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High Barrier, Biodegradable Nanocomposite Films Based on
Clay-Coated and Chemically Modified Gum Kondagogu

Abhilash Venkateshaiah, Renee L. Timmins, Elmar Sehl, Stanisław Wacławek,
Miroslav Černík, Vinod V. T. Padil,* and Seema Agarwal*

Lately, environmentally benign packaging materials with biodegradability,
flexibility, and high barrier properties are sought after as a substitute for
conventional plastic packaging materials due to increasing plastic pollution
and microplastics in the environment. Although natural polymers can be
sustainable alternatives to petro-sourced, non-biodegradable plastics, they
suffer from the poor barrier and mechanical properties. In this study, a
mechanically stable, biodegradable film of tree gum kondagogu with
remarkable barrier properties is fabricated. The introduction of spray-coated,
waterborne, large-aspect ratio sodium-hectorite dispersion on tree-gum films
ensured very high barrier properties even at high relative humidity conditions
(oxygen transmission rate (OTR) ≈1.7 cm3 m−2 day−1 bar−1 at 75% relative
humidity). The coating not only decreases gas permeability through the films
but also minimizes the sensitivity of performance to humidity levels. The
clay-coated nanocomposite films outperformed various commercial polymers
and are comparable to high-performance packaging films in terms of oxygen
barrier properties. Further, the coating improved the mechanical properties of
the films rendering them a prospective packaging material. These
biodegradable, high-barrier and mechanically robust films are a promising
advance in the field of sustainable packaging.
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1. Introduction

Synthetic, conventional plastics used in
single-use applications such as food pack-
aging, grocery bags, disposable utensils,
and beverage containers are accumulating
in landfills, posing a severe environmen-
tal threat. These materials, made of poly-
mer multilayers, are often lined with alu-
minum and contaminated with food; thus
are not recyclable.[1] Plastic debris has be-
come ubiquitous in the ecosystem and has
even littered all the major ocean basins,
rivers, and water bodies.[2] Microplastics,
a form of plastic debris, when ingested,
might threaten wildlife and marine life by
obstructing their digestive tracts. They can
later be translocated to the circulatory sys-
tem and other tissues and transferred from
prey to predator through the food chain.[3]

These plastic wastes can be eliminated by
utilizing extreme thermal processes like
combustion and pyrolysis. However, these
processes release greenhouse gases, which
can be detrimental to the environment.
These disastrous consequences can thus

be mitigated by using biomass-derived materials that degrade via
naturally occurring pathways.[4] Currently, there aren’t any com-
pletely biodegradable, biomass-derived packaging materials that
satisfy the barrier and mechanical property requirements while
still being economically viable.[5] As a result, researchers are look-
ing for a bio-sourced, biodegradable material that can replace tra-
ditional plastics in single-use applications.[6–9]

Bio-sourced polysaccharides, which are one of the most avail-
able raw materials in nature, have sparked a lot of interest in
replacing single-use plastics. Their abundant availability, com-
bined with their biodegradability, nontoxicity, and biocompatibil-
ity, can solve the aforementioned issue. Tree gums are one such
polysaccharide that has recently gained interest as a packaging
substitute.[10–12] The potential of tree gums like Arabic, Karaya,
Kondagogu, Cashew, and Tragacanth to form films appropriate
for food packaging has been investigated.[13] Tree gums are high
molecular weight polysaccharides exuded from plants/trees as
a defense mechanism against mechanical injury, chemical in-
jury, microbial/insect attacks, and water stress. This process is
called gummosis, and the obtained exudates form gels or viscous
solutions in their respective solvents. Hydrocolloids, or water-
soluble gums, have found applications in food, pharmaceutical,
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biomedical and cosmetic industries owing to their abundance,
low cost, biocompatibility, nontoxicity, gelling ability, chemical
inertness, water binding potential, and emulsion stabilization
ability.[14,15] Gum kondagogu is a polysaccharide obtained from
the exudates of Cochlospermum Gossypium, a native Indian tree.
Kondagogu has a high acidic sugar content, with glucuronic and
galacturonic acids accounting for 52% of total carbohydrates,
along with neutral sugars including glucose, rhamnose, galac-
tose, and arabinose.[16] The structural, physicochemical, morpho-
logical, rheological. and compositional characteristics of kond-
agogu have been studied and reported.[17–22] The toxicological
studies on kondagogu revealed that it is non-toxic, making it a
suitable material for fabricating packaging films.[23] The use of
kondagogu to fabricate packaging films is minimal and yet to be
thoroughly investigated. The films made from kondagogu, like
most polysaccharide films, have intrinsic limitations that need to
be addressed, such as high hydrophilicity, poor mechanical prop-
erties, and barrier properties. This could be overcome by com-
bining kondagogu with different biopolymers,[24] incorporating
nanoparticles,[25] and chemical modification.[26]

