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Abstract

:

Lignocellulosic material residues in cement composites are a favourable option for new fibre cement formulations in building materials, because they combine good mechanical properties with low density. This study aimed to evaluate the chemical, physical, anatomical, and mechanical properties of five cement panels reinforced with the following lignocellulosic materials: eucalyptus, sugarcane bagasse, coconut shell, coffee husk, and banana pseudostem. Lignocellulosic cement panels were produced with each lignocellulosic material residue, and three replicates of each type of lignocellulosic material were examined (15 panels in total). The lignin, extractives, ash, and holocellulose were examined. After 28 days of composite curing, the following physical properties of the panels were evaluated: density, porosity, water absorption after immersion for 2 and 24 h, and thickness swelling after immersion for 2 and 24 h. Mechanical tests (compression strength, internal bonding, modulus of rupture, and modulus of elasticity) were performed before and after the accelerated ageing test with a universal testing machine. Scanning electron microscopy and supervised image classification were performed to investigate the morphologies of the different materials and the filler/matrix interfaces. Eucalyptus and sugarcane panels had the best results in terms of the evaluated properties and thus, could potentially be used as non-structural walls. However, banana pseudostem, coconut shell, and coffee husk panels had the worst results and therefore, under these conditions, should not be used in building.
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1. Introduction


The growing global population density has increased industrial development and intensified agricultural methods. The high productivity of agricultural species is the main cause of the large volume of agricultural residues generated [1]. Currently, these residues are either burnt or landfilled, thus resulting in several problems such as air pollution, emission of greenhouse gases, and occupation of useful land [2]. Given the worldwide population increase, housing problems are becoming a priority [3]. Thus, solutions to make sustainable houses more affordably are desirable. Many studies have focused on the use of natural materials in buildings, because these materials have high sustainability [4].



Therefore, the use of lignocellulosic material residue in cement composites is considered a good option for new fibre cement formulations to be used as building materials [5,6]. Natural fibres-reinforced composites combine acceptable mechanical properties with low density. Such composites have several well-known advantages, including low cost, use of available renewable natural resources, and biodegradability [7,8]. On the other hand, the use of natural fibres can be responsible for maintaining the mechanical properties in the long term. The inclusion of lignocellulosic materials for cement composite production is highly challenging because of the chemical properties of the lignocellulosic material, which may cause adverse effects during cement solidification.



According to [9], cement-bonded panels are manufactured from a mixture of Portland cement, chemical additives, and particles generated from lignocellulosic materials. Generally, these products combine the favourable qualities of cement (relatively high resistance to water, fire, fungus, and termite infestation) with those of lignocellulosic materials (high strength to weight ratio and workability) [9,10,11]. Producing cement composites by using agricultural lignocellulosic wastes, beyond allowing for waste reuse, enables the suitable properties of the material to be maintained; therefore, cement-lignocellulosic panels have been broadly applied in construction [10,12,13].



Studies aiming to produce cement composites reinforced with lignocellulosic materials for construction purposes have been intensified to make usage of these products technically and economically feasible [1,14]. Lignocellulosic fibres may potentially be used as reinforcement, because of their optimal mechanical performance, availability, and lower cost than that of the synthetic fibres usually applied in air-cured fibre-cement [15]. Therefore, the physical-mechanical properties and durability of cement-based composite properly reinforced with lignocellulosic materials are directly influenced by the type of vegetable matter used in the reinforcement; their chemical, physical, anatomical, and mechanical properties; and their production methods, among other variables [6].



The present work aimed to evaluate the effects of the chemical, anatomical, and physical compositions of different lignocellulosic materials on the physical and mechanical properties of cemented panels before and after accelerated ageing.




2. Materials and Methods


2.1. Lignocellulosic Materials


For production of the lignocellulosic residue cement composites, the following lignocellulosic materials were used: eucalyptus (Eucalyptus grandis), sugarcane bagasse (Saccharum officinarum), coconut shell (Cocos nucifera), coffee husk (Coffea arabica), and banana pseudostem (Musa acuminata).



Eucalyptus tree wood and banana pseudostem were obtained from local experimental cultivation at the Federal University of Lavras—UFLA. Sugarcane was obtained from a commercial cachaça distillery producing sugarcane liquor (cachaça) in Lavras, Minas Gerais state (MG), Brazil. The coconut shell was collected from local floriculture in Lavras, MG, Brazil. Coffee husk was obtained from a farm in the municipality of Santo Antônio do Amparo, MG, Brazil.



Eucalyptus wood was cut into short logs, which were passed through a laminator for delaminating. Coconut shell, sugarcane bagasse, coffee husk, banana pseudostem, and eucalyptus wood veneers were processed in a hammermill. The material particles were selected through sieving, and the fraction retained between 20 (0.841 mm) and 40 (0.420 mm) mesh sieves was used to produce the composites.



The particles of the lignocellulosic residues were treated with an alkaline solution to remove compounds that might hinder cement solidification. The alkaline treatment followed the procedures described in Ferraz [16] and Asgher [17], in which the particles were immersed in NaOH solution (5%) for 48 h.




2.2. Chemical, Physical, and Morphological Characterization of the Lignocellulosic Materials


The holocellulose content was calculated by extraction of lignin with sodium chlorite and acetic acid, according to the procedure reported in Browning [18]. The total extracted content was measured as established in the NBR 14853 Standards [19].



