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Abstract: With the increase of global proportion of soil pollution and the number of areas at risk, researchers have sought to develop various pathways to repair or relieve the pollutants in soil. Among them, biochar represents one multidimensional soil amendment which has got great deal of attention on its physicochemical properties towards the removal or mitigation of contaminants in soil. A variety of agricultural wastes like straw and manure prepared from different torrefaction process have been employed as feedstock for the production of biochar, which can be applied to the contaminated soil to facilitate the growing environment for crops, and to improve soil fertility and microbial environment. In addition, the utilization of biochar for soil remediation is also considered as a process of carbon sequestration. The purpose of this review is to summarize the latest research progress in torrefaction processes and mechanism of agricultural waste, the effects of different torrefaction methods on the formation and properties of biochar were explained, coupled with the effects of process parameters. Especially, the conversion and mechanisms of biochar prepared from agricultural wastes composed mainly with lignocellulosic material were discussed, and the characteristics of biochar prepared for improving soil physical and chemical characteristics, microbial community characteristics, nutrients, and the stability and relief of soil pollutants, especially heavy metals, are compared. Finally, this work discussed the application and future technical challenges of soil remediation based on agricultural waste derived biochar.
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1  Introduction

Soil contamination like heavy metals threatens the food chain globally, and the residence of the pollutants in the soil is generally permanent and cannot be dis-integrated through organic activity, and these result in poor crop yield and quality and the biomagnification endangers human health [1,2]. In recent years, biochar has attracted researchers for environmental remediation like the waste water treatment, catalysts, modified materials, and soil remediation. Especially, biochar has been considered an efficient technique to reduce or stabilize the contamination for soil. Meanwhile, the utilization of biochar for soil remediation is considered as a process of carbon sequestration [3]. One of the significant advantages of the biochar is that it can be prepared directly from agricultural waste like lignocellulose which is renewable resource and is widely defined as waste discharged from agricultural production, agricultural processing and poultry breeding and rural residents, while agricultural waste is mainly composed of lignocellulose materials and the derives. Torrefaction process can heat the raw material to certain temperature rapidly (high temperature, 600–1000°C; low temperature, ≤600°C) with no oxygen or lower than the theoretical oxygen environment, and the feedstock can be converted into liquid (20–40%), non-condensable gas (10–20%) and solid residue (40–60%), which is carbon-rich and porous product, namely biochar [4]. By varying the parameters, the mass and C distribution can be controlled, coupled with the properties. In the past 10 years, the research related to biochar applications based on the multifunctional features has increased greatly [5–7].

The application of biochar to soil remediation has been extensively studied because the physical structure of biochar (high surface area and high porosity) can improve soil aeration and provide shelter for soil microorganisms by providing minerals and water [8,9]. Additionally, it has been proved that biochar contains suitable nutrients for plant and microbial growth, surface functionalities for the potentially toxic elements immobilization, and porous surface for partitioning/precipitation and microbial attachment. The surface of biochar is rich in functional groups, such as hydroxyl, ketone, ester, aldehyde and amino, and biochar exhibits hydrophilic/hydrophobic and acidic/alkaline properties. The presence of these groups on the surface of biochar can significantly improve the cation exchange capacity, nutrient retention capacity and water retention capacity of soil [5]. All of these properties can improve the soil fertility and increase crop yields. According to the biochar torrefaction process and conditions, various pH, surface area, porosity and other physical and chemical characteristics have been investigated in terms of the utilization of biochar in different soil types (fertile, poor, sandy) [10]. Several studies also focused on the germination rate of seeds, and proved that soil remediation could indeed improve plant growth. However, few studies have been taken on if the application of biochar could reduce the germination rate [11]. In addition, long-term utilization of biochar in soil could lead to poor stability, and biochar may release toxic substances such as aromatic compounds nitrogen-containing heterocycles which remain in the form of biocrude-oil and also become the reason for the toxicity [12]. Thus, the toxicity risk of biochar should be in controlled. In this regard, it is crucial to avoid the risks biochar could bring to the soil and to take the best advantage of biochar.

