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Abstract 

There is an increased interest on changing the synthetic based materials to biodegradable ones, 

especially with natural polymers, polysaccharides or proteins. In this research we prepared bio-

nanocomposite formulations with different component concentrations and investigated their 

structural features, with focus on the interactions, sorption properties, and how the combination 

between them influences these properties. By infrared spectroscopy, principal component 

analysis (PCA) and two-dimensional correlation spectroscopy (2DCOS) was identified that in the 

blending process are involved the −SO4 and C(4)-O-S groups of β-d-galactose, C–O groups, 

(O=S=O) of carrageenan and –OH and C–O groups from CNCs.  

The water uptake and water sorption properties decrease with increasing the CNCs content in the 

formulations from about 15 % for  to 10% for C15 and from about 128 % for  to 115 % for 

C15, respectively. The increase of the CNCs content induced an increase of the water contact 

angle from 47o for  to 90o for C15, indicating once again the involvement of the free hydroxyl 

groups in the hydrogen bonded interactions. 
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1. Introduction 

Concerns about environmental impact and exhausting natural resources caused by non-

biodegradable, petrochemical-based plastic packaging has raised interest in the use of 

biodegradable alternatives originating from renewable sources [1]. Due to environmentally 

friendly, nontoxic nature, and abundancy, the interest in the study of biodegradable natural 

polymer films has witnessed a steady increase, as well as their potential application range [2]. 

Furthermore, it could overcome the main shortcoming of synthetic polymers, which are mostly 

soluble in organic solvents. In the recent years, extensive investigation into biodegradable films 

prepared from various protein, polysaccharide and lipid-based biopolymer materials have been 

conducted [3, 4], biodegradable biopolymer attracting more attention as representative water-

soluble polysaccharide in many research fields [5].  

Generally, polysaccharide and protein film materials are characterized by high moisture 

permeability, low oxygen and lipid permeability at lower relative humidity, and compromised 

barrier and mechanical properties at high relative humidity [6]. Nonconventional sources of 

carbohydrates have been extensively studied. There are various unique carbohydrates that are 

found in marine organisms that represent a largely unexplored source of valuable materials. 

These nonconventional and underexploited renewable materials can be used as an interesting 

alternative to produce edible films and coatings [7]. 

-carrageenan () is an interesting biopolymer extracted from certain species of red 

seaweed and composed of a linear chain of sulfated galactans [8]. It has good potential for 

development, because present good transparency, good tensile strength, gelling ability and good 
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film forming properties [9], but it has some limitation like poor barrier properties, and lower 

elongation [10]. The use of carrageenan as edible films and coatings already covers various fields 

of the food industry, such as application on fresh and frozen meat, poultry, and fish in order to 

prevent superficial dehydration [11], ham or sausage casings, dry solids foods, and oily foods 

[12], but also cosmetics and pharmaceuticals [13]. Even though  is used in many applications, it 

forms films which do not present good mechanical and water-vapor barrier properties. Thus, 

further improvement is needed to increase their physical and mechanical properties [3]. Recently, 

special attention has been focused on the use of nanosized reinforcing agents into polymer matrix 

to form nanocomposite materials [14, 15]. The incorporation of well-dispersed nanofillers into a 

polymeric matrix may cause improved physico-chemical (such as mechanical, optical, thermal 

and barrier) properties of the polymeric matrix. Thus, Wahab and Abd Razak [16] reported that 

the incorporation of 3 wt% of halloysite clay nanotubes into the κ-carrageenan matrix improved 

the mechanical, bioactivity and model drug release properties of the films. Also, the 

incorporation of metallic nanoparticle like ZnO and CuO improved the swelling ratio of 

carrageenan films and exhibited higher mechanical properties, thermal stability and UV-

screening [17]. The incorporation of 5 wt % SiO2 nanofiller increased significantly the tensile 

strength of nanocomposite films and decreased the moisture uptake and oxygen transmission rate 

[18].  

In the last years the incorporation of cellulose nanocrystals in different polymetric 

matrices was reported. Cellulose nanocrystals (CNCs) are increasingly used as load-bearing 

constituents in developing new biodegradable materials due to their high aspect ratio, good 

mechanical properties, and fully degradable and renewable character [19]. As compared to other 

inorganic reinforcing fillers, CNCs have many additional advantages, including a positive 

ecological footprint, wide variety of fillers available throughout the world, low density, low 
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energy consumption in manufacturing, ease of recycling by combustion, high sound attenuation, 

and comparatively easy processability due to their nonabrasive nature [5-7]. Few recent papers 

reported the utilization of small amounts of CNCs (1-9 wt%) in order to improve the properties of 

κ-carrageenan films [20-22]. It was observed that the incorporation of 3% CNCs in κ-carrageenan 

matrix present the best enhancement of oxygen barrier properties of polymeric matrix and the 

tensile strength and modulus increased from 45.7 MPa to 710 MPa at 5 wt% CNCs [20]. Similar 

results are also reported by the others research groups [21, 22]. 

