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A B S T R A C T   

Cellulose nanocrystals (CNC) were mixed with either cellulose nanofibril (CNF) or carboxymethylcellulose 
(CMC) in variable proportions (0/100, 20/80, 40/60, 50/50, 60/40, 80/20 and 100/0) to obtain cast films with 
acceptable barrier and mechanical properties as replacements for food packaging plastics. Both CNF and CMC 
improved tensile strength, elongation, UV opacity, air resistance, hydrophobicity (WCA-water contact angle), 
water vapor transmission rate (WVTR) and oxygen impermeability in pure CNC. WVTR and oxygen permeability 
were strongly dependent on relative humidity (RH). Interestingly, the greatest effect on WVTR was observed at 
RH = 90% in films containing CMC in proportions above 60%. CMC- and CNF-containing films had oxygen 
impermeability up to an RH level of 80% and 60%, respectively. The previous effects were confirmed by food 
packaging simulation tests, where CMC-containing films proved the best performers. The composite films studied 
were biodegradable—which constitutes a major environmental related advantage—to an extent proportional to 
their content in CMC or CNF.   

1. Introduction 

Natural biopolymers are being increasingly used as replacements for 
petroleum derivatives worldwide in order to address serious environ
mental and health problems of which scientists and society at large are 
well aware [1]. Developing effective alternatives to troublesome mate
rials is the focus of much current research in various scientific areas 
including food technology and, especially, food packaging. For a long 
time now, foods have been stored in plastic materials, which have been 
the source of deleterious effects on health and the environment [2,3]. 
Plastics have so far been used for this purpose on the grounds of their 
wide availability in large amounts, their good tensile strength and their 
low oxygen permeability. Unfortunately, they are not biodegradable, 
which has become not only a functional requirement but also a major 
attribute of environmental friendliness for the packaging industry [4]. 
Extending the shelf life of foods while preserving their quality—or even 
improve it—is essential, but so is protecting the environment by using 
renewable, recyclable and biodegradable materials for packaging. In 
this scenario, natural biopolymers may provide an effective choice for 

developing environmentally safe packaging materials with good barrier 
and mechanical properties. 

Cellulose is one of the most abundant natural biopolymers. This has 
boosted its massive use by the paper, textile, food, pharmaceutical and 
veterinary industries, among others [5,6]. In recent decades, however, 
cellulose has started to be increasingly used as a replacement for pe
troleum derivatives. In fact, cellulose derivatives—and, more recently, 
nanocellulose—have aroused increasing interest in the food industry by 
virtue of their good barrier properties [7,8], and also of their recycla
bility and biodegradability [9]. Food packaging helps to store and pre
serve (nutritional and organoleptic) properties of food, not only 
preserving it from spoilage, but also protecting it from physical and 
environmental conditions [10]. There are many studies on nano
packaging in the food industry. This industry is one of the sectors where 
nanotechnology has transformed the way food is preserved and pack
aged. However, only a few works have focused on new generation 
packaging that encourages the use of natural polymers to replace 
traditional plastics [3]. Although they may be effective alternatives to 
existing plastics, their high sensitivity to moisture must be lessened 
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before they can be effectively used as packaging materials [11]. Nano
cellulose can be obtained from plants, bacteria or tunicates, being more 
commonly obtained from plants, including cotton, cotton linters, kenaf 
fiber, wheat straw, and wood fiber [12,13]. The properties of nano
cellulose vary slightly with origin. Thus, bacterial nanocellulose is 
highly crystalline, whereas vegetable nanocellulose typically occurs as 
nanocrystals (CNC) or nanofibers (CNF). 

The process to obtain CNC involves hydrolysis, usually with sulfuric 
acid, of the amorphous portion of cellulose, giving rise to crystalline 
cellulose nanostructures [14,15]. CNC displays rod-like structure 
(5–30 nm in diameter and 100–500 nm in length) with larger specific 
surface area and high crystallinity [16]. On the other hand, CNF have a 
large specific surface area (10–100 nm in diameter, 1–10 μm in length) 
and are typically obtained by high-shear mechanical disintegration of 
cellulose fibers with an enzymatic or chemical pretreatment and contain 
both crystalline and amorphous cellulose parts [17]. 

CNC is very interesting for application in the food packaging industry 
because it produces transparent films and has the advantage of being less 
moisture-sensitive due to its higher crystallinity than CNF [18]. How
ever, this higher crystallinity has also the disadvantage of producing 
films that are much more fragile and difficult to handle. Fernández- 
Santos et al. [19] observed low barrier and mechanical properties of 
CNC films, and concluded that it was necessary to add additives to 
improve these properties. They also found that the addition of natural 
additives such as sorbitol was needed to preserve the oxygen imper
meability until a relative humidity (RH) of 70%. 

Although CNF has very good mechanical properties and oxygen 
impermeability, their barrier properties degrade heavily with increasing 
moisture [7] and the resulting films do not possess good transparency 
[20]. Very few studies have compared barrier properties in CNC and 
CNF; also, most have used them as paper coatings rather than pure films 
[7,21–24]. 

Carboxymethylcellulose (CMC) is a water-soluble cellulose deriva
tive containing carboxymethyl (CH2COOH) groups and hydroxyl groups 
in the cellulose chain [25]. By virtue of its physicochemical and bio
logical properties, CMC has been used as an oxygen- and carbon dioxide- 
barrier material [8]. CMC is used as a food additive to provide stability 
and thickness to foods, due its high viscosity at relatively low concen
tration [26]. In addition, it has been widely used among cellulose de
rivatives to prepare biodegradable films due to its biodegradability and 
biocompatibility [17]. CMC has good film-forming properties, with high 
optical transparency and high chemical stability [27,28]. Unfortunately, 
CMC films have poorer mechanical properties than other cellulose-based 
films as a result of their being adversely affected by moisture [8,17]. 

