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Abstract
SB compounds were synthesized from (para, ortho, meta)-phenylenediamine as a 
cross-linking agent through vanillin. The chemical structure of the formed SB com-
plexes is confirmed by FT-IR spectroscopy. Among the three complexes, para-phe-
nylenediamine (p-SB), possessing a stable resonance structure with the lowest steric 
repulsion, was obtained in the highest yield of 87%. Hence, the present work focused 
on reducing the brittle behavior and improving the antimicrobial activity of PLA by 
reacting it with p-SB. FT-IR investigation revealed the existence of an intermolecu-
lar hydrogen bonding between PLA and SB, which led to an increased toughness 
in the PLA–p-SB complex. This is further confirmed through SEM analysis. The 
tensile and contact angle measurements determined an improvement in mechanical 
properties and hydrophobic nature of the PLA–p-SB film. DSC results demonstrated 
an increase in flexibility, which indicated a 10 °C reduction in glass transition tem-
perature (Tg) of PLA–p-SB films. The antimicrobial activity of the PLA–p-SB films 
had a maximum of 15 mm zone of inhibition, which was found to be more effec-
tive than the neat PLA film. PLA–p-SB coating on Kraft paper showed improved 
mechanical and barrier properties than neat PLA coatings and could be tried as a 
possible replacement for conventional synthetic packaging materials.
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Introduction

The COVID-19 has made a considerable impact in the recent past on the packaging 
industry, besides having caused a severe concern over the health and safety of prod-
ucts. These effects may probably persist for long till the pandemic subsides. Rick 
lingle [1] reported that nearly 40% of people in the USA use household disinfectants 
to clean the products. Consequently, many companies have now switched over to the 
manufacture of eco-friendly alternatives and antimicrobial packaging systems. PLA 
usage in coatings and packaging has been increasing progressively in the last few 
years due to its bio-based and degradable nature. At the same time, it poses different 
challenges in packaging industries due to its limited mechanical, barrier, and antimi-
crobial properties. Hence, modification of PLA by blending it with other polymers 
or additives like antibacterial agents, plasticizers, and antioxidants is mandatory to 
meet the end-user needs and demands [2].

SB is an organic compound containing an azomethine group used in food packag-
ing, coloring agent to leathers, and anti-corrosion agent for metals. It also exhibits 
excellent resistance against light and acidic gases [3]. On the other side, SBs play a 
vital role in the medical and pharmaceutical fields due to their remarkable biologi-
cal activities like antimicrobial, antifungal, anti-viral, antibacterial, anti-tumor, anti-
inflammatory, anti-malarial, anti-pyretic activity, etc. [4]. The molecular features 
of vanillin, such as hydrophobicity from an aromatic ring, reactivity from carbonyl 
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group, and the ability to form the multi-molecular structure through hydrogen bond-
ing, make it a suitable cross-linking agent for SB’s. E.A. Soliman et al. [5] reported 
that SB’s of Zein-based films showed significance in improving flexibility, solubil-
ity, and antimicrobial activity and found their potential applications in the packaging 
and biomedical field. Rarima et  al. [6] obtained biodegradable microporous poly-
lactide film using zinc oxide and SB for biocompatible applications, typically for 
wound dressing. However, there appears to be a limited amount of work done to link 
SB with PLA. Hence, an attempt has been made in the present work to synthesize 
SB complexes as a cross-linking agent via vanillin to link p-SB with the PLA matrix 
to improve its mechanical, hydrophobic, and antimicrobial properties that are ideally 
needed for industrial applications. Finally, PLA–p-SB was coated onto Kraft paper 
and characterized by various testing methods to find its suitability as antimicrobial 
packaging material, which would directly impact consumer health through safer 
packaging [7]. We consider the above aspects of our work as novel.

Materials and methods

Materials

PLA Ingeo™ (PLA-3052 D) was procured in granule form from Nature Works, 
USA, with specifications (SG: 1.24  kg/m3, M: 154.8  kg/Mol). Dichloromethane 
(DCM), vanillin, and (para, ortho, meta)-phenylenediamine analytical grade sup-
plied by Merck & Co.

