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Abstract

:

Biochar application is one strategy proposed to improve carbon sequestration in soil. Maintaining high carbon content in soil for a long period requires stable biochar. In this work, we assessed biochar stability by two methodologies, i.e., laboratory incubation and chemical oxidation. Biochar was produced at four different temperatures (400 °C, 500 °C, 600 °C, and 800 °C) from rice (Oryza sativa L.) straw and husk, applewood branch (Malus pumila), and oak (Quercus serrata Murray) residues. Results showed that the high-temperature biochars were more stable in both abiotic and biotic incubations, whereas the low-temperature biochars had reduced longevity. In addition, we showed biochars originated from woody material have higher stable carbon than those produced from rice residues. Finally, the oxidative assessment method provided a more reliable estimation of stability than the biotic incubation method and showed a strong correlation with other stability indicators.
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1. Introduction


Carbon sequestration in soil is one of the strategies used to mitigate climate change associated with greenhouse gas emissions. The Intergovemental Panel on Climate Change (IPCC) produced a special report on global warming of 1.5 °C (http://www.ipcc.ch/report/sr15/) and proposed the application of biochar to soil as a promising negative emission technology [1]. To extensively and successfully implement this technology, the properties of biochar must first be more fully understood. The interdependency between the types of feedstock and the pyrolysis processes determine biochar properties, and this, in turn, impacts the stability of biochar in soil. Biochar degradation is of interest not only with regard to soil carbon sequestration but also because of the potential for application as a bulk agent to enhance the composting process. Decisions on the use of biochar are linked to the properties that affect biochar stability [2]. Methodologies for estimation of biochar stability have been described in several review reports [3,4,5,6,7]. Three categories that define biochar stability include (1) carbon structure; (2) labile/stable carbon; and (3) biotic-abiotic mineralization in incubation and modeling. Of these, incubation and modeling is the preferred option for estimating biochar degradation because the results are directly linked to the recalcitrance of biochar in soil. However, other indicators (e.g., H:C ratio) are practically used as proxies to test for stability because they eliminate the need for time-consuming incubation studies in soil [5]. One of the most cost-effective and relatively rapid methods used to test stability is the H2O2- and heat-assisted oxidation method, which is often called the “Edinburgh stability tool” proposed by Cross and Sohi [8]. This simulation of oxidative degradation in soil is considered a reliable approach by other researchers [9,10,11]. As a follow up to our previous work [12], we assessed the carbon stabilities of four types of biochars prepared from rice straw (RS), rice husk (RH), and two woody plants, oak (Quercus serrate Murray) (OB) and applewood branch (Malus pumila) (AB), by means of the aforementioned incubation and oxidative method.




2. Materials and Methods


2.1. Pyrolysis Process for Biochar Preparation


Four different feedstocks were used for biochar production. These included two woody materials, oak (Quercus serrate Murray) and applewood branch (Malus pumila), plus rice residues (Oryza sativa L.) of straw and husk. The materials were cut into small pieces less than 4–5 cm, air-dried, and then pyrolyzed in an electric furnace (SOMO-01 Isuzu, Japan) to prepare for biochar. The furnace temperature was increased from room temperature with a heating rate of 10 °C min−1 to four different temperatures (400 °C, 500 °C, 600 °C, and 800 °C) and then maintained for 10 h for pyrolysis.




