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1. INTRODUCTION of the matter is the proper disposal of the face masks without
having a negative impact on the environment as well as on the
health of people.

The recycling of used disposable medical face masks is the
only predominant strategy to completely avoid the con-

The 21* century emerged like a roller-coaster for humankind.
One of the most unexpected jeopardies aroused as the
COVID-19 pandemic, caused by the novel coronavirus,
which spreads from an infected person to the others causingin

severe acute respiratory syndrome, from which a myriad of sequences of plastic pollution. However, some sort of effort is
people are suffering. The voyage of COVID-19 pandemic has required to adopt a potential recycling method.”™ The
created a jolt, and the manifestation of the cure is on its way. materials used for the production of disposable face masks
Simultaneously, this has escalated the use of surgical face can be categorized and recycled. Medical masks, especially the
masks in the medical field and even by the common people, NO9S mask, is a multi-layered mask, with a high filtration
which indicates that billions of waste is generated each day all efficiency of at least 95% and permissible pressure drop. It
over the world."”” The tribulation created by the utmost surge consists of nonwoven polypropylene (PP) inner filtration layer,
in the production and usage of medical face masks has led the which is mainly prepared by the melt blowing technique that
scientific world to look for an effective remedy to dispose the helps to filter out the smallest particles, including dust, vapors,
used face masks without directing them to the nasty plastic coronavirus, and other airborne microorganisms, preventing

pollution. As a foresight, the detrimental consequences of the
incautious discarding (Figure 1) of the used face masks will
significantly affect the environment, especially through soil and
water contamination. Moreover, the used face masks, which are
heedlessly thrown away, can become the medium for the
propagation of the infectious disease, which leads to
uncontrollable spread of the coronavirus. Incineration of
masks being the potential choice, burning of huge amount of
plastic wastes will result in extreme carbon emission, causing
air pollution and thereby extreme climatic change.’ ° The crux

them from getting into the next layer. The N95 mask consists
of a waterproof nonwoven fabric followed by inner filtration
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Figure 1. Improperly disposed used face masks and their collection.

layers of high-quality spun bounded nonwoven PP with a good
filtration efficiency and an inner layer of cotton nonwoven
fiber. The transformation of these medical wastes into a useful
product demands the adoption of a potential method. The
structure of the N9S face mask, the novel coronavirus, and the
size range of particulates that can be filtered out by the PP
inner filtration layer in the N95 face mask are shown in Figure
2. The mask can be disinfected first, and the PP filter layers can
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Figure 2. Schematic representation of the structure of: (a) multi-
layered N9S face mask, (b) novel coronavirus with a spherical crown-
like shape with spikes, and (c) size range of the particles that can be
effectively trapped within the N95 face mask.

be separated and shredded. There are various strategies for
disinfecting and reusing the medical face masks by adopting
some acceptable techniques like UV illumination, air drying for
over 72 h, hydrogen peroxide va3porization, and thermal and
spray-on surface disinfection.'"”"

Looking on the trajectories of research done on recycling of
PP, a few studies have been conducted on the disposal of face
masks, out of which the most common is recycling. Crespo et
al.'"* studied the recycling of medical face masks using the melt
mixing process, and the final blend can be used to make flower
pots, toys, garbage bins, and so forth, in which technical
specifications are not considered. Battegazzore et al.” reported
the mechanical recycling of medical face masks in which
different combinations of the components of the face masks
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were melt mixed in an extruder at a high temperature and their
properties were studied. Likewise, efforts on the recycling of
PP to make decorative bricks, face shields, and so forth are also
counted, which are not scientifically reported. Apart from these
recycling processes, the current study focusses on a hybrid
system fortified with the strength of PP along with the
elasticity of a synthetic rubber that can be used for a wide
range of engineering applications like car bumpers and so
forth, focusing on the high impact property.

