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Abstract
In this study, an environmentally friendly and biodegradable pullulan/graphene bio nanocomposite was
prepared and coated on the nanocellulose �lm to improve the surface, mechanical, barrier and
antibacterial properties. The nanocellulose �lms were prepared by using a spray coating of nanocellulose
suspension on stainless steel plates. The graphene nanoparticles were prepared by the modi�ed
Hummers method. The pullulan/graphene bio nanocomposites were prepared by solvent method with the
addition of various wt% (0, 0.05, 0.1, 0.2) of graphene with pullulan. The coating was carried out by the
roller coating method. Results showed that the increased graphene nanoparticles in pullulan coating
increased the opacity, surface hydrophobicity, tensile strength, oxygen transmission rate and watervapour
transmission rate of the coated nanocellulose �lm. Also, the coated �lm showed excellent antibacterial
properties against both gram-negative E.coli and gram-positive S.aureus. In this research work, it was
concluded that the graphene nanoparticles of 0.2 wt% showed e�cient results. The exceptional
properties of the pullulan/graphene bio nanocomposite coating on the nanocellulose �lm will give a new
pathway to high performance food packaging applications.

Introduction
Nowadays, awareness about the environment and moving towards sustainable and bio-based materials
has created the view from conventional synthetic resources to profuse, inexpensive and biodegradable
substitutes [1]. Because of environmental pollution and de�ciency of resources had restricted the
packaging materials growth, researchers started to look around bio-based materials [2]. But it is a big
challenge to prepare new biodegradable polymer composite �lms for packaging to solve the problem of
waste disposal [3]. Several biobased packaging materials such as cellulose, chitosan, pectin, starch and
their bio derivatives are used. Among them, cellulose-based packaging materials are widely used because
of their abundance, renewable character, biocompatibility, biodegradability and other speci�c properties
[4]. In particular, nanocellulose has gained much attention in the past few years because of its massive
capabilities in various applications such as food packaging, biomedical, �bers, adhesives and
automotive applications [5].

Nanocellulose is a biodegradable, renewable nanomaterial and it is available in large quantities. It has
outstanding various properties such as speci�c strength, thermal stability and effortless chemical
functionalization [6]. Nanocellulose is being used as coating or �lm in bio-based food packaging
applications because of low cost, non-toxicity, biodegradability, renewability and high barrier property for
gas [7]. Nanocellulose �lm will be a good alternative packaging material that has some limitations in
mechanical, watervapour barrier, wettability and antibacterial properties. Several efforts have been made
to resolve the limitations by blending in cellulose or coating on cellulose �lms to increase the usage of
nanocellulose in food packaging applications. Vesna [8] studied the effect of dextran coated silver
nanoparticles in nanocellulose in the barrier and antimicrobial properties for food packaging
applications. Dehnad et al.[9] extended the ground meat shelf life by chitosan and nanocellulose
biocomposites.
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In the past few years, the research of pullulan has attracted much more attention of researchers. Pullulan
is a non-ionic exopolysaccharide attained from the fungus-like yeast Aureobasidium pullulans
fermentation medium. It is a biodegradable, low cost, non-toxic, eco friendly, biocompatible, non-
carcinogenic, non-mutagenic and edible water-soluble biopolymer [10]. It is used in various applications
especially in food packaging as �lms and coatings because it is colourless, odourless, tasteless, heat
sealable and transparent7. However, to use a biopolymer as a food packaging material it should have
required functional properties such as mechanical, barrier and antibacterial. Natural pullulan has limited
mechanical and barrier properties and it does not possess antibacterial properties which have restricted
to use in food packaging applications. The best solution is to add various nanoparticles to pullulan and
to increase the functional properties [11]. Liu et al. [12] investigated the effect of nano TiO2 in the
physical, mechanical properties of pullulan �lm and found that the tensile strength and watervapour
permeability of the �lm was 15 MPa and 6.6 x10− 4gm/m2 h KPa.

