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Abstract

:

Natural fibers are increasingly being used to make nonwoven fabrics, substituting synthetic materials for environmental and economic reasons. In this study, a series of needle-punched nonwoven fabrics were made by extracting fibers from coffee husks and blending them with a proportion of spinning waste consisting of cotton fibers and another five different natural fibers. This work investigates the coefficient of sound absorption, thermal conductivity, areal density, thickness, and air permeability. Overall, the sound absorption properties of the produced nonwoven fabric depend on the blend proportion and the number of layers. The results from the fabric containing nettle and banana fibers demonstrate a much-improved sound absorption coefficient. These results have been compared with those of commercially available nonwoven fabrics that are manufactured from polyester and polyurethane foam. The thermal conductivities of the fabrics made with nettle and coir were the highest and lowest, respectively. This is because of the fiber linear density, but all in all, fibers extracted from coffee husks show significantly promising potential for scaling up to replace existing synthetic fibers.
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1. Introduction


The human way of life was altered as a result of industrialization and urbanization, which led to the development of more complex societies. The price we pay for these lifestyles is expensive, and they have several negative effects on the surrounding environment, including pollution of the environment, pollution of the air, and noise pollution. Since 1980, industrialization, the development of infrastructure, transportation, increased air traffic, and social events have all contributed to an increase in noise pollution, which is currently an emerging environmental and health concern. According to the world health organization (WHO), noise pollution is one of the major environmental contributors to public health concerns [1]. According to recent research, certain Indian towns have noise levels higher than 75 decibels (dB), and the dreadful sound of horns blowing may approach 100–120 dB during peak traffic congestion [2]. It has been found by scientists that noises louder than 85 dB are dangerous to human health [3]. Exposure to such loud noises for extended periods of time has been linked to hypertension [4], insomnia [5], an elevated heart rate [6], a narrowing of the blood vessels [7], and changes in brain chemistry [8]. The use of sound absorption materials is one method for reducing ambient noise. Synthetic materials like polyurethane foams, glass fiber, and mineral wool are widely used as sound absorbers. Sustainable Development Goals (SDGs)-6, SDGs-13, SDGs-14, and SDGs-15 are negatively impacted by using hydrocarbon-based polymeric materials due to their high-risk profile, low resource availability, and negative environmental impact [9,10,11,12].



The increasing population led to a surge in agricultural production, which in turn led to an increase in the amount of waste that was generated [13,14]. The improper management of this waste is linked to environmental pollution. To achieve cleaner production [15] this agro-waste could be turned into valuable products. Most of these materials end up in landfills, where they can do serious damage to the ecosystem. In accordance with the Kyoto Protocol [16] and the Paris Agreement [17] on global climate change, the conversion of agricultural waste into sound-absorbing material could possibly result in a reduction in the consumption of existing synthetic materials, which would then lead to a reduction in the emissions of greenhouse gases (GHG). In addition, these materials are used in a wide range of industries, including aeronautics, construction, and road transportation, as noise must be reduced with the least amount of insulation possible to keep the costs to a minimum [18].



The extraction of fibers from agricultural waste would provide an alternative to the use of petroleum-based polymers [19] in existing use. The extracted fibers have environmental benefits such as biodegradation, and a reduction in carbon dioxide emissions, which are the main contributors to global warming. After oil, coffee is the most traded commodity in the world [20,21]. The method of separating the coffee bean results in a substantial amount of biowaste (i.e., coffee husk), the vast majority of which is simply thrown in landfills [22,23,24]. Thus, the coffee husk is a suitable biomass source for cellulosic fiber components. The extracted husk presents exciting opportunities to produce a variety of value-added products, including short textile fibers, fillers in composite materials, micro- and nano-scale materials such as micro and nanocrystalline cellulose, micro and nano fibrillar cellulose, the paper industry, and sorbent materials to remove hazardous substances [21].



In recent decades, there has been a rise in interest in the utilization of natural fibers for acoustic applications [25]. In recent years, several natural fibers have been utilized for acoustic purposes, for instance, hemp [26], coir [27], date palm [28], bamboo [29], jute [25], and barkcloth [30]. The research focused on the advancement of bio-based materials because of their eco-friendliness and the attention paid to their degradability, renewability, abundance of sources, sustainability, and reduced environmental pollution when compared to hydrocarbon-based materials [31,32].



