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Abstract
The uncertainty of consumers about the toxicological effects of synthetic antioxidants incorporated into the packaging has 
led to a demand for natural substituents that exhibit antioxidant activity without adding risk to the consumers. In this context, 
the effects of adding different concentrations of thyme essential oil (TEO) (20, 30, and 40% w/w) to whey protein isolate 
(WPI) and cellulose nanofibre (CNF) bio-nanocomposites developed by casting were studied. Scanning electron microscopy 
showed a reduction in the dispersion of CNF’s in all films with the addition of TEO. The addition of TEO also decreased the 
water vapor permeability, increased the glass transition temperature, and crystallinity index. For the mechanical properties, 
the addition of TEO produced less rigid and elastic films with decreased in tensile strength, elongation at break, puncture 
strength, puncture deformation, and elastic modulus. In addition, the mechanical properties showed the formation of non-
interactive systems and the FTIR spectra showed maintenance of the phenolic compounds of the TEO after the synthesis of 
the films. The optical properties showed that films were less yellow (b*) with a tendency to green (a*), less saturated (c*), 
and less transparent when compared with the control (0% TEO). The addition of TEO to bio-nanocomposites of WPI and 
CNFs, in the concentration range tested, enabled the formation of materials with properties that encourage the studies for 
various applications.
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Introduction

Packaging made from biopolymers found in nature, such 
as polysaccharides (starch, chitosan, galactomannan, and 
pectin) and proteins (caseinate, gelatin, and whey protein), 
has received great attention as alternatives to synthetic pack-
aging produced from non-renewable resources, which are 
considered to be non-biodegradable [1–5].

Whey protein isolate (WPI) is a co-product of cheese or 
casein and has been extensively studied for the production 
of biodegradable packaging. Excellent results have been 

reported in terms of its role as an oxygen barrier and its film-
forming capacity [6–9]. However, the mechanical properties 
(tensile strength and stiffness) and water vapour barrier of 
WPI are reduced [10, 11].

To overcome these characteristics in packaging materials, 
the addition of nanoparticles has been widely studied [3, 6, 
7, 12, 13]. The addition of cellulose nanofibres (CNFs) to 
biopolymers is an interesting approach because of their low 
weight, good biodegradability, and renewability as well as 
the high tensile and puncture strength and reduced water 
vapour permeability of the formed materials [13–15]. More-
over, the hydrophilicity of CNFs allows their combination 
with hydrophilic polymers such as WPI [16].

Traditional food packaging is limited in its ability to 
extend the shelf life of foods [17]. Active packaging is a new 
concept in food packaging that came with the aim to meet 
consumer demands and market trends. It can be explained 
as a type of packaging that increases the shelf life of food 
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products or improves their safety or sensory properties, thus 
maintaining the quality of the food [18].

Antioxidants are often added to foods that have in its 
constitution high lipid content in order with the objective 
of improve their oxidation stability and prolong their life. 
However, the uncertainty of consumers about the toxicologi-
cal effects of synthetic antioxidants, even if incorporated into 
active packaging and not added directly to food, has led to 
a demand for natural substituents that exhibit antioxidant 
activity without adding risk to the consumers [19].

Thyme essential oil (TEO) contains the phenolic 
monoterpenes thymol and carvacrol, which are primar-
ily responsible for its characteristic aroma and antioxidant 
action [20]. When added to food, TEO is able to prevent 
oxidation, prolonging the life of the product [21, 22]. How-
ever, because of its strong aroma, direct addition of TEO 
to food products can modify their sensory characteristics, 
affecting the purchase intent of consumers [23]. Therefore, 
the addition of TEO to packaging materials may reduce sen-
sory losses caused by direct addition to food products and in 
turn protect and extend their useful life [24].

Thus, the aim of this study was to evaluate the morpho-
logical (scanning electron microscopy), structural (X-ray 
diffraction and Fourier transformed infrared), thermal 
(differential scanning calorimetry and thermogravimetric 
analysis), mechanical (puncture and tensile), water vapour 
permeability, and optical properties of WPI and CNF bio-
nanocomposites incorporated with different concentrations 
of TEO.