In recent years, the rapid development of nanomaterials has shown new opportunities in food packaging
applications [13]. Graphene is a single atom thick sheet of carbon with sp2 hybridization and it is
organized in a honeycomb lattice. Due to its outstanding properties, graphene is a rising star in materials
science [14]. It possesses high surface area, greater mechanical and barrier properties and also good
antibacterial properties [15]. It has various functional groups such as hydroxyl, epoxyl and carboxyl in the
structure. It is an effective reinforcement for the improvement of polymer properties because of proper
dispersion and better interaction with the polymer matrix. The use of graphene is of great interest in food
packaging applications because it enhanced its properties and therefore considered a very promising
material. There are no scienti�c reports on the biodegradable pullulan based graphene bio
nanocomposite coating on nano cellulose �lm in the background of food packaging applications.

The objective of this study was to prepare pullulan/graphene bio nanocomposites and to coat on the
nano cellulose �lm. The effect of coating on nano cellulose �lm was investigated against contact angle,
opacity, tensile, barrier, adhesion and antibacterial properties. This research work can be a valuable
directive for improving the research of new green packaging material.

Materials And Methods

Materials
The nomenclature for nanocellulose has not been reported consistently in the previous scienti�c
investigations. It is also called micro �brillated cellulose (MFC), nano-�brils, micro-�brils and nano-
�brillated cellulose (NFC) / nanocellulose (NC). Nanocellulose (NC) supplied from DAICEL Chemical
Industries Limited (Celish KY-100S) was used to prepare �lms. NC sample was used at consistencies
ranging from 1.0 to 2.0 wt. %, prepared by diluting the original concentration of 25 wt. % with distilled
water and mixing for 15,000 revolutions in a disintegrator. The average diameter of cellulose nano�brils
in Celish KY-100S is reported to be ˜ 70 nm and a mean length of �bre is evaluated to be 8µm and an
aspect ratio of 142 ± 28 [16].
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Pullulan powder (98%) of Mw – 2.72 x 105 g/mol was purchased from SRL Chemicals, India and glycerol
(99.5%) were purchased from Sigma Aldrich, India. Graphite powder (99.98%) was bought from Sigma
Aldrich, India. Fuming nitric acid (64%), potassium permanganate (98%), hydrochloric acid (99.99%)
sulphuric acid (99.99%), hydrogen peroxide (98%), sodium nitrate (99.99%) was obtained from SRL
Chemicals, India.

Preparation of Nanocellulose �lm
The nanocellulose (NC) �lm was prepared through spray coating as reported for the preparation of pure
nanocellulose �lm. In this method, NC suspension was sprayed on the stainless steel plate on a moving
conveyor which has a velocity of 1.25 ± 0.25 cm/sec. The professional spray system Graco was used for
spraying suspension at a discharge pressure of 200 bar. In the spray system, an elliptical spray jet with
an angle of 52° from the spray nozzle 52 has coverage of 21 cm suspension on the base surface. The
distance from the spray nozzle to the square stainless steel plate was 45 ± 1 cm. The steady-state in the
spray coating experimental set-up was allowed to run the system for 30 seconds to avoid any
discontinuity in the spray jet. The wet spray coated composite �lm on the stainless steel plate was dried
under standard laboratory conditions at 12 hours. The dried �lm was peeled from the stainless steel plate
for evaluating their barrier performance and strength.

Preparation of Graphene
Graphene nanopowder was synthesized by the exfoliation process of graphite. According to the modi�ed
Hummers method, graphene oxide was synthesized by the oxidation process of natural pristine graphite.
The appropriate amount of graphite powder and sodium nitrate was dissolved in 75 mL of sulphuric acid.
The reaction temperature was maintained below 20°C. Then, 10 g of potassium permanganate was
added slowly to the solution over 1 hour. Then the mixture is stirred for 45 min at 40 ± 2°C. After the
mixture was cooled to room temperature, 100 mL of deionized water was slowly added to the mixture to
obtain a yellowish suspension. To remove the permanganate ions, 25 mL of hydrogen peroxide and 300
mL of deionized water solution was added to the mixture. The solution was �ltered and washed with 10%
of HCl aqueous solution for the removal of sulphate ions. To obtain the graphene powder, the �ltration
powder was exfoliated.