Tavares et al. [29] found that CMC exhibited better properties when 
mixed with starch. Oun & Rhim [30,31] previously found mixing CMC 
with 5% CNF or 5% CNC to improve the properties of the starting ma
terial. Although CNC, CNF and CMC possess some interesting charac
teristics to be applied as packaging materials, they have a lack of some 
mechanical and barrier properties. Thus, the starting hypothesis for this 
work was that mixing CNC with either CNF and CMC could allow fully 
functional films to be obtained through a synergistic combination of 
their properties. For example, because CMC seemingly possesses very 
good oxygen-barrier properties [8], its addition to CNC was expected to 
improve packaging performance in its films and to make them suitable 
for the intended purpose as a result. In fact, no study spanning the whole 
possible range of CMC proportions in combination with CNC appears to 
have been reported to date. 

Therefore, in this work, we mixed CNC with variable proportions of 
either CNF or CMC to obtain composite films with high transparency and 
also with barrier, structural, mechanical, optical and morphological 
properties similar to petroleum-derived materials. These more sustain
able films could be used as functional, environmentally safe packaging 
materials by the food industry. CNC was selected as the basis film 
because of the optical transparency it can provide to the final films, and 
also since high solids formulations are possible with mainly CNC, due to 

its uniformity of particle dimensions and moderate aspect ratio. 
Work toward this goal was conducted in two parts. One involved 

constructing and characterizing CNC films containing variable pro
portions of CNF, and assessing whether the resulting improvements in 
barrier properties overcame the wettability, hydrophobicity and 
oxygen-barrier shortcomings of CNF at a high relative humidity. The 
other part involved constructing and characterizing CNC–CMC com
posite films. CNC–CNF and CNC–CMC composite films were examined in 
morphological and structural terms, as well as for optical and mechan
ical properties, and for biodegradability. In addition, they were sub
jected to a test mimicking real-life packaging conditions for food 
(olives). 

2. Materials and methods 

2.1. Materials 

Cellulose nanocrystals (CNC) and cellulose nanofibril (CNF) pro
vided by University of Maine (Maine, United States) were used as main 
raw materials. Isopropyl alcohol (CH3CHOHCH3, 99.8%, Lot number: 
0000741157), sodium hydroxide (NaOH, 100%, Lot number: 
0000975387), methanol (CH3OH, 99.5%, Lot number: 0000688234), 
acetic acid (CH3COOH, 99.9%, Lot number: 0000957900) and ethanol 
(CH3CH2OH, 99.8%, Lot number: 0001976879) were purchased from 
PanReac AppliChem (Germany). Monochloroacetic acid (C2H3ClO2, 
100%, Lot number: S6928112538) was purchased from Merck kGaA 
(Germany). Cotton linters were obtained from Celesa (Celulosa de 
levante, s.a., Spain). 

2.2. Carboxymethylcellulose (CMC) 

2.2.1. Synthesis of CMC 
The CMC was prepared following the method described by Browning 

[32]. 15 g of cotton linters were mixed with 400 ml of isopropyl alcohol 
in a beaker. After 30 min with vigorous mechanical stirring, 50 ml of a 
40% (v/v) aqueous solution of sodium hydroxide were added and, over a 
period of 1 h at room temperature, stirring was continued. Chloroacetic 
acid (18 g) was then added over a period of 30 min. The beaker was 
covered with aluminum foil and placed in an oven at 55 ◦C for 3.5 h. 
After heating, the solution was separated into two layers. The upper 
liquid layer was discarded and the lower solid phase was dispersed in 
300 ml of methanol 70% (v/v) and neutralized with 90% (v/v) acetic 
acid. The fibers were separated by filtration, stirred into 70% (v/v) 
ethanol (300 ml) and allowed to stand for 10 min. The filtration and 
stirring with ethanol are repeated six times, after which the fibers were 
washed with absolute methanol and dried at 60 ◦C. The product should 
be a degree of substitution ≤1. 

2.2.2. Determination of the degree of substitution (DS) of CMC 
5 measurements were performed for this analysis. 5 g of CMC was 

added to 200 ml HNO3-methanol (1:1 v/v). This solution was shaken for 
3 h. The excess of acid was washed with a 70% (v/v) methanol solution. 
After drying CMC overnight at 60 ◦C, 2 g of dried sample was dissolved 
in 200 ml of distilled water and 30 ml of 1 N NaOH mixture. Then, the 
solution was titrated by 1 N HCl. The DS of CMC was determined by 
following equations [33,34]: 

DS =
0.162*A

[1 − (0.058*A) ]
(1)  

A =
(B*C) − (D*E)

F
(2)  

where: 
A: equivalent weight of alkali required per gram of CMC 
B: amount of NaOH solution (ml) 
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C: normality of NaOH solution (N) 
D: amount of HCl solution (ml) 
E: normality of HCl solution (N) 
F: weight of CMC (g). 

2.3. Preparation of films by casting method 

In order to obtain films with advanced properties, it was mixed CNC/ 
CMC, and CNC/CNF to obtain films by casting method at the proportions 
of 0/100, 20/80, 40/60, 50/50, 60/40, 80/20 and 100/0 (Fig. S1 in 
Supplementary data). The mixtures were prepared by adding the 
necessary water to obtain a final consistency of 2%. For correct ho
mogenization, the mixture between CNC and CMC was stirred with 
vigorously shaking (700 rpm) for 1 h; and the mixture between CNC and 
CNF was sonicated for 20 min on an ultrasound tip with 50% of 
amplitude (Branson™). The suspensions were deposited on a poly
styrene plastic surface and allowed to evaporate at controlled humidity 
(50% RH) and temperature (23 ◦C) conditions, for about 5 days. 

2.4. Characterization of films 

2.4.1. Structural properties 
Thickness, basis weight and density were measured according to ISO 

534:2011. Roughness of the films was measured following the ISO 8791- 
2:2013 standard. Surface and cross sections of the films were observed 
by SEM (JSM 7100 F) using a LED filter. All the samples were graphite 
coated using EMITECH K950X221. 

