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Abstract. The accumulation of synthetic plastic waste and depletion of fossil resources have driven 

the search for sustainable alternatives, such as biodegradable bioplastics. This study explores the 

use of cellulose derived from spent coffee grounds (SCG) and zinc oxide (ZnO) as reinforcing fillers 

in cassava starch-based bioplastics fabricated via solution-casting methods.  Various formulations 

were developed using SCG cellulose (1%, 1.5%, and 2% with 10%, 15%, and 20% glycerol) or ZnO 

(1%, 1.5%, and 2% with 10% and 15% glycerol) The resulting films were evaluated for their 

mechanical, barrier, and optical properties, followed by structural analysis using Fourier Transform 

Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). 

Results showed that SCG-based cellulose significantly improved tensile strength (up to 1.87 MPa) 

but reduced transparency (to 46.38%), while ZnO-enhanced films exhibited higher light 

transmittance (up to 70.28%). FTIR confirmed hydrogen bonding interactions between the filler and 

the starch matrix, and XRD revealed differences in crystallinity, with cellulose showing semi-

amorphous characteristics and ZnO contributing to higher peak intensity. SEM analysis supported 

these findings, indicating a more compact and continuous matrix in ZnO films. A multi-criteria 

decision-making analysis using the TOPSIS method identified the optimal cellulose-based 

formulation as 2% SCG cellulose with 20% glycerol, which achieved a tensile strength of 1.87 MPa, 

transparency of 46.40, and a water vapor permeability (WVP) of 2.318 × 10-6 g/m·day·Pa. These 

findings demonstrate the potential of SCG and ZnO as functional additives in biodegradable 

packaging materials and support the circular economy by valorizing organic waste. 
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INTRODUCTION 

 

Plastics are integral to modern life and are 

widely used across various industrial sectors 

due to their practicality, low cost, ease of 

processing, and corrosion resistance (Folino 

et al., 2023). However, most conventional 

plastics are derived from non-renewable 

petroleum-based resources, contributing 

significantly to fossil fuel depletion and 
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environmental pollution. In addition to being 

non-biodegradable, the plastic lifecycle—

spanning production to disposal—accounts 

for approximately 4.5% of global greenhouse 

gas emissions (Cabernard et al., 2022). 

In 2022, global plastic production reached 

400.3 million tons and is projected to rise 

exponentially in the coming years 

(Nayanathara Thathsarani Pilapitiya and 

Ratnayake, 2024). Without adequate waste 

management systems, the accumulation of 

plastic waste threatens both terrestrial and 

marine ecosystems (Ali et al., 2023). This 

growing crisis underscores the urgent need 

to develop environmentally friendly 

alternatives, such as bioplastics. Various bio-

based materials, including polysaccharides, 

polyhydroxyalkanoates (PHA), polylactic acid 

(PLA), seaweed, and mycelium, have been 

explored for bioplastic production (Atiwesh et 

al., 2021). Among these, cellulose is especially 

attractive due to its abundance, 

biodegradability, and high mechanical 

strength. As a reinforcing filler, cellulose 

possesses a high crystallinity index and a 

surface rich in hydroxyl (-OH) groups. These 

functional groups allow the formation of a 

robust hydrogen-bonded network with the 

starch chains, thereby enhancing the load-

bearing capacity and thermal stability of the 

resulting biocomposite (Abe et al., 2021; 

Khouaja et al., 2025). It is widely distributed in 

plant biomass, with content ranging from 1% 

to 95% depending on the source (Hernandez 

& Rosa, 2016). 

Spent coffee grounds (SCG), a by-product of 

the coffee industry, offer a promising source 

of cellulose for bioplastic production. As one 

of the most consumed beverages globally, 

coffee generates significant amounts of 

waste, with annual production estimated at 

around 168 million tons (Viana Freitas et al., 

2024). Approximately 650 kg of SCG are 

produced per ton of coffee beans processed 

(Karmee, 2018). Containing up to 12.4% 

cellulose, SCG is a viable and cost-effective 

resource for biopolymer extraction (Singh et 

al., 2023) and contributes to waste reduction 

and circular economy initiatives. 

Zinc oxide (ZnO) is another promising 

additive frequently incorporated into 

bioplastics. ZnO is known to enhance the 

mechanical and barrier properties of 

biopolymer matrices (Abdullah et al., 2020). 

Additionally, it exhibits antimicrobial activity 

by generating reactive oxygen species (ROS) 

that induce oxidative stress in microbial cells 

(Klink et al., 2022). Its capacity to absorb 

ultraviolet (UV) radiation also makes ZnO a 

suitable additive for bioplastics intended for 

food packaging, as it helps protect contents 

from photodegradation (Liu et al., 2024). 

Previous research has explored the 

integration of ZnO with various bioplastic 

matrices, such as canna tuber starch (Hasna 

et al., 2022), sugarcane-derived 

carboxymethyl cellulose (Vyas et al., 2025), 

banana starch (Sapei et al., 2017), and 

pineapple leaf fiber (Armynah et al., 2022). 

Likewise, cellulose is extracted from diverse 

sources, including banana stems (Devika & 

Saha, 2024), algae (Steven et al., 2022), pine 

wood (Dibha et al., 2023), and bacterial 

fermentation (Gea et al., 2022). It has been 

widely investigated. However, limited studies 

have systematically evaluated the individual 

performance of SCG-derived cellulose and 

ZnO as separate reinforcing fillers in a starch-

based system. This study seeks to bridge this 

gap by investigating the properties of 

bioplastics reinforced with either SCG-based 

cellulose or ZnO. Specifically, the 

formulations varied the concentration of SCG 

cellulose (1%, 1.5%, and 2% with 10–20% 

glycerol) and ZnO (1%, 1.5%, and 2% with 10–

15% glycerol). The optimal formulation for 
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each filler type was then determined using 

the TOPSIS method to achieve desirable 

mechanical strength, transparency, and water 

vapor permeability. This work contributes to 

the development of sustainable packaging 

materials while promoting the valorization of 

agro-industrial waste. 