We recently reported the use of dodecenylsuccinic anhy-
dride (DDSA) modified kondagogu and cellulose nanofibers to
fabricate packaging films.[26] The chemical modification was
clearly effective in overcoming the kondagogu films’ intrinsic
brittleness moisture sensitivity while retaining biodegradability.
DDSA’s long chain alkenyl groups function as an internal plasti-
cizer, imparting stearic hindrance to polysaccharide chains while
inhibiting chain aggregation and hydrogen bond formation.
This material’s mechanical and barrier properties improved sig-
nificantly when combined with cellulose nanofibers. However,
even with the hydrophobic modification, the barrier properties
of the films decreased exponentially at higher relative humidity
(RH) levels. Despite the modification, kondagogu and cellulose
nanofibers retain a certain affinity to moisture. This affinity
causes self-association of water molecules which has plasticizing
and/or swelling effect on the film. Due to the moisture-induced
changes in polysaccharide chains’ conformation, crystallinity,
and mobility, these effects become much more pronounced at
higher RH.[25]

Single-layer biopolymer films seldom fulfill the industrial cri-
teria for barrier characteristics specified for packaging, thus ne-
cessitating modifications. Biopolymer films’ barrier properties
have been enhanced by chemical and physical crosslinking and
surface treatments such as grafting and coating.[28,29] These ap-
proaches have been proven to enhance the barrier characteris-
tics of biopolymers, and they are frequently employed in con-
jugation to meet commercial requirements. Coating of biopoly-
mer films to improve barrier properties has recently gained
significant attention.[30–33] Studies on coating biopolymer films
with graphene oxide,[34] nanocellulose,[31] chitin nanofibers,[35]

whey protein,[36] polylactic acid,[37] waxes,[38] and inorganic
materials[39] have been reported. Inorganic two-dimensional (2D)
nanosheets are proven to be impervious to gas molecules.[40]

Coating these inorganic dispersions onto biopolymer films yields
a high aspect ratio lamellar structure. This creates a tortuous
path for the gaseous molecular diffusion across polymeric ma-
terials, improving barrier characteristics. Breu and coworkers
have proven this by using synthetic layered silicates like sodium

hectorite (NaHec), possessing a high aspect ratio, cation ex-
change capability, and osmotic swelling properties to improve the
gas barrier properties of polymer films.[41] Further, Habel et al.
coated poly L-lactide (PLA) films with waterborne dispersions
of NaHec and obtained biopolymer films with exceptional bar-
rier properties.[42] The authors observed that the clay coating im-
proved the oxygen barrier properties by a factor of four while hav-
ing no negative impact on the biodegradability of the PLA films.
This improvement in the oxygen barrier was observed even at el-
evated RH, suggesting that the NaHec nanoparticles limit the dif-
fusion of oxygen molecules through the film via the tortuous path
mechanism regardless of RH. This would aid in improving the
barrier qualities of biobased polymer films, which are strongly
reliant on humidity conditions. In addition to excellent oxygen
barrier properties, these waterborne clay dispersion coatings can
even provide a water vapor barrier in a scalable manner. Based
on this concept, we spray-coated NaHec onto hydrophobically
modified kondagogu nanocomposites to produce high-barrier,
biodegradable films with improved mechanical properties. The
effects of cellulose nanofiber incorporation and NaHec coating
on the barrier properties of the kondagogu films were analyzed
at different humidity conditions. The resulting films had barrier
properties that were superior to most conventional plastics.

