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Abstract

Both copper (Cu) and chitosan (CSN) are known for their antimicrobial traits. Hence, copper gelled chitosan
(Cu-G-CSN) films were prepared in order to be utilized in packaging applications. Initially, the CSN solution
was frozen and then the gelling Cu solution was placed over it. The slow diffusion of Cu into the solid frozen
CSN would slow the rate of the Cu induced CSN gelation. Slow gelation was formerly shown to create more
mechanically stable gels that exhibit more homogeneity. The homogeneity of the newly formed Cu-G-CSN
elevated its barrier traits against water diffusion and inhibited the films swelling. Actually, no swelling and no
significant weight alterations (p value>0.05) were observed in the Cu-G-CSN samples, which were gelled with
0.5-2% CuSO0s, after their immersion in distilled water for 48h at 37°C. The Cu-G-CSN films also offered
considerable mechanical stability where a 12.84+0.55 MPa tensile strength and 31.86+3.05% elongation percent
were recorded for the films gelled with 0.5% CuSOQ4. The newly formed Cu-G-CSN films were also characterized
via UV-visible spectroscopic analysis and scan electron microscopy. Moreover, the antimicrobial traits of the
Cu-G-CSN films were proven. All the tested Cu-G-CSN films exhibited antimicrobial activities against both
Staphylococcus aureus and Candida albicans. These antimicrobial activities increased gradually upon increasing
the concentration of the CuSQO4 in the gelling solution from 0.2 to 2%. The 2% CuSO4 gelled films induced
inhibition zones of 40 and 40.5 mm in case of S. aureus and C. albicans, respectively.

Keywords: Chitosan; Copper sulfate; packaging; antimicrobial.

Noteworthy, CSN is acknowledged for its
chelation capacity. CSN amino and, to a lesser
extent, hydroxyl entities contribute their electron
lone pairs to form co-ordinate bonds and chelate

1. Introduction

Chitosan (CSN) is the de-acetylation product of
chitin; the second widespread natural

polysaccharide. Thus, CSN is readily gettable. CSN
is also biodegradable, safe and biocompatible [1].
Accordingly, CSN has been involved in a wide
assortment of applications , such as tissue
engineering, drug targeting [2] and enzymes
immobilization [3]. An assortment of CSN based
covalent immobilizers were developed. These
immobilizers adopted CSN either as their main
constituting material [4,5] or as an activator for the
main constituting biopolymers [6,7]. CSN was also
involved in wound dressing fabrication [8] owing to
its antimicrobial attributes [1, 9]. CSN antimicrobial
attributes would also be beneficial in food packaging
as microbial spoilage causes the loss of hefty
amounts of foods every year [10]. Furthermore, CSN
manifests superior film forming capacity, and this
further encouraged its inspection as food packaging
material [2, 9, 11].

metal ions [1]; such as copper. Cu-CSN interactions
are robust to the extent that CSN beads were
concocted after dripping CSN onto copper sulfate
solution. These beads were inspected as vehicles for
insulin controlled release and also as cattle
micronutrient supplement after the incorporation of
riboflavin [12, 13]. On another occasion, the gelling
copper sulfate solution was supplemented with
glutaraldehyde in order to attain covalently reactive
copper gelled CSN (Cu-G-CSN) beads, which were
utilized for (-galactosidase immobilization [14].
However, Cu-G-CSN was not investigated for
packaging applications although Cu is well
acknowledged for its antimicrobial attributes [15,
16]. Thus, Cu-G-CS films were concocted herein as
a promising antimicrobial packaging material.
Packaging materials should exhibit fine
mechanical attributes in order to keep their
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wholeness during the manipulation of the packaged
goods. Thus, a simple approach was adopted to boost
the mechanical attributes of the Cu-G-CSN films.
The CSN solution was frozen and then the gelling Cu
solution was placed over it. The slow diffusion of Cu
into the solid frozen CSN would slow the rate of the
Cuinduced CSN gelation. Slow gelation was formerly
shown to create more mechanically stable gels that
exhibit more homogeneity [17]. The homogeneity of
the newly formed Cu-G-CSN would also elevate its
compactness, and this would constitute a barrier
against water diffusion and would impede the
occurrence of alterations in the Cu-G-CSN films
after contacting aqueous solutions which would
further promote their explotation as packaging
materials. Noteworthy, this freeze gelation
approach was adopted earlier for CSN gelation via
NaOH [18], but it was never inspected for Cu
induced CSN gelation.