The novel aspect of this research is that the acoustic and thermal conductivity of the fibers that are extracted from coffee husk has not previously been investigated. The main goal of this work is to turn waste into a valuable (W2V) product. As a result, agro-waste materials such as extracted coffee husk fibers were combined with a variety of other natural fibers including cotton, jute, sisal, coir, banana, and nettle to create a nonwoven web that was used to develop acoustic and thermal insulation materials. Furthermore, it can be compared with commercially available acoustic materials, which demonstrates that the produced nonwoven coffee husk has promising results for acoustic properties. Additionally, it ensures the material’s sustainability and the possibility of scaling it up to the pilot level.




2. Materials and Methods


2.1. Materials


To extract the coffee husk fibers, the coffee cherry was procured from the agricultural fields in Yercaud, Tamilnadu, India. The cotton (i.e., as a comber waste) was collected from the local spinning mills (Coimbatore, India). Other fibers like nettle, jute, sisal, coir, and banana were purchased from a local store and an agricultural farm in Pollachi, India. NaOH and other chemicals were purchased from Sigma-Aldrich, India. All chemicals were of analytical grade and used without further purification. Some of the physical properties of fibers used in this work have been described in Table 1.




2.2. Extraction of Coffee Husk Fibers


Using the wet processing method, the husk of the coffee cherry is removed using the de-pulping procedure after the necessary quantity of coffee cherries has been gathered. After being separated from the coffee bean, the coffee husk was left to sun-dry in the open air, after which it underwent a process that led to its delignification. NaOH- 5 g/L, 90 °C, 120 min. The detailed extraction process has been well explained in our previous work [21]. After that, it was allowed to dry naturally in the air, and then it was used as a raw material in the production of nonwoven web fibers.




2.3. Nonwoven Fabric Production


Due to a combination of its shorter fiber range and lower cohesion compared to cotton, the utilization of 100% coffee husk fiber alone is not feasible to produce nonwoven fabric. Thus, a blend of various natural fibers such as coir, sisal, jute, and nettle fiber with cotton is necessary to form the web. The amalgamation procedure for the diverse utilized fibers is executed based on weight, as indicated by the weight proportion specified in Table 2. Initially, the fibers were subjected to a process of opening and cleaning through the utilization of a laboratory-scale opener and cleaner. Following this, the fibers were blended in accordance with the prescribed blend ratio by weight, prior to being introduced into the carding machine, which facilitated the creation of the web. Needle punching is performed on a Dilo needle loom, which receives the produced web at a feed rate of 0.20 m/min and, using 200 strokes per minute, punches the fabric with 25 punches/cm2 at a depth of penetration of 12 mm. Table 3 displays some of the physical characteristics of nonwoven fabric. The produced nonwoven web is shown in Figure 1.




2.4. Testing and Characterization


2.4.1. Scanning Electron Microscope (SEM)


A Zeiss SEM was used to examine the morphological characteristics of the various fibrous materials used in this study. The fibrous material’s surface was sputter-coated with gold to make it conductive before the measurement.




2.4.2. Testing of Other Properties of Nonwoven Fabric


To conduct the tests, nonwoven samples were preconditioned for 24 h at a temperature of 23 °C and a relative humidity of 65%. The physical properties such as thickness (Shirley Developments Ltd., Manchester, UK) can be assessed according to the ASTM D 1777-96 standard with various points on the samples [33]. The air permeability was measured according to ASTM D737 standards. The volume of air in cm3/cm2/sec, which is passed in one second through 100 mm2 of the fabric at a pressure difference of 10 mm head of water or 100 Pa pressure [34,35]. An Alambeta device (Sensora s.r.o, Liberec, Czech Republic) was used to test the thermal conductivities of produced nonwoven fibrous materials according to the ISO 5085-1 standard [36,37]. A copper block inside the Alambeta’s measuring head has been electrically heated to a temperature of about 32 °C to mimic that of human skin. The fabric is kept between the hot and cold plates (i.e., 200 Pa) in this device. At a pressure of 200 Pa, the hot plate contacts the cloth sample [38]. Heat flux sensors measure the quantity of heat flow from the hot surface to the cold surface via the fabric. To determine the averages and plot the graphs, five measurements were taken for each sample across all measurements.


   K  e f f   =     Q . t   A Δ T      



(1)




where Q is the heat flow, A is the surface area, t is the thickness of the web and ΔT is the temperature difference.




