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A B S T R A C T   

Curcuma longa L. essential oil and anthocyanin extracts contain bioactive compounds such as antioxidant 
properties and their pigments are able to change color when exposed to different pH or ammonium gas. In this 
context, the objective of the present work was to develop pH-sensitive intelligent films by adding curcuma oil 
(composed of essential oils and pigments) and anthocyanin extracts to a chitosan matrix reinforced with alpha- 
chitin nanocrystals. The incorporation of curcuma oil, anthocyanins and nanocrystals enhanced the mechanical 
properties and hydrophobicity; and, decreased water solubility and moisture content. In addition, the films also 
showed almost total blocking against UV/Vis light at wavelengths below 550 nm. Interestingly, the films were at 
the same time antioxidant, and sensitive to color change when exposed to ammonia gas and different pH so-
lutions, with greater variations observed when higher concentrations of curcuma oil were added. Hence, these 
results revealed the potential of these films as intelligent food packaging applications.   

1. Introduction 

Food packaging has an important role in storage, transport and 
especially regarding food spoilage delay (Qianyun Ma, Liang, Cao, & 
Wang, 2018). Thus, it has been observed a growing interest into 
improving packaging to prevent food deterioration caused by light, 
moisture, oxygen or the proliferation of microorganisms (S. Chen, 
Zhang, Bhandari, & Yang, 2020). In this context, lately, smart packaging 
containing an indicator (thermal, leakage, water or gas permeability 
indicators) to quickly inform the consumer about the quality status of 
the food, has generated a great interest in food industry (Alizadeh-Sani, 
Tavassoli, McClements, & Hamishehkar, 2021; Kalpana, Priyadarshini, 
Maria Leena, Moses, & Anandharamakrishnan, 2019; Xin Zhang, Zou, 
et al., 2019). For instance, pH-sensitive films containing colorimetric 
indicators that changed the color when the food, especially meat and 
fish, decompose and release basic volatile organic amines (S. Chen, 
Zhang, et al., 2020; Liang, Sun, Cao, Li, & Wang, 2019; Pereira, de 
Arruda, & Stefani, 2015; Yong, Wang, Zhang, et al., 2019; Xin Zhang, 
Zou, et al., 2019). 

Natural compounds, which are safe for human health and the envi-
ronment, biodegradable, non-toxic and with antimicrobial and 

antioxidant properties, have been used as alternative to the synthetic 
indicators. Examples of these natural indicators are pigments extracted 
from plants such as anthocyanins and curcuma oil extracted from cur-
cuma or turmeric root (Curcuma longa L.). Anthocyanins are water- 
soluble pigments and can be extracted from different sources as purple 
potato, blackberry, roselle, purple onion peel, red cabbage or black 
chokeberry among others. They present excellent antimicrobial, anti-
oxidant and pH-sensitive properties (S. Chen, Zhang, et al., 2020; Halász 
& Csóka, 2018; Li et al., 2019a; Qianyun Ma et al., 2018; Pereira et al., 
2015; Wu et al., 2020; Zhai et al., 2017). Curcuma oil has as major 
compound, curcumin, a yellow pigment that is pH-sensitive (hal-
ochromic) due to its enol and keto tautomeric forms (Sahne, Moham-
madi, Najafpour, & Moghadamnia, 2017). Moreover, this oil, can be 
used as a bioactive agent since its properties include antimicrobial and 
antioxidant properties (Chaaban et al., 2019; Fernández-Marín, Fer-
nandes, Andrés, & Labidi, 2021). Recently, it was also shown that 
mixing different pigments improves the range of color change as well as 
antioxidant properties (H. Zhi Chen, Zhang, et al., 2020; Zhu et al., 
2021). 

Therefore, different matrices including k-carrageenan, starch and 
chitosan among others have been used in order to immobilise and apply 
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anthocyanins or/and curcuma oil in food packaging (H. zhi Chen, 
Zhang, et al., 2020; Koshy et al., 2021; Y. Liu, Wang, et al., 2019; Yong, 
Wang, Bai, et al., 2019). For instance, H. Zhi Chen et al. investigated the 
behaviour of mixing curcumin and anthocyanins in a matrix of starch, 
poly(vinyl alcohol) and glycerol to test the pH change on the freshness of 
fish (H. Zhi Chen, Zhang, et al., 2020). Among these matrices, chitosan 
(poly-β-(1–4)-N-acetyl-D-glucosamine, CS), which is obtained from the 
deacetylation of chitin, has been largely used for food packaging 
because of its unique properties such as non-toxicity, biocompatibility, 
biodegradability, excellent film-forming properties (Salaberria, Fer-
nandes, Diaz, & Labidi, 2015; Yong, Wang, Bai, et al., 2019). However, 
CS films have disadvantages including low UV light barrier and limited 
mechanical properties. Thus, nanocrystals or nanofibres from cellulose 
or chitin have been incorporated as reinforcing agents (Claverie, 
McReynolds, Petitpas, Thomas, & Fernandes, 2020; Fernández-Marín, 
Labidi, Andrés, & Fernandes, 2020; Joseph et al., 2020; Salaberria, 
Labidi, et al., 2015; Salari, Sowti Khiabani, Rezaei Mokarram, Ghan-
barzadeh, & Samadi Kafil, 2018; Xinhui; Zhang et al., 2021; Veronica; 
Zubillaga, Alonso-varona, Fernandes, Salaberria, & Palomares, 2020; 
Verónica; Zubillaga et al., 2018). In particular, chitin nanocrystals 
(CHNC) have attracted the interest of the scientific community due to 
their excellent properties such as antimicrobial, small size, low toxicity 
and biocompatibility (Fernández-Marín, Labidi, et al., 2020; Salaberria, 
Labidi, et al., 2015; Salaberria, Diaz, Andrés, Fernandes, & Labidi, 
2017). In this sense, Wu et al. developed pH-sensitive smart films with 
red cabbage anthocyanins using a matrix of oxidized chitin nanocrystals 
and Konjac glucomannan (Wu et al., 2020). 

The present work presents the development of smart multifunctional 
materials based on chitosan/chitin nanocrystals nanocomposite films 
and curcuma oil and anthocyanins as pH- and volatile ammonia- 
sensitive agents. The aim was to obtain final materials with hal-
ocromic and antioxidant capacity for the monitoring of food packaging. 

