

  processes-09-00276




processes-09-00276







Processes 2021, 9(2), 276; doi:10.3390/pr9020276




Article



Effect of Biochar Prepared from Food Waste through Different Thermal Treatment Processes on Crop Growth



Hang Jia 1,2[image: Orcid], Haoxi Ben 1,2,* and Fengze Wu 1,2[image: Orcid]





1



School of Energy and Environment, Southeast University, Nanjing 210096, China






2



Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, Nanjing 210096, China









*



Correspondence: benhaoxi@gmail.com; Tel.: +86-189-1540-8402







Academic Editor: Young-Chae Song



Received: 18 December 2020 / Accepted: 19 January 2021 / Published: 1 February 2021



Abstract

:

Biochar is generally accepted and increasingly valued in scientific circles as solid products in the thermochemical conversion of biomass, mainly because of its rich carbon content. The purpose of this research is to investigate the impact of biochar from different sources on wheat growth. In particular, this work focused on the effect of different preparation methods and raw material of biochar on the growth of wheat and aim to find a potential soil substitute that can be used for crop cultivation. Two synthetic methods were evaluated: hydrothermal conversion and pyrolysis. The characterization of biochar was determined to explore the impact of its microstructure on wheat growth. The results show that the yield of biochar produced from high-pressure reactor is significantly higher than that obtained by using microwave reactor. For example, the biochar yield obtained through the former is about six times that of the latter when using steamed bread cooked as biomass raw material. In addition, the growth trend of wheat indicates that biochar has different promoting effects on the growth of wheat in its weight and height. The pyrolyzed carbon is more suitable for wheat growth and is even more effective than soil, indicating that pyrolyzed biochar has more potential to be an alternative soil in the future. Moreover, this research tries to explore the reasons that affect crop growth by characterizing biochar (including scanning electron microscopy (SEM), biofilm electrostatic test (BET) and Fourier transform infrared (FT-IR)). The results indicate that the biochar containing more pits and less hydroxyl functional are more suitable for storing moisture, which is one of the significant factors in the growth of crops. This study provides evidence of the effects of biochar on crop growth, both in terms of microstructure and macroscopic growth trends, which provides significant benefits for biochar to grow crops or plants.






Keywords:


biochar; food waste; crop growth; alternative soil; hydrothermal conversion; characterization












1. Introduction


Since the last century, biomass has been the focus of researchers around the world as a promising alternative energy, which is mainly driven by the following issues: the massive consumption of fossil energy, greenhouse gas emissions and a huge amount of potential waste biomass (forestry waste, municipal waste etc.) [1,2]. The selected biomass raw materials can produce solid, liquid or gas products after being treated by thermochemical conversion processes, which is considered to be the most promising method [3,4]. Compared to its solid products, namely biochar, many efforts are more devoted to exploring liquid products formed during the process of biomass conversion. Liquid fuels, namely bio-oils, can be conveniently produced by methods such as pyrolysis and hydrothermal conversion (HTC), which are considered as substitutes for petroleum fuels and can be further extracted from high-value chemicals [5,6]. However, biochar, as another essential product produced by biomass conversion, has received increasingly attention in scientific circles due to its rich carbon content [7]. Biochar is a porous, low-density carbon-rich material [8] with a condensed aromatic structure [9] that allows it to be converted into more high-end applications. For example, the development of biochar as a soil amendment can neutralize acidic soils, increase water holding capacity and fix microorganisms, and provide essential trace elements for plants [10]. In addition, this solid product can also be used to treat sewage containing heavy metals due to its fluffy and porous nature [11].



One of the major applications of biomass-converted solid products is that it can be transformed into a magnetic porous adsorbent to purify wastewater, and therefore, slow down the influence of pollutants such as metal ions in soil, abating climate change. A large quantity of oxygen-containing functional groups is distributed in the micropores on the surface of biochar, in which carboxyl and hydroxyl groups play a critical role in the sorption of pollutants contained in the soil [12]. For example, Saqib et al. used rice straw, rice hull and maize stover as raw materials to produce three different types of biochar and then investigated the effect of these biochar on the mobility of Cd and soil chemical and biochemical properties. A significantly decrease was found in the concentration of Cd ion by 24–32%, 19–23% and 22–27% for rice straw biochar, rice hull biochar, and maize stover biochar, respectively, at the 1.5% and 3% rate [13]. Moreover, Mohan et al. studied biochar produced from fast pyrolysis of wood and bark as absorbents to remove the toxic metals ions (Cd2+, Pb2+, As3+) from wastewater and compared it with the effect of commercial activated carbon. They found that biochar produced from pyrolysis of oak bark can nearly remove 100% of the heavy metal and about 70% of arsenic and almost half of cadmium from aqueous solutions. The ability of biochar from pyrolysis of oak bark to remove Pb2+ and Cd2+ is remarkable compared to commercial activated carbon when considering the amount of metal absorbed per unit surface area [14]. In addition, biochar, in combination with its storage in soil, has been suggested as an effective method due to its climate-mitigation potential of reducing the concentration of CO2 in the atmosphere [15,16,17], which can slow the rate of photosynthetically fixed carbon returning to the atmosphere owing to its highly recalcitrant nature [18,19,20].