2.4.2. Optical properties 
The absorbance was measured at room temperature in steps of 1 nm, 

in the range of 200 to 900 nm with an Evolution 600 UV–visible spec
trophotometer. Transmittance of the film at 600 nm was also measured. 
The transparency of the films was calculated from the percent trans
mittance of light at 600 nm, following the eq. 3 [35]: 

Transparency =

(
− log%T600

x

)

(3)  

where %T600 is the percent transmittance at 600 nm and x is the film 
thickness (mm). 

2.4.3. Mechanical properties 
Mechanical properties of the films such as tensile strength, elonga

tion at break and Young’s modulus was carried out by using a Metrotec- 
quality control instruments T5K equipped with a 500 N load cell. The 
films were cut into rectangular shape with 15 mm width and 50 mm 
length. 

2.4.4. Barrier properties 
Air permeance was measured following the standard ISO 5636- 

3:2013. Water absorption was evaluated using an adaptation of the 
TAPPI T835, in which a drop of water is deposited on the surface of film 
and then it is measured the time that it took to disappear the specular 
gloss of the drop of water. The hydrophobicity was measured by the 
water contact angle (WCA) using a Dataphysics OCA15EC contact angle 
goniophotometer with an image capture ratio of 25 frame/s. A 4 μl water 
drop was delivered to sample surface and at least 5 measurements were 
made for each film. Since 5 films were produced for each condition, 10 
measures of WCA were performed by sample. Oil resistance was 
measured in accordance with the standard ISO 16532-3:2010, following 
the turpentine test. Oxygen permeability was measured using MOCON 
OX-TRAN® Model 1/50 with an atmospheric oxygen concentration of 
100% at 23 ◦C temperature and at different relative humidity (0, 20, 40, 
60, 70, 80 and 90%). Water vapor transmission rate (WVTR) of the films 
was measured according to the standard procedure ISO 2528 (2017) at 
25 ◦C and 50% and 90% RH. The procedure was carried out as follows: 

an aluminum cup containing CaCl2 desiccant was sealed by the test film 
(50 cm2 exchange film area) with paraffin wax at 90 ◦C and placed in a 
climatic chamber for controlling the environmental conditions. All tests 
were performed in duplicate. The WVTR (g m− 2 day− 1) was determined 
using the eq. 4: 

WVTR =
m*24*104

S*t
(4)  

where m is the increase in mass, in grams, of the assembly during the 
time t; S is the area of the tested surface of the test piece and t is the total 
duration, in hours, of the last two stable exposure periods. 

2.4.5. FTIR spectroscopy 
FTIR spectra of CNC films were recorded in duplicate at room tem

perature using an ATR-FTIR spectrophotometer (Spectrum 100, Perkin 
Elmer, USA). FTIR spectral analyses were conducted within the wave
number range of 500–4000 cm− 1. A total of 64 scans were run to collect 
each spectrum at a 1 cm− 1 resolution. 

2.4.6. X-ray diffraction (XRD) 
CNC films were subjected to X-ray diffractometry analysis (PAN

alytical X’Pert PRO MPD Alpha1 powder diffractometer in a Bragg- 
Brentano θ/2θ geometry of 240 mm of radius). The samples were ana
lysed at the radiation wavelength of 1.5406 Å and 45 kV–40 mA for the 
work power. Samples were scanned from 2 to 60◦, 2Ɵ range. The sam
ples were mounted with no support fixed by mean of two polyoxy
methylene rings, and analysed in reflection geometry. The crystallinity 
index (CI) was calculated based on Eq. (5) [36]. 

CrI(%) =
Ic − Iam

Ic
× 100 (5)  

where Ic is the maximum intensity of the lattice diffraction and Iam is the 
intensity of the peak at 2Ɵ = 18◦, which corresponds to the amorphous 
part of cellulose. The intensity of the peaks was measured as the 
maximum value obtained for the peak taking into account a baseline. 

2.4.7. Biodegradability of films 
To study the final aerobic biodegradability of the films obtained in 

the present study, the methodology of the UNE-EN ISO 17556 standard 
was adapted as explained in Fernández-Santos et al. [19]. In summary 
form this assay was carried out under controlled composting conditions, 
in order to determine the total biodegradability of the degraded mate
rial. A constant rate of CO2-free air entered the containers with the 
samples and swept along CO2 generated. After 90 days of testing, from 
the datum of CO2 produced, the biodegradability of each of the tested 
materials was calculated. 

2.4.8. Food packing simulation 
Composite films containing CNC and either CMC or CNF were used as 

packaging materials to seal cylindrical glass containers 4 cm in diameter 
holding self-produced olives. The olives were of standard size and used 
24 h after harvesting (i.e., they were optimally ripe). Each container was 
used to place an unripe (green) olive and a ripe (brown) olive, and sealed 
with one of the films with the aid of paraffin at 90 ◦C. Tests were per
formed at a controlled temperature (23 ◦C) and relative humidity (50%) 
for 10 days, time during which the olives exhibited some changes. All 
tests were done against other materials including filter paper, plastic 
film, aluminum foil and a blank (no film). The specific films tested were 
made from CNC, CMC, CNF, CNC + CMC and CNC + CNF. 

3. Results and discussion 

The results were consistent with the proportions of CMC or CNF 
added to CNC, namely: 0% CMC (or CNF) + 100% CNC; 20% CMC/ 
CNF + 80% CNC; 40% CMC/CNF + 60% CNC, and so forth. 
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3.1. Degree of substitution (DS) and mass gain in CMC 

The degree of substitution in CMC was determined against cotton 
linters DS = 0.56 ± 0.0067, which is very similar to previously reported 
values for various sources of plant fiber including seaweed (0.51; [5]), 
grapefruit peel (0.54; [37]) and sugarcane (0.43; [38]). Naves & Petri 
[39] used CMC with DS = 0.7 commercially available from Aldrich; 
Zhang et al. [40] reported DS values of 0.23, 0.46 and 0.58; and 
Wahyuni et al. [41] found DS in commercial microcrystalline cellulose 
to range from 0.57 to 0.90 depending on the NaOH concentration and 
solvent used. Robles Barros et al. [42] found bleached pulp from soy
bean husk to have DS values of 0.95–1.56, and Zhang et al. [40] reported 
DS values of 0.23, 0.46 and 0.58 for laboratory-made CMC. 

