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Introduction 

Since the 1950s, plastic production has surged, reaching over 

330 million tons and potentially doubling in 20 years. Due to its 

long decomposition time, this non-biodegradable material poses 

risks to human health, wildlife, and ecosystems [1, 2]. 

Therefore, the production of films based on natural and/or 

biodegradable products is an alternative to reduce environmental 

pollution and damage to human health [1, 2]. 

The production of biopolymers has increased from 300,000 

tons in 2009 to 2.11 million tons in 2019, with biodegradable 

plastics increasing from 36% in 2015 to 56% in 2019 [3]. Thus, 

several compounds from biodegradable sources have been 

investigated, as well as natural polymers such as proteins, 

polysaccharides, and lipids [2], or synthetic polymers such as 

polyvinyl alcohol and polyvinylpyrrolidone [4]. 

In recent decades, the production of films using natural 

polymers, such as cellulose and starch derivatives, has become  

an emerging technology, particularly regarding biodegradability 

and non-toxicity [5, 6]. 

Cellulose (C6H10O5)n is a common natural polymer of glucose 

molecules linked by β-1-4-glycosidic bonds. It is the main 

structural component of plants and serves as a renewable and 

biodegradable resource, offering significant advantages in terms 

of sustainability [7, 8]. Due to its structural characteristics, 

cellulose has strong hydrogen bonds that are difficult to dissolve, 

making it naturally insoluble in water [7, 8].  

Modifications to the structure can improve solubility and 

applications. Etherification transforms the hydroxy group (−OH) 

of cellulose into an ether (R-O-R), creating carboxymethyl 

cellulose (CMC). CMC is a natural anionic polysaccharide that 

is nontoxic and biodegradable. Its hydroxyl and carboxylic 

groups increase hydrophilicity, promoting water solubility [9]. 

CMC is a versatile compound used in various industries, 

including pharmaceuticals, cosmetics, and food [10]. 

Moreover, polyvinyl alcohol (PVA) is an important synthetic 

polymer used in biodegradable film production. It is nontoxic, 

cost-effective, flexible, thermostable, and soluble in water 

[11, 12]. PVA can create crosslinks, eliminating the need for 

crosslinking agents in the formulation [13].  
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Also, plasticizers, such as polyols (sorbitol, glycerol, ethylene 

glycol, and propylene glycol), are essential for film formation. 

These compounds alter the physical and mechanical properties of 

materials by reducing interactions in polymers, increasing the 

free volume between polymer chains, and improving the 

flexibility and extensibility of films [14, 15].  

Furthermore, several areas address the production of 

polymeric films with water-soluble and/or water-dispersible 

properties. Most of these films comprise natural polymers, 

plasticizing agents, and crosslinks, such as Wilpiszewska et al., 

(2020) [5] which developed films based on CMC, carboxymethyl 

starch (CMS), citric acid, and glycerol; Lawal et al. (2009) [16] 

reported a renewable and low-cost film based on CMS, suberic 

acid, glutaric acid, pimelic acid, and butane tetracarboxylic acid; 

Ghorpade et al., (2019) [17] used CMC, PVA and citric acid to 

develop a polymeric film. 

In recent years, there has been a growing interest in the 

development of water-soluble polymeric films as a sustainable 

alternative to conventional petroleum-based films, which have 

numerous environmental drawbacks, including pollution and 

non-biodegradability. These water-soluble films are not only 

designed to reduce the dependency on fossil fuels but also aim to 

alleviate the environmental impact associated with plastic waste.  

Thus, this study aims to investigate the formulation and 

production of an affordable, cellulose-based water-dispersible 

polymeric film. This study investigated various methods of 

creating these films, including the selection of appropriate 

additives to enhance their functional properties and performance 

in multiple applications. Finally, the goal is to contribute to the 

development of eco-friendly film solutions that align with 

modern environmental standards. 

 

Experimental Section 

Materials 

All experiments were carried out under standard pressure and 

temperature, with solutions prepared using deionized water. The 

reactants carboxymethylcellulose (CMC, Reactec), polyvinyl 

alcohol (PVA, Selvol), glycerol from vegetable source (Synth), 

and bleached Eucalyptus grandis cellulose (pressed and dried 

sheet donated by Klabin® company) were employed as acquired.  