Material and Methods

Materials

Whey protein isolate (WPI 9400) with 90% of protein was 
obtained from Hilmar Ingredients (Hilmar CA, USA). The 
glycerol was purchased from Sigma-Aldrich (St. Louis 
MO, USA). Thyme essential oil (TEO) was obtained from 
Ferquima (Vargem Grande Paulista, SP, Brazil). Cellulose 
nanofibres (CNFs) were provided by the Department of 
Forestry—Federal University of Lavras (UFLA, Brazil) 
and characterized by Bufalino et al. [25]. The CNF had an 
average diameter of 45 nm and the degree of crystallinity of 
58%. Bleached cellulosic pulp from Eucalyptus sp.

Experimental Design

The experiment was conducted using a completely rand-
omized design. The concentration of CNFs was set at 4% 
(w/w) based on the results obtained from preliminary tests 
[13]. TEO concentrations were 0% (control), 20%, 30%, and 
40% (w/w) relative to the base polymer (WPI) and films 

were named Control, TEO20, TEO30, and TEO40, respec-
tively. The experiment was conducted in three replicates.

Preparation of Bio‑nanocomposite Films

Bio-nanocomposites of WPI and CNFs incorporated with 
TEO were developed by the casting method described by 
Azevedo et al. [6] with some modifications. WPI and glyc-
erol were fixed at 6% (w/v) in relation to the total volume 
of the solution and 30% (w/w) relative to the base polymer, 
respectively. For the production of the control film, WPI 
was separately dissolved in distilled water in the same way 
as glycerol and CNFs, and both were kept under stirring 
for 30 min. Thereafter, the two solutions were mixed and 
stirred again for 10 min. The pH was adjusted to 8.0 with 
1 N NaOH and the final solution was stirred in an ultrasonic 
homogenizer for the dispersion of nanoparticles (Branson 
Sonifier Cell Disruptor - Model 450D, Manchester, UK) for 
10 min with the amplitude of 80% at 25 °C. Subsequently, 
the solutions were heated at 90 °C for 30 min in a water bath, 
then cooled and poured on glass plates (18 × 30  cm2). For 
the production of films with TEO, the TEO was added after 
the filmogenic solution was cooled and followed by again 
homogenization for 5 min to disperse the TEO for the forma-
tion of the emulsion. The solutions remained in the plates for 
48 h in order for the solvent to evaporate and for the films to 
form. The final volume of each solution poured was 125 mL.

Scanning Electron Microscopy (SEM)

Samples for Scanning Electron Microscopy (SEM) were 
assembled in aluminum double carbon stubs, metalized in 
a gold evaporator apparatus (SCD 050) and observed in the 
Scanning Electron Microscope (LEO Evo 40) with an accel-
erating voltage of 20 kV. The micrographs were obtained 
from the surface and cross-section of samples cut in liquid 
nitrogen.

X‑ray Diffraction (XRD)

XRD analysis was performed on a DR-Phaser diffractom-
eter (Bruker, Karlsruhe, Germany) using a graphite crystal 
as the monochromator with Cu-kαl (λ = 1.5406 Å) radia-
tion, operating at 30 kV and 30 mA. Samples were fixed 
on an aluminium holder and analysed at a scanning rate of 
0.02°/s with a 2θ range of 4–50° at 23 °C. The crystallinity 
index (CI) of bio-nanocomposites was calculated according 
to Eq. 1 [26]: 

where CI is the crystallinity index (%),  Imin is the minimum 
intensity obtained between the peaks located at 2θ = 9.4° and 

(1)CI = 1 −
(

I
min

∕I
max

)

× 100
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2θ = 19.4°, and  Imax is the maximum intensity of the crystal-
line peak located at 2θ = 19.4°.

Fourier Transformed Infrared (FTIR)

FTIR was performed using an FTS 3000 spectrometer (Digi-
lab Excalibur, USA) equipped with a KBr detector at a spec-
tral range of 4000–50 cm−1. The number of scans was 64 and 
the resolution was 4 cm−1.