The degree of substitution (DS) of CMC strongly influences its solu
bility in water (water affinity increases with increasing DS). Thus, a 
polymer with DS lower than about 0.4 is insoluble, whereas one with 
DS > 0.4 is readily soluble in water [43]. Our polymers had DS = 0.56, 
so they should be water-soluble and hence suitable for various industrial 
uses in combination with CNC. 

3.2. Morphological, optical and mechanical characterization of 
CNC–CMC and CNC–CNF films 

3.2.1. Morphological analysis 
The effect of mixing CNC with CMC or CNF on film morphology and 

structure was examined by scanning electron microscopy (SEM) of film 
cross-sections. As can be seen in Fig. 1, CNC–CNF (Fig. 1c) and 
CNC–CMC films (Fig. 1e) exhibited a uniform, compact appearance 
similar to those reported by other authors [44,45]. As can also be seen, 
CNF-containing films (Fig. 1b) were slightly less compact than CNC films 
(Fig. 1a), but CNC–CNF composite films (Fig. 1c) were quite compact as 
a result of the combined crystallinity of CNC and fibrillary structure of 
CNF. According to Kumar et al. [22], CNC gives more compact structures 
than does CNF by virtue of the former forming whiskers and the latter an 
entangled pore network [46,47]. As can be seen in Fig. 1e, CNC–CMC 
films were well-formed and uniform in appearance; also, they showed no 
signs of microscales in the matrix—which, as previously reported by 
other authors [48] suggests that CNC and CMC were compatible as film 
components. 

3.2.2. FTIR and XRD analysis 
Structural changes in CNC–CNF and CNC–CMC composite films were 

studied from their FTIR and XRD spectra, which are shown in Figs. 2, 3 
and S2 —the latter in Supplementary data. The bands in the wave
number region 3700–3000 cm− 1 of the FTIR spectra (Fig. 2) were 
assigned to stretching vibrations in hydroxyl groups [49], which are 
affected by hydrogen bonding, and those at 2906 and 2890 cm− 1 to 
aliphatic C–H bond stretching in alkyl groups [49]. The absorbance 
peak at 1640 cm− 1 was assigned to H–O–H bending vibrations in 
adsorbed water, and the peak at ca. 1050 cm− 1 to stretching vibrations 
of C–O–C bonds in pyranose rings of primary and secondary hydroxyl 
groups in cellulose [50]. The peak at ca. 895 cm− 1 was due to glycoside 
bonds in cellulose, and those in the region 800–650 cm− 1 were assigned 
to O–H vibrations [51]. 

Figs. 2a and S2a show the FTIR spectra for different CNC–CNF 
composites. As can be seen, all except that for the pure (100%) CNC 
film—which exhibited an additional peak at 1390 cm− 1 due to SO3

− ions 
denoted by an arrow in Fig. 2a—were identical. This result suggests that, 
as previously found by other authors [7], mixing CNC with CNF did not 
alter the chemical structure of the former. Figs. 2b and S2b show the 
FTIR spectra for different CNC–CMC composites. The prominent peak at 
1585 cm− 1 can be assigned to stretching in C––O bonds, and the also 
prominent ones at 1416 and 1314 cm− 1 to symmetric stretching in 
NaCOO groups. As can be seen from Fig. S2b, the previous peaks 
increased with increasing proportion of CMC. 

Fig. 3 shows the XRD patterns for CNC–CMC and CNC–CNF films, 
which were used to elucidate their crystal structure. The main diffrac
tion angles at the 2θ values 14◦ (1− 10), 16◦ (110) and 22◦ (200) 
correspond to primary diffraction in the (1–10), (110) and (200) planes, 
respectively, of polymorph cellulose I [52]. As can be seen in Fig. 3, the 
XRD spectrum for the pure CMC film contained a broad diffraction band 
at a 2θ value of 18–26.5◦ due to the amorphous nature of the polymer 
[53,54]. CNC–CMC composites exhibited a distinct peak for CNC at 
2θ = 22.5◦ that was especially strong for pure CNC. Similar results were 
obtained by Li et al. [53] with CMC films containing CNC. Therefore, the 
crystal structure of CNC is not altered by the addition of CMC or 
CNC—the decreased crystallinity of the composites was a result of the 
presence of CMC or CNF. This assumption was confirmed by deter
mining the crystallinity index (CI) of the films as calculated from Eq. (5) 
[36]. As can be seen from Table S1, CI was highest in CNC films 

Fig. 1. Scanning electron micrographs of CNC (a), CNF (b), CNC–CNF (50–50%) (c), CMC (d), CNC–CMC (50–50%) films (e).  
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(86.64%), somewhat lower in CNF films (78.01%) and much lower in 
CMC films (32.94%). Also, CI for CNC–CNF and CNC–CMC composites 
was 82.90% and 67.73%, respectively, which is consistent with the 
values for the pure films. 

Brinchi et al. [55] previously reported CI values of 54–88% for CNC 
films, and Oun & Rhim [30] found films made from rice straw, wheat 
straw and barley straw to have a CI value of 66.3, 71.0 and 63.4%, 
respectively. Xia et al. [56] reported CI = 68.5% for a CNF film and Wu 
et al. [57] CI = 56.3% for another made from coconut coir. Finally, Claro 
et al. [45] reported CI values of 90 and 85.9% for CNC films made from 
curaua and eucalyptus fiber, respectively, and 83.8 and 73.6% for CNF 
films obtained from the same materials. 