2. Results and Discussion

2.1. Fabrication of KGNC/Hec Films

Our team has recently reported the detailed synthesis proce-
dures and extensive characterization of DDSA modified konda-
gogu and cellulose nanofiber incorporated DDSA modified kond-
agogu (KGNC) films.[24] We selected KGNC films with 10%
and 15% cellulose nanofiber (CNF) in this study because they
had the best mechanical and barrier properties[26] and would be
ideal for studying the combined effect of CNF incorporation and
clay coating. Herein, we have used a melt-processed synthetic
sodium hectorite (NaHec, [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2)
clay that can gently, osmotically delaminate into a high-aspect-
ratio (≈20 000) single layers when dispersed in water, without the
need for ultrasonication. This enables uniform non-isotropic, ne-
matic phases in the dispersion. A high barrier layer was created
on the films by spray coating a 0.25 wt.% aqueous dispersion on
a KGNC substrate (Figure 1). A total of 200 spraying/drying cy-
cles were used to coat KGNC films with NaHec suspension to ob-
tain the desired thickness of 3 μm. The suspension layer added
in a single spraying process had a thickness of ≈1.5 μm, which
corresponded to a dry film thickness of ≈20 nm. After 200 cy-
cles, the final coating layer thickness was measured to be 3.144 ±
0.193 μm (ImageJ). The coatings were stable, and no loose pow-
der was observed while handling the films. A slight decrease in
transparency of the films was observed after NaHec coating (Fig-
ure 1c; Table S1, Supporting Information).

2.2. SEM and TEM analysis of the KGNC/Hec films

The surface morphology of the NaHec coated 15 wt.% cellulose
nanofiber incorporated DDSA modified kondagogu (KGNC15)
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Figure 1. Schematic representation of the NaHec automated a) spray coating, b) drying process, and c) digital images of KGNC films before and after
coating.

Figure 2. Morphology analysis of KGNC15/Hec film surface by a) SEM image and cross-section by b,c) TEM images.

film was observed by scanning electron microscopy (SEM) (Fig-
ure 2a). The image revealed the rough surface of the film with
high aspect ratio clay nanoplatelets covering the film surface
completely. Unlike the KGNC films, no cellulose nanofibers were
observed on the film surface, suggesting that the NaHec sus-
pension was evenly coated (Figure S2, Supporting Information;
Figure 2a). The cross-sectional surface observed by transmis-
sion electron microscopy (TEM) analysis revealed a highly or-
dered orientation of clay nanoplatelets on the KGNC15 film sub-
strate (Figure 2b,c). The light grey part is the KGNC film sub-
strate, and the layered structure on top of it is the NaHec coat-
ing. Upon spraying the dilute dispersion of highly anisotropic
NaHec platelets, the clay particles collide with the KGNC film
substrate at high speeds. As a result of the collision, the droplets
disperse on the film surface, while the 2D clay nanoplatelets
tend to kinetically arrange themselves into dense parallel posi-
tions to the film surface.[43] Furthermore, a thin liquid suspen-
sion film forms on the surface after each spraying phase, al-
lowing for ample mobility of the particles. With 90 sec drying
time, the nanoplatelets have enough time to align themselves in
the most favorable parallel position. This could be clearly seen
by the TEM images, wherein highly delaminated NaHec struc-
tures are arranged equidistantly on the film surface. This highly
ordered parallel orientation of NaHec platelets ensues a tortu-
ous pathway for gas diffusion, resulting in enhanced barrier
properties.