The properties of the nanocomposite materials are strongly dependent of the amount of 

the nanofiller and crosslinker, but also on the preparation conditions. Therefore, in this study 5, 

10 and 15 wt% of CNCs and glycerol were used to prepare bio-nanocomposite films through 

solution casting method. In order to be used as coating materials, the structural and sorption 

properties were evaluated.  

 

2. Materials and methods 

2.1. Materials and preparation of the films 

-carrageenan () and glycerol (>99.5%) were purchased from Sigma Aldrich (Sigma 

Aldrich, St. Louis, MO, USA). Cellulose nanocrystals (CNCs) (sulfur content: 91 mmol kg−1, 

Zeta‐potential: −28.5 mV) was produced from cellulose pulp by sulfuric acid hydrolysis, and 

kindly supplied by Melodea Ltd. (Rehovot, Israel). TEM images of the aqueous CNC suspension 

revealed rod‐like particles (length: 20–500 nm [mean 170 nm]; width: 2–20 nm [mean 6.8 nm]). 

[23]. 

The solution of 3wt% -carrageenan was prepared by the solubilization of the solid 

particles in distilled water at 60 oC and 1200 rpm for 1h.  
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The nanocomposite formulations were obtained by mixing the previous prepared solution 

with cellulose nanocrystals (CNCs) suspension in different proportions in order to achieve final 

concentrations of 95 wt%  /5 wt% CNC, 90 wt%  /10 wt% CNC, 85 wt%  /15 wt% CNC and 

with 0.05 mL of glycerol (concentration of 30% based on -carrageenan powder weight w/w). To 

ensure a good homogeneity, all formulations were mechanically stirred on a heating plate for 30 

min, at 60 oC and 1000 rpm, followed by high speed stirring for other 5 min by using an 

ultraturax. Previously prepared solutions were transferred in glass Petri dishes and kept in an 

oven at 45 oC for 24h. Resulted films presented a thickness of 0.15±0.01mm (the presented value 

is an average of five measurements taken in five random points for each sample). The 

composition and samples code are presented in Table 1. 

 

Table 1. The composition and sample code for the studied samples 

Sample code -Carrageenan (wt%) CNC (wt%) 

 100 - 

C - 100 

C5 95 5 

C10 90 10 

C15 85 15 
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Fig.1 Visual aspect of  and C films 

From Fig. 1 can be observed that  and C films are transparent, and the transparency was 

not diminished after the CNC addition.  

 

2.2. Methods 

2.2.1. The ATR-FT-IR spectra of the films were measured at 4 cm-1 resolution on a Bruker 

ALPHA FT-IR spectrometer using a Diamond crystal. Five recordings were performed for each 

sample, the evaluations being made on the average spectrum obtained from these recordings. 

Two-dimensional correlation spectroscopy (2D-COS). The synchronous and asynchronous 

2DCOS spectra was constructed using Shige program. 

2.2.2. Wide Angle X Ray Diffraction – WAXD was performed on a Diffractometer D8 

ADVANCE (Bruker AXS, Germany), using the CuKα radiation (λ=0.1541 nm). The working 

conditions were 40 kV and 30 mA, 2s/step, and 0.02 degree/step. All diffractograms were 

recorded in the range 10-90 2θ degrees, at room temperature. 

2.2.3. Scanning electron microscope (SEM) - Film samples were investigated using a 

scanning electron microscope (SEM) (S4800 field emission SEM, Hitachi, UK). Each film was 

attached to SEM aluminium stub before being gold coated for 90 seconds using a sputter coater 

(EMITECH K550X, Quorumtech, UK). During imaging, 3kV and 8.5 mm were used as the 

acceleration voltage and observation distance, respectively. 