The increased crystallinity of CNC films can be ascribed to suppres
sion of amorphous regions and changes in crystal structure during pro
duction process of CNC [30]. Thus, CNC films were the least crystalline 
as a result of the amorphous nature of the polymer by effect of a 
chemical change in cellulose leading to the disappearance of the 
diffraction peaks at 2θ = 16◦ and 2θ = 22◦, and the appearance of the 
above-mentioned broad band in the 2θ region 18–26.5◦. Robles Barros 
et al. [42] reported CI values of 21.9, 30.3 and 36.9% for CMC films 
obtained made from soybean husk, and unbleached pulp and bleached 
pulp obtained from it, respectively. 

3.2.3. Optical properties 
Many food packages are required to be transparent. In fact, trans

parent packaging allows one to check for food freshness and quality, and 
customers are thus more prone to buy a product if they can see through 
its container. In addition, transparent films allow one to see how 
miscible any mixed products they contain actually are. 

Fig. 4 shows the transparency of CNC films containing variable 
proportions of CMC or CNF. As can be seen, pure CNC and CMC were 
both highly transparent, with a CI value of 56.08% and 77.85%, 
respectively. However, adding CMC to CNC decreased CI below the level 
for pure CNC, possibly as a result of CNC–CMC composites not being 
completely homogeneous. In fact, Fig. 1e) shows a zone suggestive of an 
air bubble. 

Pure CNF films were much less transparent than pure CNC and CMC 
films. As a result, increasing the proportion of CNF added to CNC 
decreased its transparency. This result is consistent with those obtained 
elsewhere by mixing CNF with CNC [45] or CMC [30]. 

Films were also assessed for their ability to protect food from UV 
light. In fact, UV light passing through a package can lead to the for
mation of free radicals inside and result in food deterioration through fat 
oxidation, antioxidant decomposition, vitamin and protein denatur
ation, color changes or even off-odors [58]. The more strongly a film 
absorbs light in the 250–400 nm wavelength region, the more efficiently 
it will protect food from UV light. As can be seen from Fig. S3a, 
CNC–CMC composite films were more protective than pure CNC films; 
also, protective efficiency peaked in the 50%/50% composite. Absorp
tion in the previous spectral region increased much more markedly by 
effect of adding CNF (Fig. S3b). Therefore, adding CMC and, especially, 
CNF boosted the ability of CNC to block UV light and that to prevent 
photochemical reactions in food as a result [59]. 

3.2.4. Mechanical properties 
The industrial usefulness of CNC films is severely limited by their 

brittleness and difficult handling. However, the CNC keeps the trans
parency we want for our final films. Combining CNC with CNF or CMC 
may help to make films more flexible and less brittle while preventing 
breakage during handling. Film plasticity is mainly governed by me
chanical properties such as tensile strength (TS) and elongation (Ɛ) [60]. 
The effect of adding CMC or CNF on the mechanical properties of CNC 
films was assessed by characterizing them in terms of TS, Ɛ and Young’s 

Fig. 2. FTIR spectra for CNC–CNF (a) and CNC–CMC films (b).  

Fig. 3. XRD patterns for CNC, CMC, CNF, CNC–CMC and CNC–CNF films.  
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modulus (E). As can be seen from Fig. 5a, increasing the proportion of 
CMC or CNF in the composite increased Ɛ from 0.5% for the pure CNC 
film to 4.07% for the pure CMC film to 8.25% for the pure CNF film. Pure 
CNF film exhibited the greatest elongation (up to 94% greater than that 
of CNC). As previously found by Djafari Petroudy [61], the lower was 
the crystallinity of the film material the greater was elongation. Also, 
elongation was smallest in the films made from CNC, which was the 
most crystalline polymer. 

Tensile strength was 15.05 ± 0.81 MPa for pure CNC and increased 
with increasing proportion of CNF added (Fig. 5b). The greatest TS value 
for the composite films, 72.33 ± 4.35 MPa, was nearly 5 times greater 
than that for the film containing no CNF and that made from 40% CNF 
and 60% CNC. Therefore, it was the presence of CNF that increased 
tensile strength in the films. These results contradict the finding of Claro 
et al. [45] that CNC films had a greater tensile strength than CNF films. 
Although CMC based films were similar in tensile strength to CNF- 
containing films, the peak TS value for the former (48.43 ± 8.24 MPa 
with a CMC proportion of 40%) was lower than that for the latter. 

There were no substantial differences in Young’s modulus (E) among 
CNC–CNF composites. However, as can be seen from Fig. 5c, E decreased 
with increasing proportion of CMC (to 7.77 GPa in the pure CMC film). 
Li et al. [48] also found E to increase with increasing proportion of CNC; 
however, their pure CMC films had much smaller E values and greater Ɛ 
values than ours. These differences in mechanical properties can be 

ascribed to differences in the molecular weight and degree of substitu
tion in CMC, as well as to the TS measurement conditions. In fact, the 
mechanical properties of CMC films were related to their degree of 
substitution (DS) by Chen et al. [62], who compiled the results of several 
studies and reported a peak tensile strength of 19 MPa for CMC films 
with DS values of 0.17–0.24, and one of 140.77 MPa for films of the 
same material and DS over the range 0.56–0.87. Our results for pure 
CMC films are consistent with previously reported values for similar 
films; thus, we measured TS = 61.49 MPa in a CMC film of DS = 0.56. 

3.3. Barrier properties of CNC–CMC and CNC–CNF films 

The materials typically used to pack food are polymeric petroleum 
derivatives with some industrial advantages such as economy, ease of 
handling and water-resistance; however, they are nonbiodegradable and 
can thus pose serious environmental hazards that are increasingly 
leading the food packaging industry to find more sustainable alterna
tives exploiting the excellent barrier properties of nanocellulose films 
[63]. 

3.3.1. Air permeance 
Air permeance (AP) is one of the barrier properties most markedly 

influencing the performance of films for packaging. In fact, a food 
packaging material with a low air permeance can extend the shelf life of 

Fig. 4. Transparency of mixed films obtained by adding CMC or CNF in variable proportions to CNC.  