 

MATERIALS AND METHODS 

 

Materials 

The materials used in this research 

included arabica SCG (Indonesia) from local 

cafe, cassava strach (food grade, Rose Brand, 

Indonesia), glycerol (analytical grade, 

Indonesia), ZnO (Merck, Germany), KOH 

(Merck, Germany), H2O2 50% (Solvay, 

Belgium), CH3COOH (Merck, Germany), 

NaOH (Merck, Germany), CH4N2O (ROFA, 

Indonesia). 

 

Instruments 

The equipment used in this research 

included a hotplate (VELP Scientifica, Italy), 

oven (Memmert, Germany), centrifuge NF-

800R (Nüve, Turkey), scanning electron 

microscope FlexSEM 1000 (Hitachi, Japan), 

fourier transform infrared spectroscopy 

IRTracer 1000 (Shimadzu, Japan), x-ray 

diffraction Miniflex 600 (Rigaku, Japan), 

moisture analyzer (OHAUS, China), UV-Vis 

spectrophotometer SP-UV1100 (Dlab, USA), 

analytical balance ATX 224 (Shimadzu, Japan), 

and relative humidity (RH) meter (Elitech, 

China). 

 

Cellulose Extraction from SCG 

Extraction of Cellulose was carried out 

according to the method of Hamidy et al. 

(2025). Arabica SCGs were oven-dried at 

105°C for 30 minutes, cooled in a desiccator, 

ground, and weighed. Afterward, dried SCGs 

were delignified using 3% KOH solution at 

90°C for 2 hours under constant stirring. The 

resulting solids were washed and neutralized 

to a pH of 7. The sample is then bleached with 

a 10% H2O2 and 0.1 M NaOH solution for 45 

minutes to remove color. 

Bleached samples were neutralized and 

extracted using a 100 mL solution containing 

8.5 g NaOH, 5 mL CH3COOH, 8.5 g CH4N2O, 

and 100 mL distilled water at 70°C for 180 

minutes under continuous stirring. The 

resulting cellulose was filtered, washed, and 

dried at 50°C for 24 hours to remove excess 

moisture. The extracted SCG-derived 

cellulose was ground and sieved to a uniform 

particle size (80-mesh, approx. 177 μm) 

before incorporation into the starch matrix. 

 

Fabrication of Cellulose & ZnO Enriched 

Bioplastics 

Bioplastic films were fabricated via 

solution casting (Vyas et al., 2025).. For each 

formulation, 5 g of cassava starch was 

dispersed in 100 mL of distilled water. SCG-

derived cellulose or ZnO was added as a 

reinforcing filler at concentrations of 1%, 

1.5%, and 2% (w/w based on starch weight). 

Glycerol was incorporated as a plasticizer at 

10%, 15%, and 20% (w/w) for cellulose-based 

films. In the case of ZnO-reinforced films, only 

10% and 15% glycerol concentrations were 

utilized, as formulations with 20% glycerol 

resulted in highly brittle films that were 

unsuitable for characterization. The mixture 

was heated at 100°C with constant stirring 

(1500 rpm) for approximately 10 minutes 

until full gelatinization was achieved. The 

solution was then cast into 20 cm x 20 cm 

molds and dried at 50°C for 24 hours. 

The resulting mixture was then evenly 

poured into a plastic casting measuring 27 × 

19 cm.  The tray is dehydrated in an oven at 

60°C for 24 hours before further testing. The 

formulation of cellulose, ZnO, and Glycerol 
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used was based on Table 1. The 20% glycerol 

formulation for ZnO bioplastics is omitted 

due to the poor bioplastic result. 

 

Table 1. Formulation of bioplastic 

Glycerol (%) Cellulose (%) ZnO (%) 

10 1 - 

10 1.5 - 

10 2 - 

10 - 1 

10 - 1.5 

10 - 2 

15 1 - 

15 1.5 - 

15 2 - 

15 - 1 

15 - 1.5 

15 - 2 

20 1 - 

20 1.5 - 

20 2 - 

 

Physical Characterization  

The thickness of the biofilm was 

determined according to the ASTM D6988 

standard using screw micrometers with an 

accuracy of 0.01 mm (Vyas et al., 2025). The 

biofilm density was then calculated based on 

Equation (1). 
 

𝜌 =
𝑚

𝐴 × 𝐿
 (1) 

 

where “ρ” is the bioplastic’s density (in g/cm3), 

“A” is the bioplastic’s surface area (in cm2), “L” 

is the bioplastic’s thickness (in cm), and “m” is 

the mass of bioplastic (in g). 

The moisture content of the bioplastic 

was determined using the thermogravimetric 

method with a moisture analyzer  (Janas & 

Kowalska, 2023. One gram of the bioplastic 

sample was placed into the instrument and 

dried at 105°C. The moisture content is 

expressed in % wet basis (wb). 

 

Mechanical Characterization 

The tensile strength of bioplastic was 

determined using a texture analyzer 

according to Azlim et al. (2022). Bioplastic 

samples with dimensions of 2 × 8 cm were 

subjected to tensile testing at a pulling speed 

of 30 cm/min at a temperature of 25°C. The 

tensile strength of bioplastics was calculated 

as the maximum force (N) divided by the 

sample’s cross-sectional area (width × 

thickness) and expressed in megapascals 

(MPa). 