2.4.3. Acoustical Characterization


The sound absorption coefficient of the produced nonwoven fabrics was measured using an impedance tube kit (50 Hz–6.3 kHz; testing condition: 25 °C) Type 4206 (Bruel & Kjaer, Copenhagen, Denmark) in accordance with ASTM E1050-12 [39]. The usual set-up of the instrument is depicted in Figure 2. The impedance tube kit had a diameter of 29 mm, hence the testing was done on circular samples, thus five different measurements were taken, and the average value was the one that was utilized to plot the graphs [40,41,42]. As shown in Figure 2, a loudspeaker hooked up to an amplifier is used to generate a sound wave at one end of the tube, which is then used to conduct the test. A plane wave is possible if the frequency of the generated sound wave is lower than the threshold determined by the tube’s diameter. A pair of microphones mounted at opposite ends of the measuring tube capture the entire acoustic environment inside the tube. The sound absorption coefficient of a sample in a frequency band is calculated by processing the incident and reflected sound pressure data collected by the microphones. The graphs were constructed by using the average of the data obtained from the five different acoustic measurements that were taken for each blend proportion.




2.4.4. Empirical Models to Determine the Acoustic Properties


Several empirical models were constructed in this work to evaluate the sound wave behavior while it travels through porous materials. The acoustical characteristics of porous media are typically estimated using empirical models.



Delany–Bazley Model


The first empirical model for calculating the bulk acoustic characteristics of porous materials was developed by Delany and Bazley (DB) [43], although it is possible that this model is only accurate for frequencies higher than 250 Hz [44],


   Z c  =  ρ o   c o    1 + 0.057  X  − 0.754   − j 0.087  X  − 0.732      



(2)






  k =  ω   c o      1 + 0.0978  X  − 0.700   − j 0.189  X  − 0.595      



(3)






  X =    ρ o  f  σ   



(4)






  α = 1 −      R     2   



(5)






  R =    Z s  −  ρ o   c o     Z s  +  ρ o   c o     



(6)






   Z s  = − j  Z c  cot ( k d )  



(7)




where    ρ o    and    c o    stand for the air density and sound speed in the air, respectively. The propagation constant is k, Zc is the characteristic impedance, f is the frequency, ω is the angular frequency, R is the sound pressure reflection coefficient, σ is the airflow resistivity, and   j =   − 1    , Zs is the surface impedance; the thickness is d. For fibers with a diameter of 1 to 10 μm, the DB model was developed.




Garai and Pompoli (GP) Model


In spite of this, the DB model has recently undergone changes that have made it possible for it to be utilized with a variety of fibers that have larger diameters [45]. When Garai and Pompoli (GP) were able to mimic polyester fibers with a diameter of 20 to 50 μm by using the model after revising it [46]


   Z c  =  ρ o   c o    1 + 0.078        ρ o  f  σ      − 0.623   − j 0.074        ρ o  f  σ      − 0.66      



(8)






  k =  ω   c o      1 + 0.127        ρ o  f  σ      − 0.53   − j 0.159        ρ o  f  σ      − 0.571      



(9)







Other researchers, like Miki, Mechel, and Pompoli, have developed a variety of coefficients for the DB model [47,48,49].




Miki Model


In 1990, Miki presented improved coefficients for porous materials as an alternative to those given by the DB model [50], and the model is provided in Equations (10) and (11).


   Z c  =  ρ o   c o    1 + 5.50       10  3   f σ      − 0.622   − j 8.43       10  3   f σ      − 0.632      



(10)






  k =  ω   c o      1 + 7.81       10  3   f σ      − 0.618   − j 11.41       10  3   f σ      − 0.618      



(11)








Allard and Champoux Model


Furthermore, Allard and Champoux (AC) is predicated on the idea that thermal effects are frequency-dependent [51] and the equations are given bellow.