One of another significant applications of biomass-converted solid products is to be used as soil amendments to increase crop yields. A large number of studies [21,22,23,24,25] have shown that the addition of biomass-converted solid products to the soil has a significant effect on increasing crop yield, as shown in Table 1. The loose texture and alkaline nature allow the distribution and connectivity of the pores of biochar to help maintain soil moisture [26]. Glaser et al. found that soils with added biochar had a three-fold higher specific surface area than normal soils, and that biochar increased soil water storage by 18%, which is one of the reasons that biochar is considered to promote plant growth [27]. For example, Zhang et al. carried out a field trial to investigate the effect of biochar on rice yield. Their study involved the effects of three biochar (0, 10, 40 t/ha) with/without N fertilization on the yield of rice and the emissions of CH4 and N2O. The results indicate that the yield of rice has significantly increased and the emission of N2O has greatly decreased while the total emission of CH4 has also increased [21]. Rondon et al. did a field trial relating to the effect of different proportion of biochar (0, 30, 60 and 90 g/kg soil) added to the soil on the potential, magnitude and causes of enhanced biological N2 fixation in normal bean plants. The results showed that the yield of bean and biomass increased more than 46% and 39%, respectively, when the ratio of biochar to soil is controlled at 90 and 60 g/kg [25]. Steiner et al. tested 15 different amendment combinations produced from soil and other different biochar derived from charcoal, chicken manure, compost and forest litter and studied the influence of these mixture of soil and biochar on the growth and yield of rice plants in repeated trials. They found that application of biochar can significantly increase the production of some crops in acidic or highly arid regions through increasing nutrient reserves in crop root and avoiding the loss of nutrients and water [22]. In addition, biomass-derived solid products can also be used as soil amendments combination with fertilizer to increase crop field. Recently, Agegnehu et al. published a review of the results of 634 publications on the effects of biochar and biochar-compost mixtures as soil amendments on agriculture over the past decade, showing the result that the improvement effect is different due to the regional difference [28].



Though biochar, as an effective soil amendment, has been confirmed in many previous studies, better growth of crops after soil addition of biochar may be the result of a combination of factors, such as microbial reproduction and development [29,30]. In addition, the complex climate and environmental conditions in the actual field will also show certain differences from the results in the laboratory environment. Moreover, there have been a few reports of the effects of biochar produced from different food wastes (FW) on crop growth. It is well known that water plays a pivotal role on various photochemical processes of plants such as leaf photosynthesis [31], which is regulated by plant water status and soil moisture content and availability [32]. It is reported that biochar derived from waste food has huge advantages in water storage capacity than soil [26,33,34,35,36,37]. Thus, it is expected that biochar derived from food waste may have better effect on plant growth. In this study, wheat was directly cultured by using different biochar in a laboratory environment to explore its effects on plant growth. To make the experimental results more obvious, four experiments of soil, water environment (namely blank group), silica and pure biochar culture were set up. Two commonly used HTC processes, including pyrolysis and hydrothermal conversion, are seen as potential pathways for the preparation of bio-oil. The hydrothermal carbonization of biomass has drawn significant attention from scientific and industrial circles in recent years, especially the supercritical water gasification (SCWG) process [38,39]. Kruse et al. found that water fulfills every possible role in the hydrothermal conversion process, such as solvent, catalyst or catalyst precursor and even reactant [40]. The properties of hydrothermal carbon have been greatly improved due to the increase in fixed carbon and carbon content, which is significantly beneficial for the carbonization of food waste with water content [39]. However, the water content is greatly reduced after the drying process of biomass; the production of biochar at lower temperature and pressure shows great advantages over SCWG process. Therefore, solid products were prepared by these method of the typical biomass (food waste (FW)) in China. In addition, chemical and physical properties of the solid samples were characterized by several techniques, including Fourier Transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM) and biofilm electrostatic test (BET) analysis, which promote the study on the role of biochar or modified biochar in wheat culture. This study will help researchers to understand the huge difference in the yield of biochar produced by different treatment methods of food waste and its impact on crop growth, which will promote further research and application of biochar.




2. Materials and Methods


FW was taken from the dining hall of the Southeast University (Nanjing, China) and washed several times with clear water to wash away the oil stains. All of these biomass feedstocks were processed and used as soon as they were obtained. In this experiment, wheat was selected for cultivation, and the wheat seeds were derived from Changfeng 2112 wheat seeds of Shaanxi Changfeng Seed Co., Ltd., Shaanxi province of China. The experimental setup design is shown in Figure 1.



