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Abstract
Cellulose-based composites have aroused increasing interest as potential replacements for fossil fuel-based plastics. In this 
work, transparent cellulose-grafted-PLA nanocomposite films were prepared by grafting polylactide (PLA) onto cellulose. 
PLA was synthesized by in situ ring opening polymerization from a regenerated cellulose matrix, using zinc oxide nano-
particles (ZnONPs) in 1-ethyl-3-methylimidazolium acetate (EmimAc) as solvent. A facile route was devised to modify the 
starting material (cellulose paper) by partial dissolution and regeneration that used an ionic liquid (IL) as a smart nanoweld-
ing agent to assemble nanometric cellulose structures. The influence of the proportion of ZnONPs (1–5 wt%) and L-lactide 
(LA) monomers (10–70 wt%) used on the properties of the resulting nanocomposite films was examined by comparison 
with an all-cellulose composite (ACC) and pure cellulose paper. Incorporating ZnONPs and PLA was found to enhance the 
mechanical, barrier and optical properties of the films. The maximum tensile strength and best barrier properties were those 
of a film obtained from 5%ZnONPs and 70%LA. FTIR spectra confirmed a new form of interaction between PLA and the 
regenerated cellulose matrix. Also, XRD spectra revealed a transition from cellulose I to II and an increase in the proportion 
of noncrystalline cellulose through partial dissolution and regeneration. Although the surface morphology of the nanocom-
posite films was influenced by the presence of ZnONPs and PLA chains, their color and chemical structure were not. The 
transparent cellulose-grafted-PLA nanocomposite films obtained are highly promising as packaging materials.

Keywords  Transparent nanocomposite film · Ionic liquid · ZnO nanoparticles · Partial dissolution · Direct nanowelding · 
Ring opening polymerization · PLA

Introduction

In recent years, environmental concerns and the demand 
for biorenewable polymers have aroused increasing inter-
est in designing multifunctional biocomposites. Unlike 
nondegradable polymers and polymeric composites, bio-
composites are easily biodegraded [1]. Cellulose is widely 
used as a matrix or reinforcing material for biocomposites 
on the grounds of its biocompatibility, biodegradability, 

recyclability, nontoxicity and low cost, among other prop-
erties [2]. Also, cellulose resists dissolution in most common 
solvents thanks to its highly stiff hydrogen bond network and 
partially crystalline structure [3]. As can be seen in Fig. 1, 
cellulose fibers typically exhibit micro-disconnections or 
gaps (lumens and pits) and nano-disconnections (e.g., gaps 
along adjacent nanofibrils). As a result, increasing cellulose 
accessibility entails disrupting fibril aggregates and highly 
ordered regions [4]. This should ideally accomplished by 
using a simple, efficient, environmentally friendly method to 
avoid massive disruption of the native structure [5].

Nanowelding is a novel process for modifying cellulose 
fibers at the nanometric scale that enables direct produc-
tion of high-quality cellulose nanocomposites with tailored 
structural and physical properties, functions and uses [6, 7]. 
The idea behind direct nanowelding of cellulose fibers is 
that a solvent can penetrate deeply into their nanostructure 
by creating a disordered phase and partially dissolving the 
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skin part of cellulose I � . During the dissolution-regenera-
tion process, the skin dissolved region becomes a welded 
layer between nanofibrils [5, 6]. The procedure potentially 
allows various types of nanomaterials to be added during 
cellulose dissolution in order to obtain nanocomposites with 
specific properties. Yousefi et al. [6, 8] investigated the role 
of nanojoining in the partial dissolution of cellulose by using 
an ionic liquid to obtain all-cellulose composites (ACCs). 
ACCs are a new type of self-reinforced (single-component) 
composites in which cellulose acts as both the matrix and 
the reinforcing material. ACCs can be obtained in two main 
ways. One is a single-step method that involves partial dis-
solution of cellulose and in situ regeneration of the dissolved 
portion as matrix around the undissolved portion as rein-
forcement. The other is a two-step method in which cellulose 
is partially dissolved and then regenerated in the presence 
of undissolved cellulose, which allows the regenerated and 
undissolved cellulose fractions to be obtained from different 
natural sources [9, 10].

Ionic liquids (ILs) are a class of green solvents with a 
number of attractive advantages including a low melting 

point (< 100 °C), high thermal stability, lack of volatile 
components, nonflammability, miscibility with many sol-
vent systems and the ability to easily dissolve cellulose 
fibers [10]. These unique properties have enabled their 
widespread use as reaction media and as catalysts in 
polymerization [11]. In addition, ILs are scarcely prone 
to decomposing polymer matrices during processing [7]. 
Previous work by Niu et al. [5] on the use of ILs as weld-
ing agents showed their ability to swell the compact struc-
ture of cellulose fibers by creating disordered cellulose 
domains on the surface of nanosized fibrils, connecting 
them together and forming a continuous integrated net-
work. In addition, the dissolution-regeneration process 
reduced crystallinity or resulted in conversion to cellulose 
II. Imidazolium based ILs such as 1-ethyl-3-methylimida-
zolium acetate (EmimAc) can be used as reaction media 
for interaction with cellulose fibers thanks to their low 
dissolution temperature and modest energy requirements. 
Also, residual EmimAc potentially retained by cellulose 
fibers after washing is nontoxic [12, 13].

Fig. 1   Schematic depiction of the grafting of PLA polymers onto cellulose fibers to form a cellulose-grafted nanocomposite film with entrapped 
ZnONPs in its micro- and nanosized structures
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Graft polymerization with cyclic esters or reinforcement 
with other polymers can provide an impressive route to 
develop environmentally adaptable, biocompatible cellulose-
based materials for a number of futuristic uses [14, 15]. Cel-
lulose grafted copolymers, where side chains are bonded 
to the cellulose backbone, are highly useful materials com-
bining the benefits of natural cellulose and the functionali-
ties of grafted polymers [16, 17]. Poly(lactide) (PLA) has 
been deemed the most promising bioplastic material on the 
grounds of its excellent properties and vast range of poten-
tial uses [18]. In fact, PLA is biodegradable, biocompatible, 
recyclable, eco-friendly, economical and virtually nontoxic; 
also, it possesses excellent thermal strength and superior 
transparency properties, and can be readily obtained in vari-
ous forms [19, 20]. Despite its advantages, the use of PLA 
in packaging, automotive and biomedical materialsis limited 
by its brittleness; low degree of crystallization; and poor 
toughness, gas barrier and thermal properties relative to con-
ventional thermoplastic [19, 21]. These shortcomings can to 
some extent be circumvented by combining it with cellulose 
through in situ polymerization of L-lactide monomers.

