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Abstract In this research, a new generation of ter-
nary nanocomposites based on poly(ethylene tereph-
thalate) (PET), phosphorylated chitosan and surface
modified alumina nanoparticles were fabricated in
four steps. The phosphorylation process was targeted
for the insertion of phosphorus moieties as a flame
retardant agent in the final PET nanocomposite. Like-
wise, environmentally friendly nano-alumina was
used for PET matrix to improve the thermal proper-
ties of PET in collaboration with organic anchored
phosphorus moieties. Alternatively, the presence
of bio-safe modified alumina nanoparticles in com-
bination with phosphorylated chitosan simultane-
ously improved the antibacterial activity and ther-
mal properties of the PET matrix. Furthermore, the
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effects of the phosphorylated chitosan and alumina
nanoparticles on the morphology and thermal prop-
erties of nanocomposites were inspected by differ-
ent approaches. The structure and distribution of the
nanoscale particles in PET were analyzed by scanning
electron microscopy. In addition, differential scanning
calorimetry and thermogravimetric analyses were
used for the in-depth evaluation of the thermal prop-
erties of prepared nanocomposites. Prepared nano-
composites showed better growth inhibition activities
against Escherichia coli bacteria compared to the PET
and PET/phosphorylated chitosan samples. Also, the
thermal characteristics of prepared nanocomposites
were considerably improved.
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Introduction

Poly(ethylene terephthalate) (PET) is an impor-
tant macromolecule widely used in different indus-
tries, especially in the manufacture of barriers, fib-
ers, sheets and films. PET has outstanding physical,
mechanical and chemical features and belongs to
the polyester category in polymer chemistry. The
attractiveness of PET is related to the various favora-
ble properties of the polyester family, including low
moisture regain, suitable strength, respectable heat
and dimensional stability, and lower production
costs compared to other polymers (Visakh and Liang
2015). Many additives were used in the processing of
PET to improve the final properties of this polymer.
This fact is mainly related to the limited reaction sites
of PET. Recently, with the development of nanotech-
nology in polymer industries, in order to improve the
characteristic features of PET, some nanoscale addi-
tives have been used in PET grade products (Visakh
and Liang 2015; Barber 2017; Madakbas et al. 2017).
Biopolymers such as chitin, chitosan, and cellulose
play important roles in increasing the biocompat-
ibility of composite materials. The use of novel bio-
composites has drastically increased for the benefit of
the protection of the environment. The development
of chitosan applications as a low-cost material that
was prepared in shrimp industries is a new strategy
for improving the degradation of synthetic polymers
in the environment. Therefore, chitosan has become
popular in many categories due to its uncommon
biological, mechanical, chemical, and physical prop-
erties (Zhang et al. 2020; Jia et al. 2016; Phung and
Sugimoto 2018). Conversely, some difficulties have
appeared in the application of chitosan due to the low
solubility of this biopolymer in common solvents.
One of the promising approaches in this category is
related to the chemical treatment of chitosan to insert
new functional units in the structure of this biopoly-
mer (Jothimani et al. 2017). The chemical modifica-
tion of chitosan is interesting, since these modifica-
tions would not alter its skeleton. These modifications
have been shown to keep the unique physicochemical
and biochemical properties of chitosan (Khoee et al.
2017). Chitosan is a linear polysaccharide comprised
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of P-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine (Chaudhary et al. 2020). Nowadays, due
to the increasing demands for bio-based polymers,
the application of different derivatives of modified
biopolymers (MBP)s is greater than before. One of
the new categories of MBPs is the nanocomposites
based on blends of MBPs matrices with commercially
available polymers (Chaudhary et al. 2020; Naffakh
et al. 2014; Hassan et al. 2014; Al et al. 2017). Hybrid
MBPs have attracted great interest, as the insertion of
inorganic segmented polymer guests in main polymer
hosts can improve the properties of complex matri-
ces (Becerra et al. 2020; de Oliveira et al. 2019; dos
Santos et al. 2014; Ghanbari and Gharufi 2002; Melo
et al. 2017; Monteiro et al. 2019; Siva et al. 2022;
Subashini et al. 2022). The extraordinary properties
of hybrid MBPs are a vital requirement for innovative
compeers of high-performance materials (Yin et al.
2019; de Moura et al. 2012; Mallakpour and Motira-
soul 2017). Insertion of inorganic enriched MBPs into
other polymer matrices can enhance the mechanical,
thermal, and optical properties of composite mac-
romolecules (Dufresne et al. 2013; Rodriguez et al.
2016; Hatami 2018). Therefore, the prepared bio-
nanocomposites display the triple properties of guest
biopolymer, nanoscale filler and hosted matrix. The
subsequent properties of the obtained materials are
better than those of all used ingredients. The demand
for biocompatible compounds of PET has increased
recently (Joo et al. 2018; Sadhasivam et al. 2018;
Fidanovski et al. 2018). Also in recent years, numer-
ous nanosized constituents have been used to improve
the performance of PET matrices (Dubrovsky et al.
2018; Rathod et al. 2017; Jung et al. 2018). For exam-
ple, De Filpo et al. (2006) reported the preparation of
a flexible nano-photo-electrochromic PET-TiO,-PO,-
MB by deposition of the nanocrystalline TiO, layer on
conductive PET. The photo-electrochromic properties
were created based on the covalent chemical bonds of
methylene blue (MB) on the TiO2 film in a one-step
process. The results obtained by this research group
show that the film undergoes quick discoloration due
to the oxidization reaction of MB. Wang et al. (2018)
reported the preparation of a new generation of BiOl/
SnO,/PET nanocomposites by using successive ionic
layer adsorption reaction (SILAR), and a hydrother-
mal method. This research group used this polymer
material as a carrier of a photo-catalyst to support the
BiOI/SnO, nanostructure. Experimental results by
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Wang’s research group indicated that PET/BiOI/SnO,
displayed excellent photo-catalytic capability towards
methyl orange (MO) and tetracycline (TC) under
visible light irradiation. Jalali et al. (2017) reported
the fabrication and characterization of the new mag-
netite  nanocomposite based on Co,Zn,;Fe,0,/
poly(ethyleneterephthalate)/silver ingredients. This
material was designed to improve the antimicrobial
activity against Gram-negative and Gram-positive
bacteria. They prepared the nanocomposite in a two-
step procedure. At the first step, Coq-Zn,;Fe,0,
nanoparticles were fabricated and then covered by
the PET polymer. At the second step, Ag nanoparti-
cles were decorated on the surface of the PET shell to
obtain the metallic-polymer alloy-type nanocompos-
ites. Results obtained by this research team confirmed
that these nanocomposites have excellent potential in
environmental remediation applications.