2.3. Crystallinity and Thermal Analysis of the Films

X-ray diffraction (XRD) analysis revealed the perfectly aligned
structure of the NaHec coatings on the KGNC substrates.
Breu et al. have studied and reported the crystallographic data
of NaHec in thorough detail.[44,45] Figure 3a shows a sharp
diffraction peak at 2𝜃001 = 5.6° for KGNC10/Hec and 5.05° for
KGNC15/Hec, corresponding to monohydrated sodium cations
in the interlayer space with a normal d-spacing of 1.67 and
1.72 nm, respectively. The 1D crystalline nanocomposite coat-
ings have 0.96 nm thick NaHec platelets separated by 0.71 nm
and 0.76 nm of PVA matrix for KGNC10/Hec and KGNC15/Hec,
respectively. This implies that the nanocomposite coating is
biphasic, predominantly consisting of 1D crystalline layers of
clay domains intercalated by a secondary minor polyvinyl alcohol
(PVA) phase (Figure 3a inset). In the case of KGNC15/Hec, a
small diffraction peak corresponding to the second-order of the
1D crystal was also observed at 2𝜃001 = 9.87°. Since the PVA vol-
ume in the interlayer spacing is small, their influence on the bulk
properties can be negligible. Further, the thermogravimetric anal-
ysis (TGA) analysis of the samples was carried out and depicted in
Figure 3b. All films exhibit an initial weight loss below 200 °C as
a result of loss of adsorbed moisture. The breaking of ester bonds
between kondagogu and DDSA at 200 °C causes the release of
alkenyl chains, resulting in weight loss,[22] followed by the degra-
dation of gum polysaccharide chains above 250 °C.[21] From Fig-
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Figure 3. a) XRD pattern of the NaHec coating on KGNC film substrates. The inset is a TEM image of the NaHec coating with highly oriented PVA
intercalated NaHec platelets on the KGNC15 substrate. b) TGA curves of uncoated and coated KGNC films.

Figure 4. a) Stress-strain curves and b) Modulus of NaHec coated and uncoated films.

ure 3b, it can be seen that the NaHec coating has no significant ef-
fect on the thermal stability of the films. However, the KGNC/Hec
samples show an increased leftover mass than the KGNC film
samples. This increased leftover mass can be attributed to NaHec
particles, which do not decompose below 800 °C.[46]

2.4. Mechanical Properties of the Films

The mechanical performance of the uncoated and NaHec coated
KGNC films were analyzed and presented in Figure 4 and Table
S2 (Supporting Information). The effect of NaHec coating on the
mechanical properties of the films was determined by evaluating
their tensile strength (TS), elongation at break (𝜖), and modulus.
From Figure 4a, it is evident that the CNF loading increases the
TS of the films. This increase in TS arises from the secondary in-
teractions between the hydroxyl groups of CNFs and the matrix
via hydrogen bonding. This enables a stiff network between the
polysaccharide chains and the CNFs; as a result, a decrease in the
𝜖 was observed. NaHec coating significantly enhanced the tensile
strength of the films. A three-fold increase in the tensile strength
of the films was observed after coating. Additionally, the NaHec
layer on the KGNC films serves as a stress transfer agent, increas-
ing the tensile strength of composite films in general. However,
unlike uncoated samples, KGNC10/Hec with lower CNF loading
exhibits higher TS values than KGNC15/Hec. This could be due

to the aggregation of CNF at higher loadings.[22] These aggregates
may interfere with and inhibit the interactions between the Hec
coating and the film, resulting in lower TS values. The coating
further contributes to the stiffness of the films, which was evident
by the decrease in the elongation at break values. A similar ef-
fect has been observed in other clay-biopolymer nanocomposites
and coatings.[47–49] In comparison to uncoated films, the modu-
lus of the NaHec coated films increased by around 200%. This
emphasizes the synergistic effect the clay coating has on the bio-
nanocomposite films. Further, the films were subjected to repet-
itive bending deformation up to 50 times, and no delamination
of the NaHec coating was observed. This suggests good compati-
bility between NaHec coating and KGNC films. Hydrophilic clay
nanoparticles have been known to show affinity toward biopoly-
mers like carrageenan,[50] karaya,[47] agar,[51] and proteins.[52]