In the current research, Cu-G-CSN films were
prepared via freeze-gelation approach. The films
were characterized with SEM and UV. Their
mechanical and antimicrobial attributes were also
inspected as well as their stability in distilled water
in order to check their adequacy for application in
food packaging.

2. Materials and methods
2.1. Materials

CSN was acquired from Acros Organics, USA.
Its molecular weight was stated to be 100-300 kDa.
All other chemicals were analar or analogous quality.

2.2. Methods
2.2.1. Fabrication of the Cu-G-CSN films

A 0.8% (v/v) acetic acid solution was exploited
to dissolve CSN (3%, w/w). Glycerol was also added
to the CSN solution at a 30% (w/w) final
concentration. The CSN solution (=8 gm) was then
put within plastic petri-dishes (9 cm diameter) and
was frozen. Afterwards, the CuSO4.1H,O (0.2-2%
w/w) gelling solution was placed onto the frozen
CSN and was left to interact at room temperature for
3 h. The excess CuSO;, solution was then discarded,
and the formed Cu-G-CSN films were meticulously
washed with distilled water and were dried overnight
within an oven at 37°C. Finally, the dried Cu-G-CSN
films were detached from their mould.

2.2.2.  Reckoning of water content

Initially, the surfaces of the wet Cu-G-CSN films,
which were washed to eliminate excess CuSO4, were
gently padded with filter paper in order to accurately
weigh them. This weight was their wet weight (Wy).
The films dry weight (Wg) was also inspected and it

was their weight after being dried in the oven. Both
of these weights were utilized to reckon the water
content as follows: Wy- Wq / Wy, *100 [2].

2.2.3.  Microscopic investigation

Variable dried Cu-G-CSN films had their
surfaces and their cross-sections inspected via scan
electron microscopy (SEM). This inspection was
performed without any additional treatment steps.

2.2.4. Assessment of the Cu-G-CSN films
mechanical attributes

The dried Cu-G-CSN films were cut as 1*7 cm?
rectangles. Afterwards, these rectangles were pulled
within a universal testing machine at a 0.5 mm/sec
cross-head speed and with an inceptive grip
separation of 3 cm in order to estimate their tensile
strength and elongation percent.

2.2.5. Inspection of the films behavior in distilled
water

The dried Cu-G-CSN films were cut as 1*3 cm?
rectangles. These rectangles were accurately
weighed and this weight was the 100%. Afterwards,
the rectangles were placed within distilled water and
were incubated at 37°C. After 2, 3, & 5 days, these
rectangles were picked out of the water, padded with
a filter paper, weighed, and returned back to the
distilled water at 37°C. The recorded weights were
reckoned as percents with respect to the inceptive
100% weights.

2.2.6. UV inspection

The dried Cu-G-CSN films, which were prepared
with 0.2-2% (w/w) CuSQy4, were cutinto 1 cm * 3 cm
rectangles. These rectangles were placed in the
cuvette holder inside a UV-spectrophotometer and
they were scanned within 600-1000 nm wavelength
range. Moreover, CuSO4 and CSN solutions were
also individually scanned within the aforementioned
range. The acquired spectra were then compared.

