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Abstract

:

The under-utilization of rice husk, a milling by-product, demands attention due to its widespread disposal and limited usage. This research aims to assess the physical properties and mechanical behavior of three rice husk varieties (F 2000, Orizyca, and Panorama 394), to determine their strength capacities and potential applications. Mechanical properties are evaluated through a non-standardized tension test using a universal machine. Subsequent analyses include measuring the moisture content following ASTM D1348, determining the particle size distribution through ASAE Standard S319, and establishing the bulk density using ASAE Standard S269 Method 4. Mechanical resistance in the rice husk varieties ranged from 60 MPa to 130 MPa, with a particle density exceeding 300 kg/m3 and an average apparent density of 140 kg/m3. Scanning electron microscopy revealed the husk structures, identifying epidermis, hypodermis, and sub-hypodermis layers. The mechanical stress of the Orizyca variety was 1.89 times higher than that of F 2000, and 1.18 times higher than that of Panorama 394. Potential applications include brick manufacturing and thermoformed materials for Orizyca and Panorama 394, while F 2000 could be utilized for producing fuel briquettes or cardboard, among other possibilities.
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1. Introduction


Agro-industrial waste is often wasted and is mainly used for burning [1]; these natural renewable feedstocks are abundant in lignin, and various applications have been identified for them, as is the case for corn cob in the production of xylanase [2], which is used in waste degradation.



The agro-industrial by-product with the highest collection rate in Colombia is rice husk; rice production in Colombia in 2020 was 3,424,119 tons, which was generated by 596,414 ha planted according to DANE and FEDEARROZ; the approximate proportion of rice husk in paddy rice processing is 20–23%, which represents about 684,800 tons of the total production [3].



The husk left by the husking process in mills leads to secondary activities such as accumulation, packaging, and storage, owing to the husk’s mechanical characteristic of a low apparent density (40–200 kg/m3); for millers and producers, this is a setback to production and sustainability plans [4].



The preferred and most popular activity for reduction of the industrial by-product is open burning (incineration). The use of rice husks as a by-product of other agro-industrial processes could add additional income to the production process [5], improving sustainability and supporting the environment. The characterization of agro-industrial waste (rice husk) is important for the purpose of considering added value to this biomaterial. Rice husks have a calorific value of 3.3–3.6 cal/kg; they are used in unregulated activities that can generate high pollution, and their use as fuel or material to be incinerated is limited, producing an ash content of between 17% and 20%. A by-product of 90% silica is produced as a result of burning rice husks [6].



Research on rice husks focuses mainly on obtaining silica from the ashes produced by combustion; the process of obtaining it starts with alkaline extraction and subsequent acid precipitation. This procedure generates gels with up to 90% silica and a relative humidity of 3%, providing a source of silicates used in composites [7].



The processing of rice husks can produce various derivatives of hemicellulose such as xylitol, xylose, and furfural, as well as cellulose derivatives such as ethanol [8,9] and hexose, phenolic compounds from lignin, and finally other products such as silica [10].



Some materials consist of a matrix composed of a polymer resin to which natural fibers are added; these are intended to replace synthetic fibers (due to their low biodegradability) for a variety of uses such as glass fibers; in addition, composite materials often have better mechanical properties than their individual components. When a composite material has properties superior to those of its components, it is said to have synergy, which is an important property in determining which materials are likely to be used [11].



Basically, polymer composites consist of a polymer resin as a matrix with one or more fillers added to meet the objectives or requirements. Natural fibers often replace synthetic fibers, carbon fiber, or glass fiber due to their low wear. Composite materials often have better mechanical properties than their individual components [12,13].



The development of technologies for the agro-industrial processing of rice husks in a developing country such as Colombia will not only lead to increased availability of raw materials in the chemical and energy industry but will also provide the opportunity for higher revenues from rice milling.



The development of this research seeks the mechanical characterization of rice varieties, with Orizyca, Panorama 394, and F 2000 husk varieties coming from the Ibagué plateau, a place characterized by a warm climate, an elevation of 1285 m above sea level, and an average temperature of 21 °C; it is located in the center of Colombia, South America, and the geographical location coordinates of the harvesting location are 4°26′19.68″ N 75°11′43.44″ W. The chemical characteristics of the analyzed husk are described in the work carried out in [14].