In this scenario, apart from the trajectories of research done
on the recycling of used disposable medical face masks, the
current study focuses on a novel method for the recycling of
used medical face masks to make a value-added engineering
product that can be used for a wide range of applications. A
blend of PP with acrylonitrile butadiene rubber (NBR),
commonly known as nitrile rubber, is prepared, in which PP is
taken out only after proper disinfection of the mask. PP is a
non-polar material with excellent resistance to heat, moisture,
and extreme weather conditions; is mechanically strong and
chemically inert; and has a high-volume resistivity, high-
frequency insulating property, and high abrasion resistance.”
NBR is a polar synthetic rubber and a copolymer of
acrylonitrile (ACN) and butadiene monomers with extraordi-
nary oil resistance, moderate tensile strength and abrasion
resistance, good heat and chemical resistance, high electrical
conductivity, and low temperature flexibility.'® An increase in
the ACN content will result in a dramatic change in the
properties of the NBR matrix.'”'® Unequivocally, the proper-
ties of the PP—NBR blend would be a drastic combination of
the properties of both PP and NBR, which can be used for
various applications.'” ™" In parallel with experiments,
computational assessment and prediction of polymeric proper-
ties have become increasingly demanding to accelerate the
design and development of polymeric blends and composites.
The combination of data-driven methods and molecular
dynamics simulations provides valuable insights into the
physical mechanisms of polymers at the molecular level.”>**
The molecular dynamics simulation of polymeric blends
provides a clear information about the stress—strain and
transportation characteristics of the blends.”**’

The challenge would be the incompatibility of non-polar PP
with polar NBR. The immiscible PP—NBR blends can be made
compactible by using a compatibilizer that can act as a bridge
between the PP and the NBR matrix. The compatibilizer used
in the current study is maleic anhydride (MA), which is an
organic compound that can act as an interfacial agent by
reacting with PP using dicumyl peroxide (DCP) and further
react with NBR.”*">* NBR is cured by conventional sulfur
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vulcanization separately with the help of activators, accel-
erators, and other additives. The reactive compatibilization
technique results in PP—NBR blends with extraordinary
properties and the creation of an engineering product from
the trash for astonishing applications. Moreover, as an
advantage, the process used in this study is energy efficient
and the CO, footprint is low. No additional or tailor-made
equipment is necessary for the proposed process, and it can be
done using simple processing techniques used in the polymer
industry, with a high percentage economy.

2. RESULTS AND DISCUSSION

2.1. Morphological Studies. The obtained attenuated
total reflection—Fourier transform infrared spectroscopy
(ATR—FTIR) spectra and the carbon backbone structure of
the inner-filtration layer taken out from medical face masks is
given in Figures S1 and S2 and Table S1. The spectra obtained
are in %ood correlation with the ATR—FTIR spectra reported
for PP.””*° The characteristic peaks obtained near 2900 cm™
corresponds to the asymmetric and symmetric stretching
vibrations of CH; and CH, in PP. The other predominant
peaks near 1400 cm™" correspond to the other asymmetric and
symmetric deformation vibrations of CH; or/and scissor
vibrations of CH,. There are various small peaks around 1200
to 700 cm™! in the ATR spectra of PP, which correspond to
other C—C and C—H stretching vibrations. There are no other
peaks corresponding to functional groups with heteroatoms,
which confirms that the filter layer is purely made of PP.

The field emission scanning electron microscopy (FE-SEM)
images show the morphological structure of the PP filter
membrane of the N95 mask and the fracture surface of the
PP—NBR blend, shown in Figures 3 and 4, respectively, which

— 9 pm WD 9.9 mm

SkV

Figure 3. FE-SEM image of the PP filter membrane of the N95 face
mask: (a) low resolution and (b) high resolution.

give a vivid information about the presence of well-
interconnected multi-fibrous layers and interstices with ultra-
fine and fully interconnected pore structures between the
fibers. The FE-SEM image of the PP filter membrane (Figure
3) reveals a typical fibrous morphology of the nonwoven PP
fiber material with a diameter in the micrometer range, and it
can be seen that the interlaying of the fibers generates a highly
porous fibrous structure for the melt blown membrane. The
filter membrane consists of multi-layered, three-dimensional
network structures of ultrafine fibers with a bead-free
morphology. The high-resolution FE-SEM images clearly
show that the fibers are very smooth and have a very uniform
morphology. The histogram and fiber diameter distribution
table of PP filter membrane is given in Figure S3 and Table S2,
respectively. The fiber diameter of the PP filter membrane is
significantly varied from 0.5 to 20 ym. All the fibers in the filter
membrane exhibit a long and straight fibrous morphology, with
an average fiber diameter (AFD) of 3.8 ym. Homogenous
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Figure 4. FE-SEM image of the 70:30 PP—NBR blend: (a) surface
topography and the fracture surface at (b) low resolution and (c,d)
high resolutions.

mixing and uniform distribution of PP in the blend with no
microphase separation is observed in the fracture morphology
of the blend (Figure 4), which reveals the enhanced
compatibility and better interaction of the PP with NBR,
made possible by the interfacial adhesion efficiency of MA.