In continuation of our efforts in the design and pro-
duction of innovative polymeric compounds (Meh-
dipour-Ataei and Hatami 2007; Hatami et al. 2020,
2022; Mehdipour-Ataei et al. 2009), we targeted the
fabrication of phosphorylated chitosan/modified
alumina nano-additives for a unique PET polymer
matrix. Based on the experimental experiences in the
preparation of nanocomposites, the hanging over of
the inorganic nanostructure by in-situ chemical pro-
cess on second polymeric media could improve the
chemical and physical properties of final nanocom-
posites due to the good dispersion of nanostructures
in the final matrix. In our previous study (Hatami
et al. 2022), the fabrication of PET/phosphorylated
chitosan/silver nanocomposites was achieved. Due
to the simultaneous good antibacterial and thermal
properties of prepared nanocomposites, in this study
the authors decided to change the nanostructure in
additive formulation to compare the novel nanocom-
posites with the previous one. Based on the unique
properties of the nanoscale alumina nanoparticles
such as antibacterial and thermal stability properties,
these nanoparticles were selected for this study and
the results were compared with previous publications
(Table 1). The combination of alumina nanofillers
and chitosan biopolymers brings suitable features for
the properties of a new generation of PET bionano-
composites. Based on our experiences in the produc-
tion of hybrid composites (Hatami and Yazdan Panah
2017; Hatami et al. 2015; Hatami 2017; Ahmadi et al.
2018; Yousefi et al. 2019) for diverse applications,

the novel PET/alumina/phosphorylated chitosan bio-
nanocomposites could be candidate for application in
the food packaging industry.

Many additives have historically been used for
PET polymer modification. The insertion of additives
in PET structure improves the processability, and
durability along with a better performance of the pol-
ymer in final application areas. In recent years, nano-
structure additives are keeping their own position in
the PET industry. Some companies like NYACOL,
and BYK offer powders, colloidal dispersions, and
polymeric structures as masterbatches for use as PET
additives in the production of films, fibers and bottles.
These commercial additives were formulated accord-
ing to the desired characteristics of a product. These
additives are added in the polymerization step or dur-
ing the processing of PET resin. Some of these addi-
tives have different functionalities. Different nano-
structure materials were illustrated as PET additives.
Some of these additives were presented in Table 1. As
shown in this Table, suppliers provide carriers for the
insertion of nanostructures in polymeric media. But
in most cases, the colloidal and polymer-supported
structures are preferred due to the good distribution
and prevention of agglomeration of the nanostruc-
tures in the final media.

In the present article, we report the manufacture
of surface-modified aluminum oxide nanoparticles
stabilized on phosphorylated chitosan in PET matrix
by physical and chemical interactions. The four main
advantages could be assigned to this strategy. (1) The
synergistic effects of properties in the modified for-
mulation based on chitosan and nano-alumina in anti-
bacterial properties (organic antibacterial material in
collaboration with inorganic structure). (2) Bearing
the inorganic phosphor in organic media by phospho-
rylation of chitosan (modification of organic chitosan
biopolymer with phosphor moieties). (3) Improve-
ments in the thermal properties of the final product
by the collaboration of properties of phosphor and
nano-alumina (due to their intrinsic properties of
them). (4) Fabrication of polymer nanocomposite in
the best state (without aggregation or agglomeration
of nanoparticles in nanocomposite and good blending
of chitosan and matrix) and with excellent designed
application properties. The fabrication of the Al,O5/
phosphorylated  chitosan/PET  bionanocomposite
was performed in four steps. Firstly, the chitosan
was modified by a phosphorylation reaction. In the
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Table 1 Results of previous publications

Nano-additive structure

Particle size

Carrier

Application

References

Antimony tin oxide

Silica nanoparticles (SiO,)

Titania nanoparticles
(TiO,)

indium tin oxide (ITO)

Silver

Layered double hydroxide

Silver

Silver

Graphene

Antimony-doped tin oxide
AlLO;

Silver
TiO, nanoflowers

Organo modified Silica

Mixed TiO,, SiO,, and
ZnO

Aluminium Nano Platelets
(AP)

Montmorillonite Cloisite
20A

50-90 nm

20-120 nm

30 nm

64 nm

<100 nm

80-100 nm

50-60 nm

<100 nm

Thickness 2 nm

20 nm

10 nm

<100 nm
<200 nm

30 nm

<100 nm

Ethylene glycol

Ethylene glycol

Ethylene glycol

Ethylene glycol

Doped carbon black

Sulfanilic acid solution in
water

Phosphorylated chitosan
PC)

Reduced graphene
oxide(rGO)

Trimellitic anhydride

Ethylene glycol
Ethylene glycol

Immobilized in silica

Insitu preparation

Ethylene glycol

Powdered form

Less than 45 um Powdered form

Less than 10 um Powdered form

This additive provides
excellent reheat charac-
teristics in PET bottle
resin and outstanding IR
absorption in films and
fibers

Nanoscale SiO, provides
improved abrasion resist-
ance and anti-blocking
properties for PET film

