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Abstract

:

Addressing urban air pollution is a pressing challenge, prompting the exploration of mitigation strategies such as urban greening. However, certain innovative greening approaches, while promising, may inadvertently incorporate unsustainable elements that undermine their eco-friendly philosophy. In this context, our research focuses on addressing the replacement of a petroleum-based filter substrate in an existing ‘green’ outdoor air purification system that utilizes ‘moss filters’, known as a ‘moss wall’. This initiative is driven by concerns about microplastic leakage from the substrate and the need to optimize the moss wall system in terms of circularity. This preliminary study presents a crucial first step, aiming to assess the feasibility of developing a circular, bio-based plate as a replacement for the existing microfiber filter substrate. The focus is on the potential of this plate to recycle moss from the system itself as raw material, ensuring structural integrity and the ability to support its own weight. To achieve this goal, a series of controlled experiments were conducted in a laboratory setting using cellulose, corn starch, and metakaolin binders. Our findings indicated that cellulose was crucial for the structural integrity, starch significantly enhanced the sample strength, and metakaolin improved the water resistance. These insights culminated in the creation of a laboratory-scale moss-based composite prototype, with moss constituting more than half of the total mass. This prototype demonstrated promising results as a starting point for a more environmentally friendly and bio-based moss wall substrate. Subsequent research efforts will concentrate on optimizing the binder and fiber composition, evaluating and improving the bioreceptivity and filter properties, conducting outdoor testing, and scaling up the prototype for practical implementation.
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1. Introduction


Being exposed to ambient air pollution is a severe threat to human health causing around 4.2 million deaths every year [1,2,3,4]. Particulate matter (PM) is the main air pollutant in urban environments that causes severe health problems [2,3,5]. These small particles, solids or liquid aerosols, come from a variety of sources, both natural and anthropogenic, such as fossil fuel combustion, construction dust, and industrial processes [6,7]. Mainly, two types are defined based on particle diameter: PM10 are particles with a diameter of 10 µm or less and PM2.5 are particles with a diameter of 2.5 µm. These particles, especially PM2.5, can penetrate deep into the lungs, leading to severe health issues [3,5].



One way to combat air pollution is to address the problem at its source and reduce emissions from polluting activities. Another way is to filter polluted air using active or passive filtration technology [8,9,10,11,12]. Various methods and systems have been introduced to actively filter polluted outdoor air [8,11,12]. Among these are solutions that make use of the air-purifying properties of plants. One such method is the use of ‘moss walls’ [11,12]. These systems, illustrated in Figure 1a, draw in polluted air through ventilation fans installed inside a hollow wall that is covered with ‘moss filters’, passing the stale air through the moss and the substrate on which the moss grows. After filtering, the purified air is released back into the environment. Due to the absence of a developed root system mosses have developed a very high surface area of densely packed leaves to absorb water and nutrients compared to other plants [13,14]. This allows them to trap air pollutants, such as PM, in a very efficient way, similar to manmade filters [15]. Research performed in 2019 at the University of Antwerp has shown that the filtration efficiency of moss panels is 43.1% for PM10 and 22.8% for PM2.5 [16].



To use living moss as part of a filter setup in an air purification system, it needs a breathable and moisture-retaining substrate on which it can grow. Currently, in the moss wall that is the subject of this study, a synthetic microfiber cloth is used for this purpose, see Figure 1b [11,16]. However, this material is highly environmentally polluting as it contains and releases microplastics to the environment, i.e., pieces of plastic less than 5 mm in diameter, that are not degradable and are harmful to various ecosystems [17]. The exposure of microplastics to humans, whether through ingestion or inhalation, can cause potential health risks. These risks include medical conditions, such as gastrointestinal issues, chronic pulmonary diseases, fibrosis in the lungs, and an elevated risk of lung cancer [18,19].



To mitigate the entry of microplastics from the substrate of the moss wall into the environment, this study aims to lay the foundations for a bio-based alternative to microfiber cloth, utilizing excess moss from the system as a raw material. By using saturated moss from the filters and/or excess moss (after cleaning), the system will become more self-sustaining with reduced dependence on external inputs. Therefore, this solution not only addresses immediate environmental concerns but also promotes the circularity of the moss wall. This preliminary study primarily focusses on assessing the feasibility of developing such a biocomposite, placing emphasis on structural integrity and the material’s ability to support its own weight, while thoroughly exploring associated materials and methods. At this stage, the scope of this research does not extend to evaluating and optimizing the applicability of the biocomposite as a substrate or its filtration properties.