2. Materials and methods 

2.1. Materials 

Ethanol (EtOH, analytical standard), methanol (MeOH, HPLC grade), 
ammonium hydroxide solution (NH4OH, ACS reagent, 28–30% NH3 
basis), 6-Hydroxy-2, 5, 7, 8-tetramethylchromane-2-carboxylic acid 
(Trolox) and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) were supplied by 
Sigma-Aldrich. Scharlau supplied Folin-Ciocalteu reagent and gallic acid 
monohydrate (C7H6O5̇H2O, extra pure). Hydrochloric acid (HCl, 37%), 
glycerol anhydrous, sodium hydroxide (NaOH, ACS reagent) and acetic 
acid glacial (CH3COOH, technical grade) were provided by Panreac 
AppliChem. Sodium carbonate anhydrous (NaCO, general-purpose 
grade) was purchased from Fischer. 

2.2. Chitin extraction and nanocrystals isoltation, and chitosan 
production 

Chitin was extracted from yellow lobster (Cervimunida johni) waste 
supplied by Antartic Seafood S.A. (Chile) following the previous method 
used by (Salaberria, Diaz, Labidi, & Fernandes, 2015b). Then, 
alpha-chitin nanocrystals (α-CHNC) were isolated in house by microwave 
assisted extraction technique (Discover system, CEM, USA) under the 
conditions of 10 min, 124.75 W and 1 M HCl (Fernández-Marín, 
Hernández-Ramos et al., 2021). The ratio used was 1:30 w/v (chitin: 
HCl) (Salaberria et al., 2015b). The suspension was then filtered, washed 
with distilled water to neutral pH and stored at 4 ◦C until use. The degree 
of acetylation (DA) was determined by solid 13C NMR was of 90% 
(Kasaai, 2010). The crystallinity index (CI %) was of 94% obtained by 
X-Ray Diffraction (XRD) spectra (Philip X’pert Pro Automatic diffrac-
tometer, Amsterdam, Netherlands) (Sagheer, Al-Sughayer, Muslim, & 
Elsabee, 2009). The morphology of the nanocrystals was carried out by 
AFM and showed rod-like morphology with an average of 314 ± 63 nm 

in lengths and 42 ± 11 nm in width as demonstrated in previous work 
(Fernández-Marín, Hernández-Ramos et al., 2021). Chitosan (CS) was 
obtained from lobster (Homarus gammarus) by the deacetylation of the 
obtained chitin (CH) following the methodology described by Salaberria 
et al. (Salaberria, Diaz, Labidi, & Fernandes, 2015a). For this purpose, a 
ratio of 1:15 w/v (CH:NaOH 60% w/v) was used at 130 ◦C under ni-
trogen atmosphere for 4 h. The obtained CS was filtered, washed and 
dried at 106 ◦C for 24 h. The degree of N-acetylation was 13.29% ob-
tained by 13C NMR. 

2.3. Curcuma oil extraction 

Curcuma oil was extracted from the root Curcuma longa L. by 
microwave-assisted extraction (Milestone flexiWAVE, Italy) under the 
conditions of 29.99 min, 160 W and 1:20 w/v (curcuma powder: EtOH) 
following the method described by (Fernández-Marín, Fernandes, 
Andrés, & Labidi, 2021). The composition of the curcuma oil was 
determined by GC/MS. The major compounds were Ar-turmerone 
(33.78%), turmerone (20.12%) and β-turmerone (20.05%) as previ-
ously described by (Fernández-Marín, Fernandes, Andrés, & Labidi, 
2021). 

2.4. Anthocyanin extraction 

Anthocyanin was extracted from red cabbage (Brassica oleracea var. 
capitata f. rubra) purchased in a market in Gipúzcoa, Spain. The red 
cabbage was washed with distillate water and dried at 50.00 ± 0.05 ◦C. 
It was then ground (Retsch SM 2000; Germany) and sieved (0.5 × 0.5 
mm mesh). Extraction was carried out with 25 g of red cabbage powder 
in 500 mL of acidified ethanol (85:15 v/v, EtOH:HCl (1M)) with stirring 
at 50 ◦C in the dark overnight following the protocol described by Li Y. 
et al. (Li et al., 2019b). Afterwards, it was filtered and rotavaporated at 
45 ◦C to remove the solvent. The obtained extract was stored in the dark 
at 4 ◦C. The composition of red cabbage anthocyanins has been well 
studied in numerous works including (Mizgier et al., 2016; Uranga, 
Etxabide, Guerrero, & de la Caba, 2018; Wiczkowski, Szawara-Nowak, 
& Topolska, 2013): cyanidin-3-(sinapoyl) (sinapoyl)-diglucoside-5-glu-
coside followed by cyanidin-3-(p-coumaroyl)-diglucoside-5-glucoside 
and cyanidin-3-diglucoside-5-glucoside as the major compounds. 

2.5. Preparation of nanocomposite films 

To prepare the nanocomposite films, CS (1% w/v) was dissolved in a 
solution of acetic acid (1% v/v) under stirring for 24 h. After, to this 
solution, glycerol 0.2% v/v (Cs based) was added as plasticiser and 
mixed at 15 000 rpm using an Ultra-Turrax (Heidolph Silent Crusher M., 
Germany) for 10 min at 25 ◦C. Then, the α-CHNC (0.5% w/v) were 
added and mixed at 15 000 rpm for 10 min. Afterwards, 5 different 
bioactive nanocomposite film samples were prepared by adding or 
curcuma oil (C) or anthocyanin extract (A), in addition 3 different 
mixtures of both extracts (see Table 1). To prepare the bioactive nano-
composite films, two 2 g/L dilutions were prepared by using or curcuma 
oil or anthocyanin extract in ethanol, and the nanocomposite films were 
made by adding 1% v/v of C solution or A extract with respect to the CS. 

Table 1 
Identification and composition of nanocomposite films.  

Sample code α-CHNC (% w/v) C (% v/v) A (% v/v) C:A (% v/v) 

CSNC 0.5 – – – 
CSNC-C 0.5 1 – – 
CSNC-A 0.5 – 1 – 
CSNC-CA(8:1) 0.5 8 1 8:1 
CSNC-CA(1:8) 0.5 1 8 1:8 
CSNC-CA(1:1) 0.5 1 1 1:1 

α-CHNC: alpha-chitin nanocrystals; C: curcuma oil; A: anthocyanin extract; % 
w/v or % v/v based on chitosan. 
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The 3 mixtures were prepared by using: (i) 8% v/v C and 1% v/v A; (ii) 
1% v/v C and 8% v/v A; and (iii) 1% v/v C and 1% v/v A, all concen-
tration with respect to CS. All suspensions were mixed by using an Ultra- 
Turrax at 15 000 rpm for 10 min and degassed to remove bubbles. The 
nanocomposite films were prepared by the solvent-casting technique by 
using 50 mm diameter Petri dishes at 30 ◦C for 24 h. CS/chitin nano-
crystals nanocomposite films without the extracts were prepared as 
controls. Before the characterization, the samples were stored in a cli-
matic chamber at 25 ◦C with a relative humidity of 50 ± 5%. The 
identification and composition of the nanocomposite films are shown in 
Table 1. 