Synthesis of SB complexes

Vanillin-based SB was synthesized by reacting with (para, ortho, meta)-phenylene-
diamine and maintaining the ratio of 2:1 in ethanol solution medium. The reaction 
was carried out for about 6  h at 50  °C under a nitrogen atmosphere. The reacted 
mixture was cooled to room temperature, and the SB compound was washed with 
water, followed by absolute ethanol, and DCM solvents to remove the un-reacted 
portions and moisture. The re-crystallization process of SB compound was carried 
out using absolute ethanol solvent and the recrystallized product was stored in desic-
cators [8]. A schematic diagram of SB synthesis is illustrated in Fig. 1.

Fig. 1   Schematic diagram of SB synthesis
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Yield calculation

The percentage yield of the reaction is defined as the percentage of a product 
obtained compared to the predicted yield calculated from the balanced Eq. 1.

Fabrication of PLA–p‑SB bio‑composite films

PLA granules were dried in a hot air oven at 60 °C for 24 h to remove any mois-
ture present on its surface and later cryogenically milled into powder form. 2 g 
of PLA powder was dissolved in DCM solvent with continuous stirring until the 
PLA powder dissolves to form a transparent solution at room temperature. Previ-
ously prepared p-SB complexes (1, 3, and 5 wt%) were mixed with a PLA solu-
tion with several concentrations and kept under ultra-sonication for an hour until 
the solution became homogeneous. The PLA–p-SB bio-composite solution was 
then poured into a Petri dish to get a film (illustrated in Fig. 2) after 24 h at room 
temperature (30 °C). The resulting bio-composite film was vacuum dried for 24 h 
to remove any solvent present.

Fourier transform‑infrared spectroscopy (FT‑IR)

FT-IR spectra were obtained using Bruker, VERTEX 80 Series-FT-IR Spectrom-
eters. A small quantity of PLA film sample was mixed with Potassium bromide 
(KBr) and compressed to get the pellets. These pellets were scanned for FT-IR 
in transmission mode, in the spectral frequency range of 4000 to 400 cm−1. The 
same procedure was followed for PLA–p-SB film samples.

(1)Yield percentage = 100 × Actual yield ∕ predicted theoretical yield.

Fig. 2   Schematic diagram of PLA–p-SB bio-composite films sample preparation
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Scanning electron microscopy (SEM)

Scanning electron microscope (LEO 1445VP) characterized the surface morphology 
of PLA and PLA–p-SB bio-composite film samples of PLA–p-SB (1%) and PLA–p-
SB (3%). The film samples were cut into 5 × 5 mm size using a scalper for surface 
texture analysis at an accelerating voltage of 15 kV.

Differential scanning calorimetry (DSC)

DSC analysis was carried out in NETZSCH DSC-214 Polyma system at 10 °C min−1 
using nitrogen as purging gas. The calibration of the instrument was set with indium. 
DSC thermal analysis conducted for both virgin PLA and PLA–p-SB bio-composite 
film samples. The glass transition temperature (Tg), specific heat (ΔCp), cold crystal-
lization temperature (Tc), and melting enthalpy (ΔHm) were calculated. The degree 
of crystallinity (χc) values for neat PLA and PLA–p-SB bio-composite films were 
calculated using Eq. (2).

where   ∆Hc and ∆Hm are the enthalpies of cold crystallization and the enthalpy of 
melting, respectively. ∆Ho considered as the enthalpy of 100% crystalline PLLA is 
93.6 J.g−1.

Tensile strength and elongation at break

Tensile strength measures the highest amount of stress a material can withstand 
without any deformity from its original state. PLA–p-SB bio-composite film sam-
ples were cut into strips with dimensions 150  mm length × 25  mm width. The 
mechanical properties of bio-composite films were tested as per ASTM D882 using 
an Instron Mechanical Tester (Model 5564) at a 5 mm/ min testing speed. The elon-
gation at break was calculated by dividing initial to final gap multiplied by 100 
before it breaks; elongation at break expressed in mm. The percentage of elongation 
was calculated using Eq. (3).

Contact angle

Contact angle was measured for individual bio-composites films. Approximately 
10 µL of a water droplet was placed on the neat PLA and PLA–p-SB films, and the 
contact angle was measured using contact angle analyzer. The average value was 
calculated by taking ten different measurements.