Ring opening polymerization (ROP) is a form of chain-
growth polymerization that involves cleavage of rings in 
cyclic monomers such as or lactides to facilitate the forma-
tion of polymers. This could provide an effective route to 
modify polysaccharides [22]. Hydroxyl groups in cellulose 
often act as initiators in the ROP of cyclic monomers for 
modification of cellulose or its derivatives [23]. Hafren and 
Cordova [24, 25] reported the first surface-initiated ROP 
of a cellulose substrate with the need for no chemical treat-
ment of the cellulose prior to grafting. They successfully 
grafted �-caprolactone from cellulose paper by using organic 
or amino acids as catalysts. FTIR spectra exhibited a peak 
at 1730 cm−1 that was assigned to the carbonyl group in 
polycaprolactone. These authors also succeeded in polymer-
izing LA from the cellulose surface by using tartaric acid in 
the absence of a catalyst [24, 25]. Yan et al. [26] and Dong 
et al. [27] synthesized cellulose-grafted-PLA copolymers in 
the ionic liquid 1-allyl-3-methylimidazolium chloride with 
stannous octoate Sn(Oct)

2
 and 4-dimethylaminopyridine, 

respectively, as catalyst.
Nanoparticles have attracted much attention in recent 

years by virtue of their excellent properties for different 
uses including food packaging, biodegradable materials, 
electronic devices, optics, sensors, and biomedical and 
catalysis science  [28]. Specifically, ZnO nanoparticles 
(ZnONPs) have aroused enormous interest from their great 
unique properties, which include excellent biocompatibility, 
intrinsic nontoxicity, low cost, UV-shielding efficiency and 
antibacterial activity [29]. It would be especially interesting 
to create films with UV barrier properties to prevent or delay 
oxidation of food components and preserve them throughout 
storage and transit to ensure that they retain their nutritional 

value [30]. Facile syntheses of multifunctional materials in 
one step are gaining importance in this context. Thus, Kaur 
et al. [31] and Rodriguez-Tobias et al. [32] successfully 
prepared PLA/ZnO nanocomposites by ROP of L-lactide 
monomer in the presence of ZnONPs, ZnO itself acting as 
the catalyst. The preparation procedure is environmentally 
benign [31, 32]. One major drawback of ZnONPs is their 
tendency to agglomerate and aggregate, which reduces the 
efficiency of the resulting nanomaterials. This problem can 
be alleviated by using an appropriate ionic liquid as disper-
sion medium. Thus, ILs provide electrostatic protection by 
forming a “protective shell” onto metal nanoparticles that 
are thus rendered stable without the need for additional sta-
bilizers, surfactants or covering ligands  [33].

In this work, we used ZnONPs and an IL as catalysts 
for the ring-opening polymerization of L-lactide to synthe-
size cellulose-grafted-PLA nanocomposites in one step. 
The ionic liquid was used as a smart nanowelding agent to 
assemble nanometric cellulose structures with the partial 
dissolution method. The nanoparticles and IL were used 
not only for ROP of L-lactide monomers from the skeleton 
of cellulose as backbone but also to facilitate multifunc-
tional uses of the resulting transparent nanocomposite films 
(Fig. 1). The role of each component of the film was inves-
tigated with a view to optimizing water and oxygen barrier 
properties, strength and UV-blocking capacity. As shown 
by the results, the films can be used as packaging materials.

Materials and Methods

Materials

The highly purified bleached fibers of cotton linter pulp was 
provided by Celsur, Spain. 1-Ethyl-3-methylimidazolium 
acetate (analytical reagent grade, 98%), and ZnO dispersion 
(40 nm average particle size, 20 wt% in H2O), were supplied 
by Sigma-Aldrich. L-lactide (LA) was obtained from Pan-
reac Química SLU Co., Spain. Other chemicals were used 
as analytical reagents without further purification.

Preparation of the Original All‑Cellulose Paper

The purified cotton linter pulp with more than 90% �-cel-
lulose content was used for the preparation of original paper. 
The �-cellulose content was calculated by TAPPI T203. The 
paper formation machine (Rapid-Köthen method) was used 
for getting the original paper according to ISO 5269-2. Then 
the wet paper was blotted between two stacks of regular filter 
paper, which pressed under a pressure of 0.1 MPa and dried 
at 90 °C for 10 min.
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Preparation of Cellulose‑Grafted‑PLA 
Nanocomposite and All‑Cellulose Composite Film

After performing several experimental tests, the method of 
preparing transparent cellulose-grafted-PLA nanocomposite 
film is briefly described as below. The starting orginal all-
cellulose paper, IL, and the glassware are dried to avoid any 
negative effect of water on the dissolution of cellulose. 3 ml 
ionic liquid solution was firstly mixed with different contents 
of LA (10, 30, 50, 70%, w/w, original paper) and ZnO nano-
particles (1, 3, 5%, w/w, original paper). To improve the graft-
ing efficiency, the mixture was then stirred at 700 rpm for 30 
min at 80 °C temperature to initiate ring-opening polymeriza-
tion of LA monomers. After making the ROP and nanoweld-
ing solution, the dried original paper (25 mg with thickness: 
122 × 4.08 µm) with grammage of 40 g/m2 and an area of 64 
cm2 was placed into a glass petri dish. After that, the solution 
was added onto the surface of the paper. For IL-assisted in situ 
ROP of LA in the presence of ZnO nanoparticles and partial 
dissolution of cellulose, the process was allowed to proceed in 
an oven at 80 °C for 24 h. At the end of the dissolution time, 
the gel film was removed from the oven and allowed to cool at 
the room temperature. Afterwards, the gel film was washed by 
coagulation in deionized water and a transparent nanocompos-
ite gel resulted. To eliminate residual ionic liquid in the regen-
erated sample, the gel was washed several times. After that, 
the obtained nanocomposite film was sandwiched between two 
glass plates and oven-dried at 60 °C for 1 h. Finally, the wet 
nanocomposite was blotted between filter paper and a glass 
plate to dry at 50% relative humidity (RH) and 25 °C for at 
least 3 days. Finally, nanocomposite films were obtained with 
a thickness of 49–62 µm. The thicknesses of nanocomposite 
films are summarized in Table 2. The all-cellulose composite 
film as control sample with thickness of 48 × 2.05 µm was 
obtained using the above mentioned method without using 
ZnONPs and grafting PLA polymer chains.

