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The fact that most composites consist of polluting synthetic materials has prompted a search for biodegradable
replacements based on cellulose fibers and polycaprolactone as potential packaging materials. In this work, we
developed a green, efficient approach to rendering hydrophobic polycaprolactone (PCL) compatible with hy-
drophilic cellulose fibers by using an ionic liquid as a nanowelding agent in the presence of zinc oxide nano-
particles (ZnONPs). Transparent biobased nanocomposite films were thus directly obtained by in situ ring-
opening polymerization (ROP) of e-caprolactone (CL) monomers onto the dissolved cellulose matrix by using
the ionic liquid 1-ethyl-3-methylimidazolium acetate ([EMIM]Ac). [EMIM]Ac and ZnONPs were efficiently
catalyzed e-caprolactone ROP under mild conditions. Cellulose-grafted PCL nanocomposite films were obtained
by adding variable amounts of CL and ZnONPs to the cellulose matrix. The maximum grafting of 40% was
achieved by using 5E#wt% ZnONPs and 70% CL. FTIR spectra confirmed the presence of PCL in the nano-
composites. Also, FE-SEM revealed uniform dispersion of ZnONPs and PCL in the regenerated cellulose matrix,
and trapping of nanoparticles in nanofibrils after the cellulose matrix was regenerated. X-ray diffraction (XRD)
spectra showed a decreased apparent crystallinity and crystallite size. The XRD results also confirmed that the
crystal properties of the nanocomposite films and an all-cellulose composite (ACC) were almost identical. The
mechanical, barrier and optical properties of the nanocomposite films were significantly better than those of the
ACC film by effect of the incorporation of ZnONPs and PCL especially with Sg&wt% ZnONPs and 70% CL). The
nanocomposite films exhibited acceptable antioxidant activity and UV-light barrier properties, so they hold
promise for used in food packaging. Nanocomposite films are in fact multifunctional materials with the potential
for use in cellulose-based food packaging by virtue of their being transparent and bio-based, and possessing very
good water vapor and oxygen barrier properties.

1. Introduction

Environmental concerns and sustainability issues have recently led
to green materials arousing great interest. Biocomposites are often
prepared by reinforcing a natural biopolymer matrix to improve specific
characteristics (Rivera-Galletti et al., 2021). Cellulose is a bioorganic
polymer and the most abundant polysaccharide on Earth. This polymer,
which has a variety of commercial uses, consists of a large number of
repeating glucose residues joined by p-1,4-glycoside linkers that allow
them to adopt a tightly packed crystalline form (Amini et al., 2021). By
virtue of their sustainability, low cost, flexibility and strength, bio-
composites based on natural cellulose fibers have attracted renewed
attention as replacements for synthetic materials and polymers.
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However, cellulose as such has limited use owing to its complex
hydrogen-bonding network and the tight inter- and intramolecular
hydrogen bonds it forms, which render it insoluble in water and com-
mon organic solvents (Gustavsson et al., 2020; Amini et al., 2021).
Cellulose is dissolved by liquids such as viscose, sodium hydroxide/urea
(NaOH/urea), N-methylmorpholine-N-oxide (MNO) monohydrate, N,
N-dimethylacetamide/LiCl (DMAc/LiCl), and dimethylsulfoxide/te-
trabutylammonium fluoride trihydrate (DMSO/TBAF) mixtures. These
solvents, however, are hazardous, highly flammable and challenging to
recover (Ichiura et al., 2017).

Novel functional cellulose-based materials with remarkable me-
chanical properties have been successfully created by using ionic liquids
(ILs) (Zhang et al., 2017). Ionic liquids that efficiently dissolve cellulose
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Fig. 1. Mechanism for in situ ROP of CL monomers to obtain the cellulose-grafted-PCL matrix and welding of nanofibrils with entrapped ZnONPs in [EMIM]Ac

as solvent.

at room temperature by disrupting H-bonds have been deemed “green
solvents” with unique physicochemical properties (Gustavsson et al.,
2020 including high thermal stability, low viscosity, chemical stability,
low toxicity, nonflammability and recyclability (Amini et al., 2021). The
best options for dissolving cellulose appear to be ionic liquids with an
aromatic imidazolium or pyridinium cation and an OAc~, HCOO™,
(MeO)?PO?*~, or CI™ anion due to their exceptional physicochemical
characteristics. ILs with dialkyl imidazolium bases, such as 1-allyl-3--
methyl imidazolium chloride ([AMIM]CI), 1-buthyl-3-methyl imidazo-
lium chloride ([BMIM]CI), and 1-ethyl-3-methylimidazolium acetate
([EMIM]Ac), have drawn a lot of attention to dissolve cellulose (Amini
et al., 2021). Swatloski et al. (2002) succeeded in dissolving cellulose
and then regenerating it by using an imidazolium-based ionic liquid
(Swatloski et al., 2002). Ichiura et al. (2017) investigated the dissolution
of cellulose paper in the ionic liquid 1-butyl-3-methyl-imidazollium
chloride ([BMIM]CI). Hydrogen bonds created in regenerated cellulose
made the film more resistant to degradation by water than was
conventionally prepared cellulose paper. If all water was removed, the
recovered [BMIM]CI was comparable in performance to virgin [BMIM]
Cl. Based on reported data, 1l-ethyl-3-methylimidazolium acetate
([EMIM]ACc) is a better choice for creating regenerated cellulose fiber
because it has a lower dissolving temperature and requires less energy
during the shaping process to form fibers with increased elongation
values. Also, [EMIM]Ac residues, which can be to some extent be
retained by fibers even after washing, are not toxic (Vinogradova and
Chen (2016); Kosan et al., 2008). Liu et al. (2010) proved that in-
teractions between acetate anions and hydroxyl groups of glucose are
three times stronger than analogous interactions between water and
hydroxyl groups. Thus, it was proven that ionic liquids may effectively
dissolve H-O...H-O bonds (Liu et al., 2010; Grzabka-Zasadzinska et al.,
2019).

All-cellulose composites (ACC) are self-reinforced composites where
both the matrix (dissolved portion) and the reinforcement (undissolved
portion) are cellulose. ACC have recently emerged as environmentally
friendly alternatives based on an ecodesign concept (Chen et al., 2020a;
Adak and Mukhopadhyay, 2016). Poor fiber-matrix adhesion is avoided
thanks to the chemical similarity of the matrix and reinforcing phase
(Chen et al., 2020a). Because cellulose is the sole component, ACC
exhibit higher interfacial compatibility, lower density, total biodegrad-
ability, great mechanical properties and easy recyclability (Chen et al.,

2020a; Adak and Mukhopadhyay, 2016).