In this review, we summarized the recent advance in torrefaction techniques of agricultural waste conversion processes and applications. We also compared the effects of process parameters, and the conversion and mechanisms of biochar derived from agricultural wastes of typical lignocellulosic material. Various characteristics of biochar prepared for cultivating soil physical and chemical characteristics including microbial community characteristics, nutrients, and the stability and remediation of soil pollutants like heavy metals were reviewed. Potential application in future and technical challenges of soil remediation based on agricultural waste derived biochar were presented, and a better balance between torrefaction and biochar application in soil remediation is excepted.

2  Agricultural Wastes Torrefaction and Pathways

2.1 Components of Lignocellulose

Since lignocellulose makes up the largest part of agricultural waste, lignocellulosic material is discussed in this review. Lignocellulose is a major component of natural biomass, produced by terrestrial plants, and is a sustainable and non-food resource, which is generally composed of 40–50% cellulose, 25–30% hemi-cellulosic and 15–20% lignin, as well as inorganic and extractable substances with low molecular weight [13]. Fig. 1 shows the basic structure and components of lignocellulosic material. In general, the largest percentage of lignocellulose occupied by cellulose is made up of glucose unit, which is connected via the β-1,4 glycosidic bond [14]. Cellulose in lignocellulosic materials is usually divided into crystalline fiber parts and parts with disorganized and amorphous structures, and most of these cellulose chains are assembled into independent fiber structures and connected by weak hydrogen bonds. Hemicellulose is a complex pentose polymer, like xylose, and has a lower degree of polymerization than cellulose [15]. Several studies showed that hemicellulose could bind cellulose through hydrogen bonds, and form covalent bonds with lignin to enhance the rigidity of plant cell walls. At certain temperature, hemicellulose can be easily separated from the main constituents and decomposed into monomers. In general, hemicellulose consists of a variety of sugars (mainly xylan and glucomannan) containing short side chains, which make hemicellulose less thermally stable and more chemically degradable [16]. However, lignin represents one kind of biopolymer with three-dimensional network structure, which is composed of three methoxy-substituted phenylpropane units. Lignin is widely cross-linked to establish the stable skeleton of plant cell wall. It is the second largest biomass resource after cellulose. Lignin usually binds to hemicellulose through covalent bonds to avoid physical damage to plants and attack by microorganisms [17].
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Figure 1: Structure and main components of lignocellulose [14]

2.2 Typical Torrefaction Technologies

Generally, torrefaction technologies mainly include slow torrefaction, fast torrefaction, catalytic torrefaction and microwave torrefaction, etc. Normally, biomass is heated at a slow or rapid rate. Though it is recommended that feedstock could be heated to residence temperature as quickly as possible, appropriate control of the heating rate is essential. For example, to analyze the conversion of agricultural waste and derived products, it is necessary to heat biomass at a relatively slow rate [18]. For the slow torrefaction, the steam stays in the reactor for 10–60 min and the heating rate ranges from 0.1–1 s/°C, and this is set for the formation of more biochar. Prabir Basu et al. divided slow torrefaction into two stages, the carbonization stage and the conventional stage [19]. During the carbonization process, biochar dominates the products. This stage was the most primitive form of torrefaction, during which the feedstock was slowly heated to a temperature of approximately 400°C. During the conventional stage, the biomass was heated slowly to 600°C and the duration time was just few minutes. With the increase of temperature, the yield of bio-oil decreased gradually [19]. As shown in Fig. 2, a common slow torrefaction system includes fixed bed, condenser tubular furnace, generally with N2 supplied from the top to the reactor, and flowmeter is used to control the carrier gas flow. At a lower temperature range, biochar is the dominant product, while at higher temperatures, biogas occupies the most part of product. Increasing the temperature to about 500°C is the best temperature for bio-oil production. In conclusion, biochar is the main product of slow torrefaction, the yield of bio-oil in the whole process is about 30–40%, while the yield of biochar can reach about 60–70% for a slow torrefaction [20].
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Figure 2: Schematic diagram slow pyrolysis system

