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Abstract

:

The corn crop is one of the most important crops worldwide. However, the management of the residues generated is not efficient enough, which diminishes the competitiveness of this crop. An interesting option for the valorization of these wastes is their thermal use. In order to make the management of this residue as much efficient as possible, it is vital to know the different processes related to a corn harvest, and try to adapt the use of this waste depending on its characteristics. Thus, in this work, and on the basis of a conventional corn harvest, a differentiated analysis of the residue generated was carried out, including its characterization and assessing its behavior during pyrolysis and combustion. The results pointed out the importance of collecting residue immediately after its generation and avoiding its contact with the soil as this factor tends to worsen its thermal properties and ash content. Concerning the selective collection, it is highly advisable if the subsequent thermal use is going to be a pyrolytic process. In the case of combustion, even though the samples that contain corn stalk showed better combustion properties, this improvement did not outweigh the adverse effects related to the increase in ash content, especially for its pelletizing.
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1. Introduction


Currently, corn is one of the major global crops, along with other cereal crops like wheat or rice, being an essential source of food for humans. According to the Food and Agriculture Organization (FAO), the world production of corn has recently increased until 2018, where the production decreased by 1.31%, compared to 2017 [1].



If the situation of corn crops in Spain is considered, according to the FAO, it is one of the ten most important crops in this country. However, there has been a decrease both in production and in the cultivated area since 2013. In 2013, there was a harvested area of 442,300 hectares and a production of 4885 million tons, whereas in 2018, the harvested hectares were 322,373 and the production was 3842 million tons [1], which has implied a 21.35% decrease in five years. The low market prices, as well as other secondary factors, such as high water use, several pests or high international competition, have made this crop less attractive for Spanish growers.



In a corn crop, a residue called corn stover, which is mainly composed of different parts of the plant like corn stalk, leaves and corncob waste, is produced. Currently, these wastes are left on the soil, being mechanically ground in order to be mixed with the soil after harvest. To a lesser extent, these wastes are used to produce bales to be used in biomass power plants or for livestock purposes. Formerly in Spain, corn stover was usually burned in the country, with the associated environmental risk and impact. Fortunately, this practice is in disuse.



Concerning the production of corn stover generated during the corn harvest, Azuara et al. [2] established that the proportion of corn stover produced per corn plant (dry basis) was 0.65, whereas Zheng et al. [3] showed a corn stover ratio of 0.86; according to this data, and considering an average moisture of 20%, the production of corn stover in Spain in 2018 would be 1997 million tons and 3304 million tons, respectively. As it can be observed, different references showed disparate results about corn stover production, as its generation is dependent on the kind or variety of corn, the way of harvesting, the subsequent use of this crop and the area where the corn is grown, among other factors [2,3]. In any case, the amounts of corn stover produced are significant enough to justify a study about the treatment of this waste for the competitiveness and economical improvement of corn crops.



The harvesters, currently used in corn crops, usually cut and separate the corn grain, placing it in a hopper. The corncob waste and stalks come out, separately, from the rear of the harvester, although both parts are released jointly and remain on the soil. In order to transform this waste into bales, a previous swath process is necessary, followed by a baling process. Swathing can be carried out by the same harvester by incorporating a specific device or, at a later time, using other machinery. Afterwards, baling is carried out, which implies a partial soil dragging, increasing the proportion of impurities in the bale produced. As it was previously pointed out, swathing is, in many cases, a discontinuous process, existing for the period (even for several days) when the residue remains on the soil. In addition, bales are not immediately collected after their generation. Both periods can imply a degradation of this residue, due to weather conditions, which could limit its subsequent use. According to the literature, another study has reported other harvest systems that allows for the collection of corn stover before its contact with the soil, through a rolling system of wastes [4]. In any case, this system would not avoid the deterioration of bales due to their stay on the soil for several days, which will depend on the time of collection for their subsequent use. Thus, the baling system is not always economically profitable for corn growers as, on one hand, it implies an additional cost and, on the other hand, the profits are not competitive.



In order to obtain a competitive improvement in corn crops, thereby increasing the profits of growers, it is interesting to conduct the search for added value of the residues generated. One of the possible applications of these wastes is their energy use. Biomass from agricultural practices is mainly composed of hemicellulose (20–30%), cellulose (40–50%), lignin (10–25%) and other organic compounds [5]. Regarding corn stover, the percentages for the corncob waste are 35% hemicellulose, 45% cellulose and 15% lignin [6] and for corn stalk these percentages are 26.45% hemicellulose, 36.43% cellulose and 27.33% lignin [7], which indicates that corn stover could be used as biomass.