(2)Degree of crystallinity �
c
= (ΔH

c
+ ΔH

m
)∕ (ΔH

o
) × 100

(3)
Percent elongation = (Elongation at rupture) ∕ (Initial gauge length) × 100.
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Antifungal activity

The antifungal activity was performed for neat PLA and PLA–p-SB bio-compos-
ite film samples using bread slices as a carrier for fungal growth. The sliced bread 
pieces were water sprayed, making them moist, enabling the fungal growth. It 
was then wrapped in an aluminum foil and closed for 3 days. After 3 days, the 
PLA films and PLA–p-SB (1%) film samples were placed over the bread slices 
individually and wrapped well in an aluminum foil at 30 °C with RH of 75%. The 
samples were stored carefully and regularly monitored for a period of one week.

Antibacterial studies

Agar well diffusion method was used to evaluate the test samples antimicrobial 
activity. For reference, Gentamycin, an antibiotic agent, was added (40 µl from 
4 mg/ml stock) in the positive well ( +) and the negative well (−) with the solvent 
dimethyl sulfoxide (DMSO) used for the sample dilution. The plates were incu-
bated for 24 h at 36 °C  ± 1 °C, under aerobic conditions. Hence, after incubation, 
the plates were observed for the zone of bacterial growth inhibition (measured in 
mm) around the wells.

Coating of paper samples

Kraft paper substrates were cut into (230 × 280) mm sized sheets and were placed 
on a leveled surface table to obtain a uniform coating. A bar-coater was used to 
apply the coating of PLA, and PLA–p-SB on Kraft paper substrates that were 
allowed to dry at 30 °C for 24 h inside a vacuum oven under 100 m.bar pressure. 
Furthermore, these samples were dried at 90 °C for 24 h.

Coated paper conditioning

The coated Kraft paper samples along with the reference (i.e., uncoated Kraft 
paper) were conditioned in a humidity chamber maintained with 75% relative 
humidity at 30 °C for 24 h.

Air resistance by Gurley method

Air resistance was performed as per ASTM D726-94 method. The neat PLA 
and PLA–p-SB solution coated Kraft paper samples were cut and affixed in the 
Gurley densometer then subjected to air pressure. Time required to pass through 
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100 cc of air in the paper was checked using the Gurley apparatus. The results are 
expressed in s/100 cc unit.

Surface roughness

Surface roughness values were measured for neat PLA and PLA–p-SB solution 
coated Kraft paper samples with the surface roughness meter (Mitutoyo Corp, 
Japan).

Oil–grease resistance

Oil–grease resistance Kit test was performed with ASTM F119 method. One drop 
of the KIT reagent (castor oil with toluene and n-heptane solvents) was placed on 
the coated paper sample and after 15 s the KIT solution was wiped off using cotton. 
The darkening or penetration of the solution into the paper sample was examined by 
changing the number of KIT solutions.

Heat seal strength

Heat seal strength was measured as per ASTM F88 method. The coated paper sam-
ples were cut in form of strips with dimensions 15 mm width × 150 mm length and 
the strip was cut into two pieces, and the two halves were heat-sealed at 150  °C 
for 1 min using a bar sealer and the paper samples were cooled to room tempera-
ture. The heat seal strength was measured using universal testing machine (UTM, 
Shimadzu).

Water absorption test: Cobb test

The water absorption of the uncoated Kraft paper, neat PLA coated and PLA–p-SB-
coated paper samples was measured using Cobb apparatus in accordance with the 
standards TAPPI T441 protocol for 30 s. The results were expressed in units (g/m2).

w1 = initial weight of treated papers.
w2 = final weight of treated paper after Cobb test.

Results and discussion

The concept

The FT-IR spectrum of synthesized p-SB complexes is shown in Fig. 3a. The vibra-
tional stretching frequencies appeared for ortho, meta, and para isomers confirmed 
the formation of SB compounds. The IR data are shown in Table 1 [9]. The product 

(4)Weight of water absorption
(

g m−2
)

=
(

w2 − w1

)

× 100
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obtained after the reaction was washed well with chloroform, dried in an oven at 
60  °C, and weighed in the weighing machine. Para Schiff’s base (p-SB) shows a 
higher percentage of yield (87%) than o-SB and m-SB, as shown in Fig. 3b.