Technological advancements at the micro and nanoscale have
enabled the development of a wide range of structures for a variety of
purposes. Nanoscale welding and joining techniques have gained much
attention in this context. Joining nanotechnologies are among the clever
bottom-up strategies using self-assembled materials to create next-
generation nanomaterials (Amini et al., 2021; Reyes et al., 2018).
Yousefi was the first to suggest using nanowelding technology to con-
nect cellulose fibers. The crucial element in the selective dissolution
procedure is the breakdown of hydrogen bonds within cellulose fibers
(Moyer et al., 2018). Cellulose fibers additionally contain a variety of
microdisconnections or gaps including pits and lumens that are often
open and allow easy penetration of solvents. There are also other
nanoscale disconnections such as those along adjoining nanofibrils
(Yousefi et al., 2015; Sir6 and Plackett, 2010). With connected nano-
fibrils, the solvent can penetrate deeply into the cellulose, dissolve
nanofibril surfaces and weld nanofibrils together after rinsing and dry-
ing (Yousefi et al., 2015).

Graft polymerization can provide an effective method for preparing
ecofriendly cellulose-based materials for a wide range of uses in the
future. In the grafting-from approach, polymer growth can be simply
started by initiating sites on the cellulose backbone through controlled
radical polymerization of monomers (Terzopoulou et al., 2018). One of
the greatest advantages of this approach is the high graft density that can
be obtained as a result of reactive groups easily accessing the chain ends
of the growing polymers (Carlmark et al., 2012; Jiang et al., 2019). The
grafting technique called “ring opening polymerization” (ROP) involves
chain-growth of polymers via ring-opening of cyclic monomers. This is
one of the most widely used choices because the high density of surface
hydroxyl groups on cellulose (initiators) facilitates immediate poly-
merization of cyclic monomers (Zhu et al., 2021). Hafrén and Cordova
(2005, 2007) reported the first instance of polycaprolactone ROP from a
cellulose substrate without chemical treatment of the cellulose prior to
grafting. They successfully grafted e-caprolactone onto a cellulose ma-
trix by using organic acids or amino acids as catalysts. The carbonyl
group in polycaprolactone was assigned a peak at 173036m’1 in the
FTIR spectrum. Ionic liquids are widely used as solvents and/or catalysts
in organic reactions. However, they have scarcely been used in poly-
merization reactions. Leite et al. (2022) accomplished e-caprolactone
ROP by using an imidazolium-based ionic liquid without an
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Table 1
%Grafting, %Grafting efficiency and %Homopolymer.

Sample Grafting (%)  Grafting efficiency (%)  Homopolymer (%)
1% Zn0/10% CL 4.24 45.83 54.16
1% ZnO/30% CL 13.89 48.64 51.35
1% ZnO/50% CL ~ 25.48 53.65 46.34
1% ZnO/70% CL ~ 38.22 56.89 43.10
3% ZnO/10% CL 6.17 66.66 33.33
3% ZnO/30% CL  16.21 56.75 43.24
3% Zn0O/50% CL ~ 28.18 58.87 41.12
3% Zn0O/70% CL  39.76 59.19 40.80
5% Zn0O/10% CL 8.10 87.50 12.49
5% Zn0/30% CL 1891 66.21 33.78
5% Zn0O/50% CL  33.20 69.91 30.08
5% ZnO/70% CL ~ 47.87 71.26 28.73

intentionally added alcohol as an initiator.

Polycaprolactone (PCL) is an FDA-approved biodegradable aliphatic
polyester whose low immunogenicity provides an enormous opportu-
nity to use it as a biomaterial in a variety of applications (particularly
biomedical and as packaging materials). In fact, PCL is biodegradable,
biocompatible, ecofriendly, easily processed, reasonably affordable and
barrier-resistant (Azimi et al., 2014; Stepanova et al., 2019). By contrast,
it has a low melting point and poor mechanical strength that can be
improved by combination with other polymers (Rudnik, 2013; Terzo-
poulou et al., 2018). Wang et al. (2013) successfully synthesized
chitosan-grafted-polycaprolactone by ROP in the ionic liquid [EMIM]
Ac, using stannous octoate (Sn(Oct)2) as catalyst. In this work, PCL was
for the first time grafted onto unmodified chitosan by using [EMIM]Ac
for the first time (Wang et al., 2013). Numerous metal nanoparticles
exist, and they have a wide range of possible uses. ZnO nanoparticles
(ZnONPs) have aroused especial interest by virtue of their properties,
which include excellent biological compatibility, intrinsic nontoxicity,
low cost, UV shielding efficiency and antibacterial activity (Darshita and
Sood, 2021). Roy and Rhim (2020) used ZnONPs as a catalyst for ROP of
cyclic monomers in the absence of a conventional catalyst. Liao et al.
(2006) synthesized PCL by caprolactone ROP in the presence of the ionic
liquid (IL) (Roy and Rhim, 2020). Liao et al. (2006) synthesized PCL by
e-caprolactone ROP in the presence of the ionic liquid 1-butyl-3-methy-
limidazolium tetrafluoroborate, using zinc oxide as a catalyst. They
found ZnO to catalyze CL ROP in the ionic liquid smoothly under mi-
crowave irradiation in the absence of an additional catalyst (Liao et al.,
2006). Although ZnONPs have a variety of interesting applications, one
key disadvantage is that they have a propensity to aggregate and
agglomerate, which lowers the effectiveness of the resulting nano-
materials. Using an ionic liquid as the dispersion medium can solve this
issue. Therefore, ILs operate as a “electrostatic shield” for metal nano-
particles, making them stable without the use of additional stabilizers,
surfactants, or covering ligands (Aditya et al., 2018).

This paper reports a facile method for preparing cellulose-grafted-
PCL nanocomposite films by partial dissolution and ring opening poly-
merization of e-caprolactone monomers from a cellulose substrate. An
ionic liquid was used as a smart nanowelding agent to assemble nano-
sized cellulose structures. Grafting of PLC from the cellulose substrate
was used to reinforce the resulting transparent nanocomposite, and
improve its mechanical and barrier properties as a result. ZnO nano-
particles and IL not only acted as catalysts for in situ ROP of e-capro-
lactone monomers but also provided a nanocomposite with useful
advantages including improved mechanical, barrier and optical prop-
erties, as well as improved antioxidant activity and UV-shielding effi-
cacy (Fig. 1).

2. Materials and methods
2.1. Materials and film preparation

The bleached cotton linter pulp used as cellulose source was supplied
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by Celsur (Fonelas, Granada, Spain). The ionic liquid ([EMIM]Ac, 98%),
a ZnO dispersion with particle size (40 nm average particle size,
t% in H,0), and e-caprolactone (CL, 97%) were supplied by
Sigma-Aldrich (Darmstadt, Germany). Distilled water was used as
coagulant to remove residual IL. The procedure used to prepare trans-
parent cellulose-grafted-PCL nanocomposite films, based on the results
of various experimental tests, is briefly described here. The original
paper was made from cotton linter pulp containing more than 90%
a-cellulose as determined in accordance with TAPPI T203 and obtained
by using a Rapid-Kothen former according to ISO 5269-2. First, 3
of ionic liquid was mixed with variable amounts of caprolactone (10, 30,
50 or 70g&wt% base paper) and ZnONP dispersion (1, 3 or 5g&wt% base
paper). The mixture was then stirred at 700 _frpm at 80°C for 30 min to
induce ROP of caprolactone monomers for improved grafting efficiency.
Then, a piece of dried paper (258#mg aerial weight; 40 g/m? grammage;
m?; 122 + 4.088um thickness) was placed in a glass Petri dish
and the solution applied to its surface. The process was allowed to
continue in an oven at 80°C for 248#h. Afterwards, the gel film was
rinsed many times in deionized water to remove any residual IL present
in the regenerated sample. The nanocomposite film was allowed to dry
between filter paper and a glass plate at 25°C at 50% relative humidity
(RH) for at least 3 days. The resulting nanocomposite films were
m thick (see Table 1). The all-cellulose composite (ACC) film
used as control sample was 48 + 2.05&um thick and obtained by
following the above-described procedure in the absence of ZnONPs and
grafting PCL polymer chains.