2. State-of-the-Art Biocomposite Materials


Biocomposites are materials consisting of a reinforcing phase and a matrix surrounding the reinforcing phase, where at least one of the two is derived from natural sources. They can be categorized based on the type of matrix and fibers they employ, resulting in two main classifications: partially biodegradable and completely biodegradable. Within the category of completely biodegradable biocomposites, bio-fibers are utilized in combination with matrices composed of biodegradable polymers. However, currently, the market for fiber reinforcement is still dominated by synthetic fibers, resulting in mainly partially biodegradable solutions [20]. In many applications, natural fibers are a good alternative to synthetic fibers that are derived from petroleum or other non-renewable resources. This is supported by extended research on the mechanical properties of natural fibers, which exhibit promising similarities to traditional fibers but still have room for further improvement [21]. They are considered to be more environmentally friendly as they are made from renewable resources. Moreover, they have low CO2 emissions during processing, are abundantly available and cheap, and can be recycled or biodegraded at the end of their life [22]. By utilizing these materials, biocomposites can offer a sustainable solution to the disposal management issues faced by certain countries, addressing waste accumulation while promoting resource efficiency [23].



Much progress has already been made in developing methods to make biocomposites using different combinations of natural fibers and binders. In this respect, several recent studies have explored the use of moss-based biocomposites for constructing thermal insulation plates in buildings [24,25,26]. In these studies, Sphagnum moss was used as the main component in combination with various binders, viz., animal glue, liquid glass, and urea-formaldehyde. Biocomposites for thermal insulation applications have also been produced from hemp and flax shives with potato starch as a binder. The aggregate–binder ratio was chosen to be the lowest possible so the sample could withstand its self-weight, resulting in a ratio of 1:3. Starch was prepared using the casting method, whereafter the mixture was compressed and left to dry [21]. Starch is also commonly used in the packaging industry for the preparation of bioplastics. As shown by Marichelvam et al. (2019), the tensile properties of starch are suitable for the production of packing materials, and the preparation method is straightforward [27]. Furthermore, several papers have investigated the use of metakaolin in combination with corn starch to create a biofilm. This combination results in an improvement in the mechanical tensile strength and hydric properties of the obtained biocomposites [28,29]. The use of wood and paper pulp as binders in biocomposites is currently also being researched [30]. Fuentes et al. (2021) developed biodegradable pots based on different waste materials such as, among others, used paper, wheat flour, and corn-waste flour [31]. Additionally, a combination of wooden fibers and peat moss has been used for the design of biodegradable pots, containing 80% wooden fibers and 20% peat moss, to improve the uptake of water [32].



To conclude, the growing interest in biocomposites offers numerous opportunities to develop sustainable materials for diverse applications. Although there is a lot of ongoing research on natural fibers and biodegradable polymers to replace petroleum-based products, the development of fully biodegradable biocomposites is still in its early stages. Moreover, the integration of moss fibers alongside other natural fibers and biodegradable polymers to develop biocomposites, other than for insulation purposes, remains a relatively unexplored topic. In the broader context of continuous research on moss walls for urban air purification, and with the aim of advancing the state of the art in (moss-based) biocomposites, this study therefore explores the feasibility of creating a new fully biodegradable, moss-based biocomposite. In the first instance, the objective is to develop a material that uses excess moss from the system as a raw material and that can support its own weight while preserving its structural integrity. Consequently, this preliminary investigation stands as a meaningful contribution to ongoing research efforts and advancing the current state of the art.




3. Materials and Methods


The previous section highlighted the wide variety of materials available for biocomposites that are currently in active use and exploration. For our specific application as a substrate for moss filters, we adopted a meticulous material selection process, with a strong emphasis on sustainability. Our selection criteria revolved around the following principles: the chosen raw materials needed to be natural, biodegradable, reusable, renewable, and abundantly available and had to provide a nutrient-rich environment to stimulate moss growth. We also considered the origins of these materials to minimize their environmental footprint, favoring locally sourced options. Furthermore, it was imperative that the materials did not leave any harmful residues that could detrimentally impact the environment.



In addition to material selection, we developed a detailed plan for binder preparation and sample production. With the aim of developing a biocomposite that could support its own weight while preserving structural integrity, various binder-to-fiber ratios were systematically tested to achieve samples with an optimal moss content and structural integrity. Subsequently, we conducted manual assessments and a series of preliminary laboratory-scale tests to provide an initial characterization of the most successful samples.



3.1. Materials


3.1.1. Natural Fibers


The natural fiber used in this study was the moss fiber of Sphagnum moss. This moss species is widely available and has already been used in research on moss-based biocomposites for thermal insulation purposes [25,26,33]. Furthermore, this moss species was used as a part of the filter in the moss wall, enabling air purification. With circularity in mind, it would be ideal to use the saturated moss from the filters and/or existing excess moss, after cleaning, as a resource for the new substrate. In this manner, a self-sustaining system can be achieved with minimal external materials. Hence, fibers of Sphagnum moss were used as the primary material of the new biocomposite. Being aware of moss fibers being characterized by their relatively short length and limited tensile strength, we acknowledged the necessity for enhanced structural strength. To address this need, we explored the inclusion of longer fibers, such as jute, flax, sisal, and hemp. These longer fibers possess a significantly higher tensile strength when compared to moss fibers. Based on practical considerations, we ultimately opted for jute to fortify the structural integrity of the plate. Despite jute originating primarily from eastern India and Bangladesh [34] and the study being conducted in Antwerp, Belgium, jute was chosen for its accessibility and easy handling.