2.6. Characterization of nanocomposite films 

2.6.1. General aspect and physicochemical properties of the nanocomposite 
films 

2.6.1.1. Light transmission and opacity. The transmittance of the nano-
composite films was measured with an UV/Vis spectrophotometer 
(Jasco V-730 UV/VIS spectrophotometer, JASCO, Germany) in the 
range 750–250 nm. The opacity was determined by measuring the 
absorbance at 600 nm with the same UV/Vis spectrophotometer 
(Fernández-Marín, Labidi, et al., 2020). The following equation (1) was 
used for its determination: 

Opacity =
Abs600

Th
(1)  

where Abs 600 corresponds to the absorbance at 600 nm and Th is the 
thickness of each film (mm). 

2.6.1.2. Thickness and grammage. The thickness of the nanocomposite 
films was measured with a digital micrometer (Ultra Präzision Messze-
uge GmbH, Glattbach, Germany). Thickness values were measured at 6 
random points on the films and expressed as average and standard 
deviation. 

The grammage of the films was calculated by the ratio between the 
weight of the film and the area of the section studied (1.5 × 3 cm2). It 
was measured in triplicate for each sample. Grammage (g/m2) = weight 
(g)/area (m2). 

2.6.1.3. Water solubility and moisture content. Water solubility (WS) was 
measured by cutting 1.5 × 3 cm2 rectangles from the nanocomposite 
films, which were dried at 106 ◦C for 3 h and then weighed. The portions 
of the films were then immersed in 50 mL of distilled water with stirring 
for 24 h at room temperature. The undissolved portion was dried at 
106 ◦C for 24 h. After that time, it was weighed (Sahraee, Milani, 
Ghanbarzadeh, & Hamishehkar, 2017). Water solubility was calculated 
using equation (2): 

WS (%)=
(W0 − W1)

W0
x100 (2)  

where W0 is the weight before immersion in distilled water (g) and W1 
represents the weight of the undissolved film portion after drying (g). 
The measurement was carried out in triplicate for each sample and the 
results were given by the mean and standard deviation. 

To measure the moisture content (MC) of the films, the samples were 
cut into rectangular portions (1.5 × 3 cm2), weighed and dried at 106 ◦C 
(Memmert UN160 plus Twindisp, Germany) for 24 h (Fernández-Marín, 
Labidi, et al., 2020). The MC was determined with the following equa-
tion (3): 

MC (%)=
(W0 − W1)

W1
x100 (3)  

where W0 is the initial weight of the sample (g) and W1 represents the 

weight after 24 h in the oven (g). The MC measurements of the nano-
composite films were carried out in triplicate and the results were given 
as the means and their standard deviations. 

2.6.1.4. Water contact angle. The water contact angle of the nano-
composite films was measured with an Oca20 DataPhysiscs equipment 
(DataPhysics Instruments GmbH, Filderstadt, Germany). 5 μL distilled 
water droplet was deposited on the sample surface and the contact an-
gles on the surface were determined at room temperature at 0 and 2 min 
using the SCA20 software. For each film 4 replicates were measured. 

2.6.2. Mechanical properties and thermogravimetric analysis (TGA) 
The mechanical properties of the samples were measured using an 

Instron 5967 testing equipment (Instron, Norwood, MA, USA). From 
each sample, eight rectangular samples of 0.5 × 4.5 cm2 were cut and 
the tensile strength (TS), Young’s modulus (YM) and elongation (E %) 
were determined. The load cell used was 500 N and the transverse test 
rate was 3 mm/min. 

TGA analyses were carried out with the Mettler Toledo TGA/SDTA 
851 instrument (New Castle, DE, USA). About 5 mg of each sample was 
used and a heating ramp of 10 ◦C/min from 25 ◦C to 750 ◦C under ni-
trogen atmosphere was employed. 

2.6.3. pH- and volatile ammonia-sensitivity assessment 
In order to evaluate the halochromic capacity of the samples, the 

films were exposure to pH-variations and volatile ammonia as follows:  

- Volatile ammonia: this experiment was carried out using the method 
described by (Zhai et al., 2017) with slight modification. First, the 
films were cut into 2 × 4 cm. Then, each sample was subjected to two 
different concentrations of ammonia solutions (0.008 mol/L and 0.5 
mol/L), by using separately, 70 mL of each ammonium solution in a 
500 mL bottle where the film was placed 1 cm above the ammonium 
solution. In the closed bottle, the films were exposed to the ammo-
nium vapour for 20 min. Finally, the color parameters were 
determined.  

- Different pH solutions: this experiment was carried out following the 
method described by (Li et al., 2019a) with slight modification. First, 
the films were cut in rectangles of (2 × 4 cm2) and then they were 
immersed in 10 mL of different solutions of pH 2, 4, 6, 8, 10, 12 and 
14 (HCl 0.1 M and NaOH 0.1 M) for 30 min at 25 ◦C. Afterwards, they 
were dried at room temperature and the color parameters were 
determined. 

Nanocomposite films without any treatment were used as control. 
The halochromic variation of films, after their exposure to different 

pH and volatile ammonia, was evaluated using a colorimeter (PCE- 
CSM3, PCE, Spain) and the CIELAB color scale. The parameters 
measured were L*(brightness), b*(- blue to + yellow), a* (- green to +
red) and the color difference (ΔE*). This last parameter was calculated 
using the following equation (Mujtaba et al., 2017):  

ΔE* = √[(ΔL*)2+(Δa*)2+(Δb*)2]                                                   (4) 

The measurements were obtained in 10 random sections of each 
sample and the results were expressed as average and standard 
deviation. 

2.6.4. Total phenolic content and antioxidant activity 
The total phenolic content (TPC) was carried out according to the 

procedure described by Fernández-Marín et al. with slight modifications 
(Fernández-Marín, Labidi, et al., 2020). The samples were prepared by 
weighting 25 mg of each following by their immersion in 3 mL of 
methanol (MeOH). The mixture was centrifuged for 24 h at 500 rpm and 
then 300 μL of the solution was collected. Absorption at 760 nm was 
measured with an UV/Vis spectrophotometer (Jasco V-730, Pfungstadt, 
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Germany) using gallic acid as a standard. The results were expressed in 
mg gallic acid equivalents (mg GAE/g films) and three replicates were 
performed for each sample. 