2.2. Characterization of nanocomposite films

2.2.1. Degree of polymerization (DP) of cellulose

The limiting viscosity number in cupriethylenediamine (CED) solu-
tion was used for determining the viscosity index of cellulose in the
cotton linter pulp, ACC and cellulose-grafted-PCL nanocomposite films
according to ISO 5351 standard, using a capillary viscometer. The Mark-
Houwink-Sakurada equation was used to calculate average DP.

2.2.2. Calculation of grafting parameters

Grafting parameters such as % grafting, % grafting efficiency and %
homopolymer were calculated gravimetrically using the following
equations (1)-(3), respectively (Villocillo and Angcajas, 2019):

(Wl - VV(?)

o

Percent grafting (%G) = x 100 (€D)]

(Wl - Wn)

2

Percent grafting efficiency (%GE) = x 100 2)

Percent homopolymer (%H) = 100 — %GE 3)

Where W, is the dry weight of the fiber treated with ionic liquid, W;
and W, are the dry weights of cellulose-grafted-PCL nanocomposite film
and e-caprolactone monomer used in the reaction, respectively.

2.2.3. Structural properties

An X-ray diffractometer (PANalytical X'Pert PRO MPD Alphal
powder diffractometer in a Bragg-Brentano 6/20 geometry of
240‘millimetres of radius) was used to record the nanocomposite
films’ X-ray diffraction patterns. The samples were analyzed at
1.54068A radiation wavelength and 458kV-408EmA with a 2° to 60°
(260) scanning range. The crystallinity index (CI) was computed using the
following equation (4) (Segal et al., 1959):

(L,00 — 1,m)

Crl (%) = 1,00

x 100 @

Where 5,00 is the intensity of the peak assigned to the (200) reflection of
cellulose 1, which is typically in the range 20 = 21-23°. I;m is the
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minimum in the intensity occurs at about 26 = 18’ for noncrystalline
cellulose. Scherrer’s Eq. (5) was used for estimating the crystallite size:

_ K/2
"~ B/cosd

()

Where K is the constant of 0.9, 4 is the wavelength of the incident X-ray
nm), f is the FWHM (Full width at half maximum) of the
diffraction peak in radians, and 0 is the diffraction angle corresponding
to the planes (Lu et al., 2017).

An ATR-FTIR spectrophotometer was used to obtain fourier trans-
form infrared spectra (Spectrum 100, Perkin Elmer, USA). Spectra were
collected over a range of 4000—600Ecm’1, with 64 scans overlapped
m~! resolution. The spectra’s results were normalized.

A tridimensional (3D) roughness stylus profilometer was used to
assess the samples’ roughness (WYKO NT 1100 series Optical Profiling
System, Veeco, Plainview, NY, USA).

FE-SEM (model JSM-7100 F, JEOL, USA) was used to examine the
surface and cross-section of the produced nanocomposite films at a
. kV accelerating voltage. The samples were covered with a thin
conductive coating of graphite prior to characterisation.

2.2.4. Barrier properties

The Bendtsen permeability tester (Chevron Co., USA) was used to
test air permeance with 10 replicates in line with the ISO 5636-3:2013
standard.

MOCON OX-TRAN® Model 1/50 was used to calculate the oxygen
transmission rate (OTR). The objective of test is to determine the amount
of atmospheric oxygen concentration of 100% penetrates through the
film’s surface (SOﬂcmz) in 24 h. The OTR tests were conducted at two
temperatures and relative humidity levels: 23°C, 0% RH and 38°C, 90%
RH, according to the ASTM D 3985 and F 1927 standards.

The nanocomposite films’ water vapor permeability (WVP) was
tested gravimetrically using the ASTM E96 standard method with minor
modifications. The samples were initially preconditioned at 25°C and
50% RH for 248 in a constant temperature humidity chamber (model
FX 1077, Jeio Tech Co. Ltd., Ansan, Korea) with an air movement of
198 m/min. The films were then placed on glass cups containing 3 g of
calcium chloride (CaCl2) salt and sealed with a hot glue stick and par-
afilm to prevent water vapor penetration. After weighing the entire set,
it was placed at 25 + 2°C and 98 + 2%RH by measuring the weight at
intervals of 1 and 2488 . The slope produced from a chart of
weight gain vs. time using a simple linear regression method was used to
compute water vapor transmission rate (WVTR) in (g - m?2. day’l).
WVTR was calculated by dividing the slope of each line by the surface
area of the sample exposed to water vapor, as shown in the following Eq.

(6):

WVIR = (G/r) _ slope
A test area

(6)

Finally, the sample’s WVP was calculated using the following Eq. (7)
(Babaee et al., 2022):
WVTR

WVP:mXX @

Where X represents the film thickness (m), P indicates the water satu-
ration vapour pressure at 25°C (Pa), Ry shows the relative humidity in
the chamber (98%RH), and Ry refers the relative humidity in the cups
(0% RH).

The water solubility (WS) of the sample was determined using a
modified version of the approach used by Mohammadi et al. (2018b).
The films were cut into squares of 2x2f#cm and dried in an oven at
105°C for 24;_hours to get the initial dry mass (W;). After that, each
film was placed in a bottle with 30 mL distilled water and agitated for
ours at 25 + 2°C. After that, each film was dried in the same
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manner in the oven and weighed (W5). The film’s water solubility was
calculated using the following Eq. (8):

(Wi = W,) «

Water solubility (%) = W
1

100 (8)

Where W is the initial weight of dried film and W is the final weight
of dried film.

The water contact angle (WCA) was used to determine the hydro-
phobicity of the films. A WCA analyser (OCA15EC, Dataphysics Co.,
USA) was used to measure the contact angle of the nanocomposite films
at a 25 frame/s image capture rate. A drop of distilled water (about
L) was poured on the surface of sample using a micro-syringe, and
film stripes with a dimension of 1g&cm x 5E&cm were formed. Within
seconds, the contact angle was established, and digital photo-
graphs were captured after 0s. For each formulation, at least five
samples were taken.

2.2.5. The thickness and optical properties

The thickness of nanocomposite films was measured through a
micrometer (Frank-PTI digital 16502, Germany), according to ISO
534:2011. At least five random locations of each film sample was
measured, and the mean value of these estimations was calculated as the
film thickness.