Preceding the production process, the moss fibers underwent a cleansing process, in which the moss was washed with running water to remove impurities such as sand. Next, the moss fibers were blended in a mixer. The jute fibers were extracted from a jute rope by cutting them into lengths of about 20 to 30 mm and by splitting the rope into four fibers. In two samples, long moss fibers were used instead of jute fibers.




3.1.2. Binders


Three binders were evaluated to increase the strength of the plate. An important requirement was that the binders should not be of animal or synthetic origin. Thereby, animal-based binders such as chitosan, animal glue, and gelatin, frequently used in biocomposites [25,31,35,36], were excluded from the experiments. Cellulose, the first binder, is the main structural component of the cell wall in plants. In this study, the cellulose was derived from biodegradable plant pots composed of paper and wood pulp. These biodegradable pots had a high cellulose content and will be referred to as ‘cellulose’ in the remainder of the paper for the sake of conciseness.



As a second binder, corn starch was used. This is a carbohydrate composed of semi-crystalline granules, which consist of glucose chains, formed by plants during photosynthesis. The structure of corn starch is initially crystalline as the glucose chains in the granules are connected with hydrogen bonds. Adding water and increasing the temperature causes the granules to absorb water until the bonds between the glucose chains break. The glucose chains bind with the surrounding water molecules, and the density of the mixture increases, achieving the gelatinization of starch. Retrogradation occurs when the mixture cools down. The glucose chains repel the water molecules and rebind with other glucose chains, regaining a crystalline structure with high mechanical properties.



Metakaolin, as a third binder, is the calcinated form of the clay mineral kaolin, which is a type of soft, white clay found all over the world. The calcination process drives all the water out of the kaolin, which results in metakaolin, an amorphous aluminum-silicate (Al2O3·2SiO2) [37]. Metakaolin is often used as a partial replacement for cement, which enhances the strength as well as reduces the amount of cement needed in concrete [38].



The cellulose was weighed and included in the mixture, while the corn starch and metakaolin needed additional preparation. The corn starch was synthesized using the casting technique, a widely employed method for generating gelatinized starch, as evidenced in prior works [39,40,41,42]. Initially, 15 g (12.5% proportion in the mixture) of corn starch in a granular state was introduced into 150 mL of water and manually stirred until complete dissolution. The mixture was then heated to 80 °C and continuously stirred for 10 min to achieve starch gelatinization (Figure 2a). In the case of metakaolin preparation, the weighed clay in granulated form was initially saturated with water via a gradual addition of water while stirring the mixture until a paste-like consistency was attained (Figure 2b). Weights were measured in a dry state with a measurement accuracy of ±5 g and volumes with a measurement accuracy of ±5 mL.





3.2. Methodology


3.2.1. Sample Composition and Identification


Table 1 gives an overview of the composition of the tested samples. Various combinations of binders, fibers, and lengths of fibers were tested to achieve a strong sample that contained a high moss content. By using these combinations, the samples could be compared, enabling a separate analysis of the effect of each material.



The samples were named based on their composition. The first part of the name ‘X/X’ refers to the moss/cellulose ratio of the sample. This ratio is followed by a letter when an additive was implemented in the mixture. The letters C, M, LM, and LJ indicate the addition of corn starch, metakaolin, long moss fibers, and long jute fibers, respectively. The letter is followed by a number that corresponds to the weight in grams (g) of the material.




3.2.2. Production of Samples


While in many studies the production of biocomposites involves hot pressing and extrusion at high temperatures, this study opted for a more climate-friendly and energy-efficient technique that avoids high temperatures and high energy inputs [43,44]. The production process used was inspired by the production process of paper and nori sheets. In these processes, the wood and seaweed, respectively, are shredded and mixed with water. The mixture is then pressed to remove the excess water, after which the sheet is dried. To form the samples, the moss and binders were mixed in a blender with the addition of water to improve the mixing process. The materials were mixed until a homogeneous mixture was formed. For the shape of the plate, a picture frame of one A4 size was used (Figure 3a). The mixture was placed on the filter cloth, after which as much water as possible was pressed out. Lastly, the plate was turned over and laid to dry on a towel (Figure 3b). After one week, the sample was fully dried out and ready for testing.




3.2.3. Evaluation Criteria and Characterization of the Samples


The samples were visually assessed to qualitatively characterize their composition and the adhesion between the binders and fillers, providing a comprehensive overview of the microstructure. A laser scanning confocal microscope ‘Keyence VKX100’ (https://www.keyence.com/landing/microscope/pr_vk-x_feauture.jsp, accessed on 6 March 2023) was used for this purpose. The microstructure was studied with a magnification of 90×, which stands for the combination of a magnification objective 18× and a lens magnification of 5×.