Characterization

Degree of Polymerization (DP) of Cellulose

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

Estimation of Grafting Parameters

Grafting parameters such as % grafting, % grafting efficiency 
and % homopolymer were calculated gravimetrically using 
the following equations (1)-(3), respectively [34]:

where Wo is the dry weight of the fiber treated with ionic 
liquid, W

1
 and W

2
 are the dry weights of cellulose-grafted-

PLA nanocomposite film and L-lactide monomer used in the 
reaction, respectively.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were performed 
using an ATR-FTIR spectrophotometer (Spectrum 100, Per-
kin Elmer, USA). Spectra were acquired within 4000–600 
cm−1 region, using 64 scans overlapped and 1 cm−1 resolu-
tion. The results of the spectra were normalized.

X‑ray Diffraction (XRD)

The X-ray diffraction patterns of the nanocomposite films 
were recorded using an X-ray diffractometer (PANalyti-
cal X’Pert PRO MPD Alpha1 powder diffractometer in 
a Bragg–Brentano �∕2� geometry of 240 millimetres of 
radius). The samples were analysed at the radiation wave-
length of 1.5406 Å and 45 kV to 40 mA with the scanning 
range of 2° to 60° ( 2� ). The crystallinity index (CI) was 
calculated according to the following Eq. (4) [35]:

where I
2
00 is the intensity of the peak assigned to the (200) 

reflection of cellulose I � , which is typically in the range 2� = 
21–23°. Iam is the minimum in the intensity occurs at about 
2� = 18° for noncrystalline cellulose. Scherrer’s Eq. (5) was 
used for estimating the crystallite size:

where K is the constant of 0.9, � is the wavelength of the 
incident X-ray (0.154056 nm), � is the FWHM (Full width 
at half maximum) of the diffraction peak in radians, and � is 
the is the diffraction angle for the (200) plane [36].

Structural Properties

The roughness of the samples was analysed using a tridi-
mensional (3D) roughness stylus profilometer (WYKO NT 

(1)Percent grafting (%G) =
(W

1
−Wo)

Wo

× 100

(2)Percent grafting efficiency (%GE) =
(W

1
−Wo)

W
2

× 100

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

(4)CrI (%) =
(I200 − Iam)

I200
× 100

(5)D =
K∕�

�∕cos�
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1100 series Optical Profiling System, Veeco, Plainview, NY, 
USA).

The surface and cross-section of obtained nanocompos-
ite films were observed by means of FE-SEM (model JSM-
7100F, JEOL, USA) using an accelerating voltage of 10 
kV. Prior to characterization, the samples were coated with 
a thin conducting layer of graphite. An energy-dispersive 
X-ray spectroscopy (EDS) attached to the SEM was carried 
out to further identify and map the presence of ZnONP on 
the cellulose matrix.

The Thickness and Mechanical Properties

The thickness of nanocomposite films were 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.

The mechanical properties of different formulations were 
determined with an universal testing machine (JJ Lloyd 
instrument, model T5K) equipped with a 500 N load cell, 
and across-head speed of 50 mm/min. Film samples used 
in tests were cut into rectangular shape with 40 mm length 
and 10 mm width. Prior to mechanical testing, the films 
were conditioned for at least one week at 25 °C and under 
50%RH. Mechanical parameters, i.e., tensile strength, elon-
gation at break and Young’s modulus, were obtained from 
five replicates for each film formulation directly from the 
resulting stress-strain curves.

Optical Properties

L∗ (lightness), a∗ (redness-greenness) and b∗ (yellow-
ness–blueness) as the color parameters were determined 
using a colorimeter (Technidyne, UK). A white plate was 
used as a standard for color measurement (̌ = 92.92) and 
color parameters were calculated at three random positions 
on the surface of the film. The total color difference (ΔE) 
between each color value of the standard color plate and film 
sample was obtained according to this following Eq. (6):

UV and visible light barrier properties of the films were 
determined using a UV–Visible spectrophotometer (Evolu-
tion 600, Thermo Scientific) by measuring the light transmit-
tance at 280 nm (T280) and 660 nm (T660), respectively, as 
described by Ngo et al. [37]. Firstly the samples were cut 
into a rectangular strips (1 cm × 3 cm) and then directly 
placed into the test cell of the spectrophotometer. The air 
was selected as a reference. For each composition film, three 

(6)ΔE =
√

(L∗ − L)2 + (a∗ − a)2 + (b∗ − b)2

samples were measured, and the average vaule × standard 
deviation was reported.

Barrier Properties

Air permeability was evaluated in accordance to the stand-
ard ISO 5636-3:2013, by the Bendtsen permeability tester 
(Chevron Co., USA) with 10 replicates.

The water vapor permeability (WVP) of the nanocom-
posite film was measured gravimetrically by the ASTM E96 
standard method with slight modification. For the measure-
ment, the samples first were conditioned to an environmental 
chamber using a humidity chamber (model FX 1077, Jeio 
Tech Co. Ltd., Ansan, Korea) controlled at 25 °C and under 
50%RH with an air movement of 198 m/min. Then, the test 
films were mounted on glass cups which was filled with 3 
g of calcium chloride ( CaCl

2
 ) salt and was sealed by hot 

glue stick and parafilm to avoid water vapor penetration. The 
entire set, after weighing, was placed at 25 × 2 °C and 98 
× 2%RH by measuring the weight at intervals of 1 and 24 h 
for 80 h. In order to calculate water vapor transmission rate 
(WVTR) in (g m −2 . day−1), the slope was obtained from a 
chart of weight gain vs. time using a simple linear regres-
sion method. By dividing the slope of each line by surface 
of sample exposed to water vapor, WVTR was determined, 
according to the following Eq. (7).

Finally, the WVP of the sample was measured using the 
following Eq. (8) [38]:

where X was the film thickness (m), P was the saturation 
vapour pressure of water at 25 °C (Pa), R1 is the relative 
humidity in the chamber (98%RH), and R2 is the relative 
humidity in the cups (0%RH).

Oxygen transmission rate (OTR) was measured using the 
apparatus MOCON OX-TRANⓇ Model 1/50, USA. The test 
consists in determining the amount of atmospheric oxygen 
concentration of 100% that passes through the surface (50 
cm2) of the film, in 24 h. The OTR tests were performed at 
two different conditions, 23 °C, 0%RH and 38 °C, 90%RH.

