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Abstract


This study explores the possibility of making cardboard and molded egg carton packaging from corn residues and common reed as alternatives to wood-based pulp. Six formulations were made: corn husks (CHs), corn leaves (CLs), corn leaves (35%) plus corn husks (30%) and a corn blend (15%) of wollastonite (CaSiO3) (CH + CL + W), a corn blend (CH + CL: husks 60%, leaves 40%), mixed corn waste (MCW) and shredded common reed (SR). Optical microscopy was used to evaluate the fiber morphology, including the calculation of the flexibility coefficient, the cell wall rigidity and the Runkel ratio, for raw materials and fiber after alkaline hydrolysis and casting of egg cartons in silicone molds. The grammage, burst strength and index, folding endurance, thickness and moisture content were measured in the cardboard samples, while warping, compressive deformation, moisture and ink absorption were measured in the egg cartons. The flexibility coefficient of the common reed fibers (64.5%) was better than that of the corn fibers (23.6%), and so was the Runkel ratio (0.86 vs. 1.2). In the case of cardboard formulations, the maximum burst strength (462.4 kPa) and the maximum burst index (3.0 kPa·g/m2) values were obtained with the MCW formulation, and the highest folding endurance (42 and 38 double folds) was obtained with the CH and SR formulations, respectively. The addition of wollastonite improved folding endurance to 28 double folds and reduced moisture content to 4.1%, whereas the moisture content was reduced but burst strength decreased to 250.5 kPa. Egg cartons made from corn were found to satisfy all the requirements tested for good packaging, while the reed-based cartons were found to have inadequate ink absorbency time (20 min), making them less printable. Overall, mixed corn residues seem to be the most promising raw materials for sustainable packaging, and wollastonite can be used to adjust the flexibility–strength balance.
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1. Introduction


In recent years, there has been a steady increase in interest in environmentally friendly packaging materials. Traditional paper and cardboard production are based on the use of wood pulp, which leads to deforestation, reduced biodiversity and worsening climate change. In this regard, research aimed at finding alternative, renewable sources of cellulose raw materials is becoming particularly relevant.



Plant waste is widely used in “green chemistry” as an affordable raw material for producing sorbents and other environmentally friendly materials [1,2] and is additionally considered a promising source of cellulose for the production of paper and cardboard. In this context, agricultural waste, notably corn residues, is of particular interest. According to the International Grains Council (IGC), global corn production in 2025 was 1.299 billion tons [3] making it an affordable and renewable source of biomass. Corn processing generates significant amounts of by-products, such as stalks, leaves, and husks that are often not used, but can be processed into pulp and used in paper and cardboard production, reducing the burden on forest resources. According to the studies, various parts of corn can contain around 10 to 45% cellulose and 1.98% to 15% lignin. For example, corn husks are 35% cellulose, whereas in corn stalks this value is 10% and in corn cobs, up to 45% [4,5].



A number of studies have confirmed the technological and mechanical suitability of corn husks as raw materials [6,7,8,9]. So, in the recent work [6], paper with an oil absorption of 21.73% and a density of 73.44 g/m2 was obtained from corn husk using Na2CO3 as an alkali. This study has shown that corn can be a good source of raw materials for making newsprint. Corn husk fibers have an average length of about 1.5 mm and a diameter of 20 microns, which is comparable to hardwood fibers, and have sufficient tensile strength for paper production [7,8]. Sheets of corn cob paper with a strength of 189 kgf and a thickness of 0.182 mm were also successfully obtained using NaOH [9].



The literature describes various combinations of corn residues with Sansevieria zeylanica, sugarcane bagasse, and Hibiscus cannabinus, where additional improvements in paper properties were achieved through the incorporation of tapioca starch, PVA glue, wood fibers, and antimicrobial agents [10,11,12,13]. The results indicate that corn husk fibers surpass rice straw in several key characteristics and approach the properties of cotton [14].



Another potential source of alternative cellulose is common reed (Ph. australis), which is widely distributed across temperate regions. Its chemical composition, similar to that of corn, makes it suitable for alkaline and organosolv cellulose extraction. Depending on environmental and growth conditions, the cellulose content in common reed ranges from 33% to 59% [15], while its lignin content is approximately 15% [16].



An extensive study on common reed resources in Kazakhstan confirms its significant potential as a renewable raw material for the pulp and paper industry, particularly in regions with limited wood resources. For example, common reed occupies 1,600,000 to 3,000,000 hectares across Kazakhstan, with an estimated biomass reserve of 17 million tons per year [17].