Among the different thermal processes of biomass, pyrolysis and combustion two simple and direct processes for energy extraction from biomass are considered [8], as well as two essential procedures for the study and control of thermal processes that are developed during biomass conversion. For the study of thermal processes, thermogravimetric analysis (TG) is a basic tool, as it can assess the suitability of corn wastes as biofuels as well as it can determine the thermal process with the best performance. The main conclusions about the use of these residues as fuels can be inferred through the comparison of the results obtained with thermogravimetric results of other biomass samples currently used.



Concerning the use of biomass, one of the ways to generate thermal energy is through pellet combustion, as it is considered an ecological fuel and classified as a biofuel with zero-net CO2 emissions [9]. Its use can be industrial (for drying or steam production) or domestic (for heating or hot water production). Pellets show better characteristics than other biomass products like chips or briquettes, due to their higher density and consistent granulometry, which allows for automatic feeding in biomass boilers [10]. For this reason, pellet production is considered a promising and profitable market in Spain.



So far, different studies about the energy use of corn residues have been published. Chen et al. [7], Shen et al. [8], and Zhang et al. [11] carried out the thermogravimetric analysis of corn stalk. Similarly, Aboyade et al. [12], Yang et al. [13] and Maddei et al. [14] carried out the thermogravimetric study of the corncob waste. Other articles have studied the pyrolysis of the complete corn stover [15,16]. Concerning the separate study of this waste, Li et al. [17] carried out a thermogravimetric study of the pyrolysis of different parts of corn, such as corn stalk skins, corn stalk scores, corn bracts and corn leaves. Regarding thermogravimetric studies in combustion processes, different references were found, specifically about corn stalk [8] and corncob waste [18], separately.



According to previous studies, a comparison of different wastes of corn is considered in the present article, such as the following: complete corn waste, stover, and different wastes that could be classified depending on the collection system of corn harvest (which generates stalk and corncob waste). So far, all the works carried out studied the wastes separately, according to their physical or morphological characteristics, whereas in this study, the separation of wastes depending on the collection system will prevail, so that the valorization of wastes can be easier without any additional complication during harvesting. Moreover, taking into account that ash content is one of the most important parameters to determine the quality of a biofuel after combustion [19]; the effect of the collection of corn residues on ash production was studied, as a negative effect is possible due to the contact of the wastes with the soil. This is the case of stover baling, where the waste is placed on the ground for a certain period of time before it is baled, dragging and adding some land in the final bale, which implies an increase in impurities in the residue.



To sum up, the aim of this study was, firstly, to research the pyrolysis and combustion of different corn residues, paying attention to the conventional collection system. Thus, the joint collection of corn stover and the separated collection of the different by-products of corn stover (like corncob waste and corn stalk) were considered, in order to determine the most suitable waste for thermal use. Secondly, a study of the positive effect of the direct collection of wastes from the harvester (without any contact between the residues and the soil) was considered, as it is possible that this contact implies a degradation of the wastes. Thirdly, and regarding the results obtained from the study of pyrolysis and combustion, the selection of the most suitable waste collection, as well as the possible interest of a selective collection of them, was considered. Considering the above, the final aim of this study was to add value to the corn crop through the thermal use of its wastes in different ways: as biofuels to produce pellets for domestic or industrial use, for direct electricity production or any other thermal use that can imply a valorization of corn crops.




2. Materials and Methods


In the following sections a description of the different wastes studied, as well as the different tests used in the present work, are included.



2.1. Sample Collection and Preparation


2.1.1. Sample Collection Process


For the development of the present study, different wastes from corn were selected, which were collected from local crops in the southwest of Spain.



Currently, harvesters carry out a separation of corncob from the stalk. Therefore, it would be interesting to compare both wastes separately, that is, on one hand, corncob waste with the leaves that cover the corncob and, on the other hand, corn stalk with leaves. Equally, it is interesting to compare the characteristics of the corncob waste with and without leaves, in order to assess the effect of leaves on thermal properties of this waste, as separation would be a process with an easy implementation. The corn harvest system, as well as the different residues generated, is included in Figure 1.



Thus, four residues will be studied in this work. The first one is the corncob waste without leaves (Ma1), where the waste was collected without any contact with the soil and corn leaves were removed manually. The second one is corncob waste with the leaves that wrap the corncob (Ma2). The third one is corn stalk with its leaves, immediately collected from the harvester without any contact with soil (Ma3). The fourth residue is the corn stover, generated by the harvester and collected on the soil, including corncob waste, stalk and leaves (Ma4) (remaining several days on the soil), which, depending on the weather conditions, can vary from 3 to 10 days until optimal humidity is achieved for subsequent baling.




2.1.2. Sample Preparation


The samples were ground in a hammer mill (CIP Line SG40, Italy), using a 5 mm sieve at the exit of the machine. Afterwards, in order to obtain an optimum granulometry, the samples were ground in a ball mill (Retsch MM 301, Germany).





