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This research develops a biodegradable biomaterial from coffee pulp, an abundant agro-industrial byproduct in 

Colombia, integrating sustainability and industrial design principles. The study aimed to characterize the pulp’s 

physicochemical properties, formulate composites using natural binders such as cassava starch and rosin, and 

evaluate their mechanical performance through prototyping. The methodology comprised three sequential 

phases: substrate characterization, formulation and prototyping, and comprehensive performance testing, 

including mechanical, hygroscopic, density, and lignin analyses. Results showed that samples with 8 wt% of 

rosin reached an elastic modulus of 1162.40 MPa and a maximum load of 100.31 N, confirming their potential 

for non-structural design applications. Additionally, the biomaterial exhibited thermoacoustic behavior suitable 

for interior components. These findings position the material as a promising bio-based alternative for selected 

non-structural and short-life applications, although further studies are required to validate its durability and 

biodegradation under real conditions. 

1. Introduction 

Coffee production represents one of the most important agro-industrial activities in Colombian economy, due to 

its contribution to rural employment as well as for its weight in the trade balance. However, this productive 

system generates a significant amount of organic waste that does not always receive an environmentally sound 

treatment. Among the products of coffee production, coffee pulp constitutes the largest residue, and it is one of 

the most problematic due to its fast decomposition and high organic load. Studies conducted on agricultural 

soils have shown that uncontrolled accumulation of Coffea Arabica pulp alters the edaphic microflora, increases 

soil acidity and affects nutrient availability generating negative impacts on surrounding agricultural ecosystems 

(Castro & Cervantes, 2015). In accordance with these findings, it has been documented that inadequate 

disposal of coffee waste contributes to contamination of surface and groundwater bodies, intensifying problems 

of eutrophication and deterioration of environmental quality in coffee-growing regions (Fernández & Sotto, 

2020). This scenario highlights the need for strategies that go beyond conventional waste management and 

promote its transformation into value-added resources. From a circular economy perspective, several studies 

have proposed the re-use of agro-industrial residues as an effective way to reduce environmental burdens and 

optimize the exploitation of renewable resources. In the specific case of coffee production, former research has 

explored the use of by-products such as the pulp and husks in biodegradable applications, demonstrating their 

technical viability in short-life products. Rojas & Hernández (2022), evaluated the technological use of coffee 

pulp in the production of biodegradable cups, demonstrating physical properties suitable for disposable 

applications and highlighting its potential as a substitute for conventional polymers. On the other hand, Serna-

Jiménez et al. (2018) analyzed the extraction of bioactive compounds from coffee pulp, identifying a high content 

of polyphenols and antioxidant capacity, confirming the chemical and functional complexity of this residue. 

Recent evidence indicates that research on coffee pulp has focused primarily on two value-added pathways: 
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the development of biodegradable or edible films and packaging for applications with low mechanical demands, 

and the extraction and purification of high-value compounds, such as pectin, polyphenols, and caffeine (Serna-

Jiménez et al., 2023). While these contributions demonstrate the chemical and functional versatility of the 

residue, there is limited evidence regarding its use as the primary lignocellulosic component in biodegradable 

biocomposites. This gap is particularly evident in applications requiring simultaneous stiffness, hygroscopic 

stability, and design-oriented functional performance. Studies on natural fiber composites and lignocellulosic 

byproducts have shown that residues such as hemp, bagasse, shells, and other plant-based reinforcements 

can improve the density to yield strength ratio, thermal performance, and mechanical stability in non-structural 

applications (Elfaleh et al., 2023).  

Thus, the integration of eco-design and bioclimatic architecture outstands in the adoption of biomaterials, for 

example, the use of facade cladding, making it a fundamental strategy for sustainable urban development 

(Sotelo et al., 2024). Eco-design focuses on minimizing the environmental footprint of buildings and products 

throughout their life cycle. Therefore, the development of biomaterials from coffee pulp not only helps to mitigate 

environmental impact but also supports design and sustainability driven innovation models.  