A number of studies have also confirmed the potential of common reed as a valuable material for papermaking. Specifically, research has shown that cellulose extraction from common reed using 14% NaOH at 175 °C for 90 min yields a high recovery of α-cellulose and acceptable mechanical properties of the resulting paper [18]. Additionally, sulfate and soda-AQ pulping processes have been investigated, producing up to 47.5% unbleached pulp [19]. A recent study [20] further explores the production of nanocellulose from common reed stalks using the TEMPO-oxidation system, which significantly enhances paper strength and reduces water absorption.



In the paper industry, mineral fillers such as kaolin, talc, and calcium carbonate are widely used to improve both the appearance of paper and cardboard (smoothness, opacity) and their physical–mechanical properties, including strength, wear resistance, and moisture resistance [21]. The incorporation of mineral additives also helps to reduce cellulose consumption, which is economically and environmentally beneficial. One of the promising mineral components is wollastonite (CaSiO3). According to the literature, wollastonite acts as a mineral fiber, and its incorporation enhances the tensile strength of paper products [22]. Other studies report that handmade paper samples containing wollastonite exhibit a higher decomposition temperature and improved overall strength performance [23,24].



The purpose of this study is to develop an approach to the production of cellulose and cardboard from corn and common reed residues using alkaline treatment, while simultaneously investigating the role of mineral additives—in particular, wollastonite—to improve the physical and mechanical properties of the final materials.




2. Results


2.1. Results of the Assessment of the Quality of Corn and Common Reed Fibers


To assess the suitability of plant raw materials for the production of packaging materials, the morphological characteristics of fibers obtained from corn and common reed waste were analyzed. Table 1 shows the main parameters, such as fiber length, diameter, cell wall thickness, and lumen width.



The fiber length of corn waste and reed falls within a comparable range, while corn waste fibers exhibit a larger diameter and thicker cell walls. These results indicate clear morphological differences between the fibers of the studied materials.



Based on the characteristics of corn and common reed fibers, the flexibility coefficient (FC, %) was calculated using Equation (1), the rigidity coefficient of the cell wall (R, %) using Equation (2), and the Runkel ratio (RR) using Equation (3). These indicators characterize the morphological and mechanical properties of the fibers and allow for predicting their behavior during sheet formation. The calculated values were subsequently used for comparison with the experimental data obtained from the physical and mechanical testing of the produced cardboard. The median values of the main morphometric parameters of the fibers were used for calculations. The calculation results are shown in Figure 1.




2.2. Results of Microscopic and Visual Studies of the Obtained Cardboard Samples


The appearance and design features of the obtained cardboard samples vary significantly depending on the composition of the raw materials. The samples containing corn leaves (CLs) and the blend of corn husks (CHs) and corn leaves with wollastonite addition—CH + CL + W (corn husks 50%, corn leaves 35%, CaSiO3 15%)—are characterized by a more even and uniform surface compared to the other variants (Figure 2). The CL sample has a yellowish-brown tint, while CH + CL + W has a darker gray-brown color.



The corn husk (CH) samples are light brown in color and contain inclusions of plant fibers. In turn, the mixed corn waste (MCW) samples are characterized by pronounced surface roughness and a yellowish-brown tint, which is associated with the presence of particles of corn cobs and other plant residues, as well as their uneven distribution during leaf formation.



The blend of corn husks and corn leaves (CH + CL; husks 60%, leaves 40%) samples exhibit a relatively smooth surface with a grayish tinge. In some cases (CH + CL, MCW), minor roughness and microscopic pores were observed, which could potentially reduce mechanical strength and increase water absorption of the material.



The shredded common reed (SR) sample obtained from the common reed turned out to be the brightest in color and saturated yellow. Its surface is more rough compared to most samples, but less rough than that of MCW. Despite its visual similarity to MCW, the SR structure is characterized by a finer distribution of plant fibers and a slightly smoother texture.



To further elucidate the surface features observed in the cardboard samples, optical microscopy was employed to examine their internal structure. Optical micrographs have shown that the internal structure of the cartons varies significantly depending on the composition and origin of the raw vegetable materials. Within the framework of this study, images of only four characteristic samples were obtained from among those whose composition was homogeneous and clearly identified. Mixed samples (with indeterminate or combined fiber origin) were not included in the microscopic analysis, since the main focus was on studying the effect of specific plant components on the formation of the structure and, as a result, on the properties of the finished material.



A loose and porous structure is observed in the sample with the addition of CaSiO3 (CH + CL + W) (Figure 3a). CaSiO3 particles are evenly distributed in the fibrous matrix, which may affect the strength characteristics. The fibers form a mesh structure, and those containing both long and short fragments mixed with non-fibrous inclusions are clearly visible.



The CL sample (Figure 3b) shows a less dense structure. Areas with stratification, bundles of fibers, as well as light and dark inclusions, presumably of lignin origin, are visible. The fiber distribution is chaotic, with both long and short elements.