2.5. Barrier Properties of the Films

The shelf life of products is primarily determined by the barrier
properties of their packaging material, and hence high barrier
properties are required in the packaging materials.[53] Pristine
biopolymer films have inferior barrier properties and thus would
almost certainly need to be compounded with fillers that enhance
barrier properties to gain prominence in the high-performance
packaging industry.[54] Since ISO 14663-2 specifies 65% RH as
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Figure 5. Barrier properties of the uncoated and NaHec coated KGNC films a) OTR, b) OP, c) comparison of OP values with common packaging
materials, d) WVTR. EVOH, ethylene vinyl alcohol[55]; HDPE, high-density polyethylene[56]; PA 6, polyamide 6[55]; PET, polyethylene terephthalate[42]; PLA,
polylactic acid[42]; PP, polypropylene[55]; PVC, polyvinyl chloride[55]; PVDC, polyvinylidene chloride[55]; Metallized PET, aluminum coated polyethylene
terephthalate.[56]

a standard measurement for PVA, we rely on a spectrum of RH
(50% and 75% RH) enclosing this standard.

The KGNC films containing CNF exhibited good barrier prop-
erties at 50% RH; however, at 75% RH, an exponential drop in
the barrier properties was observed (Figure 5 and Table S3, Sup-
porting Information). This poor barrier performance at high RH
could be due to the affinity of kondagogu and CNF to mois-
ture leading to swelling and plasticization. As a result, the ab-
sorbed water molecules increase the polysaccharide chain mobil-
ity, thereby breaking the barrier structure and allowing the gas
molecules to diffuse through the film.[24] Due to their low barrier
properties at high RH volumes, they may not be suitable for long-
term storage in humid environments. The clay coating has been
known to minimize not only the biopolymer film’s permeability
but also its susceptibility to water vapor concentrations. This abil-
ity of NaHec has been studied and established on several other
polymer matrices.[42,43,57] The nanocomposite coating’s lamellar
structure is comparable to natural nacre with low free inner vol-
ume arising from the large aspect ratio of the NaHec platelets.
This, along with CNF and the high filler content, is beneficial in
creating a tortuous path for gas diffusion, thereby enhancing the
barrier properties (Figure S2, Supporting Information). Build-
ing on this idea, NaHec clay nanoplatelets delaminated in PVA
solution were coated onto KGNC films. Prior to measuring the
oxygen transmission rate (OTR) and water vapour transmission
rate (WVTR) values, all films were carefully conditioned at room
temperature and at different RH levels (50% and 75%). At 50%
RH, the KGNC/Hec films with ≈3 μm NaHec coating demon-
strate exceptional barrier properties (Figure 5). The OTR values
of the films were as low as ≈2 cm3 m–2 day–1 bar–1, a five-fold
decrease from the uncoated films (Figure 5a). Further, as hypoth-