Water Contact Angle

The hydrophobicity was measured by the water contact angle 
(WCA). Contact angle of the nanocomposite films were car-
ried out with a WCA analyzer (OCA15EC, Dataphysics Co., 
USA) using an image capture ratio of 25 frame/s. Film stripes 

(7)WVTR = (G∕t)
A

=
slope

test area

(8)WVP = WVTR
P(R1 − R2)

× X
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were prepared with a dimension of 1 cm × 5 cm and a drop 
of distilled water (approximately 5 µL) was placed on the sur-
face of the sample using a micro-syringe. The contact angle 
was determined within 0–30 s and the digital images was 
taken after 0 s. At least five samples were performed for each 
formulation.

Antioxidant Activity

The antioxidant activity of nanocomposite film sample was 
determined using 2, 2′-azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid) ( ABTS+ ) radical scavenging activity method 
according to Valls et al. and Cusola et al. with modifica-
tions [39, 40]. In this method, the free radical scavenging 
activity was assessed by a spectroscopic method based on the 
disappearance of absorption band at 752 nm of the free radical 
ABTS+ . To summarize, the ABTS+ solution was obtained by 
oxidation of potassium persulfate. The solution was diluted to 
obtain an absorbance of 0.70 × 0.1 at 752 nm. For comparison, 
10 mg of the nanocomposite film samples were added to 1.5 
mL of ABTS+ solution and vortexed about 2 min. Afterwards, 
the samples were centrifuged 4 min at 6000 rpm. Finally, the 
samples were kept at room temperature in the dark for 30 min 
and measured the absorbance at 752 nm. The absorbance of 
film-free control sample was also taken at 752 nm in the same 
procedure. The analysis of antioxidant activity was performed 
at least 3 times for each sample. The antioxidant activity of the 
nanocomposite film was calculated according to the following 
Eq. (9):

(9)Antioxidant activity (%) =
(Ao −A

1
)

Ao

× 100

where Ao was the absorbance of control (without sample) 
and A

1
 was the absorbance of nanocomposite film sample.

Results and Discussion

Degree of Polymerization (DP) of Cellulose

Figure 2 shows the average DP of the cotton linter pulp, 
ACC and nanocomposite films. DP was 2297 for the origi-
nal pulp and but decreased to 847 after partial dissolution 
(ACC). This result is consistent with previously reported 
data of Duchemin et al. [41]. Also, DP for the nanocom-
posite films, which were obtained by adding LA mono-
mers and ZnONPs to a cellulose matrix, was higher than 
in ACC (1875 vs 1102). The increased DP observed may 
have resulted from the increased proportion of noncellulose 
components (PLA and ZnONPs) in the nanocomposite films 
increasing their viscosity.

Grafting Parameters

The concentration of L-lactide monomer in the reaction 
medium, as expected, had significant effects on grafting 
parameters. As shown in Table 1, the grafting percentage 
grew dramatically with increasing LA, maximum grafting 
(28.2%) was obtained at 70% LA in the nanocomposite film 
with 1% ZnONPs. The percentage of grafting increased 
to 36.6% when ZnONPs concentration was increased fur-
ther (by 5%). An increase in grafting percentage was seen 
because the grafting process was catalyzed by the greater 
ZnONPs concentration, which is consistent with the results 
of Kaur et al. [31] and Rodriguez et al. [32]. In general, 

Fig. 2   Average degree of cel-
lulose polymerization in pulp, 
ACC, cellulose-grafted-PLA 
nanocomposite films with dif-
ferent contents in ZnO nanopar-
ticles and LA monomers
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the grafting efficiency depends on the LA concentration. 
The increase in monomer concentration resulted to increase 
in grafting efficiency. Low grafting efficiency means that 
less monomer was used in grafting and most was wasted in 
side reactions and homopolymer formation. In addition, the 
percentage of homopolymer showed a reverse trend with 
respect to grafting efficiency. This behavior can be attributed 
to accumulation of monomer at close proximity of the cel-
lulose backbone [34, 42].

FTIR

Successful grafting of PLA onto the cellulose surface was 
confirmed by FTIR spectra recorded over the wavenumber 

range 4000–400 cm−1. Figure 3 shows the spectra for cot-
ton cellulose, ACC and the cellulose-grafted-PLA nanocom-
posite films obtained by using variable proportions of LA 
and ZnONPs. As can be seen, all spectra exhibited similar 
typical absorption bands; therefore, the catalysts (EmimAc 
and ZnONPs) had no influence on the chemical structure 
of cotton cellulose or regenerated cellulose in the dissolu-
tion and regeneration processes [43, 44]. The spectra for the 
nanocomposite films differed from that for cotton cellulose 
in three respects. Consistent with previous reports, the dis-
tinct peaks at 2923 and 2855 cm−1 were due to asymmetric 
and symmetric stretching of C–H bonds in methyl groups 
of grafted PLA chains [45, 46]. These bands increased with 
increasing content of LA and ZnONPs in the nanocomposite 
films.One other difference was the presence of a new absorp-
tion peak at 1750 cm−1 that was observed after in situ ROP 
of LA and corresponded to the carbonyl group (C=O) in 
PLA. No similar peak was present in the spectra for cotton 
cellulose or ACC film; also, its increased strength confirmed 
ROP of LA monomers with cellulose [18, 19]. Based on the 
normalized spectra, peak strength increased with increas-
ing content of LA and ZnONPs in the regenerated cellulose 
matrix. This result suggests that the amount of PLA grafted 
from the surface can be adjusted through those of LA and 
ZnONPs added to the free initiator. The decreased strength 
of the typical bands for cellulose I at 1430 and 1110 cm−1 in 
ACC and the nanocomposite samples, which were strong in 
the spectrum for cotton cellulose, confirmed that some cel-
lulose I was converted into cellulose II in the nanocomposite 
films [47, 48]. The bands at ca. 1565 and 1415 cm−1 were 
assigned red to stretching of the typical functional groups 
of EmimAc (C–N and C=N) which were absent from ACC 

Table 1   %Grafting, %Grafting efficiency and %Homopolymer

Sample Grafting  
(%)

Grafting  
efficiency (%)

Homopolymer 
(%)

