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Abstract

:

Biochar can potentially increase soil fertility and sequester carbon by incorporating nutrients and stable black carbon into the soil; however its effect on soil nitrogen (N) and carbon (C) processes is not well understood. A defined methodology to characterize biochar is necessary to predict how specific biochars will affect C and N mineralization. We amended a Tifton soil (Fine-loamy, siliceous, thermic Plinthic Kandiudults) with peanut hull (Arachis hypogaea; PH; 2.1% N) and pine chip (Pinus taeda; PC: 0.4% N) biochar at application rates of 1% and 2% (w/w) and performed a 136-day mineralization study. A companion 24-day mineralization study amended Tifton soil with PH and PC biochar at 2% and their respective feedstocks at equal C rates. Soil C mineralization rates were monitored periodically throughout each study and total N mineralization rates were also measured. In addition, we characterized each biochar using thermogravimetric analysis with mass spectrometer (TGA-MS), proximate analysis, Fourier transform infrared spectroscopy (FTIR), and total mineral analysis to identify biochar characteristics that might correlate with mineralization properties. Limited C (<2%) mineralized from both biochars, but mineralization rates of soil amended with PH biochar were higher than PC biochar. Carbon mineralization correlated well with estimated aliphatic content determined by TGA-MS but not with volatile content indicated by proximate analysis. Nitrogen was not mineralized from either biochar, indicating that plant-based biochar should not be considered a source of N for plant growth. The N in biochar may be contained in the stable aromatic structure of the biochar, as indicated by TGA-MS, and not available to soil microbes.
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1. Introduction


Pyrolysis, an alternative energy process, converts biomass feedstock into syngas, bio-oil, and biochar through rapid heating in the absence of oxygen [1]. It potentially provides carbon-negative, renewable energy if biochar is land applied [2]. Biochar is a black, amorphous carbon similar to charcoal with a polycyclic structure and varying degrees aromaticity and surface oxidation [3]. Evidence from black-carbon-rich Terra Preta soils in the tropics indicates black carbon resists mineralization [4] while increasing soil fertility and productivity [5,6,7]. Many researchers have proposed that land application of biochar from industrial pyrolysis may create a carbon sink as well as providing productivity benefits [8].



The physical and chemical characteristics of biochars vary depending on the feedstock selected and pyrolysis conditions. Feedstock affects nutrient concentration, cation exchange capacity (CEC), and soluble carbon [9]. For example, at a similar pyrolysis temperature, a manure-based poultry litter biochar contains greater amounts of nutrients and a higher CEC than a pine chip biochar. Also, higher pyrolysis temperature (500 °C) compared to lower temperature (400 °C) decreases the CEC and increases most macronutrient concentrations in the biochar. Varying production temperature [10] and feedstock [11] result in biochars with varying concentrations of ash, volatiles, and fixed carbon content. Aromaticity of the carbon fraction in fast and slow pyrolysis biochars appears to increase with reaction time [12]. Characterization of chars from ponderosa pine shavings and tall fescue straw, each pyrolyzed from 100 to 700 °C in 100 °C increments for 1 h, indicates that as production temperature rises, aromaticity increases followed by condensation into turbostratic crystallites [13]. Temperature and oxidation during or after the pyrolysis process can increase the size and continuity of pores in biochars [14]. Biochars produced from eight different species of hard and soft wood varied in porosity and pore size distribution, resulting in different adsorption capacities of phenolic compounds [15] which could potentially influence soil microbial populations [16]. Production temperature may also determine the quantity and structure of cyclic aromatic hydrocarbons contained in biochar. For example, straw, poplar, and spruce feedstocks each contained an increasing concentration of naphthalene and decreasing concentrations of fluorene with increasing production temperatures from 400 to 525 °C [17].



Black carbon has long been understood to be the most stable form of carbon in soil [4,5] because of its aromatic structure [3,4]; however, a small fraction of biochar, especially if produced at lower temperatures, may be mineralizable [18]. Low temperature biochars may have an aliphatic fraction that is microbially available [19,20,21,22] and typically undergoes a period of rapid mineralization the first few days to weeks after incorporation into soil [18,19,20,21,23,24]. The short term flush of CO2 from biochar-amended soils has been attributed to the mineralization of soluble organic C contained in fresh biochar [25]. Following this initial flush of activity, mineralization of black carbon is primarily an abiotic process over the course of months [3]; however, this loss only accounts for a few percent per year and some biochars may persist over millennia [19]. The soil type and its use may also affect mineralization rates. Soils and loess amended with C-14 labeled biochar showed an increased rate of black carbon decomposition with addition of glucose and mechanical disturbance [19], indicating labile C sources and disturbance may accelerate biochar loss.