  ρ  ω  =  ρ o    1 − i    σ   ρ o  ω      G 1       ρ o  ω  σ       



(12)






  K  ω  = γ  P o    γ −   γ − 1   1 −    i  4  P r         σ   ρ o  ω      G 2       ρ o  ω  σ         



(13)






   G 1       ρ o  ω  σ    =   1 +  i 2       ρ o  ω  σ       



(14)






   G 2       ρ o  ω  σ    =  G 1       ρ o  ω  σ      4  P r       ρ o  ω  σ       



(15)











3. Results and Discussion


3.1. Surface Morphology


The surface morphology of the nonwoven fabric was characterized by the scanning electron microscope (SEM) as shown in the coffee husk (Figure 3a), cotton (Figure 3b), coir (Figure 3c), banana (Figure 3d), sisal (Figure 3e), jute (Figure 3f), and nettle (Figure 3g). The serrated surface of coffee husk fibers, coir fibers, and banana fibers gives the resulting nonwoven fabric its distinctively rough surface. Fibers extracted from coffee husks have a high roughness, coils, and voids, all of which greatly improve the material’s ability to absorb sound and retain heat. The surface roughness promotes sound absorption properties by increasing the friction between the sound waves. Additionally, the surface area of rough fibers is high which is another reason for the sound absorption property. Overall, the fibers extracted from coffee husk contain bundles of fibrils that cause fibrillation. Generally, fibrillation creates a porous structure that increases the sound absorption property. Surface roughness maximizes the likelihood of the incident acoustic wave being dampened, resulting in increased sound absorption. Microscopic pockets of air are formed by the helix and rough surfaces of the fibers and develop on the fiber surface, resulting in excellent thermal insulation as can be seen in Section 3.4. The thermal and acoustic characteristics of the samples will be addressed in more depth in the following sections. In the case of cotton, nettle and jute proportion in the nonwoven fabric and its fiber fineness, the increase in the quantity of fiber per unit area resulted in an increase in sound absorption (i.e., as compared to the coffee husk). The findings showed that increasing the amount of cotton in nonwoven web improves sound absorption capabilities.




3.2. Results for Sound Absorption Coefficient


The study utilized the impedance tube technique to determine the sound absorption coefficient of nonwoven fabrics with varying proportions of their blend components. The sound absorption coefficient is a significant metric for evaluating the acoustic characteristics of materials. It is commonly employed to assess the sound-absorbing capabilities of materials and is expressed in decibels (dB). The results of tests conducted on nonwoven samples with a variety of layer configurations (1, 2, 3, and 5) to evaluate their ability to absorb sound are presented in Figure 4. When it comes to the effectiveness of the sound-absorbing material, the thickness of the material is one of the most important variables [52]. This is because the number of layers is directly proportional to the thickness of the acoustic materials [53]. Furthermore, the determination of web thickness is associated with other variables, including the density and porosity of the nonwoven material. Research has revealed that there exists a noteworthy correlation between the thickness of materials and the sound absorption coefficient across high and low frequencies. For a material to function as an effective sound absorber, it is necessary for its thickness to be equivalent to one-fourth of the wavelength of the sound wave [54]. It is clear from the data collected from the generated nonwoven thickness measurements that the nonwoven fabrics have varying thicknesses across them, with the coefficient of variance indicating large differences. The difference in fiber diameters causes more diversity in coir and banana-based nonwovens. This is true for all measurements that use the impedance tube method and have a solid backing. In general, better sound absorption coefficients were achieved by increasing the number of nonwoven layers, which is equivalent to increasing thickness. The aforementioned observation aligns with a previous investigation conducted by Prahsarn et.al [55], which demonstrated that the sound absorption effectiveness exhibited an upward trend with an increase in the number of nonwoven layers.



Figure 4 shows a plot of the sound absorption coefficient observed in CH40:NE40:CN20 nonwovens at varying frequencies. The absorption coefficient for one layer progressively grew as the frequency increased, and it reached the maximum plateau (αmax = 0.48) at a frequency of around 4000 Hz. The two, three and five layer arrangements each saw a significant increase in their absorption coefficients, which ultimately reached their maximum values of 0.615, 0.78, and 0.82 (i.e., αmax) at frequencies of about 6.0 kHz, respectively. Other nonwoven samples exhibited the same tendencies, which was noted. It was discovered that the sound absorption coefficients of two and three layer nonwoven samples declined slightly within a certain frequency range (specifically, between 3.5 kHz and 4.5 kHz), resulting in wavy curves. It is possible that the air spaces in between the layers of the nonwoven material are responsible for such a distinctive finding. When the rate of rise was reduced, the sound absorption increased more quickly from 50 to 1000 Hz when compared to the single layer and the five layer configurations. In addition, the frequency range that each sample’s sound absorption predominantly spans is the range from 50 to 4.0 kHz.