1% ZnONPs/10% LA 1.54 16.66 83.33
1% ZnONPs/30% LA 7.72 27.03 72.3
1% ZnONPs/50% LA 18.14 38.21 61.78
1% ZnONPs/70% LA 28.18 41.95 58.04
3% ZnONPs/10% LA 2.70 29.16 70.83
3% ZnONPs/30% LA 9.65 33.78 66.21
3% ZnONPs/50% LA 23.55 49.6 50.40
3% ZnONPs/70% LA 34.74 51.72 48.27
5% ZnONPs/10% LA 3.47 36.4 64.2
5% ZnONPs/30% LA 13.51 47.1 52.05
5% ZnONPs/50% LA 26.25 55.73 44.26
5% ZnONPs/70% LA 36.67 55.88 44.11

Fig. 3   FTIR spectra in the region from 4000 to 650 cm−1 for paper, ACC and cellulose-grafted PLA nanocomposite films with different contents 
in ZnO nanoparticles and LA monomers
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and the nanocomposite films. This indicate that the washing 
step was effective to remove the majority of EmimAc from 
fibers [49, 50]. Finally, all samples exhibited a broad band 
at 3000–3650 cm−1 that was assigned to stretching of -OH 
groups and intermolecular or intramolecular hydrogen bonds 
in cellulose and adsorbed water [29, 51].

X‑ray Diffraction Spectra

Crystallinity changes in cellulose upon PLA grafting were 
investigated by XRD spectroscopy. Figure 4a shows the 
XRD patterns for the starting cellulose, the regenerated cel-
lulose film and the cellulose-grafted-PLA nanocomposite 
films with highest and lowest contents in LA and ZnONPs.
Figure 4b shows the corresponding changes in crystalline 
index (CrI). The XRD spectrum for cotton linter cellulose 
exhibited well defined peaks for cellulose I at 2� values of 
14.8°, 16.6°, 22.8°, and 34.6° that were assigned to diffrac-
tion planes of 

(

1̄10
)

 , (110), (200), and (004), respectively [7]. 
After partial dissolution and immersion in the coagulation 
bath, the diffraction pattern for the ACC film exhibited 
peaks at 2� values of 12.2° 

(

1̄10
)

 and 20.7° (110), consist-
ent with the crystalline form of cellulose II. The solvent 
treatment shifted the peak at 2� = 22.8° to the left and made 
it broader [52]. The crystalline index and crystallite size of 
cotton linter paper were 89.36% and 6.75 nm, respectively, 
and those of the ACC film 46.58% and 1.50 nm, respectively. 
The index of the original cellulose material was much higher 
than that of the ACC film, which suggests that partial dis-
solution with IL damaged or seriously altered the crystalline 
structure of cellulose fibers and increased the proportion 
of noncrystalline cellulose. The decrease in crystallite size 

from 6.75 to 1.50 nm additionally confirms that the solvent 
penetrated crystallites and dissolved amorphous sections, as 
well as outer chains in the crystallites. This result is consist-
ent with others of Lu et al. [36]; Yousefi et al. [6]; Ghaderi 
et al. [52]. Grafting by PLA did not alter the typical XRD 
patterns for the nanocomposite films relative to the ACC 
film. Also, the crystalline index and crystallite size of both 
nanocomposite films were similar (ca. 52% and 1.46 nm, 
respectively). This result suggests that cellulose retained its 
original crystalline structure after grafting with further PLA 
and ZnONPs as reinforcing agents. In addition, according 
to the bibliography (Shankar et al. [53] and Asiri et al. [54]) 
ZnONPs should show diffraction peaks in the range of 30° 
and 40°. The reason why we did not detect these peaks could 
be that the ZnONPs are well integrated in the matrix and 
the XRD pattern of regenerated cellulose overlaps that of 
ZnO. On the other hand, as a result of ZnONPs incorpora-
tion into the regenerated film, the degree of crystallinity was 
slightly increased compared to the ACC film (from 46.58 to 
56%). This increase in crystallinity was due to the crystalline 
nature of the Zn in ZnONPs as it has been reported by those 
of Zou et al. [55] and Gasti et al. [56].

Surface Morphology

The properties of the transparent nanocomposite film, and 
the surface micro- or nanostructures of the starting paper, 
ACC and nanocomposite films were examined by scanning 
electron microscopy (SEM). The spectra are shown at differ-
ent magnifications in Figs. 5 and 6, and the average surface 
roughness ( Ra ) of the samples are shown in Fig. 7.

Fig. 4   XRD patterns of paper, 
ACC, cellulose-grafted-PLA 
nanocomposite films
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As can be seen, unmodified cellulose paper exhibited a 
very open, porous network of crisscrossing fibers (Fig. 5a). 
There were many loosely composed micro- or nanosized 
pores between the crisscross cellulose clusters and fine 
fibrils (Fig. 5b). However, the porous, loose structures of 
unmodified cellulose paper became less apparent when the 
ionic liquid was added. As can be seen from the micrographs 
of Fig. 5c and d, IL facilitated partial dissolution of cellulose 

fibers, thereby leading to a smoother, more uniform, denser 
surface in the ACC film, which is consistent with the 3D 
roughness profilometry results. Ra for the ACC film was 
8.5 nm (Fig. 7a). The results on the nanoscale also revealed 
that the welding agent successfully welded macro-, micro- 
and nanofibers to one other by penetrating deeply into the 
nano-gaps among nanofibrils (Fig. 5c-1 and d-1). Dissolu-
tion of the skin part of the nanofibril surfaces increased the 

Fig. 5   SEM images at different magnifications illustrating the morphology of the surface and cross-section of paper (A, B) and ACC film (C, D)
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proportion of noncrystalline phase. This result indicates that 
ZnONPs penetrated nanopores or nanogapes among nanofi-
brils, which moved freely in the IL solvent. Regeneration 
and welding of nanostructures ensured trapping of nanopar-
ticles with fully a consolidated structure. This result is con-
sistent with those of Youseft et al. [6, 8] and Niu et al.  [5].

Nanocomposites with the highest and lowest contents in 
PLA and ZnONPs were used to evaluate grafting and disper-
sion in regenerated cellulose. As can be seen fromFig. 6e, 
with small amounts of ZnONPs (1%) and LA (10%) regener-
ated cellulose exhibited a slightly rougher surface with few 
cavities and pores. The nanocomposite film was less smooth 
and uniform (roughness = 134.01 nm) than the ACC film 
(Fig. 7b).