A colorimeter (Technidyne, UK) was used to determine L* (light-
ness), a* (redness-greenness) and b* (yellowness-blueness) as color pa-
rameters (Technidyne, UK). A white plate was used as a color reference
(L = 92.92), and color parameters were determined at three random
locations on the film’s surface. The total color difference (/\E) between
each color value of the standard color plate and film sample was ob-
tained according to this following Eq. (9):

AE= /(L —L) + (ax —a) + (b*—b)’ ©)

A UV-visible spectrophotometer (Evolution 600, Thermo Scientific)
was used to assess the film’s UV-barrier and transparency in the ultra-

violet and visible ranges (200-800¢ :nm) as stated by Mohammadi et al.

(2018b). The samples were first divided into rectangular strips (
cm) before being inserted directly into the spectrophotometer’s test
cell. To assess the transparency and UV barrier properties of the samples,
the transmittance at 600&&#nm (T600) and 280“nm (T280) were uti-
lized. The transparency value was obtained according to this following
Eq. (10):

7600

Transparency (%) = — log (10$)

m transmittance, X denotes the film thickness
(mm). The higher transparency value presents, the lower nanocomposite
films’ transparency.

2.2.6. Mechanical properties

Mechanical parameters of various formulations were measured using
a universal testing machine (JJ Lloyd instrument, model T5K) with a
5008EN load cell and a 50g#mm/min head speed. Film samples were
cut into rectangular shapes with a length of 4 m and a width of
10. . mm for testing purposes. The films were conditioned for at least
one week at 25°C and 50% relative humidity before mechanical testing.
Tensile strength, elongation at break, tensile energy absorption, and
Young’s modulus were calculated directly from the stress-strain curves
of five replicates for each film formulation.

2.2.7. Antioxidant activity

The antioxidant activity of the nanocomposite films was measured
using 2, 2’-azinobis—(3-ethylbenzothiazoline-6-sulfonic acid) (ABTSH)
radical scavenging activity method according to Serpen et al. (2007)
with modifications (Valls and Roncero, 2013; Cusola et al., 2015). In this
method, the free radical scavenging activity was assessed by a
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Table 2
Crystallinity index and crystallite size of cellulose in different samples.

Sample Crystallinity index (%) Crystallite size (nm)
Paper 89.36 6.75

ACC 46.58 1.5

Composite (1%ZnONPs,10% CL) 42.47 1.33

Composite (5%ZnONPs,70% CL) 41.62 1.26

spectroscopic method based on the disappearance of the absorption
band at 752f#nm of the free radical ABTS". To summarize, the ABTS"
solution was created by oxidation of potassium persulfate. The solution
was diluted to obtain an absorbance of 0.70 + 0.1 at 752§&#nm. For
comparison, 10f#mg of nanocomposite film was vortexed for
2FEminutes in 1.58mL of ABTS' solution. The sample was then
centrifuged for 4
maintained at room temperature for 30g&minutes in the dark and the
absorbance was determined at 752

rpm. Finally, the sample was

m. In the same process, the
absorbance of a film-free control sample was evaluated at 7528 &nm. For
each sample, the antioxidant activity was assessed at least three times.
The antioxidant activity of the nanocomposite film was calculated ac-
cording to the following Eq. (11):

(Ao 7A1)

0

Antioxidant activity (%) = x 100 an

A is the absorbance of the nanocomposite film sample, while A, is
the absorbance of the control sample (without sample).
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3. Results and discussion
3.1. Degree of polymerization (DP) of cellulose

Fig. 2 shows the average DP of the cellulose-grafted-PCL nano-
composite films, ACC and cotton linter pulp. DP for the initial pulp
(2297) was reduced to 847 by partial dissolution (ACC), the latter value
being is lower than that for the cellulose used as starting material. This
result is fairly consistent with Duchemin et al. (2009). Adding CL
monomers and ZnONPs to the cellulose matrix raised DP (from 1110
with 1% ZnONPs and 10% CL to 1923 with 5% ZnONPs and 70% CL).
This result can be ascribed to DP being increased by a high content in
noncellulose materials.

3.2. Grafting parameters

As might be expected, there were considerable influences on the
grafting parameters depending on the amount of e-caprolactone mono-
mer in the reaction media. According to Table 1, the percentage of
grafting increased significantly as CL increased; the highest percentage
of grafting (38.2%) was attained at 70% CL in the nanocomposite film
containing 1% ZnONPs. When the concentration of ZnONPs was raised
further (by 5%), the percentage of grafting rose to 47.8%. According to
Liao et al. (2006) and Kaur et al. (2014), an increase in grafting per-
centage was observed because the grafting process was stimulated by the
higher ZnONPs concentration. The efficiency of grafting increased as
monomer concentration rose. Low grafting efficiency indicates that
fewer monomers were employed during grafting, and the majority of
them were lost to side reactions and homopolymer synthesis. Addi-
tionally, in terms of grafting effectiveness, the percentage of homopol-
ymer displayed an opposite trend. This effect can be explained by the
monomer building up near to the cellulose backbone (Villocillo and
Angcajas, 2019; Sand et al., 2010).

3.3. Structural properties

XRD spectra were used to examine the crystallographic properties of
the cotton linter paper, ACC film, and cellulose-grafted-PCL nano-
composite films with the highest and lowest contents in ZnONPs and CL
monomers (Fig. 3).

Table 2 shows their crystalline index and crystallite size. The peaks at
the 26 = 14. 8°, 16.6°, 22.8°, and 34.6" in the XRD spectrum for cotton
linter are typically ascribed to cellulose I and assigned to diffraction
planes ( — 110), (110), (200), and (004), respectively (Wu et al., 2016).
The diffraction pattern for the ACC film after partial breakdown and
coagulation from solution exhibited peaks at the 26 = 12. 2° ( — 110)
and 20.7° (110) corresponding to the crystalline form of cellulose II. The
crystallinity index of cotton paper was significantly higher than that of
the ACC film. The loss of crystallinity and decrease in crystallite size
from 6.75 to 1.50g&nm can be ascribed to partial dissolution in the ionic
liquid and the resulting destruction of crystalline structures and increase
in the number of disordered chains in the cellulose matrix. This result is
in line those of Lu et al. (2017) and Yousefi et al. (2015). Unlike those of
the ACC film, the XRD patterns for the nanocomposite films remained
unchanged upon grafting to PCL. Therefore, the regenerated cellulose
matrix retained the original crystalline structure and crystallite size
upon grafting to PCL chains (Wu et al., 2016). The crystallinity index of
the cellulose-grafted-PCL nanocomposite containing 1% ZnONPs and
10% CL was 42.47% lower than that of ACC film. Graft copolymerization
with the highest proportion of CL and ZnONPs slightly decreased the
index (to 41.62%).

Fig. 4 shows the FTIR spectra for the original paper, ACC and
nanocomposite films with in various monomeric CL to ZnONP ratios. As
can be seen, the FTIR spectrum for native cellulose was quite similar to
that for ACC and the nanocomposite films, which suggests that [EMIM]
Ac and ZnONPs had no effect on the chemical structure of cellulose
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Fig. 4. FTIR spectra over the wavenumber range 4000-6508#cm " for paper, ACC, and cellulose-grafted-PCL nanocomposite films with different contents in ZnONPs
and CL.
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Fig. 6. SEM images at different magnifications illustrating the surface morphology of (A) paper; (B,C) ACC; (D) a nanocomposite film containing 1% ZnONPs and

10% CL and (E,F) a nanocomposite film obtained with 5% ZnONPs and 70% CL.

during the dissolution and regeneration process (Dissanayake et al.,
2018; Yu et al., 2018).