2.2. Proximate and Ultimate Analysis


Moisture was calculated according to the standard [20], by using a balance (precision ± 0.0001 g) and a stove (at 105 °C). In order to determine bulk density, a test was carried out following the standard [21]. For ultimate and proximate analyses, an analyzer (Eurovector EA 3000, Italy) was used, according to the standards [22,23]. Volatile compound percentage was determined by using an oven at 900 °C, according to the standard [24], whereas ash content was obtained by using an oven at 550 °C [25]. Based on volatile matter and ash percentages, fixed carbon percentage was determined by subtraction of 100%.




2.3. Higher Heating Value


For higher heating value (HHV) analysis of the samples, a calorimetric pump (Parr-Calorímetro 6400, US) was used, with a temperature resolution of 0.0001 °C and an oxygen pressure of 450 psig, according to the standard [26].



For HHV assessment, the correction related to the heat released during sulfuric acid generation, due to sulfur content in different wastes, was taken into account.




2.4. Ash Composition


Ash composition analysis of the different residues was carried out in the Solids and Surface Analysis and Characterization Laboratory, belonging to the Support and Research Services of the University of Extremadura. The method used was the X-ray excitation (with Rh as anode material) at 4 kW.




2.5. TG Analysis


The thermogravimetric analysis (TG) was carried out by using a thermobalance (NETZSCH STA 449F5 Jupiter, Germany), located in the Cork, Wood and Charcoal Institute belonging to CICYTEX. Different samples from each residue were selected, with variable weights from 30 to 38 mg in an aluminum crucible (Al2O3), undergoing temperatures between 30 to 900 °C with a temperature ramp of 20 °C/min in argon atmosphere, and a gas flow of 50 mL/min, and an air atmosphere (80/20) with a gas flow of 50 mL/min. The protective gas was argon (20 mL/min). To conduct properly the thermogravimetric analysis the Difference Thermogravimetry curve (DTG) has been calculated, corresponding to the first derivative of the DT curve. All the samples were done in triplicate in order to assure a suitable reproducibility of results.



In order to determine the different temperature events during pyrolysis, under inert atmosphere (argon), and combustion, under air atmosphere, the tangent method [7,27,28], has been selected, which is shown in Figure 2.



Concerning combustion, the temperature at which combustion or burning ended was considered when the residual mass was 1% of the original mass [28,29,30].



In the case of pyrolysis, the main characteristic temperatures of the process were determined, such as the starting temperature of fast pyrolysis Tm (corresponding to the starting temperature of the thermal process according to the tangent method), the end temperature of pyrolysis, Tf (corresponding to the end temperature of the thermal process according to the tangent method), and the peak temperature Tp (the temperature at which the maximum weight loss rate took place). Moreover, the pyrolysis index, Pi, was calculated, which is defined as the easiness to start the process, and the end of pyrolysis index, Pf, which is useful to assess the yield of pyrolysis in biomass, was also obtained [31]:


   P i  =   D T  G  m a x      t p   t m     



(1)






   P f  =   D T  G  m a x     Δ  t  1 / 2    t p   t f     



(2)




where DTGmax (%/min) denotes the maximum pyrolysis rate; tp (min) is the corresponding time of the maximum pyrolysis rate; Δt1/2 (min) represents the time range that corresponds to DTG/DTGmax = ½; and tm (min) and tf (min) is the time associated with Tm and Tf, respectively.



The pyrolysis characteristic index P was calculated, which shows the energy required to pyrolyze a fuel [31]:


  P =   D T  G  m a x   D T  G  m e a n      T m 2   T f     



(3)




where DTGmean (%/min) represents the mean pyrolysis rate.



Regarding combustion, the ignition temperature, Ti (corresponding to the starting temperature of the thermal process according to the tangent method), the burnout temperature, Tf, and peak temperature, Tp, (the temperature at which the maximum weight loss rate was observed) were determined. Moreover, the ignition index, Di, and the burnout index, Df, were calculated to describe the ignition and burnout characteristics of the residues [29]:


   D i  =   D T  G  m a x      t p   t i     



(4)






   D f  =   D T  G  m a x     Δ  t  1 / 2    t p   t f     



(5)




where DTGmax (%/min) denotes the maximum combustion rate; tp (min) is the corresponding time of the maximum combustion rate; Δt1/2 (min) represents the time range that corresponds to DTG/DTGmax = ½; and ti (min) and tf (min) represent the ignition time and burnout time, respectively.



The devolatilization index D and the combustion characteristic index S were calculated. D index is related to the volatile compounds evolved during combustion [32], whereas S index shows the ignition, combustion and burning properties of a fuel [28,33]:


  D =   D T  G  m a x      T p  Δ T    



(6)






  S =   D T  G  m a x   D T  G  m e a n      T i 2   T f     



(7)




where DTGmean (%/min) represents the mean combustion rate and Δt is the difference between Tp and Ti.