This region ranks third in national rice production; the national production of rice in Colombia corresponds to 1,208,599 tons in 2021 and 912,267 tons in 2022; the Tolima region had a production of 403,028 tons in 2021 and 296,452 tons in 2022, with a variation equivalent to −26.4%. From the above we obtain that the production of rice husks was 88,667 tons in 2021 and 65,219 tons in 2022 [3]; therefore, the amount of rice husk from milling is an important factor when looking for alternative uses for this by-product. A better interpretation of the structure and mechanical characterization of rice husks can broaden the level of knowledge of structural modifications that may be needed for new applications such as biopolymers, nano-materials, husk-reinforced materials, or other larger macroscopic structures.




2. Materials and Methods


The materials to be evaluated are three varieties of rice husks (Orizyca, Panorama 394, and F 2000) from seeds sown in the department of Tolima. The determination of the physical properties of agro-industrial wastes such as rice husks will provide an adequate understanding of their utilization as a material; the physical characteristics of rice husks analyzed here are moisture content, particle size distribution, bulk density, and particle density.



2.1. Moisture Content


The amount of moisture present in the rice husks (Orizyca, Panorama 394, and F 2000) was determined according to ASTM D1348-94 [15], under the application of the “Test method b—heavy sample outside the oven”; for this, an initial sample of 10 g per husk was prepared and placed in an oven at 105 °C for an initial drying time of 120 min, then the weights of the samples were taken. Then, the husks were returned to the oven for an additional 60 min to resume weight measurement; this process was performed consecutively until a variation in weight of about 0.005 g was achieved [15].



The moisture content present in the different kinds of rice husks was calculated from the change in the weight of the initial sample and the change in the weight of the final sample (net dry sample). The determination of the difference in weight was obtained using a Radwag WTB 2000 digital balance (Poland), which provides a weight variant with an offset of 0.0001 g. The quantitative value was calculated according to


  M o i s t u r e   c o n t e n t   % =     ( M − D )  /  ( M − T )     ∗ 100  



(1)







	
  M   = Original mass of sample plus container [kg];



	
D = Net dry mass plus container [kg];



	
T = Mass of the container [kg].







2.2. Particle Size


To determine the size distribution of the rice husk samples, the ASAE S319 method [16] was implemented. Initially, a constant mass of 100 g was maintained for all samples, which was arranged from the top sieve. American nomenclature sieves were used from 4, 8, 12, 16, 30, 60, and 100 with respective sieve apertures of 4.75, 2.36, 1.7, 1.18, 0.6, 0.25, and 0.15 (mm). The movement developed for the use of the sieves was generated downwards. A prolonged agitation with an interval of 15 min allowed for sedimentation of the different sizes, after which the masses of the individual sieves were measured.




2.3. Bulk Density


The bulk density of rice husk (Orizyca, Panorama 394, and F 2000) was obtained by applying the ASAE Standard S269.4. A 600 mL recipient was used for the husk volume; during the filling of the recipient, the husk was completely agglutinated by compression and intermittent agitation, the weight was determined, and the quantitative value was divided by the volume of the container to obtain the bulk density of the rice husk [17].




2.4. Particle Density


A pycnometer consisting of a pear-shaped flask with a ground-glass mouth and a cap with a capillary tube was used. This allowed the air bubbles to rise and concentrate in the neck, to be expelled when the stopper was placed. The correct use of the stopper prevented the presence of air bubbles from modifying the weight and therefore the density [18,19]. The measurement of the particle density was established for rice husks (Orizyca, Panorama 394, and F 2000) with a particle size between 0.25 and 0.15, ensured by obtaining the particle size and corresponding them to the 60 and 100 meshes, respectively, in order to reduce the spaces between pores and vertices inside the pycnometer. It was filled up to the surface of the container and a pressurized compaction was carried out with the plug, reducing the air and pore spaces; then, we proceeded to weigh and obtain the value for the husk.




2.5. Mechanical Properties


An evaluation of the specific mechanical properties of the rice husk was conducted using the universal testing machine HAIDA—HD-B604 S (China), to determine the material’s elastic and mechanical resistance properties. To guarantee the parameters of equality in the application of the tension test, two processes are available. Initially, the sizing of the specimens was standardized; for this purpose, a rectangular cut size was provided for the rice husk, as shown in Figure 1a; it had a longitudinal arrangement of 6 mm and width 3 mm. The rectangular arrangement of the rice husk guaranteed homogeneity in the tests.