There were three distinct differences between the spectra for the
cellulose-grafted-PCL nanocomposite films and that for the cotton paper.
According to Wang et al. (2017) and Zuppolini et al. (2020), the peaks at
2923 and 28558cm ! can be assigned to asymmetric and symmetric
C-H stretching, respectively, of methyl groups in grafted PCL chains
(Wang et al., 2017; Zuppolini et al., 2020). Their strength increased with
increasing content in CL monomers and ZnONPs in the regenerated
cellulose matrix. The characteristicpeak at 1742-cm’1, assigned to
C=O0 stretching of ester groups in PCL molecules, was absent from the
spectra for the cotton paper and ACC film. Ring opening copolymeri-
zation of e-caprolactone with cellulose was confirmed by the increased
intensity of this peak (Dissanayake et al., 2018; Yu et al., 2018). In fact,
based on normalized spectra, the peak grew in strength as the contents
in CL monomers and ZnONPs of the copolymer were increased. There-
fore, the amount of PCL grafted from the surface can be adjusted through
the proportions of monomeric CL and ZnONPs. All samples exhibited
broad bands at about 3000-3650fcm ' that were assigned to
stretching vibrations in -OH groups (Fu et al., 2015; Xu et al., 2019).

Overall, our results suggest that cellulose I crystallized into cellulose IT in
the nanocomposite films. This was confirmed by the weakening in the
typical bands for cellulose I at 1430 and lllolt:m’l in the spectra for
the ACC and nanocomposite films, which are strong in the spectrum for
cotton cellulose (Pang et al., 2015; Dissanayake et al., 2018). The bands
at 1565 and 14158#m ! corresponded to stretching of G-N and C = N
bonds in [EMIM]Ac, which were absent from ACC and the
cellulose-grafted-PCL nanocomposites. Therefore, the washing treat-
ment successfully removed most [EMIM]Ac from fibers (Reyes et al.,
2018; Chen et al., 2020b).

The nanocomposites with the highest and lowest contents in PCL and
ZnONPs were used to assess roughness. The results are shown in Fig. 5.
The ACC film had a relatively smooth and compact surface, whereas the
composite containing 1% ZnONPs and 10% CL had a rough surface.
These results are in line with those of previous work were ZnONPs
increased the overall roughness of the polymer matrix (Moura et al.,
2019; Vannozzi et al., 2020). Dispersing a 5% ZnONP concentration and
a 70% CL concentration in the cellulose matrix decreased the average
surface roughness significantly (6.5188nm), probably by diminishing
pore size relative to the regenerated cellulose (8.5-nm) and the



E. Amini et al.

1600 -
1400 C—23°C/90% RH
1200 - - == 23°C/0% RH
1000 -

02 TR (cc/m?.day)

Fig. 7. OTR for ACC and cellulose-grafted-PCL nanocomposite films with
different contents in ZnONPs and CL.

50 - #Paper
4 ZACC
#1%ZnO0 NPs
40 ~3%Zn0 NPs
w351 %59%Zn0 NPs
)
(=3
=30
i
A 25 4
@
]
@ 20
E 15
10
54 |
10%CL 30%CL 50%CL 70%CL

Caprolactone concentration(%)

Fig. 8. Water vapor permeability of paper, ACC and cellulose-grafted-PCL
nanocomposite films with different contents in ZnONPs and CL.

2 ACC

#1% ZnO NPs
-3% ZnO NPs

%25%ZnO NPs

£
E
2
S
-
§
2 i
-
.
L
.
-
, ;@@
, .
10%CL 30%CL 50%CL 70%CL

Caprolactone concentration (%)

Fig. 9. Water solubility of paper, ACC and cellulose-grafted-PCL nano-
composite films with different contents in ZnONPs and CL.

Industrial Crops & Products 193 (2023) 116246

polyethylene terephthalate plastic substrate (7.0g #nm). Increasing the
CL monomer content led to a more uniform, smoother surface texture,
probably through effective interaction between ZnONPs and the poly-
mer matrix influencing the overall roughness of the matrix (Mousa et al.,
2018). Based on these results, the roughness of the nanocomposite films
decreased and their surface smoothness increased with increasing con-
centration of CL monomers.

Micro- and nanostructures in the sample surfaces were examined by
SEM to study the properties of the nanocomposite films. The results are
shown in Fig. 6 at variable magnifications.

Fig. 6a shows an extremely open and porous network of unevenly
crossing fibers in the original paper. When the IL efficiently promoted
disintegration of cellulose fibers, it resulted in a smoother, more uniform
surface. Also, with a dense liquid, fibers were entirely disassembled and
a new structure was formed. Fig. 6b and c show the surface of the ACC
film, which is consistent with the profilometric 3D roughness data. The
surface contained some micro- and nanoholes that facilitated embed-
ding of ZnONPs inside. PCL and ZnONP grafting, and dispersion in the
regenerated cellulose matrix, was assessed by examining composites
with the highest and lowest PCL and ZnONPs contents. As can be seen
from Fig. 6d, nanoparticles were well disseminated and PCL was suc-
cessfully grafted onto the cellulose matrix. Despite the hydrophobicity of
PCL and hydrophilicity of cellulose, PCL and cellulose fibers proved
compatible, which is consistent with the results of (Lonnberg et al.,
2011). With relatively low treatment concentrations (Fig. 6d), the
nanocomposite had a smooth, uniform surface. Compared to the ACC
film, embedding greater amounts of ZnONPs and grafting of PCL chains
in the cellulose matrix led to most micro-holes and cavities being filled
(Fig. 6e). Also, as can be seen from Fig. 6f, ZnO particles were
completely lodged in the nanostructure (i.e., they were trapped in
nanofibrils after the cellulose matrix was regenerated).

3.4. Barrier properties

Similarly to the polyethylene and polypropylene packaging polymers
used as controls, the cellulose-grafted-PCL nanocomposites and the ACC
film were completely impermeable to air (air permeability = Offum.
Pa'.s71). This was a result of their totally consolidated nanostructures,
which were welded together by trapped ZnONPs and prevented entry of
tiny air molecules (Yousefi et al., 2015).

Fig. 7 shows the oxygen transmission rate of the cellulose-grafted-
PCL nanocomposite films. At 0% RH, the films exhibited excellent ox-
ygen barrier behavior of a combination of ZnONPs and PCL in cellulose
matrix. The oxygen transmission rate (OTR) at 90% RH in the nano-
composite films was significantly lower than in the ACC film. Also, OTR
decreased with increasing proportion of ZnONPs and CL monomers in
the regenerated cellulose matrix.