2.2. Biochar Chemical Analysis


All biochars were ground and sieved to less than 0.5 mm in diameter. The volatile matter content (%) and ash content (%) were determined by measuring the weight loss through heat treatment (950 °C, 7 min for volatile, and 750 °C, 6 h for ash) of ca. 1 g each of biochar in a crucible. Fixed carbon contents (%) were calculated as follows: the total mass of biochar minus the sum of volatile ash and moisture content. Acid function group was measured based on the titration method using NaOH (0.01 M) and HCl (0.05 M). The detection limit of the acid functional group was 0.01 mmol/g. The elementals, C, H, and N were determined using a Thermo Finnigan EA-1112 analyzer (Thermo Fisher Scientific Inc., MA, USA); O was determined with the vario El cube (Elementar Analysensysteme GmbH). Cross-Polarization/Magic Angle Spinning (CPMAS) 13C Nuclear Magnetic Resonance (13C-NMR) spectra were acquired from the solid samples with a Varian 300, equipped with a 4 mm wide bore MAS probe, operating at a 13C resonating frequency of 75.47 MHz. The spectra were integrated into the chemical shift (ppm) resonance intervals of alkyl-C (0–45 ppm), O-alkyl-C (45–110 ppm), olefinic, phenolic, aromatic-C (110–160 ppm), and carbonyl C (160–210 ppm). The degree of aromaticity (%) was calculated as follows [13]: aromatic-C × 100/(alkyl-C + O-alkyl-C + aromatic-C). Thermal analyses were conducted under a static-air atmosphere as follows: a temperature equilibrating at 30 °C followed by a linear heating rate of 5 °C min−1 from 30 °C to 105 °C at which point, an isotherm was maintained for 10 min, and then ramping continued at 5 °C min−1 from 105 °C to 680 °C. The ash content was calculated from the inorganic residue remaining at the end of the ramping period. The main weight losses occurred in the 110 °C to 350 °C (W1) and 350 °C to 550 °C (W2) ranges. The ratio W2/W1 was deployed as a thermal lability index of the organic materials [14].




2.3. Estimation of Biochar Stability


2.3.1. Incubation Method: Biotic and Abiotic Degradation


The stability of each biochar type against microbial degradation was assessed by the incubation method [15]. Twenty milligrams of biochar dry matter was mixed with 200 mg of quartz sand in a screw-cap tube (φ18 × 180 mm) and sterilized (121 °C, 20 min). Soil (10 g) from the Campus of Hirosaki University was suspended in 100 mL of deionized water and stirred continuously at room temperature. After 1 h, the suspension was stated for 30 min without stirring and then the supernatant was used as the inoculum for the biotic incubation. Next, 20 microliters of the inoculum and 80 μL of the nutrient solution [60 g/L (NH4)2SO4, 6 g/L KH2PO4, 7.7 g/L K2HPO4] were mixed with the biochar and quartz sand in the screw-cap tube then sealed with a butyl rubber stopper-assembled screw-cap, and incubated at 30 °C (biotic incubation). Sterile water was added instead of the inoculum to monitor microbial degradation-independent CO2 emission from the biochar (abiotic incubation). The concentration of CO2 in the screw-cap tube was periodically measured using a gas chromatograph (GC, Agilent 7890A Valve system, Agilent Technologies Inc.) equipped with an HP-PLOT/Q column (Agilent Technologies Inc). The oven was maintained at 50 °C and helium was used as the carrier (3.5 mL/min). Pulsed Discharge Helium Ionization Detector was used and kept at 120 °C. The cumulative mineralized C and mineralization rate was calculated by using the Equations (1) and (2), respectively [15].


Cumulative mineralized C (mg C/g Biochar) = (Dt − D0) × (12/44)/S



(1)








	
Dt: CO2 (mg) at t days during the incubation



	
t: days elapsed from the start of the incubation (1, 2, 4, 8, 16, 32, 64, and 120)



	
D0: CO2 (mg) at the start of incubation



	
12: the atomic mass of carbon



	
44: the atomic mass of CO2



	
S: biochar amount (g)










Mineralization rate (mg C/g biochar/year) = cumulative mineralized C/t/365



(2)








	
t: days elapsed from the start of the incubation (1, 2, 4, 8, 16, 32, 64, and 120)









2.3.2. Chemical Oxidation Method: Abiotic Degradation (“Edinburgh Stability Tool”)


Biochar stability was also assessed using the chemical oxidation method, “Edinburgh stability tool” [8]. All biochar samples were heat-dried at 105 °C for more than 12 h. Based on the carbon content from the elemental analysis, the biochar containing 0.1 g of carbon was weighed and mixed with 7 mL of 5% H2O2 in a screw-cap tube (φ16 × 125 mm). The tubes were tightly capped and kept at 80 °C for 48 h and then cooled to room temperature. The solid residue was collected with a quantitative filter paper (No. 5C) and heat-dried at 105 °C for more than 12 h after washing several times with sterile water. The carbon content in the dried residue was determined as described above. The stable carbon was calculated by the following Equation (3):


Stable carbon (%) = {[Carbon (g) after 5% H2O2 treatment]/[Carbon (g) before 5% H2O2 treatment]} × 100



(3)