The tensile strength was measured with an ‘Instron 3366’ device and the accompanying software ‘Instron Bluehill vers. 2’ (https://www.instron.com/-/media/literature-library/products/2011/06/3300-series-table-model.pdf, accessed on 3 April 2023). The starting conditions included no preforce, and the tensile testing speed (extension rate) was set at 5 mm/min. Prior to conducting the tensile test, the samples underwent a drying period of at least one week following production, ensuring that they were thoroughly dried out by the time of testing. This was verified by weighing the samples until a stable weight was reached, as well as measuring the moisture content using a ‘PeakTech 5200’ moisture meter. Subsequently, three strips measuring 20 ± 1 mm in width and depth varying from 2 ± 1 to 6 ± 1 mm were cut from each sample to undergo testing. The average of the three measurements was taken to obtain a representative value for the tensile strength of the sample composition.



To assess the water retention capacity of the samples, the water permeability was measured. The sample was placed atop a container, ensuring that water could pass through it unhindered by any surface. Subsequently, a tube was affixed onto the sample using silicone and filled with 25 mL of water. The time needed for the water to pass through the sample gave rise to the water permeability. The test was only performed once for each sample at one spot, making the results unreliable. It is therefore important to note this was the first indicative test to provide an idea of the porosity/water permeability of the samples.



To assess the bioreceptivity of moss on the samples, three different techniques were tested. In the first technique, moss was inserted at various points on the sample and loose moss was placed on the surface. Secondly, a mixture composed of 30 mL water, 1 tablespoon of yoghurt, and 10 g of shredded moss fibers was evenly spread on the surfaces [9,45]. The plates were held in boxes covered with plastic film, with small cut-outs for ventilation, to create a humid environment conducive to moss growth. Water was regularly sprayed on the plates to maintain a humid environment, and shading of the moss was ensured. A third option was explored to grow moss on the plates that involved the incorporation of cut-outs and folding the plate forward before drying. Next, soil and untreated moss were inserted in these designated points. Finally, once the sample was fully dried out, it was positioned vertically in a shaded location and sprayed with water every day to monitor the moss growth.



A mold was created with a 3D printer, ‘Flashforge Guider IIs’ [46], provided by the University of Antwerp, and the accompanying software ‘Flashprint vers. 5’. The mold design was taken from Aidan Leitch’s creation [47]. The mold was a 6 cm by 6 cm square with a flat base and a wave pattern on top. It consisted of three parts, the base, the walls, and the top. Another dimension explored was the potential to create elements with a form other than the flat A4 size. While synthetic fabric’s stiffness resulted from the tensioning forces when suspended in a metal frame, the plate could not rely on the tensile stiffness due to its brittleness. However, the form of the samples can be optimized to enhance the stiffness.






4. Results


4.1. Manual and Visual Assessment of Samples


Manual assessment of the samples provided valuable insights into the different combinations between fibers and binders, as well as the resulting cohesion and mechanical characteristics of the samples. A difference in robustness and stiffness was observed between the four samples solely composed of moss and/or cellulose pulp. The sample ‘100/0’ (Figure 4a), composed entirely of moss, exhibited minimal cohesion among the moss fibers, as they broke quickly when subjected to a little force. The samples ‘90/10’, ‘75/25’, and ‘50/50’ (Figure A1a) revealed that increasing the cellulose content in the mixture strengthened the plates and increased the stiffness. However, it was observed that the sample ‘90/10’ (Figure 4b), containing a minimal amount of cellulose of 10%, was robust enough to bear its self-weight and maintained its structural integrity.



Next, other binders, such as corn starch and metakaolin, were incorporated into the mixture of the samples. The sample ‘100/0-C15’ (Figure A1b) showed a greater cohesion between the moss fibers compared to sample ‘100/0’; however, the sample also collapsed when force was applied to it. In contrast, the sample ‘90/10-C15’ (Figure A1c), consisting of moss fibers, cellulose pulp, and corn starch, displayed increased strength and stiffness compared to the sample ‘90/10’. In general, can be concluded that the implementation of corn starch increased the strength and stiffness of the samples. The addition of metakaolin to the mixture, however, reduced the strength of the samples.



The sample ‘100/0-M60’ was fragile and crumbled rapidly (Figure 4c). The sample ‘90/10-M60’ (Figure A1d), with the addition of 10% cellulose and 60g of metakaolin, resulted in a self-supporting plate with a lower strength than the other samples containing cellulose. The inclusion of cellulose pulp as a matrix was necessary to achieve the desired strength by holding all the components together. The combination of moss fibers, cellulose pulp, metakaolin, and corn starch, ‘90/10-C15-M30’ (Figure 4d), was more robust compared to the other samples. The addition of cellulose fibers and corn starch provided a plate of strength and stiffness, while the combination of corn starch and metakaolin could improve the water resistance, as suggested in the State-of-the-art section.



Apart from the assessed stiffness and strength of the samples, it could be observed that a number of samples were curved after the drying period. The samples could warp due to uncontrolled evaporation, meaning that water evaporated faster in certain areas of the sample. This phenomenon occurred with the samples solely composed of moss and cellulose, Figure 5a, and with the addition of corn starch. In contrast, the samples containing metakaolin did not warp, see Figure 5b. This can be attributed to the better water retention properties of metakaolin, resulting in a controlled and gradual evaporation process.