The uniform distribution of ZnONPs and PCL chains in the film
matrix led to a rapid fall in OTR values at 0%RH. The barrier properties
of the nanocomposite films suffered at 90% RH, however, as a result of
cellulose swelling and potentially cracking as humidity rises (Wu et al.,
2019; Ahmed et al., 2017). At 90% RH, increasing the content in CL
monomers of films with 5% ZnONPs decreased OTR by 82% relative to
the nanocomposite containing 1% ZnONPs and 10% CL. Unlike the ACC
film, entangled PCL and ZnONPs successfully resisted swelling, thereby
resulting in fewer cracks and lower OTR. The decreased OTR values of
the nanocomposite films were possibly due to the formation of a
tortuous lane for oxygen by well-dispersed ZnONPs and PCL in the
cellulose matrix (Koppolu et al., 2019; Roy et al., 2021). Many appli-
cations, but particularly food packaging, require high oxygen barrier
capabilities. However, no specific rating scales have been established for
barrier grades. Based on the estimated OTR values in the ranges 10,
1000 and 10,00 -m~2 . day™! at 23°C at 50% RH, Abdellatief and
Welt (2013) categorized films as “high oxygen barrier”, “medium oxy-
gen barrier”, and “low oxygen barrier”. Polyethylene terephthalate
(PET), which has an OTR value of roughly 1108#cc - m™2 - day™!, is
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Fig. 10. Water contact angle of paper, ACC and cellulose-grafted-PCL nanocomposite films with different contents in ZnONPs and CL.

Table 3
Thickness and color of the cellulose-grafted-PCL films.
Sample Thickness L a b \E
(pm)
ACC 48 + 2.05 88.75 —1.32 3.25 4.24
+ 0.05 + 0.03 =+ 0.05 +0.15
1% 48 + 2.05 89.83 —-1.29 3.13 3.21
Zn0,10% + 0.85 + 0.03 +0.12 + 0.86
CL
1% 51 +£1.35 89.35 -1.31 3.27 3.70
Zn0,30% +1.02 + 0.02 + 0.07 +0.85
CL
1% 54 £1.75 89.45 -1.31 3.37 3.63
Zn0,50% +0.63 + 0.03 + 0.07 + 0.62
CL
1% 58 £1.23 89.07 —-1.27 3.42 3.96
Zn0,70% +0.25 + 0.01 + 0.06 +0.23
CL
3% 48 +£1.20 89.58 —1.25 3.08 3.39
Zn0,10% +0.25 + 0.07 + 0.03 +0.14
CL
3% 52 +1.30 89.31 —1.30 3.33 3.74
Zn0,30% +0.7 + 0.005 + 0.05 +0.70
CL
3% 54 + 0.50 89.33 - 1.29 3.51 3.81
Zn0,50% + 0.07 + 0.04 +0.17 +0.10
CL
3% 60 + 0.85 89.36 —1.33 3.37 3.73
Zn0,70% + 0.59 +0.01 +0.18 + 0.53
CL
5% 50 +£1.25 89.19 —1.28 3.39 3.84
Zn0,10% +0.78 +0.01 =+ 0.05 + 0.77
CL
5% 53 +£1.56 89.04 —-1.22 3.21 3.95
Zn0,30% +0.31 +0.11 + 0.47 +0.33
CL
5% 54 +£1.30 89.13 —1.26 3.39 3.90
Zn0,50% + 0.58 + 0.005 +0.14 + 0.53
CL
5% 61 + 0.65 88.65 -1.3 3.17 4.32
Zn0,70% + 0.34 + 0.03 + 0.08 +0.37
CL

currently the most extensively used commercial food packaging material
(Abdellatief and Welt, 2013). Based on their OTR values, our nano-
composite films can be used as packaging materials for food, pharma-
ceuticals (tablets), fresh meat and peanuts because, based on research by
Gao et al. (2020), Wang et al. (2018), and Markus et al. (2012), the
required OTR values for these uses are less than 100, 80 and 50§m 2 -
day™?, respectively (Gao et al., 2020; Wang et al., 2018; Markus et al.

2012).

Water vapor permeability (WVP) is an essential property for pack-
aging applications. Fig. 8 shows the WVP values for the samples as
compared to the controls (ACC and paper). The value for ACC was
roughly 68% lower than that for untreated paper, a result suggesting
that welding improved the barrier properties of microfibers with an
increased porosity (Reyes et al., 2018).

WVP for the cellulose-grafted PCL films fell in the range (3.4-6.1)
x 10713g/m. 5. Pa. Introducing 1% ZnONPs and 10% CL into the cellu-
lose matrix decreased WVP from 24.1 x 10™13g/m. s. Pa for the ACC film
to 3.4 x 10 '3g/m. s. Pa. Clearly, ZnONPs and CL had a synergistic ef-
fect. However, there was no clear difference in WVP between the
nanocomposite film containing 1% ZnONPs plus 10% CL and those with
loaded with greater amounts of the two components, which were similar
to one another in this respect. WVP was reduced by effect of the uniform
dispersion and hydrophobicity of the materials in the cellulose matrix
(Reis et al., 2021). Through interaction of the two processes, inorganic
nanoparticles such as those of ZnO can improve the barrier properties of
polymers. First, by replacing a permeable polymer, impermeable
nanoparticles reduce the area that can be accessed for diffusion. Second,
permeants must take a circuitous route around impermeable nano-
particles to pass through films, thereby travelling increased distances
(Reis et al., 2021). Also, discreet ZnONPs in the film matrix obstruct
motion of PCL polymer chains grafted on the surface of regenerated
cellulose. Finally, ZnONPs restricting the mobility of PCL chains can
have a favorable impact on WVP in nanocomposite films. Kanmani and
Rhim (2014) and Mohammadi et al. (2018a), came up with a similar
finding. Other polymers materials such as starch and chitosan are typi-
cally biodegradable and have ultrahigh WVP values [3.87 x 1071° and
(3.66-4.80) x 10~!g/m. s. Pa, respectively. Polyethylene terephthalate
(PET), polyvinyl dichloride (PVDC), low-density polyethylene (LDPE),
high-density polyethylene (HDPE) and cellophane are all commercially
available conventional petroleum-based food packaging materials with
ultrahigh barrier properties (WVP values in the region of 3.3 x 10712,
2.31 x 10713, 9.14 x 10713, 2.22 x 107! and 8.4 x 10 lg/m. s. Pa,
respectively) (Zhang et al., 2022). The nanocomposite film obtained
with 1% ZnONPs and 10% CL here had a higher WVP than starch and
chitosan. Therefore, cellulose-grafted-PCL nanocomposite film can be
deemed ultrahigh WVP barrier materials suitable for commercial food
packaging as they are not vulnerable to water vapor.