3. Results and Discussion


3.1. Proximate and Ultimate Analysis and Higher Heating Value


The results concerning the proximate and ultimate analyses, as well as the moisture, density and heating value, are shown in Table 1.



Concerning the moisture obtained, there was a variation (depending on the kind of waste) from 7.15 to 11.30%, but less than 15%, which is the recommended value for subsequent pelletizing, according to the standard [19]; it did not need any previous drying process.



Regarding density, there were clear differences among the four residues, due to their different natures, and therefore the densification ratios will be very different. Zhang et al. [34] obtained densities of 282.38 kg/m3 (for corncob waste) and 127.32 kg/m3 (for stalk); these values were very similar to those obtained in this work.



With regard to the ultimate analysis, it is interesting to focus on N and S content, due to the possible NOx and SO2 emissions. For nitrogen, the values ranged from 0.35% to 0.5%, whereas in the case of sulfur, the range was from 0.039 to 0.080%. In both cases, the values were higher in the wastes that contained corn stalk. Nevertheless, the results were below the upper limit established by the standard [19].



Regarding the proximate analysis, in the case of volatile matter, the residues containing corncob waste had a higher value, whereas for corn stover this content was lower (79.75%). Other authors like Rony et al. [35] obtained a volatile matter of 81.1% for corn stover, very similar to the result obtained in the present study.



Regarding ash content, lower values were observed for the residues containing corncob waste than for those containing corn stalk. Moreover, the influence of leaves on the corncob waste was not significant when it came to ash content. In the case of Ma1, Ma2 and Ma3, ash content was 1.92%, 1.98% and 4.41%, respectively; compared to other biofuels, it can be observed that other herbaceous biomass, such as rice husk or wheat straw, had ash contents of 18.91% [15] and 9.28% [36], respectively, whereas in woody biomass, such as the biomass from eucalyptus or stone pine, the ash content was 7.21% and 3.03% [28], respectively. Therefore, the ash content of the analyzed samples had suitable values for thermal use. Taking into account the standard required to use these wastes as biomass, class A pellets would be obtained from Ma1, Ma2 and Ma3 residues [19]. On the other hand, ash content considerably increased for Ma4, which remained on the soil and was degraded over time, and directly baled on the ground (implying higher amounts of impurities). These high ash values showed that this kind of waste would not be a suitable material for its thermal use in densification. If the results related to corn stover are compared with other studies, Gai et al. [15] obtained ash content values of 11.80% for corn stover, whereas Kumar et al. [16] obtained a value of 8.18%. In both cases, these results were similar and as high as the obtained ones in Ma4, the corn stover studied in this work.



Regarding heating value, the results observed were similar to those included in other studies about corn wastes [35]. Taking into account the standards for solid biofuels, the heating value obtained would be suitable for pellet production (A class) [19].




3.2. Ash Composition


In Table 2, the results obtained for ash composition are included. In general, the compounds obtained are common in agricultural biomass, according to studies carried out by Vassilev et al. [37,38].



In the ash analysis of biofuels, it is important to analyze K2O and SiO2 content. Arranz et al. [10] pointed out that both compounds affected the melting point of ash, and the subsequent possibility to produce blockages in combustion systems. In addition, Rodríguez et al. [39] concluded that high SiO2 concentrations could increase the risk of slagging. Regarding K2O content, its value ranged from 23.4% to 58.11%, being higher in residues with corncob waste, whereas SiO2 ranged from 13.4% to 37.58%, being higher for wastes containing corn stalk, especially in the case of corn stover where there might be a considerable number of impurities from the soil.



When considering pelletizing of these wastes, the content in these compounds should be taken into account, as it could adversely affect combustion systems, due to slag generation and other elements generated, possibly because of ash melting.




3.3. Thermal Behavior


3.3.1. Pyrolysis


The characteristics inferred from the thermal analysis during pyrolysis are useful to determine the capacity of maintaining self-energy balance in corn residues. The pyrolysis profiles of the wastes can be seen in Figure 3, where the weight loss with temperature and over time can be observed. In Table 3, the main pyrolysis parameters for the different samples are shown.



In the representative pyrolysis curves of the four residues, shown in Figure 3, a similar shape was observed for all the cases, with a decrease in weight over temperature, due to moisture loss and the volatilization of compounds in the samples.



The thermal degradation, taking place in three stages, can be seen in Figure 3. The first stage is due to moisture removal and the beginning of hemicellulose decomposition [11], up to the beginning of fast pyrolysis Tm, which ranges from 269.99 to 284.6 °C in the different samples. The lower this temperature is, the better the characteristics of the waste for pyrolysis are, obtaining lower temperatures for Ma1, Ma2 and Ma3 wastes whereas the Ma4 sample had the highest Tm, which could be due to the contact of this waste with the ground causing higher amounts of impurities.