While biochar itself may be largely unavailable for microbial mineralization, the effects on native and added organic matter are still unclear. The presence of biochar has been shown to stimulate the mineralization of native soil organic matter in boreal forest soils [16]. In southeastern United States soils, isotope analysis of respired C indicates whether the addition of biochar increases mineralization of native soil organic matter depends on the type of biochar and the organic C content of the soil. The addition of grass-derived biochar to soils from the southeastern United States with organic C contents of 14 and 55 mg g−1 resulted in a greater amount of pyrogenic C respired than soil organic C during the third week of incubation [26]. Black carbon in anthrosols has been shown to increase incorporation of added organic matter into aggregates and organo-mineral fractions, compared to adjacent soils, without affecting the mineralization rate of the added organic matter [27]. Charcoal may provide habitat [28] and act as an absorbent for substrates, including phenolic compounds, promoting certain microbial populations [16,28,29].



Biochars effects on N cycling are also complex. Corn did not respond to the 209 kg ha−1 N in peanut hull biochar applied to a loamy sand soil [30]; however, broiler litter biochar has been shown to provide N to plants [31,32]. Carbonized broiler litter can have a similar effect on soil fertility as uncarbonized broiler litter [32]. Adsorption of phenolic compounds may also boost nitrification in pine forest ecosystems [33], yet some biochar can contain ethylene that inhibits nitrifying bacteria [34]. Acidified biochars can be used to sorb ammonia-N then incorporated into soil as a fertilizer source [35] while high ash alkaline biochars may result in ammonia volatilization [36]. Biochars with a large mineralizable fraction [24] or the stimulated mineralization of co-applied biomass [37] may result in N immobilization.



Biochars recalcitrance coupled with improved fertility seen in charcoal-amended tropical soils may make biochar an appealing amendment to sequester C in low fertility soils; however, we need to understand how biochar characteristics will affect various soil systems and practical ways to estimate these effects. Our objective was to characterize two biochars from Gaskin et al. [30], derived from peanut hull (PH) and pine chip (PC), and correlate those characteristics with C and N mineralization rates in a 136-day study using the following hypotheses.



	
Peanut hull and PC biochar will mineralize at different rates that will correlate to an aliphatic and volatile matter concentration in the biochar.



	
Aging in soil will decrease aliphatic and volatile matter as well as C and H concentrations in biochars, and will increase oxygen-containing functionalities on the surface of biochars.



	
Biochar will affect the N status of the soil by either immobilizing mineralized soil N or mineralizing biochar N depending on the C to N ratio of the biochar.







2. Materials and Methods


2.1. Biochar Production


EPRIDA Inc. (Athens, GA, USA) produced biochar from pelletized PH and PC feedstocks in an auger-fed pyrolysis reactor at approximately 400 °C with steam as the carrier gas. The pelletized biochars were ground using a roller mill to a mean particle size of 425 µm.




2.2. Soil


The soil used for each study was a Tifton series (Fine-loamy, siliceous, thermic Plinthic Kandiudults). The top 15 cm of soil was collected from an agricultural field near Tifton, GA, air dried, and screened to 2 mm. Total soil C and N were 4.94 and 0.25 g kg−1, respectively, or a C:N ratio of approximately 20:1.




2.3. Mineralization Studies


Two laboratory mineralization studies were conducted. The first study tested the effect of biochar feedstock and application rate on soil respiration and N mineralization. Soil (50 g) mixed with 0%, 1%, and 2% (w/w) biochar, which equates to application rates of 22 or 44 Mg ha−1, was packed in 50-mL beakers to a bulk density of 1.33 g cm−3. Water was added to bring the water content to 0.21 kg kg−1 (approximately field capacity, 33 kPa). The biochar rates selected were based on what could be realistically applied on an agronomic scale. The beakers of wetted soils were placed in 0.95-L Mason jars with a vial of DI water to maintain moisture and a vial of 1 M NaOH to trap CO2. Blanks for CO2 contained only water and a NaOH trap. The Mason jars were placed in an incubator at 25 °C. Four replications of each treatment were arranged in a completely randomized design. Respired C was determined by titrating NaOH traps to a pH 7 endpoint at day 3, 10, 25, and every two weeks up to 136 days. The study was terminated once respiration rates were static over several weeks (approximately 4.5 months).