2.2. Mechanical and Dynamic Mechanical Studies.
The variation in the tensile strength and elongation at break of
the PP—NBR blend is given in Figure S. Both ultimate tensile
strengths show an increasing trend with the PP content in the
blend. From the graph, it is obvious that as the PP content in
the blend increases, the tensile strength increases and there is a
gradual decrease in the elongation at break. The carbonyl
groups in MA give polarity to the surface of the non-polar PP,
and the three-dimensional elastomeric network is formed
within the blend due to better interfacial interaction of the
surface-modified PP with NBR. Additionally, there is sulfur
cross-linking within the NBR matrix, which results from the
vulcanization process, that again increases the strength of the
blend, makes islands of PP within the network structures, and
blocks the phase separation, as shown in Figure 6. The tensile
strength and elongation at break of the neat NBR is found to
be 2.4 MPa and 342.7%, respectively, whereas that for the neat
PP is found to be 26.0 MPa and 2.1%, respectively. The
reported tensile strength of virgin PP is found to be 35 MPa.*
Compared to NBR, PP has a higher tensile strength, which also
contributes to the trend in the tensile strength of the blends.

The variations in the hardness of the blends are shown in
Figure 7. From the plot, it is evident that as the PP content
increases, the hardness of the blend increases due to the higher
hardness of PP compared to NBR. PP, which is a linear
polymer, softens with heat and then gets harder on cooling,
which is a typical characteristic property of thermoplastic
polymers. The intermolecular forces between the polymer
chains are comparatively weaker, or in another words, the
polymer chains are held together by weak van der Waals forces
in the case of both PP and NBR. The hardness of PP also
depends on the tacticity of the polymer because isotactic PP
has a much enhanced crystallinity and thus stiffness, compared
to syndiotactic and atactic PP, due to the ordered arrangement
of polymer chains. Thus, a surge in the PP content increases
the hardness of the blend.

https://doi.org/10.1021/acsomega.1c04913
ACS Omega 2022, 7, 4791-4803


https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a 2 b
Tensile Strength 18 Elongation at break
PP :26.0 MPa PP :2.1%
NE 17} NBR:2.4MPa e\? 16 | NBR :342.7%
> =< 14f
= 14f 5
) Tt
= «<
g £ 10
o uf 5 |
= =
8r 6F
o
4}
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1

35 40 45 50 55 60 65 70 75
PP content (wt %)

35 40 45 50 55 60 65 70 75
PP Content (wt %)

Figure S. Mechanical properties of the PP—NBR blend with a varying PP content (wt %): (a) tensile strength and (b) elongation at break.
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Figure 6. Schematic representation of the formation of the PP—NBR blend with MA.
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Figure 7. Effect of PP content (wt %) on the hardness (Shore D
hardness) of the PP—NBR blend.

The variation in storage modulus and loss modulus as well as
the tan 6 curve obtained from the dynamic mechanical analysis
(DMA) is given in Figure 8. The storage modulus is found to
decrease as the NBR content is increased because the surged
elastic nature is of the NBR counterpart. The opposite can be
expected in the case of loss modulus. The blends that are not
compatible will give more than one peak in the tan & versus
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temperature plot corresponding to the glass transition
temperature (T,) of component polymers. If the blend is
compatible enough, the resultant peak obtained would be
intermediate to the T, of both monomers.”® Here, in the tan &
versus temperature plot, two peaks are obtained corresponding
to the T, of the PP and NBR, which indicates that the non-
polar PP and polar NBR are immiscible polymers. The broad
and intense peak observed at a temperature above 90 °C
corresponds to the alpha relaxation of PP.”>" The cross-linking
between PP and NBR was made possible by the addition of
MA, which acts as an interfacial agent that can anchor the PP
and NBR together through chemical bonding, and thus, we
obtained increased properties. Therefore, MA acts as an
adhesive force between the PP and NBR in the blend.

2.3. Simulation Studies. As it was stated above, the all-
atomistic molecular dynamics simulations were performed to
understand the disparity in the interfacial adhesion and
compatibility between the PP and NBR phases in the blend.
In this regard, a series of MD simulations were carried out,
where PP—NBR(q) and PP—NBR(y4) atomistic models were
subjected to geometrical optimization and annealing processes
to equilibrate and condition the polymeric system. The
equilibrated polymeric systems are virtually tested for
mechanical and barrier properties. As the first step, a

https://doi.org/10.1021/acsomega.1c04913
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Figure 8. Dynamic mechanical analysis of the PP—NBR blend with a varying PP content (wt %): (a) variation in storage modulus, (b) loss

modulus, (c) tan § plot, and (d) highlighted peaks of the tan & curve.
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Figure 9. (a) Density vs time plot for density convergence of the PP—NBR blend and (b) annealing process (heating and cooling) for the PP—

NBR blend for eliminating heterogeneity in local density.