2.1. Raw Material Selection and Processing


In order to produce enough biochar, the raw materials are FW containing a high proportion of carbohydrates, proteins and lipids, which have more carbon elements. Rice, steamed bread with high carbohydrate content and soybean with high protein content were selected as FW for research. Its moisture content was determined by moisture meter (HE53/02), and the results are shown in Table 2. Although the moisture-containing sample is more suitable for HTC treatment [41], in order to compare with the pyrolysis product, a freeze dryer (FDU-1200) was used for moisture removal of all biomass. The drying time was set to 48 h to better remove moisture and some small molecule compounds. The dried sample was ground into a powder (as shown in Figure S1) using a high-speed multi-function pulverizer (CS-700). The powder sample was sealed and stored in the refrigerator.




2.2. Hydrothermal Conversion


Biomass is converted to a carbon-rich solid product at 180–260 °C during HTC treatment, while producing some liquid by-products and negligible gases [42]. The study used a microwave (MW) (Model: MDS-6G purchased from Sineo Microwave Chemistry Technology (China) Co., Ltd., Shanghai, China) and high-pressure reactor (HPR) (Model: SLM-100 purchased from Beijing Century Senlang Experimental Instrument Co., Ltd., Beijing, China) to treat the feedstock at different treatment times, temperatures and acid additions to obtain a solid product. By comparing biochar yields under different conditions, the reaction conditions of the maximum biochar yield were confirmed to prepare more biochar to plant wheat. The maximum temperature of MW used in this experiment is limited to 210 °C because there is a risk of explosion when the pressure is greater than 2.5 Mpa. The initial reaction temperature is 160 °C, 180 °C and 200 °C. Due to the fast rate of microwave heating and reaction, the reaction time was set to 15 min, 20 min and 25 min. In addition, the heating of HPR is relatively slow and a higher reaction temperature can be used. Some homothetic biomass has been processed at 180 °C, 210 °C and 240 °C as treatment temperatures in previous studies [43,44], as was done in this study. To obtain food waste-based hydrocarbon, after being washed, dried and ground, 1–2 g of treated powder was subsequently dispersed in 15–30 mL of deionized water (or 2% and 3% (v/v%) of H2SO4 solution) and placed in a 100 mL Teflon-lined stainless steel autoclave reactor/microwave reactor equipped with a pressure gauge as shown in Figure 2. The reactor was then sealed and flushed with nitrogen for 10 min to remove air, heated up by 10 °C/min to 160–240 °C and maintained for 15–90 min at this temperature. The hydrothermal reaction was run under a water-saturated pressure of 6–34 bars. After the reaction, the reactor was gradually cooled to the room temperature and the solid products was filtered, washed with deionized water and finally dried at 70 °C for 48 h in a vacuum drying oven.




2.3. Pyrolysis


Pyrolysis is a thermochemical conversion process that is often an efficient method for producing liquid fuels from solid biomass feedstocks and also produces carbon-rich solid by-product-biochar [45]. In this study, the pyrolysis experiments of sample powder were carried out under N2 atmosphere in a horizontal tubular reactor (60 mm (ID) × 1000 mm (L)), and its schematic diagram is displayed in Figure 3. The quartz boat filled with 5 g of sample powder was first placed inside the quartz tube embedded in the tube groove inside the electric furnace (Model: DTF-1200X purchased from Hefei Kejing materials technology Co., Ltd., Anhui province, China). Then, the quartz tube was connected to the N2 cylinder through the gas pipe and continuously flushed with nitrogen at a flow rate of 200 mL/min for 10 min to eliminate any oxygen in the tube. The initial temperature was room temperature and was raised to 400 °C for 20 min through the control program; this temperature was maintained for 20 min to ensure the pyrolysis is fully completed. The biochar obtained should be naturally cooled to room temperature and then collected for use in the next stage after pyrolysis is finished.




2.4. Biochar Treatment


The solid products (namely biochar) were dried for 48 h at a pressure and temperature of 25 kPa and 70 degrees in vacuum drying oven, respectively. The biochar obtained under different experimental conditions was weighed after drying to calculate the yield by Formula (1). The resulting products were used to calculate biochar yield and cultivate wheat as well as structural characterization:


   Biochar   yield  =    The   mass   of   dried   biochar     The   mass   of   FW   feedstocks    × 100 %  



(1)








2.5. Plant Cultivation


The wheat seeds were immersed in pure water for 12 h, and then removed for shading germination. The wheat seeds from which the shoots grew were transplanted into a petri dish containing various biochar for cultivation. About 2 g of biochar was uniformly spread in a petri dish with a diameter of 6 cm and a height of 1.5 cm, with an area of approximately 2.8 cm2 assigned to each seed. The cultivation of wheat was carried out in a small constant temperature incubator (MGC-450HP purchased from Shanghai Shupei Laboratory Equipment Co., Ltd., Shanghai, China) at 25 °C and 60% humidity. The experiment uses a method of controlling variables, and the only variable is the type of biochar that is used to cultivate wheat. It has been found in previous reports that the effect of biochar on agricultural growth was consistent regardless of whether or not fertilizer was added [46]. Moreover, the addition of biochar can reduce the amount of fertilizer applied [46]. Therefore, water was applied during the growth of wheat without adding fertilizer in this study. Repeated experiments were carried out by planting 10 seeds for each biochar group and the control group. Wheat was watered 5 mL at 9 am and 9 pm every day. The height of the two highest and the other six well-growing wheats were measured and recorded each watering time on the second day after transplantation. The top two wheats were numbered H1-2, while the other six wheats were recorded as H6. After seven days of recording, the weight of these wheats was weighed and recorded.




