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Abstract

:

Much progress has been made in understanding the conditions of biochar production related to biochar properties and carbon (C). Still, very little knowledge has been gained regarding the effects on nitrogen (N), one of the most critical nutrients affected by pyrolysis temperature (PT). Analysis of N in biochar is costly, and alternative methods should be developed to estimate the N content in biochar quickly under different pyrolysis conditions. We hypothesized that there was a correlation between biochar N content and its electrical conductivity (EC). We aimed to evaluate total N and the effect of PT through the correlation with EC, a parameter that can be easily measured. Biochar products derived from coffee husk (CH) and chicken manure (CM) produced at increasing PT (300 to 750 °C) were used for the study and measured for total N and EC. The increase in PT caused significant N loss, consequently reducing total N content in biochars, with the highest loss (82%) and lowest total N content (1.2 g kg−1) found in CM biochar pyrolyzed at 750 °C. The lowest N loss (21% for CH biochar and 36% for CM biochar) was observed at a PT of 300 °C. A negative correlation between EC and total N and a positive correlation with N loss were found in both biochar products across the wide range of PT investigated. To preserve the N content in biochars, the PT should not exceed 400 °C. Our results indicate that EC is a fast and accurate biochar proxy attribute capable of predicting the N content and its loss in coffee husk and chicken manure-derived biochars as the pyrolysis temperature increased from 300 °C to 750 °C and could be used as an alternative to predict the N in biochar easily. A more extensive set of biochar samples and pyrolysis conditions should be tested to validate this approach.
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1. Introduction


Biochar is a carbon-rich material produced from the thermal decomposition of agricultural, animal, and industrial organic wastes in the absence or low levels of oxygen [1,2,3,4]. The application of biochar has become an environmentally friendly management practice for sustainable agriculture due to its properties and soil stability [5,6]. The type of feedstocks used in pyrolysis processes depends on their local availability, elemental composition, and physical characteristics, and these factors determine biochar production and widespread use [6,7,8]. The conversion of organic waste into biochar and its use in agricultural fields promotes nutrient recycling, and the magnitude of positive effects on soil relies on biochar properties, application rate and frequency, and interaction with the soil constituents and plants [2,3,9,10]. Much progress has been made in biochar production and characterization. Still, to this date, there is a lack of a better understanding of how to maximize biochar benefits regarding N preservation, as this element is subject to significant loss and transformation during pyrolysis [11].



The pyrolysis temperature (PT) is a crucial factor influencing the N content in biochar, which interacts with the feedstock elemental composition [3,7,8,11,12,13,14]. For instance, manures are rich in N and phosphorus, which can result in a nutrient-rich biochar, while plant-based materials mostly yield biochars that are poor in N and have a greater persistence [7,11,15,16,17]. In Brazil, chicken manure (CM) and coffee husk (CH) are available in large amounts [18]. In 2020, it was estimated that around 33.7 million tons of CM and 3.0 million tons of CH were produced, making them promising feedstocks for biochar production [4,10,19]. These materials contain approximately 30 and 17 g kg−1 of total N, 28 and 42 g kg−1 of total potassium (K), and 34 and 1.2 g kg−1 of total P for CM and CH, respectively [18]. Thus, they represent an important source of C and nutrients that could be applied to soils and partially replace chemical fertilizers with properties that allow their inclusion and use according to Brazilian legislation [7,20].



Nitrogen is among the elements that are sensitive to temperature, and it sharply volatilizes as the charring conditions intensify [10,12,13,15,16,21,22,23,24], resulting in N losses or being converted into more stable N compounds [12,25]. At elevated PT (>500 °C), chemical bonds of nitrogenous compounds are broken, promoting the volatilization of N as ammonia (NH3) and nitrogen oxides (NOx) [12,23,24,25,26]. It has been shown that protein N and inorganic N prevailed in soybean straw and Chlorella feedstocks under lower PT (300 °C) and were converted to pyridinic N, pyrrolic N, graphitic N (or quaternary N), and pyridinic N–O as PT was increased to 800 °C [24]. High PT is typically used to stabilize C, increase surface area, and increase porosity [3,5,14]. Research on the possibility of preserving high N content in biochar production is extremely limited.