Thermal Analysis

Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Shimadzu-
DSC60 calorimeter (Shimadzu Corporation, Kyoto, Japan). 
The sample weight ranged from 4–6 mg and the heating 
rate was 10 °C/min. The following sequence was adopted: 
(1) the film was first heated from 25 °C to 200 °C in order to 
eliminate the thermal history (2) the film was cooled from 
200 °C to − 50 °C, and (3) the film was then re-heated to 
200 °C [27, 28]. From the DSC curves, the glass transition 
temperature (Tg) was obtained.

Thermogravimetric Analysis (TGA)

The thermal stability and degradation profile of the bio-
nanocomposites were determined by TGA using a Shi-
madzu-DTG60H (Shimadzu Corporation, Kyoto, Japan). 
The analysis was performed under a nitrogen atmosphere at 
a flow rate 50 mL/min, with heating from 40 to 500 °C at a 
rate of 10 °C/min and sample weight of 4–6 mg [29].

Mechanical Properties

Puncture and tensile tests were conducted using a texture 
analyzer (Stable Micro Systems, model TATX2i, UK) with 
a load cell of 1 kN. For the puncture test, films were cut 
(9  cm2) and fixed in an annular ring clamp (diameter of 
2.1 cm). A spherical probe with a diameter of 5.0 mm was 
moved perpendicularly to the film surface at a constant speed 
of 0.8 mm/s until the probe passed through the film [30]. The 
puncture strength/thickness (PS) was calculated by dividing 
the force values at the puncture point by the film thickness to 
eliminate the thickness variation effect [31], and the defor-
mation (D) values of the films were also determined. The 
tensile properties were determined according to the standard 
[32] with the film samples cut into strips (10 × 1.5  cm2) and 
the initial separation between the grips was 50 mm with a 
speed of 0.8 mm/s. The tensile strength (TS, MPa), elon-
gation at break (E), and elastic modulus (EM, MPa) were 
measured. Five samples of each film in three replicates were 
used for puncture and strength testing.

Water Vapour Permeability (WVP)

WVP tests were carried out according to Testing, Materials 
[33] with some modifications. The films were sealed in a 
permeation cell containing silica gel. The permeation cell 
was placed in a humidity chamber with a controlled tem-
perature at 23 ± 2 °C, and maintained at 75% relative humid-
ity (RH). The WVP was determined based on the mass of 
water absorbed by the permeation cell, considering the RH 
difference between both environments (outside and inside 
the cell). The samples were weighed for 8 h to a constant 
weight, and the weight gain values were plotted as a function 
of time. The slope of each line was calculated by performing 
a linear regression (R2 > 0.9), and the water vapour transmis-
sion rate (WVTR, g/h/m2) was calculated as the slope of the 
line divided by the area of the exposed film  (m2). The WVP 
(g/(m·s·Pa)) was calculated by the following Eq. 2:

where x is the film thickness (mm) and ΔP is the saturation 
vapour pressure of water (Pa) between the faces of the film: 
ΔP = S  (R1 –  R2); S is the saturation vapour pressure at the 
experimental temperature (2809 kPa), R1 is the RH outside 
of the capsule (75%), and R2 is the RH within the capsule 
containing silica gel (0%). Five samples of each film in three 
replicates were used for WVP testing.

Optical Properties

The optical properties of the films were determined using 
a C-700 spectrophotometric colorimeter (Konica Minolta, 
Japan). The colorimeter was calibrated to white and black 
standards. Colour CIELab parameters were obtained using 
 D65 illumination and observation at 10° in “specular reflec-
tance included” mode. The following parameters were meas-
ured: lightness (L*), intensity of red/green (a*), intensity of 
yellow/blue (b*), and saturation index (c*). The total color 
difference (ΔE) of the films was determined by Eq. 3:

where L1 is the initial value of L, a1 is the initial value of 
a*, b1 is the initial value of b*, L2 is the value of L meas-
ured, a2 is the value of a* measured, and b2 is the b* value 
measured.

The transparency of the films was determined by measur-
ing the percent transmittance (%T) at 600 nm using a spec-
trophotometer Bel SPECTRO S-200 (Monza, Italy). The 
transparency (T) was calculated using the following Eq. 4 
[34]:

where δ is the film thickness (mm).