In the CH sample (Figure 3c) the structure is represented by a dense, homogeneous matrix. The fibers are poorly defined and their contours are indistinct, which indicates a high level of compactification. The surface has a uniform texture without pronounced pores.



The SR sample (Figure 3d) is characterized by a dense and well-organized fibrous framework. The fibers are tightly interconnected; the structure is homogeneous and contains practically no pores. The surface is smooth, with minimal roughness, which indicates good fiber dispersion and efficient molding technology. No cracks or large inclusions were found between the fibers, which indicates the high structural integrity of the SR sample.



Thus, the microstructural differences between the samples reflect the influence of the type of plant material on the formation of the structure and correlate with differences in their mechanical properties.




2.3. Physical and Mechanical Properties of Cardboard Samples and Egg Cartons


The physical and mechanical properties of various cardboard samples are presented in Table 2.



As part of the experimental work, several egg carton samples were fabricated. Special silicone molds were used for this purpose, and cellulose obtained from the outer layers of corn leaves and cobs, as well as the remains of common reeds, was used as raw materials. The boxes are made on the basis of various compositions and ratios. Among the samples from the remains of corn, the most effective were samples made from the mixed pulp of corn leaves and corn cobs. These samples were distinguished by their structural uniformity, durability, and ease of handling. While their inner surface was smooth, shaped so that the egg could settle comfortably, the outer surface was slightly rough due to the presence of natural fibers (Figure 4a,b).



Table 3 shows the results of the main physical and mechanical characteristics of the resulting egg cartons.





3. Discussion


The results obtained make it possible to comprehensively assess the potential of corn and common reed fibers as alternative raw materials for the production of cardboard. A comparison of the morphological, visual, and physico-mechanical characteristics of the samples demonstrated the effect of the initial plant material on the properties of the final product. This section compares our data with the results of other studies, and discusses the possible causes of the differences identified and the limitations of the experiment.



3.1. Fiber Quality Assessment and Microstructural Analysis


The evaluation of the flexibility coefficient showed that common reed fibers exhibit high elasticity (64.5%), which meets the criteria for suitability in papermaking (Figure 1). According to the literature, fibers with a flexibility coefficient above 50% are considered elastic and provide good inter-fiber bonding [25]. In contrast, corn fibers demonstrated low flexibility (23.6%), indicating their rigid nature and a potentially lower ability to form a strong paper structure [26].



The analysis of the rigidity coefficient showed that corn fibers have a lower value compared to common reed fibers, which may be advantageous, as increased fiber rigidity has been reported to negatively affect paper extensibility and density, while potentially improving bursting strength [25,27]. Nevertheless, both values fall within the acceptable range for use in sheet material production.



The Runkel ratio, which reflects the relationship between cell wall thickness and lumen width, also confirmed the advantage of common reed as a raw material. If this value exceeds 1, the fibers are considered stiff and less suitable for papermaking [25,28]. The value of 0.86 indicates the presence of thin-walled, more flexible fibers that are suitable for producing paper and cardboard. For corn fibers, this parameter was 1.2, indicating thicker cell walls and, consequently, a reduced ability to form a dense and strong fiber network.



Microscopic examination of the internal structure of the cardboard samples revealed substantial differences resulting from both the natural morphology of the raw plant materials and the technological features of sheet formation. The sample containing wollastonite (Figure 3a) exhibited a loose, porous structure with mineral filler particles evenly distributed within the fiber matrix, which may potentially reduce density. In the samples made from corn leaves (Figure 3b), the structure was less organized, with inclusions and non-uniform fiber distribution, which may explain their lower bending strength. Corn husk fibers (Figure 3c) formed a denser but heterogeneous matrix with noticeable lignin residues that could influence the mechanical performance. In contrast, the sample produced from common reed residues (Figure 3d) demonstrated the most uniform and tightly interwoven structure, with clearly defined fibers distributed consistently across the surface.



Based on the visual assessment of the cardboard samples, the smoothest and most uniform surfaces were observed in the CL and CL + CH + W samples. These variants were characterized by an even texture and pleasant tactile properties. The CH and CL + CH samples also showed satisfactory smoothness; however, visible fiber residues were present in their structure. Conversely, the SR and MCW samples, despite their good physical and mechanical performance, exhibited the most pronounced roughness and surface irregularities. This texture may be attributed to the specific characteristics of the raw materials and the less uniform distribution of fibers during sheet formation.




3.2. Physical and Mechanical Properties of Cardboard and Egg Cartons


The evaluation of the physical and mechanical properties of the cardboard samples showed that (Table 2) the MCW sample demonstrated the best performance, exhibiting the highest burst strength (462.4 kPa). In contrast, the CL sample showed the lowest overall performance, including the minimum folding endurance (six double folds). Notably, the CH sample exhibited the highest folding endurance (42), while the CL + CH sample, which combines corn leaves and husk, showed an intermediate value (11).