Preparation of Pullulan/graphene bio nanocomposites
Graphene with different concentrations (0, 0.05, 0.1, 0.2 wt%) was dispersed in distilled water (5 mL) at
room temperature in an ultrasonic bath for 45 min to get a homogeneous dispersion. Pullulan solution (6
wt%) were prepared by dissolving pullulan in glycerol aqueous solution (10% w/v) at ambient
temperature. Then the pullulan solution was mixed with different amounts of prepared graphene solution.
By mechanical stirring, the prepared mixtures were homogenized for 2 hours and sonicated for 30 min at
room temperature. The prepared pullulan bio nanocomposite samples with various wt% (0, 0.05, 0.1, 0.2)
of graphene were designated as PG0, PG1, PG2, PG3 respectively.

Film Coating
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According to the standard of ASTM D823–95(2001), the bio nanocomposite coatings on the
nanocellulose �lms were carried out by K control coater according to with a constant speed of 150
mm/min. Then the coated �lms were dried at room temperature for 48 hours.

Coating Thickness Measurement
The thickness of nanocellulose �lm and pullulan/graphene bio nanocomposite coated �lms was
measured using a digital micrometer (Mitutoyo, Japan) with an accuracy of 0.001 µm. The thickness was
measured at various locations of the coated �lm for �ve times and the average value was calculated.

Surface Colour
The surface colour of the �lms was measured by spectrophotometer (X-Rite 528). The surface colour (L = 
94.50, a = -1.22, b = − 0.24) of nanocellulose �lm was used as a standard colour and the analysis was
performed according to the standard of ASTM D2244. The L*, a*, b* was calculated by taking �ve values
from each sample at different places and the average value was calculated. The total colour difference
(ΔE) was calculated by using the following equation.

ΔE = [(ΔL) 2 + (Δa) 2 + (Δb) 2] 0.5 (1)

where ΔL, Δa and Δb are the difference between each colour value of the standard colour and the coated
�lms.

Opacity
According to the ASTM E284 standard, the opacity of the nanocellulose and the coated �lms were
determined by a Spectrophotometer (X-Rite 528). The opacity is expressed by the ratio of the �lm
re�ectance factor (Rbs) which is backed by a black surface to the re�ectance factor (Rws) backed by a
white surface. The opacity of the �lms was expressed in %.

Contact angle
The water contact angle of the bio nanocomposite coated cellulose �lms were investigated with a
goniometer (Holmarc) by the sessile drop method at 23°C and 50% RH. The contact angle was measured
by placing a 1µL droplet of water on the coated surface and captured the droplet image within 5s. The
contact angle measurements were taken at �ve places on the �lm and the mean value was calculated.
The uncertainty of the experiment was within ± 1°.

Coating Adhesion Strength
The T – peel strength test of standard ASTM D1876–93 was followed to �nd the coating adhesion
strength of the samples. The 3M double-sided scotch tape was used and the strength was analysed by
Universal Testing Machine (UTM, H10KS, Tinius Olsen, UK) at 23°C and 50% RH. The test was carried out
at a rate of 10 mm/min. The experiment was carried out �ve times and the mean value was calculated.

Tensile Strength
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The tensile strength of the coated �lms was carried out according to the standard of ASTM D882 by
Universal Testing Machine (UTM, H10KS, Tinius Olsen, UK) at 23°C and 50% RH. The dimension of the
coated sample used for analysis was 150 x 25mm with a gauge length of 25 mm at a rate of 10
mm/min. The tensile strength was carried out for �ve times and the average value was calculated. The
�nal tensile strength was expressed in MPa.