Nanoscale titanium dioxide
provides UV absorbing
properties

ITO nanostructure is use-
ful for infrared reflective
coatings, antistatic coat-
ings and solar cells

Nanosilver doped CB
provides antibacterial
properties

LDH provided reflection
properties of the UV
Light

Silver loaded PC provides
flame retardant and anti-
bacterial properties

Silver loaded rGO
enhances UV-protective
of textile

Graphene improves the
mechanical properties of
samples

Kinetic investigations were
achieved

Slightly changes the melt-
ing temperature

Antimicrobial filaments

Exhibits good self-clean-
ing performance

The addition of nano-
particles increases the
crystallizing temperature
and melting point of the
polymer

Increases the UV-blocking
effects

AP improves the mechani-
cal properties of nano-
structures

MMTs improve the physi-
cal and barrier proper-
ties in thermoplastic
compounds

https://www.nyacol.com/

https://www.nyacol.com/

https://www.nyacol.com/

https://www.nyacol.com/

De Guzman et al. (2021)

Ou et al. (2004)

Hatami et al. (2022)

Babaahmadi et al. (2022)

Aoyama et al. (2018)

Chen et al. (2008)
Lim et al. (2013)

Guerra et al. (2018)
Peng et al. (2012)

Liu et al. (2004)

Bahramian, (2021)

Anis et al. (2022)

Lima et al. (2021), Scheirs
and Long, (2004);
https://www.byk.com
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second step, the sonochemical assisted production
method was used for the surface treatment of Al,O;
nanoparticles by Leucine amino acid moieties. In the
third step, the surface-treated Al,O; nanostructures
were dispersed in phosphorylated chitosan by the
solution mixing method. Finally, Al,O/phosphoryl-
ated chitosan/PET bionanocomposites were fabri-
cated by the well-known melt mixing method. The
benefit of this four-step procedure is that the surface-
adapted nanoparticles in combination with modified
biopolymer are stabilized by functional units of the
PET matrix. Therefore, the PET antibacterial prop-
erty was improved using the combined character-
istics of the nanoparticles and chitosan. Moreover,
the thermal properties of the obtained nanocompos-
ites were enhanced due to the presence of elemental
phosphorous, in addition to alumina as metal oxide
nanoparticles, in the structure of the polymer matrix
nanocomposites.

Experimental
Materials

In this research, polyethylene terephthalate (PARS
PET-BG781) was obtained from Shahid Tondgo-
yan Petrochemical Company (Iran) and was used as
received. The specification of used PET was reported
at reference (Hatami et al. 2022). Chitosan biopoly-
mer (91.8% degree of deacetylation) was provided by
Sigma-Aldrich. Acetic acid, DMF, urea, and ortho-
cresol were purchased from Merck Chemical Co.
Nano aluminum oxide (Al,O;) powder was acquired
from Neutrino Co. with average particle sizes of
18-25 nm. Orthophosphoric acid (H;PO,) was sup-
plied by Sigma-Aldrich. All reagents were used as
received without any purification.

Characterizations and instruments

The FT-IR spectra were obtained using a Spectrum
GX (Perkin Elmer, USA). Spectra were recorded
between 4000 and 400 cm™' with a resolution of
2 cm™!. The TGA measurements were performed
using a TGA 4000 model (Perkin Elmer). The sam-
ple was heated in a platinum pan with 60.0 mL/min
nitrogen at 10 °C/min at 600 °C. The sample weighed
approximately 10 mg. The thermal properties of

samples were studied by differential scanning calo-
rimetry (DSC; Metler Toledo). A sample of about
5 mg from each composition was scanned in a cycle
of heating—cooling-heating from 30 to 300 °C at
10 °C min~! in aluminum pans. The samples were
kept at 300 °C for 5 min to erase any previous ther-
mal history. The DSC apparatus was purged with N,
gas at a rate of 50 mL min~!. The glass transition
temperature was determined from the second heat-
ing scan, as the first scan was conducted to remove
the thermal history. A scanning electron microscope
(SEM; KYKY microscope Model EM3200, accel-
erating voltage 26 kV, Japan) was used to study the
morphology of the fractured surfaces. Before per-
forming the tests, the samples were cryofractured in
liquid nitrogen. Then, the fracture surface was coated
with gold and observed by SEM. Intrinsic viscosity
(IV) is defined as the reduced viscosity or inherent
viscosity at zero concentration for a polymer solu-
tion. The intrinsic viscosity measurements were car-
ried out according to ASTM-D 4603, using dichlo-
roacetic acid as a solvent. IV was examined using
an automatic Ubbelohde capillary type viscometer.
The intrinsic viscosity measurement system includes
a capillary viscometer, Type II, and a water bath at
a constant temperature of 25+0.02 °C. Initially, dif-
ferent concentrations (1-10 g L™!) of polyethylene
terephthalate were dissolved in dichloroacetic acid
solvent at 230 °C. Right before loading the solution
into the viscometer, the solution was filtered using a
0.45-micron sized hydrophilic membrane filter. The
IV and relative viscosity (n,,) of the samples were
calculated. Ultimately, the intrinsic viscosity was cal-
culated for each sample. Potentiometric titration, a
method for evaluating the potential changes of the sol-
vent, was used to determine the concentration of car-
boxylic end groups according to ASTM D 7409-07.
The polymer sample was dissolved in a mixture of
ortho-cresol and chloroform (at a weight ratio of 70
to 30) under reflux conditions at 80 °C. After cool-
ing the solution to room temperature in the cold-water
bath, the concentration of the carboxylic end groups
was determined by titration with an ethanolic potas-
sium hydroxide solution (0.05 M). The potentiomet-
ric titrator (Metrohm Switzerland Company) was
used with Tiamo software to calculate the concen-
tration of carboxylic end groups. A colorimetric test
was performed for PET and its nanocomposites in
accordance with ASTM D6290-5 using a colorimeter
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(ColorFlex®, Hunterlab, USA) at a viewing angle of
10 degrees. This instrument provided L*, a* and b*
values, where L* is the lightness component rang-
ing from O (black) to 100 (white), and parameters
a* (from greenness to redness), and b* (blueness to
yellowness) are the two chromatic components. The
PET sheets were sterilized in an autoclave and cut to
sizes of 2x2 cm?. Concentrations of 5, 10, 20 and
40 mg mL™! of sterilized medium were used. The
bacterial culture in this stage was Muller Rinton-
broyh, from Glab Company. The samples were placed
in test tubes containing 4 mL of culture medium. The
test tubes were then placed in an autoclave at 121 °C
and 15 psi pressure for 15 min. After sterilization, the
tubes were placed in the laboratory to cool down and
then E. coli was added to the test tubes. E. coli was
cultured in a nutrient broth for 24 h in an incubator.
After reaching turbidity, 100 pL of the culture was
added to each of the test tubes. After incubation at
37 °C for 24 h, the resulting bacterial colonies in the
plates were counted using sample light absorption at
the desired wavelength (580-600 nm). The bacterial
growth parameter was measured using the difference
between the numbers of colonies of bacteria with
samples and those of bacteria in the blank vials. The
PET/phosphorylated chitosan/nano alumina biona-
nocomposites with different wt/wt percentages were
prepared using a Brabender internal mixer (Germany)
with a volume of 350 cm® and a speed of 60 rpm at
260 °C for 8 min.