2.4. Correlation Among Stability Indicators


Correlation between biochar stability indicators was evaluated. H:C ratio, O:C ratio, degree of aromaticity, volatile content: fixed carbon ratio, Edinburgh stability tool, abiotic incubation, and total (biotic + abiotic) incubation were included. Additionally, the feedstock of the biochar material, the pyrolysis temperature and ash content, were used in the correlation analysis to analyze the relationship with the indicators. The feedstock was considered as a binary variable (1 = Woody materials (AB and OB), 0 = Rice materials (RH and RS)). For the incubation experiments, data for the 32nd day, when the CO2 cumulative started to decline, were used for the correlation. The order of the correlation matrix was arranged based on the hierarchical clustering of correlation coefficients by using “corrplot package” in Rstudio program.




2.5. Statistical Analysis


All of the experiments were conducted in duplicate or triplicate, and the average values were reported. The statistical analyses were conducted with R program (Rstudio 3.5.1 version, RStudio, Boston, MA, USA), and the significant differences were verified at p < 0.05.





3. Results and Discussion


3.1. Chemical and Physical Characteristics of Biochars


The percentages of volatile, ash, and fixed carbon contents are shown in Table 1. Volatile content decreased and ash content increased with increasing pyrolysis temperature. The biochars from rice residues (RH and RS) showed greater ash content than those from woody materials (AB and OB) due to the existence of high mineral (e.g., Si) content. High-ash biochars enriched with alkaline elements can be a potentially applicable material for plant growth [2,16]. The biochars from woody materials (AB and OB) have a higher content of fixed carbon than those from rice residues (RH and RS). Acid functional group contents were significantly higher in the biochars that pyrolyzed at the lowest temperature in our study (400 °C). As the pyrolysis temperature increased, aromaticity increased across all feedstock types, peaked at 600 °C and then declined at 800 °C. Increasing the pyrolysis temperature lowered easily-degradable carbon content and created a tolerant aromatic structure. All biochars showed increasing ratios of W2/W1 with increasing temperatures, suggesting a more stable chemical structure remained [5,6,7,8,17,18]. Increasing temperatures up to 600 °C resulted in a higher aromatic carbon proportion due to the volatilization of aliphatic groups, and this alteration makes the biochar resistant to microbial decomposition (Table 1). However, further increases in pyrolysis temperature from 600 °C to 800 °C changed the chemical structure, reducing aromaticity and the W2/W1 ratio. A similar trend was noted in another report [2] when the temperature was increased to 750 °C, resulting in the loss of aromatic groups due to the high-temperature. As an organic amendment to improve soil nutrition, the use of the low-temperature (400 °C) biochars having easily-biodegradable carbons would be favorable for plant growth by stimulating soil microorganisms [19,20]. On the other hand, biochars pyrolyzed at 600 °C and enriched with recalcitrant chemical composition would be more suitable not only for carbon sequestration via the use in composting or soil amendment but also for N2O reduction during composting [2].




3.2. Evaluation of Biochar using Incubation Methods


Figure 1 and Figure 2 represent the cumulative mineralized carbon and mineralization rate of the four biochars under (a) abiotic and (b) total (biotic + abiotic) incubation, respectively. In every case, the amount of mineralized carbon decreased with increasing pyrolysis temperature. In the latter incubation, the mineralization clearly increased over time and the highest cumulative mineralized carbon was observed in the lowest-temperature biochars pyrolyzed at 400 °C (AB-400 °C, OB-400 °C, RH-400 °C, and RS-400 °C), probably due to the presence of the volatile content and acid functional group for microbial activity (Table 1). Peng et al. [21] reported that low-temperature biochar had easily-biodegradable components such as aliphatic carbons, carboxylic acids, and carbohydrates, and further showed a high correlation between the volatile contents and mineralization rates [21]. AB- and OB-biochars showed lower carbon releases than RH- and RS-biochars due to the fixed carbon contents (Figure 1). It would be interesting to use this method with the extract from composting material to detect possible microbial degradation during the composting process, given that volatile compounds derived from biochar were closely related to the microbial community for decomposition during the composting process [22].