The second study was to test the immediate N availability in the feedstock compared to the respective biochar over 24 days. Peanut hull and PC biochars were applied at the 44 Mg ha−1 and the feedstocks applied at equal C rates with an unamended soil as the control. Samples were prepared and measured using the same methodology and replication as the 136-day study. Respired C was measured at day 3, 10, and 24.



A 10-g subsample from d 0 and 136 from the long-term study and d 0 and 24 from the short-term study was extracted with 2 M KCl for 1 hour and filtered through Whatman 1 filter papers. Filtrate was frozen until NH4+-N and NO3+-N analysis on an autoanalyzer using cadmium reduction and phenate colorimetric methods (EnviroFlow 3,000, Perstorp, Toledo, Ohio). Inorganic N (sum of NH4+-N and NO3−-N) at the beginning of each study was subtracted from inorganic N at the end of each study to estimate net N mineralized.



After incubation, aged biochar particles from the 44 Mg ha−1 treatments of the long-term respiration study were handpicked from soil for characterization and comparison to fresh biochar. Fresh and aged biochar was ground to a consistent particle size (<0.05 mm) using a mortar and pestle. A ball mill grinder was used to grind raw PH and PC feedstock into a fine powder (<0.05 mm).




2.4. Thermogravimetric Analysis


Temperature-controlled combustion and combustion gas analysis of the raw feedstock, fresh biochar, and aged biochar were analyzed on a thermogravimetric analyzer (Mettler Toledo TGA/SDTA 851 Columbus, OH, USA) with a mass spectrometer used to analyze gas composition (Pfeiffer Vacuum Thermostar, Square Nashua, NH). Approximately 5 mg of sample was weighed into an alumina crucible and evenly distributed across the bottom of the pan. The temperature program included a 3-min isothermal stage at 30 °C followed by a constant heating rate of 5 °C min−1 to 700 °C in 79% Ar and 21% O2. The gas flow rate was 40 mL min−1. The mass spectrometer was programmed to measure m/z ratio 30, the mass of nitric oxide. Nitric oxide (m/z 30) was selected as the analyte because it is the only nitrogen containing combustion by-product with a unique mass and is therefore the only gas species that will accurately represent the combustion of nitrogen-containing compounds. The percent mass remaining after temperature-controlled combustion is reported as the ash content as determined by TGA.



Isothermal decomposition was measured on fresh and aged PH and PC biochar using the same instrumentation as combustion samples and only Ar as the flow through gas. The temperature program consisted of four isothermal stages in the following order: 3-min at 25 °C, 60-min at 200 °C and 400 °C each, followed by 7-min at 950 °C. Mass loss at 200 °C is an estimate of moisture content of the biochar as determined by TGA. Aliphatic content of the biochar was determined by calculating the amount of mass lost between 200 and 400 °C during thermal decomposition [38]. Volatile content was considered the mass lost from the 200 °C stage to the 950 °C stage.



Moisture, volatile, fixed carbon, and ash content of the fresh PH and PC biochar were measured by proximate analysis using ASTM D5142 (2004) on a LECO TGA 701 (St. Joseph, MI). Moisture content is based on the amount of mass lost from the biochar at 110 °C. After the moisture measurement is complete, the biochar is heated to 950 °C under N2 gas for 7 m and the mass loss at this stage is considered volatile matter content. The samples are then combusted in O2 at 750 °C to measure ash content. The sum of moisture, volatile, and ash is subtracted from 100 and the remaining mass is considered fixed C.




2.5. Laboratory Analysis


Peanut hull and PC biochars and their respective feedstock were analyzed for total elemental composition. Samples were digested with nitric acid, USEPA Method 3050 [39], and elements were analyzed by inductively coupled plasma spectrophotometer (ICP, Thermo Jarrell-Ash model 61E,Thermo Fisher Scientific, Waltham, MA, USA). Carbon, N, and H were determined on the feedstock, fresh, and aged biochars by combustion (LECO CHNS-932, St. Joseph, MI, USA). Carbon, N, and H data were analyzed in two blocks based on the experiment: one comparing fresh biochar to the original feedstock, the second comparing fresh biochar to aged biochar.