Interestingly, the para isomer was found to exhibit the highest antioxidant activ-
ity among the three isomers. The reason behind it may be due to the strong O–H 
stretching vibration of the para isomer at 3378  cm−1, formed an intermolecular 
hydrogen bonding. In contrast to this observation, Ortho and Meta isomers showed 
a weak O–H stretching at 2933 cm−1 and 3058 cm−1

, which seemed to have formed 
an intra-molecular hydrogen bonding [10]. Additionally, the para isomer was found 
to have the highest number of resonance structures and thus experienced the lowest 
steric repulsion is illustrated in Fig. 4. Accordingly, the p-SB complex was chosen 
for the modification of PLA.

FT‑IR interaction between PLA and SB

The FT-IR spectra of neat PLA and PLA–p-SB (1%) film samples are depicted 
in Fig.  5. The characteristics peaks of neat PLA were noticed at 1750  cm−1, 
1181  cm−1,1079 cm−1, 1452  cm−1, 1360  cm−1, 2944  cm−1, 2995  cm−1, 867  cm−1, 
753  cm−1corresponding’s to C=O carbonyl stretching, C–O–C ether asymmetric 
stretching, C–O–C ether symmetric stretching, CH3 methyl asymmetric stretching, 

Fig. 3   FT-IR details of a Schiff’s base isomers and b yield percentage

Table 1   IR absorption bands of Schiff’s base complexes

Schiff base C=N 
(Stretch) 
cm−1

C=C (Aromatic)
cm−1

C–O 
(Stretch) 
cm−1

O–H (Stretch) cm−1 C–N 
(Aromatic) 
cm−1

C–H 
(Stretch) 
cm−1

o-Sb 1613 1429 1263 2933
(weak)

1266 2936

m-Sb 1606 1426 1266 3058
(weak)

1270 2939

p-Sb 1646 1457 1280 3378
(strong)

1320 2996
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CH3 group CH bending, CH asymmetric vibration, CH symmetric stretching vibra-
tion, amorphous and crystalline phases of PLA, respectively [11].

We have analyzed the effect of SB addition into the PLA matrix to understand 
its modifications in chemical structure and flexibility caused due to their inter-
actions. A similar type of work was reported by Tawakkal et  al. [12]. The FT-IR 
spectra of the PLA–p-SB obtained with the characteristic’s peaks at 1747  cm−1, 
1181  cm−1correspond to C=O stretching, C–O–C asymmetric stretching, respec-
tively. In comparison with the neat PLA, the PLA–p-SB blend showed a band 
position shift from 1750 to 1747 cm−1, which corresponds to C=O carbonyl group 
stretching vibration. This shift clearly indicating the C=O carbonyl group of the 
PLA involved in the interactions with p-SB–OH group through hydrogen bonding 

Fig. 4   Steric factor of Schiff’s base isomers

Fig. 5   FT-IR details of neat PLA and PLA–p-SB
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(depicted in Fig.  6). The successful dispersion of p-SB into PLA has led to an 
increased toughness due to this strong intermolecular hydrogen bonding in it [12]. 
Thus, incorporating a p-SB complex in PLA enhanced its toughness through type 1 
and type 2 interactions shown in Fig. 6. The neat PLA formed a brittle film over the 
Kraft paper substrate, which indicates the existence of cracks and delamination after 
the coating was applied and dried on it. It was this main drawback that restricts the 
usage of neat PLA in coating industries. However, by modifying PLA with p-SB, 
the brittleness of PLA was eliminated considerably, thereby making it ideally suit-
able for industrial use.

Morphological analysis

On observation, it was understood that the interaction between PLA and 1% of 
p-SB enabled a proper dispersion to form a uniform film (shown in Fig. 7a) over the 
Kraft paper surface to impart its increased toughness. However, the incorporation of 
3% p-SB in PLA formed agglomerate on the surface, which could be visible from 
Fig. 7b that illustrates the openings of pores that were clearly visible on the surface 
PLA–p-SB (3%) film [6].