The implementation of long fibers (moss or jute) in the substrate also had a visual influence on the samples. The sample ‘90/10-LM30’ (Figure 6a), which contained 30 g of untreated moss fibers, could not be compacted as well as the other samples, resulting in a thicker plate. The high content of long fibers, together with the thickness of the moss fibers, may have caused this. Moreover, the fibers could not be spread homogenously because they were not blended in the mixer, resulting in high concentrations of moss fibers at some spots. Next, the sample ‘90/10-LM15-C15’ was manufactured with a lower untreated moss fiber content and the addition of corn starch. In this case, the plate could be compressed better, making the plate thinner again. It can also be remarked that the flexibility of the plate slightly increased. The sample ‘90/10-LJ5’ (Figure 6b), with the addition of jute fibers (thinner than the moss fibers), exhibited similar results.



The samples could hypothetically exhibit enhanced performance if the moss fibers were to be uniformly distributed, minimizing interference among the fibers, removing weak spots without fibers, and achieving an improved enclosure of the fibers by the matrix. The fibers could be dispersed more evenly by optimizing the mix design and by mechanical mixing of the fibers and the matrix. The content of long fibers was decreased from 15 g (sample 90/10-LM15) to 5 g (sample ‘90/10-LJ5’) because proper distribution proved unachievable with a high content of long fibers. This adjustment in sample composition resulted in a better distribution of the long fibers, as observed in Figure 6b. Additionally, by utilizing the vibrational mixing method already established in the concrete industry, enhancements in the distribution can be achieved [48].




4.2. Microscopic Assessment of Samples


The Sphagnum moss had a remarkable structure when studied under the microscope. The branches were wide open when the fiber was moistened, while they closed upon drying to conserve as much water as possible. This structure prompted the concept of applying pressure to the moist fiber to remove excess water, interlocking the moss fibers and potentially incorporating binders in between. Figure 4a shows a microscopic image of sample ‘100/0’. It was observed that the moss fibers were overlapped and mixed in all directions. There were voids between the individual moss fibers, which may explain the weak bonding perceived in the manual assessment. The sample ‘90/10’ showed a structure of moss fibers combined with cellulose pulp (Figure 4b). It was noticeable that the individual moss fibers could be distinguished anymore because they were enveloped by the cellulose pulp. The voids in the structure were filled with cellulose fibers, resulting in a dense structure with a high degree of homogeneity. The larger components that can be perceived are imperfections, namely organic materials like grass, sand, and sticks. Observing sample ‘100/0-C15’ under the microscope (Figure A2a), it can be noticed that the corn starch cannot be distinguished in the image as the entire mixture formed a whole. The moss fibers were enveloped by the corn starch, resulting in a dense and homogeneous microstructure, where the gaps revealed in the microstructure of sample ‘100/0’ were filled. The sample ‘100/0-M60’ (Figure 4c) illustrates the moss fibers, but this time they were enclosed by the metakaolin. The moss fibers were easily distinguishable from each other compared to the samples with cellulose or corn starch. Furthermore, the metakaolin particles were evenly spread around the plate. However, the samples with cellulose and corn starch were a coherent mixture. The sample ‘100/0-M60’ showed two materials, where metakaolin was a filler rather than a binder, which can also be noted by visual inspection. The observation of the discussed samples under the microscope made it possible to distinguish the various components in the samples ‘90/10-C15’ (Figure A2b), ‘90/10-M60’ (Figure A2c), and ‘90/10-C15-M30’, see Figure 4d.




4.3. Tensile Strength


The tensile strength between the samples varied from 0.1 to 0.71 MPa (Figure 7). Three samples were excluded from the test due to their fragility, viz., ‘100/0’, ‘100/0-M60’, and ‘90/10-M60’. Cellulose was required to obtain a strong sample that could support its own weight. When moss was combined with solely metakaolin or corn starch, the plate was not able to stand on its own. For this reason, the sample containing metakaolin was not able to be tested, and the sample with solely moss and corn starch was the weakest of the tested samples. Furthermore, the higher the amount of cellulose, the greater the tensile strength, varying from 0.24 MPa with 10% cellulose to 0.71 MPa with 50% cellulose.