Figure 5 illustrates the influence of the blend proportion as well as the number of layers on the values of the sound absorption coefficient. According to the findings, the overall sound absorption coefficient of the produced nonwoven fabrics is dependent on the proportion of their mix, and this is something that can also be noticed in different numbers of layers. It is possible that frequency has a substantial impact on the sound absorption coefficient as higher frequencies lead to higher levels of sound absorption [56,57]. Due to the higher proportion of coffee husk along with nettle and jute fibers responsible for sound absorption in both cases, respectively, this pattern was observed in different numbers of layers as well. The nonwoven web with (CH40:NE40:CN20 and CH40:JT40:CN20) has the highest sound absorption coefficient throughout the entire frequency range. A higher fraction of nettle fibers in the blend may yield promising sound absorption coefficient results due to the higher fineness of the nettle fibers when compared to the fineness of the other fibers employed in this investigation. The increased sound absorption coefficient may have three possible explanations, which are as follows:




	
A greater number of fine fibers as opposed to coarser fibers in the same weight of nonwoven, which results in a more convoluted path in the fibrous structure.



	
Because the finer fibers had a larger surface area, there was a greater likelihood that they would interact with the sound waves. This resulted in a higher airflow resistance, which was caused by frictional viscosity brought about by the vibrating of the air.



	
The ability of finer fibers to vibrate more easily than coarser fibers can result in the loss of acoustic energy, which can then be converted into heat.








On the other hand, the coffee husk fibers also influenced the sound absorption since these fibers contain a helix and are arranged in an orderly fashion (Figure 3a). The presence of bundles of fibrils is what causes the fibrillation that can be seen in coffee husk fibers. The fibrillation process results in the production of a porous structure that has enhanced acoustic properties. There is also a peak of approximately 1.0–3.0 kHz (i.e., for all blend proportions), which may be connected to the inherent quality of the fibers and their morphological structure, particularly regarding the coffee husk fibers. Coffee husk blended nonwoven fabric is a good absorber of low-frequency noise together with all fibers and their various blend proportions. Low-frequency noise is more dangerous to human health than high-frequency noise [58].



The bulk density of the nonwoven fabrics was an additional essential factor in the sound absorption performance of these materials. The nonwoven fabric used in this study was produced using the exact identical process parameters, with the exception of the blend proportion. As a consequence of this, the proportion of the blend that is used has an effect on the final structure of the nonwoven materials that are created. The fibers in nonwoven web materials are arranged less regularly than they are in woven materials due to the nonwoven material’s construction. Therefore, the effect that fiber structure has on the ability to absorb sound needs to be taken into consideration. The results of an experiment showed that increasing the areal density (Table 3) of a sample led to a considerable increase in the amount of sound absorption in the medium and high frequencies (up to 4.0 kHz). A positive correlation exists between the apparent density of a given region and the total count of fibers present within that same area. An increase in surface friction results in a corresponding increase in the sound absorption coefficient, thereby causing a rise in the dissipation of energy. Structures that are less thick and open tend to absorb low-frequency sound waves more efficiently. A positive correlation exists between the apparent density of a given region and the total count of fibers present within that same area. With an increase in surface friction, there is a corresponding increase in the sound absorption coefficient, resulting in a greater dissipation of energy. Structures that are less thick and open tend to absorb low-frequency sound waves more effectively, specifically those with a frequency of 500 Hz. It has been demonstrated that dense structures, such as CH40:NE40:CN20 and CH40:JT40:CN20, are the most effective at serving frequencies higher than 2000 Hz.



Nonwoven fabrics made from a blend of coffee husk and other fibers have their sound absorption coefficients theoretically predicted using one of four widely used mathematical prediction models (DB, GP, Miki, and AC). After that, comparisons were conducted between the sound absorption coefficient values that were measured empirically and the values that were anticipated theoretically, and the results of these comparisons are displayed in Figure 6. It is made abundantly evident by the figure that the empirical models of DB, GP, and Miki have a low level of computational correctness throughout the full measured frequency. In the frequency range of 50 Hz –6.3 kHz, AC models can precisely reflect the trend of the experimental data for each sample. According to Mamtaz et al. [59] and Samson et al. [30], the findings of theoretical and experimental research show a good level of agreement for low and mid-range frequencies or frequencies lower than 3000 Hz. In comparison to the results obtained from the DB, GP, and Miki empirical models, the results obtained from the AC models are the closest to the sound absorption coefficient values that were determined through experiments. This is due to the fact that the produced nonwoven materials have a larger tortuosity and greater porosity than the other versions of the fabrics. When estimating the absorption coefficient, the models take into consideration some extra parameters in addition to the flow resistivity, but the empirical models only take into account the flow resistivity.