During the second stage, the main pyrolysis process took place, from the beginning of fast pyrolysis Tm to the end temperature of pyrolysis Tf, as shown in Table 3. In this second stage, a sharp increase in the weight loss rate took place with further thermal degradation, observing two peaks related to hemicellulose and cellulose decomposition, whereas lignin decomposed during the second and third stage without any characteristic peaks [40]. Aboyade et al. [12] described the first peak as corresponding to hemicellulose decomposition (usually ranging from 160 to 360 °C), whereas the second peak corresponded to cellulose decomposition (between 240 to 390 °C). Temperature peaks where the maximum weight loss took place were lower in Ma1 and Ma2 (287.6 and 287.8 °C, respectively), and this fact means that they presented greater ease in thermal degradation during the pyrolysis process. The temperature peaks were higher for Ma3 and Ma4, with values of 293.2 and 342.9 °C, respectively, which implies that Ma4 had worse characteristics for pyrolysis. Compared to other similar wastes, such as rice husk, Gai et al. [15] obtained a value for a temperature peak of 325 °C, observing better characteristics in corn wastes that were not in contact with the soil, that is, the Ma1, Ma2 and Ma3 samples. In other kinds of biomass, such as woody biomass, higher peak temperatures were observed, as in the case of poplar with peak temperatures at around 345 °C [31]. Regarding the end temperature for pyrolysis, very similar values were observed; they were slightly lower for Ma3 and Ma4 samples (368.9 and 371.3 °C, respectively), than for Ma1 and Ma2 (374.5 and 373.6 °C), respectively.



Finally, in the third stage (carbonization), a slow decomposition of the wastes took place, generating ash and fixed carbon as final products. The residual mass of the four samples at the end of the tests (at around 900 °C), are shown in Table 3. This residual mass included ash content and fixed carbon [8], obtaining lower values for Ma1 and Ma2 (21.30 and 21.34%, respectively) and a higher value for Ma4 (23.96%). These results are in accordance with the ash content and fixed carbon values included in Table 1.



Better characteristics can be observed for the residues mainly composed of corncob waste for pyrolysis [8], Ma1 and Ma2, due to the higher content in volatile compounds on a dry basis (Table 1) and the lower content in wastes (Table 3), whereas Ma4 waste has the worst characteristics as it is degraded in contact with the ground. Nevertheless, comparing similar wastes studied in other works, as in the case of rice husk with a residual mass of 36.92% [15], the good behavior of these wastes for this thermal process can be concluded.



In Table 3, main pyrolysis indexes are shown. Concerning Pi, the higher this value was, the easier it was for pyrolysis to take place in the waste, obtaining higher values for Ma1 and Ma2, 125.79 and 132.07%/min3 × 10−3 respectively, than in the case of Ma3 and Ma4, 103.07 and 83.08%/min3 × 10−3 respectively. Regarding the P index, higher values were observed for Ma1 and Ma2, 16.13 and 17.08%/°C3 × 10−3, respectively, with a value of 13.58 and 11.92%/°C3 × 10−3 for Ma3 and Ma4, respectively. This fact implies that the residues with a higher proportion of corncob waste had a lower peak temperature and, therefore, the pyrolysis process started earlier [31].



With regard to the Pf index, higher values were observed in Ma1 (127.66%/min4 × 10−3) and Ma2 (142.14%/min4 × 10−3) residues; this was due to the higher values of the peak max in the DTG curve and the lower values of time when the temperature peaks were reached. As in the case of the previous indexes, it can be concluded that these wastes are more suitable for energy use.



Comparing the values of the Pi, P and Pf index, it can be said that Ma1 and Ma2 residues, mainly composed of corncob waste, are better than Ma3 and Ma4 (which mainly contain corn stalk) for pyrolysis processes. Regarding the residues with corncob waste, Ma1 and Ma2, the separation of leaves makes no sense as, even though there is an increase in ash content, its separation would worsen the properties for pyrolysis. Moreover, and observing the values obtained, the negative effect of the long permanence of the waste on the soil (as in the case of Ma4) was clearly proved.



In Figure 4, a comparison of the pyrolysis indexes is shown, indicating the relative percentage with respect to the highest value obtained for each index. In the graph shown, the residue with the best pyrolysis performance appears on the outside, whereas the residue with the worst characteristics appears in the innermost part of the geometric figure. As can be seen, the most favorable residue is Ma2, whereas the one with the worst behavior is Ma4.



To sum up, with regard to the pyrolysis process, optimum characteristics were observed for corncob waste or samples with the majority of its content containing this residue (Ma1 and Ma2), without any significant difference in the presence of leaves. In this case, the selective collection of residues is highly recommended. Moreover, the direct collection by harvesting machines (without any contact between residues and soil) is advisable, as the subsequent degradation produced unfavorable results in pyrolysis.