The insoluble lignin content was measured according to the NBR 7989 Standards [20]. An oven was used to obtain the mineral content of ash, according to the NBR 13999 Standards [21].



The morphological characterization of the lignocellulosic materials was performed in ImageJ® software. The length, diameter, and slimness index were obtained from 30 measurements for each type of lignocellulosic material. The slimness index was calculated by dividing the length by the diameter of each evaluated sample.



The density of lignocellulosic material was calculated with the NBR 11941 Standard [22] with some modifications in the volume measurement (water displacement after addition of already saturated, with a graduated beaker).




2.3. Lignocellulosic Cement Composite Production


For each composite, a different lignocellulosic material residue was used: eucalyptus, sugarcane bagasse, coconut shell, coffee husk, or banana pseudostem. For the calculations of the components of each panel (lignocellulosic material, High Early Strength (HES) cement, water, and CaCl2, as additive), the method suggested by Souza [23] was used to determine the equivalent masses of components.



The following parameters were applied: material and cement ratio, 1:2.75; water and cement ratio, 1:2.5; hydration water rate of 0.25; CaCl2 additive, 4% (according to cement mass); percentage of loss, 6%. The calculations were performed for a nominal composite density of 1.2 g/cm3.



Three replicates for each lignocellulosic material were examined, for a total of 15 panels (five treatments and three replicates).



For production of each panel, all components were weighed and then mixed in a concrete mixer. The total mass of the components for the three panels equivalent to each treatment was mixed at the same time.



After mixing, the mass of each panel was separated, weighed, and randomly distributed in aluminium moulds of 480 × 480 × 150 mm. The moulding and stapling were performed in a cold room temperature (25 °C) for 24 h, and then, the panels were kept in an air-conditioned chamber at a temperature of 20 ± 2 °C and 65 ± 3% relative humidity to ensure uniform drying for 28 days.




2.4. Physical Properties of the Composites


For each lignocellulosic material evaluated, three lignocellulosic panels were produced. For the physical properties, we prepared two samples for each panel with dimensions of 152 × 152 mm according to the American Society for Testing and Material—ASTM D1037 [24].



The following physical properties were evaluated: density (D), porosity (P), thickness (T), water absorption after immersion for 2 h (WA2 h) and 24 h (WA24 h), and thickness swelling after immersion for 2 h (TS2 h) and 24 h (TS24 h).



The determination of the density of the composites was performed before the WA and TS tests. The density was calculated by dividing the mass (measured in analytical balance) by the volume calculated (base area multiplied by height, measured with callipers). P was determined according to the procedures described in the American Society for Testing and Material—ASTM C 948 [25]. The methods to determine the WA and TS were as outlined in the American Society for Testing and Material—ASTM D1037 [24]. The average of D, P, WA, and TS and standard deviations were based on the values of three replicates.




2.5. Mechanical Properties of Composites


The mechanical properties of the composites were determined according to the Deutsches Institut fur Normung (DIN 52362) [26] and American Society for Testing and Material (ASTM D1037) [24] in an AROTEC (São Paulo, Brazil) universal machine with a load cell of 20 MN and testing rate of 5 mm/min. The internal bonding (IB) (Equation (1)), compression strength (CS) (Equation (2)), modulus of rupture (MOR) (Equation (3)), and modulus of elasticity (MOE) (Equation (4)) in static bending were evaluated.


  I B =    P s    b × l    



(1)






  C S =    P b    b × l    



(2)






  M O R =   3 ×  P b  × L   2 × b ×  h 2       



(3)






  M O E   =      P  b p   ×    L 3    4 × b ×  h 3  ×    γ p     



(4)




where Ps—the rupture load (N); b—the width of the specimen (mm); l—the length of the specimen (mm); Pb—the maximum load (N); Pbp—the load at the proportional limit (N), γp—the deflection corresponding to Pbp (mm); h—the thickness of the specimen (mm); L—the span (mm).



For the internal bonding (IB) and compression strength (CS) tests, four samples per panel were used for each test. Six samples per panel were tested for the modulus of rupture (MOR) and modulus of elasticity (MOE) tests. Three samples per panel were tested after 28 days of curing, and three samples per panel were tested after accelerated ageing.




2.6. Accelerated Ageing


Accelerated ageing aims to speed up natural weathering in the laboratory by using soaking and drying cycles. This technique has been described by Almeida et al. [27]. In this process, the samples were successively immersed in water at 20 ± 5 °C for 170 min and, after a 10-min interval, heated to 60 ± 5 °C for 170 min in a ventilated oven. Another interval of 10 min at room temperature preceded the subsequent cycle, as recommended by the European Committee for Standardization—EN 494 [28]. A total of six accelerated ageing cycles were performed to better identify the composites’ mechanical behaviour changes.




2.7. Statistical Analyses


Physical and mechanical properties were subjected to analysis of variance, and the Tukey test was applied for pairwise comparisons (95% confidence intervals) to evaluate the differences in lignocellulosic materials.