These models seek to integrate technical performance, production feasibility, and social value into new 

materials. (Quiceno et al., 2023). Going beyond previous studies focused on the extraction of bioactive 

compounds from coffee pulp (Rojas and Hernández, 2022), this study proposes and evaluates a biodegradable 

composite material made from coffee pulp and natural binders for eco-innovative design applications. Its novelty 

lies in combining material characterization, experimental formulation, and the evaluation of mechanical and 

hygroscopic behavior with prototype development. This integrated approach demonstrates the viability of coffee 

pulp as a semi-structural biomaterial with thermoacoustic potential for architectural and non-structural industrial 

design applications.  

2. Materials and Methods 

The main raw material used in this research was coffee pulp from the Las Villas and Los Gavilanes farms, 

located in the Serranía del Perijá, north of the department of Cesar, Colombia. The residue underwent a 

traditional drying process in a tray dryer with air circulation at 60°C for 3 hours, with the aim to reduce its moisture 

from 35% to 4%, followed by a mechanical grinding stage using a ball mill for 2 hours.  

Once the grinding was complete, the material was sieved to separate particles with a size between 2.38 mm 

and 4.76 mm. Cassava starch and commercial-grade natural pine resin, namely rosin, were used as binding 

agents, which were selected for their renewable origin and thermal activation capacity. Physicochemical 

characterization of coffee pulp, moisture and ash content were determined according to ASTM D2974-87. Lignin 

content was determined using the Innventia COST FP0901 protocol, and fat content was determined according 

to Mexican standard NMX-F-089-S-1978. Table 1 shows the formulation of the test specimens, which used an 

experimental design 23, with two binders and three concentrations of binder by weight.  

The raw materials were mixed dry. The test specimens were manufactured in a 30 cm² mold, maintaining the 

temperature at 140 °C and under a pressure of 3,500 psi for 120 minutes. The material was then removed from 

the mold for subsequent characterization through density, flexural strength, and water absorption tests of the 

biomaterial. 

Table 1: Biomaterial formulation 

Binder  % w/w of binder 

Cassava starch 6 8 10 

Pine resin 
6 8 10 

Finally, using a design-driven innovation methodology, a functional prototype was developed based on the 

formulation of the material with the best physicochemical and mechanical performance, making it into an 

application of use and value in line with its design intent. The prototype was not limited to validating technical 

properties, but also materialized a proposal that communicates a clear “why” and a coherent value proposition 

for the context (Verganti, 2009). Therefore, the design is supported by eco-design, circular economy, and 

modularity criteria to facilitate the disassembly, maintenance, and replacement of its parts. Its performance was 

determined by standardized tests and verification of its circularity and resource efficiency attributes, 

demonstrating technical feasibility and consistency with a circularity-oriented design logic.  

In this way, products designed with these characteristics contribute to thermal comfort, reducing the 

environmental footprint, in an innovative design development (Sotelo et al., 2025). The conclusions highlight the 

potential of bioclimatic and ecological design to address thermal problems, recommending its adoption in 

products and architecture. 
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3. Results and Analysis 

This section presents the results of the characterization tests carried out on coffee pulp and the biomaterial 

obtained from pine resin. 

3.1 Characterization of coffee pulp 

Table 2 shows the results of the characterization tests on the coffee residue used to make the different 

biomaterial formulations. 

Table 2. Results of physicochemical characterization of coffee pulp 

Evaluated parameter Standard Unit Average value 

Moisture ASTM D2974-87 % 4.34 

Ash ASTM D2974-87 % 13.35 

Lignin COST FP0901 % 18 

% Fat NMX-F-089-S-1978 % 1 

The moisture content of 4.34% indicates a low presence of free and bound water in the material, which is 

desirable for minimizing degradation and maintaining dimensional stability. Contemporary research highlights 

that moisture in natural fibers directly influences their susceptibility to water absorption and mechanical stability, 

given that the hemicellulose and lignin fractions determine water affinity and interaction with polymer matrices 

(Eleutério et al., 2025). The ash content of 13.35% reflects the presence of mineral components derived from 

plant residue, which can affect fiber-matrix interactions and the thermal behavior of the biomaterial. Studies on 

ash in biocomposites suggest that high ash contents can influence the fatigue resistance and glass transition 

temperature of composites, although the impact varies depending on the biomass source (Zhao et al., 2022).  