The aim of fast torrefaction is to maximize the production of liquid product, which is easy to store and transport and has low nitrogen and sulfur content. In the fast torrefaction process, the biomass rapidly heats up and reaches the temperature before complete decomposition [21]. Therefore, fast torrefaction has advantages of fast heating rate, high reaction temperature, short duration time, fast heat transfer and steam cooling, etc. As bio-oil is the main product of fast torrefaction, the maximum temperature in most fast torrefaction processes must be less than 500°C. Thus, the rate of heating is a critical factor that affects the yield of the liquid products, usually in the range of 5–40 °C/min. As shown in Fig. 3, a fluidized bed is usually used for fast torrefaction. Feedstock can be placed to the reactor from the top, and carrier gas is blown into the reactor from the bottom. The product is swept by carrier gas in a fluidized bed and then condensed by placing a condenser at the outlet [22].
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Figure 3: Schematic diagram of typical fast torrefaction system [22]

Catalytic pyrolysis process is generally used in the preparation of bio-oil, since the feedstock degradation can be enhanced by using catalysts [23]. For example, bio-oil produced from biomass processing contains a large amount of oxygen, which decreases the heating value and decreases the stability of the oil due to polymerization and condensation reactions [24]. In addition, the utilization of catalysts can reduce ratio of nitrogen in bio-oil, because most torrefaction process uses nitrogen as carrier gas that can react with the feedstock. Studies have indicated that catalytic cracking technology could improve the properties of bio-oil [25]. Proper catalyst can change the reaction process and improve the quality of bio-oil such as flow performance and storage properties. Catalysts can be mixed in various ways and the degree of coalification and surface groups rely more on the catalysts. The schematic diagram of the catalytic torrefaction device is shown in Fig. 4 [26]. During the catalytic process, biomass is usually pyrolyzed by tubular fixator or packed reactor. An electric furnace is used for heating, and inert or carrier gas is used to keep the reactor at oxygen-free environment. In addition, inert gas can flow the steam to a condenser which is used for condensing the steam. Generally, two ways of catalytic pyrolysis are employed, namely catalytic bed and catalyst mixing method [25]. For the first one, feedstock and catalyst are inserted in stages, with quartz cotton used in the middle. The catalyst bed maintains a constant temperature with the steam passing. For the second way, the catalyst and feedstock are mixed in reactor, and the operating temperature is generally controlled between 300°C and 600°C [27]. The study and comparison of catalysts will not be described in detail here.
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Figure 4: Schematic diagram of catalytic torrefaction system [23]

Microwave torrefaction technology represents a new heating method which has received attentions in recent years because it permits heat to penetrate the feedstock evenly [28]. The representative microwave torrefaction experimental system is shown in Fig. 5 [29]. The system includes a microwave oven, a reactor, a condenser, a feeder, a gas feeder, a thermocouple and a liquid fractionator [30]. Before the running process, the feedstock can be added to the reactor and carrier gas is blown through the reactor to ensure that air is expelled from the device. As for other methods, the inert gas blows the pyrolysis steam to a condenser which is used for condensing the gas. In general, the biogas yield is higher than that of conventional methods [30]. In addition, compared with conventional torrefaction, the concentration of biogas and biohydrogen in gaseous products during microwave torrefaction is higher [31]. One of the most important is that large biomass pieces can be heated evenly, and the ash content in bio-oil is relatively low [32]. In addition, the process is easily controlled and does not require mixing or fluidizing devices. In conclusion, microwave torrefaction technology has high scalability and is suitable for biomass conversion with large volume. Four common biomass torrefaction systems are summarized in Tab. 1.
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Figure 5: Schematic diagram of microwave-assisted torrefaction system [29]
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2.3 Critical Parameters Affecting Biomass Torrefaction