2.2.4. Water vapour sorption measurements. For the adsorption/desorption tests, two 

replicates with a surface area of 1 cm2 were used for each sample. Prior the test, the samples were 

maintained in an oven for 24h at 65 oC until constant weight was reached. The samples were then 

exposed in sealed containers presenting different relative humidity values, reached by saturated 

salt solutions, selected to cover the entire RH range of the isotherm having theoretic values of 
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8.5%, 11.3 %, 17.7%, 22.5 %, 32.8 %, 43.2 %, 54%, 57.1 %, 68.9 %, 74%, 78%, 81%, 85%, 93.6 

% and 99 %, respectively, at 25 oC. To record the exact RH values, each container has been 

equipped with a LogTag thermo hygrometer. The samples were maintained at 25 oC for a period 

of 48h in a specific container at lower RH values and for a period of 24 h in a specific container 

presenting higher RH values and then they were weighed and transferred to the next medium with 

higher RH values for the adsorption measurements, and vice versa for desorption measurements. 

2.2.5. Water uptake test. Oven dried samples with a constant dry mass were placed in a 

desiccator at 57% RH (using Mg(NO3)2 saturated solution). The samples were removed from the 

medium and weighed periodically until a constant mass was observed.  

2.2.6. Determination of swelling degree. Samples (two replicates for each film) with 

dimensions of 1 cm2 were maintained in an oven at 65°C for 24 h until constant mass was 

reached and then they were placed in distilled water at 25 °C and weighted periodically every 5 

min up to 45 min, and then every 15 min up to 4h. After that the films were removed from the 

water and placed back in the oven at 45°C for 24 h, until they reached a constant weight to obtain 

the final dry mass of the films.  

The moisture content (MC%), water uptake (WU%) and percentage of absorbed water 

(M%) were calculated by using the same type of equation: 

𝑀𝐶%(𝑊𝑈%)(𝑀%) =
𝑀𝑓 −𝑀𝑖

𝑀𝑖
𝑥100 

where: Mf is the mass of the sample recorded at a certain RH value or at a time t, and Mi is the 

dry mass of the sample. 

2.2.7. Dry-in time of water droplets on the surfaces and absorption - the ability of water-

uptake and dry-in time of a water droplet was evaluated by placing three droplets with 

comparable size with a syringe on each of the chosen surfaces. The water was colored with a 
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natural extract of red beet to make it visible. The time until the droplets were dry (dry-in time) 

was measured and the removability of the dried droplets was evaluated by identifying the 

absorption into the surface. 

2.2.8. Contact angle measurements. The static contact angles for the polymer films were 

determined by the sessile drop method, at room temperature and controlled humidity, within 30 s 

(the time corresponding to a metastable equilibrium between the liquid droplet and the tested 

surfaces) using a CAM-200 instrument from KSV, Finland. The measurements were performed 

using 1 μL drop of water on the film surface. Contact angle measurements were taken on five 

different locations on the surface and the average values were further considered. All 

measurements were done on the side of the films in contact with the air during drying. 

 

3. Results and discussion 

3.1. FT-IR spectroscopy 

 IR spectroscopy is a powerful method to evaluate the structure of the components and 

the interaction between them. -carrageenan is a linear polysaccharide consisting of alternating 3-

linked-β-D-galactopyranose and 4-linked-α-D-galactopyranose units, while the cellulose 

structure shows the β-(1 4)-D-glucopyranose repeat units [8]. Since the basic structures of both 

polysaccharides are composed of glucopyranose repeating units, the IR spectra have some 

similarities. Fig. 2 present the IR spectra of the components and the blends.  
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Fig. 2. FT-IR spectra of pure components and blends 

 

 As can be seen from Fig. 2, both components present a broad band in the spectral region 

between 3700-3000 cm-1 assigned to stretching vibration of OH groups and 3 bands in the 3000-

2700 cm-1 spectral region assigned to symmetric and asymmetric stretching vibration of CH3 and 

CH2 groups [24].  

In the fingerprint region (1800-600 cm-1) IR spectra of -carrageenan shows spectral 

bands at 1639 cm-1 assigned to deformation vibration of OH groups of absorbed water, 1457, 

1425 and 1225 cm-1 assigned to in-plane deformation vibration of OH and H–O–C groups, at 

1367 cm-1 assigned to in-plane deformation vibration of CH groups, at 1323 cm-1 assigned to 

rocking vibration of CH2 groups, at 1246 cm-1 assigned to asymmetric stretching vibration of 

S=O groups, at 1194 cm-1 assigned to symmetric stretching vibration of S=O groups, at 1161 cm-

1 asymmetric stretching vibration of C–O–C groups, 1113 and 1034 cm-1 assigned to stretching 
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vibration of C–O groups and 916 cm-1 assigned to stretching vibration of 3,6-anhydrogalactose 

(C–O–C) and 843 cm-1 assigned to stretching vibration of C4-O-S standing for total −SO4 and C4-

O-S of β-d-galactose [24, 25, 26]. IR spectra of CNC present characteristic bands at 1638, 1457, 

1357 and 1235 cm-1 assigned to stretching and in plane deformation vibration of OH groups; at 

2940, 2898, 1372, 1282 and 1317 cm-1 assigned to stretching, deformation and rocking vibration 

of CH groups; at 1204, 1163 and 1060 cm-1 assigned to stretching and deformation vibration of 

C–O–C groups from pyranose ring and 897 cm-1 assigned to stretching vibration of ring [27, 28]. 