Chitosan phosphorylation

The phosphorylation process of chitosan was
achieved according to the reference (Hatami et al.
2022). The solutions of 0.03275 M chitosan, 1.075 M
of orthophosphoric acid, and 8.325 M of urea in
DMF were prepared. The total 200 mL of the mixture
was stirred at 150 °C for an hour. After cooling, the
solid sample was filtered. The product was washed
with deionized water. The amount of chitosan phos-
phate obtained was 18.3 g. The phosphorous content
in phosphorylated chitosan was 5.8%.

Surface modification of Al,O; nanoparticles
Alumina nanostructures were dried at 110 °C in an

oven for 24 h to remove the adsorbed water. The
dried nano aluminum oxide (0.2 g) was sonicated
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for 15 min. in absolute ethanol, and then 15% (w/w)
Leucine amino acid (Luc) to nano Al,0; was added
to the mixture and sonicated for 20 min. The brown
precipitate was separated and dried at 60 °C for more
than 24 h.

Fabrication of stabilized nano Al,O; onto the
phosphorylated chitosan

Phosphorylated chitosan powder, 10% (W/V), was
dissolved in a 0.5 M acetic acid solution at 65 °C to
give a clear solution (about 12 h). Proper amounts
of surface-modified nano alumina were dispersed in
20 mL 0.5 M acetic acid solution. A uniform colloidal
dispersion was obtained after sonication for 15 min at
room temperature. In the next step, the required phos-
phorylated chitosan solution was mixed with modi-
fied Al,O5 nanoparticles. The samples obtained were
sonicated for 4 h. After sonication, the solvent was
removed and the obtained solid washed twice with
ethanol, and then dried in a vacuum at 85 °C for 2 h.

Bionanocomposite preparation route

The nanocomposites with four and six weight/weight
percent were fabricated by Brabender internal mixer
with a speed of 60 rpm and a volume of 350 cm? at
260 °C for eight minutes. The choice of 4-6wt% of
fillers was followed by the previous study (Hatami
et al. 2022). The resulting blend was well mixed.
After preparation, the obtained solid was washed
twice with water and then dried in a vacuum at 85 °C
for 2 h. Afterward, the provided samples were sub-
jected to a compression molding procedure. The
samples were provided in the sheet form with theas-
sistance of hydraulic presses under a pressure of 10
mega Pascal in the dimensions of 0.3 10x 10 cm® at
260 °C.

Results and discussion

Surface modification of alumina nanoparticles by
ultrasonication process

We applied the surface modification method for
insertion of organic functional units on the exte-
rior surface of alumina nanoparticles. Alpha-amino
acids were investigated as surface coating materials
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Ultrasonic process

Leucine

Surface modified Alumina NPs

Aluminium oxide nanoparticles

Leucine layer

Scheme 1 Surface modification of alumina nanoparticles by ultrasonication process

to modify the surface of inorganic nanoparti-
cles; indeed, the carboxylic acid functional unit of
a-amino acids could be applied to the surface of
alumina nanoparticles. Among the different amino
acids, Leucine (Leu) attracts great interest, since
it is an essential amino acid and displays pharma-
cological action in humans; moreover, it has also
been proved to promote protein biosynthesis via
the phosphorylation reaction. Scheme 1 graphi-
cally shows that the hydroxyl units of the surface of
Al,05 nanoparticles are needed to physically attach
to the carboxylic group of leucine. The alumina
nanoparticles external surface is changed by physi-
cal van der Waals forces. The O—H stretching in the
FT-IR spectrum related to the hydroxyl unit on the
surface of alumina nanoparticles disappeared after
surface modification. The illustration of the prepa-
ration of a thin film of leucine on the surface of alu-
mina is shown in Scheme 1. The ultrasonic irradia-
tion helped to remove the accumulation of alumina
nanoparticles. This method has been previously

described elsewhere (Hatami and Yazdan Panah
2017; Hatami et al. 2015; Hatami 2017).