 

Optical Characterization 

Absorbance of the bioplastic sheets was 

measured using a UV-vis spectrophotometer 

at 600 nm against a blank flask according to 

Benitez et al. (2024). The transparency of the 

bioplastic was determined from 

transmittance at that wavelength (T600) using 

Beer-Lambert’s law (Equation 2). 

 

𝑇600 = 102−𝐴 (2) 

 

where “T600” is the bioplastic’s transmittance 

(in %) and “A” is the bioplastic’s absorbance at 

600 nm (in cm). 

 

Water Vapor Permeability 

Water vapor permeability (WVP) of the 

bioplastic was determined according to 

ASTM E-96-00 using the gravimetric method, 

following the method of Mohammad Azmin 

et al. (2020) with modifications. Bioplastic 

sheets were placed to cover Erlenmeyer flasks 

containing 2 g of silica gel. The flasks were 

conditioned inside a desiccator (25°C, 75% 

relative humidity) using a saturated NaCl 

solution. WVP was determined as the weight 

gain of the desiccant after 48 h, according to 

Equation (3). 
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𝑊𝑉𝑃 =
𝑄

𝑡
×
1

𝐴
×

𝐿

𝑃𝑆(𝑅𝐻1 −𝑅𝐻2)
 (3) 

 

where “WVP” is the bioplastic’s water vapor 

permeability (in g m-1 day-1 Pa-1), Q/t is the 

mass gain (g day-1), “A” is the bioplastic’s 

surface area (in m2), “L” is the bioplastic’s 

thickness (in m), Ps is the saturation pressure 

at 25°C (3.17 kPa), RH1 is the relative humidity 

in the desiccator (75%), and RH2 is the relative 

humidity inside the Erlenmeyer flask (in %). 

 

Optimum Formulation Determination 

The optimal formulation for both 

cellulose and ZnO-enriched bioplastics was 

determined using the TOPSIS (Technique for 

Order Preference by Similarity to Ideal 

Solution) method, as described by Ali et al. 

(2024). A decision matrix (𝑟𝑖𝑗)𝑚×𝑛 was 

constructed where 𝑖 = 1,2,… ,𝑚 represents 

the alternatives (bioplastic formulations), and 

𝑗 = 1,2,… , 𝑛  represents the evaluation 

criteria, which include tensile strength, 

transparency, and water vapor permeability 

(WVP). The matrix was normalized using 

vector normalization to eliminate differences 

in measurement scales, and weighted to 

obtain the weighted normalized matrix (𝑣𝑖𝑗) 

written in equation (4) where 𝑤𝑗 denotes the 

weight of the criterion 𝑗. 
 

𝑣𝑖𝑗 = 𝑤𝑗𝑟𝑖𝑗 (4) 
 

The positive ideal solution (IS) and 

negative ideal solution (NIS) were then 

determined based on the nature of each 

criterion. For benefit criteria (tensile strength 

and transparency), the ideal solution 

corresponds to the maximum value, whereas 

for the cost criterion (WVP), the ideal solution 

corresponds to the minimum value. 

Conversely, the negative ideal solution was 

defined using the opposite conditions. The 

separation distances between each 

alternative and both the ideal and negative-

ideal solutions were calculated using the 

Euclidean distance, as expressed in Equations 

(5) and (6). 
 

𝑆𝑖
∗ = √∑ (𝑣𝑗

∗ − 𝑣𝑖𝑗)2
𝑛

𝑗=1
 (5) 

 

𝑆𝑖
∗∗ = √∑ (𝑣𝑗

∗∗ − 𝑣𝑖𝑗)
2

𝑛

𝑗=1
 (6) 

 

The relative closeness of each alternative 

to the ideal solution was then calculated as 𝐶𝑖, 

as shown in Equation (7), where values range 

from 0 to 1, with higher values indicating 

better performance. The formulation with the 

highest 𝐶𝑖 value was selected as the optimal 

formulation.  
 

𝐶𝑖 =
𝑆𝑖
∗∗

𝑆𝑖
∗∗ + 𝑆𝑖

∗ (6) 

 

The weights assigned to each criterion 

are shown in Table 2. 

 

Table 2. TOPSIS weighing of bioplastic 

Parameter Weight (%) Criteria 

Tensile strength 40 Benefit 

Transparency 30 Benefit 

WVP 30 Cost 

 

Subsequently, the optimum formulation 

for cellulose-ZnO bioplastics was further 

compared using a t-test and analyzed 

morphologically, chemically, and structurally.  

 

     Morphological Characterization 

The surface morphology of the 

bioplastics was examined using a Scanning 

Electron Microscope (SEM) at an accelerating 

voltage of 3 kV. Prior to imaging, the samples 

were sputter-coated with a thin layer of gold 

to enhance conductivity. Observations were 

conducted at magnifications of 500× and 

1000×. 
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Table 3. Physical properties of bioplastic 

Parameter 
Cellulose Concentration  ZnO Concentration 

1% 1.5% 2%  1% 1.5% 2% 

Thickness (mm) 

10% Glycerol 0.09±0.01c 0.16±0.02ab 0.12±0.02bc  0.08±0.01ab 0.09±0.01ab 0.10±0.00a 

15% Glycerol 0.13±0.01abc 0.14±0.01ab 0.16±0.02a  0.07±0.02b 0.09±0.01ab 0.09±0.01b 

20% Glycerol 0.15±0.01ab 0.14±0.01ab 0.15±0.00ab  - - - 

Density (g/cm3) 