Oxygen Transmission Rate
By using the standard of ASTM D3985, the oxygen transmission rate (OTR) for the coated �lms was
calculated by Noselab ATS at 23°C and 50% RH. The machine pressure was 1atm. The value was taken
at �ve different places of the coated samples and the mean value was calculated. All the samples were
conditioned at ambient conditions.

Watervapour Transmission Rate
The WVTR of the samples were calculated according to the standard of ASTM F1249–90 by LyssyL80-
5000 under the condition of 100% RH at 23°C. The test was repeated for �ve times and the mean average
value was calculated.

Antibacterial Properties
The antibacterial properties of the pullulan/graphene bio nanocomposite coating on nano cellulose �lm
were investigated by the colony count method. According to the standard of ASTM E 2149-01, under
dynamic contact conditions, the coated �lm was tested against both gram-negative E.coli and gram-
positive S.aureus. A broth solution was prepared in 100 mL of water by blending the beef extract (1 g)
and peptone (2 g). At 40°C, the blended mixture was cultured for 24 hrs at a speed of 200 rpm in a
shaking incubator. Using the 0.90% sterile NaCl aqueous solution, the cell suspension of the
microorganism was diluted by a factor of 106 for E.coli and S.aureus. The pullulan/graphene coated NC
�lm samples were cut precisely in the dimension of 3 cm x 3 cm and added into the cell suspension.
Under the controlled temperature of 40°C, it was shaken at a speed of 150 rpm by shaking the incubator.
After the incubation time of 6 hrs, 100 µL of suspension was dipped and spread on the petri dish which
had sterilized nutrient agar. After the incubation, the growth of bacteria was visualized at 40°C for 24 hrs.

Results And Discussion
Coating thickness

The thickness of the pullulan/graphene based bio nanocomposite coating on nano cellulose �lm with
various proportions is shown in Table 1. The addition of graphene in pullulan did not make any major
change in the coating thickness. A slight variation of thickness was obtained for all the samples and it
was normalized to 24 µm. The normalized thickness of    24 µm was used for all the characterization and
testing of �lms. 

Surface Colour 
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The surface colour of the �lms is most important in terms of appearance because it directly in�uences
the acceptance of customer [17]. The surface colour values of pullulan/graphene based bio
nanocomposite coating on nano cellulose �lm with various concentrations are shown in Table 2.

The L* (whiteness), a* (red to green), b* (yellow to blue) values of nanocellulose �lm were 71.46, - 0.39
and 0.35. After the pullulan coating in NC �lm, the L*, b* value reduced to 69.84, 0.11 and a* value
increased to 0.09.  After the inclusion of 0.05 wt% of graphene, the L* was signi�cantly reduced to 32.95
and the a*, b* value increased to 0.22, 0.88. Similarly, the L* reduction of 28.63, 26.14 and the increase of
a* and b* to 0.28, 0.31 and 0.92, 0.99 was obtained for 0.1 wt% and 0.2 wt%. Likewise, the colour
difference also got increased. The results clearly show that the graphene coating in NC �lm greatly
in�uences the surface colour and colour difference of the �lms. It improved the light barrier properties of
the material and blocked UV light transmission [18]. The degree of colour change was increased at higher
graphene content. The surface colour of the packaging �lms was greatly dependent on the type of
nano�llers used [19]. 

 Opacity 

The opacity of pullulan/graphene bio nanocomposite coating on the nanocellulose �lm was determined
and it is shown in Fig.1.