3.3. Comparison with some Commercial Products


In order to gain a more comprehensive understanding of the commercial viability of the produced nonwoven material, it is essential to conduct a comparative analysis of its sound absorption properties with those of commonly utilized acoustic materials in the commercial sector. Figure 7 presents a comparison of the sound absorption characteristics of produced nonwoven textiles with those of nonwoven fabrics that are commercially available. Prior to conducting a comparative analysis with nonwoven products available in the market, the thickness of the samples was standardized to achieve uniformity. In the comparative analysis of the samples with commercially available sound-absorbing nonwoven materials, the quantity of layers present in the samples is a crucial factor under consideration. On this occasion, needled felted coir nonwoven fibrous materials were supplied by the Central Institute of coir technology (CICT-India) [60], the wood wool board was supplied by Jayswal Agency (India), and Dynamic Nonwovens was responsible for supplying PU foam and PET nonwoven fibrous materials (India) [61]. The CH40:NE40:CN20 nonwoven exhibits potential when contrasted with other nonwoven fabrics available in the market, specifically those produced from coir and PET fibers. This assertion holds particularly true when considered in its entirety. Meanwhile, the outcomes obtained for the nonwoven made of PU foam exhibit a negligible difference in comparison to the outcomes obtained for the diverse quantities of layers. The study yielded a nonwoven material (specifically, CH40:NE40:CN20) that exhibits comparable or superior properties to those of commercially available nonwoven materials. When compared to nonwoven products made from PET or PU foams, the nonwoven product made from this work is biodegradable and does not contribute in any way to the degradation of the natural environment. This is an important fact to keep in mind and therefore, the fibers that can be extracted from coffee husk have the potential to be scaled up for the development of environmentally friendly nonwoven fibrous materials that can be used for sound-absorbing materials.




3.4. Thermal and Acoustic Properties


The thermal conductivity coefficient was determined by calculating the amount of heat that could be transferred across a given area of the material (k) (Figure 8). There is a connection between the ability of a material to transfer heat and the degree to which it can absorb sound. When sound waves travel through a porous fiber network (i.e., coffee husk and other natural fiber’s structures), the sound waves cause the pores of the fiber network to vibrate. Because of the friction, the fibers experience a buildup of thermal and viscous heat as a result of the vibration. Further, the sound wave’s thermal energy is taken up by an excellent absorber, resulting in a reduction in the amount of heat produced. When sound is produced at low frequencies, the heat loss is minimal and isothermal; however, when sound is produced at high frequencies, the heat loss is adiabatic and considerable [30]. The tendency of a substance to enable the flow of heat throughout its inner structure is referred to as the property of thermal conductivity [62]. There is a relationship between the capacity of a substance to absorb sound and the degree to which it conducts heat. When sound waves travel through porous fiber networks, such as those composed of coffee husk and other natural fiber nonwoven fabrics, vibrations are produced in the structure of the porous fiber networks. Because of the friction, the vibration of the fibrous structures produces heat, which is then absorbed by the fibers, resulting in viscous behavior. This process is caused by the viscosity of the material. As a consequence of this, the thermal energy carried by sound waves is taken up by an excellent absorbent material, which results in the production of less heat.



The thermal conductivities of nonwoven fibrous materials have been measured, and the results are given in Figure 8. The thermal conductivities of the fabrics made with CH40:NE40:CN20 and CH40:CO40:CN20 were the highest and lowest, respectively, and the standard deviations displayed by each fabric were satisfactory. It is not always the case that nonwoven fibrous materials maintain the same level of thermal conductivity over time. The nonwoven fibrous material’s density, the amount of moisture that they contain, and the temperature of the surrounding environment are the primary factors that determine its thermal conductivity [62]. Additional scattering mechanisms, such as voids and cell boundaries of natural fibers such as coffee husk, coir, banana, and sisal, might have an effect on the thermal conductivity of materials that are dense and have a high percentage of porosity. The increase in density, moisture, and temperature of the surroundings all contribute to an increase in thermal conductivity. The helix structure of the coffee husk, banana, and sisal fibers, which were placed in an orderly manner in the framework, helped with both the absorption of sound and the conduction of heat. As a consequence of this finding, it was determined that the predominant route of heat transmission across the coffee husk blended nonwoven fibrous materials is that of conduction. This conduction occurs via the voids and the helical structure. When it comes to the transmission of heat through fabrics, density is, in most cases, the single most essential factor.