3 ‘was

simulation box with an initial density of 0.5 g cm™
subjected to NPT Bredesen dynamics for achieving the realistic
density of polymeric materials, as shown in Figure 9a. At each
time step, 0.101 MPa pressure was applied to the cuboidal box
until the density converges to 1.22 + 0.05 g cm™3. The
structural change during density convergence has been
depicted in Figure 10, representing the 2D view of the
composites, and the corresponding 3D view is given in Figure
S4. The final structure after NPT dynamics still contains
heterogeneity in the local density. The annealing process is
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carried out to alleviate the heterogeneity in the local density of
the final structure; it involves increasing the temperature of the
structure from 300 to 600 K and cooling it down to 300 K.
This process is illustrated in Figure 9b.

The obtained annealed structures were then subjected to
virtual mechanical testing by unilaterally deforming one axis of
the cuboidal simulation box, whereas the other two axes were
free to approach each other due to Poisson’s effect. The
stress—strain behavior of PP—NBR(y,) and PP—NBRq is
illustrated in Figure 11; PP—=NBRy,) shows a higher tensile
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ACS Omega 2022, 7, 4791-4803


https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04913?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

- Hydrogen @ - Oxygen

Figure 10. Structural change during the density convergence of the
PP—NBR blend; snapshot of molecular packing: (a) before and (b)

after density convergence.
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Figure 11. Stress—strain behavior of PP—NBR g (black dots) and
PP—NBR ) (red dots).

modulus than PP—NBRqp). This manifests that MA grafting
improves the interfacial interaction between non-polar PP and
polar NBR phases in the blend. The larger fluctuations in the
stress—strain graph are due to considerable vibrations that
atoms experience at the atomistic level. It can be observed that
the MA grafting not only improves the interfacial adhesion
between polar and non-polar domains of the blend but also
imparts strength and impedes the phase separation.

The diffusibility of the water molecules in PP—NBR 14y and
PP—NBR(qg) is investigated to analyze the influence of
interfacial adhesion on the barrier properties of PP—NBR

blends. The dynamics of the water molecules in PP—NBR
blends can be quantified by calculating the mean square
displacement (MSD) of the water molecules in the simulated
polymer. It is a two-dimensional function and defined as the
square of the average distance that the water molecule has
moved away from its starting point within the time interval 7 as
given by eq 1. This function contains the diffusivity of
observed molecules; the steeper they raise to higher values, the
faster the observed particle diffuses in the system. The slope of
the MSD will yield the diffusion coeflicient of the observed
particles, as given in eq 2.

MSD(7) = (17 (t +7) = 7 () > t, i (1)

D(e) = lim —(I7(t+7) = (D1 ) 1, .

where, 7, (t + 7) and 7, (t) are the atomistic positions of the
center of mass at initial time  and later time t + 7, respectively.
From Figure 12a, it can be observed the MSD of water in PP—
NBRqp) is higher than in PP—NBR ).

The MA molecule has oxygen atoms, which can form
hydrogen bonding with water molecules and impede its
movements through the interstices of the polymer. Figure 12b
shows the formation of a higher number of hydrogen bonding
in PP—NBR(y,) than in PP—NBR(y). In addition to the
propensity of water molecules to form hydrogen bonding with
oxygen atom rich MA, the slow diffusion of the water
molecules in PP—=NBRy4) can be explained using free volume
theory.32 In PP=NBRys), there is a higher interfacial adhesion
between PP and NBR phases, and it resists phase separation.
This results in a lower free volume for water penetration in
PP—NBRy,). However, at the same time, PP—NBR, is
susceptible to phase separation, and the presence of a higher
free volume facilitates the higher MSD. This elucidates that the
compatibilizer of non-polar PP and polar NBR phases in the
blend with MA improves the stability and integrity of blends.
In consensus with experimental studies, the computational
assessment of the PP—NBR blend using atomistic molecular
dynamics reveals that the use of the compatibilizer improves
the mechanical and barrier properties of the blend.