The opacity for pure nano cellulose �lm was 16.9%. After the pullulan coating in NC �lm, the opacity was
increased to 17.8%. Similarly, the value was increased to 22.5% by the incorporation of 0.05 wt% of
graphene in pullulan. After the addition of 0.1 wt% of graphene, the opacity value was increased to 24.2%
and the maximum opacity value of 29.9% was attained for 0.2 wt% of graphene in pullulan coating. This
result shows that the opacity value got increased with an increase in graphene content in pullulan. This
indicates that the graphene has been mixed well with pullulan and completely dispersed between the
polymer matrices at a very low concentration [20]. It is commonly noticed with well developed exfoliated
nanocomposites [21]. The exfoliation allowed for improved interaction between the pullulan and
graphene [22]. Also, there was a strong scattering of graphene in pullulan increasing the opacity of UV
visible light [23]. The opacity of the �lms provides extra information of dispersed particle size in the
polymer matrix. The reinforced particle sizes are larger than the visible wavelength would block the light
and leads to opaque �lms [24]. The opacity is a desirable property in packaging material intended to be
used for food packaging applications.

Contact angle analysis

The contact angle is a measure of surface wettability and to identify whether it is hydrophobic or
hydrophilic. The surface contact angle which is less than 65° is identi�ed as hydrophilic [25]. The contact
angle of pullulan/graphene bio nanocomposite coating on the nanocellulose �lm was determined and it
is shown in Fig. 2.
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The contact angle value of nano cellulose �lm was 42.2°. After the coating of pullulan in NC �lm, the
contact angle value was increased to 68.6°. This shows the hydrophobic nature of the pullulan �lm. After
the incorporation of 0.05 wt% of graphene in pullulan, the contact angle value was still increased to 70.8°.
Similarly, for 0.1 and 0.2 wt% of graphene in pullulan, the contact angle value was increased to 73.4° and
75.5°. This result shows that the graphene is hydrophobic and the contact angle value of coating was
increased by the addition of graphene. The hydrophobic nature of graphene was due to the density
functional theory. As compared to the adsorption energies on the surface of graphene the binding energy
between the molecules of water is large. This cause the water molecules to form clusters on the surface
[26]. Also, the other aspects such as the amount of loading, compatibility and the polymer matrix play a
major role in hydrophobicity. 

Coating adhesion Strength

The coating strength is the most important property to characterize the adhesion behaviour of and
evaluating the quality of any coated material[27]. The T – peel strength of the pullulan/graphene bio
nanocomposite coating on the nanocellulose �lm was determined and it is shown in Fig. 3.

The adhesion strength of the uncoated nanocellulose was 3.61 N/cm. After the pullulan coating, the
value was increased to 3.89 N/cm. Consequently, the adhesion strength was increased to 5.6 N/cm after
the incorporation of 0.05 wt% of graphene in pullulan. Similarly, the value was increased to 6.3 N/cm for
0.1 wt% of graphene. A maximum of 7.9 N/cm was attained for 0.2 wt% of graphene incorporated
pullulan coating. The results showed that the adhesion strength value was increased by the addition of
graphene. This was due to the surface roughness and surface energy of the nanocellulose �lm and these
both were the main key factor for the increase in adhesion. Moreover, the addition of graphene in pullulan
showed a signi�cant effect on adhesion strength. The reinforced graphene in pullulan made the
mechanical interlocking of the biopolymer matrix into the pores, cavities and asperities of the
nanocellulose surface and made the adhesion strength increase [28].

Tensile Strength

Tensile strength is one of the most important parameters used to calculate the maximum stress that the
material can withstand before breaking [29]. The tensile strength of the pullulan/graphene bio
nanocomposite coating on the nanocellulose �lm was determined and it is shown in Fig. 4.