The cross-sectional view of the film in (Fig. 6f) reveals 
a relatively homogeneous structure with good integration 
of the components in the polymer matrix. As can be seen 
in Fig. 6g and h, a compact surface morphology was also 
observed in the nanocomposite film obtained with a ZnONP 
loading of 5% and an LA loading of 70%. Clearly, increas-
ing the two loadings decreased roughness and the number 

of cavities in the resulting film. This result is consistent with 
those of the profilometric analysis. Ra for this film and hence 
smaller than those for ACC and polyethylene terephthalate 
(7.0 nm; Fig. 7c).The decreased roughness of the film was 
likely due to the distribution of an increased proportion of 
PLA chains throughout the cellulose matrix.

EDS was used to analyze the components of a nanocom-
posite film obtained with 1%ZnONPs, and 10%LA. The 
Zn-associated peaks in the EDS spectra of Fig. 8b confirms 
the presence of Zn metal along with the C and O. Also, the 
spectrum of Fig. 8a testifies to the absence of elemental zinc 
from pure cotton paper.

Thickness and Mechanical Properties

Table 2 shows the thickness of cellulose-grafted-PLA nano-
composite films. IL welding reduced the thickness of the 
original paper (122 × 4.08  µm) to 48 × 2.05 µm in the 
ACC film as a result of the welding agent providing a more 
compact surface for macrofibers in the original paper. Also, 
thickness increased from 0.048 to 0.062 mm as the amounts 

Fig. 6   SEM images at different magnifications illustrating the morphology of the surface and cross-section of a nanocomposite film containing 
1% ZnONPs and 10% LA (E, F), and another containing 5% ZnONPs and 70% LA (G, H)
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of LA and ZnONPs added to the cellulose matrix were 
increased. Based on Table 1, the thickness of the nanocom-
posite film containing 5% ZnONPs and 70% LA differed 
little from that of the ACC film.

Figure 9 illustrates the mechanical properties of the cellu-
lose-grafted-PLA nanocomposite films in terms of Young’s 

modulus (YM), tensile strength (TS) and elongation at break 
(EB). These properties are especially important for food 
packaging films since poor flexibility and strength can lead 
to cracking during packaging and use. TS, EB and YM were 
80.42 MPa, 16.61% and 19.13 GPa, respectively, for the 
ACC film; and 0.6 MPa, 3.17% and 0.19 GPa, respectively, 

Fig. 7   Mean surface roughness of ACC and cellulose-grafted-PLA nanocomposite films with the lowest and highest contents in ZnONPs and 
LA monomers as acquired through from 3D profiles

Fig. 8   EDS spectra for A untreated cotton paper and B a nanocomposite film containing 1%ZnONPs and 10%LA
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Fig. 9   a Tensile strength (MPa), 
b elongation at break (%) and 
c young’s modulus (GPa) of 
paper, ACC and cellulose-
grafted-PLA nanocomposite 
films with different contents 
in ZnO nanoparticles and LA 
monomers
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for the cellulose-grafted PLA nanocomposite film. The 
increased mechanical strength of the ACC film (134-fold) 
can be ascribed to the IL welder penetrating deeply into 
nanogaps, lumens and pits by effect of microdisconnec-
tion and nanodisconnections between nanofibrils and of the 
increased connectivity and integrity of a network containing 
more junction points. This result is consistent with others of 
Ghaderi et al. [52], Yousefi et al. [8] and Niu et al. [5]. A 

plausible explanation for this softening effect and significant 
increase in ductility is that the cellulose bulk and surface 
were probably plasticized by EmimAc during the nanow-
elding process and became more flexible as a result [5, 57].

As can be seen from Fig. 9, adding ZnONPs to the regen-
erated cellulose matrix increased its mechanical strength. 
The tensile strength of the nanocomposite film was fur-
ther enhanced with increase in LA content. No significant 

Fig. 10   Visual appearance, 
qualitative transparency and 
flexibility of cellulose-grafted-
PLA nanocomposite films with 
variable contents in ZnONPs 
and LA. a 1%ZnONPs, 
10%LA, b 1%ZnONPs, 
70%LA, c 3%ZnONPs, 10%LA, 
d 3%ZnONPs, 70%LA, e 
5%ZnONPs, 10%LA and f 
5%ZnONPs, 70%LA

Table 2   Color, light transmittance (%) and thickness of various cellulose-grafted-PLA films

Sample Color Light transmittance (%) Thickness ( µm)

L a b ΔE 280 (nm) 660 (nm)