The addition of corn starch to enhance the tensile strength was effective. Adding 15 g of corn starch to the sample with 90% moss and 10% cellulose improved the tensile strength significantly from 0.24 MPa to 0.51 MPa. Furthermore, the addition of 30 g of metakaolin to the sample of 90% moss and 10% cellulose caused a slight decrease in the tensile strength from 0.24 MPa to 0.22 MPa. In contrast, adding more metakaolin reduced the tensile strength significantly. The sample containing 60 g of metakaolin was too weak to perform the tensile test. Additionally, when corn starch, cellulose, and metakaolin were combined, the sample maintained its structural integrity but showed the weakest results of all the samples. The incorporation of long moss fibers decreased the tensile strength. The sample ‘90/10-LM30’ reduced the tensile strength to 0.12 MPa in comparison to sample ‘90/10’ with 0.24 MPa. Furthermore, the addition of corn starch did not improve the tensile strength. Sample ‘90/10–LM15-C15’ had a tensile strength of 0.36 MPa compared to the 0.51 MPa tensile strength of sample ’90/10–C15’. In the last sample, long jute fibers were added. In comparison with the previous sample, the addition of jute improved the tensile strength, with an increase from 0.24 MPa (sample ‘90/10’) to 0.43 MPa (sample ‘90/10–LJ5’), due to the high tensile strength of the jute fibers.



Finally, it is worth mentioning that the standard deviation of the samples was notably high. This was primarily due to the wide variations in plate thickness, a consequence of the suboptimal manufacturing process. Nevertheless, the results still provide valuable insights into the tensile strength of the sample compositions.



The fracture characteristics of the materials exhibited a horizontal fracture line, which implies a brittle fracture. Furthermore, the fracture line often appeared at the edge, where the samples were held, due to the stress concentration, see Figure 8a. The fracture lines that occurred with the samples containing long fibers varied. With long fibers, the fracture followed the direction of the long fibers, which can be seen in Figure 8b. Lastly, the strain of the samples could not be measured during testing, as the test did not automatically stop and required manual intervention to terminate. However, if the measurements of sample strain are considered necessary, it can be achieved through conducting a bending test.




4.4. Water Permeability


Initially, an attempt was made to measure the air permeability using ‘PermeaTORR AC’. However, the porosity of the samples prevented the successful measurement of the coefficient of air permeability, since they could not be vacuumed. Alternatively, a water permeability test was set up to get a sense of the porosity and water uptake. The results of the water permeability are shown in Figure 9, which are given in seconds for each sample. The moss-only slab was characterized by a water permeability of 180 s. The permeability decreased with an increasing amount of cellulose, resulting in 377 s with 10% cellulose and 475 s with 50% cellulose. Furthermore, the addition of corn starch had a significant impact on the water permeability. The sample with moss and corn starch had a water passage time of 337 s compared to 180 s with solely moss. The addition of corn starch with the sample ‘90/10’ had a significantly longer passage time of 1210 s. Lastly, metakaolin had the greatest impact on water permeability. The sample of solely moss and metakaolin was excluded from the test due to the brittleness mentioned previously; however, the addition of metakaolin in combination with other binders had a significant impact on the water permeability, resulting in 2046 s and 2453 s, respectively. Sample ‘90/10–M60’ was an outlier, with a passage time of 178 s; due to the weakness of the plate, it collapsed under the pressure of the water. It can be concluded that the addition of binders decreased the water permeability, resulting in the combination of binders in the least water-permeable sample. The structure of the samples containing long fibers was not as dense, which had an impact on the water permeability results. As a result, the samples with long fibers were more water-permeable than the samples without. Due to the non-homogeneous distribution of the fibers, the location where the test was performed had a greater impact on the results obtained. Therefore, a single test on one location will not be sufficient enough to draw a conclusion. Ultimately, the water permeability test was performed on synthetic fabric (‘SF’). The water fell directly through the fabric with a passage time of 5 s, being more water-permeable than all the samples. However, the developed samples could retain water considerably better, which is essential for growing moss on them. The low porosity could be solved by providing samples of perforations, allowing airflow to pass through.




4.5. Bioreceptivity


To create optimal conditions for bioreceptivity, the samples were enveloped with small openings for ventilation and regularly moistened to maintain ideal moisture levels. Furthermore, the pH was intentionally adjusted towards acidity by applying yoghurt to stimulate moss growth. The key parameters governing bioreceptivity, such as water retention capacity and nutrient availability, were also considered. The resulting biocomposite, composed entirely of organic materials, provided a nutrient-rich environment that can stimulate moss growth. Notably, this material demonstrated enhanced water retention capabilities compared to the original synthetic microfiber cloth. Additionally, the augmented surface roughness emerged as a significant factor contributing to improved bioreceptivity, offering protection to microorganisms and against weathering effects [49,50].



The samples were observed for one month under the conditions described above, but no moss growth could be observed. However, during this period, fungal growth was observed on the samples, aligning with anticipated outcomes described in the literature. Moss growth should be monitored for a larger period in future research to obtain more accurate results.





5. Discussion


In this research, a novel biocomposite was developed utilizing moss and natural binders (e.g., cellulose, metakaolin, and corn starch). The obtained biocomposite is 100% recyclable, contains a significant amount of moss, and is self-supporting, making it a promising bio-based and sustainable alternative to a synthetic fabric as a substrate in moss walls. Particularly, the combination of these binders together with moss to develop a complete biodegradable composite has not yet been explored in other studies. This study also presents an innovative and detailed production process of the biocomposite, inspired by paper and nori manufacturing, and which was established using a trial-and-error approach on a lab scale. In the literature, there are also a wide range of papers investigating the production process of biocomposites. Nevertheless, it can be observed that the techniques that are mainly applied, extrusion and hot-pressing, require high temperatures, resulting in adverse environmental impacts [43,44,51]. The process established in this paper is a more energy-efficient, straightforward, and environmentally friendly alternative.