Interestingly, the addition of wollastonite to the mixed CL + CH composition (sample CL + CH + W) increased folding endurance to 28, but simultaneously reduced the burst strength, from 392.1 kPa (in CL + CH) to 250.5 kPa (in CL + CH + W). This suggests that the presence of the mineral filler may enhance flexibility but reduce the overall density or structural integrity of the material. Comparison of these folding endurance results with those reported in other studies also indicates that wollastonite addition contributes to an improvement in this parameter [11]. Furthermore, the CL + CH + W sample exhibited the lowest moisture content among all samples (4.1%), which may also be associated with the presence of the mineral additive. As for the SR sample produced from common reed residues, it demonstrated high folding endurance (38) but relatively low burst strength (229.4 kPa).



Comparison of the obtained physical and mechanical characteristics with results from other studies showed that the burst index values of the MCW and CH samples (3.0 kPa·g/m2) were higher than those reported for samples produced solely from corn husk (1.1–1.2 kPa·g/m2) or from blends of snake plant fibers and corn husk (2.3 kPa·g/m2) [11,29]. Similar results were observed in study [12], where handmade paper from corn sheath exhibited the burst index of 2.877 kPa·g/m2. At the same time, our values were lower than those reported in study [9], where mechanical processing of the raw material resulted in significantly higher values-up to 5.83.



When correlating the morphological parameters of the fibers with the physical and mechanical properties of the resulting cardboard, several relationships can be identified. For instance, the high Runkel ratio and flexibility coefficient of common reed fibers, as shown in Section 2.1, correspond to their strong folding endurance (38 double folds). However, despite these advantages, corn fibers with their lower cell wall rigidity demonstrated higher resistance to burst strength compared to the common reed fibers.



When evaluating the suitability of egg cartons produced from corn and common reed fibers, it can be noted that corn fibers generally exhibit more favorable properties.



The compression deformation, which reflects the material’s ability to elastically recover after an applied load, was 3 mm for the samples based on corn fibers, corresponding to industrial standards. In contrast, the common reed-based samples demonstrated a lower value around 2 mm indicating reduced structural stability under vertical loads (Table 3).



Ink absorption, which characterizes the time a printed mark remains stable without smudging, was also higher for the corn-based samples 45 min indicating a denser and more homogeneous surface structure. For common reed-based samples, this value was 20 min, likely associated with a more porous surface.



At the same time, common reed-based cartons showed better performance in terms of warping, which reflects shape stability under changes in humidity and temperature. The common reed samples exhibited a warping value of 3 mm, whereas the corn samples showed 2 mm, suggesting improved geometric stability of packaging materials produced from reed fibers.




3.3. Economic and Environmental Assessment of Using Corn and Common Reed Residues for Cellulose Production


The Almaty region, where the raw materials for this study were collected, provides a substantial biomass base for cellulose production (Table 4). According to official statistics, the region is one of Kazakhstan’s main corn-growing areas, with approximately 83,500 ha under corn and an average yield of 8534 kg/ha [30]. Using a residue-to-grain ratio of about 1.10, corn production in Kazakhstan corresponds to an estimated 2.52 million tonnes of collectible dry residues annually (stalks, leaves, husks, and cobs) [31]. Common reed is also abundant: nationwide, it covers 1.6–3.0 million ha with an annual biomass reserve of approximately 17 million tonnes [17]. The annual biomass growth for reed-dominated communities in the southern Almaty region located in the Ili River Delta (a largest river delta in Central Asia) was reported at 5–10 t/ha and the reed cover area was 1144–2260 km2 in 2000–2021 [32].



A preliminary cost estimate for cellulose production was developed on the basis of locally applicable data. Sodium hydroxide (NaOH ≥ 98%), the main reagent used in this study, is available in Kazakhstan at approximately 150,000–180,000 KZT/t (about 315–380 USD/t at an exchange rate of ~475 KZT/USD) [33], which is consistent with global market benchmarks [34]. This is approximately 50–60 kg NaOH per tonne of cellulose when used at the applied process conditions (10 g per 4 L water) or 16–23 USD/t cellulose. The total estimated cost of the feedstock collection and local transport was 10–20 USD/t residue, which corresponds to approximately 43–63 USD/t cellulose at a 35% yield. The price of labor and utilities in Kazakhstan was estimated at 80–120 USD/t cellulose, using the regional wage data and the requirements of the processes [35]. Altogether, the indicative production cost ranges from approximately 140–206 USD/t of unbleached cellulose.