esized, increasing the RH to 75% had a negligible effect on the
OTR values. The uncoated KGNC10 and KGNC15 films exhib-
ited OTR values in the range of 540 and 630 cm3 m–2 day–1 bar–1,
respectively. Upon coating the films with NaHec dispersion, the
OTR values decrease by more than two orders of magnitude with
a >99% decrease in oxygen transmission. However, for a more
accurate comparison of these findings, the transmission rates
are converted into permeabilities as the thickness of the films
has been known to influence the transmission rates significantly.
Oxygen permeability (OP) can be defined as the rate of oxygen
transmitted per unit thickness of the film. Based on these find-
ings, the KGNC/Hec films clearly outperform the most widely
used non-biodegradable traditional plastic packaging films, sev-
eral coated and multilayered biopolymer films and are compara-
ble to high-performance packaging materials like polyvinylidene
chloride (PVDC) and aluminum-coated polyethylene terephtha-
late (PET) films (Figure 5c; Table S4, Supporting Information).
The tortuous diffusion path formed by high aspect ratio NaHec
platelets may be directly responsible for this improved oxygen
barrier property. This is because in the absence of NaHec, PVA
coatings have been shown to have significantly lower perme-
ability reductions, and their efficiency is extremely sensitive to
moisture.[42] Further, the WVTR of the coated and uncoated films
were evaluated and depicted in Figure 5d. The same trend ob-
served in OTR holds well for the WVTR values of the coated and
uncoated films. The NaHec coating significantly reduced water
vapor transmission through the films. Even at an elevated RH of
75%, the WVTR values are reduced by a factor of 9, further em-
phasizing the lower moisture sensitivity arising from the high as-
pect ratio NaHec coating. Given the moisture sensitivity of kond-
agogu and CNF, as well as the water-based formulation of KGNC
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Figure 6. CO2 accumulation as a function of time of KGNC films.

films and the NaHec coatings, the significant reduction in WVTR
values was noteworthy.

2.6. Biodegradability of the Films

The biodegradation of the samples was carried out in an aque-
ous medium under aerobic conditions with polyethylene (PE) as
negative control and aniline as a positive control. The cumula-
tive CO2 of each test sample was determined and plotted as a
function of time to analyze the biodegradation rate (Figure 6).
The microbes consume oxygen and degrade the polysaccharide
chains generating carbon dioxide. As a result, monitoring CO2
buildup in the cell could offer information on the biodegrada-
tion rate of samples. All the tested biopolymer film samples ex-
hibit biodegradability, and the biodegradation increases with the
increase in incubation time. The CO2 accumulation trend sug-
gests that the biodegradation rate increases quickly at the begin-
ning of the test, which seems to level off as the test proceeds.
This could be attributed to the increased availability of organic re-
sources for microbial assimilation, resulting in an increase in the
number of microbial colonies. As the test progresses, these re-
sources get exhausted, slowing the rate of biodegradation. From
the results, it was evident that the rate of degradation of coated
samples was higher than the uncoated samples. The improved
rate of biodegradation could be due to the ability of the clay to
promote hydrolytic degradation. Furthermore, soaking the film
in water causes the clay to swell, resulting in fragmentation of
the film, which increases the surface area, thereby improving the
biodegradation rate.[58] This acceleration of biodegradability in
the presence of clay nanoparticles has been observed in both con-
ventional and biobased polymers.[59–63]

3. Conclusions

High barrier, biodegradable packaging films based on gum
kondagogu were prepared by spray coating kondagogu/CNF
nanocomposite films with a waterborne dispersion of PVA and

NaHec. The entire film fabrication and coating process are water-
based, making it environmentally friendly. The exfoliated NaHec
platelets formed a thin layer (≈3 μm) of highly ordered nacre-like
structure on the KGNC films. The coating improved the mechan-
ical properties of the material, as shown by the increased tensile
strength and modulus. Coating the films resulted in a threefold
increase in tensile strength and a 200% improvement in mod-
ulus. The obtained flexible packaging films exhibit high barrier
performance superior to many traditional plastics. The clay layer
formed a tortuous path for gas molecules to diffuse across, dra-
matically limiting their permeability. The coated films had OTR
values of ≈2 cm3 m–2 day–1 bar–1, a fivefold improvement over
the uncoated films. The enhanced barrier properties are negligi-
bly affected by the increase in RH, as evidenced by a more than
99% decrease in oxygen transmission rates and a reduction in
water vapor transmission rate by a factor of 9, even at 75% RH.
Thus, KGNC/Hec films can be suitable for long-term packaging
even in highly humid conditions.