 

Preparation of the water-dispersible paper 

In the first step, 10.0 g of cellulose (5.0 wt%) was cut into 

small pieces and then added to 500 mL of water, along with 0.5 g 

of CMC (0.1 wt%). The mixture was stirred at 1200 rpm for 

120 min at 23±2 °C using a mechanical stirrer (Fisatom – 713DS) 

equipped with a 50 mm sharp blade. Next, 356 g of this solution 

was combined with 40 g of a 5% PVA solution and 4.0 g of 

glycerol, then stirred for 5 min at 500 rpm, also at 23±2 °C, using 

a mechanical stirrer. The final solution was stored at 4.0±2 °C. 

To achieve different basis weights (ISO 536 for determination of 

grammage), this mixture was poured into a silicone mold (size 

6.5 cm x 6.5 cm) and dried at 60 ºC for 24 h at the desired 

grammage of 40, 60, 80, and 100 g/m2. 

Tensile test 

The tensile test of the water-dispersible paper in the different 

grammages was conducted according to ASTM D882:2018 - 

Standard Test Method for Tensile Properties of Thin Plastic 

Sheeting, at the Center for Characterization and Development of 

Materials (CCDM) at UFSCar (Brazil), using an INSTRON 

universal testing machine, model 5969R, using a 50 N of  trigger 

force, with a grip spacing of 30 mm, at an elongation speed of 5 

mm min-1. To perform the analysis, each sample of 40, 60, 80, 

and 100 g/m² was kept in a controlled environment (23 ºC ± 2 

and 50% ± 5% RH) for 96 hours before the test and evaluated at 

least five times. For the analysis, samples weighing 40, 60, 80, 

and 100 g m-² were systematically prepared and placed in a 

controlled environmental chamber. The conditions within the 

chamber were maintained at a temperature of 23 ± 2 °C, and a 

relative humidity of 50 ± 5%. Each sample was kept under these 

conditions for a duration of 96 hours to ensure stability and 

uniformity prior to testing. Following this acclimatization period, 

each sample underwent thorough evaluation, with a minimum of 

five separate assessments. The responses of Breaking Factor 

(N/m), Tensile Strength (MPa), and Elongation at break (%) were 

investigated.  

 

Analytical methods and instruments 

The color evaluation (L*, a* and b* parameters of CIELAB 

scale) was performed using a BYK Spectro-guide Sphere Gloss 

S in three samples of the prepared water-dispersible paper. The 

morphology analysis was performed by scanning electron 

microscopy (SEM) using a JEOL JCM 7000 microscope at 

magnifications between 100x and 300x. Fourier infrared 

spectroscopy with attenuated total reflectance (FTIR-ATR) data 

were recorded on a Bruker Vertex 70 spectrometer with a 

resolution of 4 cm-1 in the 400-4000 cm-1 range. 

Thermogravimetric analyses (TGA) were run on a Netzsch STA 

449F3 analyzer instrument under N2 atmosphere from 30 to 

400 ºC with a temperature ramp of 10 ºC min-1. 

 

Contact angle 

The contact angle was measured using an SEO – Phoenix 300 

Touch Automatic Contact Angle Analyzer, with the paper 

attached to an SAE 1020 carbon steel plate. A total of 300 frames 

were collected at 30 ms per frame, amounting to a 9-second 

analysis. 

 

Disintegration evaluation 

The disintegration evaluation was performed inspired on the 

method reported by Pfennich et al., (2023) [18] . 1.5 x 1.5 cm of 

the prepared water-dispersible paper was placed into a 50 mL 

beaker with 10 mL of water at 23 ± 2 °C. Using a magnetic stirrer 

(IKA C-MAG HS 7), the paper disintegration was evaluated for 

10, 20, and 30 s at approximately 500 to 750 RPM. After each 

period, the solution was placed in 50 mm disposable Petri dishes, 

and photos were taken. 
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Statistical analysis 

All analyses were conducted in triplicate, and the results are 

presented as mean ± standard deviation. Mean comparisons were 

made using analysis of variance (ANOVA), followed by Tukey's 

test, with a 95% confidence interval to assess statistical 

differences among various factors, such as grammage. 