The antioxidant activity of the nanocomposite films was assessed by 
DPPH (2, 2-diphenyl-1-picrylhydrazyl) free radical scavenging activity 
assay (Fernández-Marín, Fernandes, Andrés, & Labidi, 2021). First, 25 
mg of each sample was weighted and immersed in 3 mL of MeOH, which 
was centrifuged for 24 h at 500 rpm. Supernatant was collected (300 μL) 
and mixed with 3 mL of a solution of 6 × 10-5 M DPPH dissolved in 
MeOH. The absorbance at 515 nm was measured with an UV/Vis 
spectrophotometer (Jasco V-630, Pfungstadt, Germany) after 15 min 
and Trolox was used as standard. The results were expressed as the 
percentage of DPPH radical scavenging activity according to the 
following equation (5): 

DPPH %=
A0 − AS

A0
x 100 (5)  

where A0 represents the absorbance of DPPH of the control and AS 
corresponds to the absorbance of the film. Each sample was measured in 
triplicate. 

2.6.5. Statistical analysis 
A one-way analysis of variance (ANOVA) statistical test was per-

formed using SPSS software (version 24, Inc. Chicago, IL, USA). Signif-
icant difference values were obtained by Duncan’s multiple range test. 
The results were expressed as average and standard deviation. P-values 
< 0.05 were statistically significant. 

3. Results and discussion 

3.1. General aspect and properties of the nanocomposite films 

The general aspect of food packaging and its optical properties like 
color, opacity and transmittance are a very important factor for both 
consumer acceptance and food protection against photodegradation 
(Alizadeh-Sani et al., 2021; Ezati & Rhim, 2020). Fig. 1 displays the 
general aspect of the final nanocomposite films. As shown in Fig. 1, the 
samples are translucent and homogeneous and the nanocomposite films 
with bioactive agent’s exhibit yellowish, orange and brownish colors 
(see also Fig. 2, Table 4 and section 3.2.1.). The thicknesses and gram-
mage of the biocomposite films are shown in Table 2. The data revealed 
that the different thickness values are correlated with the grammage and 
further depend on the phenolic compounds that are bound to the chi-
tosan matrix (de Jesus, Baldasso, Marcílio, & Tessaro, 2020; Khoshgo-
zaran-Abras, Azizi, Hamidy, & Bagheripoor-Fallah, 2012; J. Liu, Wang, 
et al., 2019; Sani, Pirsa, & Tağı, 2019). 

3.1.1. Light transmission and opacity 
As defined before, the opacity (Table 2) of the films was measured at 

600 nm (Fig. 2) and taking in account the thickness of the samples 
(Table 2). As expected, it was observed that the CSNC nanocomposite 
film (control) showed the lowest value (4.18 ± 0.20). Higher opacities 
were observed in the films with prepared with a mixture of curcuma oil 
and anthocyanin, exhibiting the greatest value when the proportion of 
curcuma was higher (CSNC-CA(8:1): 29.39 ± 2.10). This may be due to 
the absorption of some of the light by the mixture of its chromophores 
and also agrees with the data observed in Fig. 2 for transmittance (Ali-
zadeh-Sani et al., 2021). 

Fig. 2 shows the transmittance of the nanocomposite films from 250 
to 750 nm (UV–Vis light). As expected, the incorporation of curcuma oil 
and anthocyanin into the nanocomposite films decrease their trans-
mittance; and, interestingly, the spectra profile differ depending the 
kind of additive or mixture. All films containing curcuma oil showed a 
drastic decrease in transmittance around 500 nm, showing to be a great 
barrier against UV radiation, probably due to the presence of phenolic 
compounds (Xinhui Zhang et al., 2021). The CSNC-CA(8:1) and 
CSNC-CA(1:8) nanocomposite films exhibited very low transmittance in 
the visible region and a total blocking in the UV region. 

For food packaging films, another important characteristic is their 
behaviour towards moisture and water. 

Fig. 1. Photographs showing the general aspect and the flexibility of the films. 
a) CSNC; b) CSNC-C; c) CSNC-A; d) CSNC-CA(8:1); e) CSNC-CA(1:8); f) CSNC- 
CA(1:1). 

Fig. 2. Transmittance from 750 to 250 nm of nanocomposite films.  

Table 2 
Thickness, grammage, MC (moisture content), WS (water solubility) and opacity 
of the films.  

Samples Thickness 
(μm) 

Grammage 
(g/m2) 

MC % WS % Opacity 

CSNC 49.67 ±
2.07a 

56.07 ± 6.70a 41.73 ±
0.69a 

48.50 ±
1.08a 

4.18 ±
0.20ab 

CSNC-C 58.67 ±
2.16b 

68.01 ± 5.46b 22.88 ±
1.28b 

29.46 ±
0.97b 

6.81 ±
0.56b 

CSNC-A 49.00 ±
1.79a 

53.93 ± 3.01c 34.20 ±
1.37c 

41.88 ±
0.88c 

6.73 ±
2.76b 

CSNC-CA 
(8:1) 

49.83 ±
2.64a 

60.37 ± 5.89d 25.39 ±
1.35d 

31.44 ±
0.86c 

29.39 ±
2.10c 

CSNC-CA 
(1:8) 

47.17 ±
1.33c 

48.37 ± 4.20e 32.49 ±
1.61c 

38.85 ±
0.92d 

18.67 ±
0.73d 

CSNC-CA 
(1:1) 

47.50 ±
3.94c 

48.74 ± 1.22e 27.78 ±
1.35e 

35.57 ±
1.64e 

6.28 ±
0.98b 

Values are expressed as mean ± standard deviation (thickness n = 6; moisture 
content, water solubility and opacity n = 3). Different letters in the same column 
denote significant differences between films (Duncan’s test, p < 0.05). 
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3.1.2. Water solubility and moisture content 
Table 2 shows the water solubility (WS) data of the biocomposite 

films. CSNC film (chitosan and chitin nanocrystals) showed a WS value 
of 48.50 ± 1.08%. This value was much lower than pure CS film ob-
tained by (Kaya, Ravikumar, et al., 2018) with a WS value of 73%, due to 
its hydrophilic nature. This result showed that the addition of nano-
crystals decrease the water solubility of the films. The addition of cur-
cuma oil and anthocyanins improved the WS properties with respect to 
the CSNC control film (p < 0.05). However, the incorporation of 
anthocyanin, due to its hydrophilic nature, showed slightly higher 
values than in the films with higher curcuma oil content. This was 
confirmed in the CSNC-C film, which showed the lowest WS value. This 
is mainly due to the fact that most of the compounds in the oil have 
hydrophobic properties (Xinhui Zhang et al., 2021). 