2.8. Electron Microscopy


Scanning electron microscopy (SEM) was used to investigate the morphology of the different types of materials and the fibre/matrix interface. The samples were mounted on aluminium stubs with the aid of a double-sided carbon strip, metallized in a gold evaporator (SCD 050—Baltec), and analysed under a LEO EVO 40 XVP microscope (Carl Zeiss AG, Milan, Italy) with an applied tension of 20 kV. The samples were evaluated before and after the accelerated ageing of the panels.




2.9. FreeViz


FreeViz is an intelligent multivariate visualization approach described by Demšara et al. [29,30]. It is an optimization method that finds the linear projection and associated scatterplot that best separate instances of different classes. In a single graph, the resulting FreeViz visualization can provide a global view of the classification problem being studied, reveal interesting relations between classes and features, uncover feature interactions, and provide information about intra-class similarities. The mathematical foundations of FreeViz, the optimization method, and its utility in various datasets have been described [29,30].



This algorithm optimizes a linear projection and displays the projected data in a scatterplot. The target projection is found through a gradient optimization approach and aims at separating the instances of different classes in class-labelled data [30].




2.10. Image Supervised Classification


Image classification was performed with QGIS 2.18.13 software [31] by using the Semi-Automatic Classification Plug-In developed by Luca Congedo [32]. The plug-in performs supervised type classifications, in which users provide representative pixel samples for each class to be mapped. In this study, for each lignocellulosic composite, three classes were defined (I—voids; II—lignocellulosic materials; and III—matrix) before and after the accelerated ageing process. Ten samples were collected for each class, for a total of 30 samples per image. After classification, the classes were quantified as a percentage for each image. The Minimum Distance algorithm was used for classification; this algorithm calculates the Euclidean distance (x, y) between the spectral signatures of the pixel image and training spectral signatures according to the following Equation (5) [32]:


  d   x , y   =       ∑   i = 1  n  (  x i  −  y i     ) 2   



(5)




where x is the spectral signature vector of an image pixel, y is the spectral signature vector of a training area, and n is the number of image bands.



Therefore, the distance is calculated for every pixel in the image, assigning the class of the spectral signature that is closer, according to the following discriminant function (6) [32]:


  x ∈  C k  ⇐ ⇒ d   x ,    y k    < d   x ,    y j    ∀  k    ≠    j   



(6)




where    C k    is the land cover class k;    y k    is the spectral signature of class k; and    y j    is the spectral signature of class j.





3. Results and Discussion


Figure 1 presents the FreeViz algorithm of the chemical composition of the lignocellulosic material residues and displays the projected data in a scatterplot. In this figure, the colours are associated with each lignocellulosic material evaluated, and the colour position indicates which chemical components have greater or lesser effects on the composition of the lignocellulosic material. On the basis of the mean chemical components, the aptitude of the material is determined.



Table 1 presents the chemical composition statistical analyses of the different types of lignocellulosic material evaluated. The plant-based natural fibres consist of cellulose, hemicellulose, lignin, extractives, and ash, and their concentrations depend on factors such as fibre type, growth condition, dimension, age, location on the plant, and extraction and processing methods [33].



Figure 1 and Table 1 show the most influential chemical composition in each evaluated lignocellulosic material.



Banana pseudostem had the highest average content of ash among the lignocellulosic materials, and a lower content of lignin was evaluated. Coconut shell had the highest composition of lignin, but the lowest content of extractives and holocellulose. Eucalyptus showed an intermediate amount of lignin and holocellulose. Sugarcane had the highest extractives and the lowest ash values. In general, the results were consistent with those observed in other studies performing chemical analyses of different types of lignocellulosic materials [6,9,34].



In most cases, the extractives are primarily responsible for the inhibition of cement solidification [1]. The extractives are resins and other chemicals that may migrate to the surface of the particle during the drying process, thus potentially resulting in the formation of a hydrophobic layer, which reduces the hydrogen bonds between the lignocellulosic material and cement, and consequently, increases the bonding strength [35].



The chemical composition of plant-based fibres strongly influences their mechanical properties because cellulose, hemicellulose, and lignin are primarily responsible for the bond behaviour and degradation of natural fibres in composites [33]. Coconut shell exhibited the highest lignin content, whereas holocellulose exhibited the lowest lignin content. The lignin content in banana pseudostem was significantly lower than that in the other materials evaluated.



The total extractives content of the lignocellulosic materials evaluated showed significant differences. The extractive content is the most limiting factor in the production of cement composites because extractive action may result in lower resistance of the composites [36]. According to Fan et al. [11], extractives hinder cement curing and the interactions between lignocellulosic particles and the cement matrix, thus leading to empty spaces between the matrix and the lignocellulosic particles/fibres. Coconut shell had high levels of extractives (39.07%). In that case, the extractives may act as a barrier to satisfactory linkage between the particles and cement, but may be necessary to allow the treatment to achieve better composite properties [1]. Ash in lignocellulosic materials is the material remaining after incineration has removed the organic constituents [37]. Thus, the ash fraction comprises most of the inorganic substances present in the native substrate [38]. A higher amount of ash was observed in banana pseudostem, owing to its high mineral content. The same result has been found by Habibi et al. [8].



According to Teixeira et al. [6], holocellulose has a significant influence on the composite properties through the concentration of hemicellulose dissolved due to the higher alkalinity of the cement’s hydration water. Hemicellulose can diminish the composite’s resistance because it is one of the elements responsible for adherence between fibrils of the plant material and the arrangement of fibrils within the cement matrix.