The increase in PT promotes the decomposition of acidic groups in the feedstock and increases the biochar EC [27,28,29,30]. However, this effect is better observed in the same feedstock, considering the influence of ash, salts, and ions on the EC of the biochars derived from different feedstocks [7,27,28,30]. Thus, a relationship is expected between the increase in EC of biochars and a decrease in N contents, as well as greater N losses as the pyrolysis conditions are intensified. For the same PT, a feedstock with higher N content is expected to generate a biochar with higher N content. Conversely, the magnitude of N loss at increasing PT is modulated by the elemental composition, ash content, and the presence in the feedstock of components that ensure a lower conversion of N into volatile N chemical species. Due to the complexity of N in biochar, the most suitable method for determining N is through the Elemental Analyzer by combustion, which is costly, generates waste, and is time-consuming. Thus, it would be a valid alternative if the N content in biochar could be estimated by the low-cost and easy method used to measure EC in biochar [31,32].



We hypothesized that (i) as PT increases, biochar EC and N losses also increase, while the total N content is reduced; (ii) biochar EC can be used to effectively estimate N content as PT is intensified. Thus, the aims of this study were as follows: (i) to determine N losses and N contents in CM (high N source) and CH (low N source) feedstocks derived biochar subjected to increasing PT (300–750 °C); (ii) to determine how N evolution during pyrolysis is correlated with easily determined biochar properties; and (iii) to model with regression equations and the capacity of EC to estimate N retention or loss as the pyrolysis conditions are intensified.




2. Materials and Methods


Coffee husk (CH) and chicken manure (CM) were collected from farms near Lavras, State of Minas Gerais, Brazil, due to their high availability in Brazil, especially in the region from which they were collected. The materials were dried in a forced-air circulation oven at 60 °C until a constant weight was achieved. The main properties of the feedstocks are shown in Table 1. After drying, both feedstocks were pyrolyzed at various PTs as follows: 300; 400; 450; 500; 550; 600; and 750 °C using a muffle furnace with a stainless-steel chamber built to avoid the entry of oxygen. The heating rate was 10 °C min−1, and when the desired PT was achieved, it was maintained for 60 min, followed by slow cooling down to room temperature before opening the chamber.



After the pyrolysis process, the biochar mass was weighed, and the biochar yield was calculated based on the initial mass used in the pyrolysis, following Equation (1).


Biochar yield (%) = (Final mass of biochar/Initial mass of feedstock) × 100



(1)







The total C content of all biochars was determined using a dry combustion C analyzer (Elementar, model Vario TOC Cube, Langenselbold, Germany). The pH of the biochar was measured in water at a ratio of 1 g of biochar to 10 mL of deionized water, and the readings were performed in a bench-top pH meter (Hanna Instruments, HI2221, Smithfield, USA) [33]. Biochar ash content was assessed by heating the biochar samples at 750 °C for 6 h; the mass of the residual material after incineration was the ash content, following Equation (2) [7].


Ash (%) = (Mass of biochar at 750 °C/Initial mass of biochar) × 100



(2)







The EC of the biochar samples was measured at a ratio of 1 g of biochar to 10 mL of deionized water using a conductivity meter (Mettler 175 Toledo, FE30, Columbus, OH, USA) [33]. The total N content in the biochar samples was determined using an automatic Nitrogen Analyzer (LECO Series 828, Mönchengladbach, Germany). Based on the initial total N content in the feedstock, the initial mass of feedstock used in pyrolysis, the final total N content in biochar, and the final mass of biochar after pyrolysis, the N loss was calculated using Equation (3):


   N   loss   ( % )  =      Total   N   content   in   biochar    ×    Mass   of   the   biochar   after   pyrolysis     Total   N   content   in    feedstock ×  Mass   of   the     feedstock     before   pyrolysis      × 100  



(3)







All statistical analyses were performed using the R software version 4.3.1 with the following packages: stats; base; tidyverse; agricolae; factoextra; FactoMineR; and corrplot [34,35,36,37,38]. The dataset of the total N content, N loss, and EC value was adjusted to different nonlinear mathematical models to show the relationship between these variables and increasing PT [9,39,40]. The following mathematical models were adjusted to the biochar attributes and N content and loss as a function of pyrolysis temperature: Linear model (Equation (4)); Quadratic model (Equation (5)); Elovich model (Equation (6)); power function (Equation (7)); and hyperbolic model (Equation (8)).