Fig. 5. Elongation at break, Tensile strength and Young’s modulus of CNC–CMC and CNC–CNF films.  
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food. As can be seen from Table S2 (in Supplementary data), all of our 
films were much less air-permeant than are wood fibers and similarly 
permeant to bacterial cellulose [64]. Although pure CNC had 
AP = 2.48 ± 0.14 μm Pa− 1 s− 1, pure CMC and CNF had even lower 
values (1.82 ± 0.02 μm and 2.18 ± 0.0 μm Pa− 1 s− 1, respectively). 
Adding a proportion of 20–60% of CMC decreased AP in CNC but only 
slightly —the effect was only substantial above 80% CMC, with 
2.20 ± 0.0 μm Pa− 1 s− 1. Li et al. [53] found coating paper with CMC to 
decrease its permeance and ascribed the effect to the resistance of the 
polymer to penetration of gases. In this work, adding CNF to CNC 
considerably decreased air permeance above a CNF proportion of 60%, 
to a level similar to that of a composite containing 80% CNC. Our results 
contradict those of other authors who found CNF-containing films to 
have a more open structure than pure CNC films. 

3.3.2. Oil resistance 
Oil resistance is one other major property of films to be used for 

packaging. All CNC–CMC and CNC–CNF films studied here were oil- 
resistant (see Fig. S4 of supplementary data). In fact, there were no 
signs of oil crossing them after 1800 s in all of the films. 

Several authors have reported the oil resistance ability of nano
celluloses. In most cases they were used for creating a coating layer over 
paper or wood. For example, Gicquel et al., [65] obtained that CNC 
increased oil resistance of paper although in smaller amounts than other 
authors that used MFC [66]. On the other hand, Hossain et al. [63] 
coated wood flour composites with NFC. All of them obtained that oil 
resistance was increased after coating. They justify this effect by the 
reduction in the number and size of pores in the paper or wood matrix by 
the coating materials. They also obtained that the increased oil resis
tance of papers was strongly related with the reduced air permeability. 
Dai et al. [67] obtained multilayer films of NFC and guar gum, they 
proposed several theories justifying the increased oil resistance, like the 
compact and dense structure of film, the presence of a water layer that 
could prevent the oil from dissolving in the film or the impermeability 
against oil of the crystalline part of cellulose nanofibrils. Other works 
have also shown the ability of CMC in creating oil resistance in combi
nation with other materials [68]. 

Therefore, since we obtained complete oil resistance films, we can 
state that all of our films were dense and defect-free enough to avoid oil 
penetration. 

3.3.3. Resistance to moisture and water vapor 
One of the most serious drawbacks of polysaccharide based films is 

their high sensitivity to moisture, which severely restricts their real-life 
use (especially for food packaging) [63,68]. Mixing different types of 
cellulose may improve their barrier properties by forming too hard and 
winding a network for molecules to pass through. The mixed films 
studied here were subjected to the water drop test (WDT) in order to 
determine the time they took to adsorb a drop of water, and the water 
contact angle (WCA) test in order to assess hydrophobicity. Also, they 

were used to measure resistance to water vapor, which is one of the 
critical properties of materials to be used for food packaging —in fact, 
some foods must be prevented as far as possible from exposure to 
moisture through their packaging [69,70]. 

As can be seen from Fig. 6a, the time needed to adsorb a drop of 
water was shorter in pure CMC films than it was in pure CNC films (20 vs 
55 min). This result is consistent with the presence of carboxyl groups in 
CMC and its low crystallinity relative to CNC [30]. WDT decreased 
dramatically above a CMC content of 20% and rapidly reached the levels 
for pure CMC with increasing proportion of this component in the films. 
By contrast, CNF-containing films had virtually the same WDT values as 
pure CNC films. 

The water contact angle (WCA-Fig. 6b) for pure CNC (44.7◦ ± 2.5) 
was similar to those for the cotton linter-based CNC films obtained by 
Beltramino et al. [47] and those for the CNF/CNC double-layer coating 
system of Tyagi et al. [7]. Pure CMC had WCA = 65.9◦ ± 0.25, which 
exceeds the values reported by Oun & Rhim [30] (41◦), Ezati et al. [71] 
(41.9◦) and Kim et al. [17] (33.9◦). Also, WCA for pure CNF 
(79.0 ± 6.6◦) was greater than the value reported by Kim et al. [17] for 
CNF treated with endoglucanase (45◦) and also than that obtained by 
Ezati et al. [71] (59.3◦). The water contact angle (WCA), which can be 
defined as the angle at which the liquid/vapor interface meets a solid 
substrate with water as testing fluid, is a measure of surface wettability 
[7]. 

Hydrophobicity and hydrophilicity can be affected by various factors 
including surface chemistry and roughness [72]. However, WDT and 
WCA are not always mutually related. Thus, Fernández-Santos et al. 
[19] found plasticizers to increase WDT in CNC films at the expense of 
decreasing WCA. Since all of the obtained films had a similar roughness 
(data not shown) the results of WCA can be compared between them. As 
can be seen from Fig. 6b, which contradicts the WDT results (Fig. 6a), 
adding CMC increased WCA in CNC. Thus, a CMC proportion of only 
20% led to the same WCA level as in pure CMC. Oun & Rhim [30] also 
previously found WCA to decrease with increasing proportion of CNC. 
The presence of CNF also increased WCA, the films containing it in a 
proportion of 80% having angles comparable to those of pure CNF. Claro 
et al. [45] obtained similar results with CNC- and CNF-containing films 
made from curaua nanocellulose. According to Vogler [73], hydropho
bic surfaces have WCA > 65◦; therefore, CNC films containing at least 
80% CNF can be deemed hydrophobic. 