Fourier transform infrared spectra were measured by a Varian 2000 FTIR (Palo Alto, CA, USA). Fresh and handpicked biochars were finely ground and coated on KBr at a rate of 2% biochar. The spectra were recorded from 4400 to 400 cm−1 by averaging 200 scans at 2 cm−1 resolution.




2.6. Statistical Analysis


Proximate and thermal decomposition data comparing fresh PH and PC biochar were analyzed using a standard t-test. Carbon and N content of fresh feedstock and biochars were analyzed using PROC GLM (SAS Institute, Inc. 2008, Cary, NC, USA) with means separated using Waller-Duncan K-ratio t test (K = 100). Factorial analysis was performed on all other data using PROC MIXED with the SIMULATE option to compare least square means when interactions were significant.



PROC NLIN in SAS was used to fit the C respiration data (Cresp) from the 136-day mineralization to the following formula to estimate maximum respired C (rmax) and rate (k):
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Parameters rmax and k, and mineralized NH4+-N and NO3+-N were analyzed using PROC MIXED with means separated using orthogonal contrasts to test for the effect of feedstock, rate, and interaction. Analysis was performed with and without the control treatment. Statistical tests with p < 0.05 level were considered significant.



Dunnett-Hsu mean comparison (alpha = 0.05) was used to compare the treatment means to the control of the 136-day and 24-day mineralization studies. The control was then dropped from analysis and cumulative respiration and mineralized N were analyzed using PROC MIXED with feedstock, condition (fresh vs. aged) or state (feedstock vs. biochar), and interaction. Linear regression analysis was used to determine the relationship between the aliphatic and volatile matter added to soil and estimated maximum respired C for both PH and PC biochars.





3. Results


3.1. Feedstock and Biochar Analysis


Peanut hull feedstock had a greater concentration of major and minor nutrients than PC feedstock (Table 1). Nitrogen and K were an order of magnitude greater while other nutrients are approximately two to five times greater. The C:N ratio in the feedstock was statistically the same in the PH biochar and significantly greater in PC. With the exception of N and S, feedstock nutrient concentrations were considerably less than the respective biochar, ranging from 24% to 41% of the biochar concentration. Nitrogen and S concentrations in the feedstocks were similar to that in the biochars produced from that feedstock.



Similarly, the PH biochar contained larger concentrations of major and minor nutrients than PC biochar (Table 1). Nitrogen, P, and K concentrations were approximately an order of magnitude larger, Mg and S double, and Ca 34% greater. Peanut hull and PC biochar C to N ratios were 35 and 214, respectively.



Proximate analysis of fresh biochar measured larger moisture and volatile contents and smaller ash contents than the thermogravimetric analysis; however, overall trends when comparing the PC to PH were similar (Table 2). Peanut hull biochar contained significantly more moisture, three times more ash, and approximately 12 g kg−1 more estimated aliphatic compounds than the PC biochar. However, the PC contained more volatile matter and fixed C.
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Table 1. Total concentrations of selected major and minor nutrients from peanut hull (PH) and pine chip (PC) biochars and their respective feedstock.







Table 1. Total concentrations of selected major and minor nutrients from peanut hull (PH) and pine chip (PC) biochars and their respective feedstock.







	

	
C:N

	
C

	
N

	
P

	
K

	
S

	
Ca

	
Mg






	

	

	
----------------------------------------mg kg−1---------------------------------------




	
Biochar

	

	

	

	

	

	

	

	




	
PH

	
35 C

	
729,000 B

	
21,000 A

	
2180

	
19,000

	
852

	
5410

	
2720




	
PC

	
214 B

	
785,000 A

	
3,710 C

	
577

	
2,820

	
350

	
4030

	
1230




	
Feedstock

	

	

	

	

	

	

	

	




	
PH

	
38 C

	
504,000 C

	
14,000 B

	
893

	
7,510

	
900

	
1560

	
790




	
PC

	
259 A

	
503,000 C

	
1,870 C

	
181

	
877

	
200

	
930

	
296








Different letters indicate means are statistically different (K = 100) based on Waller-Duncan K-ratio t Test.
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Table 2. Proximate analysis (ASTM D5142) and estimated parameters from isothermal decomposition (TGA) of fresh biochar.