The characterization of the sample, the implementation measurement, and the parameters used for the husk tests, as well as the sizing of the cut specimen, were not standardized; however, they are supported by the parameters used in the research in [20]. For each of the rice husk varieties analyzed, 30 tests were carried out.



The rice husk placed between the clamps had a clamping dimension of 1.5 mm, and the pressure exerted on the clamp was homogeneous for all tests so that the threaded screw turned by 2.5 turns. For the clamping of the specimens, the clamps were selected and installed as shown in Figure 1b,c.




2.6. Micrographs of Rice Husk


Micrographs of the rice husk samples were taken by a standard digital microscope Olympo CX31 (Japan) as shown in Figure 2, where the awn and the rachilla can be observed; the edge is where the upper part of the husk ends and the rachilla is where the seed is held; using a magnification of 100× on the edge parallel to the cut, an external surface with micro lumps (epidermis) can be initially observed; in unequal conditions for a striated structure and in the presence of protuberances, part of the sub-hypodermis can also be observed [21].



A Tescan Vega3 scanning electron microscope (SEM) (Japan) (was used to observe the three constituent layers of the rice husk (the epidermis, hypodermis, and sub-hypodermis [22,23]); to obtain the SEM images, it is necessary to prepare a sample of organic matter by centrifuging and spraying the conductive element using the COXEM equipment (Korea), to increase the ionic activity on the surface; this provides a greater insertion of the lens in the samples to be observed.





3. Results and Discussion


3.1. Results of Physical Analysis


Table 1 shows the physical characteristics of the different rice husk varieties analyzed; for this purpose, five similar tests were performed for each variety using a 600 mL vessel, under uniform conditions of room temperature (22 °C). The average results are illustrated, showing an average standard deviation of 0.045.



The moisture content of the rice varieties Orizyca, Panorama 394, and F 2000 are shown in Table 1. The moisture content analysis shows a 1.02% disparity between the Panorama 394 and Orizyca varieties, along with a corresponding 1.01% difference in moisture content between the Panorama 394 and F 2000 varieties, which makes them statistically similar; this aspect can be attributed to the uniformity of the agro-industrial process from harvesting to milling for each variety.



The bulk density was determined for the three varieties of husk under study; the Orizyca class had a higher value, and this characteristic was associated with the climatic conditions of the crop; as expressed in [17], the larger the particle size (husk), the smaller the empty space in the material and therefore the higher the bulk density.



For the types of husk studied (Orizyca, Panorama 398, and F 2000), an average apparent density of 142.7167 kg/m3 was found; this represents a difference of no more than 1% with respect to the results tabulated in Table 1. According to the research [24], the average value ranges between 120 kg/m3 and 579.18 kg/m3; this is an indication that there could be difficulties for the packaging, storage, and subsequent transport of the husks, due to the settlement that they adopt in the container once they are poured for storage or transport.



In relation to the particle density, a procedure was defined that involved the elimination of the spacings on the surface layer of the husk, followed by sieving to select the smallest size of husk that was compressed inside the pycnometer, eliminating the air present in the remaining pores. The average value for the apparent density was between 168.31 kg/m3 and 616.62 kg/m3 [25]. The average value of the analyzed samples was 315.049 kg/m3, with a variation of no more than 2.67% among these samples.



It can be observed that the parameters of bulk density and particle density were the characteristics that showed the greatest change between the different types of husk; this can be attributed to climatic conditions, crop location, fiber age, fiber thickness, and the technologies applied in post-harvesting [26].



The weight obtained per sieved mesh is shown in Figure 3. The #12 mesh size (1.7 mm) had the highest husk rice retention for the three evaluated husk classes (Orizyca, Panorama 394, and F 2000), with a combined average husk retention of 48.6%; up to mesh #30 (0.6 mm), there is a cumulative average husk retention of 79.83%. The rice husk with the highest retention percentage was Panorama394 by mass concentration in the #12 mesh (51.3%) and an accumulated retention up to the #30 mesh of 81.8%; in contrast, the F 2000 class presents a higher retention percentage in the #12 mesh (45.3%) and an accumulated retention up to the #30 mesh of 77.7%



The difference between the two types of husk may be due to the fact that in Panorama 394, there was a greater presence of broken husk derived from the agro-industrial husking process; the values observed in Figure 3 are consistent with the results obtained in the evaluation of bulk density.