(2)WVP = (WVTR∕ΔP) ⋅ x

(3)ΔE =
√

(L1 − L2) + (a1 − a2) + (b1 − b2)

(4)T = (Log%T)∕�
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Statistical Analysis

The SEM, DSC, TGA, FTIR, and XRD results were ana-
lysed descriptively. The PS, D, RS, E, EM, WVP, and optical 
properties were analysed using Statistica software (ver. 8, 
Stat Soft Inc., Tulsa, USA). The analysis of variance test was 
used and the treatment means were compared by Tukey test.

Results and Discussion

Scanning Electron Microscopy

The surface and cross-section micrographs of incorporated 
TEO in WPI/CNFs bio-nanocomposites were showed in 
Figs. 1 and 2.

Bio-nanocomposites of WPI and CNFs without TEO 
(Control) presented a homogeneous nanoparticle distribu-
tion throughout the surface (Fig. 1a) and the cross-section 
(Fig. 2a) of the sample. However, the addition of TEO 
interrupted the dispersion of the CNFs (Fig. 1b–d, and 
Fig. 2b–d). The agglomeration of CNFs may be related to 
the hydrophobic nature of TEO and hydrophilic nature of 
CNFs, which reduced the homogeneous interaction of CNFs 

throughout the polymeric matrix with a tendency to form 
bonds among themselves within the agglomeration. The 
agglomeration could be related too with the disruption of 
the polymer chains by oil droplets, according to explained 
by Hosseini et al. [24] when studied the surface of chitosan 
films incorporated with TEO.

X‑ray Diffraction

Figure 3 shows the results of the XRD analysis for WPI/
CNFs bio-nanocomposites incorporated TEO. Two peaks 
of crystallinity were observed at 2θ = 9.4 and 19.4 in the 
films for all samples showing that the addition of TEO did 
not affect the crystalline structure of the films. This result 
conforms to Atef et al. [35] which studied the effect of the 
addition of essential oil in agar- and cellulose-based films 
and also found no difference in the diffraction structure of 
the films with the addition of essential oil. The results of 
crystallinity index (CI) show that the addition of TEO led 
to an increase in the crystallinity of the bio-nanocompos-
ites. The higher crystallinity values found for the films with 
added TEO can be explained by the increased interaction 
between the molecules within the matrix, which limits the 
movement of the chain and increases the crystallisation 

Fig. 1  Surface micrographs of incorporated TEO in WPI/CNFs bio-nanocomposites. 1000 ×. a Control; b TEO20; c TEO30; d TEO40



235Journal of Polymers and the Environment (2020) 28:231–241 

1 3

Fig. 2  Cross-section micrographs of incorporated TEO in WPI/CNFs bio-nanocomposites. 1000 ×. a Control; b TEO20; c TEO30; d TEO40

Fig. 3  XRD of incorporated 
TEO in WPI/CNFs bio-
nanocomposites. a Control; b 
TEO20; c TEO40; d TEO30
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process [36]. Rubilar et al. [37] studied the effect of adding 
carvacrol and grape seed extract to chitosan films and also 
found an increase in the percentage of crystallinity index for 
the films containing carvacrol.

Fourier Transformed Infrared

Figure 4 shows the FTIR results for the samples studied. 
For all samples, three main absorption peaks were observed 
in the spectra. The first peak (800–1150 cm−1) is assigned 
to glycerol and TEO absorption bands, corresponding to 
the vibrations of C–C and C–O bonds. The second peak 
(1200–1700 cm−1) is assigned to a combination of vibration 
of N–H and N–C bonds (1200–1350 cm−1, amide III), N–H 
bonds (1400–1550 cm−1, amide II), and C = O and N–C 
(1600–1700 cm−1, amide I) [10]. The regions called amide 
I and amide II are related to the presence of proteins with 
secondary structure. Moreover, peaks related to the intermo-
lecular bonds of the β type can be observed at wavelengths 
of 1612 and 1682 cm−1 [38].