As can be seen from Fig. 9, increasing the amounts of ZnONPs and CL
monomers in the cellulose-grafted PCL nanocomposite films reduced
their water solubility relative to ACC. The films containing 3% or 5%
ZnONPs were more resistant to dissolution by water than were those
containing 1% ZnONPs. Raising the CL content to 70% significantly
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Fig. 11. Visual appearance, qualitative transparency and flexibility of cellulose-grafted PCL nanocomposite films containing (a) 1% ZnONPs and 10%CL; and (b) 5%

ZnONPs and 70% CL.

decreased water solubility. Thus, the films containing 5% ZnONPs and
50 or 70% CL were completely insoluble in water. The water solubility of
the films dropped owing to the reduced hydrophilicity resulting from the
incorporation of ZnONPs and PCL chains, which decreased the accessi-
bility of free OH groups (Roy et al., 2021; Jamroz et al., 2019).

The effect of ZnONPs and PCL on the surface hydrophobicity of
cellulose-grafted-PCL nanocomposite films was assessed from water
contact angle (WCA) measurements (Fig. 10). The presence of hydroxyl
groups in the nanocomposite decreased WCA relative to PCL film. The
samples containing 1% ZnONPs showed no substantial change in WCA.
Increasing proportions of CL. monomers and ZnONPs added to the matrix
resulted in also increasing WCA values. Thus, WCA increased from
28.02° in the sample containing 1% ZnONPs and 10% CL to 50.84° in
that containing 3% ZnONPs and 30% CL, and 60.51° in the nano-
composite with 5% ZnONPs and 50% CL. WCA for the film obtained with
5% ZnONPs and 70% CL was even higher: 70.35°. Incorporating
increased amounts of ZnONPs and PCL into the cellulose matrix
increased WCA by reducing free hydrophilic groups in the cellulose
structure and increasing fiber hydrophobicity as a result. A similar in-
crease in WCA by effect of incorporating ZnONPs into cellulose-based
films was previously observed by Noshirvani et al. (2017) and Azari
et al. (2021).

3.5. Thickness and optical properties

Table 3 shows the thickness of the cellulose-grafted-PCL films. The
thickness of the ACC film (48 + 2.05.;4m) was smaller than that of the
original (122 + 4.08F#,m) by effect of the welding agent facilitating the
formation of a more compact surface than that of macrofibers in the
original paper. Film thickness increased from 0.048EEmm to
0.061Fmm as increasing amounts of LA and ZnONPs were added to the
cellulose matrix.

Fig. 11 illustrates the flexibility and plasticity of cellulose-grafted-
PCL nanocomposite films. All were adequately flexible and trans-
parent. The color of packaging films has a considerable impact on the
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visual appearance of the food products they contain and their accep-
tance by consumers. Table 3 shows the color-related parameters L*

(lightness), a* (green-red), b* (blue-yellow) and /A\E for the different
formulations. As can be seen, there were no significant differences in the
previous parameters between films containing 1-5% ZnONPs except for
that obtained with 5% ZnONPs and 70% CL, which had a reduced
lightness and an increased AE value as a result. Saedi et al. (2021)
found L* to decrease and /\E to increase as more ZnONPs were added to
cellulose-based films Saedi et al. (2021).

The cellulose-grafted-PCL nanocomposite films were tested for UV
and visible light transmission at 280, 350, 400, and 660Enm, respec-
tively (Table 4). One of the main factors influencing food deterioration
and nutrient loss is UV irradiation, particularly in UVA (320—400‘nm)
and UVB (290-3208&nm) regions (Xiao et al., 2022). As demonstrated,
ACC film possessed a high level of UV transparency. When ZnONPs were
introduced to nanocomposite films, the transmittance in the UV area
kept declining without significantly affecting visible light transmittance
a desirable feature for food packaging materials. The film containing 5%
ZnONPs and 70% CL had the lowest UV light transmittance (46.19%)
and visible light transmittance (78.30%) and hence the best UV-vis light
barrier properties. Therefore, increasing the contents in CL and ZnONPs
of the nanocomposite films allowed them to successfully block UV and
visible light. Light transmittance was significantly reduced by effect of
ZnO nanoparticles scattered in the cellulose-grafted PCL matrix inhib-
iting light passage (Shankar et al., 2018). The fact that light transmission
in the cellulose-grafted-PCL composite films was lower in the UV region
than it was in the visible range suggests that the films efficiently blocked
UV light penetration without sacrificing transparency. Table 3 shows the
transparency of the films as measured at 600g#nm. The lower the
transparency index was, the more transparent was the film. There were
no significant differences in transparency index among films containing
1-5% ZnONPs. In summary, cellulose-grafted-PCL nanocomposite films
with a ZnONP proportion of 5% proved efficient UV light barriers, which
is an important feature for food packaging and bioproduct preservation.
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Table 4
Light transmittance (%) at different wavelength (nm) and transparency value of
cellulose-grafted-PCL films.

Sample 280 350 400 660 Transparency
value
ACC 81.90 83.42 84.33 85.42 3.03 £0.03
+ 0.76 + 0.92 + 0.66 =+ 0.42

1% 69.92 75.74 77.33 85.01 3.11 £0.03
Zn0,10% +2.13 + 0.33 + 0.54 +1.19
CL

1% 67.86 72.05 75.09 85.63 3.01 £0.08
Zn0,30% + 1.05 + 1.55 +1.61 +1.29
CL

1% 64.69 71.03 74.45 86.01 3.19 £0.01
Zn0,50% + 3.35 +1.2 +1.34 + 1.98
CL

1% 60.49 68.76 72.74 85.15 3.15£0.01
Zn0,70% +2.37 +1.27 +1.18 + 0.85
CL

3% 61.60 69.12 72.48 87.09 3.20 £ 0.02
Zn0,10% +2.92 +0.21 +1.67 +1.41
CL

3% 60.87 67.48 73.26 85.25 3.16 £ 0.03
Zn0,30% +2.49 +1.43 +1.37 +1.04
CL

3% 60.17 66.25 71.45 83.01 3.15 £ 0.07
Zn0,50% + 2.05 +1.16 +1.65 +1.57
CL

3% 57.17 65.30 69.65 84.75 3.10 £ 0.07
Zn0,70% + 2.05 + 0.56 + 1.40 +1.57
CL

5% 56.42 62.23 67.67 83.81 3.04 £ 0.02
Zn0,10% +1.57 +1.30 + 0.85 +1.38
CL

5% 50.0 60.36 66.76 84.46 3.09 £ 0.05
Zn0,30% +2.27 + 0.87 +1.56 +1.38
CL

5% 47.51 59.43 65.36 80.65 3.04 £ 0.06
Zn0,50% +1.33 + 0.54 +1.28 +0.97
CL

5% 46.19 59.19 65.21 78.30 3.02 +£0.13
Zn0,70% + 1.67 + 1.08 +1.15 +1.29
CL

3.6. Mechanical testing

Fig. 12 shows the tensile strength (TS), elongation at break (EB),
tensile energy absorption (TEA) and Young’s modulus (YM) of the base
paper, ACC film and various cellulose-grafted-PCL nanocomposites. The
tensile properties of the nanocomposites were affected by the incorpo-
ration of ZnONPs and PCL. Thus, TS for the base paper was only
0.6MPa but significantly increased (to around SOFEMPa) after
dissolution in the ionic liquid. The increase can be ascribed to the IL
acting as a nanowelding agent to connect smaller fibers in nano-
structures and create a tighter network with more junction points as a
result. The bulk and surface of the cellulose were probably plasticized by
[EMIM]Ac during the nanowelding process, leading to increased
ductility. This result is consistent with the conclusions of Ghaderi et al.
(2014), Yousefi et al. (2011), and Niu et al. (2019).

