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Abstract

:

In this study, a bioresource material, corn stalks, were converted by a combination of physical and chemical methods into a corn stalk fiber material that can be utilized in an asphalt pavement. Firstly, corn stalk fiber was produced with different comminution times, mass fractions of sodium hydroxide solution, reaction times, and reaction temperatures. An orthogonal experimental method was employed to determine the optimal production process. The results show that the optimal comminution time was 3.5 min, and corn stalk should be reacted with a sodium hydroxide solution at 80 °C for 30 min to obtain the best corn stalk fiber product. The mass ratios of corn stalk fibers, sodium hydroxide, and water should be 8:1:200. After an evaluation of the physical and mechanical properties of the corn stalk fibers, asphalt binders, and mixtures, it was concluded that this kind of corn stalk fiber can be a good substitute of pavement fiber.
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1. Introduction


As China is a large agricultural country, its annual grain output ranks first in the world, and the annual output of cereal stalks as a by-product has reached 800 million tonnes. Among these, the output of corn (i.e., maize) stalks is about 250 million tonnes per year, and with the continuous advances in agricultural science and technology, the production of grain and straw will gradually increase [1].



The effective treatment of stalks represents a serious problem. If stalks are left on a field, roadside, or ditch, they will decompose after prolonged exposure to sun and rain. Large amounts of nutrients will enter surface water systems together with rainwater and cause eutrophication [2]. However, if stalks are used as a fuel for incineration, they will cause intermittent air pollution in the area. The smog that occurs in China is mainly caused by the burning of stalks [3]. Some studies have shown that the combustion of stalks will emit large amounts of CO, CO2, and NO2, which will lead to a rapid increase in diseases such as those of the respiratory tract [4]. The burning of stalks can also lead to a reduction in soil fertility, which is not conducive to the growth of crops. Studies have shown that the incineration of stalks reduces the soil moisture content, has a tendency to increase the soil pH, and reduces the contents of organic matter, nitrogen, and phosphorus in the soil. This will finally lead to a reduction in crop yields [5].



Outdoor burning is a method that farmers have used to dispose of stalks. However, because of its harmfulness, governments in all countries do not encourage the burning of stalks. At present, many countries have developed corresponding technologies for the utilization of stalks. Among these is the use of stalks as feed after ammonization, which has been widely employed in the United States, Japan, Canada, and Western Europe [6]. The use of stalks in power generation technology is an important component of the utilization of straw to generate energy, and this technology has become increasingly mature in countries such as the UK, the Netherlands, and Denmark [7,8].



With the rapid development of the global economy, owing to the increasing traffic load on asphalt pavements, traditional asphalt pavements have been unable to meet people’s increasing travel requirements [9]. Thus far, researchers have enhanced the performance of asphalt pavement by adding fibers to asphalt mixtures and have achieved remarkable results. As a kind of high-strength, durable, lightweight, and reinforced functional material, fibers such as lignin fiber and basalt fiber can significantly improve the performance and extend the service life of asphalt pavement [10].



In recent years, plant fibers have been highly valued by researchers [11]. Plant stalks are processed into fiber materials by certain methods [12]. Owing to their desirable physical and mechanical properties, they can be used as functional materials for the production of composite materials. Qin et al. [13] used rice stalk fibers modified with butyl acrylate to make composite materials. Nourbakhsh et al. [14] used corn stalk fibers, reed fibers, and cotton stalk fibers to make resin-reinforced composite materials.



Most researchers use stalk fibers in the production of resin-based composite materials, which are rarely used in asphalt pavements. If corn stalk fiber material can be effectively applied to asphalt pavement, it will have a sustainable impact on society. As an essential crop in agricultural production, the production process of corn also produces a large amount of corn stalks. The recycling of corn stalk will solve the problem of environmental pollution, and the large use of corn stalk fiber in asphalt pavement will also improve the performance of asphalt pavement. Therefore, the application of corn stalk fiber to asphalt pavement will produce very good social and economic benefits. The purpose of this study was to use physical and chemical means to convert corn stalks into fiber materials that are suitable for application in asphalt pavements, so that they can improve the performance of asphalt pavements and also replace certain fibers derived from limited resource, such as basalt fiber.




2. Materials and Equipment


2.1. Corn Stalk


The corn stalks used in the experiment were obtained from a farm in Dehui City, Jilin Province, northern China. They were undamaged on the surface and were not moldy. Their color was yellow and they were relatively dry. Examples of the corn stalks are shown in Figure 1.




2.2. Fibers Used for Comparison


After the preparation of the corn stalk fibers, two known fiber materials used in asphalt pavements were selected for performance comparison tests, namely, lignin fiber (Figure 2), produced by Jilin Zhengxiang Company, China, and basalt fiber (Figure 3) from Jilin Tongxin Basalt Technology Co., Ltd., China. The physical properties of the lignin fiber and basalt fiber are listed in Table 1 and Table 2, respectively.




2.3. Asphalt


The asphalt type of AH-90, produced by the CNPC Liaohe Petrochemical was used for fibers asphalt in the experiments, and the asphalt type of SBS-modified asphalt was used for fibers asphalt mixtures in the experiments. The basic physical properties of asphalts were measured following Chinese specification (JTG E20-2011), and are presented in Table 3.




2.4. Aggregate


The coarse and fine aggregates were produced by one stone factory in Siping City, Jilin Province, and the fillers were derived from fine limestone. The grading of SMA-13 asphalt mixture is shown in Table 4.





3. Experimental Procedures


3.1. Preparation of Corn Stalk Fibers


Corn stalks are composed of rind and pith. The pith of corn stalks is rich in protein, fat, hemicellulose, and sugar [15], whereas the main components of corn stalk rind are cellulose and lignin, which have high strength and toughness [16]. Corn stalk rind is used for the preparation of corn stalk fiber-based composite materials [17]. Because the pith of corn stalks is loose and has poor strength, it must be removed when preparing corn stalk fibers. Otherwise, it is difficult to achieve suitable mechanical properties.