FT-IR inspection of surface modified alumina
nanoparticles

FT-IR spectra of the pure Al,O; and the surface-
treated Al,O; with amino acid modifier are dis-
played in Fig. 1. In the FT-IR spectrum of nanoscale
Al,O;, two distinctive peaks were detected at
3528 and 1587 cm™! (Fig. 1a). The wide band at
3528-3267 cm™! can be assigned to the vibration of
the hydroxyl units of adsorbed water by the alumina
nanoparticles. The sharp band at around 1600 cm™
can be attributed to the bending vibrations of H-O
units on the exterior of Al,0; nanoparticles. The band
at 550 cm™! was related to the Al-O. The spectrum
of the surface-modified alumina is shown in Fig. 1b.
The feeble stretching band of the O—H groups was
observed at 3285 cm™! and demonstrates the success
of the surface modification process of the alumina

@ Springer
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Fig.1 FT-IR spectra of (top) pure Al,O; nanoparticles, (bot-
tom) the surface modified Al,O; with amino acid modifier

nanoparticles after ultrasonication. The peak at
3450 cm™! (Fig. 1b) was associated with the amino
functional unit on the surface of alumina after modi-
fication. After modification, the distinctive band of
the aliphatic unit of the amino acid appeared in the
spectrum of surface modified nanoparticles. Further-
more, the vibrations of the -OH units on the surface
of alumina were reduced; however, due to the pres-
ence of amine functional units on the structure of
the modified alumina, the vibration intensities in the
range of 3400-3200 cm™! were not reduced. This fact
was mirrored by the ability of amine bonds to create
hydrogen bonds. These results indicate that the amino
acid moieties were attached to the surface of the alu-
mina nanoparticles.

Fabrication of innovative antibacterial/thermally
stable PET bionanocomposites

The capabilities developed by the Hatami group in
the manufacture and characterization of novel mul-
tifunctional bionanocomposites led to the explora-
tion of interesting areas of applicability for PET. In
this project, we aimed at the simultaneous develop-
ment of antibacterial and flame retardant properties
in PET, which is a widely commercially accessible
polymer. The description of similar products to the
PET employed in this study is presented in Table 1.
Many flame-retardant compounds have been used in
the industry to control the fire-related properties of
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Scheme 2 Preparation of phosphorylated chitosan

final products. These materials are classified based
on chemical composition and physical properties.
In general, flame retardants are categorized based
on whether they contain bromine, chlorine, boron,
nitrogen, phosphorus or metals (Ahmadi et al.
2018). On the other hand, diverse antibacterial com-
pounds are known, although chitosan biopolymer
and alumina nanoparticles are less popular among
them. Therefore, to link the good properties of these
two categories of organic and inorganic materi-
als to antibacterial and flame retardant properties,
phosphorylated chitosan and alumina nanoparticles
were chosen as building blocks for this study. Phos-
phorous and aluminum oxide were selected for their
flame retardant properties, and the chitosan skeleton
and aluminum oxide were also carefully chosen as
antibacterial agents. Therefore, to achieve the goal
of the project, chitosan was phosphorylated and
supported onto alumina nanoparticles. The applica-
tion of this strategy allowed us to obtain PET bio-
nanocomposites with unusual dual properties. The
flame retardant building blocks containing phos-
phorus were obtained in a single step by means of
a phosphorylation reaction, carried out by immers-
ing chitosan in a solution of urea and orthophos-
phoric acid in DMF; this procedure is illustrated in
Scheme 2. Subsequently, the phosphorylated chi-
tosan was deposited on the alumina nanoparticles
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Scheme 3 Insertion of alu- ‘
mina nanoparticles into the :

phosphorylated chitosan ~ Me----oSSCEURRURM oL . -

.......................

[P - o . 2
Surface modified nano alumina;
! (SMIN-Alumina) '

A e L L .

.........................

L. Sonication of surface modified nano alumina in acetic acid.
I1. Disolving of phosphorylated chitosan in acetic acid.

II1.Simultaneous addition and sonication of mixture.

by the ultrasound method. This process is illustrated
in Scheme 3.

Finally, the bionanocomposites were prepared
using the melt-mixing procedure of PET and the chi-
tosan-derived nanocomposite. This method is shown
in Scheme 4.

FT-IR characterizations of PET/phosphorylated
chitosan/alumina bionanocomposites

The chemical structures of the pure PET matrix and
the derived bionanocomposites were characterized
based on chemical functional units by FT-IR analysis.
The spectra registered for PET and samples contain-
ing various concentrations of phosphorylated chi-
tosan/nano alumina are shown in Fig. 2. Characteris-
tic peaks for PET have the following wavenumbers:
3431 em™, 2970 cm™', 1732 cm™, 1246 cm™', and
1083 cm™!, corresponding to the hydroxyl (-OH),
methyl (-CHj;), carbonyl (C=0), methylene (-CH,-)
and ether (C-O-C) groups, respectively. The char-
acteristic peaks of phosphorylated chitosan appear
at 1240 and 1450 cm™!, corresponding to the asym-
metric stretching of the P=0 bond. The appearance
of peaks at 1343, 1260, 1020, 974 and 850 cm™~! can
be attributed to the presence of alumina nanoparti-
cles in the nanocomposites; increasing the concentra-
tion of Al,O; in the nanocomposites also increased
the intensity of these peaks. These spectra show the
existence of promising interactions between PET,

phosphorylated chitosan, and surface-modified alu-
mina nanoparticles.