Fig. 7 shows WVTR for our films as measured at 50% and 90% 
relative humidity (RH). The WVTR value for pure CNC at RH = 50%, 
3 g m− 2 day− 1, was higher than those for pure CMC and CNF (1.20 and 
1.23 g m− 2 day− 1, respectively), pure CMC having the lowest values. On 
the other hand, Kim et al. [17] obtained low WVTR values for CNF films 
relative to CMC. As can be seen from Fig. 7a for CNC–CMC films and 
Fig. 7b for CNC–CNF films, WVTR decreased slightly with increasing 
proportion of CMC and CNF, respectively. Oun & Rhim [30], and Li et al. 
[53], found WVTR to increase with increasing proportion of CMC. On 
the other hand, Tyagi et al. [7] found no significant differences in WVTR 

Fig. 6. a) WDT values (min) and b) Water contact angle (◦) for CNC–CMC and CNC–CNF films.  
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between CNC and CNF composites used as paper coatings. 
WVTR was greater at RH = 90% than it was at RH = 50%. In fact, an 

increased relative humidity increases saturation of water binding sites 
and can increase film permeability to water vapor [74]. As can be seen 
from Fig. 7b, an increased proportion of CNF (Fig. 7b) increased film 
resistance to water vapor; the effect, however, was much more marked 
with CMC (Fig. 7a). Thus, WVTR decreased considerably above 40% 
CMC and rapidly dropped to the level for pure CMC. Surprisingly, pure 
CMC had a very low WVTR at RH = 90% (3.38 g m− 2 day− 1, which is 
similar to that measured at RH = 50%). The high conformability of CMC 
chain contributes to form dense, compact and defect-free films. He et al. 
[75] reported that with increasing the CMC content, the network 
structure become denser. This dense structure was the responsible of 
providing such a good resistance to water vapor in our films. As we 
increased the amount of CNC, this compact structure can be broken 
creating areas through which water vapor can go across. With increased 
amounts of CNC, crystals of this nanocellulose as well as its free OH 
groups disrupted this continuity and density in the network of CMC, this 
effect being more visible at high relative humidity. In fact, Jeffrey et al., 
2018 [76] reported that CNC created CNC-aggregated domains that 
reduced barrier properties of a CMC-chitosan complex. Interestingly, no 
WVTR measurements of CMC films at so high moisture levels appear to 
have been reported to date. 

3.3.4. Oxygen permeability 
Oxygen permeability (OP) in the films was assessed under a wide 

range of moisture conditions here (RH values from 0 to 90%). As can be 
seen from Fig. 8, pure CNC lost its oxygen- impermeability above 
RH = 20%—in fact, no further measurements could be done because 
films broke above 60% RH. In previous work (Fernández-Santos et al. 
[19]), our group observed a similar behavior in CNC films, and the 
addition of a plasticizer such as xylitol, maltitol or sorbitol to extend 

their resistance to RH = 60%. As can be seen from Fig. 8, increasing the 
proportion of CMC or CNF made the films completely oxygen- imper
meability up to RH = 60%. De Oliveira et al. [74] previously found the 
oxygen permeability of films made from soy protein isolate (SPI) to be 
improved by adding increasing amounts of CMC. Also, Tyagi et al. [7] 
found CNF to have excellent oxygen-barrier properties which, however, 
were considerably degraded by the presence of moisture. Because of its 
high crystallinity, CNC is less sensitive to moisture but also more frag
ile—so, as seen in our films, it tends to easily break and allow the pas
sage of oxygen. Mixing CNC with CNF here decreased OP relative to pure 
CNC and CNF. Hydrogen bonding plays a central role in OP at low 
moisture levels as its restricts motion of CNF fibrils, thereby preventing 
oxygen molecules to go through the evacuated volume. Hydrogen bonds 
break at high moisture levels, and cause CNF fibrils to separate and swell 
[77]. This was probably the origin of the substantially improved oxygen 
permeability of our CNC- and CNF-containing films. Thus, CNC may help 
prevent defibrillation and hence the passage of oxygen. Virtanen et al. 
[78] reported an OP value of 50,000 cm3⋅μm/m2⋅day⋅atm for CNF–PVA 
films and one of 48,000 cm3⋅μm/m2⋅day⋅atm for epoxy-CNF–PVA films 
as measured at RH = 90%. We obtained similar values for pure CNF 
(55,597.28 cm3⋅μm/m2⋅day⋅atm), but somewhat lower levels for 
CNC–CNF composites (21,089.28 cm3⋅μm/m2⋅day⋅atm). Also, the oxy
gen impermeability of our CNC–CMC and CNC–CNF films at RH = 80% 
exceeded that of CNC films mixed with plasticizers to improve their 
barrier properties [19]. 

According to Gao et al. [79], a material with an OP value of 
40–400 cm3⋅μm/m2⋅day⋅atm is highly oxygen-impermeability. There
fore, our CMC, CNF, CNC–CMC and CNC–CNF films were all resistant to 
the passage of oxygen below RH = 60% and are thus suitable for use as 
food packaging materials as they will efficiently protect their contents 
from the deleterious effects of oxygen. 

3.4. Biodegradability 

Adding CNF or CMC to CNC made the resulting films suitable for 
various uses including food packaging. However, the films should also 
be biodegradable in order to retain usability. This led us to assess 
biodegradability in pure CNC, CMC and CNF films, and also in CNC films 
containing 50% CMC or CNF. As can be seen from Fig. 9, the films 
containing either CMC or CNF were more biodegradable than the pure 
films. Thus, CNC led to less marked CO2 accumulation (i.e., there was 
less CO2 forming by microbial metabolism). Fernández-Santos et al. [19] 
found CNC to be made more biodegradable by addition of natural 
plasticizers. As can be seen, mixing CNC with CMC or CNF here 
considerably increased its biodegradability. Thus, biodegradability after 
90 days was highest in CNC–CNF composites, followed by CNC–CMC 
composites and then by pure CMC and CNF. Therefore, CNF was more 
easily degraded than was CNC, which can be ascribed to the presence of 

Fig. 7. Water vapor transmission rate of CNC–CNF (a) and CNC–CMC films (b).  