With regard to lignin, 18% is consistent with the typical composition of natural lignocellulosic fibers, in which 

lignin contributes to the rigidity and thermal stability of the cell wall. Recent studies confirm that lignin acts as a 

structural aromatic polymer that can improve resistance to degradation and act as a flame retardant, but also 

increases microstructural heterogeneity in composite matrices, making it ideal for architectural applications.  

The 1% fat content indicates a minimal presence of lipophilic extractives, which favors compatibility with 

hydrophilic binders and reduces the potential for weak interfaces. Studies on the treatment and composition of 

natural fibers show that low levels of extractives such as waxes and fats are beneficial for fiber-matrix adhesion 

and improve stress transfer in composites (Eleutério et al., 2025). 

3.2 Biomaterial characterization 

Once the hot pressing process of the formulations was completed, none of the mixtures with cassava starch 

produced a mechanically stable material and were therefore discarded for characterization testing. Table 3 

shows the results of the characterization tests of the biomaterial obtained using pine resin. The average 

apparent density of 999.62 kg/m³ places the developed biomaterial within the range of medium-density 

lignocellulosic composite materials, suggesting an adequate balance between compactness and porosity. This 

value is higher than that reported for conventional natural fiber boards, whose density usually ranges between 

600 and 850 kg/m³, depending on the type of residue and the binder used (Elfaleh et al., 2023).  

However, it remains below synthetic polymeric materials used in industrial applications, which represents an 

advantage in terms of weight reduction and material efficiency and is favorable for applications in industrial 

design and interior and exterior architecture. Moisture absorption tests showed moderate hygroscopic behavior, 

attributable to the lignocellulosic nature of coffee pulp; however, the incorporation of natural resin contributed to 

improving the dimensional stability of the material under controlled environmental conditions. Even so, the 

response of the material to prolonged environmental exposure, moisture cycling, and biological degradation 

under real conditions remains to be verified 

Table 3: Results of mechanical and physicochemical tests of the coffee pulp-based biomaterial versus other 

composite materials  

Evaluated parameter Standard Unit Coffee pulp-based 

biomaterial 

Polypropylene 

fiber (Elfaleh et 

al., 2023) 

Polyethylene 

fiber (Elfaleh 

et al., 2023) 

Apparent density ASTM D2395 Kg/m³ 999.62 910 965 

Elastic modulus ASTM D4761-19 MPa 1162.4 650 2000 

Acoustic insulation ASTM C423-22 dB 25.1 30 22 

Thermal insulation  ASTM C411-19 °C 11.3 9 8 
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The coffee pulp-based biomaterial represents a technically viable alternative for applications requiring balance 

between mechanical stiffness, thermal insulation, and sound attenuation, particularly in sectors such as 

sustainable construction and environmental conditioning. Although it does not achieve the stiffness of 

polyethylene or the acoustic performance of polypropylene, its overall performance, combined with its renewable 

origin, constitutes a significant comparative advantage.  