The last vibration located in the spectral range of 
3000–3600 cm−1 was also reported by several authors [10, 
39, 40] and is attributed to the stretch band from the OH 
groups presents in WPI, glycerol, and TEO and free or 
bound NH. For all treatments, a strong band was observed 
at 3275 cm−1. Studies demonstrated that the NH stretching 
band in proteins is usually located at 3254 cm−1 [10] and 
the displacement of the band can be explained, according to 
Le Tien et al. [39], by the presence of other compounds in 
the formulation of the films. The CNF is characteristic of a 
high number of hydroxyl groups capable of binding to other 
structures and promote displacement of this band.

The first three peaks of spectra also reflect the composi-
tion of thyme essential oil consisting primarily of thymol and 
carvacrol. The band around 800 and 820 cm−1 arises from 
the overlap of the thymol and carvacrol bands. This band can 
be attributed to off-plane CH vibrations, which are the most 
important signals used in distinguishing different types of 
aromatic ring substitution [41]. In addition to these peaks, the 
peaks at 865 cm −1 (C–H out-of-plane beding vibration from 
isoprenoids), 1116 cm −1, 1175 cm −1 (stretching vibrations 
C–O of mono-, oligo-, and carbohydrate), 1252 cm −1 (C–O 
stretching), 1420 cm −1 (C–0 stretching vibrations (amide), 
and C–C stretching from phenyl groups,  COO− symmetric 
stretching,  CH2 bending) [41, 42], 1620 cm−1 (aromatic char-
acter of terpenes was exhibited by –C = C stretching of ben-
zene ring) [43], and 2950 cm−1 (–C–H bonds) [44] reflect the 
complex composition of this essential oil.

The addition of TEO to bio-nanocomposites of WPI and 
CNFs did not modify the spectrum without TEO (Fig. 3b–d). 
This showed the non-interaction between the compounds so 
that, at the end of the synthesis of the films, the phenolic and 
active compounds of TEO were still present.

Thermal Analysis

Differential Scanning Calorimetry

The glass transition temperature (Tg) was obtained by 
DSC analysis. The Tg increased with the addition of TEO 
to the bio-nanocomposites of WPI and CNFs, featuring 
more rigid films with stronger bonds (Control: − 14,45 °C; 
TEO20: − 7,40 °C; TEO30: − 12,78 °C; TEO40: − 9,45 °C). 
Typically, the Tg increases with increasing chain links, side 

Fig. 4  FTIR spectra of incorporated TEO in WPI/CNFs bio-nanocomposites. a Control; b TEO20; c TEO30; d TEO40
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groups, crosslinking between the chains, and crystallinity 
index of the polymer, and decreases with the increase in 
low molecular weight plasticizers such as water and glyc-
erol [45]. Thus, Tg results are confirmed by XRD results in 
which increased crystallinity was observed with increasing 
TEO concentration.

Thermogravimetric Analysis

Through thermogravimetric analysis, Fig. 5 showed two 
stages of degradation of the bio-nanopolymers in the tem-
perature range of 40 to 500 °C.

The initial degradation peak observed for all treatments 
was kept close, ranging from 93.2 to 106.8 °C. This first 
mass reduction indicated the loss of water in the films [46]. 
The slight decrease in mass at this stage may be related to 
the incorporation of essential oil in the films [47]. According 
to Tongnuanchan et al. [48], the essential oil has an effect on 
mass loss because due to its hydrophobic character can cause 
a reduction of water diffusion in the films.

A second thermal degradation peak with greater intensity 
is observed between 160 °C and 380 °C. It is related to the 
decomposition of the proteins, the use of glycerol as a plasti-
cizer in the formulations, and the degradation of TEO added 
to the films [46, 49]. The initial degradation temperature 
 (Ti) of the films decreased slightly with the addition of TEO 
(Table 1), resulting in a reduction of 5.6 °C for the TEO20 
treatment compared to the control. The maximum degrada-
tion temperature  (Tmax) was obtained from the maximum 
peaks of degradation from the derivative thermogravimetry 
(DTG) curves, and the results show a slight increase in the 
values for the films with added TEO compared to the con-
trol. The final degradation temperature  (Tf) also showed a 
slight increase with the addition of TEO, and the percentage 
of mass loss may be associated with further loss of oil in 
the films incorporated with TEO [49]. However, the slight 
increase in  Tmax and  Tf did not compromise the thermal sta-
bility of the films.