2.6. Characterization of Biochar


Biochar was determined by using FT-IR, SEM and BET. The morphology of biomass-converted solid was examined by SEM (FEI Inspect F50) with an acceleration voltage of 20 kV. The specific surface area and pore volume of this solid product were determined by using ASAP 2020M. At a temperature of 77.7 K, the nitrogen adsorption isotherm and mercury porosimetry were performed while the BET surface area was calculated using the adsorption point at the appropriate p/p0. The surface functional groups of the biochar were determined by using a PerkinElmer Spectrum One FT-IR spectrometer with a resolution of 4 cm−1, and a total of 32 scans were performed for each sample of 4000 cm−1 to 400 cm−1.




2.7. Statistical Analysis


The findings were expressed as mean ± standard deviation (SD). The main effects were calculated by using a fully randomized design (SAS Institute, Cary, NC, USA) analysis of variance. All the recorded and calculated data were summarized and analyzed through general linear model (GLM) univariate analysis of variance (ANOVA), and a Least Significant Difference (LSD) Test was performed for determining the significant difference using GENSTAT 9.1 software (Lawes Agricultural Trust, Rothamsted, UK, 2006). To analyze the comparison of growth curves, the log-rank (Mantel-Cox) test was applied. Statistical significance was taken into account at p-values < 0.05.





3. Results and Discussion


3.1. The Conditions of Optimum Biochar Yield for Biochar Prepared from Food Waste


Recently, more and more attention has been placed on the thermochemical conversion of forestry waste, but a few studies have focused on the conversion of FW, especially the HTC process [47]. In this study, the focus was on the effect of biochar produced from FW on wheat growth. Therefore, the experimental conditions for obtaining the best biochar yield are required in the early stage. This section is to show the results of the previous optimization. As shown in Tables S1 and S2, the observed solids under various reaction conditions were described in terms of shape characteristics, which shows that all solid products exhibit a black or brownish black color with different shapes. Most of these products are in powder form, while others are in the form of granular and block. As can be seen from the results of the biochar yield of cooked rice shown in Figure 4, more biochar was prepared, using HPR as a reactor, with its yield reaching a maximum at 210 °C (41.71 ± 1.45% for 1 h, 3 v/v% sulfuric acid). This phenomenon is consistent with the conclusions of Yao et al. [48]. Whether for HPR or MW as a carrier for the HTC process, the addition of 3 v/v% concentrated sulfuric acid facilitated the production of biochar when using cooked rice as the raw material. In the experiment, for MW and HPR, more biochar was produced in 20 min (the yield of biochar: 10.89 ± 0.44%) and 60 min, respectively.



In addition, information on the optimal preparation of carbon-enriched products can be obtained from the results of cooked soybeans (as shown in Figure 5). Different from the above results, cooked soybeans were more prone to biochar production at lower temperatures (the yield of biochar: 20.00 ± 0.21% for 180 °C), less time (the yield of biochar: 19.85 ± 0.14% for 0.5 h) and without acid (the yield of biochar: 19.38 ± 0.18%) when using HPR (Figure 5a), which is consistent with the results of previous studies [43,44]. However, the phenomenon was different when using MW (Figure 5b), which is manifested in the reaction time, reaction temperature and acid concentration different from the above to obtain the best biochar yield. The results show that the reaction conditions of 200 °C and 20 min combined with 3 v/v% sulfuric acid were more favorable for the preparation of the solid product (the yield of biochar: 17.35 ± 0.22%). Contrary to the results of experiments conducted with cooked soybeans in HPR, cooked steamed bread produced more solid products at higher temperatures (the yield of biochar: 44.10 ± 1.14% in 240 °C) and longer times (the yield of biochar: 38.07 ± 1.55% for 1.5 h) with no sulfuric acid added (the yield of biochar: 21.73 ± 1.07%) (shown in Figure 6a). When employing MW for research, both higher temperatures and lower temperatures were not conducive to the preparation of biochar, as was reaction time (shown in Figure 6b). Therefore, the experimental conditions for the preparation of biochar in this study can be determined by the above results, which are summarized in Table 3. The results indicate that HPR is a better process to convert biomass into valuable biochar when the cooked rice or steamed cooked bread in food waste accounts for the majority due to the huge advantage of HPR method in the yield versus MW method. In addition, the carbon-rich solids prepared by these conditions are shown in Figure 7.