3.3.2. Combustion


The characteristics obtained from the thermal analysis were used to compare the reactivity and combustibility of corn residues. The combustion profiles of the wastes can be seen in Figure 5, where the weight loss due to the increase in temperature can be observed. The main combustion parameters for the different samples are included in Table 4.



According to the results obtained from TG tests, and those inferred from Figure 5, three different areas or stages were observed during combustion of these residues. The first stage was related to moisture loss, from room temperature to the temperature at which 5% weight loss took place [41], ranging between 135.0 °C for Ma1 and 183.1 °C for Ma4, according to Table 4. At higher temperatures, a faster stage started with the combustion of volatile compounds, observing a temperature peak between 278.6 and 286.3 °C, depending on the sample (see Table 4), due to the thermal decomposition of cellulose and hemicellulose, up to the final temperature of this stage, where a change in the slope of the TG curve took place, ranging from 320.6 to 335.5 °C, depending on the sample. The third stage corresponded to lignin decomposition and char combustion, finishing at the burning temperature, ranging from 485.8 to 511.4 °C. Lastly, a final stage took place up to 900 °C, the temperature at which the test finished.



With regard to the ignition temperature and taking into account that it is the temperature at which the sample starts burning, the lower this value is, the better combustibility values the waste will have, obtaining similar values for the four samples, varying from 264.6 °C for Ma3 to 266.6 °C for Ma1 and Ma4 wastes. Comparing this value with other kinds of biomass such as woody eucalyptus biomass (with an ignition temperature of 295.5 °C) [28], it can be considered that the combustibility conditions are suitable, obtaining values that are very similar to other herbaceous wastes such as wheat straw (262 °C) [36] or tobacco stem (250 °C) [41]. This is due to the fact that herbaceous wastes, as in the case of corn, cellulose and hemicellulose content, are higher than in the case of woody biomass (richer in lignin), and consequently a lower temperature for volatilization is required.



In Table 4 the values of the combustion indexes are shown. With regard to the Di index, the higher it is, the easier it is for combustion to take place, obtaining higher values for Ma3 and Ma4 (274.18 and 252.99%/min3 × 10−3, respectively), than in the case of Ma1 and Ma2 samples (with values of 228.12 and 241.81%/min3 × 10−3, respectively). In addition, comparing Ma1 and Ma2 samples, a better value of this index was observed for the latter, which means that the leaves included in corncob waste facilitate combustion.



The S index is useful to determine the ignition behavior. The larger the value of the S index, the higher the combustion activity. As in the case of Di, higher values were observed for M3 and M4 samples (33.92%/°C3 × 10−7 and 30.55%/°C3 × 10−7 respectively), than for Ma1 and Ma2 (26.62%/°C3 × 10−7 and 28.01%/°C3 × 10−7, respectively). Furthermore, comparing Ma1 and Ma2 samples, a better value for this index was observed for Ma2, so it can be concluded that the leaves mixed with the corncob waste improved the activity during combustion. Parshetti et al. [42] consider good general combustion performance when this value exceeds 2%/°C3 × 10−7, which is amply surpassed by all the wastes studied in this work.



Regarding the D index, it is related to the release of volatile compounds, and its value increases with the increase in the maximum weight loss rate and the decrease in temperature at which these volatile compounds are evolved. Contrary to the Di index, this value was lower for Ma3 and Ma4 samples (8.85 and 7.04%/°C2 × 10−3 respectively), followed by Ma1 with a value of 9.66%/°C2 × 10−3; the optimum value was obtained for the Ma2 sample, with an index of 10.54%/°C2 × 10−3. Thus, the release of volatile compounds was favored in samples of corncob waste with leaves.



Regarding the Df index, the lowest value was obtained for Ma4 waste, at 199.96%/min4 × 10−3. This value decreased when Δt2 increased, and in this case this parameter was higher because the time at which DTGmax took place was longer. This low value could be due to the higher amount of impurities in this waste, that could make oxygen diffusion and heat transfer difficult [28], delaying the combustion times and producing a higher residual mass after combustion. Additionally, according to ash content results in Table 1, as well as the residual mass in Table 4, it might be concluded that Ma4 waste is not the most suitable residue for combustion.



According to the values obtained for Di and S, it was found that Ma3 and Ma4 had better ignition and combustibility properties, and therefore it can be said that, from that point of view, the wastes containing corn stalk were better than those containing corncob waste, as corncob waste had better characteristics when it was combined with leaves. On the other hand, regarding D and Df values, a better behavior for Ma1 and Ma2 was found, that is, the wastes with higher amounts of corncob waste, and in the case of Ma2, there was a considerable improvement (therefore the presence of leaves promoted combustion).