 Due to the similarities between the components and because the amount of CNCs in the 

blends is relatively small the IR spectra of the nanocomposite films are very similarly with the  

spectrum. In order to evidence the small differences appeared in these spectra, the experimental 

spectra were compared with the calculated ones (using the components spectra and the additivity 

low). Since neither this method could evaluate the interactions between the components of the 

mixtures more sensitive methods such as PCA and 2DCOS were used. 

Principal component analysis (PCA) is used to visualize interrelationships among the 

independent variables and is useful in identifying data outliers, and to investigate the difference 

between spectra and derive parameters characterizing the interaction between the different 

components. The principal component factor 1 (PC1) describes 91%, principal component factor 

2 (PC2) describe 7% and principal component factor 3 (PC3) describe 1 % of data the variance, 

so 99% of the existed variances in the studied spectra is captured using these three dimensions 

instead of the initial data. The three-dimensional coordinate system of the PC scores is plotted in 

Fig. 3.  



11 

 

Fig. 3. Three dimensional PCA score plots of the studied samples 

 

It can be observed that the calculated spectra appear in the same plane (PC1-PC2 plane) 

with the components, the position depending on the component’s composition. Therefore, this 

plane can be defined as the non-interaction reference plane. In this case the variation on PC3 

direction is about zero. In case of experimental samples, a significant variation on PC3 score 

direction can be evidenced. Thus, the plane PC2-PC3 can be defined as the interaction plane. The 

distances between the experimental spectra and the calculated spectra are evidenced in case of all 

studied samples, this indicating the presence of the interactions.  

2D IR correlation spectroscopy (2DCOS) is powerful in analyzing the rather complicated 

IR region, and may be able to identify spectral signatures of the specific interaction in polymer 

blends. The 2D study of the /CNCs blends was raised in order to discriminate the bands of the 

components from the highly overlapped complex spectra and also to evaluate the intermolecular 

interaction between the components. For this, the 2D spectra constructed from the experimental 

and calculated blend spectra were compared. In the case of immiscible blends the synchronous 

2D correlation maps can be calculated, but not their asynchronous counterparts. This is because, 

in principle, there should be little or no interaction between the blend components and the 
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intensities of all the bands in the spectra should change linearly with concentration [29]. In the 

case of miscible blends, the small frequency or band width shifts have a pronounced effect on the 

2D correlation spectra. In our study both synchronous and asynchronous spectra were obtained 

and the existence of inter-molecular interaction between blend components was observed.  

To keep the discussion simple, the 2D correlation spectra were constructed for two 

spectral regions 3700-2700cm−1 and 1400–700cm−1 from both calculated and experimental data. 

 

   

Fig. 4. 2DCOS spectra for calculated (a, b) and experimental (c, d) data in the 3700-2700 cm-1 

and 1400-600 cm-1 spectral regions 

 

The synchronous spectrum in the 3700-2700 cm-1 region of calculated data shows auto-

peaks at 3447, 3335, 3295, 3170 and 2940 cm-1, four positive cross-peaks at 3335 vs. 3295 cm-1, 

3447 vs. 3170 cm-1, 3447 vs. 2940 cm-1 and 3170 vs. 28940 cm-1 and six negative cross-peaks at 

3447 vs. 3335 cm-1, 3447 vs. 3295 cm-1, 3335 vs. 3170 cm-1, 3295 vs. 3170 cm-1, 3335 vs. 2940 

cm-1 and 3295 vs. 2940 cm-1. The positive cross-peaks indicate that the two spectral variables 

increase or decrease together, and the negative cross-peaks depict that one of the spectral 

intensities is increasing while the other is decreasing [30]. The band located at 3295 cm-1 is 



13 

assigned to the stretching vibration of OH groups from CNCs. That means that the band located 

at 3335 cm-1 is also assigned to CNCs, while those located at 3447, 3170 and 2940 cm-1 are 

characteristic bands of .  