   V = a + b   ×  PT  



(4)






V = a + b × PT − b × PT2



(5)






V = a + b ln PT



(6)






V = a × PTb



(7)






  V =    V 0     ×    PT    V 0   ×     b   ×    PT    



(8)




where V is the variable used (Total N content or N loss or EC) from each feedstock in the temperature of pyrolysis evaluated; a is the initial value of variable used from each biomass at PT of 300 °C; b is the variable rate constant for each feedstock; PT is the temperature of pyrolysis (°C); V0 is the maximum value of the variable used from biomass across the temperature range investigated. The best model was selected based on the highest value of the coefficient of determination (R2), the lowest value of root-mean-square error (RMSE) (Equation (9)), and the lowest value of the Akaike information criterion (AIC) (Equation (10)) [41]. Mathematical models fitted to each variable used over PT were compared using a 95% confidence interval and 1000 bootstrap interactions.


  RMSE =    ∑   i = 1    n         ( Predicted   values     -     Observed   values )    2      Number   of   observations          



(9)






  AIC  = Number   of   observations   ×   ln       Sum   square   of   erros     Number   of   observations         + ( 2  ×  number   of   parameters )   



(10)







Additionally, a Pearson correlation analysis was performed to determine the correlation between biochar properties and N content and loss determined for the biochars produced from CH and CM feedstocks [37]. Correlations between EC and total N content, as well as N loss, resulted in the development of linear models that used EC to estimate the total N content in biochar or N loss from pyrolysis for each biochar product. The linear models were created and validated individually for each feedstock used.




3. Results


3.1. Basic Properties of the Biochars


The biochar yield, total C content, pH, and ash content are shown in Table 2. The two types of biochar studied exhibited contrasting properties in terms of yield, C content, and ash content. Both CH- and CM-derived biochars reduced yield as the PT increased. Still, the CM-derived biochar exhibited a higher yield, attributed to its significantly higher ash content than the CH-derived biochar. Regarding C content, the CH-derived biochar increased with rising PT, while the CM-derived biochar showed the opposite trend. Regarding pH, both biochar materials were alkaline and demonstrated a similar trend of increasing pH with higher PT.




3.2. Biochar Nitrogen and Electrical Conductivity as PT Increased


Evaluating all tested models, the quadratic model best fit the data on total N content, N loss, and EC in CH- and CM-derived biochars as PT increased. Compared with the other models, the quadratic model had the highest R2 values, lowest RMSE values, and lower Akaike information criterion (Table 3).



The highest total N content was found at the lowest PT evaluated (300 °C), regardless of the feedstock used, with contents of 32.3 and 30.2 g kg−1, respectively, for CH- and CM-derived biochars (Figure 1a). These values are equivalent to losses of 21.3% and 35.7%, respectively, from the feedstocks (Figure 1b). For both CH- and CM-derived biochars, the increase in PT reduced total N content and increased N loss. At the highest PT (750 °C), the total N contents were reduced to 24.4 and 12.0 g kg−1 for CH- and CM-derived biochars, respectively, which was equivalent to 61.5% and 81.1% of the CH- and CM-derived biochars, respectively, when compared with the feedstocks.



Despite the total N content being similar in both feedstocks pyrolyzed at 300 °C, the same increase in temperature resulted in a greater N loss in the CM-derived biochar compared with the CH-derived biochar (Figure 1b). The data suggest that N tends to be more preserved in the CH-derived biochar, and after 600 °C, the N loss (57.6%) and total N content (25.7 g kg−1) tended to stabilize up to 750 °C when these values were 61.5% and 24.4 g kg−1, while for the CM-derived biochar, N loss followed a linear increase across the entire range of PT evaluated (Figure 1a,b).