Differential scanning calorimetry (DSC)

Figure  8 shows the DSC thermograms of neat PLA and PLA–p-SB (1%) films, 
respectively. Totally, three thermal transitions could be found using DSC; they are 

Fig. 6   Possible interactions between PLA and p-SB
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namely (1) glass transition temperature (Tg), (2) exothermic crystallization (Tc), 
and (3) endothermic melting (Tm) processes. The DSC of neat PLA showed Tg at 
55 °C, with the corresponding ∆Cp value of 0.042 J. K−1. g−1. The melting peak was 
noticed at 156.6 °C, with a similar melting enthalpy of 30.92 J.g−1. The 33% crystal-
linity exhibited by neat PLA accounts for its semicrystalline nature [13–15].

It was interesting to observe that the PLA–p-SB film shows Tgat 45  °C, which 
was 10 °C lower than the Tg of neat PLA. This significant reduction in Tg resulted in 
better flexibility imparted by PLA–p-SB than neat PLA. We assume there were free 
volume patches present in the PLA–p-SB that can be understood according to the 
free volume theory [16]. Hence, this free volume plasticizes the polymer and causes 
it to undergo a glassy to rubbery transition [16]. This plasticizing effect achieved via 
p-SB due to the free volume patches present in the PLA–p-SB blend, thus resulting 
in lower Tg. Similarly, the PLA–p-SB’s melting and cold crystallization temperature 
found decreased in comparison with neat PLA.

Fig. 7   SEM images of a 5 µm PLA–p-SB (1%) film and b 5 µm PLA–p-SB (3%) film

Fig. 8   DSC images of neat PLA and PLA–p-SB
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Mechanical strength

The tensile strength and elongation at break values of neat PLA and PLA–p-SB films 
with varying weight percentages are shown in Fig. 9a and b, respectively. The high-
est value was recorded at 1% of PLA–p-SB film (3.8 MPa), which slowly reduced 
to 2.3 MPa at 5% of the PLA–p-SB bio-composite mixture, causing brittleness due 
to the higher percentage loading of filler. On increasing the p-SB filler content in 
PLA, there was a reduction in tensile strength. It might be due to the poor dispersity 
of p-SB filler into the PLA matrix, which led to the agglomeration at higher filler 
loading. Similarly, in elongation at break, the highest value was recorded at 3% of 
PLA–p-SB film (3.9%). Beyond which, there was a reduction in both tensile strength 
and elongation values. Such decreasing elongation value with an increasing filler 
content was reported by Atuanya  et al. and Sanadi et al. [17, 18]. Hence, a lower 
filler content in PLA encouraged a homogenous dispersion, which led to increased 
stiffness and toughness in the PLA–p-SB (1%) composite film [19]. In contrast, the 
higher filler loading in PLA led to agglomeration and subsequently decreased stiff-
ness and toughness of the resulting films.

Contact angle

The incorporation of p-SB in PLA improved the surface hydrophobicity of PLA 
and thus contact angle values. The measured values of contact angles for neat PLA, 
PLA–p-SB (1%, 3%, and 5%) films using water as a medium can be observed from 
Fig. 10a. It was interesting to observe that the contact angle value of the neat PLA 
matrix increased by 8° due to the incorporation of 1% p-SB filler content in it. How-
ever, further increasing p-SB filler concentration beyond 1% did not enhance the 
composite film’s hydrophobicity. The decrease in hydrophobicity might be due to 
the difference in composite film’s chemical properties and surface morphology 
[20]. We understand there were free volume patches present in the PLA–p-SB film 
through which the penetrant water molecules invade, when made to contact ther-
modynamically. Furthermore, the fraction volume of polymer in the swollen state 

Fig. 9   a Tensile strength (MPa) and b elongation at break (%)
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implies the amount of water that can be infiltrated into a polymer matrix. The vol-
ume fraction of PLA–p-SB (3%) decreased with an increase in chain length of SB, 
which, in turn, increases swollen polymer volume. The reason being the distance 
between two interacting points increases in the case of PLA–p-SB (3%) and the free 
volume available also increases accordingly. Hence, the volume fraction of poly-
mer decreases. In contrast, the distance between two interacting points decreases 
in the case of PLA–p-SB (1%) and the free volume available also decreases when 
compared to PLA–p-SB (3%). Hence, the volume fraction of polymer increases. 
Accordingly, the 1% PLA–p-SB film had good dispersion behavior that resulted in 
increased toughness and stiffness. But on increasing the p-SB filler content, agglom-
eration of particle occurred, which prevented and weakened the interaction of p-SB 
with PLA. It consequently led to the formation of a porous layer on the PLA–p-SB 
(3%) film surface, which accounts for its reduced contact angle value as well. The 
contact angle images of different bio-composite surfaces are shown in Fig. 10b.