The moisture content (MC) values are listed in Table 2. The data 
revealed that the presence of curcuma oil and anthocyanins decrease the 
MC of the samples. Other authors, who added essential oils and nano-
fibres in chitosan films, or purple-fleshed sweet potato extract also 
observed the same behaviour (Pereda, Dufresne, Aranguren, & Marco-
vich, 2014; Yong, Wang, Bai, et al., 2019). Both films with anthocyanin 
extracts and curcuma oil significantly decreased the MC values since 
they can form bonds with the hydroxyl or amino groups of CS preventing 
their interaction with water (Ojagh Mahdi, Rezaei, Razavi Hadi, 
Mohamad, & Hosseini, 2010; Yong, Wang, Bai, et al., 2019). It was also 
observed that the films with the highest curcuma oil content (CSNC and 
CSNC-CA(8:1)) showed the lowest values, possibly due to their high 
content of non-polar compounds (X. Chen et al., 2017). 

3.1.3. Water contact angle 
The water contact angle technique evaluates the hydrophilic or hy-

drophobic behaviour of the materials. Films with angles greater than 90◦

are considered hydrophobic (Hajji et al., 2021). To assess the hydro-
philic or hydrophobic character of the nanocomposite films, the contact 
angle was measured at 0 s and 120 s after to depose a water drop at the 
surface of the films. The data displayed in Fig. 3 is in accordance with 
the data obtained by the water sensitive tests described before. The 
addition of α-CHNC slightly improved the water contact angle of the 
nanocomposite film with respect to pure chitosan films which are usu-
ally in the range of 69–85◦ (t = 0) as shown by numerous works such as 
(Cunha et al., 2008; Dresvyanina et al., 2021; Kaya, Salaberria, et al., 
2018; Souza et al., 2014): nonetheless, CSNC films still showing hy-
drophilic properties over time, i.e., the water contact angle decrease 

from 88◦ for t = 0 to 68.4◦ at 120 s. On the other hand, the addition of 
curcuma oil improved their hydrophobic properties as they exhibited 
angles greater than 90◦ (t = 0). The films CSNC-C and CSNC-CA(8:1) 
exhibited lower contact angle loss (Δα = 1.3 and 1.9, respectively) 
after the 120 s as this curcuma oil contains high percentage of non-polar 
compounds such as Ar-turmerone, turmerone and β-turmerone revealing 
its hydrophobic nature (Kaya, Ravikumar, et al., 2018). The films pre-
pared with anthocyanins (CSNC-A; CSNC-CA(1:8) and CSNC-CA(1:1)) 
showed a decrease in the contact angle after 120 s. This is explained 
by the fact that they contain a large number of hydroxyl groups which 
can form hydrogen bonds with water, thus demonstrating their affinity 
for water (S. Chen, Zhang, et al., 2020). 

3.2. Mechanical properties 

Because of the handling, transport and storage of packaging material 
for food, another important characteristic of these materials is their 
mechanical properties (Kanatt, Rao, Chawla, & Sharma, 2012). The 
mechanical properties of the nanocomposite films were shown in 
Table 3. 

In general, the addition of curcuma oil and anthocyanins signifi-
cantly improved the breaking resistance. And, it was also observed that 
both CSNC-A and CSNC-CA(1:8) films, which contain the highest pro-
portion of anthocyanins, exhibited the highest TS values. This may be 
due to the formation of a more stable interactions between CS chains and 
CHNC and the other additives into the film (Qianyun Ma & Wang, 2016; 
Yong & Liu, 2020). The YM follows the same trend found for the TS 
parameter. The incorporation of curcuma oil, anthocyanin extract and 
their mixture increased the YM, showing the highest value in the 
CSNC-CA(1:8) nanocomposite film with 63.94 ± 9.07 MPa. These results 
are probably due to the adhesion between the matrix and the anthocy-
anin extract at the interface since both are hydrophilic (Qinyan Ma et al., 
2019; Roy & Rhim, 2021). On the other hand, significant decrease in E % 
occurred with the addition of the bioactive compounds. This behaviour 
was also found by authors such as Zhou X. et al., in their study based on 
konjac glucomannan and camellia oil films with the addition of carra-
geenan, anthocyanin extracts and curcumin (Zhou et al., 2021). Li Y. 
et al., reported this trend in chitosan films reinforced with deacetylated 
chitin nanofibers and purple potato extraction by increasing the con-
centration of nanofibers (Li et al., 2019a). These results may be due to 
the interactions formed by the extracts and the matrix, which impedes 
the CS-CS interaction reducing the flexibility of the film (Roy & Rhim, 
2021; Yong & Liu, 2020; Zhou et al., 2021). Overall, the mixture of 
anthocyanins and curcuma oil improved the mechanical properties 
which is in agreement with the results obtained by (Zhou et al., 2021). 

3.3. TGA 

The influence of the introduction of anthocyanins and curcuma oil on 
the CSCN nanocomposite films was evaluated by thermogravimetric 
analysis and the TGA and the derivative dTG curves are shown in Fig. 4. 
In general, all nanocomposite films displayed profiles with 3 main 
degradation steps. The first step of degradation occurred below 100 ◦C 

Fig. 3. Water contact angle of the nanocomposite films at 0 and 120 s.  

Table 3 
Mechanical properties of the nanocomposite films: TS (tensile strength, MPa), 
YM (Young’s modulus, MPa), E (elongation, %). Values are mean ± standard 
deviation (n = 6). The superscript letters in the same column denote significant 
differences among the nanocomposite films (Duncan’s test, p < 0.05).   

TS (MPa) YM (MPa) E (%) 