Table 2. Proximate analysis (ASTM D5142) and estimated parameters from isothermal decomposition (TGA) of fresh biochar.







	

	
ASTM D5142

	
TGA






	

	
Moisture

	
Volatiles

	
Fixed C

	
Ash

	
Moisture

	
Aliphatic

	
Volatile

	
Ash




	

	
--------------------------g kg−1-----------------------

	
---------------------------g kg−1----------------------




	
PH biochar

	
81

	
252

	
598

	
69

	
56

	
62

	
219

	
102




	
PC biochar

	
74

	
278

	
630

	
18

	
37

	
54

	
235

	
38










3.2. Carbon and Nitrogen Mineralization


High variability in the control treatment resulted in the rate constant “k” being the same as in the other treatments and only the 44 Mg ha−1 treatments had a greater rmax than the control according to the Dunnett-Hsu mean comparison. Univariate analysis of the long-term respiration data confirmed a large standard deviation in the control compared to other treatments for both k and rmax. Mineralized N from the control also had a large standard deviation compared to other treatments. Control means were as follows: rmax = 527 mg kg−1, k = 0.001 day−1, mineralized N = 28.2 mg kg−1.



Maximum respired carbon was significantly larger (p < 0.0411) from soils amended with 44 Mg ha−1 biochar (Table 3). Feedstock had no significant effect (p < 0.0642) on rmax. The inverse was true for rate, k, where PH mineralized at a faster rate (p < 0.0007) than PC biochar and feedstock had no significant effect (p < 0.0637). There was no interaction between feedstock and rate either for rmax or k.



Peanut hull and PC biochar had no significant effect on N mineralization rates (Table 3). Mineralization rates were no different than the control and there was no effect of biochar feedstock or application rate in the 136-day mineralization study.



Dunnett-Hsu mean comparison of treatments to the control of the 24-day respiration study showed cumulative respiration of the PC char treatment was statistically the same as the control (Table 4). The PH feedstock was the only treatment to mineralize more N than the control (p < 0.0450). Control means were as follows: cumulative respired C = 150 mg kg−1, mineralized N = 9.55 mg kg−1.



Factorial analysis of the 24-day respiration data showed a significant interaction between feedstock and state (feedstock vs. biochar) for cumulative respiration (p < 0.0001) and mineralized N (p < 0.0431) (Table 4). There was no significant difference in cumulative respiration of the PH and PC biochar treatments. Each feedstock respired at a greater rate than their respective biochar; however, the PH feedstock at a much larger rate, 2277 mg C kg−1 soil, than PC feedstock, 692 mg C kg−1 soil. Pine chip feedstock, −1.43 mg N kg−1 soil, showed signs of immobilized N compared to the PH feedstock, 26.8 mg N kg−1 soil (p < 0.0103). There was no significant difference (p < 0.1923) between PH feedstock and biochar, 26.8 and 13.5 mg kg−1 soil respectively, due to high variability in NO3−-N in the feedstock amended soils.
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Table 3. Effect means and probabilities of estimated maximum respired carbon (rmax), rate (k), mineralized NH4+-N, and NO3−-N from 136-day respiration study.
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C respiration

	
N mineralization






	

	
Rmax

	
k

	




	

	
mg C kg−1 soil

	
day−1

	
mg kg−1 soil




	
Effect means

	

	

	




	
Feedstock

	

	

	




	
PH biochar

	
735

	
0.0127

	
30.2




	
PC biochar

	
620

	
0.0086

	
26.5




	
Application Rate

	

	

	




	
22 Mg ha−1

	
650

	
0.0097

	
28.2




	
44 Mg ha−1

	
740

	
0.0112

	
28.7




	

	
Pr > F

	
Pr > F




	
Feedstock

	
0.0642

	
0.0007

	
0.1157




	
Application rate

	
0.0411

	
0.0637

	
0.7789




	
Interaction

	
0.5875

	
0.3551

	
0.3620
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Table 4. Treatment and selected effect means and probabilities of cumulative C respiration, mineralized NH4+-N, and NO3−-N from 24-day respiration study.







Table 4. Treatment and selected effect means and probabilities of cumulative C respiration, mineralized NH4+-N, and NO3−-N from 24-day respiration study.