3.2. Results of Observations Using Scanning Electron Microscopy


Scanning electron microscopy was performed with magnifications between ×200 and ×5000 to establish the structure present in the rice husk; in Figure 4a,c, grooves are found along the longitudinal periphery of the husk; Figure 4b,d shows the cross-section of the rice husk, which comprises the outer part of the epidermis layer, a longitudinal structure called the hypodermis, and finally (on the opposite side of the inner layer) a layer with a porous structure, called the sub-hypodermis [27].



Figure 5a,b shows the outer surface layer of the rice husk, called the epidermis, characterized by a symmetrical structure made up of convex cells; these are separated by grooves and grains composed of silicon dispersed over the entire surface [27]; concave cells are present, with an average distance of 46.98 µm between them. Trichomes (acicular structures) can be identified in a non-regular and lower frequency, as shown in Figure 5c; these have an acicular structure with an average size of 200 µm.



The morphology present in the hypodermis section is presented as an alignment of layers perpendicular to each other; as shown in Figure 6a, the hypodermis is intermediate between the epidermis and sub-hypodermis. The inner section of the grain epidermis, called the sub-hypodermis, is usually composed of thin-walled structures with small holes or openings [20]; these form a support and resilience structure which fulfils the function of protecting and supporting the load on the seed, as shown in Figure 6.



From the above observation and via comparison to [20], it was determined that the analyzed husk has a cellulose content of 45.84% and a lignin content of 26.10%. According to [27], lignin has binding properties that provide the fibrous consistency of plants; it performs the mechanical function of support, which provides rigidity to the cell wall and acts as a union [28]; cellulose is a structural polysaccharide in plants and is found in the wall of plant cells, where it is part of the supporting tissues and is also related to the susceptibility to hydrolysis.




3.3. Results of the Tension Test


The tensile test was used to determine the maximum stress in materials by producing tangential displacements in the intercellular spaces during application of the load [18]; this means that the more spaces that occur between the planes, the smaller the area supported by the load, which weakens the material. The maximum stress is obtained as the ratio of the load on the cross-sectional area of the rice husk; for the calculation and obtaining of all results of the tension tests, an area related to the width of the perpendicular husk of the specimen of 50 µm was established, as shown in Figure 7.



For the development of the stress tests, 34 replicates were carried out for each variety of husk studied; the results are shown below. Figure 8 shows the stress and elongation data obtained for the rice husk varieties. The ultimate tensile stress for the Orizyca husk was 128 MPa and the elongation was up to 0.014 mm. The F 2000 variety showed an elongation of 0.009 mm, with a maximum stress of 67.23 MPa. The results obtained for Panorama 394 showed an elongation of 0.011 mm and a maximum stress of 108.83 MPa. Significant differences were found between stress and elongation for the rice husk varieties (p < 0.05).



Table 2 shows the values of the maximum stress and elongation. The results showed that the applied elongation significantly affected the maximum stress, with a significant difference (p < 0.05) between rice husk varieties. The rice husk type F 2000 was the least resistant among the evaluated varieties, showing a difference of 47% from the effort obtained for the Orizyca husk and 15% from that of the Panorama 394 husk; the displacement is directly proportional and presents the greatest difference (38%) between the Orizyca and F 2000 husks.



This variability is related to the recommended humidity for harvesting, which is between 22% and 24% for the F 2000 variety, 23% and 25% for the Panorama 394 variety, and 24% and 26% for the Orizyca variety [29,30,31]. In the Tolima plateau, rice harvesting is carried out in periods with diverse fluvial variation, which generally makes the relative humidity higher than recommended; for this reason, the varieties with greater susceptibility to this variable present lower stress.