Table 1 shows large differences among the chemical compositions of the lignocellulosic material residues evaluated. The variation in the proportions of the chemical constituents is influenced by the plant species; agricultural variables, such as soil quality, weathering conditions, the level of plant maturity, and the quality of the retting process; and measurement conditions that may include or exclude moisture [39]. Consequently, these factors may affect the physical and mechanical properties of the panels produced from those materials.



Table 2 shows the values obtained for the length, diameter, and slimness index of the lignocellulosic materials used as reinforcement for cement-based panels. Banana fibres had the highest length and diameter values. However, the highest slimness index and intermediate lengths were observed for coconut fibres. Coconut had the smallest diameter. Eucalyptus, sugarcane bagasse, and coffee husk showed the closest geometric characteristics, achieving the lowest values of length and intermediate diameters.



The geometric characteristics of the lignocellulosic materials directly influence the fibre/matrix interface. These characteristics allow for adequate covering and can increase the mechanical resistance of the produced panel; alternatively, they can generate a loss of interaction, which can increase the number of pores, owing to curving or even folding inside the cement matrix, thus directly affecting the physical and mechanical properties of the composites produced [6,9].



The density values of the different types of lignocellulosic materials are shown in Table 2. There was a higher density for eucalyptus fibres (0.341 g/cm3) and a lower density for cane fibres (0.094 g/cm3).



Table 3 shows the physical properties of the composites produced with the lignocellulosic materials. The values obtained for the density of the composites in this study were between 0.984 (banana pseudostem) and 1.267 g/cm3 (coffee husk). The Bison Wood-Cement Board [40] determines the density of cement-based panels in the range of 1.250 g/cm3, when the panels are produced with wood particles. The density of the panel is dependent on the compaction of the material, pressing pressure, particle size, and the density of the raw material and the binding agent [41]. The variability in density was dependent on the combination of raw materials and their compaction, owing to the presence of particle–particle bonding, because the pressure and the cement ratio were constant for all panels [42]. Density is an important property because it correlates with many properties of the composite material, such as thermal and mechanical characteristics.



A relationship between density and porosity is observed in composites: the higher the density, the lower the porosity. Porosity results from the formation of air-filled cavities inside an otherwise continuous material, and it is often unavoidable in composites. Porosity develops during the mixing and consolidation of two different material parts: plant fibre composites typically contain a relatively high porosity, which may influence the properties and performance of the composites [43].



The panels produced with banana pseudostem had the lowest values of density and the highest values of porosity—findings associated with fibres with longer lengths and higher slimness index values. Coffee husk panels had the lowest porosity values, the lowest slimness index, and the highest density among the panels. Therefore, fibres with longer lengths are less able to interact with the matrix, thus causing more empty spaces in the composite, because of the difficulties in coverage and mixture with cement and fibre/matrix interactions.



However, these values are also influenced by the chemical composition of the material (Table 1). Higher amounts of holocellulose and intermediate values of extracts, such as coffee husk, influence the connection with the matrix and the curing of the cement, thus resulting in panels with higher densities and lower porosity values. Coconut shell panels, despite having the lowest extract values, had the lowest density among the panels, possibly because of the lower amount of holocellulose and the geometry of the reinforcement material. Similar findings were observed for sugarcane bagasse. Although sugarcane had the highest amount of extract, which affects the curing of panels [6,11], owing to the association with the geometry of the fibres, these panels showed the highest density values. Thus, although the literature has described pronounced effects of extractives on cement curing, for cement-based panels, there is a composite effect of the material’s geometry and chemical composition on the density and porosity, thus significantly influencing the other physical and mechanical properties of the obtained cement-based composites.



Table 3 shows the amount of water absorbed and the variation in the thickness during the first 2 h of immersion in water and between the first 2 and 24 h. Interestingly, the most significant absorption of water occurred during the first 2 h. After this period, the amount of water absorption was almost irrelevant for most materials, except for sugarcane (5.6%).



In contrast, after the 2 h of contact with water, the cumulative thickness swelling was much greater than that in the first 2 h, except for coffee husk (0.8%). According to these results, the process of water absorption is faster than the thickness swelling. The increase in thickness after 2 h was probably associated with the large amount of water absorbed during the first 2 h. In this case, in a building using these lignocellulosic composites, the first 2 h of contact with water would be critical for the panel’s water absorption and thickness, owing to the effects on the mechanical properties of the composites. Such water absorption by the particles must be avoided for good dimensional stability. The greater the dimensional variation, the lower the binding with the matrix; therefore, limiting water absorption is thus often desirable [44].



Lignocellulosic materials can absorb substantial amounts of water. Banana pseudostem panels absorbed 26.034% of their weight in water. According to Mendes et al. [9], a lower content of lignin results in higher hydrophilicity. Banana pseudostem had the least amount of lignin (Table 1) and the lowest density values, thus resulting in the highest WA values (Table 3). A direct effect of panel density on the properties WA2 h and WA24 h was also observed, in which the panels with the highest densities (eucalyptus, sugarcane bagasse, and coffee husk) showed the lowest water absorption values.