As can be seen in Fig. 12a, tensile strength increased with increasing
contents in ZnONPs and CL of the nanocomposites. Thus, TS for the ACC
film was increased by 30% after upon addition of 1% ZnONPs and 10%
CL; also, it increased from 104.5 to 117¢ MPa with increase in ZnONPs
from 1% to 5% at 70% CL. According to Beikzadeh et al. (2021), an
increase in tensile strength can be ascribed to factors such as the rigidity
of the nanofiller, its ease of dispersion and powerful interfacial con-
nections between the film components and the matrix (Beikzadeh et al.,
2021). Adding variable amounts of ZnO nanoparticles increased the
elongation at break (EB) of the nanocomposite films that containing 3%
ZnONPs and 10% CL excepted (Fig. 12b). EB for the film containing 5%
ZnONPs and 70% CL, 57.9%, was considerably greater than that for the
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ACC film, which suggests that the nanocomposite was more flexible.
This result can be ascribed to the stiff regenerated cellulose matrix and
ZnONPs not restricting motion of PCL molecular chains. In previous
work, the addition of 25% ZnONPs improved EB through good disper-
sion of the nanofiller in the PCL matrix (Gibril et al., 2019). TEA (the
area under the stress-strain curve) is a measure of the ability of a ma-
terial to absorb energy under tensile stress. TEA can be influential on
film durability upon repetitive or dynamic stressing or straining. In fact,
TEA is also a measure of sheet “toughness”. As can be seen in Fig. 12c,
increased proportions of ZnONPs and CL led to excellent TEA values for
the nanocomposite films, which were thus more ductile (less brittle).
Young’s modulus (YM) relative to the ACC film peaked with the smallest
amount of ZnONPs (Fig. 12d). YM was slightly increased by 1% ZnONPs
but decreased by higher proportions of nanoparticles. This result is
consistent with reports of Shankar et al. (2018). No significant differ-
ences in YM were observed with the addition of increasing amounts of
CL to the regenerated cellulose matrix.

3.7. Antioxidant activity

The antioxidant activity of the cellulose-grafted PCL nanocomposite
films is illustrated in Fig. 13. As can be seen, ABTS radical scavenging by
the films remarkably improved upon addition of ZnO nanoparticles,
which is consistent with previous results of Ananthalakshmi et al.
(2019). The ACC film had negligible antioxidant activity because
exposed electron-donating hydroxyl groups in the cellulose matrix
reacted with free radicals over time (Priyadarshi et al., 2021). The pure
PCL film also had poor antioxidant properties (2.5%). Antioxidant ca-
pacity was highest for the film obtained with 5% ZnONPs and 70% CL,
and lowest for that containing 1% ZnONPs and 10% CL. The films with
1% ZnONPs and 10%, 30% or and 50% CL exhibited low antioxidant
activity (viz., ABTS scavenging values of 6.01%, 7.91% and 8.23%,
respectively). Scavenging rose to 13.75% with a CL content of 70%.
Because PCL chains acted as a store and defense system for ZnONPs in
the film matrix, increasing the CL loading considerably increased free
radical scavenging activity in the films. This result can be ascribed to the
films releasing more active compounds into the free radical solution and
increasing ABTS radical inhibition as a result. An identical trend was
observed in the films obtained with 3% or 5% ZnONPs and 70% CL,
whose ABTS scavenging activity was 19.75% and 21.53%, respectively.
These results suggest effective free radical inhibition with increased
contents of not only ZnONPs, but also CL. Our results are consistent with
those of Rezaeiet al. (2020), who investigated antioxidant activity in
ZnONPs for use in active films (Rezaei et al., 2020).

4. Conclusions

We prepared cellulose-grafted-PCL nanocomposite film based on a
regenerated cellulose matrix that was reinforced with ZnONPs and PCL.
Gravimetric measurements and FTIR characterization indicate that the
amount of grafting depends on the concentration of CL and ZnONPs
present in the reaction medium. Also, SEM and XRD data testified to the
good compatibility and intermolecular interaction between regenerated
cellulose, ZnONPs and PCL. Adding ZnONPs and CL monomers to the
cellulose matrix increased DP in the nanocomposites relative to the
control films. Thus, adding 3 % or 5 % ZnONPs and 70 % CL to a re-
generated cellulose matrix provided nanocomposite films of similar
color, visible light transmission, transparency, water solubility, Young’s
modulus and tensile strength. On the other hand, ZnONPs increased the
flexibility of the films by increasing their elongation at break and tensile
energy absorption. The oxygen and water vapor barrier properties at 90
% RH of a nanocomposite film containing of 5 % ZnONPs and 70 % CL
were 90 % and 85 %, higher, respectively than those of the ACC film.
However, there was no clear difference in water vapor permeability
between a film made with 1 % ZnONPs and 10 % CL, and others con-
taining greater amounts of either or both. Based on physicomechanical



E. Amini et al.
a)

# Paper

2ACC

#1% ZnO NPs
~3% ZnO NPs
#5%ZnO NPs

Tensile strenght (MPa)

SSSSSSSSSSS$SS$SS$SSSSSSSSSSSSSSSSSSSSSSSSS‘}SS‘}SS‘}SS‘}SSSS&%

8808088858 85855555555555555555555555955565555565555%
88808008 05505955555555555555555595555555595%
0000000000803355555555566606009993555555555566666995999355

10%CL

70%CL

Caprolactone concentration (%)

<)

Z ACC

o
1400 # 1% ZnO NPs

1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

~-3% ZnO NPs

% 5%Zn0 NPs

Tensile energy absorption (J/m?)

=

10%CL T0%CL

Caprolactone concentration (%)

b)

d

Industrial Crops & Products 193 (2023) 116246

33 -
30 4 = Paper
27 2 ACC
#1% ZnO NPs
24 -.3% ZnO NPs
w89
7 | 5%Zn0O NPs
g i
H ks
5
= S5
o PERE _
10%CL 0%CL
Caprolactone concentration (%)
2 4 -.Paper
22 4 =ACC
20 | #1% ZnO NPs
3% ZnO NPs
18 1 #5%Zn0 NPs
lﬁ 4
T 14
T 10 o
g i
@ EEEs
0 2855

10%CL T%CL

Caprolactone concentration (%)
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nanocomposite films with different contents in ZnONPs and CL.
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Fig. 13. Antioxidant activity of paper, ACC and cellulose-grafted-PCL nano-

composite films with different contents of ZnONPs and CL.

properties such as UV light transmittance, water vapor permeability,
oxygen transmission rate, water solubility, tensile strength and Young’s
modulus, and on antioxidant properties, the optimum concentration of
ZnONPs to be added to the cellulose matrix was 3 %. Based on our

12

results, adding PCL polymers and ZnOPs to a regenerated cellulose
matrix enhances its potential as a safe, active food packaging material.
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