4. Experimental Section
Materials: Gum Kondagogu (Grijian Cooperative society, Hyderabad,

India) was purified and deacetylated using the methods we previously
reported.[24] Melt synthesis was used to synthesize sodium hectorite (Na-
Hec) [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2, following a process described
in the literature.[47] The material had a 1.27 mmol g–1 cation exchange ca-
pacity (CEC) and a high aspect ratio >20 000. Cellulose nanofiber (CNF,
d = 10–20 nm, l = 2–3 μm) was purchased from Nanografi co. Ltd.,
Germany. Hydrochloric acid, Sodium hydroxide, DDSA, Polyvinyl alcohol
(PVA, Mowiol 20–98 Mw ≈125 000), ethanol absolute, glycerol, glutaralde-
hyde, cyclohexane (≥99%), and other analytical-grade chemicals were pro-
cured from Merck company.

DDSA Modification of Kondagogu and Fabrication of Nanocomposite
Films: Chemical modification of kondagogu and film fabrication was
carried out using the methods we recently reported.[24] Briefly, DDSA
(30 wt.% of kondagogu, 30 mL) solution of absolute ethanol was slowly
added to deacetylated kondagogu aqueous solution (2 g in 100 mL) at a
pH of 8.5. After 7 h at constant pH of 8.5, 5% HCl was added to stop the re-
action, and the product was purified by dialysis for 7 days against distilled
water. The lyophilized product was further purified by Soxhlet extraction
with cyclohexane and dried overnight in an oven at 60 °C.

CNF reinforced gum films were prepared by dispersing CNF (10 and
15 wt.% of gum) in distilled water for 3 min at 12 000 rpm using a ho-
mogenizer. 2 w/v% of modified kondagogu gum was mixed with the CNF
dispersion at 70 °C to ensure complete dissolution. Subsequently, glyc-
erol (30 w/w%) was added as a plasticizer, followed by a few drops of 1 m
HCl to achieve a pH of 3, and glutaraldehyde (10 w/w%) was added as a
crosslinker. After 1 h of stirring to enable homogenous mixing, the solu-
tions were cast into Petri dishes and dried for 12 h in an oven at 60 °C.
The DDSA modified kondagogu films containing 10 and 15% cellulose
nanofibers were denoted as KGNC10 and KGNC15, respectively.

NaHec Clay Coating of Films: Delamination of dry NaHec (3 wt.%)
was done in double-distilled water and allowed to mix for a week in an
overhead mixer. This was added dropwise into PVA (5 wt.%) solution, and
the total solid content was adjusted to 0.25% (50 wt.% NaHec, 50 wt.%
PVA) using double distilled water, and the dispersion was mixed overnight.
The dispersion was transferred to a speed mixer (Hauschild & Co. KG) to
enhance the dispersion quality and eliminate gas bubbles under a vacuum
just before coating. The dispersion was then transferred to a completely
automated spray coating system (SATA 4000 LAB HVLP 1.0 mm spray gun,
SATA GmbH & Co. KG, Germany). The obtained suspension was sprayed
on the dry KGNC film substrate (4 bar, 1 mL s−1) attached to a conveyor
belt by means of a stationary airbrush (Figure 1a). The sample was then
dried for 90 s under an IR lamp at 40 °C (Figure 1b) for each spray cycle (a
total of 200 cycles). The films were then dried in an oven at 40 °C for 48 h
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to ensure complete water removal. KGNC10/Hec and KGNC15/Hec were
the designations for the coated KGNC10 and KGNC15 films, respectively.