The EC of CH-derived biochar was higher than that of the biochar derived from CM-derived biochars at all PTs evaluated, with the highest value (EC: 16.7 dS m−1) at 600 °C (Figure 2). For CH-derived biochar, the increase in EC due to the rise in PT followed a quadratic model, while for CM-derived biochar, there was a linear increase in EC as PT increased from 300 °C (EC: 7.1 dS m−1) to 750 °C (EC: 8.1 dS m−1).




3.3. Correlation Analysis of Biochar Measurements


The total N content in biochars from both biomass-derived biochars (CH and CM) had a positive correlation (p < 0.05) with biochar yield (r: 0.98 and 0.93, respectively, for CH- and CM-derived biochars) (Figure 3). However, there was a negative correlation (p < 0.05) between total N content and the N loss (r: −0.99 and −0.97), biochar pH (r: −0.65 and −0.71), Ash content (r: −0.67 and −0.82), and EC (r: −0.93 and −0.78); the values within parentheses represent CH- and CM-derived biochars, respectively. The N loss in biochars from both biomass-derived biochars (CH and CM) had a negative correlation (p < 0.05) with biochar yield (r: −0.99 and −0.93, respectively, for CH- and CM-derived biochars). However, in both biomass-derived biochars, N loss had a positive correlation (p < 0.05), with pH (r: 0.60 and 0.84), Ash (r: 0.65 and 0.93), and EC (r: 0.95 and 0.80); the values within parentheses represented CH- and CM-derived biochars, respectively.



The total C content was the only variable that correlated with the total N content and N loss depending on the feedstock type (Figure 3). In CH-derived biochar, the total C content had a negative correlation with total N content (p < 0.05; r: −0.98) and a positive correlation with N loss (p < 0.05; r: 0.96). A contrasting trend was observed in CM-derived biochar, where the total C content had a positive correlation with total N content (p < 0.05; r: 0.82) and a negative correlation with N loss (p < 0.05; r: −0.92).




3.4. Total N Content and N Loss Predicted by Electrical Conductivity


Linear models were established and validated for both CH- and CM-derived biochars based on the significant correlations observed between EC and total N content, as well as EC and N loss (Figure 4). It was observed that models created based on EC were more effective in predicting total N content (R2: 0.86) and N loss (R2: 0.90) for CH-derived biochar when compared with the models for predicting total N content (R2: 0.61) and N loss in CM-derived biochar (R2: 0.63). In CH-derived biochar, an increase of 1 unit (dS m−1) in EC corresponds to a reduction of 1.01 g kg−1 of N or a rise of 5.25% in N loss. In CM-derived biochars, an increase of 1 unit in dS m−1 in EC corresponds to a reduction of 10.6 g kg−1 in N or a rise of 25.7% in N loss, considering the evaluated PT range (300–750 °C).





4. Discussion


Increasing the PT decreased the total N content in CH- and CM-derived biochars due to increased N loss during pyrolysis (Figure 1). In a similar study evaluating PT effects on biochars produced from rice straw, the lower PT (400 °C) was the best condition for preparing high-quality N biochar compared with a PT of 800 °C [13]. The increase in PT and the reduction in total N content were observed in a study using 11 different raw materials, where increasing PT from 300 °C to 750 °C reduced the N content in all produced biochars [11]. Still, compared to the aforementioned studies, we demonstrated that the PT effect on reducing total N content and increasing N loss depends on the feedstock. For biochars derived from CH at 450 °C, we observed that N loss and the total N content tend to stabilize. The PT effect was expected because elevated PT induced N loss by supplying energy in the form of heat, thereby altering the bonding patterns between C–N in the biomass [11,12,13,15,16,24].