Firstly, selected corn stalks were subjected to a rind–pith separation process using a rind–pith separation instrument (Figure 4) [18], and then the corn stalk rind that was obtained was washed with water. Next, the cleaned corn stalk rind was dried in an oven to a constant weight at a temperature of 70 °C. An example of the corn stalk rind is shown in Figure 5.



The dried corn stalk rind was cut into strips with a size of 0.5–1.5 × 3–5 cm, and then crushed using a WKF250 crusher (Figure 6). Next, 50 g comminuted corn stalk fibers were weighed and placed in a high-speed multifunction crusher (Figure 7) for further comminution for a fixed time.



A 40 g sample of the final comminuted corn stalk fibers was immersed in 1000 mL sodium hydroxide solution with a constant concentration by mass [19], and the reaction between the fibers and sodium hydroxide was carried out with a magnetic stirrer (Figure 8) at a rotational speed of 2000 rpm for a fixed time at a constant temperature. Particles of a sodium hydroxide reagent (Figure 9) were used during the preparation of the corn stalk fibers. These particles were white, transparent, granular, and highly corrosive. The sodium hydroxide content in the reagent was not less than 98.0%. After the reaction was completed, the reaction mixture was rinsed with a large amount of deionized water, and the product was finally dried at a temperature of 110 °C in an oven to a constant weight to obtain corn stalk fibers suitable for asphalt pavement. The physical and chemical processing of corn stalk fiber is shown in Figure 10.



In this research, different values of the following reaction parameters were used: the time used for comminution by the high-speed multifunctional crusher, the mass of the sodium hydroxide reagent, the reaction temperature, and the reaction time. The values of the respective parameters are given in Table 5, and the experimental plan in terms of the combinations of these parameters used is given in Table 6.



Depending on the different combinations of parameters, nine kinds of corn stalk fibers were prepared, which were used in oil absorption tests to determine an optimal production plan. The relevant performance tests on the fibers as part of this optimal production plan also relate to the Chinese transportation industry standard “fiber stabilizer for asphalt pavement” (which has not yet been issued and is only at the stage of solicitation of comments), in which fiber performance tests include oil absorption, screening and particle size, scanning electron microscopy, moisture content, heat resistance, moisture absorption, and density tests.




3.2. Oil Absorption Test


The fiber oil absorption test used for traditional asphalt pavement cannot be applied to corn stalk fibers because their size is relatively small and the screen used cannot hold all the fibers during the vibration step. Therefore, an oil absorption test was used to macroscopically determine the oil absorption capacity of corn stalk fibers prepared under different conditions [20]. The test process was as follows.



A 0.1 g sample of fibers was weighed and placed in a stainless steel screen with a known weight, and then placed in a 1000 mL beaker containing 400 mL diesel at room temperature. After oil absorption for 30 min, the fiber material was removed and drained for 5 min. The mass of the material was measured again, and the oil absorption ratio of the material by weight was calculated on the basis of the weight change. All the experiments were repeated three times under the same conditions, and the average data were taken as the calculation results. The following equation was used to calculate the oil absorption ratio of the material by weight:


Q=mw−mimi



(1)




where Q is the oil absorption ratio of the material by weight, mw is the weight of the material after oil absorption, and mi is the initial weight of the material.




3.3. Screening and Particle Size Analysis


Depending on the preparation process of corn stalk fibers, their diameter is not fixed. Therefore, via a screening test and laser particle size test on a batch of fiber samples, the diameter distribution of the fibers was measured as follows.



Fiber materials were dried and dispersed, and fibers were accurately weighed and placed in analytical sieves. The cap was covered, and the fibers were sieved with a special brush for 10 min. Finally, the remaining masses of fibers in the various sieves were calculated using the following equation:


PX=mwm0×100



(2)




where PX is the percentage of the sieve fractions at a particular screening level, mx is the weight of fibers at that screening level, and m0 is the total weight of the fibers.



The particle sizes of corn stalk fibers were determined using a Mastersizer 2000 laser particle size analyzer, which was manufactured by Malvern, UK.




3.4. Scanning Electron Microscopy Test


In this experiment, scanning electron microscopy was used to characterize the micromorphology of corn stalk fibers before and after treatment with the sodium hydroxide solution. In addition, the morphological changes were observed under different magnifications. The method of sample preparation was as follows: the most macroscopically similar fibers in a sample were selected and pasted directly onto conductive adhesive tape to ensure that the fibers were completely connected to the conductive metal. Then the surfaces of the sample were sprayed with gold for 10 min for testing.




3.5. Density Test


In the density test, a certain quantity of fibers were selected, dried in an oven at 60 ± 5 °C for 2h, and cooled to room temperature in a desiccator until used. The weight of a dry pycnometer was measured, and the fibers were placed in the pycnometer to weigh them as follows. Water was poured into the pycnometer until the fibers were completely immersed. The pycnometer was placed in a desiccator and vacuumed to remove air bubbles. The liquid continued to fill the pycnometer, water on the outer wall of the pycnometer was wiped off, and the pycnometer, water, and fibers were weighed as follows. The water and fibers in the pycnometer were then emptied, and the pycnometer was dried, filled with water, and vacuumed in a desiccator to remove air bubbles. Finally, water on the outer wall of the pycnometer was wiped off, and the pycnometer and water were weighed. Because the liquid was water, the value of the liquid density ρL was 0.9975 g/cm3. The fiber density was calculated as follows:


ρ=m2m3−m4ρL



(3)




where ρ is the density of the fibers (g/cm3), m2 is the weight of the fibers, m3 is the weight of the pycnometer, water, and fibers, and m4 is the weight of the pycnometer and water.




3.6. Thermal Stability Test and Differential Thermogravimetric Analysis


Because the asphalt mixture was subjected to high-temperature conditions in the mixing process, this imposed certain requirements on the thermal stability of the fiber material. The thermal stability of the fibers was determined by measuring the percentage mass loss at high temperatures via thermogravimetric analysis. The test process was as follows.