ACC​ 88.75 × 0.05 − 1.32 × 0.03 3.25 × 0.05 4.24 × 0.15 81.90 × 0.76 85.42 × 0.42 48 × 2.05
1% ZnONPs/10% LA 89.90 × 0.34 − 1.30 × 0.004 3.18 × 0.04 3.10 × 0.33 63.07 × 0.42 83.89 × 0.49 49 × 1.24
1% ZnONPs/30% LA 89.15 × 0.36 − 1.27 × 0.01 3.48 × 0.04 3.91 × 0.15 64.17 × 2.83 81.16 × 0.67 53 × 2.05
1% ZnONPs/50% LA 89.77 × 0.14 − 1.26 × 0.1 3.37 × 0.21 3.37 × 0.19 63.91 × 3.34 81.82 × 1.27 56 × 1.63
1% ZnONPs/70% LA 89.60 × 0.16 − 1.27 × 0.01 3.22 × 0.07 3.41 × 0.06 63.38 × 0.22 82.86 × 0.32 61 × 1.24
3% ZnONPs/10% LA 89.99 × 0.11 − 1.29 × 0.04 3.25 × 0.03 3.26 × 0.02 47.82 × 037 84.77 × 2.05 52 × 1.00
3% ZnONPs/30% LA 89.29 × 0.12 − 1.29 × 0.04 3.41 × 0.22 3.76 × 0.18 40.25 × 1.28 83.09 × 1.96 55 × 2.05
3% ZnONPs/50% LA 89.69 × 0.76 − 1.27 × 0.005 3.21 × 0.65 3.31 × 0.12 38.24 × 0.75 77.05 × 1.55 58 × 1.24
3% ZnONPs/70% LA 89.59 × 0.14 − 1.26 × 0.01 3.20 × 0.05 3.40 × 0.19 35.89 × 0.09 79.09 × 1.61 62 × 0.94
5% ZnONPs/10% LA 88.43 × 0.37 − 1.24 × 0.02 3.49 × 0.04 4.60 × 0.63 30.59 × 0.34 82.00 × 2.36 55 × 1.63
5% ZnONPs/30% LA 88.33 × 0.08 − 1.22 × 0.03 3.84 × 0.04 4.80 × 0.25 28.79 × 092 79.80 × 2.68 57 × 0.81
5% ZnONPs/50% LA 88.84 × 0.63 − 1.25 × 0.02 3.46 × 0.12 4.20 × 0.18 25.02 × 1.14 73.93 × 2.79 58 × 0.47
5% ZnONPs/70% LA 88.87 × 0.02 − 1.29 × 0.07 3.31 × 0.21 4.13 × 0.28 23.08 × 0.35 73.68 × 1.82 62 × 1.24
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difference in TS, EB or YM in the regenerated cellulose 
matrix was observed with the addition of 1%ZnONPs and 
10%LA relative to the ACC film. However, the film exhib-
ited a flexibility (EB) roughly twofold that of the control 
sample (ACC) on average with 70%LA added to the regen-
erated cellulose matrix. The increased EB value (30%) of 
the cellulose-grafted-PLA nanocomposite film suggests 
that a 1% proportion of ZnONPs was better dispersed and 
interacted more efficiently with PLA polymer chains and the 
regenerated cellulose matrix [5, 52]. Adding a 3% propor-
tion of ZnONPs together with 70% LA to the regenerated 
cellulose matrix increased TS to 101.61 MPa but decreased 
EB to 24.78% by effect of the nanofillers restricting motion 
of the polymer chain. Interestingly, an LA proportion of 
70% reduced EB to 20.58% with no change in TS or YM 
on increasing the proportion of ZnONPs from 3 to 5%. An 
increase in TS and a decrease in EB in nanocomposite films 
by effect of adding ZnONPs was previously observed by 
Shankar et al. [53] and Ngo et al. [37]. YM for the nanocom-
posite films containing 70% LA decreased with increase in 
the amount of ZnONPs added, albeit not significantly. TS, 
EB and YM for the film containing 5% ZnONPs and 70% 
LA were 101.05 MPa, 20.58% and 13.05 GPa, respectively, 
and suggest that the film was relatively strong and quite flex-
ible. Therefore, using ZnONPs and LA in their optimum 
proportions ensured that film strength was improved to a 
similar extent.

Optical Properties

Figure 10 illustrates the appearance and flexibility of the 
cellulose-grafted-PLA nanocomposite films. As can be seen, 
all were adequately transparent and flexible. Transparent 
packaging is seemingly more attractive than are opaque food 
containers to store fresh foods because, consumers can easily 
check their freshness [58].

The color of the cellulose-grafted-PLA nanocomposite 
films is important for their acceptance as food packaging . 
Table 2 shows the lightness ( L∗ ), and parameters a∗ (green-
red), b∗ (blue-yellow) and ΔE(total color difference), for the 
films. As can be seen, neither a∗ nor b∗ differed significantly 
with the proportion of ZnONPs over the range 1-5%. The 
nanocomposite films containing 1% or 3% ZnONPs and 
variable proportions of LA had similar L∗ values (89.15 to 
89.99). However, a proportion of ZnONPs of 5% slightly 
decreased L∗ with no effect on a∗ or b∗ . The decrease in L∗ 
resulted in an increase in ΔE . Thus, ΔE for the nanocom-
posite films containing 1% and 3% of ZnONPs was 3.91 
and 3.76, but rose to 4.80 with 5% of ZnONPs. A similar 
decreasing trend in L∗ and increasing trend in ΔE with addi-
tion of ZnONPs to PLA and cellulose based films was previ-
ously found elsewhere [59].

Transmission of UV and visible light by the cellulose-
grafted-PLA nanocomposite films were determined at 280 
and 660 nm, respectively (Table 2). Compared to the ACC 
film, incorporating of ZnO nanoparticles into the regener-
ated cellulose matrix considerably decreased UV transmit-
tance, which is in consistent with previous results of Saedi 
et al. [58]. The films containing 1% ZnONPs were ineffective 
in blocking UV light, which is unsurprising given their high 
transmittance of visible light at 660 nm (81–83%). How-
ever, increasing the proportion of ZnONPs from 3% to 5% 
in the films containing 70% LA dramatically reduced with 
70%LA resulted in a dramatic reduction in UV transmittance 
(to 35.89% and 23.08%, respectively) with no appreciable 
impact on visible light transmittance. Therefore, incorpo-
rating ZnONP into regenerated cellulose improved its UV 
barrier properties with little loss of transparency, and hence 
made it acceptable for food packaging. Also, seemingly, UV 
light absorption increased with increasing film thickness, 
which confirms that the thickness of polymer films is a key 
factor in enhancing their UV shielding properties.

Barrier Properties

Air permeability measurements (0 µm Pa−1 s−1 ) revealed that 
all nanocomposites and the ACC film, like the polyethylene 
and polypropylene packaging polymers used as controls, 
were completely impermeable to air. Therefore, the welding 
process provided an integrated, dense structure that formed 
a highly efficient air barrier [6].

Moisture transfer across packaging materials can have a 
strong impact on the shelf-life of packaged products. Water 
vapor permeability (WVP) has frequently been used to 
assess film barrier properties. In a nanocomposite film, WVP 
depends on the nature of its constituent polymers, its thick-
ness and molecular weight, and the type of cross-linking 
agent used and its concentration [60, 61]. Figure 11 shows 
WVP for the nanocomposite films and the control samples 
(viz., untreated paper, and ACC and PLA films). WVP for 
the ACC film was approximately 45% lower than it was for 
untreated paper (15.70 ×10−9 g m−1 h−1 Pa−1) but similar to 
that for PLA film.

This result confirms that welding process improved the 
barrier properties of the films [50]. A similar decrease in 
WVP was observed in the cellulose-grafted-PLA films 
enriched with the addition of either ZnONPs or in situ ROP 
of LA monomers. Obviously, ZnONPs acted synergistically 
with PLA; thus, the nanocomposite containing 5%ZnONPs 
and 70%LA had a WVP 82.35% lower than that of the ACC 
film. This makes cellulose-grafted-PLA nanocomposite 
films highly promising materials for food packaging. The 
reduction in WVP was a result of the hydrophobicity of 
ZnONPs and PLA added to the cellulose matrix [46, 62]. 



Journal of Polymers and the Environment	

1 3

Because oxygen is one of the main cause of food spoilage 
by effect of lipid oxidation and increased microbial growth, 
packaging materials should have good oxygen barrier prop-
erties [58]. As can be seen in Fig. 11, the OTR values at 0% 
and 90% RH of the nanocomposites were lower than those 
of the ACC and PLA films used as controls.