By comparison, unbleached non-wood pulp is traded internationally at about 500–700 USD/t, with a conservative benchmark of 678 USD/t [36]. On this basis, the estimated gross margin is approximately 294–538 USD/t cellulose, and the net value-added is about 100–190 USD/t raw residue. These estimates are preliminary and site-specific, and do not account for capital investment or other scale effects; these should be tackled in future work and are not covered by this study.




3.4. Limitations and Future Research Directions


The results of this study demonstrated that the best physical and mechanical properties were observed in cardboard samples produced by combining different parts of corn husk subjected to preliminary alkaline treatment. Corn residues have a high cellulose content and higher reactivity during chemical treatment compared to common reed fibers. The study did not, however, involve a direct analytical determination of the amount of lignin or cellulose purity remaining after alkaline treatment, and so the efficiency of delignification was calculated only indirectly based on the dry residue yield obtained after alkaline treatment. In addition, although mean ± SD values were added to Table 1, Table 2 and Table 3 to show the variability of the measurements, formal significance testing was not performed in the present study, since the work was intended primarily as a comparative screening of formulations under the same processing conditions.



Other limitations of the experiment include the use of only basic processing methods and the absence of a comprehensive evaluation of material durability. Promising future research directions include improving fiber properties through additional, more environmentally friendly treatments, such as the use of organic deep eutectic solvents (DESs), as well as modifying fiber compositions with natural, resource-efficient alternative sources and hydrophobic additives to enhance the physical and mechanical characteristics of the final product [13,37,38].





4. Materials and Methods


4.1. Selection of Agricultural Waste, Sample Composition, and Raw Fiber Characterization


For the study, corn residues cultivated in the Almaty region and common reed (Ph. australis) growing in the southern areas of the Almaty region were selected. Various samples were prepared from the obtained agricultural waste: the first sample consisted of corn leaves (CLs); the second sample contained corn husk (CH); the third sample investigated the possibility of producing cardboard from mixed residues of corn leaves (35%), corn stalks (30%), and corn husks (35%), referred to as mixed corn waste (MCW); the fourth sample was a mixture of corn husks (60%) and corn leaves (40%) (CH + CL); the fifth sample included a mixture of husk (50%) and leaves (35%) with the addition of the mineral CaSiO3 powder (15%) (CH + CL + W); and the final sample consisted of shredded common reed (SR).



An optical microscope Leica DM6000 M (Leica Microsystems GmbH, Wetzlar, Germany) was used at 20× magnification to analyze the microstructure of the resulting cardboard sheets. To provide a preliminary assessment of the suitability of the raw plant fibers for cardboard production, three key parameters were calculated: the flexibility coefficient (Equation (1)), the rigidity coefficient of the cell wall (Equation (2)), and the Runkel ratio (Equation (3)).



The flexibility coefficient (FC %) is one of the main parameters characterizing the bending strength and deformability of a material, calculated using the following formula [25]:


  F C =      L W  D     × 100  



(1)




where LW is the width of the fiber hole (microns), D is the diameter of the fiber (microns).



The rigidity coefficient of the cell wall (R, %) describes the resistance of fibers to mechanical stress conditions, such as compression or puncture [25,27]:


  R =      C W  D     × 100  



(2)




where CW is the thickness of the cell wall (microns), D is the diameter of the fiber (microns).



The Runkel ratio (RR) is an important indicator showing the ratio between the fiber wall thickness and the width of its inner opening [25,28]:


  R R =    2 × C W   L W     



(3)








4.2. Alkaline Delignification


Furthermore, 100 g of raw material was subjected to alkaline treatment to facilitate fiber separation and partial removal of lignin and other non-cellulosic components. The treatment involved alkaline hydrolysis in a sodium hydroxide solution (10 g of NaOH, ≥98% analytical grade, in 4 L of water) at 90–95 °C for 2.5 h for corn samples and 3.5 h for common reed (Figure 5).



After alkaline hydrolysis, the fibers were washed with distilled water to a neutral pH value (6–7), then further ground to obtain a homogeneous suspension. The suspension was dried to determine the dry residue yield: on average, the dry matter content was 53% in corn samples and 42–44% in common reed samples. It should be noted that the raw materials obtained were unbleached (impure) cellulose, which is due to the absence of a bleaching stage.




4.3. Modification of Fibers with CaSiO3 Powder


In order to increase mechanical strength and resistance to moisture, a modifying component, CaSiO3 powder (SiO2 51 wt%, CaO 47 wt%, minor oxides ~1–2 wt%), was introduced into the structure of the pulp. The addition was carried out at the rate of 0.75 g of CaSiO3 (which corresponds to 15% of the dry pulp weight) per 5 g of remoistened pulp. The mixture was thoroughly mixed using a magnetic stirrer until the filler was evenly distributed.