The tensile strengths measured for the samples in this study varied from 0.1 to 0.7 MPa. These values are lower than the value reported by Zhang et al. (2019), which varied from 1 to 1.5 MPa from plug-in trays, where they tested the physical and mechanical properties of commercially available biodegradable plug-in trays made from peat moss and wooden fibers [32]. Furthermore, Méité et al. (2022) investigated the addition of metakaolin in corn-starch-based bioplastics. The tensile strength of those biocomposites varied from 5.5 to 8.1 MPa [28]. These reported values contradict the measurements of this study, where the addition of metakaolin decreased the tensile strength. This could have several explanations. First of all, the amount of metakaolin added was much higher in this study and varied from 20 to 33% compared to from 0 to 15%, whereas a value of 33% showed significantly lower results. Moreover, metakaolin could be activated with calcium hydroxide (Ca(OH)2), such as in concrete, in order to improve the strength; however, chemical processes were avoided in this study [38]. Furthermore, the addition of corn starch significantly improved the tensile strength of the samples, with an increase from 0.24 to 0.51 MPa; however, the addition of corn starch was limited to 15 g per plate, which is a rather low amount. Therefore, the addition of corn starch could be increased to up to 30 g or 60 g per plate. Furthermore, it is important to note that the tensile strength tests gave a rough idea of the strength of the plates as well as a comparison between the different contents of the plates. Moreover, in order to provide a more realistic evaluation of the strength of the plates, it is essential to conduct strength measurements under wet conditions.



The water permeability test performed in this study gave a general idea of the difference in the permeability and uptake of water of the different samples. It was remarkable that the incorporation of the binders decreased the water permeability of the samples, with metakaolin having the most pronounced impact. The combination of metakaolin and corn starch resulted in the lowest water permeability, with a time passage of 2453 s. This outcome is confirmed by the finding of Méité et al. (2022), in which the addition of metakaolin in a starch-based bioplastic decreased the water permeability [28]. Their results indicated that the coefficient of permeability decreased from 6.15 to 3.43 × 10−11 g/msPa with increasing levels of metakaolin (from 0 to 15%). It can be concluded that the combination of starch and metakaolin is essential in the design for enhanced water uptake and resistance, enabling the samples to be more resilient against weathering.



The results obtained during the observation of moss growth were compared with findings from other publications. This comparative analysis aimed to establish a comprehensive understanding of moss growth and to draw comparisons with results documented in the existing literature. Perini et al. (2022) investigated moss cultivation and growth chamber tests [9]. The procedure followed in this paper was very similar to the described ‘solid culture’, in which a moss paste is manufactured by mixing moss and agar blended in a mixer. The results showed that after five months of incubation, all the tested species managed to grow on the testers. Moss growth could only be noticed as of two months. It may be further noted that both the samples were faced with a fungal attack. Udawattha et al. (2018) investigated the growth of moss on walling materials such as concrete and bricks [45]. In this case, the culture media was composed of moss and butter milk mixed together. It can be concluded that fungal propagation is very common since it is favored by a moist environment. Additionally, moss growth should be monitored for a longer period in future research to obtain accurate results.



In conclusion, the incorporation of the three binders has proven crucial in achieving a plate that aligns with the specified criteria. Cellulose and corn starch have demonstrated the capacity to enhance the plate’s strength, while metakaolin has effectively reduced the water permeability. Nevertheless, it is important to note that this study primarily concentrated on assessing the properties and combination of diverse binders. Further exploration is needed to obtain the optimal combination of binders.




6. Conclusions and Future Research


Biocomposites have attracted the interest of researchers and led to research into natural fibers and biodegradable polymers with the aim of developing viable and sustainable alternatives to petroleum-based products. However, research on fully biodegradable biocomposites is at an early stage, and the application of moss fibers in this context is limited-to-non-existent, focusing only on creating insulation plates. This research aimed to provide additional insights regarding the development of fully biodegradable biocomposites containing a substantial proportion of recycled moss fibers. In doing so, it makes a valuable contribution to the documentation of nature-based solutions in the state of the art.



Currently, within moss wall air purification systems, a synthetic fabric is used as a substrate for moss. This raises concern about the sustainability of this system, as it is associated with a negative impact on the environment and biota. Therefore, the primary objective of this preliminary study was to explore a nature-based alternative to address this concern. The initial step involved assessing the feasibility of developing a moss-based, fully biodegradable biocomposite designed to possess structural integrity and the ability to support its self-weight.