The tensile strength of the pure cellulose �lm was 7.4 MPa. After the coating of pullulan in the NC �lm,
the tensile strength was increased to 8.9 MPa. The tensile strength was increased to 12.8 MPa after the
incorporation of 0.05 wt% of graphene in pullulan. Similarly, the tensile strength was increased to 15.7
and 19.9 MPa for 0.1 and 0.2 wt% of graphene. These results showed that the tensile strength increases
by an increase in graphene concentration. The increase in tensile strength was due to the exfoliated
structure and the possible strain induces alignment of graphene in pullulan matrix [30]. It also con�rmed
the excellent compatibility between the pullulan and graphene [31]. The graphene could be e�ciently
used as the reinforcement in polymer composites which can provide good dispersion and improve the
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strengthening of the interface. Therefore, the force act on the pullulan/graphene may effectively be
transferred to the graphene, results in a considerable increase in tensile strength [32]. The increase in
tensile strength of the coated bio nanocomposite �lms was due to the physical attraction between the
coating and NC �lm. The adhesion strength showed good results for the attraction between NC �lm and
pullulan/graphene coating.

Oxygen Transmission Rate:

The oxygen transmission rate (OTR) of the pullulan and pullulan/graphene bio nanocomposite coating
on the nanocellulose �lm was determined and it is shown in Fig. 5.

The OTR for the nanocellulose �lm was 1984.25 cc/m2.day.atm. After the pullulan coating on NC �lm, it
was decreased to 1854.64 cc/m2.day.atm. Then the value was signi�cantly reduced to 1120.56
cc/m2.day.atm by the incorporation of 0.05 wt% of graphene. Similarly, the OTR value was still decreased
to 987.47 cc/m2.day.atm for 0.1 wt% and the minimum value of 851.32 cc/m2.day.atm was achieved for
0.2 wt% for graphene. The mechanism for the increase in barrier property is usually due to the formation
of a tortuous path against the gas molecules to cross through the �lm [33]. The orientation and highest
exfoliation level of graphene in pullulan was also the reason decrease in OTR. The various factors to
improve the barrier properties of the bio nanocomposite �lms are the effect of nano�ller, crystallization
behaviour of the polymer nanocomposites and the interfacial interaction between the matrix and
nano�llers [34].  Lee et al. [35] presented the lower barrier properties because of poor interfacial adhesion
between PVC and GO nanocomposites. In this work, there was a large reduction in OTR after the addition
of graphene in pullulan and it was due to the creation of a more tortuous path in the diffusing molecules
and it can move around the impermeable �llers [36].

Watervapour Transmission Rate

The main aim of the food packaging material is to decrease the watervapour transfer between food and
atmosphere and the WVTR should be low as possible [37]. The watervapour transmission rate (WVTR) of
the pullulan and pullulan/graphene bio nanocomposite coating on the nanocellulose �lm was determined
and it is shown in Fig. 6.

The WVTR for the pure nanocellulose �lm was 14.21 g/m2.day. After the coating of pullulan in NC �lm,
the WVTR value was decreased to 12.12 g/m2.day. The WVTR value of the �lm was decreased to 8.3
g/m2.day by the incorporation of 0.05 wt% of graphene. The WVTR value was still reduced by adding the
0.1 wt% of graphene in pullulan and the value was 6.1 g/m2.day. The minimum value of 3.9 g/m2.day
was achieved for 0.2 wt% of graphene incorporated pullulan coating. From these results, it was noticed
that the WVTR decreased by an increase in graphene in pullulan. The addition of graphene in pullulan is
effectively improved the WVTR of the coating. These results might be attributed to the concept that the
graphene was properly dispersed in the pullulan formed a tortuous path for transmission of watervapour
and increased the effective path length of diffusion [38]. The hydrophobic behaviour of graphene was
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also the reason for the reduction in WVTR [39]. Also, the hydrogen bond formation between pullulan and
graphene increased the force of adhesion made tougher for the water molecules to transmit through the
�lm.

Antibacterial Properties

The pathogenic microorganisms and spoilage growth is the major reason for spoilage of food and
reason for foodborne diseases [40]. Therefore, antibacterial activity is needed for food packaging. The
antibacterial activity of the coated �lms was evaluated by the colony count method against gram-positive
S.aureus and gram-negative E.coli. The total number of colonies was 100 CFU/g and the reason for the
selection of S.aureus and E.coli was being the major microorganisms causing foodborne diseases to
humans [41]. Fig. 7 presents the antibacterial activity of pullulan/graphene coating on nanocellulose
�lm. 