2.2.7. Assessment of the Cu-G-CSN films
antimicrobial attributes

One centimeter square of the dried Cu-G-CSN
films was individually tested against Candida
albicans NRRL Y-477 and Staphylococcus aureus
ATCC 29213. Melted serialized potato dextrose agar
(for C. albiacans) or Mueller-Hinton agar (S. aureus)
were inoculated with the respective organism and
were left to cool and solidify. The films were put
over the solidified medium. The inculcated plates
were then incubated for 24h at 30 °C. After
incubation time, antimicrobial activity was evaluated
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by measuring the zone of inhibition against the test
organisms millimeters (mm).

3. Results and discussion

3.1. Effect of the variable CuSOa4concentrations
3.1.1. Macroscopic features

At all tested CuSO, concentrations, firm films
were obtained. These films were easily detached
from their mould (Figure 1) and they were
characterized with  their blue see-through
appearance. However, the wet weights and water
contents of the films diminished progressively upon
elevating the CuSO. concentrations (Table 1).
Moreover, the dry weight of the films dropped
significantly (P-value <0.05) from 1.85 gm to 1.40
gm, and then to 1.24 gm upon elevating the CuSO4
concentration from 0.2 to 0.5 and then 0.7%,
respectively. Elevating the CuSO4 concentration
would provide more Cu?* ions to interact with the
CSN amino and hydroxyl entities (chelation) [1].
Thus, more co-ordinate bonds would be established
within the CSN film. These bonds would help bring
the CSN chains nearer to each other. The proximity
of the CSN chains would provide more opportunities
for the construction of hydrogen-bonds between the
CSN functional residues and also between CSN and
glycerol (30%). Elevating the CSN films content of
co-ordinate and hydrogen bonds would elevate the
cross-linking within these films and this would
subsequently lessen their free space and cause them
to become denser [9]. Lessening the free space of the
Cu-G-CSN films could have lessened their dry
weight. Moreover, more dense Cu-G-CSN films
would present lesser space for water moieties, and
this could have triggered the reduction in the wet
weight and the water content upon elevating the
CuSO4 concentrations. Similarly, sodium-alginate-
CSN films manifested diminution in their water
content after elevating the sodium alginate
concentration as this elevated the inter-molecular
interactions within the films and made them denser
(8l

Nevertheless, it was observed that elevating the
CuSO4 concentration beyond 0.7% induced less
pronounced reductions in the films wet and dry
weights. Actually, the dry weights of the 0.7% and

1% CuSO, treated Cu-G-CSN films (Table 1) were
statistically insignificant (P-value>0.05) from one
another as well as the dry weights of the 1%,, 1.5%,
and 2% CuSO, treated Cu-G-CSN films. Thus, it
could be implied that elevating the CuSO4
concentrations beyond 0.7% didn’t largely boost the
co-ordinate bonds formation within the Cu-G-CSN
films, and hence, the free space and density of the
films weren’t much reduced , and this led to limited
reductions in the films dry and wet weights. This
might suggest irregularities in the Cu-CSN
interactions at elevated CuSO4 concentrations.
Irregular Cu-CSN interactions were also formerly
observed upon elevating the CuSO4 concentration
from 0.2% to 0.5% whilst preparing wet Cu-
glutaraldehyde gelled CSN beads. It was argued that
such elevation accelerated the CSN gelling rate. This
subsequently led to irregular Cu-CSN interactions
which were visualized by the deposition of irregular
copper aggregates on the surface and within the 0.5%
CuSOq treated beads [14].

(A)

I~ | i

Figure 1: the Cu-G-CSN films acquired via (A)
0.2%, (B) 0.5%, (C) 0.7%, (D) 1%, (E) 1.5%, and
(F) 2% CuSOg4 solutions

3.1.2.  Microscopic features

It was debated in the previous section that elevating
the CuSQO4 concentration beyond 0.7% would disturb
the Cu-G-CSN interactions. Thus, the surface and the
cross-sections of the 1.5% CuSO, treated Cu-G-CSN
films (>0.7%) were compared to those of the 0.5%
CuSO; treated Cu-G-CSN films (<0.7%). The 0.5%
CuSOq treated Cu-G-CSN films offered a granulated
surface (Figures 2A&B).