After an oven was preheated to 105 ± 5 °C, fiber materials and a crucible were placed on a porcelain plate, dried in the oven at 105 ± 5 °C for 2 h, and cooled in a desiccator for at least 30 min. Then, the oven was preheated to 210 ± 5 °C. The crucible was weighed, and then a 10 ± 0.1 g fiber sample was weighed in the crucible. Next, the crucible (including the fibers) was placed in the oven at 210 ± 5 °C for 1 h ± 1 min, and it was observed whether the fibers were burning. Finally, the crucible (including the fibers) was removed and put in a desiccator to cool it. The crucible and fibers were weighed. The mass loss was calculated by the following equation:


AC=m1−m2m0×100



(4)




where AC is the weight loss (%), m0 is the weight of the fibers, m1 is the weight of the crucible and fibers, and m2 is the weight of the crucible.



An STA 449C TG-DTA/DSC integrated thermal analyzer produced by Netzsch, Germany, was used for thermogravimetric analysis of corn stalk fibers before and after treatment with the sodium hydroxide solution. During the analysis, the heating rate was 10 °C/min in a nitrogen atmosphere, the test temperature range was 10–600 °C, and the weight of the sample was about 15 mg.




3.7. Water Content and Moisture Absorption Test


The incorporation of fibers into the asphalt mixture plays a major role in the adsorption behavior of asphalt. If the fibers themselves have a high water content, they will affect the performance of the fiber/asphalt mixture. Therefore, the moisture content and hygroscopicity of the fibers need to be determined. The test process was as follows.



A porcelain plate was weighed on a scale, and then a 10.0 ± 0.1 g fiber sample was placed on the porcelain plate to be weighed. The porcelain plate (including the fibers) was placed in an oven and heated at 105 ± 5 °C for 2 h, and then removed and placed in a desiccator to cool. Finally, the weight of the porcelain plate (including the fibers) was measured. The water content of the fibers was calculated as follows:


WC=(m0−m1+m2)m1−m2×100



(5)




where WC is the moisture content of the fibers (%), m0 is the weight of the fibers, m1 is the weight of the porcelain plate (including the fibers) after heating, and m2 is the weight of the porcelain plate.



The hygroscopicity of a fiber can be expressed by the change in the weight of the fiber before and after absorbing water. In the test, a certain amount of fibers were weighed and placed in a beaker. The mass of the fibers and beaker was measured. The beaker with the fibers was placed in a moisture box at a relative humidity of 90% and a temperature of 20 °C. After 24 h, the changes in the weight of the fibers were measured. The moisture absorption rate of the fibers was calculated as follows:


MA=m2−m1m0×100



(6)




where MA is the moisture absorption rate of the fibers (%), m0 is the weight of the fibers, m1 is the weight of the beaker (including the fibers), and m2 is the weight of the beaker (including the fibers) after 24 h.




3.8. Fiber Asphalt Performance Test


Corn stalk fibers, lignin fibers, and basalt fibers were respectively blended into AH-90 asphalt in certain mass ratios (Table 7), and the fibers were uniformly mixed at a temperature of 145 °C using a high-speed shearing machine. The dynamic shear rheometer (DSR) test can be used to assess the performance of fiber asphalt at high temperatures.



In the Superpave specification, the parameter G*/sin δ (where G* is the absolute value of the complex modulus, and δ is the phase angle) from the DSR test is used to account for the contribution of fiber asphalt to the rutting resistance of mixtures, and it is therefore also known as the rutting factor. In this test, the strain level was 12%, the angular frequency was 10 rad/s, and the test temperatures were 64 °C, 70 °C, and 76 °C.




3.9. Fiber Asphalt Mixtures Performance Test


According to the design method of SMA-13 asphalt mixture in the Test Procedure for Highway Engineering Asphalt and Asphalt Mixture (JTG E20-2011), the Marshall test was carried out, and the road performance of fibers asphalt mixtures were tested on this basis. These asphalt mixtures include those SMA-13 asphalt mixtures that do not participate in fiber, SMA-13 asphalt mixtures that participate in 0.3% lignin fibers, and SMA-13 asphalt mixtures that participate in 0.3%, 0.6%, and 0.9% corn stalk fibers.



The high temperature performance of the SMA-13 asphalt mixture was evaluated by the Marshall test. The Marshall test was used to determine the failure load and deformation resistance of asphalt mixture specimens. The asphalt mixture was prepared into a cylindrical test piece of a predetermined size, and the test piece was arranged in two semicircular pressed molds during the test, so that the test piece was subjected to certain lateral restrictions. The main mechanical indexes were stable of Marshall (kN) and flow value (0.1 mm).



The low-temperature performance of the SMA-13 asphalt mixture was evaluated by the indirect tensile test. The splitting test was to load the asphalt mixture by loading the bead to obtain the splitting strength of the asphalt mixture through the sensor and LVDT. The mechanical index was splitting strength (kN).



The water stability of The SMA-13 asphalt mixture was evaluated by the Immersion Marshall test. The Immersion Marshall test was to divide the Marshall Test pieces into two groups. One group was tested for Marshall Stability after being maintained for 0.5 hours in a 60 °C water bath. Another group was tested for Marshall Stability after 48 hours of constant temperature maintenance in a 60°C water bath. Finally, the ratio of the two was calculated, which is the residual stability.





4. Results and Discussions


In order to have a better understanding of the properties of the prepared corn stalk fiber products and to optimize the production process, the detailed test results and corresponding analyses are shown in this section.



4.1. Optimization of the Production Process


In order to investigate the influence of physical and chemical treatment on the oil absorption performance of the corn stalk fibers, the comminution time for the physical treatment in the high-speed multifunctional crusher was selected to be 3, 3.5, or 4 min. In the chemical modification of corn stalk fibers, sodium hydroxide is commonly used for pretreatment. In these experiments, the mass fraction of the sodium hydroxide solution was 0.25%, 0.5%, 1%, or 2%, the reaction temperature was 60 °C, 70 °C, 80 °C, or 90 °C, and the reaction time was 15, 30, 45, or 60 min. The diesel absorption performance of the treated corn stalk fibers is shown in Figure 10.