10% Glycerol 1.26±0.04a 1.09±0.04cd 1.05±0.02de  1.79±0.11a 1.52±0.06c 1.60±0.06abc 

15% Glycerol 1.11±0.04cd 0.81±0.01f 0.97±0.04e  1.54±0.12c 1.76±0.03ab 1.56±0.06bc 

20% Glycerol 1.17±0.03bc 1.23±0.03ab 0.86±0.01f  - - - 

Moisture Content (%) 

10% Glycerol 9.66±0.44ab 9.06±0.70bc 8.47±0.46c  9.00±0.46a 8.86±0.21a 9.53±0.59a 

15% Glycerol 9.97±0.14ab 9.02±0.49bc 10.11±0.21ab  9.14±0.22a 8.96±0.62a 9.92±0.76a 

20% Glycerol 10.45±0.32a 9.07±0.28bc 10.17±0.38ab  - - - 

Results are means of triplicate determinations ± standard deviation. The values in rows and columns with different 

letters are significantly different from each other (P<0.05) 

 

Chemical Characterization 

The infrared spectra of the bioplastic 

films were acquired using a Fourier-transform 

infrared (FTIR) spectrometer equipped with 

an attenuated total reflection (ATR) accessory. 

Spectra were recorded over 4000–500 cm⁻¹ 

with a resolution of 4 cm⁻¹ and averaged over 

25 scans to improve signal-to-noise ratio. 

The structural properties of the films were 

analyzed by X-ray diffraction (XRD), 

performed at an operating voltage of 40 kV 

and current of 150 mA. Measurements were 

conducted using a continuous 2θ scan over 

5–70°. 

Table 3 shows the physical 

characteristics of cellulose-based bioplastics. 

The cellulose-based bioplastics had 

thicknesses of 0.09-0.16 mm, densities of 

0.81-1.26 g/cm³, and moisture contents of 

8.47%-10.45%. Cellulose is known to enhance 

the distribution of microcrystalline and 

promote interaction between the matrix and 

filler, thereby increasing compactness and, 

consequently, thickness (Nasution et al., 

2023; Oluwasina et al., 2024). However, the 

results of this study indicate that density is 

not solely determined by cellulose 

concentration, as fluctuations were observed 

across different glycerol levels. In particular, a 

decrease in density at 20% glycerol suggests 

a dominant plasticizing effect. At higher 

concentrations, glycerol disrupts the 

intermolecular bonds, increasing free volume 

and decreasing its density (Fransiska et al., 

2024). Furthermore, the interaction between 

cellulose and glycerol, and the relatively large 

particle size of cellulose (80 mesh, approx. 

177 μm), reduces packing efficiency within 

the matrix (Hamidy et al., 2025). Because 

larger particles are harder to distribute 

uniformly, the voids tend to decrease the 

film’s density. 

Interestingly, at 20% glycerol and 1.5% 

cellulose, a relatively higher density was 

observed compared to other formulations at 

the same glycerol level. This may be 

attributed to a more optimal balance 

between filler concentration and plasticizer 

effect; as such, the cellulose is sufficiently 

dispersed without excessive aggregation 

(Safitri et al., 2022). Therefore, the variations 

highlight the effects of particle size, filler 
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dispersion, and plasticizer on the film’s 

structure 

For ZnO-based bioplastics, thickness 

ranged from 0.07 to 0.10 mm, density from 

1.52 to 1.79 g/cm³, and moisture content 

from 8.86% to 9.92%. The addition of ZnO 

significantly affected thickness and density, 

while moisture content differences were less 

pronounced. The observed fluctuations in 

ZnO-based bioplastics follow a similar trend 

to those observed in cellulose-based systems, 

where non-linear behavior arises from 

competing effects within the matrix. However, 

in the case of ZnO, these variations are 

primarily associated with the dispersion–

agglomeration behavior of inorganic 

particles and their interaction with the 

plasticized polymer network. Higher ZnO 

concentrations led to thicker and denser 

films, likely due to filler-matrix interactions 

(Abdullah et al., 2020; Werapun et al., 2024). 

Conversely, glycerol had a plasticizing and 

moisture-retaining effect, increasing 

thickness and moisture content but reducing 

density due to disruption of cellulose 

crystallinity (Nurhayati et al., 2025) 

Previous studies reported lower results, 

with a starch-based bioplastic containing 

ZnO having a density of 1.12-1.46g/cm3 and 

a moisture content of 10.35-23.12% (Vyas et 

al., 2025). The difference might be due to the 

use of ZnO nanoparticles. Another study on 

cellulose bioplastic showed that increasing 

the plasticizer content led to higher thickness 

(0.181–0.259 mm) and lower density (1.33–

1.54 g/cm³) (Nigam et al., 2021). Moreover, 

the observed variations are also attributed to 

differences in mold surface area, particle size, 

and the agglomeration effect at higher filler 

concentrations (Putranti & Nugraheni, 2023). 

 

Tensile Strength 

Because it is made from biodegradable 

materials, bioplastic often has lower tensile 

strength than traditional plastic (Safitri et al., 

2022). Therefore, the formulated bioplastic 

needs to have adequate tensile strength. 

Figures 1 and 2 show that the tensile strength 

of bioplastics was significantly affected by the 

concentration of both cellulose and ZnO (P < 

0.05). In the cellulose group, the highest 

tensile strength (1.87 ± 0.03 MPa) was 

observed in the 2% cellulose and 20% 

glycerol formulation, while the lowest (0.77 ± 

0.20 MPa) was observed in the 1% cellulose 

and 10% glycerol formulation.  