In the case of experimental spectra, the synchronous spectrum in this region consist in 

two large superposed auto-peaks at 3421 and 3248 cm-1 and two small auto-peaks at 2921 and 

2851 cm-1. All bands form positive cross peaks indicating that all these bands vary in the same 

direction. The bands at 2921 and 2851 cm-1 are characteristic to stretching vibration of CH 

groups from , thus, the bands at 3421 and 3248 cm-1 correspond to  too. In the case of 

experimental data, the asynchronous spectrum present clear bands, which indicate specific 

interactions and/or conformational rearrangements. It is also known that asynchronous spectrum 

has the deconvolution capacity. In this region, new bands are evidenced at 3517 and 3194 cm-1 

and can be considered as interaction band. The band at 3517 cm-1 was assigned to multiple 

formation of an intermolecular hydrogen bond between phenolic groups and their combinations 

with alcoholic groups and the band at 3194 cm-1 stretching vibration of O6-H6···O3 

intermolecular in cellulose [31]. 

In the 1400-600 cm-1 region the synchronous spectrum of calculated date present 8 auto-

peaks at 1224, 1104, 1055, 985, 915, 845, 739 and 701 cm-1. These bands form between them a 

great number of positive and negative cross-peaks. Analyzing the sign of the cross-peaks, the 

bands assigned to  and CNCs can be discriminated. Taking into account the assignments and the 

sign of the cross-peaks, the bands from 1224, 919 and 845 cm-1 are characteristic bands of , 

while the bands from 1315, 1104, 1055 and 985 cm-1 are characteristic to CNCs. In case of 

experimental data synchronous spectrum show 10 auto-peaks at 1234, 1160, 1067, 1051, 1006, 

975, 911, 841, 737 and 699 cm-1. Comparing with synchronous spectrum for calculated data, in 

this case appear 3 new auto peaks at 1160, 1067 and 1006 cm-1 and the auto peak at 1224 cm-1 is 
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shifted to higher wavenumber. These indicate the involvement of C-O groups of the components 

in the blend formation. Taking into account the synchronous and asynchronous cross-peaks and 

using the Noda’s rule, the following sequence of band variation was obtained: 

841 cm-1>1006, 1067cm-1>1234 cm-1>1160 cm-1 

indicating that, in the blending process, the first are changing the band assigned to stretching 

vibration of C(4)-O-S standing for total −SO4 and C(4)-O-S of β-d-galactose, followed by the 

bands assigned to stretching vibration of C–O groups, the bands assigned to symmetric vibration 

of sulfate ester (O=S=O) and/or bending vibration of OH groups and symmetric stretching 

vibration of C–O groups from pyranose ring and the bands assigned to asymmetric stretching 

vibration of C–O–C groups.  

 

3.2. X-Ray diffraction (XRD) 

The polysaccharides present physical interactions (like hydrogen bonding between the 

molecular chains and also with water) having a great impact on their molecular mobility and 

functional properties. In order to evaluate the degree of crystallinity of the studied films, their X-

ray diffractograms (see Fig. 5) were recorded.  

 

 

Fig. 5. XRD pattern of the components and blends 
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In the case of , tree signals were observed at 4.54, 21.11 and 31.76o. The addition of 

nanoscale particles can change the crystallization kinetics, crystalline morphology, crystal forms, 

and crystallite size [32]. These changes can significantly affect the mechanical and physical 

properties of the composite materials. The CNC diffractogram present the specific signals 

assigned to cellulose, namely: 15.1o assigned to the (101) plane, 16.4o assigned to the ( ) plane 

and the 22.7o assigned to the (200) plane of cellulose I [31]. In the case of blends the diffraction 

signals for both  and CNC are sifted to higher value with increasing the CNC content, thus the 

signal from 4.5o is shifted to 5.3o, 15.1o at 15.5o, 16.4o at 16.7o, 21.1o is combined with that from 

22.7o of CNC and is shifted at 22.6o and the signal at 31.7o at 31.3o. These shifting induce an 

increasing in the lattice distance with increasing the CNC content. The incorporation of the rigid 

molecules of CNC in the  matrix induces an orientation of the polymeric molecules and favour 

the formation of hydrogen bonds between the polymeric chains.  

 

3.3. Scanning electron microscope (SEM) 

In Fig. 6 are presented the scanning electron microscopy (SEM) images of the  and C 

nanocomposite films.  

101
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Fig. 6. Morphological aspect of  and C nanocomposite films 

 

The surface of the -carrageenan film shows a uniform and smooth surface, but by 

addition of the CNCs into the polymeric matrix the films surface become less homogeneous and 

the CNCs are observed to be well dispersed. The images also showed a good adesion between the 

polymeric matrix and the filler, which may be due to the presence of a high number of hydrogen 

bonds between the formulation components.  