 

Results and Discussion 

Synthetic approach 

To verify the successful synthesis of the water-dispersible 

paper, a small piece of the sample was carefully cut and placed 

into a beaker containing a small volume of distilled water. The 

beaker was gently swirled to ensure the sample was fully 

submerged. Throughout the observation, gentle manual agitation 

was carried out by manually stirring the water. The synthesis was 

successful when the sample began to break down rapidly into fine 

fibers, demonstrating its water-dispersible properties. 

The film produced by the proposed methodology was 

consistent, with the final concentration (after drying) of the 

water-dispersible paper being approximately 61% cellulose, 3% 

CMC, 2% PVA, and 34% glycerol. 

 

Tensile test 

The tensile test was carried out in four different water-

dispersible paper grammages: 40, 60, 80, and 100 g/m2. The 

results are available in Table 1, and the properties evaluated were 

the breaking factor, which is the ratio of the force required to 

break the material to the area where the break occurred. This 

value shows us the specific resistance of the broken region. The 

second is the tensile strength, which indicates the pressure 

applied at the exact moment the material broke. Finally, the 

elongation property at break indicates how much the material 

stretches before breaking, which suggests its elasticity. 

 

 
Grammage 

(g/m2) 

Breaking Factor 

(N/m) 

Tensile Strength 

(MPa) 

Elongation at 

break (%) 

40 551 ± 54.81c 4.86 ± 0.87a 9.0 ± 1.15c 

60 858 ± 104.93b 5.06 ± 0.77a 11 ± 1.04b 

80 987 ± 127.24b 3.86 ± 0.51a 11 ± 0.68b 

100 1270 ± 176.13a 4.57 ± 0.43a 14 ± 1.20a 

Different letters in the same column indicate statistically significant differences 

according to Tukeys's test (95% confidence). 

 

The breaking factor showed an increasing trend with 

grammage, indicating that heavier-weight water-dispersible 

paper can withstand higher loads before failing. According to the 

results, only the samples with 60 g/m2 (858 ± 104.93 N/m) and 

80 g/m2 (987 ± 127.24 N/m) can be statistically considered 

similar, suggesting that both support similar loads. 

This was also evident in the elongation at break, where higher 

grammage levels were associated with a proportional increase in 

the amount of plasticizing agents, such as glycerol, and the 

increase of polymer materials, such as PVA and CMC, these 

potentially enhanced the material's elasticity, plasticity, and 

ductibility of films by strengthening the interfiber bonding fields 

(by filling the spaces between the biopolymer chains) by 

chemical links within the areas of the water-dispersible paper 

[19, 20].  

Considering that the final concentration of the plasticizer 

agent glycerol was 34%, the elongation at break ranged from 9 to 

14%, Müller et al., (2009) [21] reported similar results when 

employing 30% glycerol as a plasticizer in films based on 

cassava starch and cellulose fibers (with addition of 0.10, 0.30, 

and 0.50 g of fiber/g dry starch), ranging from approximately 21 

to 13%, respectively. Considering the films based on cellulose 

and using glycerol as a plasticizer, Paudel et al., (2023) [20] 

reported experiments with an elongation at break from 4.3 to 

13.1 %, comparable to our data. Plasticizers enhance a film's 

elongation by reducing interactions between polymer chains and 

increasing molecular attraction [20]. 

However, the tensile strength ranged from 3.86 to 5.06 MPa. 

The analysis also revealed that this property does not directly 

depend on grammage, as no significant mean difference was 

observed according to the statistical evaluation.  