	

	
C respiration

	
N mineralization






	

	
cum. resp.

	




	

	
mg C kg−1 soil

	
mg kg−1 soil




	
Treatment means

	

	




	
PH feedstock

	
2277A

	
26.8A




	
PH biochar

	
222C

	
13.5AB




	
PC feedstock

	
692B

	
−1.4B




	
PC biochar

	
171C

	
7.9AB




	
Effect means

	

	




	
Feedstock

	

	




	
PH

	
1250

	
20.2




	
PC

	
432

	
3.3




	

	
Pr > F

	
Pr > F




	
Feedstock

	
<0.0001

	
0.0065




	
State

	
<0.0001

	
0.6941




	
Interaction

	
<0.0001

	
0.0431








Letters indicate treatment means are significantly different based on comparison of LSM at alpha 0.05.








3.3. Ultimate Analysis and Thermal Decomposition of Fresh and Aged Biochars


Incubating biochar in a soil matrix (aging) had a significant effect on several measured characteristics (Table 5). There was a significant interaction (p < 0.0011) between the feedstock, PH and PC, and condition, fresh and aged, for C:N ratio, C, and N content. The PH biochar showed a significant decrease in C, 730 to 663 g kg−1 char, and N, 20.9 to 17.1; however, there was no effect on the C:N ratio. PC biochar showed a significant decrease in C content, 795 to 697 g kg−1 char, and C:N ratio, 216 to 155 g kg−1 char, but no difference in N content. Aging resulted in a significant decrease in H concentration.
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Table 5. Treatment and effect means and probabilities from ultimate and thermogravimetric analysis comparing fresh and aged peanut hull and pine chip biochars.







Table 5. Treatment and effect means and probabilities from ultimate and thermogravimetric analysis comparing fresh and aged peanut hull and pine chip biochars.







	

	
Combustion

	

	
TGA






	

	
C:N

	
C

	
N

	
H

	
Moisture

	
Aliphatic

	
Volatile

	
Ash




	

	

	
g kg−1 char

	
g kg−1 char




	
Treatment means

	

	

	

	

	

	

	

	




	
PH fresh

	
35C

	
730B

	
21A

	
34.6A

	
56A

	
62C

	
219B

	
102B




	
PH aged

	
39C

	
663D

	
17B

	
31.9B

	
58A

	
77A

	
241A

	
155A




	
PC fresh

	
216A

	
795A

	
3.8C

	
35.7A

	
37C

	
54D

	
235AB

	
38C




	
PC aged

	
155B

	
697C

	
4.6C

	
31.9B

	
45B

	
68B

	
252A

	
122B




	
Effect means

	

	

	

	

	

	

	

	




	
Feedstock

	

	

	

	

	

	

	

	




	
PH

	
37

	
697

	
19

	
33

	
57

	
70

	
230

	
128




	
PC

	
185

	
746

	
4

	
34

	
41

	
61

	
243

	
80




	
Condition

	

	

	

	

	

	

	

	




	
Fresh

	
126

	
763

	
12

	
35

	
47

	
58

	
227

	
70




	
Aged

	
97

	
680

	
11

	
32

	
51

	
73

	
247

	
139




	

	
Pr > F

	
Pr > F




	
Feedstock

	
<0.0001

	
<0.0001

	
<0.0001

	
0.2165

	
<0.0001

	
<0.0001

	
0.0473

	
<0.0001




	
Condition

	
<0.0001

	
<0.0001

	
0.0002

	
<0.0001

	
0.0715

	
<0.0001

	
0.0065

	
<0.0001




	
Interaction

	
<0.0001

	
0.0011

	
<0.0001

	
0.4039

	
0.2670

	
0.9380

	
0.7248

	
0.0235








Different letters indicate treatment means are significantly different based on comparison of LSM at alpha 0.05.







Surprisingly, aging resulted in a significant increase in aliphatic content (p < 0.0001) and volatile matter (p < 0.0065). As indicated in Table 5, PH contained significantly more moisture (p < 0.0001) and aliphatic compounds (p < 0.0001) while PC contained more volatile compounds (p < 0.0473). Ash content had a significant interaction (p < 0.0001) between feedstock and condition with PC accumulating 84 g ash kg−1 char while PH only accumulated 53 g ash kg−1 char. Aging increased the ash concentration of PC biochar to the same level, statistically, as the fresh PH biochar.




