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Abstract

Nylon 6/6 and ZnO/nylon 6/6 nanocomposite films were prepared by solvent casting method. Morphological study displayed
that ZnO NPs are better dispersed in nylon 6/6. However, some agglomerations were found by the incorporation of high
quantities of fillers. The thermal stabilities of neat nylon 6/6 films decreased by addition of nanoparticles (NPs). DSC study
shows that the NPs slow down the crystallization rate of neat polymer matrix. POM of Nylon 6/6 upon crystallization showed
distinct sized spherulites, which decreased by the incorporation of NPs because of nucleation effect of NPs. The mechanical
properties of neat polymer are decreased by addition of ZnO NPs, which might be due to agglomeration of fillers. The neat
nylon 6/6 and ZnO/nylon 6/6 nanocomposite were used for the photodegradation of alizarin red (AR) dye, which shows
that pure nylon 6/6 degraded about 28% dye while 30% ZnO/Nylon 6/6 degraded about 58.3% dye within 5 h irradiation.
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Introduction

Nanocomposites are a class of new materials of multiple
phases with a dispersed phase (fillers) having at least one
dimensions in the nanometer scale (Murugesan and Scheibel
2020; Dunlop and Bissessur 2020). Polymer-based nano-
particle composite materials have received much attention
due to their synergistic and hybrid properties. These poly-
mer-based nanocomposite materials have exhibiting supe-
rior mechanical, thermal, electrical, optical and processing
properties (Schmidt and Malwitz 2003; Garces et al. 2000).
The reinforcement of NPs to polymers not just modifies its
physical characteristics but also implement novel charac-
teristics in the polymer (Hanemann and Szabo2010). Incor-
porating NPs also improve stiffness and the toughness of
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the polymers, which enhance their barrier properties and
resistance to fire or ignition (Alexandre and Dubois 2000).
These nanocomposites have wide range of applications in
various fields such as military equipments, protective gar-
ments, safety, aerospace, automotive, electronics and opti-
cal devices (Jeon and Baek 2010). The enhancement of
properties by NPs incorporation is due to either the abil-
ity of a group of NPs to act as charge carriers, electroop-
tically active centers, or as optical micro-cavities (Carter
et al. 1997). Various fillers materials were used for polymer
nanocomposite preparation such as CNTs (Saeed and Khan
2014; Irzhak et al. 2019), clay (Meneghetti and Qutubuddin
2006; Rezazadeh et al. 2020), silica (Khdary and Abdel-
salam 2020; Ibrahim and Sultan2020), graphene (Li et al.
2016; Iniestra-Galindo et al. 2019; Ovcharenko et al. 2020)
and metals NPs (Iwamoto et al. 2003; Jadhav et al. 2020; Ali
et al. 2014, 2020).

Currently, the NPs have received huge attention due
to their unique size-dependent properties (Kumar et al.
2013) and potential applications in various fields (Sinha
et al. 2014). The NPs have size in the range between 1
and 100 nm. The unique and improved properties of NPs
are due to their specific characteristics like size, distribu-
tion and morphology (Selvam and Sivakumar 2015). NPs
usually present novel magnetic, electronic, optical, and
chemical properties because of their very minute sizes
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and huge surface areas. The metals oxides NPs have wide
potential applications in the field of catalysis (Gopiraman
et al. 2020), superconductors (Jasim et al. 2016), pigments
(Magdassi et al. 2003), sensors (Hjiri 2020; Sovizi, Mir-
zakhanib 2020), adsorbents (Chatterjee et al. 2020), and
magnetic resonance imaging (Mauri et al 2020; Wu et al.
2020). Currently transition metals NPs are employed as
photocatalysts for the photodegradation of various organic
pollutants. However, these photocatalysts are present
in suspended forms and several difficulties have been
observed such as its aggregation in bulk solution, their
separation from solution after reaction and high recom-
bination rate of the photogenerated electron—hole pairs
(Soltani and Haghighat 2016).