2.4. Thermal Studies. The thermal properties of the PP—
NBR blend are studied, and the thermogravimetric analysis
(TGA) plot for the neat PP and NBR along with the 70:30 and
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Figure 12. (a) MSD curve behavior of PP—NBR ) (black dots) and PP=NBR ) (red dots); (b) number of strong hydrogen bonds in PP—

NBR(qg) (black dots) and PP—NBRy) (red dots).
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60:40 PP—NBR blends are given in Figure 13. It is found that
the thermal stability of the blend increases with the increasing

100 F
80
3
S 1]
e
:én PP-NBR blends (wt:wt %)
g 4 — 100:0
= — 70:30
20F —  60:40
— 0:100
0 -
1 1 1 1
0 150 300 450 600

Temperature (°C)

Figure 13. TGA of PP—NBR blends with a varying PP content (wt
%).

PP content in the blend. Only one decomposition temperature
is observed for all the samples, which indicates the uniformity
or compatibility of the blend. The PP—NBR blends have an
intermediate thermal stability compared to the component
polymers, which corresponds to the cross-linking between PP
and NBR polymers that was made possible with the help of
MA. This better interfacial adhesion helps in enhancing the
thermal stability of the blends.

It can be seen from Figure 13 that the polymer blend is
stable up to 400 °C. The TGA curve of PP—NBR does not
show any characteristic two-step weight loss corresponding to
the decomposition temperature of NBR and PP, which
indicates a uniformity in the blending and improved
compatibility of PP and NBR. The decomposition peak of
the PP—NBR blend is shifted to a higher temperature (41S
°C) from that of pristine NBR (390 °C), which indicates the
presence of a highly thermally stable PP in the blend.
Moreover, this can also be attributed to the better interaction
between PP and NBR in the polymer blend, which leads to
good mechanical and thermal stability. At a temperature of 488
°C, pristine NBR is completely decomposed.

The decomposition temperature of the blends is in the
following order: PP (415 °C) > 70:30 PP—NBR (406 °C) >
60:40 PP—NBR (400 °C) > NBR (390 °C). At 450 °C, the
polymer blend shows a weight loss of 34.5 and 28% for the
PP—NBR blend having 60 and 70 wt % PP, respectively. From

450 to 480 °C, a weight loss of 51 and 57.2% was observed for
the 60:40 and 70:30 PP—NBR blend, respectively, while NBR
and PP showed 61 and 62% weight loss, respectively. The
decomposition is completed at temperatures of 480, 491, and
494 °C for PP, PP—NBR blend, and NBR, respectively. The
char yield at 600 °C is 37.4, 3.9, 6.2, and 17.6%, respectively,
for PP, NBR, and 60:40 and 70:30 PP—NBR blends.
Compared to the 60:40 PP—NBR blend, the high char yield
of the 70:30 PP—NBR blend is attributed to a higher PP
content (70 wt %) in the blend. At 600 °C, a char yield of
17.6% is observed for 70:30 PP—NBR blend, which is about
47.6% char yield of pristine PP, proving that the prepared PP—
NBR blend has good thermal stability.

2.5. Reaction Mechanism for the PP—NBR Blend
Formation. The formation of the PP—NBR blend results
from a radical mechanism. DCP acts as an initiator in the
overall reaction. Thermal homolytic fission of the unstable
oxygen—oxygen single bond (peroxide bond), which is
comparatively weaker, as well as the high energy bond occurs
mainly due to the repulsion between two electron-rich clouds
of electronegative oxygen atoms, as shown in Scheme 1. As a
result, cumyloxy radicals are formed as the primary
intermediate radical, which are extremely unstable. Further,
the primary intermediate radical undergoes f-scission, which is
the cumulative effect of the breaking of the weakest carbon—
carbon bond and the scission of the bulkier fragment due to
steric effect. The bond toward tertiary carbon will be cleaved
rather than the bonds toward the primary and secondary
carbons because the tertiary free radicals formed are stable
intermediates. Here, the cumyloxy radicals undergo f-scission,
which results in secondary fragmentation into methyl radical
and acetophenone. The methyl radical of the primary radical
will be the trigger for the further cross-linking mechanism of
the PP—NBR blend. The decomposition of peroxide follows
first-order kinetics and is also the rate-determining step of the
overall process.*

In the next step, the methyl intermediate radical, which is
highly reactive and a good hydrogen abstractor based on its
parent hydrogen bond dissociation energy as well as less steric
hindrance, will abstract the a-hydrogen from the PP, as shown
in Scheme 2. The resultant would be the PP intermediate
radical along with methane as the byproduct. The formation of
methane, which is a marsh gas, is evident from the irritating
sensation and white fumes produced during the reaction
process, which can be the result of the reduction in the oxygen

Scheme 1. Thermal Decomposition of DCP
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Scheme 2. Reaction Mechanism for the Formation of PP Intermediate Radical
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content in air’* and the increase in the concentration of carbon
dioxide and water.