3.4. Controlled Combustion Analysis


Temperature-controlled combustion of PC and PH biochar and their respective feedstocks showed distinct differences in mass loss patterns and gas evolution. Mass loss curves show both PC and PH feedstock began to lose mass at approximately 200 °C with both losing approximately 40% of their mass by 300 °C, the approximate temperature where biochars began to lose mass (Figure 1). Feedstocks appeared to have two distinct combustion events, indicated by a break in the slope, while biochars exhibited a single event. Peanut hull biochar began to lose mass at 280 °C and lost mass at a slower rate than PC which began to lose mass at 300 °C. All samples (feedstock and biochars) were completely combusted by 500 °C.
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Figure 1. Combustion mass loss curve and intensity of m/z 30 (NO+) of pine chip (a) and peanut hull; (b) biochars and feedstock. 






Figure 1. Combustion mass loss curve and intensity of m/z 30 (NO+) of pine chip (a) and peanut hull; (b) biochars and feedstock.
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Combustion gas analysis of PC data shows a shift of m/z 30 (NO+) evolution peaks from approximately 300 °C to 470 °C indicating biochar N is strongly bonded compared to N in the respective feedstock (Figure 1) . Peanut hull feedstock contained two separate N pools represented by peaks at 300 and 470 °C, while PH biochar only contains one peak (470 °C) that was similar to the second feedstock peak. Both PC and PH appear to lose a significant amount of N during the pyrolysis process with the cumulative area under the biochar curves being less than the feedstock curves.




3.5. Fourier Transform Infrared Analysis


Aged PH and PC biochars had a reduced peak intensity between 3000 and 2800 cm−1 compared to their respective fresh biochars indicating a reduction in aliphatic C-H bonds (Figure 2). This was more apparent in the PH biochar. Aging also increased the concentration of oxygen containing groups. Carbonyl (1700 cm−1) and C-O-(H) (1050 cm−1) increased in PH and PC and C-O-(C) (1275 cm−1) in PH. The aging process did not affect the concentration of aromatic bonds (1600 cm−1) and associated aromatic C-H groups (900–700 cm−1).
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Figure 2. FTIR spectra of fresh PH and PC biochars, before incubation, and aged PH and PC biochars that were incubated in soil for 136-d. Dotted lines emphasize spectra of interest. 






Figure 2. FTIR spectra of fresh PH and PC biochars, before incubation, and aged PH and PC biochars that were incubated in soil for 136-d. Dotted lines emphasize spectra of interest.
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4. Discussion


Carbon mineralization rates of biochar varied by feedstock; however, C mineralization rates were small considering the amount of C added to the system. Using the estimated rmax and subtracting the control rmax from the treatment rmax to correct for native organic matter mineralization, approximately 2% of the applied C from the PH and 1% of the PC would be mineralized over several years, with a majority of the C mineralized within the first 100 days (Figure 3). This PC mineralization rate is similar to that of oak wood pyrolyzed at 400 °C which mineralized 1% of biochar C over 100-day mineralization rate [20]. Peanut hull mineralization rates are slightly lower than rye grass produced at 350 °C and applied to a Cambisol [23]. As seen in several other studies, biochar samples underwent a brief period, approximately 2 w, of rapid mineralization [18,19,20,21,23,24] that gradually diminished to rates similar to the control soil [21].
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Figure 3. Estimated C respired over 365 days to reflect maximum respired C at 25 °C based on average k and rmax for each treatment. 






Figure 3. Estimated C respired over 365 days to reflect maximum respired C at 25 °C based on average k and rmax for each treatment.



[image: Agronomy 03 00294 g003]