The mechanical behaviors can be compared in Figure 8 This behavior can be explained according to the state of application of a triaxial force; when it occurs, the piece or specimen (shell) presents changes in its geometry, and the shell presents a constant volume during the whole test; however, a change can occur in the surface that supports the load, by means of alterations in section changes between the hypodermis and sub-hypodermis. The section variations develop very significant radial and circumferential stresses that when added to the longitudinal axial load provide a triaxial stress state that affects the stress [18,20,32,33].



Other works developed in relation to the mechanical characterization of rice husks have yielded results similar to those obtained here; in the work carried out in [18], the dimensions of the rice husk and the range of load values in specimens subjected to bending were established; in the work carried out in [20,34], similar methodologies were used with varieties native to southern China, finding slightly lower resistance magnitudes than those obtained with the varieties under study.



Rice husks as an agro-industrial waste can— due to their high silica content—be used in various applications such as in the manufacture of silica gels and silicon chips, the production of lightweight building materials and insulators, and as ingredients for lithium-ion batteries [35]; other identified uses are as a source of various nanomaterials such as nanosilica (NS), nanocarbon (NC), and nanozeolite (NZ) [36]; the use of rice husk as a reinforcement fiber in biodegradable bio-composites has also been proposed [37,38].





4. Conclusions


The behavior of rice husk layers is fundamental to understanding this material. The outer layer (the epidermis) grows longitudinally; on it, the load acted in the same direction; this can be understood as a matrix of composite materials in the hypodermis that is presented perpendicular to the growth. The load is applied in the direction that the fiber is oriented.



The differences between the maximum stresses for each kind of rice husk present a variation of about 2% and a complete difference between ranges, since the lowest was 67.627 MPa and the highest was 128.035 MPa.



The graphs of the tensile stress show a similar inclination between the varieties of husk analyzed but with a different maximum point of stress; likewise, the deformation behaves similarly between the classes of husk; the variation of the supported value may be due to the change in the particle density between the largest (Orizyca) and the smallest (F 2000).



The mechanical stress of the Orizyca variety was 1.89-fold larger than that of the F 2000 rice husk variety. Bricks and thermoformed materials are possible applications of Orizyca rice husks. Meanwhile, the F 2000 rice husk variety can be used to make fuel briquettes or cardboard, among others.



The environmental interest and the development of new materials research, focusing on the utilization of available agro-industrial wastes, provide opportunities for the use of natural fibers in composite materials. The physical parameters of the rice husks showed a variation of about 3%; the mechanical stress characteristics should be related to the recommended field moisture for the harvest of each rice variety.



The mechanical characterization of the varieties from the Tolima plateau makes the research carried out of interest, since these varieties are not found in other regions and their identification serves as a starting point for projecting various agro-industrial applications.
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Figure 1. Coupling on universal testing machine. 
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Figure 2. Microscope images from Olympo CX31. 
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Figure 3. Rice husk size distribution. 
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Figure 4. Scanning electron microscopy images of the structure present in the rice husk: (a) 3000×, (b) 5000×, (c) 5000×, and (d) 2500×. 
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Figure 5. Scanning electron microscopy images of the structure present in the rice husk epidermis. 
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Figure 6. Scanning electron microscopy images of the structure present in the rice husk: (a) hypodermis and (b) sub-hypodermis. 
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Figure 7. Scanning electron microscopy image of the structure present in the cross-section of rice husks at 3000×. 
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Figure 8. Stress—displacement diagram for three rice husk varieties: Orizyca, Panorama 394, and F 2000. 
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Table 1. Values of the physical characteristics of the husks.
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	Parameters
	Orizyca
	Panorama 394
	F 2000





	Moisture content, [%]
	12.72 ± 1.2
	12.96 ± 1.12
	12.73 ± 1.31



	Particle density, [kg/m3]
	324.45 ± 20.1
	319.51 ± 15.3
	311.18 ± 14.1



	Bulk density, [kg/m3]
	144.14 ± 7.2
	142.71 ± 4.1
	141.29 ± 6.4










 





Table 2. Elongation and stress of rice husks.
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	Rice Husk
	Elongation (mm)
	Max. Stress (MPa)
	% Variation of Stress
	% Variation of

Elongation





	Orizyca
	0.0141
	128.03 ± 1.09
	0
	0



	Panorama 394
	0.0111
	108.83 ± 1.99
	15
	21



	F 2000
	0.0087
	67.62 ± 1.13
	47
	38
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