 

3.4.Water sorption properties 

Water sorption can induce physical changes in the polymeric structure of materials and 

the structure of sorbed water into these materials reflects their physical and chemical properties 

[33]. Hydrophilic polymeric materials adsorb and/or desorb water molecules from / into the 

surrounding environment, tending to reach equilibrium when the environmental RH is stable [34, 

35]. In this context, the sorption properties of such materials represent a decisive factor for 
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further development of the polymeric materials with special properties, their application domain, 

long-term performance or service life. Therefore, in order to modify / improve the sorption 

properties of hydrophilic polymers like -carrageenan, the addition of nanofillers or crosslinking 

(plasticizing) agents is important [36, 37].  

Water adsorption is a process in which the water molecules penetrate the polymeric 

matrix via physical adsorption, chemisorption and condensation. The relationship between the 

moisture content (MC) and environmental RH is known as a sorption isotherm, which is also 

strongly dependent on the surrounding temperature [35, 36].  

The sorption isotherms at different RH values for the studied films are presented in Fig. 7.  

 

 

Fig. 7. Sorption isotherms for the studied films (full symbols represent the adsorption process, 

open symbols represent the desorption process) 

 

The films adsorb small amount of water molecules at lower values of RH, followed by a 

gradual increase of the MC up to about 80 %RH, and exhibiting an asymptotic shape at the upper 

end of the curves. Up to about 50 %RH all the films represent about the same value of the MC%, 

after that, the  film present the higher values, and with the increase of the CNCs content in the 
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films, the recorded MC% is lower. Exception is observed at maximum RH value (90%), where 

the highest value for the MC is recorded for the C5 film (of 131%), while for  was of 128%. 

This further decreases with the increase of CNCs content in the nanocomposite materials, being 

of 126% and 115% for the C10 and C15, respectively. 

As mentioned before, the films were prepared by using -carrageenan, CNCs in various 

proportions, as well as glycerol as crosslinking agent. In order to observe only the influence of 

the CNCs on the polymeric matrix, we used glycerol also for the  film. Balqis et al. [24] 

observed that the addition of the crosslinkers in κ-carrageenan induces a reduction in the MC, 

mentioning that this is due to “a complete reaction between small amounts of the plasticizer and 

the free sites of κ-carrageenan” [24]. The same effect was further induced by the addition of 

CNCs in the composition. 

The obtained isotherms are represented by the IUPAC Type III pattern, which describe 

generally the adsorption of adsorbate on macro-porous adsorbents with weak adsorbate-adsorbent 

interactions. The adsorbate molecules clusters around the favorable sites on the surface of a non-

porous or macro-porous solid [38]. It has been presented in literature [34, 35, 39] that the 

adsorbed water molecules are divided in several categories – single water molecules, aggregated 

water molecules and localized interactions of water molecules with other molecules or with the 

polymer – presenting distinct thermodynamic properties depending on the type of interaction, 

degree of interaction, as well as the polymeric structure. Further the localized interactions were 

subdivided in water molecules which are weakly bounded to the polymeric matrix or to other 

water molecules – so called freezing water, and water molecules strongly bound to polar groups 

in the polymeric matrix, so called non-freezing water. 

In order to discriminate the different types of interactions between the water molecules 

and hydrophilic sites of the composite materials, the infrared spectra of the films were recorded. 
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When the water is adsorbed in the films, strong variation of the bands from 3750-3000 cm-1 

region associated with stretching vibration of OH groups involved in hydrogen bonds and from 

the 1770-1504 cm-1 associated with deformation vibration modes was identified (spectra not 

shown). At the same time, with the increase of the moisture content in the films a shifting to 

higher wavenumber of the bands from 1033 cm-1 (to 1039 cm-1), 3344 cm-1 (to 3365 cm-1) in the 

case of  spectrum, and from 1032 cm-1 (to 1040 cm-1), and 3338 cm-1 (to 3352 cm-1) in C15 

spectrum, and to a lower wavenumber of the band from 1644 cm-1 (to 1640 cm-1 – in  spectrum 

and to 1639 cm-1 – in C15 spectrum) was observed. The band from 1033 cm-1 is assigned to C-

O-C stretching vibration while the other two bands are associated with the OH groups present in 

structure of both  and CNC as well as in the structure of the crosslinking agent. The changes in 

both shifts of the maxima and intensities of these bands with increase of the MC% have been 

related to modifications in the molecular environment of the corresponding groups due to water-

polymer interactions. It was indicated that the OH deformation vibration band “is featureless, 

with no evidence of underlying multicomponent structure” [40] but the OH stretching vibration 

band from 3361 cm-1 displays a complex profile with two observable maxima suggesting the 

presence of at least two different H-bond interactions, therefore further investigation was focus 

only on the 3750-3000 cm-1 region.  