When the comminution times in the high-speed multifunctional crusher were 3, 3.5, and 4 min, the absorption capacity of the pretreated corn stalk fibers for diesel oil was 29.07, 30.37, and 28.6 g/g, respectively, which represents an initial increase and then a decrease. As the reaction temperature used in the pretreatment increased, the oil absorption performance of the corn stalk fibers exhibited an increasing trend and reached a peak capacity of 30.37 g/g at 80 °C, from which point it started to decrease. As can be seen from Figure 11c, when the mass fraction of the sodium hydroxide solution was 0.25%, 0.5%, 1%, and 2%, the oil absorption capacity of the pretreated corn stalk fibers was 26.67, 30.37, 28.7, and 27.23 g/g, respectively. It can be seen that at a mass fraction of the solution of 0.5%, the oil absorption performance of the corn straw fibers was the highest (capacity of 30.37 g/g). Figure 11d shows that the effect of the pretreatment reaction time on the oil absorption capacity of the corn stalk fibers was similar to the effect of the mass fraction of the solution. When the reaction time was 30 min, the oil absorption capacity of the straw fibers was the highest (30.37 g/g), after which it displayed a downward trend.



By the pretreatment of corn stalk fibers under different conditions, corn stalk fibers with different oil absorption capacities were obtained. After comparative analysis, the pretreated corn stalk fibers displayed the best oil absorption performance when the comminution time was 3.5 min, the mass fraction of the sodium hydroxide solution was 0.5%, the reaction temperature was 80 °C, and the reaction time was 30 min.



The crushing time affects the thickness of the corn stalk fiber, and the temperature and sodium hydroxide concentration affect the internal voids and surface roughness of the corn stalk fiber. Next, the performance of the corn stalk fibers prepared using the optimal combination of parameters was tested.




4.2. Screening and Particle Size Analysis


In an asphalt pavement material, the length and diameter of the fiber material used as an additive will directly affect the strength of the asphalt mixture and its workability during construction mixing [21]. The percentages of different types of fiber in different screening size ranges are shown in Table 8. The results show that the corn stalk fibers were crude before comminution, and the percentage of fibers of which the diameters were in the range of 0.875–0.425 μm was 26.2%. The diameters of most fibers were concentrated in the range between 0.425 and 0.180 μm (61.0%). Roughly one-eighth (12.8%) of the fibers had diameters of less than 0.180 μm. After comminution, the diameters of the fibers were all less than 0.425 μm and were mainly distributed in the ranges of 0.425–0.180 μm and less than 0.106 μm; the percentages in these two ranges were almost identical. After chemical treatment, the overall diameters of the fibers increased in comparison with those not subjected to chemical treatment. Specifically, the percentage of fibers with a diameter of 0.425–0.180 μm increased by 15.9%, the percentage of fibers with a diameter in the range of 0.180–0.106 μm increased by 22.8%, and the percentage of fibers with a diameter in the range of less than 0.106 μm decreased by 38.4%. This is because after the chemical treatment some of the small-diameter fibers were lost during the cleaning of the fibers using a 50 μm mesh.



Because the operating principle of a laser particle size analyzer involves converting the dimensions of a nonspherical material into those of a spherical material and calculating the particle diameter, the diameters of the corn stalk fibers could not be analyzed to a great extent from the fiber size distribution curve in Figure 12. It can be seen from Figure 12 that among fibers with diameters of less than 50 μm, the amount of chemically treated fibers was significantly less than that of untreated fibers, because some fibers with small particle sizes were lost during the cleaning process after the chemical treatment. It can be seen from Figure 12 that the chemically treated fibers had a slightly larger particle size than the untreated fibers. This is because the operating principle of a laser particle size analyzer involves using laser irradiation to measure fibers, and, after the chemical treatment, the corn stalk fibers became rough, which resulted in a larger particle size according to calculations based on the instrumental measurements.




4.3. Micromorphology of Fibers


It can be seen from Figure 13 that the surface morphology of the untreated corn stalk fibers was relatively smooth and had a continuous layer structure. However, it can be seen from Figure 14 that after chemical treatment with the sodium hydroxide solution, the continuous layer structure of the fiber surface was disrupted and formed a discontinuous layer structure, the surface of the fibers became rougher, the specific surface area increased, and the inner tubular structure was exposed. Hence, the fibers could absorb more oil and improve the effect of the modification of asphalt. This is because the waxy layer and pectin on the surface of the corn stalks were removed after the chemical treatment.



As can be seen from Figure 15, the diameters of the lignin fibers were uneven. Because the lignin fiber material itself has a low density and exhibits a flocculent shape, if an excessive number of lignin fibers are incorporated into asphalt, uneven agitation and uneven distribution of the lignin fibers may occur. It can be seen from Figure 16 that the basalt fibers had the highest aspect ratio. However, because the surface of basalt fibers is very smooth, their ability to absorb oil is the worst in comparison with lignin and corn stalk fibers. Therefore, the corn stalk fibers enable more uniform mixing than the lignin fibers and have a better oil absorption effect than the basalt fibers.




4.4. Fiber Heat Resistance


It is generally recommended that the fibers are dry-mixed with the aggregate for 15 s in the preparation of a hot-mix asphalt mixture and then sprayed into the asphalt for wet mixing. For ordinary asphalt, the temperature at which the fibers are mixed with the aggregate can reach 170–180 °C, whereas it may exceed 200 °C for modified asphalt. The temperature of an ordinary asphalt mixture can reach 150–170 °C, whereas the temperature of a styrene/butadiene/styrene-modified asphalt mixture is generally around 180 °C [22]. Therefore, the fibers are required to have a certain thermal stability so as to ensure that they do not cause a significant decrease in performance during the mixing, transportation, and pavement construction processes. The percentage mass loss of the fibers is shown in Figure 17.