Table 1: The wet weights, dry weights and water contents of the the Cu-G-CSN films acquired at variable CuSO4

concentrations

CuSO04 concentration Wet weight Dry weight Water content
(%, wiw) (gm) (gm) (%)

0.2 17.44+0.19 1.85+0.01 89.58+0.16
0.5 12.57+0.19 1.40+0.02 88.75+0.20
0.7 10.69+0.13 1.24+0.01 88.34+0.13

1 9.61+0.11 1.1640.02 87.97+0.09
15 8.97+0.23 1.07+0.02 87.88+0.33

2 8.53+0.26 1.14+0.03 86.75+0.35
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Noteworthy, the dibenzocrown ether cross-linked
CSN exhibited a similar surface which was described
as bean-like-granulated surface. Such granulation
was debated to form secondary to the inter and intra-
molecular cross-links within this CSN [19]. Lots of
cross-links would also be provided in case of the
0.5% CuSO4 treated Cu-G-CSN films owing to the
bountiful co-ordinate bonds formed amidst CSN and
Cu?* and the bountiful hydrogen bonds formed
amidst CSN and glycerol and also within CSN.
Thus, the granulated surface of the 0.5% CuSO4
treated Cu-G-CSN films could also be regarded to
the bountiful cross-links. It should also be noted that
such granulation was only a surface phenomenon as
the cross-section of the 0.5% CuSO, treated Cu-G-
CSN films was compact and pores free (Figures
3A&B). Thus, the films interconnection density
wouldn’t be lowered and their mechanical attributes
wouldn’t be reduced. On another occasion, shallow
pores were induced on the surface of CSN beads
after supplementing their gelling tripolyphosphate
solution with 0.2M Na;COs. These shallow pores
were also confined to the beads surface and didn’t
extend into the beads interior. Thus, the beads
interconnection density wasn’t reduced whereas their
available surface area was elevated. This provided
more space for the physical and chemical cross-
linking and eventually boosted the beads mechanical
attributes [20]. Accordingly, it could be implied that
the granulation on the 0.5% CuSOQO, treated Cu-G-
CSN films would elevate their surface area and
provide more space for cross-linking. This would in-
turn boost their mechanical attributes.

With respect to the 1.5% CuSO, treated Cu-G-
CSN films, they exhibited smooth surface (Figures
2C&D) and compact pores-free cross-section
(Figures 3C&D). Nonetheless, lots of lustrous spots
were evident in their cross-section (Figures 3C&D).
These lustrous spots were formerly observed in the
cross-section of the Cu-glutaraldehyde gelled CSN
beads after elevating the CuSO, concentration. It was
argued that such elevation accelerated the CSN
gelling rate. This subsequently led to irregular Cu-
CSN interactions which were visualized by the
deposition of irregular copper aggregates on the
surface and within the Cu-glutaraldehyde gelled
CSN beads [14]. The lustrous spots of the 1.5%
CuSO, treated Cu-G-CSN films confirmed the
irregular in the Cu-CSN interactions at concentration
beyond 0.7% which led to such irregular copper
deposition.

3.1.3. Mechanical attributes

The mechanical attributes of the Cu-G-CSN
films, which included their tensile strength (TS) and
elongation percent (E%), were studied. The TS
refers to the utmost stress a film can endure before
its failure; thus, loftier TS values would be needed so

as to maintain the intactness of the packaging. The
TS of the Cu-G-CSN films was significantly elevated
(P-value<0.05) from 4.74 to 12.84 MPa upon
elevating the CuSO. concentration from 0.2 to 0.5%
(Table 2). It was formerly reported that the cohesion
amidst the polymer chains was a determinant for the
TS [2]. The cohesion amidst CSN chains would be
much improved after elevating the CuSO4
concentration from 0.2 to 0.5% owing to the
increased co-ordinate and hydrogen bonds. Thus, the
TS was significantly elevated. Noteworthy, the 12.84
MPa TS recorded for the 0.5% CuSO;, treated Cu-G-
CSN films was finer than the 9.43 MPa TS offered
by the CSN/poly(vinylalcohol) electrospun fibrous
mats [11]. Furthermore, this TS was amidst the TS
range (8.3-31.4 MPa) of the Ilow-density