The sugarcane panels notably showed low values of water absorption, which may be associated with the higher quantity of extracts in the sugarcane bagasse. Although the amount of extractives affects cement curing, when extractives are associated with the material, they can make the panels less hygroscopic [6,11], particularly in the first hours of contact with water. However, although the sugarcane panels presented the lowest TS2 h, sugarcane and eucalyptus panels had the highest TS24 h values. This finding may be explained by the dimensional expansion of the materials (sugarcane and eucalyptus), which had lower density than the other materials (Table 2), thus promoting greater dimensional movement of the panels and consequently, their expansion in thickness.



Although differences were observed among the panels with coffee husk, coconut shell, and 406 banana pseudostem, an evaluation of the density and porosity of these panels indicated that this effect was not reflected in the swelling in thickness (TS2 h and TS24 h). TS is more strongly influenced by the density of the lignocellulosic materials used to produce the panels.



Thickness swelling is a critical parameter in the dimensional stability of composites. The composite thickness can also vary according to the moisture content, particularly during contact with water. The characteristics of composites with lignocellulosic materials immersed in water are influenced by the nature of the fibre and matrix materials, the relative humidity, and the manufacturing technique, which determines factors such as the porosity and volume fraction of fibres [45].



In a similar study, Teixeira et al. [6] have evaluated fibre cement panels and found values of water absorption of 20.6, 17.4, 16.9, and 17.2 for eucalyptus, coffee husk, banana pseudostem, and coconut shell composite panels, respectively, after 7 days. Nasser et al. [46] have found values close to 4.73% for TS in evaluating cement composites with a density of 1.200 g/cm3. The Bison Wood-Cement Board [40] has established values of 0.8% for TS2 h and values between 1.2% and 1.8% for TS24 h. On the basis of Table 3, the proposed panels are not recommended for use in conditions involving contact with water, which could damage their structure. However, they are suitable for dry applications such as indoor rooms.



Beyond the physical properties, the mechanical building properties must be assessed to ensure adequate safety [47]. In this study, we evaluated the mechanical properties of the lignocellulosic panels before and after the accelerated ageing process in the laboratory (Table 4).



The results in Table 4 show that the lignocellulosic material affected the mechanical properties of composites. The eucalyptus composites had the best results in CS and IB. Eucalyptus wood panels had significantly higher average values of CS, whereas the other types of panels were lower and statistically equivalent. This finding may be explained by the resistance characteristics of each material. Eucalyptus presents resistance in the compression test [48], and the material has high density (Table 2), which allows for a lower volume of lignocellulosic material in the matrix and consequently, fewer defects due to the fibre/matrix interaction. For the IB, the panels with eucalyptus, sugarcane bagasse, and coconut shell were statistically equivalent and had the highest average values. The lowest value of IB was obtained for panels with banana pseudostem, owing to the greater lengths of the fibres used (Table 2), higher porosity values (Table 3), and the low fibre-to-fibre interaction matrix. The coffee husk panels, despite having the highest density and lowest porosity values, did not present a good fibre/matrix interaction and thus, did not have good internal bonding properties. Sugarcane bagasse panels had the lowest density among the evaluated materials, thus resulting in a greater surface area for covering by cement. Owing to their adequate geometric relationship, sugarcane bagasse panels had an adequate fibre–cement interaction.



In general, the lowest values of CS and IB were associated with the low adhesion of matrix fibre in the composite, thus making the panels weak, allowing for easy decoupling of fibres, and favouring crack propagation and fragility of the composite [49,50]. Moreover, the fibre matrix interaction in cement-based panels was more affected by the geometric and chemical characteristics than by the physical properties of lignocellulosic materials.



The statistical analysis indicated different significance (p < 0.05) values for the mechanical properties before and after the accelerated ageing process in the laboratory.



Sugarcane bagasse panels showed the highest mean MOR values, differing statistically from the other types of panels. Eucalyptus panels showed the second-best performance in terms of this property. However, after accelerated ageing, no statistical difference was observed between the cane bagasse and eucalyptus panels for MOR. Sugarcane bagasse panels were the only panels showing a significant reduction in resistance values after accelerated ageing. This result was a consequence of the dimensional movement of the panels due to the greater volume of sugarcane bagasse particles present, because the lower density of the material (Table 2) promoted swelling of the panel (Table 3) and separation of the particles and matrix, and consequently, an increase in empty spaces.



The MOE before ageing showed no statistical difference between treatments. However, significant reductions in the values of MOE were observed after the accelerated ageing of the cane bagasse, coconut shell, and coffee shell panels. After accelerated ageing, eucalyptus and sugarcane bagasse showed the highest average MOE values, a notable result suggesting that it is the most appropriate material, in terms of mechanical properties, for the production of cement-based panels.



The values of the mechanical properties of cement-based panels decreased as a result of exposure of the samples to varying water content under extreme temperature conditions. Prolonged soaking in water may decrease the fibre–matrix interface and fibre resistance, owing to the alkaline degradation of lignocellulosic materials [51,52], and increase the porosity of composites [46,53]. Furthermore, based on the analysis of MOR and MOE tests carried out before and after the accelerated ageing process (Table 4), it is possible to evaluate the durability of the composites. The test showed a decrease in strength and stiffness of 12 to 92% and 25 to 96%, respectively, dependent on the lignocellulosic material. Based on these results, panels with Eucalyptus obtained the greatest durability and panels with coffee husk presented the worst durability.