TGA investigations of polymer and
bionanocomposites

The thermal stabilization of polymers is one of the
main strategies for improving the quality of polymer
processing. In this regard, the insertion of different
modified structures such as hindered phenols, alkyl
aryl amines, and different polymeric structures have
been reported. On the other hand, inorganic struc-
tures also beside the organic molecules were used in
industries. The combination of the organic molecule
with an inorganic segment in the one structural unit
is a fascinating idea. Therefore, the new synthesis
procedures could be helped for obviation of indus-
trial demands. The presence of organic—inorganic
nanoscale components in polymer matrices improves
the thermal stability of matrices. Therefore, the ther-
mal stability of prepared polymer modified nano-
structures is one of the most important usage criteria
for different applications. The stability of polymer-
modified its wide application in synthesis processes
which nowadays are in great demand from the point
of view of industrial. PET belongs to the polyes-
ter family. Besides many advantages of PET, some
weak points are presented in the structure that may
affect the performance of this polymer in the final
application area. The sensitivity of polyesters to the
hydrolysis process is one of the weak points of these
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PET
polymer

Melt mixing process
Addition of nanoadditive
"LL

Y

Nanobiocomposite

Scheme 4 Illustration of the fabrication procedure for PET
bionanocomposites

polymers. Therefore the use of new strategies such as
modification of polymer to overcome the weakness
of matrix creates new innovative visions in this area.
Thermogravimetric analysis (TGA) is a useful analyt-
ical instrument that can be used to evaluate the mass
loss or mass gain of a solid as a function of tempera-
ture (Yousefi et al. 2019). In this research, the thermal
durability of polymers and polymer-based bionano-
composites was analyzed using this technique. With
this method, it was possible to measure the thermal
characteristics of the samples, such as the initial
decomposition temperature, maximum decomposi-
tion temperature, the degradation rate of the samples,

@ Springer

the char yield (CY) of the material at the evaluated
temperature and limiting oxygen index (LOI). The
stability of polymer modified its wide application in
synthesis processes which nowadays are in a great
demand from the point of view of industrial. Fig-
ure 3 shows the sample TGA, DTG and DTA analysis
results for bionanocomposite 4 wt%. The comparative
TGA thermograms of neat PET, PET/phosphorylated
chitosan and bionanocomposites are illustrated in
Fig. 4. The data of the TGA analysis results are pre-
sented in Table 2. The LOI values for the macromol-
ecule and related bionanocomposites were calculated
based on the Van Krevelen equation (Van Krevelen
and Hoftyzer 1976), and the results are also presented
in Table 2. The increase of char yield values of biona-
nocomposites and increments in the LOI values indi-
cated that the thermal stability of bionanocomposites
was gradually enhanced. Consequently, the thermal
stability of these PET derivatives was improved by
simultaneous application of phosphorylated chitosan
and modified nanoscale alumina. The qualified DTG
thermograms of neat PET, PET/phosphorylated chi-
tosan and obtained composites are shown in Fig. 5.

Differential scanning calorimetric investigations

The glass transition temperature (T,), melting tem-
perature (T,), and crystallization temperature (T.)
of all samples were inspected by using differential
scanning calorimetric (DSC) analysis. Moreover, the
crystallization and melting enthalpies were evalu-
ated by studying the differential scanning calorim-
etry (DSC) thermograms. The DSC thermograms
for PET polymer and related bionanocomposites
are illustrated in Fig. 6. The results of DSC analysis
about the variations in the melting, crystallization,
and glass transition temperature of PET by additions
of different fillers are reported in Table 3. The glass
transition temperature of the PET sample in this study
was around 80 °C. An exothermic peak at 149 °C
was related to the cold crystallization of PET. Fur-
thermore, an endothermic peak related to the melt-
ing temperature for applied PET was observed at
about 249 °C. The insertion of these ingredients into
the PET matrix caused major variations in the ther-
mal behavior of PET. Therefore, as can be observed,
the T, of PET decreased by 4 °C, reaching 76.1 °C.
The T, value for PET decreased to 123 °C after the
insertion of modified chitosan, whereas the T,, value
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Fig. 2 FT-IR spectra of
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Fig. 3 TGA, DTG and DTA analysis results for PET/P-Chitosan/4 wt%SMANs
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Fig. 4 TGA comparative i |
curves of PET and PET 120 i
nanocomposites
100 ,:90 Y
S
= 80
%} 70 -
% 60
= 60 ; . : .
0] —2* PET polymer 380 400 420 4;10 460
— b. PET/P-Chitosan Temperature (°C)
— ¢. PET/4 wt% P-Chitosan-SMANs
204 — 4 PET/6 wt% P-Chitosan-SMANs
0 T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)
Table 2 TGA results of prepared nanocomposites
Sample T jax ° O T, 0% a (°C) Char Yield ¢ (%) Lor1 ¢
PET/P-Chitosan/4 wt%SMANs 418.5 454.6 14.11 23.14
PET/P-Chitosan/6 wt%SMANs 420.8 457.8 15.41 23.68

“Temperature at which 10% mass loss was recorded by TGA at a heating rate of 10 °C/min under a nitrogen atmosphere. *Tempera-
ture at which maximum mass loss was recorded by TGA at a heating rate of 10 °C min™' under a nitrogen atmosphere. “Weight per-
centage of material left undecomposed after TGA analysis at 600 °C. “Limiting oxygen index (LOI) evaluating char yield at 600C.

Fig. 5 DTG curves for PET
and PET nanocomposites

0.01
1/0C

Temperature (°C)

0.00 ,
200 300

-0.01 -

-0.02 -

-0.03 -

decreased to 247.6 °C by the insertion of phosphoryl-
ated chitosan. This reduction in the Tg value, as well
as the T, value, was related to the decrease in the
molecular weight in the presence of phosphorylated
chitosan. This result was confirmed by the viscosity
test. The viscosity test results show that the intrinsic

@ Springer

— a. PET polymer
— b. PET/P-Chitosan

— ¢. PET/4 wt% P-Chitosan-SMANs
— d. PET/6 wt% P-Chitosan-SMANs

600 700

viscosity value for PET was 0.781 dL g~!. By add-
ing phosphorylated chitosan to PET, the intrinsic
viscosity value for the PET/phosphorylated chitosan
compound changed to 0.420 dL g~'. The presence of
phosphorylated chitosan structures between the PET
chains reduces the molecular mass and increases the
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Fig. 6 DSC thermographs

for PET and related nano- 8 = PET ool
. “—a. polymer
composites — b. PET/P-Chitosan
6
4