3.2. Analysis of Cultivation of Wheats Using Biochar Prepared from FW


The selected FW samples were converted to biochar using the optimized experimental conditions obtained above. In addition, these biomass feedstocks were heated in tube furnace (TF) for 20 min to 300 °C and held at this temperature for 20 min, which produced the pyrolysis char used to cultivate wheat germ. The weight of different carbon-enriched solids used to cultivate crops is summarized in Table 4. The measurement results of the height of the six best growing wheats are shown in Figure 8, Figure 9 and Figure 10. Separate figures were performed according to different reactors for the preparation of biochar to facilitate reading the lines.



As can be seen in Figure 11, at the last measurement, most of the groups had more than nine seeds germinated, including RM, RF, BH, SH etc., during the growth of the plants. However, there were also some groups of wheat that were not in good condition, with only eight seeds germinated in the RH group. For H1-2 and H6 wheat, the height growth trend in different groups is significantly different over time (p < 0.05). Moreover, different biochar can cause a high degree of difference in wheat growth (p < 0.05), indicating that different biochar has different effects on the growth of wheat. During the growth of wheat, only six groups of growth were found to be relatively uniform, including the RF, SF, BF, G, W and S groups, while the remaining groups of wheat were uneven. This phenomenon can also be seen in Figure 8, Figure 9 and Figure 10, showing that the H1-2 plant differs from that of other plants, which indicates that the biochar used in these groups is capable of maintaining the uniformity of plant growth. In addition, for the highest plants, even some groups of wheat (RH, RM, BM and RF) were lower in height than the G and W groups at the beginning. However, due to their faster growth rate, these group of wheat gradually caught up with two reference group in the later growth process. Moreover, it can be seen that all groups of wheat grew faster than the W groups, which means that biochar can accelerate the growth of wheat, probably due to the presence of some required compounds. It can be seen from (a) in Figure 8, Figure 9 and Figure 10 that the height of the plants other than the RH group exceeded the G and W groups at a later stage, and the RH group can only reach a level which is flat with the W group. It can just confirm the role played by microorganisms and trace ions in the soil, which is consistent with the conclusions of Hossain et al. [46]. It also indicates that the carbon-enriched solid products used in the experiments can promote the growth of wheat due to the presence of compounds which can be absorbed by plants or store water, which in turn shows that all biochar cultured wheat had higher height than the W group or would soon exceed it. Interestingly, wheat cultured with biochar prepared by cooked soybean and steamed bread using TF, namely BF and SF groups, showed nearly the same growth trend, which exceeded that of wheat cultivated in soil. Furthermore, the above two groups of plants had a higher height than the S group. Planting crops using soil may be caused by a variety of factors, such as microbes. The growth phenomena of the BF and SF groups indicate that these two types of biochar have a better environment for wheat growth than soil, which means that they promote plant growth more than other factors such as microorganisms. In addition, the same conclusion can be obtained by analyzing the height of H6 plants.



In addition to measuring the height of plants, the above-mentioned wheat that was measured in the experiment was also weighed after the completion of the planting with the results shown in Figure 12. For H1-2 and H6 plants, almost all groups (except the RH group) have heavier wheats than the S and G groups, which is the same as the height measurement. According to the study of Yan et al., the heavier wheat plants are the superior competitors in the system, which indicates that they had a higher ability to acquire and use resources. For example, it can facilitate the accumulation and remobilization of dry matter, which contributes to the yield of wheat [49]. In addition, Vandeleur and Gill indicate that there is a significant positive correlation between the height of wheat and its yield [50], which was also supported by the founding of several previous literatures [51,52,53]. Hence, combining the measurement results of the height and weight of wheat plants, it can be determined that these types of biochar (BH, BF and SF) were more effective than soil in wheat cultivation, which indicates they are better suited to growing crops than microbial environments.



Biochar used in this study has a promoting effect on the growth of crops and can accelerate the growth of wheat, which has significant difference for different carbon-rich solids. Therefore, this biomass-converted biochar can be used as an additive to the soil to provide a good growing environment for crops. Moreover, among all the biochar used, the heat-transformed solid products of BH, BF and SF are more effective in enhancing the growth of plants, which has exceeded the soil culture results. Therefore, the above three types of biochar have promising potential to replace the soil as an environment for growing crops. In addition, for different FW raw materials, the biochar prepared by the cooked soybeans is more conducive to the growth of crops, followed by the cooked steamed bread, which shows that the growth curve of S in Figure 8, Figure 9 and Figure 10 is higher than the others. It can be seen that biochar produced by any of the reactors using cooked rice showed a lower ability to promote wheat growth, which may mean that the FW-prepared biochar with a higher protein content is more suitable as an alternative soil. Moreover, for different reactors (shown in Figure 13), TF-prepared biochar is more suitable for wheat growth, the growth rate and final height of wheat plants cultivated in biochar obtained from pyrolysis method far exceed those of the other two treatment methods, indicating that pyrolysis has more potential to produce suitable solid products for crop cultivation than HTC processes. In addition, for the two different processing methods in the HTC process, the biochar produced from the two raw materials (cooked rice and steamed bread cooked) has little difference in the growth of wheat plants, whether it is the growth rate or the final plant height, while the biochar obtained from HPR treatment shows a little advantage on the growth rate and final height of wheat plants when using cooked soybean as raw material.