The difference spectra in the 3750 – 3000 cm-1 region for C15 (as an example) obtained 

by subtraction of the dry film spectrum from the spectra presenting different MC contents, along 

with the second derivative spectra plotted in the same region are presented in Fig. 8. 
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a.     b. 

Fig. 8. Difference spectra (a) and 2nd derivatives (b) of C15 in the 3750-3000 cm-1 region 

 

 

Fig. 9. Integral area of the band from 3750-3000 cm-1 versus moisture content for the studied 

samples 

 

From Fig. 8a one can observe the increase of the integral area of the water band with the 

increase of the moisture content, as well as the presence of more than only one signal (maximum 

at 3361 cm-1 and a shoulder at about 3265 cm-1). To identify the water dependence, the integral 

area was plotted against the MC% of the samples. As can be observed from Fig. 9, there is a 

linear dependence between them, decreasing with the increase of the CNC content in the samples. 

Further, from the second derivative spectra (Fig. 8b) was possible to evidence the presence of the 
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component bands at 3227, 3386 and 3554 cm-1 which form the water band envelope. According 

to Cotugno et al. [41] the adsorption process in polymers can be explained by an association 

model, where three different species of water can be spectroscopically distinguished, namely: S0 

– related to asymmetric OH stretching of non-associated water, representing the water molecules 

which do not form any hydrogen bond with the polymer matrix; S1 – related to water molecules 

bonded to specific sites via weak hydrogen bond interactions and S2 – related to water molecules 

bonded to specific sites via strong hydrogen bond interactions. Therefore, S0 water molecules 

may be present in the pores or are molecularly dispersed with no H-bond interactions, S1 water 

molecules interact moderately forming water-polymer or water-water associations, while S2 

water molecules are characterized by stronger H-bond interactions with low mobility [35, 41]. It 

is generally indicated that the high wavenumber OH stretching vibration band from 3554 cm-1 

can be associated to S0 water molecules, 3386 cm-1 with S1 water molecules, while the low 

wavenumber of the OH stretching band from 3227 cm-1 can be assigned to water molecules 

strongly interacting with the polymer (S2 type).  

The relative magnitude and the correlation between the bands can be observed in the 2D 

correlation spectra. In Fig. 10 synchronous and asynchronous spectra of C15 sample are 

presented as an example (the other 2DCOS spectra present similar shapes).  
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Fig. 10. 2DCOS synchronous (a) and asynchronous (b) spectra of water stretching band in the 

3750-3000 cm-1 region for the C15 sample 

 

The synchronous spectra (Fig. 10a) present only one large auto-peak at 3367 cm-1 (the 

maximum vary in close limits between the samples), while the asynchronous spectra (Fig. 10b) 

indicate that the OH stretching band is separated in three components at 3605, 3438 and 3312 cm-

1 representing the shifts of the bands from 3554, 3367 and 3227 cm-1 (as observed in second 

derivative spectra). The appearance of a peak in the synchronous spectrum is an indication of 

modifications in the corresponding band due to variations in the amount of moisture content, 

while the appearance of the peaks in the asynchronous spectra is regarded as a measure of 

dissimilarity of the spectral intensity variations [35].  

The positive and negative correlation between the bands gives information regarding the 

sequential order of the intensity changes [30]. By applying Noda’s rule, the following sequence 

of the band’s variation: 3438 cm-1 > 3312 cm-1 > 3605 cm-1 was identified. This indicate that 

water molecules are linked to polymer hydrophilic sites via moderate H-bonds (S1 type) before 

forming stronger H-bonds with the matrix (S2 type) and diffuse into the free volume (S0 type) of 

the polymer matrix. The same behaviours have been identified by Jin et al [42] and Popescu et al 

[35]. 
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3.5.Water uptake 

 

Fig. 11. Water uptake percentage of selected films after exposure at 57 %RH for 24h 

 

 The percentage of water uptake recorded for the  and C15 films for a period of 24h is 

presented in Fig. 11. The films reached the equilibrium in about 3h, after this time the values 

remaining constant. The highest amount of adsorbed water molecules of 15.2% was observed for 

 film, while for the other one, C15, the recorded value was of 11.9%. Similar values were 

observed by Balqis et al. for  films crosslinked with glycerol (30%) [24]. 