Fig. 8. Oxygen permeability (OP) of CNC–CMC (50–50%) and CNC–CNF 
(50–50%) films. 
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amorphous regions in cellulose making CNF more accessible to micro
organisms [80]. Similarly, the lower crystallinity of CMC (Table S1) 
probably resulted in easier access by microbes. 

PLA was used as a control to evaluate if the level of biodegradability 

of our films was optimal compared to other materials already described 
as biodegradable [81]. After 30 days of testing, the accumulated CO2 
(mg) values obtained were: 49.79 for 100% CNC film, 41.21 for 100% 
CNF, 196.60 for 100% CMC, 148.35 for CNC–CNF, 235.03 for CNC–CMC 

Fig. 9. Biodegradability, in terms of CO2 accumulation, of pure CNC, CMC and CNF, and their 50–50% combinations.  

Fig. 10. Appearance of olives before and after storage under pure CNC, CNF and CMC, and their 50–50% combinations, for 10 days.  
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and 108.83 for PLA. Therefore, after 30 days, some of our films have 
already biodegraded more than PLA. 

These results indicated that the biodegradability of our films was 
optimal. Moreover, these results support using the studied composites to 
replace nonbiodegradable, environmentally unfriendly plastics that can 
have added deleterious effects on health and the economy. No studies 
comparing biodegradability in different types of nanocellulose appear to 
have been conducted to date. 

3.5. Food packaging simulation 

As stated above, the addition of CMC or CNF to CNC protected the 
ensuing films from the passage of oxygen and water vapor, thereby 
probably resulting in better preservation of food. This assumption was 
confirmed by food packaging simulation tests. Food packaging is the 
critical point for the correct handling and maintenance of food quality 
[10]. Food quality depends on a number of factors among which shelf 
life is a prominent one. The shelf life of food can be diminished by the 
presence of oxygen, moisture and microbes, which accelerate decom
position processes [79]. The test was carried out with olives for several 
reasons: it is a small fruit, with a specific surface area that is easy to 
analyze and observe possible changes in it; it is a fruit with a short 
degradation period in environmental conditions once it is removed from 
the tree; and it is a fruit that we have our own production, so we can be 
sure that it has not been treated with any preservative that could falsify 
the results obtained. Table S3 shows the results of a simulation test 
where different types of film were used to store olives for 10 days. 
Deterioration was assessed in terms of changes in appearance (specif
ically, in olive hardness, color and skin smoothness). The results were 
compared with those provided by standard food packaging materials 
(paper, aluminum foil, plastic film) and a blank (no container). 

As can be seen from Fig. 10 and Table S3, pure CMC and CNC–CMC 
composites were the materials best preserving the initial appearance of 
the olives—even better than standard plastic and aluminum foil (see 
Fig. S5). In fact, the plastic and foil containers preserved the olives well 
as regards color and surface smoothness, but were the only materials 
that contained moisture at the end of the test (Fig. S5). The absence of 
moisture is essential to avoid fungal growth, marked with a black arrow 
in the Fig. S5. The olives stored in pure CNF had a more degraded overall 
appearance as regards color—which turned brown with time. This was 
also the case with CNC–CNF composites. Therefore, CMC is to be 
preferred to CNF as it reduced oxygen exchange with the outside and 
delayed ripening—thereby extending the shelf life of the olives. These 
results are quite consistent with those of the oxygen permeance and 
WVTR tests (Table S4). 

4. Conclusions 

In this work, commercial CNC was mixed with commercially avail
able CNF and laboratory-made CMC of DS = 0.56 in different pro
portions (0/100, 20/80, 40/60, 50/50, 60/40, 80/20 and 100/0) to 
obtain films with advanced properties for use as food packaging mate
rials. As seen by scanning electron microscopy (SEM), film morphology 
was uniform and compact. Also, as shown by FTIR spectra, the films 
exhibited no adverse changes in chemical structure. In addition, the high 
crystallinity of pure CNC was reduced by the presence of CNF and, 
especially, CMC. 

The most relevant properties of the films for use as packaging ma
terials were found to change with the proportion of CMC or CNF added 
to CNC. Thus, CMC-containing films were the most transparent and CNF- 
containing films the least. Both CMC and CNF increased protection from 
UV light, which is especially useful when storing food. As regards me
chanical properties, 100% CNF film increased elongation (by up to 95%) 
relative to pure CNC, and so did CMC, albeit to a less marked extent. 
CNF-containing films were also those exhibiting the greatest tensile 
strength (TS), which peaked in those with a 40% proportion. CMC also 

increased TS, but less markedly. 
CNF (more significantly from 60%) and CMC (more significantly 

from 80%) both decreased air permeability and all, pure and composite 
films, were fully oil-resistant. Composite films, but especially those 
containing CNF (especially at 80%), were more hydrophobic than pure 
films; concerning the mixtures with CMC, the effect was noticeable at 
40%. The WVTR test provided interesting results. Thus, under high 
moisture conditions (RH = 90%), the presence of CNF or, especially, 
CMC, increased the water vapor resistance of the films. Below a relative 
humidity of 60%, all types of films were highly resistant to oxygen and 
hence protective from its deleterious effects. The environmental suit
ability of the composite films as replacements for existing plastic ma
terials is further supported by the results of biodegradability tests run for 
90 days. Finally, the films performed quite well as packaging materials 
for olives stored under ambient conditions. Pure CMC and CNC–CMC 
composites excelled in this respect as they preserved olive quality for 
10 days and could therefore be used to extend their shelf life. Overall, 
CNC–CMC and CNC–CNF composites have a promising potential as food 
packaging materials. 
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[77] J. Vartiainen, M. Vähä-Nissi, A. Harlin, Biopolymer films and coatings in packaging 
applications—a review of recent developments, Mater Sci Appl. 05 (10) (2014) 
708–718. http://www.scirp.org/journal/doi.aspx?DOI=10.4236/msa.2014.5100 
72. 

[78] S. Virtanen, J. Vartianen, H. Setälä, T. Tammelin, S. Vuoti, Modified 
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