The formed PP intermediate radical will abstract hydrogen
from the carbon—carbon z-bond of MA, forming a MA-grafted
PP intermediate radical, and may further undergo a
disproportionation reaction forming two different molecules,
which in general is called MA-modified PP, as shown in
Scheme 3. Due to the strong electron-accepting capability of
the MA-grafted PP intermediate radical, it prefers to undergo
disproportion rather than couphng between two MA-grafted
PP intermediate radicals.”> Further, the MA- grafted PP
intermediate radicals are unstable, and due to the steric
hindrance, the possibility for the disproportionation sounds
higher rather than making another molecule to get attached to
them. Proceeding the reaction mechanism using the two
obtained MA-modified PP molecules is equally possible. The
reaction mechanism using the first product is discussed further.
Likewise, the second one.

In the final step, the MA-modified PP will react with NBR.
There are two possibilities for the MA-modified PP to abstract
hydrogen from the two lethal allylic hydrogens of the NBR
polymer chain. The carbanion formed from the allylic carbon is
more stable than the carbanion formed from the a-carbon,
which supports the statement of attacking the MA-modified PP
on lethal allylic hydrogens of NBR. The reaction mechanism
toward the PP—NBR blend through the two expected
possibilities are explained (method I and method II) in
Scheme 4. Both the mechanism proceeds through the
formation of secondary carbanion as the intermediate. The
MA-modified PP will not attack the carbon in the —CN group
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of NBR because the molecules are bulky polymer chains; there
will be extreme steric hindrance as well as the electron-rich
cloud of —CN group will repel the lone pair of electrons in the
oxygen atom of the MA-modified PP, which reduces the
chances for the MA-modified PP to attack the carbon in the
—CN group of NBR. Further, it is expected that the MA-
modified PP will not attack the a-carbon, so that the
intermediate formed is tertiary carbanion. Because the tertiary
carbanion is less stable than secondary carbanion (in the case
of allylic carbon), the lone pairs of electrons on the oxygen
atom of the MA-modified PP will prefer to abstract hydrogen
from the allylic carbon rather than the hydrogen from the a-
carbon. Moreover, the carbanion formed will attack the
carbonyl carbon of the MA-modified PP, which results in
ring opening of the MA-modified PP moiety, causing the —OH
group to get stabilized, thus resulting in PP—NBR blends.*
The vulcanization of NBR is separately done in which sulfur
curing will result in sulfur cross-linking within the NBR matrix,
forming a three-dimensional elastomeric network, which will
strengthen the NBR counterpart and thus add on to the
enhanced mechanical properties of PP—NBR blends. ZnO and
stearic acid undergo in situ reaction and form zinc stearate,
which helps in activating the accelerator system to provide an
increased cross-linking density.”” Stearic acid also acts as a
softener for the rubber chains and enhances the mixing. The
accelerator system used is a combination of primary and
secondary accelerators, N-cyclohexyl-2-benzothiazolesulfena-
mide (CBS)—tetramethylthiuramdisulphide (TMTD), which
fastens the accelerator action through its synergistic effect. For
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Scheme 4. Reaction Mechanism for the Formation of the PP—NBR Blend
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comparison and as evidence, the ATR—FTIR spectra of PP,
NBR, MA, and 70:30 PP—NBR blend are given in Figure S1.

3. CONCLUSIONS

The presented work demonstrates a novel and potential
scientific method for the recycling of medical face masks by
blending non-polar PP taken from the N9S mask with polar
NBR using MA as the compatibilizer. The ATR spectra
obtained for PP are in good correlation with the reported
spectra. The fibrous morphology of nonwoven PP is also in
good agreement with the FE-SEM results. The mechanical
properties like tensile strength and elongation at break of the
blends increase as the PP content is increased, and likewise the
hardness, and this can be due to the network formation within
the blend. From the DMA results, the tan § versus temperature
plot gives two peaks corresponding to the T, of each
monomer, and this indicates that MA will act as an interfacial
agent and anchor for the PP and NBR together rather than
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making PP and NBR miscible. The PP—NBR blends have an
intermediate thermal stability compared to neat PP and NBR
due to better interfacial adhesion between PP and NBR. In
addition, all-atomistic molecular dynamics simulations were
performed to understand the disparity in the interfacial
adhesion and compatibility between the PP and NBR phases
in the blend. The simulations were in good agreement with
experimental characterization data, where MD simulations of
PP—NBR blends showed that the MA compatibilizer improves
the mechanical and barrier properties of PP—NBR blends. This
can be accounted for by the improved interfacial adhesion and
stability of the PP—NBR blend. The compatibilization between
non-polar PP and polar NBR phases is vitally important for
increasing the interfacial adhesion and impeding the phase
separation. Thus, the PP—NBR blend, which envisaged a
method for the recycling of the medical waste to a value-added
product, would be a boon for the environment as well as for
the general population and will lead to the development of an
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engineering product from the trash for remarkable applica-
tions.