Antifungal studies

Turalija et al. [21] had reported a low antifungal behavior of PLA in his discussions. 
However, the incorporation of p-SB (being an excellent antibacterial and antifun-
gal agent) [22] into the PLA matrix improved the antifungal behavior of PLA sig-
nificantly. Rarima et al. [6] developed porous PLA membranes, typically for wound 
dressing using zinc oxide and SB.

In our case, neat PLA and PLA–p-SB (1%) film samples (2  cm × 1  cm) were 
tested after in vitro tests by studying the fungal growth inhibition in an in situ envi-
ronment. It is done by using an un-inoculated bread carrier to elucidate their anti-
fungal properties. The images are shown in  Fig. 11a and b, respectively. When the 
films were removed from bread slices, the fungal growth was observed in both the 
films. However, the fungal growth occurred earlier in neat PLA film as the bread 
formulation did not contain any preservatives. At the same time, PLA–p-SB film 

Fig. 10   a Contact angle values and b contact angle images
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showed excellent antifungal activity by delaying the fungal growth, and the values 
are reported in Table 2. As reported, the water activity of bread was around 0.95 
[23]. The humidity created in the internal atmosphere activated the release of anti-
microbial compounds in the PLA–p-SB film, which offered higher resistance against 
fungal growth [24]. The results indicate that the antimicrobial effect of PLA–p-SB 
film was fungistatic.

Antibacterial studies

Agar well diffusion method evaluated the test samples antimicrobial activity, 
and the test results are given in Table  3 [25]. The neat PLA was found to be 
completely inert against both S. aureus and P. aeruginosa bacteria, as shown in 
Fig.  12a and c, respectively. But higher inhibition zone toward both bacteria, 
S. aureus (11 mm, 13 mm) and P. aeruginosa (11 mm, 15 mm), in the case of 

Fig. 11   Growth of natural fungi on un-inoculated bread: a neat PLA and b PLA–p-SB (1%)

Table 2   Evolution of fungal growth on bread slices

* Number of days until visible of fungal growth, − absence of fungal growth, + fungal growth on < 25% of 
surface, +  + fungal growth on 50% of surface, +  +  + fungal growth > 75% of surface

Types of film Fungi Growth 
Delay*

(days)

Fungal growth

Day 7 Day 14 Day 21

Neat PLA Naturally present fungi 3  +   +  +   +  +  + 
PLA–p-SB (1%) Naturally present Fungi 5  +   +   + 
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PLA–p-SB films, is shown in Fig. 12b and d, respectively. Since p-SB compounds 
posses excellent antimicrobial properties, they seem to have killed the bacteria 
plasma membrane present around it. Thus, by incorporating p-SB into the PLA 
matrix, the antibacterial properties of PLA could be improved significantly.

Table 3   Report on antibacterial studies

Sl. no. Sample Test organism Zone of inhibition (mm)

Gentamycin 
( +) 160 
mcg

The solvent used 
(DMSO) for sample 
dilution (−)

Trail 1 Trail 2

A Neat PLA Staphylococcus aureus 23 – – –
B PLA–p-SB Staphylococcus aureus 23 – 11 13
C Neat PLA Pseudomonas aerugi-

nosa
28 – – –

D PLA–p-SB Pseudomonas aerugi-
nosa

28 – 11 15

Fig. 12   Resistance study of a PLA against S. aureus, b PLA–p-SB against S. aureus, c PLA against Aer-
uginosa, and d PLA–p-SB against Aeruginosa
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Kraft paper coatings

Paper coating weight and thickness

The coating weight of neat PLA and PLA–p-SB over the Kraft paper was obtained 
after solvent evaporation by keeping the coated samples at 90 °C in an oven about 
an hour. The coated paper samples visually looked smooth, and the coatings had 
adequate affinity with the Kraft paper. Since PLA-4060D is semicrystalline, it is 
prone to crystallization and delamination. This is one of the main reasons why we 
attempted to modify the neat PLA with p-SB so as to improve its coating proper-
ties besides antimicrobial properties [12]. A uniform film was obtained by coat-
ing the PLA–p-SB polymer solution over the Kraft paper, whose thickness was 
found to be 1.52 ± 0.08 g.m−2.