CSNC 19.52 ± 4.92a 31.31 ± 1.29a 29.79 ± 9.91a 

CSNC-C 26.94 ± 2.87b 36.04 ± 3.13b 27.52 ± 8.14b 

CSNC-A 28.92 ± 1.46c 52.67 ± 4.83c 18.76 ± 1.17c 

CSNC-CA(8:1) 24.80 ± 1.89d 46.99 ± 7.11d 32.62 ± 4.73d 

CSNC-CA(1:8) 30.55 ± 3.55e 63.94 ± 9.07e 21.45 ± 1.92e 

CSNC-CA(1:1) 25.42 ± 2.29bd 34.01 ± 1.46b 15.44 ± 7.54f  
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and was due to the evaporation of water and acetic acid residue (Xin 
Zhang, Zou, et al., 2019). In the second step, the onset temperatures 
were between 125 and 150 ◦C with a maximum degradation between 
200 and 225 ◦C and were assigned to the loss of the low molecular 
weight molecules of the anthocyanins and curcuma oil and glycerol 
molecules (Alizadeh-Sani et al., 2021; Silva Damasceno et al., 2018). 
The third step was observed between 275 and 325 ◦C and were attrib-
uted to the chitosan and nanochitin degradation. In addition, some 
degradation of curcuma oil and anthocyanin extracts can also occur in 
this step (Shen & Kamdem, 2015; Xin Zhang, Zou, et al., 2019). In 
general, the results indicated that the addition of curcuma oil and 
anthocyanin extract exhibited lower thermal stability than the pure 
CSNC nanocomposite films. This type of behaviour has also been 
observed by other authors such as Silva-Pereira M. C. et al., who studied 
CS and corn starch films by adding red cabbage extract (Silva-Pereira, 
Teixeira, Pereira-Júnior, & Stefani, 2015). This effect may be explained 
by the fact that the incorporated additives reduce the intramolecular 
interactions between the different components of the film matrix (Kim, 
Baek, & Song, 2018; Silva-Pereira et al., 2015; Yong, Wang, Bai, et al., 
2019). 

3.4. pH- and volatile ammonia-sensitivity 

As mentioned before, in order to evaluate the halochromic capacity 
of the samples, the films were first exposed to pH-variations and volatile 
ammonia and then their color was measured. The colors of the untreated 
films was also measured and used as control. 

3.4.1. Color of untreated films 
The color parameters L*, a*, b* and ΔE of the untreated films are 

shown in Table 4. In the L* parameter it can be seen that the CSNC films 
showed values close to 90 so they tend to lightness (p > 0.05). While the 
films containing the bioactive agents are darker than the control CSNC 
film. In the parameter a*, which indicates -green/+red, it was observed 
that all films trended towards red as they have a positive sign. The 
parameter a* increased due to the influence of curcuma oil (p < 0.05). 
These results are in agreement with those obtained previously in films 
prepared with poly(vinyl alcohol), curcumin and grapefruit seed extract 
(Roy & Rhim, 2021). The same trend was observed for the parameter b* 
(-blue/+yellow). The films with the bioactive compounds showed a 
tendency to yellow. The CSNC-C film showed the highest values of a* 
and b* parameters being 32.66 ± 0.11 and 46.37 ± 1.98, respectively. 
The mixture of both parameters was reflected in the appearance of the 

film shown in Table 4. The addition of curcuma oil and anthocyanin 
extract significantly (p < 0.05) affected the total color difference (ΔE) of 
the films. 

3.4.2. Color of the samples treated with volatile ammonia 
The sensitivity of the films to ammonium gases was assessed by color 

variation at two different concentrations: 0.08 mol/L and 0.5 mol/L 
(Table 5). This experiment is useful because simulates the films sensi-
tivity to volatile compounds generated in the meat decomposition. The 
mechanism that possibly occurs is that ammonia gas diffuses through 
the film matrix and is hydrolysed generating hydroxyl ions producing an 
alkaline environment for the film (Yun et al., 2019; J.; Zhang, Zou, et al., 
2019). This causes that the anthocyanin and curcumin pigments, change 
the structure and consequently the color (Sahne et al., 2017; Yun et al., 
2019). In all films the data showed positive values of a* and b* pa-
rameters indicating that the colors were going to reds and yellows. 

All the nanocomposite films were translucent and homogeneous 
showing a good uniformity of the colors. In the CSNC-C film, it was 
observed that increasing the ammonium concentration increased the 
parameter a* and decreased b* (p < 0.05) in comparison with the un-
treated film, so that the tendency of the film color was red and less 
yellow. As for the CSNC-A film, a considerable increase in a* and b* was 
observed, which could be observed by the changing of the color from 
yellow to brown. Furthermore, no significant difference was observed 
regarding the change of ammonia concentrations (p > 0.05). In the 
CSNC-CA(8:1) and CSNC-CA(1:8) films the L* and a* parameters are 
similar while a greater change in the b* parameter was observed. The 
highest b* values were found in the CSNC-CA(1:8) film, which contains a 
higher amount of anthocyanin and therefore tends to yellow. Regarding 
the CSNC-CA(1:1) film, no significant differences were observed in the 
parameters L*, a*, b* and ΔE when they were subjected to the two 
ammonia concentrations (p > 0.05). However, it was observed that the 
b* parameter was somewhat higher and tended more strongly to yellow 
color when exposed to higher ammonium concentration. In general, all 
films demonstrated sensitivity to ammonia gas exposure and no signif-
icant difference was observed between the two concentrations. These 
results demonstrated that the films could be employed for food pack-
aging as indicators of food degradation. 

3.4.3. Color of the samples at different pH 
The films were exposed to different pH dilutions and their hal-

ocromic capacity is shown in Table 6. In general, the samples showed to 
be translucent and homogeneous showing a good uniformity of the color 
in the films. The color of the CSNC-C film became darker (L*), redder 
(a*) and less yellowish (b*) as the pH became more basic. This is because 
the pigment curcumin changes structure to the enol form predominantly 

Fig. 4. TGA and dTG profiles of the nanocomposite films.  

Table 4 
Color parameters of normal untreated nanocomposite films.  

Normal color of the films  

L* a* b* ΔE Appearance 

CSNC 93.85 ±
0.28a 

0.20 ±
0.03a 

− 0.75 ±
0.19b 

0.92 ±
0.16b 

CSNC-C 56.54 ±
0.46b 

32.66 ±
0.11b 

46.37 ±
1.98c 

71.15 ±
0.57c 

CSNC-A 72.36 ±
0.77c 

1.15 ±
0.13c 

12.23 ±
0.44d 

24.96 ±
0.77d 

CSNC-CA 
(8:1) 

43.93 ±
0.25d 

21.19 ±
0.61d 

24.10 ±
0.53e 

59.52 ±
0.25e 

CSNC-CA 
(1:8) 

44.06 ±
0.45d 

16.32 ±
0.11e 

26.04 ±
0.75f 

58.71 ±
0.13f 

CSNC-CA 
(1:1) 