polyethylene, which is a commonly used packaging
material [21]. The E% of the 0.5% CuSO. treated
Cu-G-CSN films (31.86%) was also amidst the E%
range (10-1200%) of the low-density polyethylene
[21]. Thus, the 0.5% CuSO. was considered as the
optimal concentration for the Cu-G-CSN films.

Figure 2: 400X and 3000 X magnification of the
surfaces of the 0.5% (A & B) and the 1.5% (C & D)
CuSQ, treated Cu-G-CSN films

Figure 3: 1500X and 3000 X magnification of the
cross-sections of the 0.5% (A & B) and the 1.5% (C
& D) CuSO, treated Cu-G-CSN films
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Table 2 revealed that elevating the CuSO4
concentration from 0.5% to 0.7% significantly (P-
value<0.05) dwindled the TS from 12.84 to 8.26
MPa. The E% of the 0.7% Cu-G-CSN films was also
dwindled by -1.92 folds. Further elevating the CuSO4
concentration from 0.7 to 1.5% induced insignificant
(P-value>0.05) fluctuations in the TS. The E% of the
films also manifested slight fluctuations amidst
16.21-17.86% along the 0.7-1.5% CuSO,
concentration  range. Noteworthy, in the
macroscopic features section, the pattern of the dry
weight reductions implied that the irregularities in
the Cu-CSN interactions occurred at > 0.7% CuSO4
concentration. However, the aforementioned sharp
dwindles in the TS and E% of 0.7% treated Cu-G-

CSN films implied that the irregularities in the Cu-
CSN interactions occurred earlier at 20.7% CuSO,
concentration. Such irregular Cu-CSN interactions
were visualized in the 1.5% treated Cu-G-CSN films
by the vast irregular deposition of copper aggregates
within the films interior (Figures 3C&D). These
aggregates would induce discontinuities in Cu-G-
CSN films configuration. This in-turn would lessen
the films coherence, and thus would lessen its TS [2].
These discontinuities would also lessen the E%. In a
similar situation, the discontinuities induced by oil
droplets were argued to lessen the TS and E% of the
Mung bean starch-guar gum-sunfower seed oil films
[22].

Table 2 : The mechanical attributes of the the Cu-G-CSN films acquired at variable CuSO4 concentrations

CuS04 concentration Tensile strength Elongation percent
(%, wiw) (MPa) (%)
0.2 4.74+0.32 30.29+1.14
0.5 12.84+0.55 31.86+3.05
0.7 8.26+0.55 16.61+3.75
1 9.44+0.59 17.86+2.08
1.5 8.96+1.02 16.21+5.83

3.1.4. Inspection of the films behavior in distilled
water

The weight of the 0.2% CuSO, treated Cu-G-
CSN films was elevated to 124.22% (Figure 4)
following their 48h soaking process (in distilled
water at 37°C ). However, no significant alterations
were recorded when the weight percents, which were
recorded for the 0.5-2% CuSOs treated Cu-G-CSN
films after their 48 h soaking, were compared to their
inceptive 100% weights via ANOVA (P-value=
0.24118). This implied the elevated stability of the
0.5-2% CuSO4 treated Cu-G-CSN films. This
elevated stability could be regarded to their elevated
content of co-ordinate and hydrogen bonds as this
would elevate the films cross-linking. Subsequently,
the films free space would be lessened and they
would become denser [9]. More dense Cu-G-CSN
films would present lesser space for water moieties,
and thus no significant weight alterations were
observed during the 48 h soaking of the 0.5-2%
CuSOs treated Cu-G-CSN films. Moreover, elevating
the films content of co-ordinate and hydrogen
bonds would imply that lesser quantities of amino
and hydroxyl moieties would be available for the
creation of new hydrogen bonds. Thus, fewer spots
would be available for hydrogen bonding with water
in the cross-linked CSN films [9], and this could have
also contributed to the stability of the 0.5-2% CuSO4
treated Cu-G-CSN films in distilled water (Figure 4).