Surface roughness

It is an essential parameter for measuring the surface texture, including rough-
ness, waviness. Figure 13a shows that an addition of 1% p-SB into the PLA matrix 
did not even decrease the smoothness of PLA paper coating. But on increasing 
the p-SB concentration, surface roughness changes due to particles agglomera-
tion occurred on the Kraft paper’s surface [26].

Heat seal strength

The results of heat-sealing strength are shown in Fig. 13b. The data indicate 1% 
loading of p-SB into the PLA matrix did not reduce the heat-sealing strength 
of PLA coated paper. On the other hand, increasing p-SB filler content in PLA 
formed uneven/incomplete layers on Kraft paper’s surface, which caused a 
decrease in heat-sealing strength values [27].

Air resistance

The air porosity values tend to decrease with an increase in p-SB filler content in 
the PLA matrix. These results conjecture that after solvent evaporation, PLA and 
p-SB filler occupy the pores on the surface by forming a micro dimple over the 
Kraft paper. It drops the air porosity values shown in Fig. 13c [26].

Oil and grease resistance

Oil and grease resistance play a vital role in packaging products that contain 
oil and fats. In this work, 1% p-SB loaded PLA composite favored the oil and 
grease resistance behavior of Kraft paper shown in Fig. 13d. Further increase in 
filler content led to a highly porous structure as most of the components diffused 
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through the bulk of paper instead of forming the coating layer over its surface 
[28, 29].

Cobb’s test

A trend of increased Cobb’s value observed by increasing the p-SB content into the 
PLA matrix is shown in Fig. 13e. As discussed before, 1% PLA–p-SB film had good 
dispersion behavior, which results in increased toughness and better adhesion on Kraft 

Fig. 13   a Surface roughness, b heat seal strength, c air resistance, d oil–grease resistance, e Cobb’s test, 
and f cross-sectional SEM image of PLA–p-SB-coated Kraft paper
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paper than neat PLA. However, on increasing the p-SB filler particle, agglomera-
tion occurred, which led to pores formation on the Kraft paper surface, which in turn 
increased the water absorption behavior.

Cross‑sectional SEM

The cross-sectional views of the PLA and PLA–p-SB-coated Kraft paper samples con-
firm the firm adherence of p-SB incorporated PLA over its surface. TA simple and 
straight forward solution coating method was adopted for this study. The solvent vehi-
cle carries the bio-polymer composite (PLA–p-SB) to the paper surface effectively. It 
gets evaporated later to have left a continuous film over the Kraft paper, as shown in 
Fig. 13f.

Conclusions

The study’s prime objective is to fabricate a p-SB reinforced PLA bio-composite film 
that can impart better barrier and antifungal properties than neat PLA. Accordingly, 
we have successfully optimized the concentration of p-SB in PLA–p-SB blend as 1%, 
which could be used for active packaging applications. SB synthesized from para-
phenylenediamine was the best in yield due to its reactivity, intermolecular hydrogen 
bonding, stability, and minimum steric hindrance effect. Furthermore, the modification 
of PLA with p-SB was confirmed by FT-IR. SEM studies indicated strong interfacial 
interactions between the PLA and p-SB that reduced the brittleness and improved the 
antimicrobial activity of PLA. The DSC analysis ascertained an increased blend com-
patibility and flexibility in PLA–p-SB (1%) combination. Accordingly, the optimized 
PLA–p-SB (1%) composition coated on Kraft paper showed better adhesion properties 
than the neat PLA film. Hence, we conclude that this study could certainly prove the 
importance of bio-based polymer as alternative packing material to replace the pollu-
tion-causing single waste synthetic-made materials. Furthermore, SB compounds could 
also be treated with metal complexes to show improved antimicrobial properties, which 
can be exploited for suitable industrial applications such as for active packaging, coated 
abrasive products, and corrosion prevention coatings.
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