In Figure 6, the graphical representation of the comparison of the combustion indexes is included, indicating the relative percentage with respect to the highest value obtained for each index. In this figure, the residue with the best combustion performance appears on the outside, whereas the residue with the worst characteristics appears in the innermost part of the geometric figure. The graph clearly showed the best combustibility characteristics for Ma3 when Di and S indexes are observed; on the other hand, the D and Df indexes showed better performance for the Ma2 residue.



Considering the above, for combustion, the wastes with a majority of corncob waste obtained lower ash contents. On the other hand, the wastes with corn stalk had improved combustibility characteristics, but this slight improvement did not compensate for the drawback related to the increase in ash content; consequently, the selective collection is equally recommended. Moreover, it was found that the separation of leaves from the corncob waste is not recommended, as it worsens the combustion process. Finally, the negative effect of the contact of corn stover with soil was proved, as the residue degraded and had higher amounts of impurities, especially if it was converted to bales.






4. Conclusions


The most relevant findings of this study were the following:




	
It can be inferred, from the characterization of the residues, that the moisture content was suitable for subsequent pelletizing without any previous drying process (less than 15%).



	
Regarding ash content, all the residues were suitable for pellet production (A class) except for Ma4 residue, which was collected on the soil and showed a high ash content (9.68%). This fact pointed out that the contact with the soil had a negative effect on the subsequent valorization of the waste. Therefore, direct collection by harvesting machines is desirable.



	
The heating values are within the optimum range established by the corresponding quality standard for pelletizing (more than 16 MJ/kg, dry basis).



	
Concerning ash composition, SiO2 and K2O values imply a possible low ash melting point, which would be interesting to check through combustion tests of the residues.



	
With regard to the pyrolysis process, optimum characteristics were observed for corncob waste or samples with the majority of its content containing this residue (Ma1 and Ma2); no significant difference was found in the presence of leaves. In this case, the selective collection of residues was highly recommended. Moreover, the direct collection by harvesting machines (without any contact between residues and soil) was advisable, as the subsequent degradation produced unfavorable results in pyrolysis.



	
Concerning the study of combustion process, better characteristics were observed when corncob waste and corn stalk were combined. On one hand, the wastes with a majority of its content containing corncob waste obtained lower ash content. On the other hand, the wastes with corn stalk had improved combustibility. In any case, the negative effect of the degradation of the waste collected on the soil can be observed.








Therefore, it can be said that corn residues are a suitable biomass product that have an optimum behavior for energy use, that is, pellet production for domestic use, pellets for industrial use, direct electricity production or other thermal uses that can imply a valorization of corn crops. The results obtained pointed out the importance of the collection of the wastes by the time of their generation, avoiding contact with soil, as this would considerably worsen the thermal properties, especially for the subsequent densification at a small-scale, which would be the most profitable application for corn growers. Regarding the selective collection of wastes, it is highly advisable that, if the subsequent thermal use is going to be a pyrolytic process, not to require the removal of leaves, as better behavior was found for the separated corncob waste. In the case of combustion, although the samples with stalks improved the combustibility characteristics, this slight improvement did not compensate for the drawback related to the increase in ash content, especially for their use in small facilities. Consequently, selective collection is equally recommended.
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Figure 1. Scheme of harvest system and residues from corn crops. 
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Figure 2. Tangent method. 
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Figure 3. (a) Thermogravimetric (TG) pyrolysis and (b) DTG Pyrolysis. 
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Figure 4. Pyrolysis indexes. 
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Figure 5. (a) TG combustion and (b) DTG combustion. 
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Figure 6. Combustion indexes. 
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Table 1. Proximate and ultimate analyses (db: dry basis, wb: wet basis).






Table 1. Proximate and ultimate analyses (db: dry basis, wb: wet basis).





	

	
Moisture % wb

	
Density kg/m3 wb

	
Ultimate Analysis (% db)

	
Proximate Analysis (% db)

	
HHV MJ/kg db




	
C

	
H

	
N

	
S

	
O

	
Ash

	
Volatile Matter

	
Fixed Carbon

	






	
Ma 1

	
11.30

	
220.02

	
41.57

	
6.48

	
0.35

	
0.04

	
51.56

	
1.92

	
85.79

	
12.29

	
16.54




	
Ma 2

	
10.37

	
204.80

	
42.20

	
6.35

	
0.34

	
0.04

	
51.07

	
1.98

	
86.72

	
11.30

	
16.72




	
Ma 3

	
9.23

	
121.80

	
41.44

	
6.37

	
0.54

	
0.07

	
51.58

	
4.41

	
80.72

	
14.87

	
16.52




	
Ma 4

	
7.15

	
96.86

	
39.98

	
5.87

	
0.50

	
0.08

	
53.57

	
9.68

	
79.75

	
10.57

	
16.37
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Table 2. Ash composition after combustion.