In the present study, zinc oxide nanoparticles (ZnO
NPs) were synthesized via chemical reduction technique
and employed as fillers in Nylon 6/6 in order to avoid the
above mentioned disadvantages. Nylon 6/6 has high hydro-
philicity and thermal stability and great tensile strength
(Halim et al. 2019). Nylon 6/6 is applied as a potential
material in different fields for different purposes such as
in cement for properties enhancement (Tri et al. 2020),
lithium-ion batteries (Yanilmaz et al. 2017), antibacte-
rial agents (Xu et al. 2015), adsorbents (Parlayici et al.
2019), etc. ZnO NPs not only affected the various proper-
ties of the Nylon 6/6 but too employed as photocatalyst
for the photodegradation of Alizarin red dye. ZnO NPs
have received great attention because of their unique cata-
lytic, optical, electrical and electronic properties and as
well as their low cost and possible applications in diverse
areas (Ansari and Mohammad 2016). ZnO semiconduc-
tors have similar bandgap as TiO, (Wang et al. 2007).
ZnO materials are reported for the photodegradation of
dyes (Dlugosz and Banach 2021), pesticides (Russo et al.
2021), antibiotics (He et al. 2019), volatile organic com-
pounds (Nagaraju et al. 2020), surfactants (Huszla et al.
2021), etc. Various polymer-metal nanocomposite are
reported in literature as a catalyst/photocatalyst such as
Ag/Pd Nanoparticle-Loaded Poly(ethylene imine) Com-
posite (Feng et al. 2020), cobalt-manganese oxides/nylon
6,6 nanocomposites(Saeed et al. 2018), ZnO/PMMA
nanocomposites(Mauro et al. 2017), Polypropylene/ZnO
Nanocomposites(Prasert et al. 2020), FeNiSe-Chitosan
microspheres(Yang et al. 2021), ternary ferrites-chitosan
nanocomposite (Nawaz et al. 2020), etc. In our study, ZnO/
nylon 6/6 is reported for the first time as a photocatalyst
for the photodegradation of alizarin red dye. Alizarin red
is reported to be carcinogenic and mutagenic probably
because it could induce oxidative damages in organisms
(Hu et al. 2019). Its acute toxicity leads to irritation to
eyes, skin, lungs, mucous membranes and gastrointesti-
nal tract while in chronic conditions it leads to dermatitis
(Rehman and Mahmud 2013).
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Experimental work
Materials

Nylon 6/6 was obtained from Aldrich. The formic acid was
obtained from Sigma Aldrich, while Alizarin red dye was
received from Scharlau (S L Spain). Sodium hydroxide
and Zinc chloride were supplied by Scharlau Chemicals.

Preparation of ZnO particles

0.1 M ZnCl, (100 mL) solution was taken in a flask, and
sodium hydroxide (0.2 M) solution was added slowly into
the solution under constant stirring until pH become basi-
fied (pH 9). The reaction mixture was heated for 2 h at
60 °C in oil bath with constant stirring. After heating,
the solution was cooled to room temperature and filtered.
The obtained precipitates were washed several times with
distilled water in order to neutralize it and remove any
attached impurities and then oven dried at 120 °C for
overnight.

Preparation of nanocomposite films

First of all, nylon 6/6 was dissolved in formic acid through
stirring and then known quantity of ZnO was incorporated
to the Nylon 6/6 solution. The obtained mixture was soni-
cated (full volume at room temperature) through sonica-
tor for 30 min for the complete dispersion of ZnO NPs in
polymer solution. The nanocomposite sheets (ZnO(2wt%)/
nylon 6/6, ZnO(10wt%)/nylon 6/6, ZnO(20wt%)/nylon 6/6
and ZnO(30wt%)/nylon 6/6) were prepared through solu-
tion casting method. The prepared nanocomposite films were
placed in distilled water in order to eliminate any attached
chemicals. The ZnO/nylon 6/6 nanocomposites were dried
in an oven at 60 °C and then stored. The same method is
followed for the preparation of pure nylon 6/6 without add-
ing ZnO NPs.

Photodegradation study

In dye degradation reaction, 0.01 g of nylon 6/6 or nanocom-
posites (small pieces) was added to 10 mL (1 g/L) alizarin
red (200 ppm) in a beaker and then irradiated under UV light
(254 nm, 15 w) for different irradiation time (1, 3 and 5 h).
After particular irradiation time, the nylon 6/6 nanocompos-
ites films were separated from the dye. The nanocomposites
preparation and photodegradation study are represented in
Fig. 1.The dye degradation studies were carried out using
UV/Vis spectrometer (Model =Shimadzu 1800, Japan). The
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Fig. 1 Schematic diagram of
nanocomposite preparation and
AR dye degradation study
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%degradation of dye was calculated using the following
equations (Saeed et al. 2015).

. CO - C
Degradation rate (%) = C x 100 (1)

0

. Ay —A
Degradation rate (%) = 1 x 100 2)
0

where C is the initial dye concentration, C is the dye con-
centration after UV irradiation, A, shows initial absorbance,
and A shows the dye absorbance after UV irradiation.