The high temperature during pyrolysis can promote the breakage of the C–N bonds present in the organic matrix either through the cleavage of an amine bond, thermal decomposition of amino acids, or breaking bonds in structures containing N in the heterocyclic form, resulting consequently in the formation of ammonia (NH3) [12,16,24]. Additionally, high temperature promotes the decomposition of complex N groups due to the cleavage of the C–N bond, consequently releasing molecular N2 [12,16,24]. All of the processes mentioned above that occur during pyrolysis promote the transformation of N in the pyrolyzed matrix into gaseous forms [12,13,22]. In a study conducted on the pyrolysis of switchgrass from 650 °C to 850 °C, an increase in PT resulted in N loss in the form of NH₃, N₂, and hydrogen cyanide (HCN) [42]. However, the amount and form of N loss, according to PT, depend on the pyrolyzed feedstock [11,16,22,24].



Additionally, under high PT, thermal decomposition of acidic groups present in the organic material occurs, and consequently, the produced biochar exhibits basic properties [3,7]. Acidification of feedstock before pyrolysis may help reduce N loss during pyrolysis, as NH3 can be converted into NH4+ and subsequently retained in the negative charges of the biochar [43]. There was also a positive correlation between pH and N loss and a negative correlation between pH and total N content, indicating that a significant N fraction may be lost through volatilization.



When comparing the two feedstocks used in biochar production, it was found that N loss was higher for CM-derived biochars compared with CH-derived biochars. The effect of feedstock on controlling N loss was evaluated using 11 different feedstocks (CM, CH, pine bark, eucalyptus sawdust, bamboo, sugarcane bagasse, olive cake, sunflower cake, shrimp carcass, chitosan, and castor cake) pyrolyzed at 300 °C and 750 °C. It was observed that N loss was highly related to the properties and chemical composition of the pyrolyzed feedstock [11]. In our matrices pyrolyzed, the only discernible trend among the measured variables that differentiated between the two feedstocks was the positive correlation between total C content and total N content and the negative correlation between total C content and N loss in CH-derived biochars compared with CM-derived biochars (Figure 3). The higher total C content observed in the CH-biochar helped to preserve N during pyrolysis.



The positive relationship between total N and C contents is explained by the presence of pyrolytic carbon, which has a porous structure capable of adsorbing molecules, including nitrogenous compounds produced during pyrolysis [3,16,21,39,40,43,44]. Furthermore, when N is adsorbed onto pyrolytic C, additional polymerization or condensation reactions occur between N and C atoms, creating favorable conditions for the formation of nitrogenous compounds with closed chains, thus preserving N during pyrolysis [3,16,21,39,40,43,44]. Among these N compounds are the formation of pyrazine and pyridine and the formation of other heterocyclic compounds, such as pyrazole (Figure 5) [39,40,44]. Despite the C and N correlation, obtaining reliable measures of these elements in biochar is expensive and time-consuming. Thus, a correlation of N content with a simple measure, such as EC, could be helpful in rapidly and reliably estimating N content in biochar.



The increased PT is closely associated with increased biochar pH and ash content, which releases OH– and other ions that directly affect the increase in EC [45,46,47]. This was observed in our study, where the increase in temperature favored the rise in both EC and pH, and both variables were positively correlated with each other. The proportion of the rise in EC due to increased PT is highly dependent on the pyrolyzed feedstock [7,11]. This effect was demonstrated by Paiva et al. [11], where for similar initial EC values (6.6 dS m−1) for biochars derived from CM and chitosan pyrolyzed at 300 °C, the EC values reached 9.2 dS m−1 and 22.7 dS m−1, respectively, with similar increases in pH units (2.7). Thus, PT conditions the proportion of EC increase according to the feedstock.



Besides pH, EC also depends on other ions and compounds present in the organic matrix, and its relationship can vary depending on PT [3,4,7,29,45]. This effect of different compounds can be observed through the presence of preserved and formed nitrogenous functional groups during pyrolysis, which can conduct electricity due to their electron donation or acceptance capacity in reaction centers. Examples of these groups present in biochar include amines (NH2), imines (NH), nitro groups (NO2), pyridinic, and pyrazinic groups [16,21,27,39,40,44]. The effect of N-rich groups with high EC was evident in our study, especially in CH-derived biochar, which showed lower N loss, i.e., preserved higher N content in the biochar. This highlights the contribution of N compounds to increasing EC values that were more evident in CH- than in CM-biochar.