4. EXPERIMENTAL SECTION

4.1. Materials. Nonwoven PP filter layers were taken from
disinfected N95 masks. NBR with an ACN content of 32—36%
(KNB 3SL) was purchased from Kumho Petrochemicals Co.
Ltd, Korea. MA as the interfacial agent (compatibilizer),
TMTD as the accelerator, zinc oxide (ZnO) and stearic acid as
activators, and DCP and sulfur as rubber-grade chemicals were
purchased from Sigma-Aldrich Chemicals. CBS, which acts as
the primary accelerator, was purchased from NOCIL Ltd.

4.2, Preparation of the PP—NBR Blend. Foremost, the
infected mask was kept in a hanging position under extreme
sunlight for 72 h with full surface area exposure followed by
thorough washing for 1.5 h using detergent in a laundry
machine (IFB front loaded) and then treated by soaking in
alcohol (isopropyl alcohol) for 1 h prior to oven drying at 60
°C for 24 h for ensuring that the mask was disinfected
properly. The mask was then cut open and PP filter layers were
separated and shredded, followed by the modification of PP
with MA and DCP at 180 °C using a Brabender internal mixer.
An NBR master batch was prepared separately using an open
two-roll mill. A series of blends with MA-modified PP and
NBR master batch were then prepared with a varying PP
content of 40—70 wt %, as given in Table 1. The test samples

Table 1. Formulation of the PP—NBR Blend

Composition for PP“—NBR blend (php”)

Ingredients 70/30 60/40 50/50 40/30
PP 70 60 S0 40
NBR 30 40 50 30
ZnO N S S S
Stearic acid 2 2 2 2
CBS 1 1 1 1
TMTD 0.3 0.3 0.3 0.3
Sulfur 1.5 1.5 1.5 1.5

“PP: MA-modified PP. bphp: parts per hundred polymers.

were compression molded at 180 °C. Neat NBR and PP test
samples (controlled samples) were also prepared under the
same conditions. PP was modified with 4 wt % MA and 0.8 wt
% DCP.

4.3. Simulation of the PP—NBR Blend with and
without MA. The all-atomistic molecular dynamics simu-
lations were performed to understand the disparity in the
interfacial adhesion and compatibility between the PP and
NBR phases in the blend. Two molecular models of PP—NBR
blends with and without compatibilizer were created using the
Amsterdam density functional (ADF 2019.305) program.”
The integrated graphical user interface allows the atomistic
model building of PP—=NBR systems. The polymer builder tool
in the ADF was utilized to create 10 repeating units of both PP
and NBR chains separately. The PP—NBR blend without the
compatibilizer (PP—NBR,) was created by packing 50 PP
chains and 50 NBR chains in the simulation box. The PP—
NBR blend with the compatibilizer (PP—NBRy,) was created
by grafting one PP chain with one NBR chain using MA. Fifty
chains of grafted PP—NBR chains were packed in the
simulation box. In both instances, the polymeric chains were
packed using the builder tool in the ADF program at an initial
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packing density of 0.5 g cm™. A long geometrical optimization
of 10,000 steps and initial relaxation of the system were carried
out using the force field based on the functionalized
hydrocarbons/water weak interactions in a condensed phase
(CHNO2017_weak) present in the ReaxFF module in the
ADF program.” To reduce the local heterogeneity of the
simulated polymeric system, the annealing was carried out by
heating the polymer from 26.9 °C (300 K) to 326.9 °C (600
K) and then cooling it back to 26.9 °C (300 K). After the
annealing process, the NPT simulations were carried out for
400 ps with 0.25 fs time step for converging the density to a
realistic density of polymeric materials of 1.22 + 0.05 g cm™.
The polymer that formed at the end of the NPT simulation is
shown in Figure 14a,b.