3.5. Air Permeability


The air permeability of a material is an important attribute that can be used to determine how well it insulates against temperature [63]. The air permeability of produced non-woven fabric was observed in this work, and the values were found to rely on the mix proportions. For nonwovens like CH40:CO40:CN20 and CH40:BA40:CN20, higher air permeability is shown because both of these materials have thicker fibers, which provides more significant air gaps between fibers in the structure. These gaps enable most of the air to pass through them, leading to higher overall air permeability (Figure 9). The air permeability of the samples CH40:NE40:CN20 and CH40:JT40:CN20 is obviously the lowest. This is because the airflow happens between the pores that make up the structure of the nonwoven fabric. This can be explained as when more pores are present between the fibers that create the structure of the fabric, more open spaces are made available for airflow. This is especially true for fabrics made with coir and banana fibers. On the other hand, the nonwoven fabric that has fewer open spaces between the fibers produces a stronger air drag resistance to airflow than, for instance, the fabric that is formed by employing nettle and jute. The porosity ratio of the nonwoven fabric is determined by a number of distinct characteristics, the most important of which are the fiber qualities, the processing circumstances, the fabric weight, and the fiber density. It is possible to say that the weight of the fabric and the parameters of the production process influenced the porosity property of the samples. This is because the fiber composition of all of the samples is the same. On the other hand, the thickness of the fabric also has an effect on the performance of the air permeability of the fabric. The higher the thickness of the nonwoven fabric (i.e., CH40:CO40:CN20), the longer the path for air passage, which results in a drop in the airflow velocity and vice versa. Therefore, an inverse relationship between thickness and air permeability is postulated to exist. However, in light of the findings of this investigation, it appears that there is a robust and positive correlation.





4. Conclusions


The present study reports the successful development of needle-punched nonwoven fabrics for acoustic and thermal insulation purposes. The fibers utilized in this work were extracted from the coffee husk and blended with other natural fibers, including cotton. A range of sound wave frequencies, spanning from 50 Hz to 6.3 kHz, were utilized to examine the sound absorption coefficient of nonwoven fabrics that were manufactured. The study’s results indicate that the sound absorption coefficient of the nonwoven fabrics produced is contingent upon the ratio of their composition. The number of layers in which this phenomenon can be observed varies depending on the proportion of the mix, as the sound absorption coefficient is dependent on it. The present study provides a breakdown of the sound absorption coefficients for different materials characterized by high thickness and many layers, at a high-frequency level of 700 Hz. The ratios of CH40:NE40:CN20, CH40:JT40:CN20, CH40:SI40:CN20, CH40:BA40:CN20, and CH40:CO40:CN20 were determined to be 0.88, 0.84, 0.77, 0.61, and 0.53, respectively. The aforementioned phenomenon was observed across varying layers, owing to the escalated ratio of coffee husk amalgamated with nettle and jute fibers, which were accountable for the acoustic absorption in both scenarios, respectively. The nonwoven web comprising (CH40:NE40:CN20 and CH40:JT40:CN20) exhibits the maximum sound absorption coefficient across all frequencies. The experiment suggests that a higher proportion of nettle fibers in the blend may yield promising results in terms of the sound absorption coefficient, owing to the relatively increased fineness of the nettle fibers as compared to the other fibers used. The fabrics composed of CH40:NE40:CN20 and CH40:CO40:CN20 exhibited the highest and lowest thermal conductivities, respectively. The thermal conductivity of materials with high porosity and density may be influenced by scattering mechanisms, including voids and cell boundaries, present in natural fibers such as coffee husk, coir, banana, and sisal. This investigation focused on the air permeability of the non-woven material produced, revealing that the values obtained depend upon the mixed proportions utilized. Nonwoven fabrics, specifically those composed of CH40:CO40:CN20 and CH40:BA40:CN20, exhibited greater air permeability. The reason for this phenomenon is attributed to the presence of thicker fibers in both materials, leading to the formation of considerably larger inter-fiber spaces within the structure.