The OTR decreased with increasing proportion of 
ZnONPs and LA in the regenerated cellulose matrix. At 
0% RH, the films were completely impermeable to oxygen. 
However, their permeability increased as RH was risen to 
90%. This was a result of cellulose swelling and its matrix 
cracking to an increasing extent with increasing relative 
humidity [63]. At 90% RH, increasing proportion of LA 
to 70% with 5%ZnONPs decreased OTR by 65% relative 
to the nanocomposite film containing 1% ZnONPs,and 
10%LA. Based on the results, the presence of increased 
amounts of ZnONPs and PLA polymers chains in the cel-
lulose matrix can create tortuous pathways for oxygen to 
diffuse [61, 64].

Good oxygen barrier properties are important for many 
uses, including for food packaging. However, no particular 
barrier rating scales have to date been established. Abdel-
latief et al. [65] classified films as ‘high oxygen barrier’, 
‘medium oxygen barrier’ and ‘low oxygen barrier’ accord-
ing to whether their approximate OTR values at 23 °C, 
50%RH fell in the range 1–10, 10–1000 and 1000–10,000 
cc m −2 day−1, respectively. At present, the most widely 
used commercial food packaging materials are made of 
polyethylene terephthalate (PET), which has an OTR value 
of around 110 cc m −2 day−1. Based on this understand-
ing, and on the low OTR values of the nanocomposite 

films, they could be used as packaging materials for food 
and pharmaceuticalsin tablet form (blisters), fresh meat, 
peanuts, and instant coffee, which are required to have 
OTR values lower than 100, 80, 50, and 2 cc m −2 day−1, 
respectively (Gao et al. [66]; Wang et al. [67]; Markus 
et al. [68]).

Water Contact Angle

Surface hydrophobicity or hydrophilicity in films is usu-
ally measured in terms of water contact angle (WCA). 

Fig. 11   OTR and WVP of 
paper, ACC and cellulose-
grafted-PLA nanocomposite 
films with different contents 
in ZnO nanoparticles and LA 
monomers

Fig. 12   Water contact angle of paper, ACC and cellulose-grafted-
PLA nanocomposite films with different contents in ZnO nanoparti-
cles and LA monomers
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Hydrophobicity and hydrophilicity can be influenced by 
various factors including surface chemistry and rough-
ness [69]. As can be seen from the WCA values of Fig. 12, 
all nanocomposite films were hydrophilic. Their decreased 
values relative to the PLA film were a result of the pres-
ence of hydroxyl groups in the nanocomposites. However, 
blending of LA monomers to the cellulose matrix decreased 
wettability and increased WCA. Thus, WCA for the film 
containing 1% ZnONPs and 70% LA was greater than that 
for the film containing 1%ZnONPs, 10%LA (41.49° vs 
32.18°). Whereas increasing the proportion LA had little 
effect on WCA, increasing that of ZnONPs increased it sub-
stantially (from 34.64° in the nanocomposite film containing 
1% ZnONPs and 30% LA to 44.38° and 55.78° in those con-
taining 3 and 5 wt% ZnONPs, respectively). These results 
are suggestive of a positive relationship between WCA and 
the ZnONP loading [37, 70]. The decreased WCA value of 
the film containing 1%ZnONPs and 10% or 30%LA relative 
to the ACC film may have resulted from an increased surface 
roughness [70]. WCA for the film containing 5% ZnONPs 
and 10% LA was 49.04° but increased to 55.78° and 53.94° 
with 50% and 70% LA, respectively.

Antioxidant Activity

Antioxidant properties are especially important owing to 
the detrimental action of free radicals on foods and bio-
logical systems [71].Antioxidant activity in the cellulose-
grafted-PLA nanocomposite films was assessed by ABTS 
radical scavenging. As can be seen from Fig. 13, the ACC 
film exhibited little activity through reaction of exposed 

electron-donating hydroxyl groups in the cellulose matrix 
with free radicals over time [72]. The addition of ZnONPs 
in increasing proportions substantially increased antioxidant 
activity in the films, however. According to Ananthalak-
shmi et al. [73], ZnONPs are among the best candidates 
for boosting antioxidant activity [73]. The films containing 
1%ZnONPs and either 10%LA or 30%LA exhibited a similar 
activity (approximately 10%). This was also the case with 
those containing 5% ZnONPs and either 10% or 30% LA 
(ca. 19%). The highest antioxidant activity (23%) was that 
of the film containing 5%ZnONPs and 70%LA. By contrast, 
the pure PLA film exhibited insubstantial activity (<5%), 
probably because it acted as a reservoir and protector for 
ZnONPs in the film matrix. Overall, cellulose-grafted-PLA 
nanocomposite films containing ZnONPs can be used in 
active packaging to extend the shelf life of foods.

Conclusions

In this work, we developed a novel approach to preparing 
cellulose-grafted-PLA nanocomposite films from cellulose 
fibers by use of IL and simultaneous in situ ring-opening 
polymerization (ROP) of LA monomers with entrapped 
ZnO nanoparticles. As shown by SEM, the films had a rela-
tively smooth, uniform structure. Based on the result, the 
ionic liquid facilitated mutual welding of fibers and micro- 
and nanofibrils by penetrating deeply into the nanogaps 
between nanofibrils. Based on XRD spectra, the welding 
agent altered the crystalline structure of cellulose fibers and 
increased their proportion of noncrystalline areas. Grafting 
PLA and adding ZnO nanoparticles (ZnONPs) modified the 
physical and functional properties of the films in relation 
to an all-cellulose composite (ACC). Thus, incorporating a 
70% proportion of monomeric LA and one of 5% of ZnONPs 
improved some film properties including antioxidant activity 
and water contact angle. Increased proportions of ZnONPs 
and LA led to excellent barrier properties against UV and 
visible light, water vapor permeability and oxygen trans-
mission rate. By contrast, the addition of ZnONPs or LA 
had no significant influence on color or light transmission. 
Increased proportions of LA (70%) and decreased propor-
tions of ZnONPs (1%) improved the flexibility of the nano-
composite films in terms of elongation at break (up to 32%), 
whereas a proportion of 5% ZnONPs and one of 70% of LA 
maximized tensile strength. The resulting nanocomposite 
films have the potential for a variety of uses.
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