 

3.6.Determination of swelling degree  

Swelling properties of polymeric films are influenced by the addition of a nanofiller in the 

matrix as well as by the crosslinking agent. They show the stability of the materials in water, 

being an indication of long-term performance. The swelling behaviors of the films over a period 

of 120 min is presented in Fig. 12. The films presented similar behavior and reached the 

equilibrium rate after about 60 min, the highest values being observed for the  film, followed by 

C5 and C10. C 15 present almost the same behaviors as C5 and C10 up to about 30 min, 

then its swelling is reduced comparing to the other films. After 120 min it was observed a 
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decrease in the swelling values, indicating that might be a loss of the material in water after this 

time. 

Farhan and Hani [37] studied the water sorption kinetic of semi-refined -carrageenan 

crosslinked with glycerol and sorbitol in different concentrations. We observed in our study the 

same behaviors and values for the  film as the values identified by Farhan and Hani [37] for the 

-carrageenan crosslinked with glycerol (30%) in their study. 

 

  

a.     b. 

Fig. 12. Swelling activity of the studied films in water at 25 oC for a period of 120 min (a) and 

the aspect of the films after 120 min in water (b) 

 

The incorporation of the CNC nanofiller into the polymeric matrix induce a limitation of 

the films water absorptivity. This behavior may be attributed to the reinforcing potential of CNCs 

(due to their high crystallinity and surface area volume ratios) which enable good interfacial 

interaction and storng hydrogen bonding of the polymer matrix and CNCs, causing a 

modification in the structural packing of the material by restricting the chain mobility and 

reducing the amount of free hydroxyl groups of the matrix [22].  
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3.7.Dry-in time of water droplets on the surfaces and absorption  

The dry-in time of a droplet depends on the RH of the surrounding environment and it is 

closely related to the adsorption behaviors and contact angle. The droplets dry faster if the ability 

of adsorption is higher and the contact angle lower.  

Fig. 13 represent the test, the upper side of the figure indicating the droplets on the films 

immediately after dropping them, while the lower side images represent the droplets after drying. 

It has been observed that the droplets remained on the surface of the films, presenting a low 

degree of absorption and the dry-in time was of 40-45 min. 

 

 

Fig. 13. The droplets on the surface of the films ( – 7, C5 – 1, C10 – 2, C15 – 3) 

 

3.8.Contact angle measurements 

Wetting properties of the nanocomposite films were evaluated by measuring the contact 

angle between the film surface and a water droplets (see Fig. 14).  

 

  

Fig. 14. Water contact angles determined for the studied films 
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As can be observed, the value for  film is of 47.8° being drastically affected by the 

incorporation of CNCs into the polymeric matrix. The contact angle value increased with the 

increase of the CNCs amount, reaching a value of 89.7° for C15 film. Even both components 

are considered to be hydrophilic polymers, the CNCs incorporation into the  matrix leads to an 

increase of surface hydrophobicity of the composites due to the formation of strong hydrogen 

bonds interaction between them. They could also reduce the surface interactions between water 

molecules and the material and hence increasing surface hydrophobicity. These observations are 

in agreement with the data obtained for the other methods described above. Moreover, similar 

results, increase of surface hydrophobicity by CNCs incorporation into hydrophilic matrices, 

were reported by Zakuwan and Ahmed [22] and Abdollahi et al. [43]. 

It has been observed that the addition of CNCs (as nanofillers) and glycerol (as 

crosslinging / plasticizing agent) resulted in improved tensile strength an Young’s modulus [44]. 

At the same time, the increase in the CNCs content “continously increased to a optimum level” 

being explained by Zarina and Ahmad [45] as a good dispertion of CNCs in the  matrix. 

Moreover, due to CNCs properties, such as: high crystallynity and high surface area volume 

ratios, enables increased surface interaction between the CNC nanofiller and the  matrix, 

inducing superior mechanical properties [45]. 

 

4. Conclusions 

Nanocomposite formulations with different -carrageenan / CNC concentrations were 

prepared and evaluated for their structural features, interactions, and sorption properties. Infrared 

spectroscopy, coupled with PCA and 2DCOS indicated the presence of interactions between the 

two components, especially via hydrogen bonding. Moreover, X-ray diffraction indicated that the 
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incorporation of CNC into the  matrix induces a certain orientation of the polymeric molecules 

which favour the formation of H bonds. Even though the both components are considered to be 

hydrophilic polymers, due to the previous mentioned interaction, the increase in the CNC content 

in the nanocomposite films induced a reduction in the moisture uptake as well as swelling degree, 

and an increase of the contact angle. At the same time, it was evidenced that water molecules link 

to polymer hydrophilic sites via moderate H-bonds before forming stronger H-bonds with the 

matrix and diffuse into the free volume of the matrix. 
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