 

 

Fig. 1: Effect of cellulose & glycerol 

concentration on bioplastic tensile strength 

 

Increasing cellulose content improved 

tensile strength due to its high crystallinity, 

which reinforces the starch matrix through 

effective stress transfer (Khouaja et al., 2025). 

The abundant hydroxyl groups in cellulose 

can form strong intermolecular hydrogen 

bonds with starch chains, enhancing the 

mechanical integrity of the film (Popescu et 

al., 2020; Abe et al., 2021; Xie et al., 2023). 

Additionally, glycerol may contribute to the 

formation of stable interactions among 

starch, glycerol, and cellulose, improving 

structural cohesion and minimizing 

brittleness (Gonçalves et al., 2019). 

Similarly, the ZnO-based bioplastics 

showed tensile strengths ranging from 0.79 

to 1.68 MPa, increasing with increasing ZnO 
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and glycerol concentrations. This 

improvement can be attributed to effective 

filler–matrix interactions and stress transfer 

when ZnO particles are well-dispersed within 

the matrix. However, the reinforcing effect is 

still governed by dispersion quality. At lower 

ZnO concentrations, the improvement in 

tensile strength is limited by insufficient filler 

content, whereas at higher concentrations, 

the risk of particle agglomeration remains. 

ZnO particles possess high surface energy, 

which can promote aggregation and create 

localized stress concentration points that 

weaken the material (Arifin et al., 2022; 

Dadashi et al., 2025). 

 

 

Fig. 2: Effect of ZnO & glycerol 

concentration on bioplastic tensile strength 

 

Compared to previous studies, 

bioplastics produced in this research fall into 

the observed range commonly reported. 

Cellulose-reinforced bioplastics have been 

reported to exhibit tensile strengths ranging 

from 0.85 to 24.54 MPa through crosslinking 

and the use of nanoparticles (Rahmatullah et 

al., 2022; Xie et al., 2023). On the other hand, 

a study utilizing 4% ZnO achieved a tensile 

strength of 10.29 MPa (Abdullah et al., 2020). 

The comparatively lower tensile strength 

observed in this study may be attributed to 

several factors. First, the use of relatively large 

cellulose particle sizes (80 mesh, approx. 177 

μm) likely limited effective stress transfer due 

to poor interfacial interaction and reduced 

dispersion compared to nanoscale 

reinforcements. Second, the absence of 

chemical crosslinking or surface modification 

may have resulted in weaker intermolecular 

bonding within the polymer matrix. In 

addition, the ZnO concentrations used in this 

study (≤2%) were lower than those reported 

in studies achieving higher mechanical 

strength, which may limit the reinforcing 

effect. 

 

Transparency 

Because it is frequently used for 

packaging other products, bioplastic needs to 

be transparent (Baltscheit et al., 2020). To be 

classified as transparent, an object needs to 

have at least 80% transmittance, while a 

transmittance value between 10 and 80 % is 

considered opaque (Guzman-Puyol et al., 

2022). In this study, all treatments resulted in 

opaque bioplastic, indicated by the 

transmittance value at 600 nm. The 

transmittance of bioplastic films was 

significantly affected by the concentration of 

cellulose, ZnO, and glycerol (P < 0.05). In the 

cellulose group, the highest transmittance 

(69.18 ± 0.28%) was observed in the sample 

containing 1% cellulose and 10% glycerol 

(See Figure 3), while increasing cellulose 

concentration led to a gradual decrease in 

transparency. This reduction is attributed to 

the high refractive index and crystalline 

structure of cellulose, which scatters light and 

increases film opacity (Lounis et al., 2024). 

Similarly, bioplastics containing ZnO 

showed declining transparency with 

increasing ZnO and glycerol concentrations. 

The highest transmittance (70.28 ± 2.19%) 

was observed in the sample containing 1% 

ZnO and 15% glycerol, whereas the lowest 

(46.38 ± 0.77%) was observed in the sample 

containing 2% ZnO and 10% glycerol (See 



N. P. Asri, H. Rachman, J. R. Anggara, R. Hamidy, J. R. Yoewono, Y. Somawiharja   153 

 

figure 4). ZnO’s high refractive index and 

nano-sized particles promote wide dispersion 

and light scattering, contributing to a cloudy 

appearance (Tamimi et al., 2021). Additionally, 

excessive glycerol may saturate the starch 

matrix, leading to molecular phase separation 

and a hazy film structure, further reducing 

transparency (Sanyang et al., 2016). 

 

 

Fig. 3: Effect of cellulose & glycerol 

concentration on bioplastic transmittance 

 

 

Fig. 4: Effect of ZnO & glycerol 

concentration on bioplastic transmittance 

 

A previous study by Benitez et al. (2024) 

showed no significant difference in cellulose-

glycerol bioplastic with different formulations 

with high transmittance (>90%). However, 

lower transmittance (35.48–38.3%) is 

reported by Krishnamurthy and Amritkumar 

(2019) for a starch-based bioplastic with 

different cross-linking compounds. Another 

study also showed that adding 0.6% cardanol 

reduced the transmittance of waxy corn 

starch bioplastic from 53.6% to 38.6% (Yahia 

et al., 2024). This shows that bioplastic 

transparency is influenced by factors such as 

polymer type, additive presence, and the 

material’s overall structure and crystallinity. 

 

Water Vapor Permeability 

Water vapor permeability (WVP) is the 

rate at which water vapor passes through a 

material under specific temperature and 

humidity conditions, typically driven by a 

vapor pressure gradient across a flat surface 

(Long et al., 2023). Lower WVP values indicate 

greater resistance to moisture diffusion, 

which is essential for prolonging shelf life. 