== ¢. PET/4 wt% P-Chitosan-SMANs
d. PET/6 wt% P-Chitosan-SMANs

HeatFlow (mW)

-6
Table 3 DSC analysis Sample T,(°C) T,.(C) AH,.(Jg") T,(C) AH,Jg™
results of prepared ¢
nanocomposites PET/4 wt% P-Chitosan-SMANs  77.4 124.5 22.6 247.2 36.4
PET/6 wt% P-Chitosan-SMANs  77.8 123.6 19.3 246.2 11.8

freedom of movements of polymer chains. The role of
phosphorylated chitosan was related to the nucleating
effect and, therefore, based on this concept, the glass
transition temperature decreased. Furthermore, the
higher degree of freedom, reduced chain length and
lesser physical entanglement resulted in an increase
in crystallinity values. The PET values of cold crys-
tallization enthalpy (AH.) and melting enthalpy
(AH,,) changed in the presence of phosphorylated
chitosan. These results also support the enhancement
in the crystallinity of compounded PET in the pres-
ence of phosphorylated chitosan.

The application of nanoscale surface-modified
alumina along with phosphorylated chitosan also
showed similar trends for values of T, T, and T,,.
The decreasing trend in intrinsic viscosity values was
observed for bionanocomposite samples in the pres-
ence of phosphorylated chitosan/nano alumina. The
intrinsic viscosity values for bionanocomposites con-
taining 4 wt%, and 6 wt% phosphorylated chitosan/
modified alumina nanoparticles were 0.392 and 0.384
dL g7, respectively. As noted from the thermograms,
slight increases in the T, values and increases in the
enthalpy of melting values were detected for samples

containing 4 and 6 wt% of PET/phosphorylated chi-
tosan/nano alumina. Some of the interactions of sur-
face-modified alumina nanoparticles supported on the
phosphorylated chitosan with PET polymer chains
caused an increase in the values of T,. The increase
in the content of phosphorylated chitosan-nano alu-
mina up to 6 wt% was accompanied by a significant
decrease in the melting and crystallization enthalpy
values. This behavior is evidently due to the nucle-
ating effect favored by the phosphorylated chitosan/
nano alumina on PET crystallization and seems to be
independent of the filler content, indicating the satu-
ration of the nucleating effect at phosphorylated chi-
tosan/nano alumina contents above 4 wt%. Based on
these data, we can deduce that there is enough com-
pounded nanofiller present to provide an adequate
surface area. Therefore, the determining step in the
overall crystallization process is more strongly related
to the crystal growth than to the nucleation process.
Normally, the use of phosphorylated chitosan along
with surface-modified alumina nanoparticles reduces
the PET molecular weight, thereby resulting in a drop
in the T, value, which facilitates the crystallization
process.
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Morphological characterization of surface-modified
nanoparticles, PET and related bionanocomposites by
scanning electron microscopy

The scanning electron microscopy (SEM) was used
to investigate the morphology of alumina nanostruc-
tures, PET polymer, PET/phosphorylated chitosan,
and the dispersion of phosphorylated chitosan/sur-
face-modified nano alumina in PET bionanocompos-
ites. The effects of adding phosphorylated chitosan to
the microstructures and morphology of prepared com-
pounds were also studied by SEM. SEM micrographs
of alumina nanoparticles before (a, and b) and after
the surface-modification process are shown in Fig. 7.
It appears that, after the modification, the dispersion
properties of the nanostructure were improved, and

Fig. 7 SEM micrographs
of alumina nanoparticles
before a and band after ¢
and d surface modification

Fig. 8 SEM micrographs
of PET a and PET/phospho-
rylated chitosan b

A

26 KV 20.0 KX 1um
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the agglomerated structure was not detected (c, and
d). The SEM micrographs of PET and PET/phos-
phorylated chitosan are shown in Fig. 8a and b. Due
to the compatible nature of chitosan and PET, phos-
phorylated chitosan was compounded with PET. Fig-
ure 8 illustrates that there is complete compatibility
between the phosphorylated chitosan and the PET
matrix. Neither separated phases, micro-cracks nor
holes were detected in the SEM image of the com-
pounded sample (Fig. 8b) related to the chitosan
phase. Therefore, the compatibility of phosphoryl-
ated chitosan and PET is proven. The morphologi-
cal characterizations of surface-modified alumina
nanoparticles, and combination with phosphorylated
chitosan in PET bionanocomposites were observed
using SEM. The SEM micrographs of the samples are

- o
=

KYKY-EM3200
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shown in Fig. 9. The diameter of the alumina nano-
particles after modification with Leucine amino acid
is a little bigger than that of pure alumina; this can be
due to the interaction of the amino acid with the sur-
face functional units of the nanostructure. The sizes
of alumina nanoparticles in provided nanocompos-
ites are in the range of 50-68 nm. It can be observed
that the phosphorylated chitosan/PET has a lamellar
structure and a flatter surface morphology than that
of the bionanocomposites; moreover, spherical parti-
cles were detected for the bionanocomposites. For the
nanoscale alumina supported on phosphorylated chi-
tosan in PET bionanocomposites, there was a uniform
distribution of nanoscale elements and protruded par-
ticles from the PET matrix, and the perceptible aggre-
gation was not distinguished. The SEM micrographs
for the provided bionanocomposites at 4 and 6wt%

Fig. 9 SEM micrographs
of nanocomposites: a-c
pictures for PET/4 wt%
phosphorylated chitosan/
Al O, and d-f pictures for
PET/6 wt% phosphorylated
chitosan/Al,O; samples

26 KV 20.0 KX 1um

KYKY-EM3200

are illustrated in Fig. 9a—f. SEM micrographs of
nano-additives at 4 and 6wt% are shown in Fig. 9a—
and Fig. 9d—f, respectively.