According to the test data, the decline in the quality of the corn stalk fibers without chemical treatment was very serious. During the test, a combustion phenomenon occurred with the corn stalk fibers that were not chemically treated. Most of the internal components of the fibers decomposed into gases or liquids, which evaporated at high temperatures. Finally, the fibers were carbonized to form ash (Figure 18). After chemical treatment, the percentage mass loss of the corn stalk fibers was 6%, whereas the percentage mass loss of the untreated stalk fibers was about 15 times greater than that of the treated fibers, and the thermal stability of the chemically treated fibers greatly improved. This is because components with a low thermal stability, such as amino acids, proteins, and some hemicellulose, etc., were removed from the fibers in the process of treatment with the alkaline solution. From Figure 19 and Figure 20, it can be seen that the color of both the lignin fibers and the corn stalk fibers became yellowish-brown after heating. This is mainly because lignin fibers are organic fibers that are extracted from wood and other plant materials, and the composition of lignin fibers is similar to that of corn stalk fibers. Basalt fibers are a new type of inorganic environmentally protective high-performance fiber material, which is composed of SiO2, Al2O3, CaO, MgO, Fe2O3, TiO2, and other oxides. A basalt fiber is a continuous fiber that is obtained by the rapid drawing of basalt stone material at a high temperature of 1450–1500 °C and has very high resistance to high temperatures [23]. The percentage mass loss of basalt fibers was 0.2% (Figure 21). Therefore, the results of the fiber heat resistance test show that the basalt fibers exhibited the best heat resistance, and the heat resistances of the lignin fibers and corn stalk fibers did not differ greatly.



It can be seen from Figure 22 and Figure 23 that the pyrolysis of corn stalk fibers can be roughly divided into a water removal stage, a preheating stage, the main stage of thermal decomposition, and a stage of slow decomposition of the residue. The first stage is a stage of dehydration and drying, which is mainly due to the release of internal water from the fibers, including physically and chemically adsorbed water [24]. The second stage is a preheating stage. The internal structures of the fibers decompose into free radicals and major functional groups and release small amounts of volatile small-molecule gases, such as carbon dioxide and carbon monoxide. The third stage is a stage of rapid pyrolysis. The thermogravimetric analysis curves display a rapid decline, and it can be seen from the figures that the fibers lost about 70% of their weight. This is the most significant temperature range for the pyrolysis of corn stalk fibers and ends at about 360 °C. The pyrolysis processes of organic components such as cellulose, hemicellulose, and lignin in corn stalk fibers are superimposed on one another, but the main temperature regions of the thermal decomposition of these components are different [25]. It is generally believed that the most unstable hemicellulose in the composition begins to decompose at about 150 °C, which destroys the linkages between cellulose, hemicellulose, and lignin [26]. As the temperature increases, the weight loss rate of the fiber increases, and the reaction rate increases and reaches a maximum at about 340 °C. This shows that cellulose begins to decompose in large quantities. Because lignin is more difficult to pyrolyze, its decomposition process spans almost the entire temperature range of pyrolysis. The fourth stage involves slow decomposition of the residue, which mainly produces carbon and ash, and hence is also a stage of carbonization. In this temperature range, lignin continues to decompose and a large amount of volatile gases are generated [27].



However, the thermal stability of the treated corn stalk fibers was higher than that of the untreated corn stalk fibers. In addition, the treated fibers began to undergo rapid pyrolysis at 260 °C. The untreated fibers were gradually pyrolyzed from room temperature and began to undergo rapid pyrolysis at 200 °C. This shows that most of the hemicellulose and components with a low thermal stability in the fibers were removed by the sodium hydroxide solution and the thermal stability of the fibers was greatly improved, and they can be used in the construction of asphalt pavements.




4.5. Hygroscopicity of Fibers


Water damage to asphalt mixtures has always been an important issue that limits the performance and durability of asphalt pavements [28]. However, if fibers are added to a mixture, the absorption of water by the fibers will inevitably affect the overall performance of the asphalt mixture. It is generally required that the hygroscopicity of the fibers should be as low as possible, because if a fiber has low hygroscopicity this indicates that it has higher resistance to water erosion. In addition, the probability of contact between the asphalt mixture and water is reduced, and the probability of phenomena such as looseness, peeling, and pits on the surface of the asphalt pavement will also decrease, which will thereby prolong the service life of the asphalt pavement [29]. On the other hand, if fibers have higher hygroscopicity, this means that fibers stored in ambient conditions can absorb moisture and thus deteriorate easily. This will seriously affect the dispersion and uniformity of the fibers when they are added to the asphalt mixture. Therefore, attention should be paid to the arrangement of moisture-proofing and dehumidification when preserving the fibers. The hygroscopicity of the fibers in this study is shown in Table 9.



According to the test results, the water contents of the lignin fibers and corn stalk fibers were 3.8% and 3.6%, respectively, whereas the water content of the basalt fibers was 0.1%. In the moisture absorption test, the moisture absorption rate of the corn stalk fibers was the highest (24.4%), followed by that of the lignin fibers (17.8%), and the moisture absorption rate of the basalt fibers was the lowest (1.6%). The test results show that corn stalk fibers absorbed more moisture than lignin and basalt fibers because of their internal pores and rough surface, and hence they need to be stored in a cool and dry place or dried before use.




4.6. General Performance Index of Fibers


As an additive for asphalt mixtures, the reinforcing effect of fibers is closely related to their performance characteristics. Therefore, this study mainly used the physical properties of lignin fibers, basalt fibers, and corn stalk fibers for comparative analysis. Their physical properties will have a significant impact on the road performance of asphalt mixtures. Selected physical properties of the three kinds of fibers are presented in Table 10.