Table 2. Ash composition after combustion.





	
Ash Composition (% db)




	

	
K

	
Cl

	
Si

	
P

	
Mg

	
Ca

	
S

	
K2O

	
SiO2

	
P2O5

	
CaO

	
MgO

	
SO3

	
Al2O3

	
Fe2O3

	
ZnO






	
Ma 1

	
48.20

	
9.53

	
6.27

	
3.59

	
2.48

	
1.73

	
1.23

	
58.11

	
13.40

	
8.23

	
2.42

	
4.12

	
3.08

	
0.12

	
0.32

	
0.24




	
Ma 2

	
46.45

	
9.65

	
7.94

	
2.83

	
2.35

	
2.13

	
1.12

	
55.96

	
17.00

	
6.48

	
2.98

	
3.90

	
2.80

	
0.20

	
0.40

	
0.13




	
Ma 3

	
29.07

	
7.33

	
13.42

	
2.67

	
4.87

	
6.68

	
1.26

	
35.02

	
28.72

	
6.12

	
9.35

	
8.07

	
3.14

	
0.78

	
0.59

	
0.07




	
Ma 4

	
18.93

	
5.98

	
17.57

	
1.55

	
7.05

	
8.04

	
1.24

	
23.40

	
37.58

	
3.56

	
11.26

	
11.70

	
3.09

	
1.51

	
1.06

	
0.05
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Table 3. Main pyrolysis parameters (inert atmosphere).
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Main Pyrolysis Parameters




	

	
Ma1

	
Ma2

	
Ma3

	
Ma4






	
Fast Pyrolysis initial Tm (°C)

	
272.5

	
272.3

	
269.9

	
284.6




	
Peak temperature Tp (°C)

	
287.6

	
287.8

	
293.2

	
342.9




	
Shoulder peak Ts (°C)

	
343.5

	
342.4

	
339.0

	
293.7




	
Pyrolysis finish Tf (°C)

	
374.5

	
373.6

	
368.9

	
371.3




	
DTG peak max (%/min)

	
20.23

	
21.24

	
16.76

	
16.62




	
DTG shoulder (%/min)

	
14.25

	
14.53

	
16.26

	
14.68




	
DTG mean (%/min)

	
2.08

	
2.09

	
2.05

	
2.00




	
Fast Pyrolysis initial time tm (min)

	
12.40

	
12.39

	
12.31

	
12.88




	
Peak time tp (min)

	
12.97

	
12.98

	
13.21

	
15.42




	
Pyrolysis finish time tf (min)

	
16.97

	
16.93

	
16.69

	
16.81




	
Δt1/2(min)

	
0.72

	
0.68

	
0.89

	
2.95




	
Pi (%/min3 × 10−3)

	
125.79

	
132.07

	
103.07

	
83.68




	
Pf (%/min4 × 10−3)

	
127.66

	
142.14

	
85.41

	
21.73




	
P (%/°C3 × 10−3)

	
16.13

	
17.08

	
13.58

	
11.92




	
Residual Mass (%)

	
21.30

	
21.34

	
22.22

	
23.96
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Table 4. Main combustion parameters (air atmosphere).
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Main Combustion Parameters




	

	
Ma1

	
Ma2

	
Ma3

	
Ma4






	
T for 5% weigh loss (°C)

	
135.0

	
137.2

	
164.5

	
183.1




	
Ignition temperature Ti (°C)

	
266.6

	
266.0

	
264.6

	
266.6




	
Peak temperature Tp (°C)

	
279.6

	
278.6

	
281.5

	
286.3




	
Burnout temperature Tf (°C)

	
506.8

	
511.4

	
485.8

	
486.6




	
DTG max (%/min)

	
35.12

	
36.99

	
42.10

	
39.72




	
DTG mean (%/min)

	
2.73

	
2.74

	
2.74

	
2.66




	
Ignition time ti (min)

	
12.18

	
12.15

	
12.10

	
12.18




	
Peak time tp (min)

	
12.64

	
12.59

	
12.69

	
12.89




	
Burnout time tf (min)

	
23.96

	
24.12

	
22.9

	
23.00




	
Δt1/2 (min)

	
14.0

	
13.8

	
17.0

	
18.6




	
Di (%/min3 × 10−3)

	
228.12

	
241.81

	
274.18

	
252.99




	
S (%/°C3 × 10−7)

	
26.62

	
28.01

	
33.92

	
30.55




	
D (%/°C2 × 10−3)

	
9.66

	
10.54

	
8.85

	
7.04




	
Df (%/min4 × 10−3)

	
231.93

	
248.59

	
241.45

	
199.96




	
Residual mass (%)

	
1.22

	
1.24

	
3.10

	
5.23
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