The nanocellulose �lm and pullulan did not show any antibacterial activity against both the
microorganism. By the incorporation of 0.05 wt% of graphene in pullulan coating, the number of colonies
was reduced to 73 for E.coli and 75 for S.aureus. Similarly, for 0.1 wt% of graphene, the colonies were still
reduced to 61 for E.coli and 62 for S.aureus. The maximum reduction was obtained for 0.2 wt% of
graphene and the values were 49 for E.coli and 51 for S.aureus. From these results, it was proved that
graphene was responsible for the strong antibacterial activity and it reduces the growth of gram-negative
bacteria and gram-positive bacteria. The possible antibacterial mechanisms of graphene are oxidative
stress, wrapping isolation and stress of membrane [42]. In the oxidative stress mechanism, it involves
various reactive oxygen species such as hydroxyl radical, hydrogen peroxide and superoxide
radicals [43]. The membrane lipids, proteins and nucleic acid of bacteria were exposed to oxidative stress
and it will be oxidized, degraded and lead to the destruction of cell [44]. In the wrapping isolation, the
bacterial cells are enclosed in graphene and separated from the medium of growth. The graphene blocks
the nutrients to pass through cell membranes and obstructs the growth [45]. In membrane stress,
graphene nanoparticles destroy the bacteria by piercing the membrane and extract the phospholipids [46].
Finally, the addition of graphene in pullulan improved the antibacterial activity of the coated �lms.

Conclusion
In this study, a novel pullulan and graphene based bio nanocomposite was prepared and coated on the
nano cellulose �lm. The functional properties of the coated nanocellulose �lm were investigated against
coating thickness, surface colour, opacity, contact angle, adhesion strength, mechanical, barrier and
antibacterial properties. From the results, the 0.2 wt% of graphene incorporated pullulan coating showed
better properties than other concentrations. It showed good results in opacity and surface hydrophobicity.
Also, the tensile, adhesion, oxygen and water vapour transmission properties of the coated �lms got
increased. Finally, the antibacterial results showed that the pullulan/graphene bio nanocomposite coating
restricted the growth of E. coli and S. aureus. This research will provide a new pathway for preparing
environmentally friendly packaging �lms.
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Tables
Table 1 Thickness of Pullulan/graphene bio nanocomposite coating

S. No. Film Samples Thickness

(µm)

 

1. NC

 

46.03 ± 0.02

2. PG0

 

24.01 ± 0.02

3. PG1

 

24.03 ± 0.01

4. PG2

 

24.02 ± 0.02

5. PG3

 

24.02 ± 0.02

Table 2  Surface colour of Pullulan/graphene bio nanocomposite coating
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S. No. Film Samples L* a* b* ΔE

1. NC 71.46 - 0.39 0.35 23.06

2. PG0

 

69.84 0.09 0.11 24.70

3. PG1

 

32.95 0.22 0.88 61.58

4. PG2

 

28.63 0.28 0.92 65.90

5. PG3

 

26.14 0.31 0.99 68.39

Figures
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Figure 1

Opacity of Pullulan/graphene bio nanocomposite coating
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Figure 2

Contact angle of Pullulan/graphene bio nanocomposite coating
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Figure 3

Adhesion strength of Pullulan/graphene bio nanocomposite coating
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Figure 4

Tensile strength of Pullulan/graphene bio nanocomposite coating
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Figure 5

Oxygen transmission rate of Pullulan/graphene bio nanocomposite coating
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Figure 6

Watervapour transmission rate of Pullulan/graphene bio nanocomposite coating
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Figure 7

Antibacterial properties of Pullulan/graphene bio nanocomposite coating