Temperature, residence time, heating rate and pyrolysis atmosphere including the low or free O2, N2, Ar, CO2 have been regarded the main factors affecting the torrefaction process and biochar properties [33,34]. Especially, temperature represents the factor that directly affects the torrefaction severity of biomass. Dehydration and devolatilization are the main reaction pathways of biomass at low temperature range, while carbon is the main component and is recovered with a high mass density at higher temperature. Thus, biochar contains higher fixed carbon, because the reduction of oxygen and hydrogen elements, and the coalification degree of biochar is also improved [35]. On the other hand, by increasing the residence time, the conversion of biomass at certain temperature can be maintained and enhanced [36]. The heating rate is another factor affecting the mass distribution of biochar, bio-oil and gas. At a higher heating rate, bio-oil are the mainly products, because the depolymerization of feedstock is dominant in a short time, and the formation of secondary biochar is blocked, leading to a lower yield of biochar. With the torrefaction severity, the gas environment represents other factors like the species and gas flow rate [36]. For example, the gas N2 and CO2 can show different effect on the product distribution, and a high gas flow rate can facilitate the condensed gas and char formation. In addition, the types of feedstock represent another key factor during torrefaction. For example, agricultural waste with high component of cellulose and hemicellulose can result in a low biochar yield since the volatile matters high, which can be easily degraded low temperature range of 200–300°C (Fig. 6). However, the high lignin content feedstock can lead to a high biochar yield since decomposition happens at higher temperature range and aromatic structures require more energy to open up the structures between them [37]. However, the physicochemical properties of biochar can also be influenced by the feedstock. For feedstock with high protein and ash content, the degradation of the cellulose or lignin will be changed. The basic carbon structure, the morphology and structural composition of biochar can be affected, such as the graphitization degree, crystallinity, and surface groups of biochar [38].

[image: images]

Figure 6: Single component of lignocellulose mechanism degradation during torrefaction [14]

2.4 Formation Mechanism of Biochar for Lignocellulose Torrefaction

The formation of biochar during torrefaction refers to the pyrolysis of feedstock and the transformation and generation of carbon condensing process. Fig. 7 shows the mechanism of biomass and the formation process of biochar. Torrefaction is generally interpreted as the intramolecular and intermolecular rearrangement, and biochar presents a polycyclic aromatic structure, which makes it higher carbon ratio and thermal stability. Therefore, these rearrangement reactions are generally accompanied by the release of moisture or non-condensable gases [39]. Depolymerization refers to the breakage of the bonds between the monomer units in polymers. For each break, a stabilization reaction occurs at the two new chain ends. Depolymerization can result in a reduction of the polymerization degree of the chain, until the molecules are converted into volatile substances. These molecules are condensable at ambient temperatures and are generally generated in liquid fractions such as derived monomers, dimers, or trimers. Fragmentation refers to the crack of polymers which are formed by covalent bonds into non-condensable gases and a wide variety of small chain organic compounds that can be recondensed at ambient temperature [40].

The cleavage reaction means the breakage of the chemical bonds that lead to the formation of molecules with lower weight molecular. Chemical bond breakage in polymers is similar to that of volatile compounds, and recombination or condensation reaction can lead to the combination of compounds which will further produce substances of higher molecular weight [41]. The formation mechanism of secondary biochar refers to the secondary reactions such as pyrolysis or recombination when volatile compounds are released under unstable conditions like various temperature, as shown in Fig. 7 [42]. Thus, this reaction can lead to the formation of secondary biochar when recombination occurs in the pores of the particles. The presence of polycyclic aromatic hydrocarbons in the gas phase is one way to produce secondary biochar by condensation reaction [42].
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Figure 7: Formation pathways of biochar formation and conversion during torrefaction [42]

3  Biochar Applications in Soil Amendment

3.1 Physicochemical Properties Improvement of Soil

Since the preparation of biochar can be affected by thermal conversion parameters and feedstock as described above, the biochar can present diverse properties like the surface area, porosity, charge, particle size, and surface functional groups. The unique properties will bring improvement of physicochemical properties for soil such as increasing soil pH, cation exchange capacity (CEC), soil buffering, and porosity. Thus, the preparation process of biochar will play important role on both biochar and soil properties. For example, in Zama et al.’s study [43], the biochar prepared from mulberry wood had increasing surface area from 16.5 to 58.0 m2 g−1, when the torrefaction temperature increased from 350°C to 550°C, respectively. It reported that the water content available of biochar amended soil was higher than that of solo soil, and the moisture uptake by plant can also rely on the biochar dosage [44]. In addition to that, studies suggested that the biochar could trigger increase of soil pH due to the alkaline pH of biochar, which was closely related to the torrefaction time and temperature [45–47]. Chintala et al. [47] discovered another reason for pH increase in biochar-amended soils, which was the occurrence of negatively charged phenolic, carboxyl and hydroxyl groups on the surface of biochar which may account for the pH increase by binding H+ ions. Meanwhile, the silicates, carbonates and bicarbonates in biochar are also regarded the reason for pH increase, so the acidic soil species will be amended [48]. Coincidentally, the cation exchange capacity (CEC) can also be raised due the fact that this reduces the leaching of base cations by improved binding to negatively charged functional sites of organic matter [49]. However, the high fixed carbon could lead to a decrease of CEC due to the oxygen loss at high temperature [50].