Mechanical Properties

The addition of TEO to nano-biopolymers of WPI and CNFs 
caused significant differences (p < 0.05) to be seen in the 
results of the puncture test (PS and D) and tensile test (TS, 
E, and EM), as Table 2. Both tests can be used to meas-
ure film hardness [50]. The incorporation of 30% and 40% 
(w/w) TEO significantly reduced the PS values of the films, 
as shown in Table 2. The decrease was also observed in 
the measurements of D, where a progressive reduction with 
the increase in TEO content was observed. These results 
showed that the films with TEO were less strong and elastic 
compared to control.

The properties evaluated by the tensile test (TS, E, and 
EM) resulted in a reduction in TS and EM only in the film 
incorporated with the highest concentration of TEO (40% 
w/w). For E, there was a tendency of decrease for all treat-
ments except for that with 20% (w/w) TEO added, which 
resulted in a more elastic film compared to others when 
subjected to strain. These results can be explained by the 
lack of support and lubrication of the lipids in the polymeric 
matrix, which may be caused by a partial interruption of 
the interactions between polymer chains due to the presence 

Fig. 5  Weight Loss (%) (a) and Derived Thermogravimetry (b) curves of incorporated TEO in WPI/CNFs bio-nanocomposites

Table 1  Thermal stability of incorporated TEO in WPI/CNFs bio-
nanocomposites

*  Ti (initial decomposition temperature); Tmáx (maximum decompo-
sition temperature); Tf (final decomposition temperature);  Mloss (mass 
loss percentage in the decomposition range);  Res500°C (percentage of 
residue at 500 °C)

Films Ti* (°C) Tmáx (°C) Tf (°C) Mloss (%) 
 (Ti-Tf)

Res500°C (%)

Control 173.4 302.3 375.3 56.5 22.0
TEO20 167.8 309.7 379.4 57.6 21.7
TEO30 168.6 304.7 380.9 62.1 19.7
TEO40 173.6 308.9 381.8 62.3 18.2
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of non-polar lipid molecules [51], forming non-interactive 
systems [52]. This fact is proven by the SEM of the samples 
in this study (Figs. 1, 2) that showed irregularities in the 
dispersion of CNFs upon the addition of TEO with agglom-
erations of the nanostructures in the films. This phenomenon 
resulted in a decreased in mechanical parameters. Moreo-
ver, the glass transition temperature (Tg) and crystallinity 
index increased with the addition and increase of TEO which 
would lead to an increase in the elastic modulus of the sam-
ples. However, this fact was not observed due to irregular 
CNF dispersion in the TEO addition samples shown in the 
SEM analysis, decreasing the malleability of the samples.

Water Vapour Permeability

The addition of TEO to the films affected the WVP 
(p < 0.05), as shown in Table 3. A reduction in the WVP 
values was observed for all treatments compared to the con-
trol, with a maximum decrease of 46.2% in the film with 
the highest concentration of TEO (40% w/w) compared to 
the control.

The decrease in WVP with increasing concentrations of 
TEO can be explained by the hydrophobic nature of the oil. 
WVP usually occurs through the hydrophilic portion of the 
film and thus, the permeability rate of the material depends 
on the ratio between the hydrophilic and hydrophobic por-
tions of the components. The increase in the hydrophobic 
portion of the material forms a barrier to the path of permea-
tion of water vapor molecules, resulting in a lower rate of 
permeation and WVP [53]. The SEM of the samples in this 
study (Figs. 1, 2) showed irregularities in the dispersion of 
CNFs upon the addition of TEO with agglomerations of the 
nanostructures by the films. This phenomenon could result 
in increased WVP values by facilitating the passage of water 
vapor through the points without CNFs. However, the hydro-
phobic nature of TEO prevailed under the circumstances, as 
shown through the reduction in WVP. The WVP results are 
consistent with the results found for the mechanical proper-
ties that were also influenced by irregularities in the disper-
sion of CNFs after the addition of TEO. Furthermore, WPV 
results are also in line with XDR and Tg results that were 
influenced by the TEO increment on WPI films.

Optical Properties

The addition of TEO resulted in significant differences 
(p < 0.05) in all optical properties analysed (L*, a*, b*, c*, 
ΔE, and transparency) compared to the control, according 
to Table 4.