The lengths of the three kinds of fibers are given in Table 10 and were in the order of basalt fibers > corn stalk fibers > lignin fibers. The lengths of the fibers will directly affect the strength of the asphalt mixture and its workability during construction mixing. If the lengths of the fibers increase, the strength of the asphalt mixture will also increase. However, if the fibers are too long, they will be easily knotted during the mixing process of the asphalt mixture, and an even distribution and dispersibility of the fibers will be difficult to achieve. The fibers in this case will not only fail to enhance the strength of the asphalt mixture, but also affect the workability of the mixture. The melting temperatures of the three fibers exceeded 200 °C and were thus higher than the usual maximum temperature (180 °C) for the mixing of the asphalt mixture. Therefore, these fibers meet the requirements for asphalt pavement.




4.7. Performance of Fiber Asphalt


To gain a clear conceptual understanding of the properties of corn stalk fiber asphalt, a comparison of the performance of corn stalk fiber asphalt, lignin fiber asphalt, basalt fiber asphalt is given in Table 11.



According to the test data, the rutting factors of the fiber asphalts gradually increased with an increase in the mass percentage of corn stalk fibers incorporated. When the mass percentages of corn stalk fibers were 8% and 10%, the rutting factors of corn stalk fiber asphalt at 76 °C were 0.57 and 0.637, respectively, which show that corn stalk fibers had a better effect in terms of modifying the asphalt. At the same temperature, the rutting factors increased with an increase in the mass percentage of corn stalk fibers, and, when this percentage reached 10%, the modifying effect of the corn straw fibers on the asphalt exceeded that of the lignin fibers. This shows that the mixing of the corn stalk fibers was uniform and no phenomenon of fiber clustering occurred, even when the mass percentage of corn stalk fibers was excessive. According to the experimental data, the rutting factors of lignin fiber asphalt increased initially and then decreased with an increase in the mass percentage of lignin fibers. This is because the lignin fibers had a lower density and a larger volume in comparison with the other fibers at the same mass percentage. Therefore, after the addition of an excessive amount of lignin fiber to asphalt, its modifying effect on the asphalt is unsuitable, owing to uneven mixing and dispersion of the fibers. For basalt fibers, the rutting factors of fiber asphalt slowly increased and the growth rate gradually decreased with an increase in the mass percentage of the fibers. This is because basalt fibers have a smoother surface than the other types of fibers and thus have a weaker ability to absorb asphalt. Owing to the great length of basalt fiber, too many fibers are added to asphalt to easily affect the performance of the fiber-modified asphalt.




4.8. Performance of Asphalt Mixtures


The results of the Marshall test for five different kinds of SMA-13 fiber asphalt mixtures are shown in the Table 12.



As can be seen from Table 12, the stability of the SMA-13 asphalt mixture after the addition of fibers was improved. The stability of SMA-13 asphalt mixture with 0.3% lignin fibers was slightly higher than that of SMA-13 asphalt mixture with the same amount of corn stalk fibers, and with the increase of corn stalk fiber content, the stability of corn stalk fiber SMA-13 asphalt mixture was gradually increasing. This is because the fiber asphalt binder had a higher modulus and viscosity than the neat asphalt, thereby increasing the frictional resistance between the aggregates and effectively preventing the particle movement of the aggregate. Therefore, the high-temperature stability of the SMA mixture after fiber addition was more significantly increased.



In order to investigate the moisture damage resistance of fiber-modified asphalt mixtures, indirect tensile strength at 15 °C and immersion Marshall tests were also conducted, which can be found in Table 13. It is clear that adding both of lignin and corn stalk fibers into SMA asphalt mixtures can increase the indirect tensile strength. This showed that in the asphalt mixture, the fiber adsorbed the asphalt to form a lap joint structure, thereby playing the role of reinforcement and bridging. However, with the increase of corn stalk fiber content, the indirect tensile strength of SMA-13 asphalt mixture decreased, which indicated that the modified effect of corn stalk fiber on asphalt was greater than the reinforcement effect of fiber on mixture. Therefore, adding an appropriate amount of corn stalk fiber in asphalt mixture was beneficial to improve the tensile crack resistance of the asphalt mixture.



It can be also seen from Table 13 that the residual Marshall stability of the SMA-13 asphalt mixtures added with the fiber was improved. The residual stability of SMA-13 asphalt mixture with 0.3% lignin fiber was similar to that of SMA-13 asphalt mixture with the equivalent amount of corn stalk fiber. In general, adding lignin and corn stalk fibers can help to improve the moisture damage resistance of SMA mixtures. It can be also found from Table 13 that adding more corn stalk fiber could increase the moisture damage resistance of SMA mixtures.





5. Economic Analysis and Industrial Aspects of Corn Stalk Fibers


As discussed above, corn stalk fibers in the laboratory exhibited comparable performance to lignin fibers, which implies that corn stalk fibers are a promising substitute for traditional fibers in asphalt pavement applications. However, it is necessary and meaningful to conduct an economic analysis of a new material for it to achieve practical utilization. The market prices of the experimental materials from a local dealer are listed in Table 14.



Hence, according to the optimized production process, the total costs of the preparation of a certain mass of the corn stalk fiber product can be calculated and are shown in Table 15.



The results show that it costs 0.1440 RMB to prepare 96 g of the corn stalk fiber product, and the unit price of corn stalk fibers is about 1500 RMB/tonne in China (Table 16). Previous studies have shown that corn stalk fibers are inferior to lignin fibers and basalt fibers in their modifying effect on asphalt when the same mass percentages of fibers are blended with asphalt. However, corn stalk fibers have very good prospects as a new material for asphalt pavement applications from the perspectives of uniform mixing of the fibers with asphalt and efficient use of crop waste, and they are also cheaper than the two other types of fibers. Not only the conservation of limited resources such as basalt fiber pavement materials, but also the treatment of agricultural waste in the form of corn stalks is of great significance to the future development of China. Therefore, owing to the low price of corn stalk fibers and their significant environmental advantages, corn stalk fiber materials will hopefully become used in asphalt pavement to replace lignin fibers.