The results from the abiotic incubations showed similar trends of mineralization when compared with biotic + abiotic incubation (Figure 2, right). Relationships between the mineralization rates and the incubation durations are shown in Figure 3. Generally, high correlations were confirmed in all cases (Figure 3), especially in the high-temperature biochars under both incubations. On the other hand, negligible correlation or a weak correlation was shown (0.03 < R2 < 0.37) in the lowest-temperature biochars (AB-400 °C, OB-400 °C, RH-400 °C, and RS-400 °C) under biotic + abiotic incubation. Combining the results of the biotic + abiotic incubation (Figure 2) together with the fact that no correlation was obtained between the mineralization rates and the incubation days (shown in Figure 3), suggests a lack of biochar stability. The biotic method approaches are often criticized for the interdependency between soil properties and the soil microbial community [6], and thereby it is likely a suitable technique for site-specific research on biochar degradation, but not for comparative study under different biophysical conditions.




3.3. Chemical Oxidation for Assessment of Biochar Stability


Comprehensive estimation of biochar stability was carried out by the chemical oxidation method proposed by Cross and Sohi [8]. The method is not affected by microbial inoculum, which is hard to control, and also makes it possible to measure carbon content that is relatively recalcitrant to the oxidation. The carbon stability calculated by this method is shown in Table 2. The stability of the biochar derived from woody materials (AB and OB) rose gradually with increasing temperature, with the highest-temperature biochar (800 °C) showing a 3- or 4-fold greater stability over those produced at 400 °C. Stable carbon of all biochars produced at 400 °C was ca. 20%, whereas those produced at 500 °C varied between 60%–100%. More than 80% of the stable carbon was estimated to remain in the biochars pyrolyzed at 600 °C and 800 °C. The increase of stable carbon aligned with that of the pyrolysis temperature in the case of woody-material biochars (AB and OB). In contrast, the stable carbon content of RH biochar increased at 400 °C, 500 °C, and 600 °C, but was reduced at 800 °C. For RS, the reduction in content was first observed when the pyrolysis temperature was 600 °C. These results are similar to those reported in another paper [8]. It should be noted that the biochars originated from rice plant residues are enriched in ash, and would, therefore, be expected to trigger different outcomes of stable carbon compared with those from woody materials [16]. Of note, the total amount of crop residues produced worldwide is 3.8 Gt per year, of which 0.9 Gt derive from rice production (Oryza sativa L.) [23]. The main application of rice harvest residue around the world is as an amendment to the soil after burning the material on the field to preserve organic matter and nutrients, and this practice contributes significantly to GHG emissions. Alternatively, using rice residues as a biochar feedstock with subsequent application into the paddy rice soil is reported to have a positive impact on rice production in field experiments [24,25,26].




3.4. Correlation


The degree of relationship between indicators is shown in Figure 4. The figure clearly shows the Edinburgh stability tool has a significant correlation with other indicators. Interestingly, the biotic + abiotic incubation shows more correlation with other stability indicators than the abiotic incubation. Pearson’s correlation coefficient (r) of the Edinburgh stability tool with those incubation methods was 0.08 and −0.31, respectively. It is reported [5] that the linking between oxidative stability with the biotic and abiotic stability of biochar in soil is challenging, and more holistic studies need to be done. The H:C and volatile: fixed ratios have a tight relationship with other indicators such as O:C, W2/W1, and the Edinburgh stability tool. Moreover, the combination of these two indicators is proposed as a better approach for predicting stability [27]. The pyrolysis temperature has a strong or moderate correlation with all indicators except for aromaticity and abiotic incubation. The feedstock is strongly correlated with ash content (r = −0.93) and moderately correlated with O:C ratio (r = −0.34) and W2/W1 (r = 0.34), implying the feedstock type of the biochar material affects the reliability of these indicators.