@ - Carbon

- Hydrogen @ - Oxygen @ - Nitrogen
Figure 14. Snapshot of the bulk simulation box consisting of (a) PP—

NBRqg) and (b) PP=NBRyy).

Different simulation strategies were used to measure the
stress—strain properties and water diffusion properties of PP—
NBR(ya) and PP—NBRq). Higher strain rates were used to
calculate the stress—strain properties in MD simulation.*’ The
strain rate of 2 X 10® s™' was used to deform the cuboidal
simulation box unilaterally with the constraint that the box
shape remains cuboidal. The NPT Bredesen dynamics were
carried out for 4 ns with a 0.25 ps time step at 300 K
temperature and 0.1 MPa. Once the calculation was finished,
the stress—strain curves could be extracted from the binary
results file with the help of a Python script using the PLAMS
library in the ADF program.®” For measuring the diffusion of a
water molecule in PP—NBR(y,) and PP—NBR(y), 10
molecules of water were inserted by adding a solvent molecule
tool in the ADF program. The radius of the solvent sphere and
solute factor was adjusted to fill the interstice of PP—NBR
models with 10 molecules of water. The NPT dynamics
simulation was carried out at 600 K and 0.1 MPa for 500 ps
with 0.25 fs time step to equilibrate the system. The density
started to fluctuate and attained an equilibrium density for a
given temperature and pressure. A configuration with the
density closest to the equilibrium value was then used to
initiate NVT ensemble dynamics for a period of 2 ns with 0.25
fs time step at 600 K and 0.1 MPa. The binary rxkf file from
the NVT dynamics simulation was converted into a non-back
translated xyz trajectory for use with TRAVIS for trajectory
analysis.”' The MSD of a water molecule through the interstice
of PP—NBR models was evaluated using TRAVIS.* A higher
temperature was employed to simulate the faster dynamics of
water in the PP—NBR models, which corresponds to the
virtual glassy nature of simulated models.

4.4. Characterization of the PP—NBR Blend.
4.4.1. Fourier Transform Infrared Spectroscopy. The material
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identification of PP was done using ATR—FTIR (PerkinElmer
Spectrum Two), performed at room temperature, which make
use of infrared radiation to examine the sample. The stretching
and bending vibrations of various bonds within the molecule
give the corresponding peaks in our ATR spectra, and thus, its
chemical structure can be confirmed, because the multi-layered
medical face mask contains more than one material.

4.4.2. Field Emission Scanning Electron Microscopy. The
fiber morphology of the PP filter membrane and the fracture
surface of the PP—NBR blend were recorded with high-
resolution FE-SEM (Carl Zeiss Supra 40 VP) at an accelerating
voltage of 5 kV, which envisages the topographic details on the
surface. The samples for FE-SEM imaging were mounted on
metal stubs using a conductive double-sided carbon tape, and a
thin layer of gold was sputtered on the sample using a sputter-
coating machine (JEOL JFC-1200) prior to scanning at a
current of 10 mA for 100 s, which enhances the conductivity
over the surface of the sample and thus increases the signal-to-
noise ratio.

4.4.3. Average Fiber Diameter. The AFD of the sample was
estimated over about 300 fibers from the micrograph taken at a
high magnification.

4.4.4. Mechanical Characterization. The slabs for tensile
samples were carefully compression molded on an electrically
heated hydraulic press having 45 X 45 cm? platen at a pressure
of 200 kg cm ™ at 180 °C. Samples were conditioned at room
temperature for 24 h before tensile testing. Tensile tests were
carried out on a Shimadzu Model AGI universal testing
machine (UTM; UTB-T-72052-HiTech) using test specimens
punched out from the molded slab using a dumbbell-shaped
mold. The measurements were taken at a cross-head speed of
500 mm min~'. The hardness was studied using the Shore D
durometer (MODEX 3061) with a sample thickness of nearly
10 mm at room temperature.

4.4.5. Dynamic Mechanical Analysis. The viscoelastic
properties were studied using DMA Q800 with a sample
dimension of 60 mm in the temperature range of —60 to 150
°C with a ramp of S °C min~", working at a frequency of 1 Hz
and an amplitude of 15 ym in a dual cantilever.

4.4.6. Thermogravimetric Analyzer. The thermal properties
of the PP fiber, NBR, and PP—NBR blends were recorded
using TGA Q-50 under N, atmosphere within the temperature
range from room temperature to 800 °C with a ramp of 20 °C
min~' that measures the weight changes as a function of
temperature.
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