This parameter is influenced by various 

factors, including film thickness, component 

polarity, density, structural homogeneity, and 

crystalline alignment (Debeaufort et al., 

1993). 

 

 

Fig. 5: Effect of Cellulose concentration and 

glycerol content on the WVP of starch-based 

bioplastic films 

 

In this study, the WVP values of 

cellulose-based bioplastics ranged from 2.12 

to 3.98 × 10⁻⁶ g/m·day·Pa (See Figure 5). The 

lowest permeability was recorded in the 

formulation containing 20% glycerol and 

1.0% cellulose, which was significantly 

different from other groups (p < 0.05). 

Conversely, the formulation containing 15% 

glycerol and 2.0% cellulose exhibited the 

highest WVP, indicating weaker moisture-

barrier properties. These findings align 

partially with previous work by Zhou et al. 
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(2025), who reported a lower WVP of 1.37 × 

10⁻⁸ kg/m·day·Pa using alternative 

formulations. 

The hydrophilic nature of cellulose likely 

contributes to elevated WVP by enhancing 

water molecule affinity (Mohammad Azmin et 

al., 2020); however, when cellulose is 

incorporated in its nanoform, improved 

dispersion and hydrogen bonding within the 

matrix enhance the matrix’s structure. This 

results in increased tortuosity of the diffusion 

pathway, ultimately reducing water vapor 

migration (Abe et al., 2021). Guivier et al. 

(2024) also demonstrated a 76% reduction in 

WVP by incorporating multilayered 

nanocellulose into PLA films. 

 

 

Fig. 6: Effect of ZnO concentration and 

glycerol content on the WVP of starch-based 

bioplastic films 

 

Compared to cellulose, ZnO-based 

bioplastics exhibited a generally lower WVP, 

ranging from 1.98 to 2.85 × 10⁻⁶ g/m·day·Pa 

(See Figure 6). The formulation containing 

10% glycerol and 1.0% ZnO yielded the best 

moisture barrier performance. Intermediate 

ZnO concentrations (1.5–2.0%) and higher 

glycerol levels (15%) tended to increase WVP. 

These values are consistent with findings by 

Vyas et al. (2025), who reported WVPs 

between 4.24 and 5.62 × 10⁻⁶ g/m·day·Pa for 

carboxymethyl cellulose-based films. 

ZnO is known to act as a diffusion barrier 

by limiting molecular mobility, thereby 

reducing water vapor transport due to its 

relatively low hydrophilicity (Anugrahwidya et 

al., 2022). Like cellulose, ZnO likely functions 

through a tortuosity-based mechanism, 

extending the path length for diffusing 

molecules (Ngo et al., 2018). However, most 

WVP differences among ZnO formulations 

were not statistically significant (p > 0.05), 

suggesting that higher ZnO concentration 

may be required to achieve meaningful 

permeability reduction. Díez-Pascual (2024) 

identified 5% ZnO as an optimal threshold for 

minimizing WVP in bioplastics. 

Glycerol content also significantly 

affected WVP values (p < 0.05). Increased 

glycerol concentration was associated with 

higher WVP, which is attributed to its 

plasticizing effect. Glycerol disrupts 

intermolecular interactions and enhances free 

volume within the matrix, thereby increasing 

water vapor mobility (Ballesteros-Mártinez et 

al., 2020). In contrast, lower glycerol 

concentrations contribute to a more compact 

polymer network, reducing moisture 

diffusion (Tarique et al., 2021). Interestingly, 

some studies report that higher glycerol 

levels can also facilitate hydrogen bonding 

with cellulose, potentially offsetting its 

plasticizing effect (Agustin et al., 2024). This 

may explain why bioplastics with 20% 

glycerol exhibited slightly lower WVP than 

those with 10% or 15%, despite expectations 

to the contrary. 

 

Best Formulation Determination 

TOPSIS was employed to identify the 

optimal bioplastic formulation by integrating 

multiple performance indicators i.e. 

mechanical strength, transparency, and water 

vapor permeability (WVP). In this study, 

tensile strength and transparency were 

treated as beneficial criteria, while WVP was 

considered non-beneficial due to its inverse 
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relationship with barrier effectiveness. 

 

Table 4. The TOPSIS score of cellulose-based 

bioplastic 

Glycerol (%) Cellulose (%) Score 

20 2 0.732 

20 1.5 0.690 

20 1 0.615 

15 2 0.610 

15 1.5 0.435 

15 1 0.386 

10 2 0.381 

10 1.5 0. 

10 1 0.324 

 

As shown in Table 4, within the cellulose-

based formulations, the highest-ranking 

formulation was obtained at 20% glycerol 

and 2% cellulose (TOPSIS score = 0.732). This 

formulation exhibited the highest tensile 

strength (1.87 MPa), accompanied by 

moderate transmittance (46.4%) and 

acceptable water vapor permeability (−5.45), 

indicating an overall optimal balance 

between mechanical strength and barrier 

properties. 

The high ranking of this formulation 

suggests that increasing cellulose content up 

to 2% effectively enhanced the reinforcing 

effect within the polymer matrix, leading to 

improved tensile strength. Simultaneously, 

the presence of 20% glycerol likely 

contributed to sufficient plasticization, 

improving polymer chain mobility and 

preventing excessive brittleness. Although 

this formulation showed lower transmittance 

compared to others, the TOPSIS analysis 

indicates that mechanical performance and 

barrier properties had a stronger influence on 

the overall ranking. 