The physical and chemical methods for the preparation of corn stalk fibers proposed in this paper are easily carried out in laboratory research, because a rind–pith separation instrument, a WKF250 crusher, and a high-speed multifunctional crusher are sufficient for carrying out the physical methods, and a constant-temperature magnetic stirrer is sufficient for the chemical reaction. In fact, these instruments are common in agriculture and daily life, and the chemical reagent, namely, sodium hydroxide particles, is easily obtained. Therefore, the preparation of corn stalk fibers using the abovementioned physical and chemical methods is easily achieved from an industrial point of view. It is worth mentioning that because a small proportion of fibers are lost during the polishing of corn stalk fibers and chemical pretreatment cleaning, it is difficult to collect and weigh all the fiber products. However, about 24 g of the product can be collected in a single production cycle. An increase in the volume of the reaction vessel can be expected to reduce the fiber mass loss. In addition, more studies are still needed to optimize the whole production process. Finally, the price of corn stalk fiber is only predicted through laboratory tests, and the price of corn stalk fiber which was industrially produced will change.




6. Conclusions and Recommendations


This paper introduced physical and chemical methods for preparing corn stalk fibers, and the corresponding optimal production process of corn stalk fibers was investigated. On the basis of the results that are presented, several conclusions can be drawn:




	(1)

	
Corn stalks from agricultural waste can be used to prepare corn stalk fibers, in which a physical method is used to form corn stalks into a fiber shape, and a chemical method enables the corn stalk fibers to meet the standards of asphalt pavement applications;




	(2)

	
The optimal process for the preparation of corn stalk fibers comprises initially separating the rind of corn stalks from the pith, and then crushing the corn stalk rind and comminuting it for 3.5 min. Next, the corn stalk fibers are immersed in a sodium hydroxide solution with a concentration of 0.5% and reacted at 80 °C for 30 min. Here, the mass ratio of corn stalk fibers, sodium hydroxide, and water is 8:1:200;




	(3)

	
The results of tests of the performance of the corn stalk fiber materials show that the corn stalk fibers obtained by the abovementioned physical and chemical methods meet the requirements of asphalt pavement applications and may be suitable for modifying asphalt;




	(4)

	
As to the SMA-13 asphalt mixtures, the service performance can be well improved when adding the corn stalk fiber. Therefore, corn stalk fiber can have the potential to replace the lignin fiber in asphalt mixture.




	(5)

	
An economic analysis shows that in comparison with lignin fibers and basalt fibers, the produced corn stalk fibers are not only cheaper but also effectively reduce the pollution of the environment by corn stalk waste. They can be used as a substitute for limited resources and a more environmentally friendly asphalt pavement fiber material.









On the basis of the research presented above, here are some recommendations for future study:




	(1)

	
The optimal process for the preparation of corn stalk fiber was carried out on a laboratory scale in this study. If corn stalk fibers are to be industrially mass-produced, more research is needed to optimize the production method to ensure the performance of the fibers. Sewage treatment in the chemical production of corn stalk fibers also needs to be considered and studied;




	(2)

	
More research is needed into the mechanism of the modification of asphalt by corn straw fiber materials. More evaluation indices and test methods should be adopted for measuring other aspects of the performance of corn stalk fiber asphalt, such as the low-temperature cracking resistance performance, adhesion and cohesion performance, and so on;




	(3)

	
The road performance of corn stalk fibers after being mixed with the asphalt mixture should be studied to ensure its effectiveness in an actual application.
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Figure 1. Corn stalks. 
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Figure 2. Lignin fiber. 
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Figure 3. Basalt fiber. 
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Figure 4. Equipment used for the separation of the rind and pith of corn stalks. 
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Figure 5. Corn stalk rind: (a) exterior and (b) interior. 
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Figure 6. WKF-250 crusher. 
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Figure 7. High-speed multi-functional crusher. 
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Figure 8. Constant-temperature magnetic stirrer. 
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Figure 9. Chemical reagent. 
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Figure 10. The physical and chemical processing of corn stalk fiber. 






Figure 10. The physical and chemical processing of corn stalk fiber.



[image: Sustainability 11 04050 g010]







[image: Sustainability 11 04050 g011a 550][image: Sustainability 11 04050 g011b 550]





Figure 11. Effect of pretreatment of corn stalk fibers on their oil absorption property: (a) effect of comminution time (reaction temperature 80 °C; mass fraction of solution 0.5%; reaction time 30 min); (b) effect of reaction temperature (comminution time 3.5 min; mass fraction of solution 0.5%; reaction time 30 min); (c) effect of mass fraction of solution (comminution time 3.5 min; reaction temperature 80 °C; reaction time 30 min); and (d) effect of reaction time (comminution time 3.5 min; reaction temperature 80 °C; mass fraction of solution 0.5%). 
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Figure 12. Fiber size distribution curve. 
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Figure 13. Corn stalk fibers without chemical treatment. 
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Figure 14. Corn stalk fibers after chemical treatment. 
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Figure 15. Lignin fibers. 
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Figure 16. Basalt fibers. 
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Figure 17. Percentage mass loss of the fibers. 
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Figure 18. Corn stalk fibers without chemical treatment. (a) before heating, (b) after heating. 
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Figure 19. Corn stalk fibers after chemical treatment. (a) before heating, (b) after heating. 
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Figure 20. Lignin fibers. (a) before heating, (b) after heating. 
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Figure 21. Basalt fibers. (a) before heating, (b) after heating. 
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Figure 22. Thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) curves for corn stalk fibers without chemical treatment. 
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Figure 23. TG and DSC curves for corn stalk fibers after chemical treatment. 
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Table 1. Physical properties of lignin fiber.
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	Tested Property
	Unit
	Value
	testing Base





	Fiber length
	mm
	<5
	JT/T 533-2004



	Ash content
	%
	18.9
	JT/T 533-2004



	PH
	—
	7.8
	JT/T 533-2004



	Oil absorption rate
	multiple
	5.3
	JT/T 533-2004



	Mositure content
	%
	2.9
	JT/T 533-2004



	Density
	g/cm3
	0.536
	JT/T 533-2004
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Table 2. Physical properties of basalt fiber.
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	Tested Property
	Unit
	Value
	testing Base