This phenomenon is potentially affected by the distribution 

and composition of the fibers in the paper matrix, the addition of 

additives in the paper's composition and the manufacturing 

process, which significantly affects the material's response to 

applied mechanical forces. Paudel et al., (2023) [20] developed 

films based on cellulose and using glycerol as a plasticizer with 

a tensile strength from 0.8 to 22.4 MPa. In their experiments, the 

high tensile strength is associated with the addition of high 

concentrations of CaCl2
 (400mM), a source of Ca2+ ions 

responsible for crosslinking the cellulose chains in the presence 

of glycerol, enhancing the tensile strength [20]. As well as Müller 

et al., (2009) [21], reported tensile strength ranging from 8 to 22 

MPa in the films based on cassava starch and cellulose fibers. 

The findings suggest that tensile strength is not merely a 

function of the total number of fibers but of their load, being 

strongly affected by their organization and interconnection 

patterns [22]. Consequently, tensile strength values remained 

similar across the four grammage levels analyzed. This aligns 

with the findings of Chrispin Das et al., (2021) [23], which 

observed that the tensile strength of phenol formaldehyde 

composites reinforced with Areca and sisal fibers (based on 

natural cellulose fibers) is associated with the length and the 

content of these fibers. 

This data suggests the internal fiber structure of the paper 

efficiently redistributes mechanical loads, independent of 

variations in paper thickness investigated in this paper. These 

observations highlight the critical role of fiber distribution and 

plasticizing agents in the mechanical performance of the paper, 

emphasizing structural organization and composition as key 

factors affecting tensile and breakage properties. 

Finally, Figure 1 displays the network plot created based on 

the Euclidean distance with the breaking factor, tensile strength, 

and elongation at break data. The majority of 40 g/m2 perform 

interconnections and also have a few and weak connections with 

Table 1. Results obtained for the tensile test of the 

water-dispersible paper. 
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60 g/m2. Few connections can be observed between 100 and 80 

g/m2. Moreover, Figure 1 reveals several interconnections among 

the different grammages, particularly between the 60 g/m² and 80 

g/m² samples. These interconnections are characterized by the 

nodes' sizes and thick lines, which indicate their similarities. 

 

Chemical characterization 

Color evaluation 

The color evaluation was carried out in triplicate in three 

samples of the prepared water-dispersible paper. The luminosity 

is indicated by the L* parameter, which represents the brightness 

varying from 0 (black) to 100 (white) [24]. The mean value was 

94.93 ± 0.57, near the total white sample. As a reference, a 

Whatman No.1 cellulosic paper reported by Matsuo et al., (2012) 

[25] has an L* value of 98.11± 0.01, indicating the similarity of 

the water-dispersible paper. 

The a* parameter indicates the color variation from green to 

red [24], with a value of 0.28 ± 0.10. Also, the color variation 

from blue to yellow [24] is determined by the value of the b* 

parameter of 4.29 ± 0.59. For comparison purposes, the cellulose 

Whatman No.1 has the a* and b* parameters of -0.02 ± 0.01 and 

2.31 ± 0.06, respectively [25]. The data indicate that the 

developed water-dispersible paper color variation closely 

resembles that of white cellulosic paper, which is essential for 

customer acceptance.  

Finally, the °HUE (color type), saturation (color variation 

according to lightness), and lightness (luminosity) calculated 

from the L*a*b* parameters were 37.01°, 37.84%, and 93.5%. 

Thus, the additives in the formulation and the manufacturing 

processes of the water-dispersible paper do not affect the color 

changes in the paper production. 

 

Scanning electron microscopy 

The morphology of the water-dispersible paper was analyzed 

using Scanning Electron Microscopy (SEM). Figure 2 presents 

an SEM micrograph of the paper, with grammages ranging from 

40 to 100 g/m2, at 100x magnification. The image reveals a 

fibrillar structure with interconnected cellulose fibers. The 

cellulose fiber length distribution ranged predominantly between 

10 and 22 µm, with an average fiber length of 16.44 µm and a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Network plot (Euclidean distance) with breaking factor, tensile strength, and elongation at break data responses. 
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standard deviation of 2.896 µm, regardless of its grammage, as 

shown in the histogram (Figure 2e). This narrow distribution 

highlights the uniformity in fiber size, which is crucial for 

ensuring consistent mechanical properties and structural integrity 

of the developed material. At 40 g/m2, the fibers are less compact 

and display large void spaces. Increasing the grammage from 40 

to 100 g/m2 leads to a gradual increase in internal density, 

reducing the void spaces and improving the overall compactness 

of the paper. 