Formulations with lower cellulose 

content (1–1.5%) at the same glycerol level 

demonstrated higher transmittance (51.4–

57.5%) and lower WVP (−5.67), but were 

ranked lower due to reduced tensile strength. 

Conversely, formulations with lower glycerol 

content (10–15%) generally exhibited inferior 

mechanical properties, likely due to 

insufficient plasticization, which limited 

polymer chain flexibility and resulted in 

weaker film structures. 
 

Table 5. The TOPSIS score of ZnO-based 

bioplastic 

Glycerol (%) ZnO (%) Score 

15 2 0.757 

15 1.5 0.665 

10 2 0.546 

10 1.5 0.350 

10 1 0.295 

15 1 0.293 

 

As shown in Table 5, for the ZnO-based 

formulations, the highest-ranking 

formulation was obtained at 15% glycerol 

and 2% ZnO (TOPSIS score = 0.757). This 

formulation demonstrated the highest tensile 

strength (1.68 MPa), along with moderate 

transmittance (51.6%) and competitive water 

vapor permeability (−5.56), indicating a well-

balanced combination of mechanical and 

barrier properties. 

The superior ranking of this formulation 

suggests that ZnO at 2% effectively 

reinforced the polymer matrix, enhancing 

tensile strength without excessively 

compromising other functional properties. At 

the same time, the presence of 15% glycerol 

appears sufficient to plasticize the system, 

improving flexibility while maintaining 

structural integrity. Although the 

transmittance was not the highest among the 

tested formulations, the TOPSIS results 

indicate that mechanical performance played 

a more dominant role in determining the 

optimal formulation. 

The second-ranked formulation (1.5% 

ZnO, 15% glycerol) showed a comparable 
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balance across all parameters, but its slightly 

lower tensile strength (1.47 MPa) resulted in a 

reduced overall score. In contrast, 

formulations with lower glycerol content 

(10%) generally exhibited reduced tensile 

strength, likely due to insufficient 

plasticization, which limited polymer chain 

mobility. Meanwhile, increasing transparency 

observed in some lower-ranked formulations 

(e.g., 10% glycerol, 1% ZnO) was 

accompanied by weaker mechanical 

properties, reducing their overall suitability. 

The integration of the t-test results 

(Table 6) provides statistical validation for the 

differences observed between cellulose- and 

ZnO-based bioplastics. For tensile strength, 

cellulose-based films exhibited significantly 

higher values (1.87 ± 0.03 MPa) compared to 

ZnO-based films (1.68 ± 0.05 MPa), with a 

mean difference of 0.19 MPa (p = 0.0056). 

This indicates that cellulose incorporation 

contributes more effectively to mechanical 

reinforcement, likely due to its fibrous 

structure, which enhances stress transfer 

within the polymer matrix. 

In contrast, ZnO-based films showed 

significantly higher transparency (51.61 ± 

1.18%) than cellulose-based films (46.40 ± 

0.77%), with a mean difference of −5.21% (p 

= 0.0052). This result suggests that ZnO 

nanoparticles, when well-dispersed, interfere 

less with light transmission compared to 

cellulose particles, which tend to scatter light 

due to their larger particle size. 

For water vapor permeability (log WVP), 

no statistically significant difference was 

observed between the two groups (p = 

0.0514), although ZnO-based films showed a 

slightly lower (more negative) mean value. 

This indicates that both fillers provide 

comparable barrier performance within the 

tested formulation range. 

Overall, these findings support the 

TOPSIS results by confirming that cellulose-

based films are superior in mechanical 

strength, whereas ZnO-based films excel in 

optical properties. However, since barrier 

properties were statistically similar, the 

selection of the optimal formulation depends 

primarily on the desired balance between 

strength and transparency. Based on the 

TOPSIS analysis, the formulation containing 

2% cellulose and 20% glycerol demonstrated 

the best overall performance, highlighting its 

potential suitability for applications requiring 

stronger yet moderately transparent 

biodegradable films. 

 

Morphological Characteristic 

The surface morphology of the 

bioplastics was examined using Scanning 

Electron Microscopy (SEM) at 500× 

magnification. As shown in Figure 7, notable 

differences were observed between 

cellulose- and ZnO-based films. The ZnO-

based bioplastic exhibited a relatively smooth 

and uniform surface, indicative of effective 

nanoparticle dispersion within the starch 

matrix. In contrast, the cellulose-based 

bioplastic displayed a more fibrillar and 

heterogeneous texture, with visible 

aggregates likely due to the partial 

crystallinity and larger particle size of 

untreated cellulose fibers. 
 

Table 6. Mean difference of cellulose and ZnO based bioplastic 

Parameters 
Mean (sd) of 

Cellulose 

Mean (sd) of 

ZnO 

Mean 

Difference 
t (df) p value 95% C.I. 

Tensile strength (MPa) 1.87 (0.03) 1.68 (0.05) 0.09 5.84 (3.66) 0.0056 0.10, 0.29 

Transparency (%) 46.40 (0.77) 51.61 (1.18) -5.21 -6.49 (3.36) 0.0052 -7.62, -2.80 

Log WVP (g/m day Pa) -5.67 (0.01) -5.70 (0.05) -0.03 3.72 (2.33) 0.0514 -0.01, 0.22 
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This morphological difference may be 

attributed to the natural tendency of cellulose 

chains to form hydrogen bonds, leading to 

fiber aggregation and surface irregularities 

(Gea et al., 2022). On the other hand, ZnO 

nanoparticles, due to their smaller size and 

better compatibility with the starch matrix, 

appear to distribute more evenly. 

These surface characteristics can affect 

the mechanical behavior of the bioplastics. 