3.3. Analysis of Characterization Results of Biochar


To fully understand the relationship between the effect of biochar on crops and its structure, this carbon-rich solid was characterized, including SEM, BET and FT-IR. The microstructure of the FW raw material and the prepared biochar can be analyzed by the results of the SEM with results shown in Figure 14. Obviously, the microstructure of the FW underwent a macroscopic change after HTC or pyrolysis treatment, which is different under different processing conditions. As can be seen from Figure 14, FW raw materials were layered and had few holes, which became irregular after thermal transformation [54]. Although biochar retained its original shape after pyrolysis, it split into many pieces and had many small holes, which provides significant help in fixing more moisture. Therefore, such biochar provides sufficient moisture for the growth of crops by reducing the loss of moisture, as evidenced by the above trends in wheat growth in pyrolytic carbon. Bruun et al. showed that the biochar prepared from wheat straw was rugged and porous [9], which is consistent with the results of this study. In addition, the MW-treated samples contained many numerous microspheres, which is quite different from the microscopic morphology of pyrolysis carbon. Hydro char is too shred to cause moisture to escape from the microspheres, which does not store water-like pits. It indicates that the carbon-enriched product produced by MW has a smaller promoting effect on the growth of crops than TF, which is consistent with the previous analysis. As can be seen from the photomicrograph of the solid product obtained from HPR, it was more fragmented than the pyrolysis carbon with micro-block but less dispersive than the biochar produced from the MW method (except RH). Consequently, its promoting effect on wheat growth is between the solid products obtained by the other two conversion method. However, the microsphere structure of RH determines that it does not have better crop growth enhancement compared to other HPR-treated samples, which makes the height of the cultivated wheat flat or even lower than the RM group. Thus, the ability of the pit to store water is more conducive to the cultivation of crops, while the shape of the microspheres is reversed.



The BET test method provides detailed information on the specific surface area of a powder or porous material, which is very meaningful for studying the properties of biochar. The results of the FW raw material and the produced biochar used in this experiment as measured by this characterization method are shown in Table 5, and only the BET surface area is considered here. Furthermore, the final height of wheat plants cultivated in different biochar mentioned above in the Table 5. An interesting phenomenon was found in which the solid product obtained by pyrolysis has a smaller specific surface area than the raw material, whereas the hydrothermal carbon is the opposite with a larger value. In a review published by Jain et al. [55], the specific surface area of the hydrate increased significantly after the HTC process, confirming the view of this study. However, more research has focused on biochar as an additive to improve the soil, thus requiring a larger specific surface area to adsorb more contaminants. In this study, plants were directly cultured using biochar, which produced different results. As can be seen in Table 5, the use of the pyrolysis method to produce biochar for the same biomass raw material has a more significant promotion effect on plant height. For example, the average plant height of BF group increased by 51.85% from 10.81 cm to 16.40 cm compared with the BM group. The results of BET are also mutually proved with the above SEM images. The product obtained by the MW treatment is microsphere-shaped as viewed by SEM, and thus, has a larger specific surface area, while the uneven pyrolysis carbon is reversed. It also confirms the point presented in this study that microsphere biochar is not as good as an uneven layer in wheat cultivation. The sample is broken into microspheres that are not conducive to moisture retention, which is because fine soil is prone to penetrate resulting in water loss. In addition, it is possible to easily adsorb some substances in the air due to a large specific surface area, which is disadvantageous for the growth of crops. Therefore, the biochar obtained from the process of pyrolysis have a superior effect on promoting growth of wheat compared with other methods, which can be confirmed by the results of the final height of wheat plants (H6) summarized in Table 5.



The FT-IR spectra of different biochar and FW feedstocks are shown in Figure 15 with the assignment of different peaks mentioned in literature [56]. As can be seen in Figure 15, the results of cooked steamed bread and rice and their thermal conversion products are similar due to the same composition in these two raw materials. The pyrolyzed solids have fewer peaks and higher transmission than the HTC-treated and MW-treated samples, while the cooked soybean converted biochar has more peaks in the spectrum. In addition, the peaks at 2926 cm−1 and 2851 cm−1 indicate asymmetric stretching vibrations of aliphatic C-H bond [57], which are more significant in the products of cooked soybean transformation. It indicates that the biochar prepared from cooked rice and steamed bread contains less of this structure, especially in their pyrolysis products. The peaks at 1601 cm−1 and 1498 cm−1 in the spectrum exhibit stretching vibrations, which are attributed to the presence of the aromatic ring C = C bond [58] with more in the presence of hydro char. The SM, SH and SF samples showed different peaks at 1740 cm−1 than other biochar samples due to the vibration of C = O in the fatty acids [59], which resulted in the growth advantage of the cultured wheat. However, this functional group is not the dominant factor. In addition, the stretching vibration of the C-O bond in the region of 1300 cm−1 to 1000 cm−1 proves the presence of alcohol and phenol, which is stronger in the HTC-treated product. The broad peak near 3390 cm−1 indicates that the sample contains intermolecular and free bonded hydroxyl OH [57], which is more pronounced in the original FW sample. Obviously, this peak weakens greatly after thermal conversion, while the TF pyrolyzed solid product shows weaker stretching vibrations in all products. A decrease in the hydroxyl content of the biochar means an increase in hydrophobicity, which is advantageous in helping to improve the stability and strength of the polymer [60]. It further facilitates the long-term storage of organic carbon while reducing the evaporation of water to some extent [59]. Moreover, this effect is more significant in dry areas driven by its ability to maintain soil moisture and fertility. Therefore, biochar produced from pyrolysis method are not prone to loss of moisture, which also demonstrates the ability to promote crop growth followed by MW and HPR converted carbon-rich solids. This point is also consistent with previous wheat growth trends, SEM micrographs and BET test results.





