

Fig. 12   The variation of ln (F) 
with Tg for the unirradiated 
and irradiated PVA/starch/GO 
nanocomposite
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specifically at 30 min. This result confirmed with FTIR 
where the decreased intensity of bands located at 3379, 
1034, and 1424 cm−1 observed after 10 min from irradiation 
and then it increased and reached its highest intensity value 
after 30 min of exposure. Also, FESEM confirmed these 
findings, where the most improved interface compatibility in 
PVA/starch/GO showed after plasma irradiation for 30 min. 
The thermal properties of nanocomposites were influenced 
by plasma irradiation time, where the worst thermal stability 
of nanocomposites was showed after 10 min, whereas the 
best thermal stability was displayed after 30 min. The stor-
age modulus of unirradiated composites was dropped upon 
irradiation for 10 min from 6.3 to 4.5 MPa. With further 
increasing exposure time, the storage modulus of nanocom-
posites enhanced to its highest value after 30 min. Similar 
behavior of variation of loss modulus with irradiation time 
was observed which reflects the effect of plasma irradia-
tion time on the crosslinking of nanocomposites degree. The 
calculated crosslinking density of nanocomposite at differ-
ent irradiation times proved this behavior. Furthermore, the 
highest calculated activation energy was 944.6 kJ/mol after 
irradiation for 30 min. This reflects a higher crosslinking 
degree by upsurges the mobility restraint of the polymer 
chains.
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