47.21 ±
0.96e 

32.64 ±
0.33b 

31.87 ±
1.58g 

65.65 ±
0.46g 

The values were average ± standard deviation (normal color of the films, n =
10). In the analysis of the normal color of the films: the superscript letters in the 
same column indicate the significant differences between each parameter and 
the films (Duncan’s test, p < 0.05). 
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at basic pH (H. zhi Chen, Zhang, et al., 2020). In the CSNC-A film, it 
showed at pH = 2 a reddish color due to its a* parameter (35.23 ± 0.45) 
and the change of the anthocyanin structure to the flavylium form 
(Sigurdson, Robbins, Collins, & Giusti, 2019; Yong, Wang, Bai, et al., 
2019). At pH = 4, a drop in the a* value was observed which contributed 
to the film appearing more yellowish. Between pH = 6–10 no significant 
changes between the parameters were found and a dark greenish color 
was observed. This resulted in no visible change in color with the naked 
eye. From pH = 12 an increasing b* and L* value was noticed which 
resulted in a bright yellowish color. This color trend was also observed 
by Yong H. et al. in their analysis of chitosan films with purple-fleshed 
sweet potato extract (Yong, Wang, Bai, et al., 2019). As for the films 
with mixed curcumin oil and anthocyanin, the perceived colors were 
more similar to those of curcuma oil. Similar results were observed in 
the study of Chen H. et al., 2019, who mixed curcumin and anthocyanins 
in the matrix of starch, poly(vinyl alcohol) and glycerol (H. zhi Chen, 
Zhang, et al., 2020). In general, all films regardless of pH exhibited a 
tendency towards dark shades, with L* values being less than 50. In 
addition, most of them were observed to have ΔE values between 60 and 
70. The CSNC-CA(8:1) film revealed orange to reddish tones due to the 
higher proportion of curcuma oil. These results are reflected by the in-
crease of parameter a* and the decrease of b* as the pH becomes more 
basic. As for the CSNC-CA(1:8) film, it was found that the a* parameter 
gradually increased as the pH approached 14. In the colors of these 
films, the major presence of the anthocyanin extract was observed. Be-
tween pH = 2–8 the b* values were higher than the a* values, which was 
reflected in yellowish-brownish colors. When the pH becomes more 
basic, between 10 and 12, the films turned more yellow due to the in-
crease of b*. It is worth noting that at pH = 14 the film showed a dark red 
color due to the drastic increase of the a* parameter (32.812 ± 0.83). 
Finally, the colors observed in the CSNC-CA(1:1) film varied from yellow 
to reddish-orange. Between pH = 4–6, the film redness (a* values) 
increased while the yellowness (b* values) decreased. On the other 
hand, a color change to brown tones was obtained between pH = 8–12 

showing similar a* and b* values. Finally, it is important to underline 
that at pH = 14 the a* value rose significantly which gave an orange 
color to the film. 

Interestingly, the color parameters of nanocomposite films prepared 
with the mixture of CSNC-CA(8:1) showed to be similar after their basic 
pH (10–12) exposure and volatile ammonia treatment. Thus, these color 
changes at different pH could be useful as an indicator in food 
packaging. 

3.5. Total phenolic content and antioxidant activity 

The antioxidant activity of the nanocomposite films is very impor-
tant to prevent food oxidation and hence to extend the quality of the 
product. This was one of the motivations to add curcuma oil into the 
nanocomposite films with anthocyanins. In this work, first the total 
phenolic content (TPC) was assessed and then, the antioxidant proper-
ties were evaluated by DPPH free radical scavenging activity assay. The 
TPC assay determines the amount of total phenolic compounds con-
tained in the samples, which are responsible of the antioxidant activity. 
The DPPH assay evaluates the substance capability of donating H to the 
free radical DPPH* (Fernández-Marín, M. Fernandes et al., 2020; Kanatt 
et al., 2012). The TPC and DPPH scavenging activity data are listed in 
Table 7. 

Regarding the TPC, it was observed that the nanocomposite film 
prepared with curcuma oil (CSNC–C) exhibited higher TPC values than 
the CSNC nanocomposite films and those prepared with anthocyanins 
(CSNC-A) (p < 0.05). Interestingly, the nanocomposite films prepared 
with the mixture of both bioactive compounds presented the higher TPC 
values, being the CSNC-CA(8:1) film the one that showed the highest 
value. 

These results were in agreement with those obtained by the DPPH 
assay to assess the antioxidant activity. In other words, it was observed 
that the mixture of curcuma oil and anthocyanin extract enhanced the 
antioxidant activity of the final CSNC nanocomposite films (p < 0.05). 
This could be explained since both curcuma oil but also anthocyanins 
contain phenolic compounds with the ability to donate hydrogen atoms 
(Roy & Rhim, 2021; Xinhui Zhang et al., 2021). As expected, the 
CSNC-CA(8:1) film, which was prepared with the higher proportion of 
curcuma oil, showed the highest DPPH % value (76.10 ± 1.79%) (de 
Carvalho et al., 2020;(Fernández-Marín, Fernandes, Andrés, & Labidi, 
2021). Therefore, the data revealed that these films could be used as film 
packaging to prevent food oxidation. 

4. Conclusions 

The aim of this study was to develop smart multifunctional materials 
based on chitosan/chitin nanocrystals nanocomposite films and cur-
cuma oil and anthocyanins as pH- and volatile ammonia-sensitive 
agents. In general, the addition of curcuma oil and anthocyanin 
extract decreased the moisture content and water solubility of the 
nanocomposite films and improved their UV–Vis light barrier and me-
chanical properties. The halocromic and antioxidant properties of the 
films were assessed, and it was observed that the final materials are 
multifunctional since they are at the same time pH- and volatile 
ammonia-sensitive and present antioxidant properties. In general, the 
films with the bioactive compounds were sensible to the color change 
generated by the exposure to ammonium gas, and no significant dif-
ferences were observed between the different concentrations used. As 
for the exposure to different pH solutions (2–14), changes were found in 
all the films with bioactive agents with greater changes in films with a 
higher percentage of curcuma oil (CSNC–C and CSNC-CA(8:1)). Inter-
estingly, the nanocomposite film prepared with the mixture of CA(8:1) 
presented the best conditions for food preservation by presenting a great 
barrier to UV light, excellent antioxidant properties and halocromic 
capacity to both pH- and volatile ammonia changes. These results 
demonstrated that the use of the mixture of curcuma oil and 

Table 5 
Color parameters of nanocomposite films treated with volatile ammonia.  