Various combinations of natural binders and fibers were experimented with in a lab environment to achieve this goal. The addition of cellulose was found to be crucial to obtaining a sample with the capacity to bear its self-weight, with the optimal ratio of 90/10 (moss/cellulose) yielding robust results and containing a significant amount of moss fibers. The addition of corn starch in combination with cellulose improved the tensile strength significantly and decreased the water permeability. In contrast, the incorporation of metakaolin reduced the tensile strength of the samples and demonstrated the most pronounced decrease in water permeability. The combination of moss fibers, cellulose, corn starch, and metakaolin yielded a sample with structural integrity and that was capable of bearing its self-weight, with the lowest water permeability and best water retention. Compared to the synthetic fabric, which was very permeable, the samples were less permeable and could retain water better, making them suitable for supporting moss growth. Because bioreceptivity is an essential parameter in evaluating the applicability of developed materials as substrates for moss wall air purification systems, the monitoring of moss growth should be investigated for a longer period in future research. Furthermore, this study explored shape variations using a 3D-printed mold, as the plate relied on its shape to provide stiffness.



This research highlights the essentiality of the three binders; cellulose and corn starch improved the strength, while metakaolin enhanced the water resistance. Future investigation is needed to determine the optimal ratios, suggesting increasing the amount of corn starch and reducing the amount of metakaolin to obtain samples with a high tensile strength and water retention. Additionally, future research is needed to scale up the plate size and further investigate the effect of moss growth on the plate and for determining the ideal form, timing, and methodology for optimal moss growth. A crucial aspect for future research is the assessment of the durability of the samples. Key parameters, including resistance to weathering, cyclic loading and biodegradation time, can be determined by testing the samples in a climatic chamber, which is available at the University of Antwerp. While currently in the conceptual stage, if developed further, the biocomposite has the potential to replace not only the substrate but also other essential elements. In further steps, the biocomposite could serve as a bio-based alternative building material.
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Figure A1. Overview of the samples with different combinations and proportions between fibers and binders. The composition of the samples is listed in Table 1: (a) sample ‘50/50’; (b) sample ‘100/0-C15’; (c) sample ‘90/10-C15’; (d) sample ’90/10-M60’. 
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Figure A2. Microscopic images of samples up-scaled 90×: (a) sample ‘100/0-C15’; (b) sample ‘90/10-C15’; (c) sample ‘90/10-M60’. 
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Figure 1. (a) Exploded view of existing moss wall; (b) current substrate: synthetic microfiber cloth. The substrate is light blue in color in both images. 
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Figure 2. (a) Preparation of corn starch; (b) preparation of metakaolin. 
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Figure 3. (a) Mixture placed on the filter cloth, ready to press out the excess of water; (b) sample laid to dry on a towel. 
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Figure 4. Overview of the samples with different combinations and proportions between fibers and binders, and microscopic image with a magnification of 90×. The composition of the samples is listed in Table 1: (a) sample ‘100/0’; (b) sample ‘90/10’; (c) sample ‘100/0-M60’; (d) sample ‘90/10-C15-M30’. 
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Figure 5. (a) Sample ‘90/10’ curved after drying period; (b) sample ‘90/10-M60’ preserved shape after drying period. 
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Figure 6. (a) Sample ‘90/10-LM30’, the circle indicates a zone with a high concentration of moss fibers; (b) sample ‘90/10-LJ5’. 
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Figure 7. Average tensile strength in MPa measured for three specimens of each sample composition. 
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Figure 8. (a) Fracture lines observed in the three samples of the ‘90/10-M30’sample type; (b) fracture lines observed in the three samples of the ‘90/10-LJ5’ sample type. 
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Figure 9. Single-test water permeability in s measured for the different sample compositions. 






Figure 9. Single-test water permeability in s measured for the different sample compositions.



[image: Sustainability 15 16500 g009]







 





Table 1. Samples tested with different compositions of moss fibers and various binders.
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	Sample
	Moss (g)
	Cellulose (g)
	Ratio Moss/Cellulose
	Corn Starch (g)
	Metakaolin (g)
	Long Fibers Moss (g)
	Long Fibers Jute (g)





	50/50
	60
	60
	50/50
	-
	-
	-
	-



	75/25
	90
	30
	75/25
	-
	-
	-
	-



	90/10
	108
	12
	90/10
	-
	-
	-
	-



	100/0
	120
	-
	100/0
	-
	-
	-
	-



	100/0-C15
	120
	-
	100/0
	15
	-
	-
	-



	90/10-C15
	108
	12
	90/10
	15
	-
	-
	-



	100/0-M30
	120
	-
	100/0
	-
	30
	-
	-



	90/10-M30
	108
	12
	90/10
	-
	30
	-
	-



	90/10-M60
	108
	12
	90/10
	-
	60
	-
	-



	90/10-C15-M60
	108
	12
	90/10
	15
	60
	-
	-



	90/10-LM30
	108
	12
	90/10
	-
	-
	30
	-



	90/10-LM15-C15
	108
	12
	90/10
	15
	-
	15
	-



	90/10-LJ5
	108
	12
	90/10
	-
	-
	-
	5
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