Qualitative tests of PET and its bionanocomposites

PET is an important polymer in industry; therefore,
it is common to evaluate the properties of PET by
simple qualitative tests, before carrying out more
complicated tests. The data obtained by the quali-
tative tests for pure PET, phosphorylated chitosan/
PET and bionanocomposite samples are reported
in Table 4. The intrinsic viscosity values of the
prepared samples show a decreasing trend. With
enhancement in the filler contents, the values of
intrinsic viscosity are reduced. Pure PET shows the
maximum intrinsic viscosity value. The intrinsic

—_——
1um KYKY-EM3200

26 KV 40.0 KX 1um

KYKY-EM3200

26 KV 40.0 KX 1um KYKY-EM3200
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Table 4 Qualitative tests for prepared nanocomposites

IV (dl/g) Carboxylic end groups Color
(meq Kg-1)
Samples I* b* a*
PET/P-Chitosan/4 wt%SMANs 52 55 1.36 9 0.392
PET/P-Chitosan/6 wt%SMANs 98 55 23 9 0.384

L*: A measure of the brightness and darkness of the product.
b*: A measure of the yellowness and blueness of the product.

a*: A measure of the redness and greenness of the product.

viscosity provides information about the shape,
flexibility and molar mass of the polymer structure.
The intrinsic viscosity is defined as the reduced spe-
cific viscosity in the limit of “infinite dilution” or
zero concentration. As was observed in this study,
the intrinsic viscosity of PET was reduced by inser-
tion of phosphorylated chitosan and phosphoryl-
ated chitosan/nano alumina additives. The reduction
in the molecular weight of PET in the presence of
phosphorylated chitosan is related to the melt pro-
cessing and the possibility of hydrolysis of PET
chains at high temperature. PET is a polyconden-
sation polymer made of diol and dicarboxylic acid
monomers. The experimental results show that
the concentration of carboxylic functional units
decreases by insertion of modified fillers. This is
related to the possible interactions of phosphoryl-
ated chitosan chains as well as surface functional
units of nanoscale alumina. In the colorimetric
measurements, PET fundamentally tended to be yel-
low; hereafter, the color of the product was adjusted
using constituents such as cobalt and blue toner.
The cobalt toner contains blue and red pigments,
whereas the blue toner contains blue pigment. In
this test, each of the parameters L *, b * and a *
specifies a certain color range:

L*, b* and a* are the color parameters for the eval-
uation of the polymer-based products, whose ranges
of variation were different. Alumina nanoparticles
increased the parameter of a* and, therefore, these
nanoparticles tended to create an inappropriate color
in the product. The yellowish parameter decreased
in the presence of phosphorylated chitosan/alumina
nanoparticles. Moreover, the redness of the product
decreased by the insertion of the phosphorylated chi-
tosan/alumina nanoparticles. The evaluation of the L*
parameter shows that the bionanocomposite containig
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6 wt% filler had the same value for L* as the primary
PET. This is related to the characteristics of metal
oxides that account for the colors of polymers.

Antibacterial assessment of PET and related
bionanocomposites

Chitosan is a well-known biopolymer. It has also been
reported that chitosan possesses significant antibacte-
rial activity against a wide range of bacteria. In addi-
tion, due to the superior surface area of metal oxide
nanoparticles, they are expected to behave as anti-
microbial agents. Nanoscale alumina has been effec-
tively used against different microorganisms (Pobo-
rilova et al. 2013; Pakrashi et al. 2013; Sadiq et al.
2009). Few studies have focused in the evaluation
of the toxicity of chitosan in combination with nano
alumina against microorganisms. This study analyzes
the antibacterial properties of PET polymer, PET/
phosphorylated chitosan and PET/phosphorylated
chitosan/alumina bionanocomposites with different
contents. The bacterial culture test results for polymer
sample, intermediate products and final nanocom-
posites are reported in Table 5. The results show that
pure PET can inhibit the growth of bacteria for more
than 12 h. The antibacterial activity of the obtained
materials was inspected by counting the colonies that
formed in the culture medium. The addition of phos-
phorylated chitosan to PET showed a great improve-
ment in antibacterial activity. Conversely, exces-
sive resistance to bacterial growth was observed for
nanocomposites containing 6 wt% phosphorylated
chitosan/nano alumina. Typically, after a 12-h bac-
terial culture test, the bacterial growth in the biona-
nocomposite sample is over fifteen times that of the
initial environment. For long periods (over 20 h), the
number of bacteria in the bionanocomposite sample
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Table 5 Bacterial culture Experiment media Experiment time (h)
test results
4 8 12 16 20
Culture medium in the presence of E.coli 0.048 0.823 1.24 1.53 1.72
Culture medium in the presence of E.coli and PET ~ 0.033 0957 1.23 1.205  1.105
Culture medium in the presence of E.coli and 6wt% 0 0.098 0.075 0205 0.37

nanocomposite

is approximately one third of that of the bacteria that
grew in the initial environment. These results fully
support the antibacterial activity of this bionanocom-
posite sample.

Conclusions

In this research, PET-based bionanocomposites con-
taining phosphorylated chitosan and alumina nano-
particles were prepared in four steps. A simple, cost-
effective, and environmentally friendly sonochemical
method along with an internal mixing process was
used for the fabrication of bionanocomposites. The
change in morphological, thermal and antibacte-
rial properties of PET composites due to the use of
phosphorylated chitosan and aluminum nanoparticles
were investigated. The thermal properties of PET bio-
nanocomposites were characterized using DSC, TGA,
and DTG analyses. The TGA results showed that the
initial decomposition temperature of the PET matrix
increased by the addition of phosphorylated chitosan.
Moreover, the thermal degradation temperature of
PET improved with the use of nanoparticles in the
presence of phosphorylated chitosan. Therefore, the
simultaneous use of phosphorylated chitosan and
nano alumina could provide a significant improve-
ment in the thermal stability of PET. The addition
of alumina nanoparticles improves bacterial growth
inhibition.
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