Figure 3 shows the label section morphology. At 40 g/m2, the 

fibers are loosely arranged, while higher grammages (60 to 

100 g/m2) exhibit a more compact and well-distributed fiber 

network. This compaction correlates with increases in the 

breaking factor and elongation at break. However, tensile 

strength remains unaffected, indicating that inter-fiber 

interactions are stable across all grammages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scanning electron microscope (SEM) images at frontal section in four different grammages (40 (a), 60 (b), 80 (c) and 

100 (d) g/m2) for the water dispersible paper at 100x magnification. The scale represents 100 µm. 

 

Figure 3. Scanning electron microscope (SEM) images at label section in four different grammages (40, 60, 80 and 100 g/m2) for 

the water dispersible paper at 300x magnification. 
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Fourier infrared spectroscopy 

The FTIR spectrum of the prototype (Figure 4) is 

predominantly overlaid by the cellulose [26] spectrum, 

highlighting its major role in the composition (61% of the dry 

weight). Nevertheless, specific features reveal the presence and 

interaction of the other components CMC [27], PVA [28], and 

glycerol [29]. The O–H stretching band (3500–3200 cm–1) 

appears slightly broadened, suggesting hydrogen bonding among 

the constituents. Subtle changes in the 1700–1600 cm–1 region 

point to the contribution of carboxylate groups from CMC. In the 

1150–1000 cm–1 range, shifts and increased intensities indicate 

C–O–C and C–O functionalities from PVA and CMC. 

Additionally, variations below 1000 cm–1 suggest the influence 

of glycerol. These observations confirm that the additives are 

well incorporated and interact within the cellulose matrix rather 

than existing as isolated phases. 

 

Thermogravimetric analysis 

The thermogravimetric analysis was performed to evaluate 

the thermal stability of the water-dispersible paper. Figure 4b 

shows the degradation profile highlighting two different regions. 

The decreasing region A of Figure 4b is associated with a weight 

loss of approximately 10% (T10%), which indicates the loss of 

humidity with water evaporation at the temperature of 104.29 °C. 

Differently, Aragão Melo et al., (2018) [30] reported T10% of neat 

cellulose ranging at 299 °C, which they associated with humidity 

and volatile evaporation. For pure glycerol, which is the second 

most prominent reagent in the water-dispersible paper 

formulation, the T10% was 200 °C according to the findings of 

Murillo and Ararat, (2022) [31].  

According to our data, the T20% associated with an 

approximately 20% weight loss was 217 °C, which is very similar 

to that reported by Murillo and Ararat, (2022) [31] for pure 

glycerol at 220 °C. 

The region B of Figure 4b indicates the region temperature at 

which the most significant weight loss occurs, known as Tmax 

(°C), was observed to be 249 °C, indicating a mass loss of 

approximately 30% at that moment. In this region, dehydration, 

hydrolysis, oxidation, decarboxylation, and transglycosylation 

coincide in a single step [30]. This behavior is potentially 

associated with the amount of glycerol in the formulation, as 

demonstrated by Almazrouei et al., (2019) [32], who reported the 

mass single drop of pure glycerol at a temperature range of 139 

– 259 °C. 

Similarly, Andrade et al., (2025) [33] reported a Tmax of 

213.1 °C for cellulose nanofibers. On the other hand, according 

to the findings reported by Aragão Melo et al., (2018) [30], the 

Tmax for neat cellulose was recorded at 330 °C. 

Finally, the residual mass after the heating process at 400 °C 

was 16.87% (Figure4b), indicating the presence of inorganic 

compounds, as demonstrated by the energy-dispersive 

spectroscopy analysis. 