The orderly arrangement of coffee husk, banana, and sisal fibers within the framework facilitated sound absorption and heat conduction due to their helical structure. To achieve higher comprehension, it has been observed that nonwoven fabric exhibits potential implications in commercial applications, particularly in the production of acoustic and thermal insulation materials at both domestic and industrial levels. In summary, this approach offers two benefits: firstly, it utilizes agro and industrial waste to produce valuable products, and secondly, these fibers are environmentally friendly and contribute to the attainment of the UN sustainable development objectives.
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Figure 1. Photos of different nonwoven fabric produced from the needle punching machine. 
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Figure 2. Experimental setup for acoustical characterization. 
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Figure 3. Microscopic images of coffee husk fibers (a), cotton (b), coir (c), banana (d), sisal (e), jute (f), and nettle (g). 
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Figure 4. The sound absorption coefficient of the CH40:NE40:CN20 nonwoven fabric and the influence of the number of layers. 
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Figure 5. Influence of blend proportion and the number of layers on the SAC values. 
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Figure 6. Predicted and experimental sound absorption coefficient values of the produced nonwoven fabrics with different blend proportions. 
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Figure 7. Results of the sound absorption coefficient on the CH40:NE40:CN20 nonwoven fabrics with commercially available sound absorption materials like coir nonwoven [60], PET nonwoven and PU foam [61]. 
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Figure 8. Influence of blend proportion on thermal conductivity. 
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Figure 9. Influence of blend proportion on air permeability of nonwoven fabrics. 
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Table 1. Physical properties of used fibers.
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	Properties
	Coffee Husk Fiber (CH)
	Nettle (NE)
	Jute (JT)
	Sisal (SI)
	Coir (CO)
	Banana (BA)
	Cotton (CN)





	Fiber length (mm)
	18 ± 15
	48 ± 18
	30 ± 12
	32 ± 4
	73 ± 35
	98 ± 34
	18 ± 2.8



	Fiber diameter (μm)
	15.98 ± 21
	11.2 ± 3
	12 ± 3.8
	13 ± 4.4
	24 ± 14.5
	16 ± 7.2
	12 ± 0.8



	Moisture regains (%) at 65% R.H
	8.4
	9.2
	12.5
	11
	10.5
	13
	8.5



	Tenacity
	3.69 ± 4 g/tex
	18 ± 2 g/tex
	5 ± 1.4 g/den
	9 ± 2.2 g/den
	10 ± 3.1 g/tex
	9 ± 1.5 g/den
	5 ± 1.1 g/den



	Elongation (%)
	5.2 ± 6
	4.29 ± 2
	1.5 ± 0.3
	4.5 ± 1.4
	0.8 ± 0.2
	6.5 ± 2
	4 ± 0.8
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Table 2. Blend proportion for the development of nonwoven fabrics.
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Sample

	
Blend Ratio (Weight %)




	
Coffee Husk

	
Nettle

	
Jute

	
Sisal

	
Coir

	
Banana

	
Cotton






	
CH40:NE40:CN20

	
40

	
40

	
-

	
-

	
-

	
-

	
20




	
CH40:JT40:CN20

	
40

	
-

	
40

	
-

	
-

	
-

	
20




	
CH40:SI40:CN20

	
40

	
-

	
-

	
40

	
-

	
-

	
20




	
CH40:CO40:CN20

	
40

	
-

	
-

	
-

	
40

	
-

	
20




	
CH40:BA40:CN20

	
40

	
-

	
-

	
-

	
-

	
40

	
20
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Table 3. Physical properties of produced nonwoven fabric.
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Sample

	
Fabric Ariel Density (g.m2)

	
Thickness (mm)

	
Porosity (%)




	
Mean

	
σ

	
Mean

	
σ

	
Mean

	
σ






	
CH40:NE40:CN20

	
390

	
±12

	
4.8

	
±0.12

	
78.62

	
±1.5




	
CH40:JT40:CN20

	
430

	
±18

	
5.1

	
±0.18

	
77.58

	
±0.5




	
CH40:SI40:CN20

	
510

	
±21

	
5.3

	
±0.14

	
75.17

	
±0.4




	
CH40:CO40:CN20

	
580

	
±19

	
5.8

	
±0.31

	
80.1

	
±1.2




	
CH40:BA40:CN20

	
520

	
±24

	
5.2

	
±0.18

	
76.29

	
±1.1
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