	Fiber diameter
	μm
	15.72
	JT/T 776.1-2010



	Fiber length
	mm
	7
	JT/T 776.1-2010



	Oil absorption rate
	multiple
	2.4
	JT/T766.1-2010



	Mositure content
	%
	0.2
	JT/T766.1-2010



	Breaking strength
	MPa
	1612
	JT/T 776.1-2010



	Elongation at break
	%
	2.2
	JT/T 776.1-2010



	Density
	g/cm3
	2.63
	JT/T 776.1-2010



	Elastic Modulus
	MPa
	102.9 × 103
	JT/T 776.1-2010



	Heat resistance, fracture strength retention
	%
	96.1
	JT/T 776.1-2010
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Table 3. Physical properties of asphalts.
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Asphalt Type

	
AH-90 Asphalt

	
SBS-Modified Asphalt




	
Tested Property

	
Unit

	
Value

	
Value






	
Penetration (25 °C)

	
0.1mm

	
83.0

	
63.0




	
Softening point

	
°C

	
44.0

	
72.5




	
Ductility

	
cm

	
>100(10 °C)

	
55(5 °C)




	
Ductility (15 °C)

	
cm

	
>100

	
——




	
Wax content

	
%

	
2.0

	
——




	
Flash point

	
°C

	
276

	
245




	
Burning point

	
°C

	
285

	
——




	
Solubility

	
%

	
99.8

	
99.5




	
Density (15 °C)

	
g/cm3

	
1.007

	
1.015




	
Dynamic viscosity

	
Pa.s

	
211(60 °C)

	
2.4(135 °C)











[image: Table]





Table 4. Percentage of mass passing through each mesh of SMA-13 asphalt mixture.
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	Screen Size (mm)
	16
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075





	Design level (%)
	100
	91
	67.4
	30.7
	23.5
	20.2
	16.8
	15
	13.9
	10.3



	Normative median (%)
	100
	95
	62.5
	27
	20.5
	19
	16
	13
	12
	10



	Specification range (%)
	100
	90~100
	50~75
	20~34
	15~26
	14~24
	12~20
	10~16
	9~15
	8~12
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Table 5. Specific values of different levels of different parameters.
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	Level
	Parameter A
	Parameter B
	Parameter C
	Parameter D





	
	Final comminution time (min)
	Mass of the sodium hydroxide reagent (g)
	Reaction temperature (°C)
	Reaction time (min)



	1
	3
	2.5
	60
	15



	2
	3.5
	5
	70
	30



	3
	4
	10
	80
	45



	4
	
	20
	90
	60
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Table 6. Experimental plan.
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	Experiment No.
	Levels
	
	
	





	
	Parameter A
	Parameter B
	Parameter C
	Parameter D



	1
	1
	2
	3
	2



	2
	2
	2
	3
	2



	3
	3
	2
	3
	2



	4
	2
	1
	3
	2



	5
	2
	3
	3
	2



	6
	2
	4
	4
	2



	7
	2
	2
	1
	2



	8
	2
	2
	2
	2



	9
	2
	2
	4
	2



	10
	2
	2
	3
	1



	11
	2
	2
	3
	3



	12
	2
	2
	3
	4
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Table 7. Mass ratios of the three kinds of fibers.
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	No.
	Fiber Type
	Mass Ratio in Asphalt (%)





	1
	Corn stalk fiber
	2



	2
	Corn stalk fiber
	4



	3
	Corn stalk fiber
	6



	4
	Corn stalk fiber
	8



	5
	Corn stalk fiber
	10



	6
	Lignin fiber
	1



	7
	Lignin fiber
	1.5



	8
	Lignin fiber
	2



	9
	Basalt fiber
	1



	10
	Basalt fiber
	1.5



	11
	Basalt fiber
	2



	12
	Basalt fiber
	2.5
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Table 8. Percentages of fibers in different screening size ranges.
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Screening Size Range (μm)

	
Fiber Type




	
Corn Stalk Fibers






	

	
No comminution (%)

	
Comminution

(%)

	
Comminution and

chemical treatment (%)




	
0.875–0.425

	
26.2

	
0

	
0




	
0.425–0.180

	
61.0

	
40.3

	
46.7




	
0.180–0.106

	
6.5

	
20.1

	
24.7




	
>0.106

	
6.3

	
39.6

	
28.6
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Table 9. Hygroscopicity of fibers.
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	Fiber Type
	Water Content (%)
	Moisture Absorption Rate (%)





	Corn stalk fiber
	3.6
	24.4



	Lignin fiber
	3.8
	17.8



	Basalt fiber
	0.1
	1.6
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Table 10. General performance index of fibers.
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	Technical Indicator
	Fiber Type
	
	





	
	Corn stalk fibers
	Lignin fibers
	Basalt fibers



	Fiber length (mm)
	<3
	<2
	6



	Fiber diameter (μm)
	50–425
	—
	15.72



	Relative density (g/cm3)
	1.04
	0.56
	2.63



	Color
	Golden
	Gray
	Gold-green



	Melting temperature (°C)
	>240
	>200
	1250
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Table 11. Rutting factors of different fiber asphalts.
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Type no.

	
Fiber Type

	

	
Rutting Factor (kPa)

	






	

	

	

	
Temperature (°C)

	




	

	

	
64

	
70

	
76




	
1

	
Corn stalk fiber

	
1.238

	
0.616

	




	
2

	
1.706

	
0.861

	




	
3

	
1.889

	
0.967

	




	
4

	
2.089

	
1.047

	
0.57




	
5

	
2.419

	
1.188

	
0.637




	
6

	
Lignin fiber

	
1.5

	
0.753

	




	
7

	
2.205

	
1.197

	
0.676




	
8

	
2.034

	
1.16

	
0.659




	
9

	
Basalt fiber

	
1.351

	
0.694

	




	
10

	
1.32

	
0.696

	




	
11

	
1.496

	
0.751

	




	
12

	
1.585

	
0.811
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Table 12. The Marshall test results of SMA-13 asphalt mixture.
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