Instrumentation

The prepared neat nylon 6/6 and ZnO/nylon 6/6 nanocom-
posite were characterized through scanning electron micros-
copy (JEOL, JSM-5910, Japan). The TG/DTA thermograms
of neat nylon 6/6 and ZnO/nylon 6,6 nanocomposite were
obtained in a nitrogen atmosphere at a heating rate of 20 °C/
min from room temperature to 700 °C using a TGA (Perkin
Elmer). The mechanical properties of neat nylon 6/6 and
ZnO/nylon 6,6 nanocomposite were investigated by UTM
(Model 100-500 KN, Iestomeric Inc. UK). The POM study
was performed using polarized optical microscope (Optika
B-600). In POM analysis, sample was melted in a heater and
squeezed between two glass slides for 10 min. The photo-
degradation study of alizarin red was monitored using UV-
visible spectrophotometer (UV-1800, Shimadzu, Japan).

Results and discussion
SEM study

SEM images of cross section of the neat nylon 6/6 and
ZnO/nylon 6/6 are shown in Fig. 2. Figure 2a repre-
sented that neat nylon 6/6 has porous structure. Figure 2b
and c represents the SEM images of 10 wt% ZnO/nylon
6,6 and 30 wt% ZnO/nylon 6,6, respectively. The SEM
images of nanocomposites represented that the ZnO NPs
(below 500 nm) were embedded well within the nylon 6/6.
The NPs are found both in agglomerated and dispersed
form inside the matrix. The aggregation of nanoparticles
in the polymer generally takes place by addition of its high
amount of inside the matrix.

Thermal properties

The TG thermograms of nylon 6/6 and nanocomposites are
shown in Fig. 3. The thermogram of neat polymer remains
unchanged up to 360 °C and then dropped quickly. The neat
nylon6/6 completely degrades at 658 °C. The thermograms
of nanocomposite illustrated that their thermal stability
declined regularly as increased the quantity of ZnO NPs,
which might be due to ZnO NPs, which work as catalyst dur-
ing the decomposition of Nylon 6/6. Similarly, Xu et al. (Xu
et al. 2006) also reported the lower degradation temperature
in the case of SWCNTs/poly(vinylidene fluoride).
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Fig.2 SEM images of a neat
nylon 6/6 b 10 wt% ZnO/nylon
6/6 and ¢ 30 wt% ZnO/nylon
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Fig.3 TG thermograms of a nylon 6/6, b 10 wt% ZnO/nylon 6/6, ¢
20 wt% ZnO/nylon 6/6 and d 30 wt% ZnO/nylon 6/6

DSC study

The DSC crystallization temperature (Tc) of pure nylon
6/6 and its nanocomposites are presented in Fig. 4. The
Tc of nylon 6/6 polymer was 233 °C, while the Tc of
ZnO/nylon 6/6 was reduced slowly as the quantity of ZnO
increased into the Nylon matrix (Fig. 4b—d). It indicates
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Fig.4 DSC Tc of a nylon 6/6, b 10 wt% ZnO/nylon 6/6, ¢ 20 wt%
ZnO/nylon 6/6 and d 30 wt% ZnO/nylon 6/6

that ZnO slows down the crystallization rate of polymer.
The Rajakumar and Nanthini also reported the decrease of
Tc in case of montmorillonite/polycarbonate/PBT. They
recommended that the low Tc means the slow rate of crys-
tallization, which present that the montmorillonite act as
the compatibilizers. The stronger interactions between the
clay and polymer blend matrix limited the movements of
chain and thus the rate of crystallization is slow down
(Rajakumar and Nanthini 2013).
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The DSC curves of second heating melting temperature
(T, of nylon 6/6 and the nanocomposites are shown in
Fig. 5. The both types of samples presented double melt-
ing temperature “peaks (Tm; and Tm,). The T, and T,,
of nylon 6/6 were about 249 and 259 °C, respectively.” The
T,, peaks of nylon 6/6 were reduced as increased the ZnO
NPs (Fig. 5b—d). The decrease in melting temperature in
clay/PET nanocomposites was also reported by Bizarria
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Fig.5 DSC Tc of a nylon 6/6 b 10 wt% ZnO/nylon 6/6 ¢ 20 wt%
ZnO/nylon 6/6 and d 30 wt% ZnO/nylon 6/6

Fig.6 POM micrographs of a
nylon 6/6, b 10 wt% ZnO/nylon
6/6, ¢ 20 wt% ZnO/nylon 6/6
and d 30 wt% ZnO/nylon 6/6

et al. (Bizarria et al. 2007). They recommended that the
nanoscale interactions between the matrix and clay surface
results the creation of smaller amount stable crystals through
the crystallization from the melting.