 

Contact angle 

The contact angle measurements (Figure 5) were performed 

on papers with grammages of 40, 60, 80 and 100 g/m2, revealing 

a clear relationship between grammage and water absorption 

properties. Papers with higher grammages (60, 80 and 100) 

showed a faster reduction in contact angle, indicating enhanced 

water absorption and dispersion. This behavior is consistent with 

the more compact and uniformly distributed fiber network 

observed in the SEM analysis. The increased density at higher 

grammages facilitates water penetration by reducing void spaces 

within the structure, allowing for quicker interactions with the 

aqueous medium. 

In contrast, the 40 g/m2 paper exhibited a slower reduction in 

contact angle, corresponding to the loosely arranged fiber 

network and larger voids. These structural characteristics hinder 

immediate water absorption, leading to a less pronounced 

hydrodispersibility compared to higher grammages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4. Infrared spectra (a) and thermogravimetric analysis (b) of the water-dispersible paper. 
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Disintegration evaluation of the water-dispersible paper 

The disintegration test was performed at 10, 20, and 30 

seconds using the grammages of 40, 60, 80, and 100 g/m2. The 

photos in Figure 6 show the behavior of different grammages in 

terms of water disintegration properties. It is clear that higher 

grammages, such as 100 g/m², disintegrate faster than lower 

grammages. At 20 s, the 100 g/m² sample was disintegrated 

entirely. On the other hand, at 20 s and 30 s, the 40 g/m² sample 

had more paper particles in the water medium. At 60 g/m², total 

disintegration was observed at 30 s, while 80 g/m² was fully 

disintegrated at 20 s. 

The findings presented in Figure 6 align with the conclusions 

of the contact angle analysis, indicating a clear relationship 

between grammage and contact angle. Specifically, lower 

grammages, exemplified by 40 g/m², demonstrated significantly 

higher contact angles than their higher grammage counterparts, 

such as 100 g/m². This observation strongly suggests that 

materials with lower grammage take longer to disintegrate fully. 

Furthermore, these observations relate to the large contact 

area of water-dispersible paper with high grammages, leading to 

faster disintegration than those with lower grammages. 

The proposed formulation of water-dispersible paper 

demonstrates remarkable efficiency, capable of disintegrating 

most of its surface area in water within just 30 seconds, 

irrespective of its grammage. This rapid dissolution highlights its 

effectiveness as a material in applications requiring quick 

biodegradability. 

 

 

 
 

 

 

 

Conclusions 

This study successfully demonstrated the synthesis and 

characterization of a cellulose-based water-dispersible paper 

with optimized mechanical and water-responsive properties. The 

findings indicate that grammage affects the breaking factor and 

elongation but not tensile strength, highlighting the significance 

of fiber distribution and plasticizing agents in improving material 

performance. The thermal and morphological analyses confirmed 

the integration and interaction of additives, which contribute to 

the material's hydrodispersibility and structural stability. The 

disintegration property of the water-dispersible paper is closely 

related to its contact angle response. In this context, it has been 

observed that materials with higher grammages exhibit a more 

rapid disintegration process. Additionally, these materials tend to 

have a lower contact angle in comparison to those with lower 

grammages. This relationship suggests that as the grammage 

increases, the disintegration efficiency improves, while also 

reflecting changes in their hydrophobic or hydrophilic 

characteristics as indicated by the contact angle. This innovative 

material serves as a sustainable solution to combat plastic waste, 

showcasing various applications across various sectors. In eco-

friendly packaging, it can be utilized for food and dairy products, 

significantly reducing the reliance on traditional plastics. It acts 

as an effective drug carrier or wound dressing in the medical and 

Figure 5. Contact angle measurements relative to captured 

frames (30 ms per frame) for prototype paper in four different 

grammages (40, 60, 80 and 100 g/m2). 

Figure 6. Disintegration test of the water-dispersible paper in 

different grammages at 10, 20 and 30s. 
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pharmaceutical fields, enhancing patient care. Furthermore, in 

agriculture, this material can be transformed into biodegradable 

seed carriers that dissolve when watered, promoting 

environmentally friendly farming practices. It can also be used in 

biodegradable shopping bags, which help minimize plastic bags, 

and it can play a role in hygiene products, such as toilet tissues 

and wipes. Future studies would explore the project's scalability 

and long-term environmental impacts to further validate its 

practical applications. 
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