Wollastonite (CaSiO3) was chosen from the range of mineral additives available for use in paper and board manufacturing for its structural and functional properties that are especially applicable to flexible packaging. Wollastonite is a wholly acicular (needle-like) crystal and has an aspect ratio of 3–20, unlike the equidimensional fillers (CaCO3 or kaolin) which has an aspect ratio of 1–2.5, which allows it to be used as a passive filler as well as a micro-reinforcing agent in a fiber matrix–analogous in principle to short mineral fiber reinforcement [22]. In addition, wollastonite has an inherent property of low moisture absorption and its pH level is alkaline (pH ~9.9), which is related to the aim of reducing hygroscopicity in cellulose-based packaging materials [23]. These are all different attributes as compared to the standard paper fillers that only boost the optical properties (brightness and opacity) and do not provide mechanical reinforcement or moisture management. The loading level of 15 wt% was selected as a moderate value based on the literature since the mineral filler content in many paper grades is in the range of 5–30 wt% and 15 wt% is a reasonable intermediate value to balance the filler function and reinforcing additive to obtain better mechanical properties of the cardboard without sacrificing the fibrous network [24,39,40,41].




4.4. Molding and Drying of Cardboard Samples and Evaluation of Their Physical and Mechanical Properties


Homogeneous cellulose suspensions were used for forming laboratory cardboard samples using an automatic SKZ124b cellulose sheet forming machine (SKZ International Co., Ltd., Jinan, China). The process included the following steps:




	
The suspension was loaded into the tank of the device and evenly distributed over the mesh base. Water removal was carried out by vacuum filtration, as a result of which a dense layer of fibers formed on the surface of the molding element.



	
The formed sheets were subjected to primary pressing using an integrated roller, which ensures sealing and removal of residual moisture.



	
The obtained sheets with a diameter of 200 mm were dried in a drying cabinet at a temperature of 60–65 °C for 5 h, after which they were kept at room temperature (20–25 °C) for 48 h until a stable humidity state was reached.








The selected drying mode ensured the production of samples with reproducible parameters suitable for subsequent physico-mechanical analysis. Depending on the raw materials used and the added mineral components, the resulting sheets were characterized by differences in structure, density, and mechanical properties, which allowed for a comparative analysis of their performance characteristics. Figure 6 shows a schematic diagram of the SKZ124b apparatus and the stages of formation of laboratory cellulose sheets.



Each type of sheet sample was obtained in three independent batches; at least three identical specimens were produced and conditioned for each batch, and measurements of physico-mechanical parameters were performed on each specimen and averaged.



In order to comprehensively assess the quality of the cardboard samples obtained, laboratory tests were conducted to determine their physical and mechanical characteristics. These tests allow an objective assessment of the suitability of the material for practical use, especially in the manufacture of packaging products.



	(1)

	
Grammage (g/m2). The mass per unit area is calculated as the ratio of the mass of the sample to its area and expressed in g/m2 and was determined in accordance with the standard TAPPI T410 om-08 method [42].




	(2)

	
Burst strength (kPa). This indicator reflects the ability of cardboard to withstand external mechanical stress until it collapses and plays a key role in assessing the strength of the packaging material. The Mullen test method was used to determine this indicator. The method is based on the uniform action of hydraulic pressure on a limited area of the sample until its destruction. At the moment of destruction of the material, the maximum achieved pressure in kilopascals (kPa) is recorded. The test was performed on an automatic device Automatic Mullen Burst Tester BN-8025C (Wuhan Bonnin Technology Ltd., Wuhan, China) using the TAPPI T403 om-15 method [43].




	(3)

	
Folding endurance. The folding endurance test is used to determine the ability of cardboard to withstand repeated mechanical stress during cyclic bending. The measurements were carried out using the NG-623 MIT folding endurance tester (Jinan Xinghua Instruments Co., Ltd., Jinan, China) in accordance with TAPPI T511 om-25 [44]. Each sample was clamped in the instrument and subjected to transverse cyclic folding under a constant load of 4.90 N. The device alternately folded the specimen in both directions (double folds) until mechanical failure occurred, and the total number of double folds to failure was recorded as the folding endurance value.




	(4)

	
Moisture content (%). Determining the moisture content of cardboard is an important step in a comprehensive assessment of its physical and mechanical properties, since the humidity level directly affects the strength, hardness and resistance of the material to external influences. Humidity measurement was carried out by drying to a constant weight in accordance with GOST 13525.19-91 standard [45]. Using this method, the cardboard sample is first measured in its initial state (wet or conditioned), and then dried in a drying cabinet at a temperature of 105 ± 2 °C.