4. Conclusions


The utilization of biochar derived from food waste for agronomic purpose is a potential sustainable waste management option for the growth of crops in dry land and water-polluted areas as alternative soil. In this work, we have studied the differences in the yield of biochar produced from various food waste using different thermal conversion methods (including HPR, MW and pyrolysis) and its effect on the growth of cultivation of crop. In addition, the possible reason behind this phenomenon was initially explored. Regarding the effect of different food waste and thermal processing methods on the yield of biochar, it may be concluded that different raw materials have a huge impact on the yield of biochar, and the yield of biochar obtained by HPR method is significantly higher than that produced by MW method. For example, the yield of biochar is up to six times higher using the HPR method than the MW method when steamed bread was used as raw material. In term of the effect of biochar on the growth of wheat, biochar has a certain promoting effect, which is different due to the processing condition and raw materials. In addition, the BH, BF and SF group are more effective in promoting crops growth, which has exceeded soil culture results. The average weight of plants increased by 24.28% under these conditions. It shows the potential of biochar to be an alternative soil for growing crops. In addition, from the perspective of wheat growth trends, cooked soybeans processed by the pyrolysis method are suitable for the production that can be used as a substitute for soil. Furthermore, SEM images of biochar show that these samples mentioned above have more pits in order to store moisture, which is well documented in the BET test results. Additionally, the spectrum of FT-IR indicate that the surface of biochar contains less hydroxyl functional groups representing better hydrophobicity, which is more pronounced in pyrolyzed solid products. Hydrophobicity is an important manifestation of water storage capacity, which was demonstrated by the results of wheat growth trends and other characterization of biochar in this study. Thus, the results of this study verify the hypotheses proposed in the introduction section. This study provides evidence of the effects of biochar on crop growth, both in terms of microstructure and macroscopic growth trends, which provides significant benefits for biochar to grow crops or plants.
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Figure 1. The flowchart of experimental setups. (1. HPR: High-pressure reactor; 2. MW: Microwave.) 
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Figure 2. Diagram of hydrothermal carbonization of food waste powder. (HTC: hydrothermal conversion). 
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Figure 3. Schematic diagram of the pyrolysis experiment. 
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Figure 4. The yield of biochar produced from cooked rice after the HTC process. (a): the HTC process is performed in HPR; (b): the HTC process is performed in MW. Values are presented as mean ± SD from three experiments. 1 Only the reaction temperature changed in the reaction conditions. The reaction time was 1 h, and the sulfuric acid concentration was 3 v/v%. 2 Only the reaction time changed in the reaction conditions. The reaction temperature was 210 °C/180 °C, respectively, and the sulfuric acid concentration was 3 v/v%. 3 Only the concentration of sulfuric acid changed in the reaction conditions. The reaction temperature was 210 °C/180 °C, respectively, and the reaction time was 1 h. 
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Figure 5. The yield of biochar produced from cooked soybean after the HTC process. (a): The HTC process is performed in HPR; (b): the HTC process is performed in MW. Values are presented as mean ± SD from three experiments. 1 Only the reaction temperature changed in the reaction conditions. The reaction time was 1 h, and the sulfuric acid concentration was 3 v/v%. 2 Only the reaction time changed in the reaction conditions. The reaction temperature was 210 °C/180 °C, respectively, and the sulfuric acid concentration was 3 v/v%. 3 Only the concentration of sulfuric acid changed in the reaction conditions. 
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Figure 6. The yield of biochar produced from cooked steamed bread after the HTC process. (a): The HTC process is performed in HPR; (b): the HTC process is performed in MW. Values are presented as mean ± SD from three experiments. 1 Only the reaction temperature changed in the reaction conditions. The reaction time was 1 h, and the sulfuric acid concentration was 3 v/v%. 2 Only the reaction time changed in the reaction conditions. The reaction temperature was 210 °C/180 °C, respectively, and the sulfuric acid concentration was 3 v/v%. 3 Only the concentration of sulfuric acid changed in the reaction conditions. 
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Figure 7. Different carbon-rich solids prepared by optimal conditions ((a): BF; (b): BH; (c): BM; (d): RF; (e): RH; (f): RM; (g): SF; (h): SH; (i): SM). The abbreviation for the type of biochar consists of two uppercase letters. The first capital letter represents the FW material for the preparation of biochar (S: cooked soybean; B: cooked steamed bread; R: cooked rice). The second capital letter represents the reactor for the preparation of bi-ochar (M: microwave; H: high pressure reactor; F: tube furnace). For example, RH represents the biochar produced from cooked rice in a high-pressure reactor after using the above experimental conditions. 
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Figure 8. Height of wheats grown in biochar prepared using MW. (a) The top two highest plants (numbered as H1-2); (b) the other six plants except the top two (numbered as H6). Values are presented as mean ± SD. 
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Figure 9. Height of wheats grown in biochar prepared using HPR. (a) The top two highest plants (numbered as H1-2); (b) the other six plants except the top two (numbered as H6). Values are presented as mean ± SD. 
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Figure 10. Height of wheats grown in biochar prepared using TF. (a) The top two highest plants (numbered as H1-2); (b) the other six plants except the top two (numbered as H6). Values are presented as mean ± SD. 
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Figure 11. The growth status of wheats at the end of cultivation. 
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Figure 12. The weight of wheats plants (both H1-2 and H6) cultivated in different conditions. 
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Figure 13. The height curves of wheat plants under different biochar conditions. The heights of H1-2 are labeled in capital letters; the heights of H6 are labeled in lowercase letters. 