4. Conclusions


We examined four biochar types and presented the results of the different stability indicators and their relationships. The “Edinburgh stability tool” oxidation method shows a tight relationship with other indicators across different types of feedstock. This method is easily implementable and comparable with other methods used to verify the stability of the biochar product. This method provides the means to select the correct product to meet agriculture and environmental objectives such as in composting or as an organic amendment. To ensure optimal N2O reduction during composting and high carbon sequestration in soil, the high-temperature (600 °C) biochars might be the suitable choice. The low-temperature (400 °C) biochars enriched with easily-biodegradable carbons would be more suitable for plant growth as an organic amendment.
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Figure 1. Cumulative carbon mineralized during 120 days under abiotic (a) and total (biotic + abiotic) (b) incubations of biochars from different feedstocks: AB (applewood branch), OB (oak), RH (rice husk), and RS (rice straw). Each error bar represents the standard deviation from three independent experiments. 
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Figure 2. C-mineralization rate per year of biochars under abiotic (a) and total (biotic + abiotic) (b) incubations of biochars from different feedstocks: AB (applewood branch), OB (oak), RH (rice husk), and RS (rice straw). Each error bar represents the standard deviation from three independent experiments. 
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Figure 3. Correlation between the log transformed incubation time and log transformed degradation rate per year under abiotic (a) and total (biotic + abiotic) (b) incubations of biochars from different feedstocks: AB (applewood branch), OB (oak), RH (rice husk), and RS (rice straw). 
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Figure 4. Correlation heatmap matrix of different stability indicators for biochar. Significance levels of Pearson correlation is 0.05. Blank means no significant coefficient. Blue number represents positive correlation, while red number represents negative correlation. 
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Table 1. Physical and chemical characteristics of biochar from different feedstocks: AB (applewood branch), OB (oak), RH (rice husk), and RS (rice straw).
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Materials

	
Temperature (°C)

	
Volatile Content (%) 4

	
Ash Content (%) 4

	
Fixed Carbon 1 (%) 4

	
Acid Functional Group (mmol/g) 4

	
Degree of Aromaticity 2 (%)

	
W2/W1 3






	
AB

	
400

	
32.36 ± 0.05

	
4.37 ± 0.04

	
63.3

	
0.34 ± 0.05

	
55.2

	
2.6




	
500

	
18.27 ± 0.28

	
6.45 ± 0.13

	
74.5

	
N.D.

	
67.9

	
10.2




	
600

	
11.07 ± 0.20

	
7.61 ± 0.07

	
81.3

	
N.D.

	
72.8

	
14.6




	
800

	
6.82 ± 0.07

	
8.58 ± 0.02

	
84.8

	
N.D.

	
63.9

	
22.9




	
OB

	
400

	
32.06 ± 0.05

	
3.63 ± 0.02

	
64.3

	
0.32 ± 0.00

	
56.8

	
4.6




	
500

	
19.42 ± 0.27

	
5.10 ± 0.12

	
75.5

	
0.13 ± 0.28

	
66.7

	
10.0




	
600

	
12.30 ± 0.01

	
5.54 ± 0.02

	
82.2

	
0.02 ± 0.20

	
73.2

	
21.7




	
800

	
7.87 ± 0.06

	
8.25 ± 0.23

	
84.0

	
N.D

	
62.1

	
15.7




	
RH

	
400

	
22.00 ± 0.13

	
35.9 ± 0.06

	
42.1

	
0.58 ± 0.05

	
61.5

	
3.1




	
500

	
10.56 ± 0.11

	
46.2 ± 0.23

	
43.2

	
0.26 ± 0.05

	
64.8

	
10.9




	
600

	
6.02 ± 0.27

	
52.8 ± 0.41

	
41.2

	
0.11 ± 0.00

	
72.4

	
18.0




	
800

	
3.17 ± 0.19

	
62.6 ± 0.26

	
34.2

	
N.D.

	
54.0

	
18.0




	
RS

	
400

	
22.42 ± 0.09

	
34.0 ± 0.18

	
43.5

	
0.51 ± 0.03

	
54.2

	
1.8




	
500

	
12.80 ± 0.11

	
40.0 ± 0.31

	
43.9

	
N.D.

	
63.1

	
4.3




	
600

	
8.36 ± 0.03

	
58.6 ± 0.07

	
33.0

	
N.D.

	
68.2

	
4.6




	
800

	
4.47 ± 0.15

	
73.9 ± 0.05

	
21.6

	
N.D.

	
44.9

	
4.2








1 Fixed carbon: the total mass of biochar minus the sum of volatile, ash and moisture content; 2 Degree of aromaticity = aromatic-C × 100/(alkyl-C  +  O-alkyl-C  +  aromatic-C); 3 Ratio between the mass losses associated with the second (W2) and first (W1) exothermic reactions of thermal analysis; 4 Each value is the average ± the standard deviation from three independent experiments.
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