The Bison Wood-Cement Board [40] has determined a minimum value of 9 MPa for MOR and 3000 MPa for MOE. Thus, only the sugarcane bagasse panels met the MOR criteria, and only the coconut shell panels met the MOE criteria, even before the accelerated ageing process. These findings are due to the low density of these lignocellulosic materials that resulted in a weak fibre–matrix interface, thus causing lower mechanical resistance. Nevertheless, these panels could still be used as sealing systems without structural load. To use these structurally loaded panels, new production variables must be evaluated, such as lower percentages of reinforcement material depending on the proportional density and the geometric and chemical characteristics.



In Figure 2 and Figure 3, to investigate the surface morphology of the fillers, we collected SEM images of the fracture surface before and after the ageing accelerated process. Image supervised classification (ISC) was performed to classify the percentages of the three studied classes: I—voids; II—lignocellulosic materials; and III—matrix of the same images.



Figure 2 and Figure 3 show the SEM analysis of the fibre–matrix interface of the composites. Regardless of the lignocellulosic material type, the fracture surfaces of the composites showed large cracks and boundaries between the lignocellulosic material and the matrix. Moreover, numerous fibre pull-outs and voids were observed on the surfaces, thus indicating the poor interfacial adhesion between the components.



Because of the elongated nature of strands, some difficulties are expected in mixing the lignocellulosic materials with cement, thus potentially leading to incomplete coating/wetting of the particles with cement [9] and void formation. The presence of voids is considered the most critical defect affecting a composite’s mechanical properties [54]. Voids prevent the load from being effectively transferred to the particles from the matrix, thus leading to debonding of the particles of lignocellulosic materials and to low mechanical properties of the composites. The physical-mechanical properties of cementitious composites are directly associated with the adhesion of fibres with the matrix [14]. The lower MOR and MOE values (Table 3) observed may be associated with the loss of adhesion of the fibres with the matrix (Figure 2 and Figure 3). Thus, the SEM results were consistent with the mechanical results.



The surface of sugarcane composite was smoother than the surfaces of the other lignocellulosic composites. Figure 2 and Table 3 show that sugarcane and eucalyptus had higher adhesion with the matrix. In these composites, the fracture surface showed a highly homogenous texture, suggesting good dispersion and compatibility, although some voids and protruding lignocellulosic particles were observed in the fracture surfaces. The presence of voids caused by the movement of the fibres of the lignocellulosic materials resulted in an increased water absorption capacity.



Figure 2 and Figure 3 show the consequences of the accelerated ageing process on the microstructures of the composites. Degradation of the fibres was observed after the accelerated ageing tests. According to Lepage [55], the principal factors that promote material degradation under weathering are moisture, sunlight, and heat. The accelerated ageing test evaluated two of these factors (moisture and heat) [56]. The adhesion of the lignocellulosic material in the fibre–matrix interface exposed to the accelerated ageing process was lower than that before the exposure. We observed damage at the interface as a result of the accelerated ageing process, thus causing variations in the volume of the fibres. Similar results have been found by Fonseca et al. [14]. In addition, according to Fiorelli et al. [56], this degradation of the fibres and variation in the volume may directly influence the performance of the composites, because the fibres are responsible for supporting the mechanical load imposed on the composite material.



The nearest neighbour supervised rating clearly defined the distribution of the lignocellulosic materials, matrix, and voids. According to the number of pixels, we calculated the percentage of lignocellulosic materials, matrix, and void for each lignocellulosic composite before and after the accelerated ageing process (Figure 4).



Figure 4 shows the differences in the amounts of lignocellulosic materials, matrix, and void before and after the accelerated ageing test. After the accelerated ageing test, a proportional decrease was observed in the percentage of lignocellulosic material, and an increase was observed in the amount of matrix. It is possible to observe that after the aging test, as the lignocellulosic particle volume decreases (Figure 4), the resistance to the applied stress decreases too, thereby decreasing panel strength. This reduction in the mechanical properties after the accelerated ageing test of the composites is shown in Table 4. The mechanical properties of the composite materials were proportional to the fibre volume fraction: the greater the amount of fibres, the higher the mechanical properties. Table 5 provides the correlation values of the amount of lignocellulosic materials and the mechanical properties before and after the ageing process. Based on these results, it is possible to observe the high and positive values, which means that if the amount of lignocellulosic material increases, it also increases the values of MOE and MOR before ageing and after ageing. However, there is a limit to the amount of fibres above which the mechanical properties of composites begin to deteriorate, mainly because the quantity of cement is insufficient to properly wet all the fibres, thus resulting in weak fibre/matrix interfacial adhesion and increased porosity, and hence, poor mechanical properties [54].




4. Conclusions


The results of this study improve understanding of the effects of the chemical, physical, and anatomical properties of lignocellulosic materials on the physical and mechanical properties of cement-based panels.



Although the literature has suggested that chemical composition has the most pronounced effect on the quality of cement-based products, we observed associated effects of the material’s geometry and chemical composition, which directly affected the fibre–matrix interaction and consequently, the physical and mechanical properties of the panels.



The density of lignocellulosic materials affected the panels in a secondary manner; its influence was observed when the panels were evaluated after contact with water for long periods of time, such as in TS24 h and MOR and MOE after accelerated ageing.