3.2 Soil Microbiology Change

When biochar was mixed with soil, the soil performances including pH, water holding ability and nutrients should be modified with the microbial species. In Hua et al.’ study [51], biochar from wheat straw and fruit tree significantly influenced the microbial community structure at the phylum level, since the soil pH, TOC and Sb (element T) were changed. In some works, even different particle sizes of the biochar exhibited various effect on the microbial community. Chen et al. [52] found that fine-sized biochar can significantly increase the total microbial phospholipid fatty acids concentrations by 60.28% and 88.94% than that from the medium and coarse particles of biochar prepared from bamboo. Yang et al. [53] reported that the bacterial and fungal diversity indices in soli were generally higher for biochar than that of biochar-based fertilizer and fertilizer, while the biochar-based fertilizer can alter the soil microbial community and enhanced some plant growth-promoting microbes according to the cluster analysis. Thus, biochar can facilitate the soil friendly microbes, and the combination with other fertilizers or nutrients will boost the function of biochar. Li et al. [54] used meta-analysis to investigate the responses of soil microbial biomass and diversity aroused by the biochar addition, and their work indicated that total bacterial and fungal biomass, and microbial diversity were increased more by biochar prepared from low temperature or nutrients rich feedstocks, and the results were also different in sandy from that in clay soils. Igalavithana et al. [55] investigated the efficacy biochar obtained from vegetable waste and pine cone about the abundance of microbial community in soil, and the torrefied biomass can significantly increase both microbial community and dehydrogenase activity. The soil microbial community also presents interactions by contaminants like heavy metals, antibiotic species with biochar used in soil. For instance, Wang et al. [56] reported that the biochar addition can raise the relative content of Fe reducing bacteria and As reducing functional genes, when biochar was used in As-contaminated paddy soil. Thus, the alterations of soil physico-chemical properties after biochar assisted remediation will promote the microbial abundance and activities, and the abundance, species, activity and the interactions with biochar of microbial community depend on the soil species, contaminants, and the biochar properties. Adjustment of biochar preparation conditions is essential to get desirable properties to fit microbial community in soil.

3.3 Nutrition and Fertility Improvement of Soil

Since the torrefaction process can also recover part N and P and etc. in biochar, the nutrient release rates of soil can be raised, especially by using biochar obtained from poultry manure. It has been recognized that nutrition and fertility of the soil can be influenced by the biochar type, the dose of the biochar, mixing depth, nutrients availability, plant species and soil texture [57]. Ibn Ferjani et al. [58] reported that only 5% of biochar addition in the agricultural soil can raise the water leached N and K by about 181% and 521%, while the K, the Na and Ca were transformed into more leachable and plant available forms. Generally, the content of nutrients for bioavailability in biochar is increased, and this improves the utilization of crops from soil. Yan et al. [59] found that biochar derived from bamboo and rice benefited the tea growth by improving soil fertility, since the pH and available P, K, and Mg content of acidic soil was increased. However, the nutrient uptake by plants also depends on the specific plant species and growing environment. For instance, Wu et al. [60] suggested that the phosphorus uptake was reduced by Phragmites australis, since the interception of P by the iron plaque and the concentration of soil available P was decreased. Meanwhile, the proper dosage of biochar is also crucial for nutrients in soil for crops uptake. Abdul et al. found that the germination percentage was low since a higher percentage of biochar in soil would maximize the water holding capacity and the biochar will contain the nutrients. Moreover, the physical properties of biochar can also affect the nutrients release in soil. Here, we have discussed in the above section the physical properties.

3.4 Heavy Metal Contaminates in Soil

As for the remediation of heavy metals in soil, biochar has showed potential role as confirmed by numerous studies. Different from organic contaminants, the absorption ability of biochar may ultimately enhance the persistence in the soil environment since they will be protected from microbial degradation. Studies have proved that preparation parameters like temperature and residence time can affect the porosity of biochar, so it will further affect the soil response, biochar addition, and heavy metals [61]. Therefore, most studies have focused on the mobility and interactions with heavy metals in soil. Potential mechanism for interactions like electrostatic attraction, ion exchange, complexation and precipitation, between biochar and heavy metals in soils have been divided into direct interactions and indirect interactions (Fig. 8).