Color of films exposed to ammonia gases  

L* a* b* ΔE Appearance 

CSNC-C 
0.08 mol/L 
NH3 

47.74 ±
0.23a 

35.58 ±
0.37a 

35.77 ±
1.18a 

68.66 ±
0.97a 

0.5 mol/L 
NH3 

42.88 ±
1.33b 

40.70 ±
0.86b 

27.82 ±
1.22b 

70.86 ±
0.95a 

CSNC-A 
0.08 mol/L 
NH3 

68.55 ±
0.16a 

11.08 ±
0.37a 

31.47 ±
2.23a 

42.08 ±
1.90a 

0.5 mol/L 
NH3 

64.44 ±
1.32b 

14.77 ±
0.69a 

35.67 ±
0.49a 

48.73 ±
0.99b 

CSNC-CA(8:1) 
0.08 mol/L 
NH3 

34.78 ±
1.23a 

22.76 ±
2.11a 

10.40 ±
1.44a 

63.80 ±
0.11a 

0.5 mol/L 
NH3 

40.77 ±
1.06b 

24.21 ±
1.27a 

18.60 ±
1.32b 

61.02 ±
0.04a 

CSNC-CA(1:8) 
0.08 mol/L 
NH3 

42.52 ±
0.07a 

22.20 ±
0.35a 

27.39 ±
0.66a 

62.12 ±
0.13a 

0.5 mol/L 
NH3 

40.89 ±
2.16a 

32.01 ±
1.45b 

24.60 ±
1.65a 

66.47 ±
1.78a 

CSNC-CA(1:1) 
0.08 
mol/L 
NH3 

43.57 ±
0.30a 

34.34 ±
0.28a 

25.27 ±
0.70a 

65.82 ±
0.65a 

0.5 mol/ 
L NH3 

46.08 ±
1.11a 

36.46 ±
0.19a 

32.37 ±
2.21a 

68.28 ±
0.47a 

The values were average ± standard deviation (n = 10). In the color analysis of 
films exposed to ammonia gas: the letters superscript represent the significant 
differences between the two different concentrations of ammonia gas and each 
parameter of each film (Duncan’s test, p < 0.05). 
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anthocyanin extract in chitosan/chitin nanocrystals nanocomposite 
films could be applied to the food industry due to their food quality 
sensors capacity and biodegradability. 
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Table 6 
Color parameters of films in pH solutions (2–14).   

pH L* a* b* ΔE Appearance 

CSNC-C Acid 2 53.69 ± 2.50a 29.39 ± 3.34a 40.02 ± 3.16a 49.79 ± 0.99a 

4 45.04 ± 0.93b 36.25 ± 0.475b 20.80 ± 0.01b 41.79 ± 0.42b 

Neutral 6 49.09 ± 0.18c 33.46 ± 0.10c 33.62 ± 0.39c 47.43 ± 0.34c 

8 44.33 ± 1.68b 37.78 ± 1.80b 26.26 ± 0.37d 44.4 ± 3.56d 

Basic 10 41.59 ± 0.98d 35.10 ± 0.35d 17.18 ± 0.56e 39.08 ± 0.57d 

12 40.25 ± 0.59d 34.28 ± 0.86d 14.91 ± 1.24e 37.39 ± 1.29d 

14 39.62 ± 0.48e 44.35 ± 0.67e 20.12 ± 0.26b 48.71 ± 0.71a 

CSNC-A Acid 2 50.43 ± 1.14a 35.23 ± 0.45a 32.45 ± 1.09a 64.65 ± 0.45ab 

4 56.91 ± 1.49b 12.93 ± 0.30b 28.18 ± 0.11b 48.65 ± 1.20b 

Neutral 6 47.79 ± 0.62c 7.02 ± 0.11c 24.63 ± 0.15c 53.82 ± 0.47a 

8 46.80 ± 4.70c 6.00 ± 0.10cd 23.11 ± 1.29c 53.73 ± 3.24a 

Basic 10 47.53 ± 1.70c 6.27 ± 0.21c 23.59 ± 1.50c 53.48 ± 0.76a 

12 60.68 ± 0.52b 4.84 ± 0.72d 28.07 ± 0.94d 45.00 ± 0.31c 

14 81.90 ± 0.15d 6.10 ± 0.09cd 34.01 ± 0.13d 32.44 ± 0.12d 

CSNC-CA(8: 1) Acid 2 45.56 ± 0.06a 19.72 ± 0.11ab 24.08 ± 0.27a 57.76 ± 0.13a 

4 41.81 ± 0.36bc 15.40 ± 0.24a 22.78 ± 1.56b 58.75 ± 0.18ab 

Neutral 6 40.11 ± 0.51bc 24.16 ± 0.83cd 17.41 ± 1.65b 62.34 ± 0.37ab 

8 40.76 ± 0.42b 22.23 ± 0.16bc 17.16 ± 0.28b 60.08 ± 0.22bc 

Basic 10 40.62 ± 0.96ab 25.10 ± 0.10d 20.46 ± 0.38a 64.06 ± 0.64c 

12 37.43 ± 0.40b 22.31 ± 0.18ab 13.17 ± 0.23c 61.90 ± 0.26ab 

14 33.15 ± 0.33c 27.56 ± 0.91d 9.52 ± 0.37d 68.06 ± 0.13d 

CSNC-CA(1:8) Acid 2 45.93 ± 0.02a 19.29 ± 0.05a 30.77 ± 0.22a 61.23 ± 0.35a 

4 39.50 ± 0.06ab 19.17 ± 0.40ab 22.09 ± 0.30a 62.76 ± 0.31a 

Neutral 6 43.27 ± 0.47cd 18.20 ± 0.45b 23.48 ± 2.13a 58.83 ± 0.64a 

8 44.25 ± 0.19cd 20.45 ± 0.37c 27.09 ± 0.46a 60.35 ± 0.50a 

Basic 10 49.86 ± 3.50e 21.53 ± 0.40c 35.48 ± 2.90b 61.74 ± 0.97b 

12 44.16 ± 1.29d 22.95 ± 0.15c 27.22 ± 1.82a 61.20 ± 0.25a 

14 36.05 ± 0.25a 32.812 ± 0.83d 16.45 ± 1.19a 68.50 ± 0.50a 

CSNC-CA(1: 1) 
Acid 2 54.99 ± 0.51a 23.46 ± 0.08a 45.59 ± 0.66a 65.60 ± 0.19a 

4 39.99 ± 0.23b 31.29 ± 0.36b 21.46 ± 0.42b 66.78 ± 0.21b 

Neutral 6 41.35 ± 1.01c 34.35 ± 0.28b 20.24 ± 0.53b 66.06 ± 0.77c 

8 43.86 ± 0.52d 22.02 ± 0.06c 27.15 ± 0.25c 61.24 ± 0.28d 

Basic 10 42.81 ± 0.65d 22.62 ± 0.36c 26.79 ± 1.30d 62.97 ± 1.24d 

12 41.85 ± 0.57cd 22.85 ± 0.64c 27.33 ± 1.85e 64.08 ± 1.52d 

14 44.62 ± 0.11d 46.51 ± 0.03d 30.97 ± 0.08f 75.40 ± 0.13e 

The values represents average ± standard deviation (n = 10). The different superscript letters denote the significant differences of each film between each parameter at 
the different pH. 
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the work reported in this paper. 
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