Eucalyptus and sugarcane panels had the best results in terms of the evaluated properties and thus, could be considered for potential use as non-structural walls. However, the banana pseudostem coconut shell and coffee husk panels had the worst results and under these conditions, should not be used in building.
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Figure 1. FreeViz optimization of the chemical composition of the lignocellulosic material residues. 
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Figure 2. Scanning electron microscopy (SEM) images and image supervised classification (ISC) of the evaluated lignocellulosic materials before and after the accelerated ageing process. 
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Figure 3. Scanning electron microscopy (SEM) images and image supervised classification (ISC) of the evaluated lignocellulosic materials before and after the accelerated ageing process. 
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Figure 4. Composite components obtained through supervised image analysis of the evaluated lignocellulosic material before and after the accelerated ageing (AA) process. 
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Table 1. Averages and standard deviations of the chemical compositions of the lignocellulosic material residues.
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Lignocellulosic

Materials

	
Lignin (%)

	
Total Extractives (%)

	
Ash (%)

	
Holocellulose (%)






	
Eucalyptus

	
28.00 d

	
11.65 b

	
1.46 b

	
58.90 b




	
(0.667)

	
(0.145)

	
(0.286)

	
(1.098)




	
Sugar cane

	
17.34 b

	
24.20 d

	
0.84 a

	
57.63 b




	
(0.667)

	
(0.920)

	
(0.037)

	
(1.550)




	
Banana pseudostem

	
11.79 a

	
17.97 c

	
10.68 d

	
59.55 b




	
(0.104)

	
(0.350)

	
(0.179)

	
(0.275)




	
Coconut shell

	
39.07 e

	
7.39 a

	
3.65 c

	
49.89 a




	
(0.041)

	
(0.590)

	
(0.204)

	
(0.428)




	
Coffee husk

	
21.40 c

	
12.35 b

	
1.41 b

	
64.87 c




	
(0.190)

	
(0.025)

	
(0.054)

	
(0.269)




	
p value

	
0.0000

	
0.000

	
0.000

	
0.000




	
CV (%)

	
1.84

	
3.52

	
4.95

	
1.53








Averages followed by the same letter in the column are statistically equivalent according to the Tukey test at 5% significance. The values in parentheses are standard deviations. CV: coefficient of variation.













[image: Table] 





Table 2. Averages and standard deviations of the geometry and density properties of the lignocellulosic composites.
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Lignocellulosic Materials

	
Length (cm)

	
Diameter (cm)

	
Slimness Index

	
Density (g/cm3)






	
Eucalyptus

	
0.27 c

	
0.07 b

	
3.81 bc

	
0.341 a




	
(0.07)

	
(0.01)

	
(0.96)

	
(0.092)




	
Sugar cane

	
0.29 c

	
0.05 c

	
6.10 bc

	
0.094 d




	
(0.06)

	
(0.01)

	
(1.54)

	
(0.005)




	
Banana pseudostem

	
1.25 a

	
0.18 a

	
7.41 b

	
0.237 b




	
(0.12)

	
(0.03)

	
(1.40)

	
(0.008)




	
Coconut shell

	
0.64 b

	
0.03 d

	
21.93 a

	
0.138 c




	
(0.17)

	
(0.01)

	
(9.46)

	
(0.087)




	
Coffee husk

	
0.19 c

	
0.08 b

	
2.50 c

	
0.167 c




	
(0.03)

	
(0.02)

	
(0.69)

	
(0.007)




	
p value

	
0.0000

	
0.0000

	
0.0000

	
0.0024




	
CV (%)

	
25.09

	
26.29

	
61.74

	
6.31








Averages followed by the same letter in the column present statistical equality by the Tukey test at a 5% significance. The values in parentheses are the standard deviation. CV: coefficient of variation.
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Table 3. Average and standard deviation of the physical properties of the lignocellulosic composites.
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Density

g/cm3

	
Porosity

(%)

	
Water Absorption

2 h (%)

	
Water Absorption

24 h (%)

	
Thickness Swelling 2 h (%)

	
Thickness Swelling 24 h (%)






	
Eucalyptus

	
1.18 bc

	
74.2 bc

	
15.700 bc

	
16.467 ab

	
2.267 b

	
6.467 b




	
(0.068)

	
(2.073)

	
(0.991)

	
(0.977)

	
(0.246)

	
(0.435)




	
Sugar cane

	
1.17 abc

	
78.5 bc

	
5.200 a

	
10.800 a

	
1.067 a

	
5.300 b




	
(0.082)

	
(8.521)

	
(0.678)

	
(1.355)

	
(0.789)

	
(0.905)




	
Banana pseudostem

	
1.00 ab

	
87.5 c

	
26.034 d

	
27.834 c

	
1.834 ab

	
2.867 a




	
(0.022)

	
(2.110)

	
(0.805)

	
(0.228)

	
(0.228)

	
(0.146)




	
Coconut shell

	
0.98 a

	
62.8 ab

	
21.867 cd

	
23.567 bc

	
1.900 ab

	
3.367 a




	
(0.082)

	
(5.100)

	
(5.410)

	
(5.339)

	
(0.365)

	
(0.688)