In Ahmad et al.’s [62] work, the result showed that biochar facilitated the electrostatic attraction of positively charged ions. It has also been proved that the attraction depended on the surface charge of the chemical groups like the oxygen-containing groups on biochar [63]. In addition, biochar shows high cation exchange capability and releases Ca (II) and Mg (II), and this provides environment to exchange with heavy metal ions on biochar surfaces. For example, the high cation exchange capability of biochar can enhance the immobilization of Cd (II) [64]. Unlike cation exchange capability, the complexation is another way for direct interaction. El-Naggar et al. [65] investigated the multi-contaminated soils by As, Cd, Pb, and Zn with biochar made from grass residues, rice straw, and wood, and the result indicated that the mobilization of Cd and Zn was limited, while the As and Pb can be negatively affected by the surface groups including phenolic hydroxyl and carboxylic groups. Additionally, the mobilization and phytoavailability depended on the dissolved aliphatic- and aromatic-carbon, chloride, sulfur chemistry, phosphate competition, and the electrostatic repulsion of biochar mixed soils. In Ahmad et al.’s study [66], the biochar can form insoluble and stable metal complexes with Fe(II) and Mn(II), and the mobility was also decreased. Except for that, the precipitation produced from heavy metals and biochar is another way, since insoluable compounds can be formed. In Liang et al.’s study [67], P-containing precipitation was observed when high P content biochar was used for reacted with the element Pb contaminated soil. Thus, it can be concluded that the feedstock, production parameters and biochar properties will affect the binding pathways between biochar and the heavy metals. In addition to the direct interactions, the biochar can affect the behaviors of heavy metals in soil through adjusting the pH, changing the organic carbon, soil CEC, as well as the mineral composition, and then poses effect on the mobility and bioavailability.
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Figure 8: The potential mechanism for the interactions between biochar and heavy metals

4  Future Perspectives and Conclusion

This review summarized the recent progress in agricultural waste torrefaction techniques and potential applications in soil remediation. The effects of different pyrolysis pathways on the biochar formation and properties were elaborated, coupled with the effects of critical parameters. Conversion and mechanisms of biochar prepared from agricultural wastes with lignocellulosic material as typical component were discussed, and biochar prepared for altering soil quality with relation to physicochemical characteristics, microbial community characteristics, nutrients, and the stability and degradation of soil pollutants like heavy metals were compared. The technical challenges of soil remediation based on agricultural waste derived biochar were excepted, and potential future perspectives and challenges are given below:

a) Since the preparation of biochar derived from torrefaction carbonization process, the post applications in soil contains toxic substances such as polycyclic aromatic hydrocarbons, N-containing compounds from should be further investigated.

b) Long term stability and the effect for biochar addition on the degradation and immobilization of contaminants in soil should be concerned, coupled with the dynamics study. Biochar aging and the effect on the soil properties can be investigated along with the nutrients, contaminants, and etc.

c) Multiple disciplines, techniques, and data processing techniques should be used for identifying the mechanisms responsible for the soil remediation with biochar.

d) The feedstocks are more diverse and complex for biochar preparation, and the torrefaction mechanism needs further understanding the biochar formation and proper control desirable properties.

e) The plant growth can be affected by the biochar remediated from soil, so it is essential to track the nutrients uptake pathways, heavy metals distributions and detail transformation in plant. And the soil electrochemistry induced by biochar between the microflora and soil should be focused in future.
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Table 1: Comparison of general torrefaction technique

Types Temperature  Heating rate ~ Pressure Reaction time

)
Slow torrefaction 350~800 <10 °C/min  Atmospheric Few seconds~hours
Fast torrefaction 400~600 ~1000 °C/s  vacuum~Atmospheric Few seconds
Catalytic torrefaction 700~1500 Medium~fast >Atmospheric Few seconds~minutes
Microwave- 400~900 Slow Atmospheric Few minutes~hours
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