Noteworthy, the stability the 0.5-2% CuSOa
treated Cu-G-CSN films was finer than that of the
Cu-G-CSN beads, which were formulated after
dripping CSN onto CuSQO4 solution. For instance, it
was reported that the wet Cu-G-CSN beads swelled
in water [13]. Moreover, the dried Cu-G-CSN beads
which were formulated via dripping 3% CSN onto
0.06 M CuSO4 exhibited a swelling ratio of 0.84
following their immersion in simulated ruminal fluid
for 24 h [12]. On the other hand the 1% CuSOs
(=0.056 M CuS04.1H,0) treated Cu-G-CSN films
didn’t swell and offered 98.45+0.40% weight after
48 immersion in water. This improved stability could
be regarded to the gelation method adopted herein.
Placing the CuSQ; solution onto the frozen CSN
would slow diffusion of Cu into the solid frozen CSN.
This would slow the rate of the Cu induced CSN
gelation. Slow gelation was formerly shown to
create more mechanically stable gels that exhibit
more homogeneity [17]. The homogeneity of the
newly formed Cu-G-CSN would elevate its
compactness, and this would constitute a barrier
against water diffusion and inhibited the films
swelling.

Extending the films soaking time induced weight
reductions in all samples (Figure 4). For instance, the
0.5% CuSO4 treated Cu-G-CSN films kept
91.65+2.04% weight after 7 days. This weight loss
could imply slight dissolution in water. Thus, the Cu-
G-CSN films wouldn’t be preferred for the
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packaging of liquid foods, such as milk. They would
be more suited for packing solid or semi-solid foods.
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Figure 4 : Weight alterations recorded by the Cu-G-
CSN films after soaking them in distilled water at
37°C.

3.1.5. UV inspection

The CuSOg4solution offered an absorption peak at
807 nm (Figure 5). Similarly, El-Batal et al. [23]
observed an absorption peak at 790 nm for CuSO4
solution. Figure 5 also unveiled that CSN solution
didn’t offer any characteristic peaks at the inspected
600-1000 nm range whereas peaks were evident in
all the Cu-G-CSN films spectra. This confirmed the
inclusion of copper within these films. The peak of
the 2% CuSO, treated Cu-G-CSN films was at 769
nm, which was a little lower than the 807 nm peak of
the CuSOg solution. Further reducing the CuSOg4
concentration induced further reductions in the
locations of the absorption peaks and a 675 nm peak
was offered by the 0.2% CuSO, treated Cu-G-CSN
films.

3.1.6. Inspection of films antimicrobial attributes

All the 0.2-2% CuSO, treated Cu-G-CSN films
manifested antimicrobial attributes versus both C.
Albicans and S. aureus. Such antimicrobial attributes
got more pronounced as the processing CuSO.
concentration was elevated and this was visualized
by the progressive enlargement of the acquired
inhibition zones (Table 3). Rather at al. [15] also
observed enlargements in the inhibition zones versus
Staphylococcus  after  elevating the CuSOa
concentrations. Moreover, Shiny et al. [16] observed
enlargements in the CuSO4 antimicrobial attributes
versus C. Albicans after elevating its concentrations.
Nonetheless, the antimicrobial attributes manifested
by the 0.5% CuSO, treated Cu-G-CSN films were
still acceptable and this further confirmed the choice
of the 0.5% CuSO, as the optimal concentration for
films preparation.