	
Coffee husk

	
1.27 c

	
52.5 a

	
12.567 ab

	
13.400 a

	
1.267 ab

	
2.134 a




	
(0.079)

	
(9.702)

	
(3.024)

	
(2.027)

	
(0.117)

	
(0.360)




	
p value

	
0.0024

	
0.000

	
0.000

	
0.0001

	
0.034

	
0.000




	
CV (%)

	
6.31

	
8.92

	
17.46

	
14.44

	
25.50

	
13.71








Averages followed by the same letter in the column present statistical equality by the Tukey test at a 5% significance. The values in parentheses are the standard deviation. CV: coefficient of variation.
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Table 4. Compression strength (CS), internal bonding (IB), modulus of rupture (MOR), and modulus of elasticity (MOE) of the lignocellulosic composites before and after the accelerated ageing process.
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Before Accelerated Ageing

	
After Accelerated Ageing




	

	
CS

(MPa)

	
IB

(MPa)

	
MOR (MPa)

	
MOE

(MPa)

	
MOR (MPa)

	
MOE

(MPa)






	
Eucalyptus

	
9.33 b

	
0.54 c

	
6.43 bA

	
1462 aα

	
5.60 bA

	
1090 bα




	
(1.24)

	
(0.06)

	
(0.25)

	
(353)

	
(0.96)

	
(111)




	
Sugar cane

	
2.81 a

	
0.32 bc

	
12.29 cA

	
2070 aα

	
5.56 bB

	
970 bβ




	
(0.80)

	
(0.15)

	
(0.25)

	
(371)

	
(1.60)

	
(159)




	
Banana pseudostem

	
0.98 a

	
0.07 a

	
1.60 aA

	
1528 aα

	
1.16 aA

	
117 aβ




	
(0.23)

	
(0.01)

	
(0.87)

	
(345)

	
(0.36)

	
(41)




	
Coconut shell

	
1.55 a

	
0.30 abc

	
3.47 aA

	
3105 aα

	
1.77 aA

	
182 aβ




	
(0.06)

	
(0.11)

	
(0.93)

	
(646)

	
(0.94)

	
(101)




	
Coffee husk

	
2.23 a

	
0.23 ab

	
3.78 abA

	
1572 aα

	
0.28 aA

	
53 aβ




	
(0.69)

	
(0.05)

	
(1.88)

	
(469)

	
(0.16)

	
(9)




	
p value

	
0.000

	
0.0011

	
0.000

	
0.3155

	
0.0001

	
0.0000




	
CV (%)

	
21.79

	
30.87

	
18.58

	
49.51

	
33.08

	
20.60








Averages followed by the same letter (lowercase for lignocellulosic materials in the columns, uppercase for MOR before or after accelerated ageing tests in the lines, and Greek letters for MOE) presented statistical equivalence according to the Tukey test at 5% significance. The values in parentheses are standard deviations. CV: coefficient of variation.













[image: Table] 





Table 5. Correlation values of the amount of lignocellulosic material in the panel and modulus of rupture (MOR) and modulus of elasticity (MOE) of the lignocellulosic composites before and after the accelerated ageing (AA) process.
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Amount of Lignocellulosic Material in the Panel




	
Before AA

	
After AA






	
MOR before AA

	
0.678

	
-




	
MOE before AA

	
0.108

	
-




	
MOR after AA

	
-

	
0.936




	
MOE after AA

	
-

	
0.900

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Lignocellulosic material Before accelerated ageing After accelerated ageing

Eucalyptus (SEM)

Eucalyptus (ISC)

Sugarcane (SEM)

Sugarcane (ISC)

Banana pseudostem (SEM)

Legend

voids lignocellulosic materials [l matrix





nav.xhtml


  applsci-10-08019


  
    		
      applsci-10-08019
    


  




  





media/file2.png
(%) seqeqxa |0






media/file5.jpg
Lignocelllosc material___Befor acceleraed ageing e accleraed ageing

FReap—

Coffshusk 15€)

Legend
voids [ lignoceliukosic muterints ([ matrix:





media/file3.jpg
Lignocelllosic materal o ccelerted agcing_ Afer acclrated sgcing

1

Eucayus SEV)

Eucalyps 1SC)

Sogareane (SEN)

Bunana pcadosen (SEM)






media/file1.jpg





media/file7.jpg
‘Composites' components.

B AN ARGAA BekeAA ABrAA BercAA ANAA BefreAA AMrAA BeorsAA AflrAA

ot Gy Soprcoe Sprcoe B Bumon Co Cotn. Cotle ik Cofle bk





media/file0.png





media/file8.png
Composites' components

100%

80%

60%

40%

20%

0%

Before AA After AA Before AA After AA Before AA After AA Before AA After AA Before AA After AA

Eucalyptus Eucalyptus Sugar cane Sugarcane  Banana Banana Coconut
shell

m Voids = Lignocelullosic material = Matrix

Coconut
shell

Coffee husk Coffee husk





media/file6.png
Lignocellulosic material Before accelerated ageing After accelerated ageing

—_— ———— -

& rjf;;/-‘;f : - y & Y -
Wy L ~ g
‘R .

Banana pseudostem (ISC)

Coconut shell (SEM)

Coconut shell (ISC)

Coffee husk (SEM)

Coffee husk (ISC)

voids lignocellulosic materials [l matrix