Due to the relationship in the formation of N-containing compounds that conduct electricity, increased ash content, and the formation of hydroxyl groups, EC can be used as a predictor for total N content or N loss during pyrolysis. This was clearly shown in our study, where a strong relationship between EC and the N in the produced biochars was evident (Figure 4). The use of EC as a predictor for some nutrients has been proposed, such as its use to predict available phosphorus levels in organomineral fertilizers [48].



Our study shows that although the correlation between EC and biochar N may vary depending on feedstock type, once established, it can be used for multiple purposes, such as guiding biochar production to maximize N reservation or predicting the fate of N from varying pyrolysis conditions. This effect occurs because, during pyrolysis, a continuous carbon network may form, which leads to N transformations, concentration of mineral elements, and changes in the physical structure of the produced biochars. These properties depend highly on the feedstock and PT [27,28,29,30,49]. Similar to our study, an effect on EC depending on the parent material and PT was observed when comparing sewage sludge with walnut shells-derived biochars, when an increase in the number of six-fold condensed aromatic rings, oxygen in polar oxygenated functional groups, and higher content of inorganic salts showed a positive correlation with EC [30].



As observed in other matrices, the negative relationship between total N content and EC may vary. For example, in sunflower cake, the increase in PT from 300 °C to 750 °C reduced both EC and total N content, indicating a positive relationship between the variables [11]. The causal relationship between lower total N content and the increase in EC due to a rise in PT must be considered carefully. Several mechanisms, such as biochar’s structure, chemical composition, or the release of volatile compounds during pyrolysis, might indirectly influence total N content [11,13,15,16,22]. Hence, this research is innovative in proposing that EC can be utilized to calibrate models for predicting total nitrogen (N) content in biochars, offering a rapid and cost-effective analysis compared to a total N analyzer. However, we emphasize that this calibration must be performed for each feedstock.




5. Conclusions


The lowest PT of 300 °C resulted in the smallest N loss in CH- and CM-derived biochars, producing biochars with higher total N contents. Nitrogen losses increased with higher PT but were lower for CH-derived biochars than CM-derived biochars. This can be attributed to the protection of N against thermal degradation ensured by a higher total carbon content in some charred matrices. Moreover, increased PT promoted higher values of EC and ash, with a negative correlation with total N contents in both derived biochars. However, the correlation between EC and biochar N can be used to guide or initially predict N output from biochar production. Thus, our results demonstrate how a low-cost, fast, and accessible tool can efficiently predict N dynamics in biochars and can be used at biochar production sites as an effective tool to evaluate the efficiency of pyrolysis once the relation between N and EC for a specific feedstock is established. Furthermore, EC as an accessible tool can eventually be explored to evaluate the content of other elements that have dynamics highly dependent on the PT.
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Figure 1. Total nitrogen content (a) and N loss during pyrolysis (b) according to different temperatures of pyrolysis to coffee-husk and chicken manure-derived biochars. 
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Figure 2. Electrical conductivity of coffee-husk and chicken manure-derived biochars as affected by increasing pyrolysis temperatures. 
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Figure 3. Pearson correlation analysis of N content and loss with the attributes of coffee husk and chicken manure-derived biochars. Total N: Total nitrogen content. N loss: N loss during pyrolysis. Yield: Biochar yield. C: Total carbon content. EC: Electrical conductivity. 
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Figure 4. The total N content (a,c), and N loss during pyrolysis (b,d) predicted by electrical conductivity according to coffee husk and chicken manure-derived biochars. 
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Figure 5. Examples of nitrogenous compounds with closed chains of bonds. 
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Table 1. Main properties of coffee husk and chicken manure used in biochar’s production.
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	Raw Biomass
	Carbon Content

(g kg−1) *
	Nitrogen Content

(g kg−1) *
	pH *
	Electrical

Conductivity (dS m−1) *
	Ash *

%, w/w





	Coffee husk
	40.7
	18.8 ± 0.4
	4.7 ± 0.03
	6.93 ± 0.04
	6.93 ± 0.73



	Chicken manure
	24.7
	33.1 ± 0.1
	7.7± 0.12
	8.00 ± 0.04
	34.2 ± 0.75







* The methodologies employed were similar to those described for the characterization of the biochars.