For the results of L*, there was an increase in the film 
clarity only for the treatment with 30% (w/w) TEO. For 
a*, which measures the intensity of red/green colour, the 
green values increased as the concentration of oil increased, 
as characterised by the increase in negative values of the 
parameter. The value of b*, which measures the intensity 
of yellow/blue colour, decreased significantly only at the 
highest concentration of TEO (40% w/w) compared to the 
other treatments, indicating a decrease in yellow colour for 
that film. The same result was found for the saturation index 
(c*) with a progressive reduction with the increase of TEO, 
but the reduction was significant only for TEO40, featuring a 
paler and grey film. The results found for ΔE show that films 
with 20 and 30% TEO did not show a significant difference 
for total color difference. ΔE values up to 1.5 are described 
in the scientific literature as not noticeable by the human 
eye [54]. TEO40 films have different ΔE values than other 
samples. However, ΔE values are characterized as "barely 
noticeable" by the human eye [54]. Thus, for all samples, the 
total color difference is small relative to the control.

The value of the transparency of WPI and CNF bio-nano-
composites with TEO added was reduced as the concentra-
tion of TEO increased. This result was probably due to oil 
that was dispersed throughout the matrix protein and the 

Table 2  Puncture properties (PS 
e D) and tesile (TS, E and EM) 
of incorporated TEO in WPI/
CNFs bio-nanocomposites

Means observed in the column with the same letter do not differ statistically (p < 0.05)

Films Puncture strength/
thickness (PS) (N/
mm)

Puncture defor-
mation (D) (mm)

Tensile strenght 
(TS) (MPa)

Elongation at 
break (E) (%)

Elastic Modu-
lus (EM) (MPa)

Control 87.97b± 3.52 3.87a ± 1.43 6.00a ± 0.28 22.43b ± 1.48 45.45b ± 2.14
TEO20 70.87b ± 5.23 3.04b ± 0.34 5.67a ± 1.29 26.77a± 2.08 37.48b ± 3.31
TEO30 54.19a ± 5.57 1.69c ± 0.71 4.86a ± 1.04 15.69c ± 1.19 27.00ab ± 2.95
TEO40 40.65a ± 3.96 1.62d± 0.55 3.40b± 0.26 13.79c ± 0.78 13.08a ± 1.51

Table 3  Values of water vapour permeability (WVP) and thickness

Means observed in the column with the same letter do not differ sta-
tistically (p < 0.05)

Films WVP × 10–11 (g 
 m−1 s−1 Pa−1)

Thickness (mm)

Control 6.25a ± 0.05 0.148a ± 0.01
TEO20 5.27b ± 0.04 0.137b ± 0.00
TEO30 3.43c ± 0.05 0.137b ± 0.01
TEO40 3.36c ± 0.04 0.151a ± 0.01
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increased volume of emulsion in the film solution, conse-
quently increasing the opacity and reducing the transpar-
ency. Moreover, this result is also related to the crystallinity 
index of the material. Crystalline materials try to be more 
opaque and amorphous materials try to be more transpar-
ent. The crystalline regions reflect or deflect the beam of 
the incident light, compromising the transmission of light, 
which provides greater opacity [55]. In this study, the addi-
tion of TEO to the films increased the crystallinity index of 
the samples, thus decreasing the transparency.

Conclusions

The addition of TEO to bio-nanocomposites of WPI and 
CNFs, in the concentration range tested, enabled the for-
mation of materials with positive results for WVP, thermal 
stability, and crystallinity index of the films. Moreover, films 
with TEO added became less yellow (b*), tended to green 
(a*), and were paler (c*) and less transparent. The mechani-
cal properties were reduced creating films that were less 
rigid and elastic. SEM showed a decrease in CNF dispersion 
with the incorporation of TEO. In addition, the mechanical 
properties showed the formation of non-interactive systems 
and the FTIR spectra showed maintenance of the phenolic 
compounds of the TEO after the synthesis of the films. The 
addition of TEO in WPI/CNF films resulted in a material 
with morphological, mechanical, barrier and optical proper-
ties that encourage the studies for various applications.
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