Figure 13. The height curves of wheat plants under different biochar conditions. The heights of H1-2 are labeled in capital letters; the heights of H6 are labeled in lowercase letters.



[image: Processes 09 00276 g013]







[image: Processes 09 00276 g014 550] 





Figure 14. SEM image of biochar obtained with different treatments and its raw materials (1500×). 
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Figure 15. The FT-IR spectra of different biochar and FW feedstocks. 
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Table 1. Study on the effect of biochar on crop yield.
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	Crops
	Yield Increase Rate
	Biochar Addition
	Literature





	Paddy
	+12%, +14%
	10 t/hm2, 40 t/hm2
	[21]



	Paddy and sorghum
	+75%
	11 t/hm2
	[22]



	Radish
	+42%, +96%
	10 t/hm2, 50 t/hm2
	[23]



	Perennial ryegrass
	+20%, +52%
	30 t/hm2, 60 t/hm2
	[24]



	Soybean
	+46%
	90 g/kg
	[25]
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Table 2. Raw material moisture analysis.
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	Biomass Species
	Moisture Content/wt%





	Rice (cooked)
	56.76



	Soybean (cooked)
	61.15



	Steamed bread (cooked)
	42.97
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Table 3. The experimental conditions for the preparation of biochar from FW through HTC treatment.
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Sample

	
Reactor

	
Temperature (℃)

	
Time (min)

	
Concentration of Sulfuric Acid (v/v%)

	
Biochar Yield (%)

	
Biochar Naming






	
Rice cooked

	
HPR

	
210

	
60

	
3

	
41.71 ± 1.45

	
RH




	
MW

	
180

	
20

	
3

	
10.34 ± 0.20

	
RM




	
Soybean cooked

	
HPR

	
180

	
30

	
0

	
20.00 ± 0.60

	
SH




	
MW

	
200

	
20

	
3

	
17.35 ± 0.72

	
SM




	
Steamed bread cooked

	
HPR

	
240

	
90

	
0

	
42.56 ± 1.86

	
BH




	
MW

	
180

	
20

	
3

	
6.83 ± 0.64

	
BM
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Table 4. The weight of biochar prepared by FW for wheat culture.






Table 4. The weight of biochar prepared by FW for wheat culture.





	The Type of Biochar
	Weight of Biochar Used to Directly Cultivate Wheat [g]





	RH
	2.0096



	RM
	2.0069



	RF
	2.0073



	BH
	2.0089



	BM
	2.0030



	BF
	2.0052



	SH
	2.0078



	SM
	2.0079



	SF
	2.0068



	S(Soil)
	--



	W(Water)
	--



	G(Silica)
	--
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Table 5. The surface area of biochar and FW determined by BET and the final height of wheat plants based on them.






Table 5. The surface area of biochar and FW determined by BET and the final height of wheat plants based on them.





	Sample Name
	B
	BF
	BH
	BM
	R
	RF





	BET surface area (m2/g)
	0.0244
	0.0142
	1.0959
	2.7996
	0.0766
	0.0063



	The height of H6 (cm)
	--
	16.40
	10.92
	10.81
	--
	12.00



	Sample name
	RH
	RM
	S
	SF
	SH
	SM



	BET surface area (m2/g)

The height of H6 (cm)
	0.6856

7.82
	2.6872

8.26
	0.0822

--
	0.0058

16.40
	0.0966

13.93
	0.1758

11.85
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