Characterization Techniques: The surface morphology of the films was
studied using a scanning electron microscope (SEM, UHR FE-SEM Carl
Zeiss ULTRA Plus, Germany) with an acceleration voltage of 0.5–2.5 kV.
Transmission electron microscopy (TEM) images were obtained on JEM-
2200 FS (JEOL GmbH, Germany). An Ion Slicer EM09100IS (JEOL GmbH,
Germany) was used to prepare thin cross-sections of the nanocompos-
ite films with coating. A Jasco V630 UV–Vis spectrophotometer was used
to determine the transparency of the films. X-ray diffraction (XRD) anal-
ysis was carried out on a Bragg-Bertano type diffractometer (Empyrean,
Malvern Panalytical BV, The Netherlands) equipped with a Pixel-1D de-
tector using nickel filtered Cu-K𝛼 radiation (𝜆 = 1.54187 Å). A Thermo-
gravimetric analyzer (TGA-4000, PerkinElmer, USA) was used to determine
the films’ thermal stability. The samples (5 mg) were analyzed in an inert
atmosphere with a nitrogen flow rate of 50 mL min–1. The analysis was
done at a temperature range of 30–800 °C with a heating rate of 10 °C
min–1. Stress–strain analysis on a Zwick/Roell BT1-FR 0.5TND14 was used
to evaluate the mechanical properties of the films. The samples were cut
into 3 mm × 30 mm dimensions and conditioned at 20°C for 24 h prior to
testing. A Mitutoyo 293–805 optical micrometer with a precision of 1 μm
was used to measure the thickness of each specimen. The width of the
specimens was measured using a Zeiss digital microscope, Smartzoom
5 equipped with a Zeiss PlanApo D 1.6x/0.1 FWD 36 mm objective (36 ×
magnification) with a precision of ≈3 μm (2 pixels), taking the average of
theww different positions in the gauge area as the final width. The sam-
ples were tested at a tensile speed of 5 mm min–1 with a pristine gauge
length of 10 mm. The slope of the linear region of the stress-strain curves
was used to calculate the elastic modulus. The analysis was performed on
at least ten specimens, and the statistical average is reported as a result.
Mocon OX-TRAN 2/21 instrument was used in the measurement of oxy-
gen transmission rates (OTR) with a lower detection limit of 0.05 cm3 m−2

day−1 bar−1. As a carrier gas, a combination of 98% nitrogen and 2% hy-
drogen was used, with pure oxygen (>99.95%, Linde Sauerstoff 3.5) as the
permeant gas. The tests were performed at a temperature of 23°C and rel-
ative humidity of 50% and 75%. Mocon PERMATRAN-W 3/33 instrument
with a lower detection limit of 0.5 g m–2 day–1 was used to determine the
water vapor transmission rates (WVTR). The analysis was performed at
23°C and relative humidity of 50% and 75%.

The materials were evaluated for biodegradability under aerobic cir-
cumstances according to European standard technique based on ISO
14 851:1999. As an inoculum, 4.7 g L–1 activated sludge from a wastew-
ater treatment plant (WWTP; Liberec, Czech Republic) containing about
100 000 CFU mL–1 was utilized. The inorganic medium was prepared by a
mixture of four different solutions. Solution 1 had a mixture of 8.5 g L−1 of
KH2PO4, 21.75 g L−1 of K2HPO4, 33.4 g L−1 of Na2HPO4.2H2O, and 0.5 g
L−1 of NH4Cl measuring a pH of 7.4; Solution 2 contained 22.5 g L−1 of
MgSO4.7H2O; solution 3 contained 36.4 g L−1 of CaCl2.2H2O; solution 4
contained 0.25 g L−1 of FeCl3.6H2O. The medium was prepared by adding
10 mL of solution 1 to 500 mL of distilled water along with 1 mL each of
solution 2–4 and made up to 1000 mL. Pre-weighed samples (50 mg) were
added to the biological mixture of 95 mL of inorganic medium and 5 mL of
inoculum, then dosing the mixture into a 250 mL respiration cell and start-
ing the test immediately for 28 days. At the same concentration, activated
sludge containing no organics was utilized as a blank. A Micro-Oxymax
respirometer (Columbus Instruments International, USA) with a param-
agnetic oxygen sensor was used for measurements.
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