3.2. Varying the acetic acid concentrations

The concentration of the acetic acid, which was
used to solvate CSN, was elevated. Elevating the
acetic acid concentration from 0.8% to 1.5% elevated
the films wet weights, dry weights and water contents
(Table 4). Moreover, further elevating the acetic acid
concentration to 2 & 3% inhibited the Cu induced
CSN gelation and no films were procured. Elevating
the acetic acid concentration would elevate CSN
content of protonated amino residues at the expense
of the unprotonated amino residues.

Cu

169
2% Cu-G-CSN

/’ 759 T~
2
\\3.5% Cu-G-CSN

/ \\\
~—

744
1% Cu-G-CSN

Absorbance

726
0.7% Cu-G-CSN

0.5% Cu-G-CSN

675

—.0.2% Cu-G-CSN
CSN

600 650 700 750 800 850 900 950 1000

Wavelength (nm)

Figure 5: UV spectra of CuSQO, solution, CSN
solution, and the altered Cu-G-CSN films

Table 3: Antimicrobial attributes expressed as
inhibition diameter zones in millimeters (mm) of Cu-
G-CSN films against the pathological strains based
on diffusion assay

CuSOs4 Inhibition zones (mm)
concentration Candida Staphelococcus
(%, wiw) Albicans aureus
NRRL Y-477 ATCC 29213
0.2 12 11.5

0.5 23.5 20

0.7 25 22

0.8 27.5 25

1 36 34

2 40.5 40
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The unprotonated amino residues are the main
electron donors which contribute their electron lone
pairs to form co-ordinate bonds and chelate metal
ions [1]. Thus, reducing CSN content of these
unprotonated amino residues would reduce its
capability to chelate copper. Hence, the co-ordinate
bonds and the cross-linking within the Cu-G-CSN
films would be reduced. This would subsequently
elevate the films free space and reduce their density.
Thus, the films dry weights were elevated. Moreover,
more space would be available for water moieties
and this would cause the elevation of the films wet
weights and water contents. It could also be deduced
that when the acetic acid concentration was raised to
2%, the CSN-copper chelation was significantly
reduced to the extent that no films were formed.
Similarly, Duffy et al. [12] stated that surplus acetic
acid was detrimental to the creation of stable Cu-G-
CSN beads. Moreover, Kofuji et al. [13] reported that
elevating the acetic acid concentration impeded the
procurement of spherical Cu-G-CSN beads.

Figure 6 revealed the surface and cross-sections
of the 1.5% acetic acid Cu-G-CSN films. The surface
was irregular and the cross-sections revealed the in-
homogeneity of the films as lots of irregular
polymeric lumps were evident. This in-homogeneity
was a consequence of the reduced Cu-CSN
interactions.

Figure 6: (A) 1500X magnification of the surface of
the 0.5% CuSO, treated Cu-G-CSN films whose
CSN was solvated with 1.5% acetic acid; (B)
1500X and (C) 3000X magnification of the cross-
section of these films

4. Conclusions

The 0.5% CuSO;4 treated Cu-G-CSN films which
were fabricated via the copper induced freeze-gelling
approach were proven to be adequate for packaging
applications. Their 12.84 MPa TS and their 31.86%
E% were amidst the TS (8.3-31.4 MPa) and E% (10-
1200%) ranges of the low-density polyethylene,
which is a commonly used packaging material .

Moreover, these films manifested considerable
stability in distilled water.

Table 4: The wet weights, dry weights and water
contents of the the0.5% CuSOQO, treated Cu-G-CSN
films acquired at variable acetic acid concentrations

Acetic acid Wet Dry Water
concentrati weight weight content
on (%, viv) (gm) (gm) (%)
12.5740.1 1.40+0.0 88.75+0.2
0.8 9 2 0
15.08£0.1 1.45+0.0 90.41+0.5
1 0 7 1
16.78£0.2 1.64+0.0 90.20+0.1
15 4 0 3
2 Failed to gel
3 Failed to gel
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