4.5. Obtaining Cardboard Egg Boxes and Evaluating Their Physical and Mechanical Properties


In addition to the production of flat cardboard samples, experimental testing of the possibility of obtaining packaging products using the example of egg cartons was also carried out as part of this work, which makes it possible to more fully assess the practical potential of the method of processing agricultural waste. A suspension made from and cellulose obtained from corn and common reed residues was used as a raw material.



The homogenized fibrous mass was poured into special silicone molds that mimic the packaging configuration for 6 eggs (Figure 7). The average dimensions of the molds were: length-12.7 cm, width-7 cm, cell depth-4 cm. After filling, the molds were lightly shaken to remove air bubbles and evenly distribute the mass throughout the mold.



Drying was carried out in two stages: first in a drying cabinet at 75 °C for 5 h, and then at room temperature for three days to ensure complete stabilization and removal of residual moisture. This approach has made it possible to obtain packaging with sufficient strength, shape stability and low weight, which makes it potentially suitable for storing and transporting eggs.



To assess the quality of the experimental packages, tests were carried out according to the basic requirements in accordance with the requirements of the national standard ST RK 2381-2013 [46]. In accordance with the standard, the following parameters were evaluated: warping (curl), moisture content, compressive deformation (compressive strength), and ink absorption time.



The production of molded packages was carried out in at least three independent repetitions; each type of tray was cast in at least five copies and subjected to the same drying before testing.





5. Conclusions


In the present study, corn residues and common reed were successfully converted into cardboard and molded egg carton packaging, demonstrating their potential as alternatives to wood-based pulp. The morphological analysis showed that common reed fibers were more suitable for papermaking than corn fibers, with a higher flexibility coefficient (64.5%) and a lower Runkel ratio (0.86), whereas corn fibers showed lower flexibility (23.6%) and a higher Runkel ratio (1.2). However, the best mechanical performance of the final materials depended on formulation rather than on fiber morphology alone. Among the cardboard samples, mixed corn waste (MCW) exhibited the highest burst strength (462.4 kPa) and burst index (3.0 kPa·g/m2), while corn husk (CH) and shredded common reed (SR) showed the greatest folding endurance, reaching 42 and 38 double folds, respectively. These results indicate that MCW is the most favorable formulation for strength-related applications, whereas CH and SR are more suitable where flexibility is more important.



The addition of wollastonite at 15 wt% clearly changed the balance of properties in the corn-blend system. The CL + CH + W formula showed a higher folding endurance (from 11 to 28 double folds) and a lower moisture content (from 4.1% to 6.0%) compared with the CL + CH formula, while the latter decreased the burst strength of the packaging from 392.1 kPa to 250.5 kPa. This test further substantiates that wollastonite was used as a functional modifier which gave better flexibility and moisture resistant properties to the product at the cost of tensile integrity. Corn-based egg cartons demonstrated the most well-rounded performance, achieving the desired warping, compressive deformation, moisture content and ink absorbency times, while reed-based cartons achieved the least of the four. Reed-based cartons had comparable warping characteristics (3 mm) and compressive deformation (2 mm), but the shorter time required for the ink to absorb into the material indicates that there may be less surface suitability for printing.



In general, the results demonstrate that corn-residue mixtures are more appropriate for cardboard of higher strength while common reed is an appropriate raw material for molded packaging; wollastonite also provides an option to alter the material properties by adjusting the ratio of flexibility to strength. These results confirm the feasibility of converting agricultural waste into an environmentally friendly and technologically viable packaging material. This contributes to the development of sustainable solutions in the pulp and paper industry and reduces pressure on forest resources.
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Figure 1. Comparative analysis of the calculated coefficients of corn and common reed fibers. 
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Figure 2. Experimental cardboard samples from the remains of corn and common reed: (1) CL, (2) CH + CL + W, (3) CH, (4) CH + CL, (5) MCW, (6) SR. 
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Figure 3. Microstructure of cardboard samples: (a) CH + CL + W, (b) CL, (c) CH, (d) SR. 
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Figure 4. Experimental samples of egg cartons from agricultural waste: (a) corn waste and (b) common reed waste. 
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Figure 5. The process of obtaining cardboard samples. 
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Figure 6. Schematic diagram illustration of the SKZ124b automatic apparatus for forming laboratory cellulose sheets: A—cylindrical chamber, B—vacuum pump, C—control panel, D—liquid saturation system with air bubbles, E—liquid removal tank. Note: this image is not an exact copy of the original equipment, but only serves to illustrate the principle of operation of the device. 






Figure 6. Schematic diagram illustration of the SKZ124b automatic apparatus for forming laboratory cellulose sheets: A—cylindrical chamber, B—vacuum pump, C—control panel, D—liquid saturation system with air bubbles, E—liquid removal tank. Note: this image is not an exact copy of the original equipment, but only serves to illustrate the principle of operation of the device.