POM study

The POM images of nylon 6/6 and its nanocomposite are
shown in Fig. 6. POM image of neat polymer showed distinct
size crystalline spherulites (Maltese cross type). The size
of spherulites of nylon 6/6 is within the range of 20-50 pm.
Figure 6b—d presents the POM images of nanocomposites,
which illustrated that the spherulites size of nanocomposites
was reduced regularly as ZnO NPs are incorporated to nylon
6/6. The size reduction of spherulites was due to intermo-
lecular interaction on crystallization behavior of polymer
and NPs. The POM images also presented that the spheru-
lites size of ZnO/nylon 6/6 is reduced at regular pattern as
increased the amount of ZnO NPs. This decrease in spheru-
lites sizes might be due to nucleation role of ZnO on nylon
6/6. Because of the colliding effect of the ZnO NPs, the
growth of the nylon 6/6 spherulites is limited. On the other
hand, the nucleation of ZnO NPs causes a large numbers of
nucleuses, which results a huge number of spherulites in the
limited space. Therefore, the perfect spherulites cannot form
by the incorporation of high quantity of ZnO NPs.
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Table 1 Mechanical properties of neat polymer and ZnO/nylon 6/6 were drop off as increased the extent of ZnO NPs into

Samples Stress yield (N/ Young’s nylon6/-6' The reducqon in mechanical propertles of nano-
mm?) modulus (N/ composite samples might be due to aggregation of ZnO NPs,

mm?) which is generally happened by addition of high amount of

Neat Nylon 6,6 0.90 52.82 fillers into matrix.

ZnO(10wt)/nylon 6,6% 0.523 48.32 . . .

Zn0(0wt/nylon 6.6% 0.6 4733 Photodegradation of alizarin red

ZnO(30wt)/nylon 6,6% 0.46 44.96

Photocatalytic properties of Nylon and nanocomposites were

Table 1 illustrates the mechanical properties of both pure ~ performed via degrading alizarin red (AR) dye under UV-
polymer & nanocomposites. The result presented that the ~ light. Figure 7a illustrates the UV/Vis spectra of alizarin
Young’s modulus and tensile strength of nanocomposites ~ red in aqueous media before and after UV-light irradiation
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Fig.8 Comparison of % degradation of dye by neat nylon 6/6 and
nanocomposites samples

Fig.9 Proposed mechanism for
the photodegradation of AR dye

in the presence of pure nylon 6/6. The result shows that the
photodegradation of alizarin red improved regularly with
increasing irradiation time. Figure 7b—e shows the UV-Vis
spectra of AR solution as degraded by 2, 10, 20 and 30%
NPs/Nylon 6/6, respectively. The results show that dye deg-
radation increases with increasing irradiation time. Recently
nanoparticles incorporated polymers are used for the photo-
degradation of dyes (Saeed et al. 2018). The advantages of
such photocatalysts over the other photocatalysts are the easy
and complete separation, easy recoverability and washing.
Figure 8 shows the comparison of % degradation of aliza-
rin red dye photodegraded by all photocatalysts. Figure 8
shows that polymer containing high % of ZnO NPs degraded
more dye within specific irradiation time, which might be
due to high quantity of ZnO NPs, that act as a good semi-
conductor photocatalyst. The results show that pure Nylon
6/6 adsorbed about 28% dye within 5 h irradiation while
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photodegraded by ZnO
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nanocomposite with high ZnO NPs (ZnO 30 wt% /nylon 6/6)
degraded about 58.3% dye within the same irradiation time.
Various studies are reported on the photodegradation of AR
dye but these studies shows that they used pure metallic
nanoparticles and their reaction conditions are complicated
[Soodet al. 2014; Bharti and Bharati2018; Odeyemiet al.
2018). In contrast with these studies, our photocatalysts con-
tain minute quantity of metal with full recoverability. The
photodegradation of dyes achieved when UV-light falls on
Zn0O, which excite electrons (e~) from valence band (VB) to
the conduction band (CB), creating positively charged holes
(h*) in the VB. The e~ in the CB react with oxygen molecule
(O,) to produce superoxide anion radical (*O,”) while the h™
in the VB reacts with H,O molecules and generates hydroxyl
radicals (éOH). These radicals generated are highly reactive
and degraded dye molecules into simpler species such as
CO, and H,O (Khan et al. 2020). The proposed mechanism
can be easily understood from Fig. 9.

Conclusion

It is concluded that the majority of ZnO NPs are present
in dispersed form inside polymer but some aggregation of
ZnO was also found in the polymer matrix. The spherulites
of neat nylon 6,6 had distinct size while the size of spheru-
lite in ZnO/nylon 6/6 is decreased regularly as increased
the quantity of NPs into the nylon 6/6. The reduction in
spherulites size might be due to the nucleation effect of NPs.
The photodegradation study showed that NPs incorporation
increased the photodegradation of dye as compared to neat
polymer matrix.
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