Rough or uneven surfaces in cellulose films 

may promote non-uniform stress 

distribution, potentially reducing tensile 

strength when aggregation becomes 

excessive. Previous research has shown that 

cellulose addition can increase tensile 

strength up to an optimal threshold (e.g., 5% 

loading), beyond which mechanical 

performance declines due to agglomeration 

(Abdel Hamid et al., 2025). In contrast, 

although ZnO disperses more uniformly, it 

may interrupt the starch matrix continuity 

and does not contribute significantly to 

tensile reinforcement unless synergistically 

bonded. In PLA systems, for example, ZnO at 

2 wt% provided a tensile strength of 22 MPa, 

comparable to or even lower than well-

dispersed cellulose at similar concentrations 

(Akshaykranth et al., 2025). 

SEM observations support the 

conclusion that filler morphology and 

dispersion play crucial roles in the mechanical 

integrity of bioplastic films, with cellulose 

offering reinforcement potential at the cost of 

surface regularity, and ZnO contributing to 

smoother surfaces but with more limited 

structural reinforcement. 

 

Chemical Characteristics 

The FTIR spectra of both bioplastics 

exhibited several characteristic absorption 

bands indicating the presence of 

polysaccharide components and 

intermolecular interactions in the matrix (See 

Figure 8). 

 

 

 

 

 

Fig. 7: SEM images of bioplastic films a) 

cellulose at 500×, b) cellulose at 1000×, c) 

ZnO at 500×, d) ZnO at 1000× 

 

The molecular interactions between 

components in the bioplastics were analyzed 

using FTIR spectroscopy. Compared to native 

starch spectra, both cellulose- and ZnO-

based films showed broad absorption around 

~3280 cm⁻¹, corresponding to O–H 

stretching, with a noticeable shift, indicating 

enhanced hydrogen bonding between starch, 

glycerol, and the fillers. The cellulose-based 

sample exhibited a peak near ~2900 cm⁻¹ (C–

a) 

b) 

c) 

d) 
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H stretching) and strong bands around 

~1020–1050 cm⁻¹, characteristic of C–O and 

C–C stretching in polysaccharides. The 

presence of ZnO was indicated by a weak 

absorption band near ~600 cm⁻¹, assigned to 

Zn–O vibrations, consistent with prior reports 

(Jannah et al., 2019; Ranote et al., 2024). 

These spectra confirm that filler incorporation 

did not introduce new chemical bonds but 

reinforced the existing matrix through 

physical interactions and hydrogen bonding. 

 

 

Fig. 8: Comparison of FTIR spectra of 

cellulose and ZnO bioplastics 

 

To further understand the structural 

differences, XRD analysis was conducted (See 

Figure 9). The cellulose-based bioplastic 

showed a broad peak at 2θ ≈ 19°, indicating 

a semi-crystalline cellulose I structure. This 

pattern is typical of plant-derived cellulose 

and reflects a balance between crystalline 

and amorphous regions (Gea et al., 2022; 

Karaca et al., 2022). Compared with native 

starch-based films reported in previous 

studies (Werapun et al., 2024), the addition of 

SCG-cellulose and ZnO resulted in a 

noticeable increase in peak intensity. This 

enhancement suggests an increase in the 

crystallinity index (CrI), as the fillers likely 

acted as nucleating agents, promoting a 

more ordered molecular arrangement within 

the starch matrix. The broadness of the peak 

suggests partial disruption of crystallinity due 

to blending with glycerol and starch, 

contributing to the film’s flexibility. 

 

 

Fig. 9: Comparison of XRD spectra of 

cellulose and ZnO bioplastics 

 

In contrast, the ZnO-based bioplastic 

presented sharp peaks at 2θ ≈ 31.7°, 34.4°, 

and 36.2°, which match the characteristic 

reflections of ZnO’s wurtzite hexagonal 

crystal structure, as referenced in JCPDS card 

no. 36-1451. These peaks confirm the 

presence of crystalline ZnO and suggest that 

ZnO acts as a nucleating agent, enhancing 

the overall crystallinity of the bioplastic 

matrix (Anugrahwidya et al., 2022; Asri et al., 

2020). Despite their high crystallinity, the ZnO 

peaks showed moderate intensity, possibly 

due to low filler concentration or uniform 

particle dispersion. 

Together, the FTIR and XRD results 

confirm that both cellulose and ZnO were 

successfully integrated into the bioplastic 

matrix. While cellulose contributed to 

hydrogen bonding and moderate flexibility, 

ZnO enhanced crystallinity, potentially 

improving mechanical strength and barrier 

properties. 

 

CONCLUSIONS 

 

This study demonstrated the successful 

utilization of cellulose derived from spent 

coffee grounds (SCG) and zinc oxide (ZnO) as 

functional fillers in starch-based bioplastics. 

Both fillers significantly influenced the 
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mechanical, optical, and barrier properties of 

the bioplastics. Cellulose enhanced tensile 

strength due to its reinforcing semi-

crystalline structure, while ZnO improved 

transparency and contributed to smoother 

film morphology. FTIR and XRD analyses 

confirmed the chemical interactions and 

crystallinity patterns associated with each 

filler, and SEM imaging revealed 

morphological differences that affected 

performance. The application of TOPSIS as a 

multi-criteria decision-making tool identified 

the formulation containing 1% SCG cellulose 

and 20% glycerol as the optimal composition. 

These results highlight the feasibility of 

converting agro-industrial waste into value-

added, biodegradable materials with 

potential for sustainable packaging 

applications. Further research may focus on 

long-term biodegradability or migration tests 

to assess safety in food contact applications. 
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