[image: Recycling 11 00096 g006]







[image: Recycling 11 00096 g007] 





Figure 7. Schematic illustration of the silicone mold used for six-egg carton formation. 
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Table 1. Morphological characteristics of fibers.
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	Sample
	Fiber Length (µm)
	Fiber Diameter (µm)
	Cell Wall Thickness (µm)
	Lumen Width (µm)





	Corn waste
	1370–1700
	30–80
	8 ± 0.8
	13 ± 1.2



	Common reed
	1360–1540
	14–17
	4.3 ± 0.4
	10 ± 0.9










 





Table 2. Physical and mechanical properties of cardboard samples.
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Sample

	
Parameters




	
Grammage (g/m2)

	
Burst Strength (kPa)

	
Burst Index

(kPa·g/m2)

	
Thickness (mm)

	
Folding Endurance (Number of Double Folds)

	
Moisture Content (%)






	
MCW

	
156.0 ± 5.5

	
462.4 ± 30.7

	
3.0 ± 0.2

	
0.86 ± 0.01

	
10.0 ± 1.8

	
5.8 ± 0.3




	
CL + CH

	
190.0 ± 5.3

	
392.1 ± 26.7

	
2.1 ± 0.2

	
0.80 ± 0.01

	
11.0 ± 1.7

	
6.0 ± 0.3




	
CL + CH + W

	
162.5 ± 5.2

	
250.5 ± 23.0

	
1.5 ± 0.1

	
0.75 ± 0.01

	
28.0 ± 6.1

	
4.1 ± 0.1




	
CH

	
117.0 ± 2.9

	
290.3 ± 16.3

	
2.5 ± 0.1

	
0.72 ± 0.01

	
42.0 ± 7.9

	
6.0 ± 0.3




	
CL

	
148.0 ± 4.4

	
219.0 ± 18.4

	
1.5 ± 0.1

	
0.78 ± 0.01

	
6.0 ± 0.9

	
5.5 ± 0.2




	
SR

	
120.0 ± 3.2

	
229.4 ± 16.3

	
1.9 ± 0.1

	
0.85 ± 0.01

	
38.0 ± 7.9

	
6.2 ± 0.4








Note: All measurements were performed in five replicates (n = 5). Values represent mean values. MCW, mixed corn waste (leaves 35%, stalks 30%, husks 35%); CL + CH, corn leaves and corn husks blend (husks 60%, leaves 40%); CL + CH + W, corn leaves, corn husks and wollastonite blend (husks 50%, leaves 35%, CaSiO3 15%); CH, corn husks; CL, corn leaves; SR, shredded common reed.













 





Table 3. Physical and mechanical characteristics of the resulting egg cartons.






Table 3. Physical and mechanical characteristics of the resulting egg cartons.





	Parameters
	ST RK 2381-2013
	Corn Waste
	Reed





	Warping (curl), mm
	3 (not more)
	2.0 ± 0.3
	3.0 ± 0.4



	Ink absorption time, minutes
	45 (not less)
	45.0 ± 4.2
	20.0 ± 3.8



	Compressive deformation, mm
	3 (not more)
	3.0 ± 0.2
	2.0 ± 0.3



	Moisture content, %
	6 (not less)
	6.0 ± 0.2
	6.0 ± 0.3



	Weight, g
	-
	17.2 ± 0.6
	16.3 ± 0.5







Note: Measurements were performed on five samples for each type of carton.













 





Table 4. Preliminary economic parameters for cellulose production from agricultural residues, Almaty region, Kazakhstan.
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	Indicator
	Value
	Source/Basis





	Corn cultivation area, Almaty region
	~83,500 ha (>50% of national total)
	[30]



	Average corn yield, Almaty region
	~8534 kg/ha
	[30]



	Collectible dry corn residues, Kazakhstan
	~2.52 million t/year
	[31]



	Reed-dominated wetlands, Ili River Delta (Almaty region), 2000–2021
	1144–2260 km2
	[32]



	Annual reed biomass growth
	5–10 t/ha (up to 30 t/ha)
	[32]



	NaOH cost (Kazakhstan, 2024)
	150,000–180,000 KZT/t (~315–380 USD/t)
	[33]



	Feedstock collection + transport
	~10–20 USD/t residue
	Authors’ estimate



	Reagent cost per tonne of cellulose
	~16–23 USD/t
	[33,34]



	Labor + utilities per tonne of cellulose
	~80–120 USD/t
	[35], authors’ estimate



	Total production cost
	~140–206 USD/t cellulose
	This study



	Market price, unbleached non-wood pulp
	500–700 USD/t (benchmark: 678 USD/t)
	[36]



	Estimated gross margin
	~294–538 USD/t cellulose
	This study



	Net value-added per tonne of raw residue
	~100–190 USD/t
	This study
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