 

Figure 1: Stress-strain curve of the coffee pulp-based biomaterial 

In terms of sound insulation, an attenuation level of 25.1 dB was achieved, which is comparable to plant-based 

acoustic panels where fiber-based materials show significant sound absorption capabilities thanks to their 

porous structure that disperses acoustic energy, something also observed in natural fibers combined with 

organic matrices (Namakka et al., 2025). According to Ciampi et al., 2003, in an architectural design application, 

the prototype shown in Figure 2a was developed. According to the data obtained, the “ventilated skin” cladding 

system —as shown in Figure 2b, solar radiation heats the outer face and activates convective flow (Poirazis, 

2004), the hot air rises and is replaced by cooler air from below— achieving two key effects in the performance 

of the wall (Dos Santos Pizzatto et al., 2025). Likewise, the material analyzed in this study showed a reduction 

of up to 25.1 dB under conditions of maximum coverage and stratification, which in practice can be felt as a 

noticeable decrease in outside noise (e.g., traffic or urban activity are perceived as much more “distant”). On 

the other hand, it provided thermal insulation of up to 11.3°C, associated with the evacuation of heat 

accumulated in the air chamber, reducing the thermal load that ultimately reaches the interior surface of the 

wall. In addition, this combination (cavity + air circulation + outer layer) acts as an active “cushion”: not only 

does it provide a layer of separation, but it also stabilizes the thermal behavior of the enclosure by dissipating 

heat through ventilation of the cavity, which translates into greater comfort and less dependence on air 

conditioning at critical hours (Streicher et al., 2005). 

Although results obtained demonstrate promising mechanical, hygroscopic, and thermoacoustic performance, 

the durability and biodegradability of the developed biomaterial under real-world service conditions were not 

evaluated in this study and are currently under investigation for presentation in a future paper. Given its 

lignocellulosic composition, the material may be sensitive to environmental exposure variables such as moisture 

cycles, solar radiation, temperature fluctuations, and/or microbial activity, which can affect dimensional stability, 

surface integrity, and the rate of degradation over time (Eleutério et al., 2025). In this regard the present results 

confirm the technical viability of the material at the laboratory scale, but further validation is required under 

outdoor or semi-exposed conditions. As well, scenarios of controlled composting or soil contact scenarios to 

determine its actual durability in use and its biodegradation pathway at the end of its useful life need to be 

reviewed. This distinction is relevant because, as noted by (Law and Narayan, 2022) the environmental value 

of a biobased material depends not only on its origin but also on its actual performance during use and on the 

conditions under which its degradation at the end of its useful life can occur effectively.  
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Figure 2: a) Prototype module b) Airflow within the thermal insulation system. 

4. Conclusions 

The study demonstrates that coffee pulp, an agro-industrial residue widely available in Colombia, can be 

transformed into a biodegradable biomaterial with physical and mechanical properties suitable for applications 

in industrial and non-structural architectural design. The physicochemical results suggest that the composition 

of the coffee pulp-derived material is in line with trends observed in contemporary biocomposites, where the 

balanced proportion of moisture, ash, and lignin contributes to functional properties compatible with non-

structural applications in industrial design. Mechanical characterization validated its viability as a sustainable 

alternative to conventional materials from non-renewable sources. The use of natural binders such as pine resin 

was decisive in improving the cohesion and mechanical performance of the material, while preserving its bio-

based character and its potential for biodegradable end-of-life pathways. From an industrial design perspective, 

the biomaterial developed facilitates the creation of eco-innovative solutions aligned with criteria of circular 

economy, modularity, and reduced environmental impact. From an industrial design perspective, the biomaterial 

developed facilitates the creation of eco-innovative solutions aligned with criteria of circular economy, 

modularity, and reduced environmental impact. As a recommendation for future research, further investigation 

should be conducted into the optimization of surface treatments and the evaluation of material performance on 

a pilot scale, taking into account the need to carry out tests in controlled environments with exposure to solar 

radiation and humidity. As a recommendation for future research, further investigation should address not only 

the durability of the material under real service conditions, but also the scalability of the production process. 

Particular attention should be given to reducing pressing time, optimizing thermal and pressure requirements, 

and evaluating the transfer of the current batch-based method to pilot-scale or semi-continuous manufacturing 

conditions. These advances would strengthen the feasibility of the biomaterial in real production contexts and 

broaden its potential for eco-innovative applications. 
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