 





Table 2. Main properties of biochars produced at increasing pyrolysis temperatures.
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Biochar

	
Temperature (°C)

	
Yield (%) *

	
Carbon Content (g kg−1) *

	
pH **

	
Ash (%) **






	
Coffee husk

	
300

	
45.8

	
562

	
9.8 ± 2.02

	
13.1 ± 0.09




	
400

	
37.2

	
587

	
10.2 ± 1.37

	
15.1 ± 0.08




	
450

	
34.3

	
601

	
9.9 ± 1.13

	
16.2 ± 0.02




	
500

	
33.6

	
606

	
9.7 ± 1.33

	
15.7± 0.05




	
550

	
32.1

	
624

	
10.2 ± 1.33

	
16.9 ± 0.07




	
600

	
31.1

	
611

	
10.4 ± 1.30

	
18.0 ± 0.10




	
750

	
29.7

	
634

	
10.9 ± 0.68

	
20.0 ± 0.03




	
Chicken manure

	
300

	
70.5

	
274

	
8.7 ± 0.03

	
44.8 ± 0.03




	
400

	
61.5

	
258

	
10.53 ± 0.06

	
50.9 ± 0.06




	
450

	
58.5

	
239

	
10.43 ± 0.08

	
53.9 ± 0.02




	
500

	
57.0

	
239

	
10.51 ± 0.39

	
54.3 ± 0.05




	
550

	
56.2

	
243

	
10.52 ± 0.31

	
55.5 ± 0.05




	
600

	
55.2

	
238

	
10.59 ± 0.31

	
55.7 ± 0.01




	
750

	
52.2

	
227

	
11.14 ± 0.42

	
58.4 ± 0.07








*: values of one sample; **: mean value followed by the standard error of 3 samples.













 





Table 3. Coefficients of the mathematical regression models were adjusted for biochar total N content, N loss, and electrical conductivity (EC) as a function of increasing pyrolysis temperature.
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Variable

	
Biochar

	
Linear

	
Quadratic

	
Elovich

	
Power

	
Hyperbolic




	
R2

	
RMSE

	
AIC

	
R2

	
RMSE

	
AIC

	
R2

	
RMSE

	
AIC

	
R2

	
RMSE

	
AIC

	
R2

	
RMSE

	
AIC






	
Total N

Content

	
CH

	
0.89

	
0.8

	
57

	
0.99

	
0.2

	
9

	
0.96

	
0.5

	
35

	
0.98

	
0.4

	
25

	
0.98

	
0.3

	
18




	
CM

	
0.92

	
1.6

	
85

	
0.94

	
1.3

	
80

	
0.86

	
2.1

	
97

	
0.79

	
2.6

	
106

	
0.63

	
3.5

	
118




	
N loss

	
CH

	
0.80

	
5.6

	
138

	
0.98

	
1.6

	
88

	
0.91

	
3.8

	
122

	
0.82

	
5.4

	
136

	
0.85

	
5.1

	
134




	
CM

	
0.96

	
2.7

	
108

	
0.96

	
2.6

	
107

	
0.96

	
2.7

	
107

	
0.96

	
2.6

	
106

	
0.96

	
2.6

	
105




	
Electrical

conductivity

	
CH

	
0.66

	
1.3

	
77

	
0.93

	
0.6

	
46

	
0.78

	
1.1

	
68

	
0.72

	
1.2

	
73

	
0.78

	
1.1

	
68




	
CM

	
0.67

	
0.2

	
6

	
0.67

	
0.2

	
7

	
0.66

	
0.2

	
6

	
0.66

	
0.2

	
6

	
0.63

	
0.3

	
8








R2: regression coefficient; RMSE: root mean squared error; AIC: Akaike Information Criterion; CH: Coffee husk-derived biochar; CM: Chicken manure-derived biochar.
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