Volatile matter content, material thermally decomposed at 900 °C, has been proposed as an indicator of mineralizable C in biochar [20]. High volatile matter content macadamia nut biochar (225 g kg−1) maintained a higher respiration rate over 14-day than the low volatile matter content biochar (63.0 g kg−1) [24]; however, this component of biochar may contain aromatic compounds [40] which may not be easily decomposed by soil biota. More volatile matter was added with the PC than the PH biochar (Table 2), yet there was lower estimated maximum respired C (p < 0.0642) from PC treatments (Table 3). Conversely, more aliphatic C was added with PH than the PC biochar, which also had higher maximum respired C. The reduction in aliphatic C-H bonds indicated by FTIR (Figure 2), coupled with the reduction in biochar hydrogen content after incubation (Table 5), suggests that this fraction might have been the constituent of biochar degraded by microorganisms in soil and responsible for the initial flush of CO2 seen in other studies [18,19,20,21]. Peanut hull amended soils received a higher load of aliphatic C and also respired more C than PC amended soils; therefore, aliphatic matter content of biochar may be a better indicator of potentially mineralizable C in biochar than volatile matter content. The aliphatic content, material thermally decomposed at 400 °C and a component of the volatile matter, consists mainly of single bonded C structures and may represent compounds with a greater bioavailability than volatile matter.



Contrary to the hypothesis, PH and PC biochar handpicked from incubated soils showed an increase in aliphatic and volatile content as estimated by TGA (Table 5). The small increase in aliphatic and volatile contents may be attributed to soil microbial biomass. Charcoal has been shown to adsorb substrate and provide habitat for soil microbes [28]. Substrate induced respiration and basal respiration both increased with increasing levels of biochar application across several soil types and appeared only limited by soil fertility [41]. Soils from a burned pine plantation in Turkey showed an increase in fungal and bacterial populations; however, there was no significant increase in microbial biomass C compared to the control [42]. Kolb et al. [41] suggest biochar may increase microbial habitat based on seeing the largest increase in an Entisol with sandy structure and low fertility.



Biochar characteristics can have an effect on soil microbial biomass. Peanut hull biochar has dissolved organic C content of 0.20 g kg−1 compared to PC’s 0.12 g kg−1 [9] as well as significantly more P, K, and micronutrients (Table 1). Leached C from biochar may provide a food source for soil microbes [24,25] in addition to the substrate adsorbed by charcoal [28]. Excess major and micro- nutrients from biochar may also stimulate microbial populations [31,41]. Biochars produced from different feedstocks can have a range of surface areas even when produced under the same conditions [13] meaning the PH biochar may have provided more habitat than the PC biochar. Given that PH biochar contains higher dissolved organic C, major and micro- nutrients, surface area, and aliphatic C we would expect to see a greater increase in aliphatic content as result of increased microbial biomass; however, there was no interaction between feedstock and condition (Table 5).



As expected, C, N, and H concentrations decreased due to aging (Table 5). An unexpected increase in ash content may account for a portion of the decrease. Handpicked biochar samples had a brown tint similar to the soil matrix color which may have been the result of soil minerals attached to the biochar surface [43]. The cumulative concentration of C, N, and H was 811 g kg−1 in the fresh biochar and 723 g kg−1 in the aged. Moisture and ash accounted for 117 and 190 g kg−1 of the remaining mass of fresh and aged biochars, respectively, for a total of 928 and 913 g kg−1. The remaining mass of the biochar is most likely attributed to oxygen [23,44,45]. Fourier transform infrared spectroscopy spectra indicate the fresh PH and PC biochars have similar surface structures to other wood and nut shell derived black carbon reported in the literature [3,46] and oxygen containing functionalities, specifically carboxylic groups, on biochars increased (Figure 2) during incubation. Surface oxidation of black carbon can occur within six months when incubated in soil at 30 °C [45]. Black locust biochar incubated in soil at 30 °C for 4 months showed a slight increase in oxygen content most likely attributed to the formation of carboxylic functional groups [3].



There is no evidence that the biochar stimulated mineralization of the native organic matter as seen in other studies [16]. The control soil used in the respiration study is defined by a low organic matter content and fertility. As a result, the microbial populations in the soils vary greatly based on the substrate available. Control samples in the 136-day respiration had an inverse relationship between k and rmax which indicates the samples may have been substrate limited (Fisher, personal communication, August, 2008). The control soil would respire less C, on average, than biochar treatments (Figure 3) but soil organic matter would still account for a significant amount of C respired from biochar treatments if that rate remained consistent between treatments. The estimated rmax of the control soil predicts that approximately 10% of the soil C will mineralize; however, due to variability, the estimate may not accurately represent the amount of C respired from the native organic matter in biochar amended samples.



Surprisingly, PH and PC biochar had little effect on net N mineralization rates, even in PC treatments due to the high C:N ratio. High volatile matter (225 g kg−1) macadamia nut shell applied to soil and incubated reduced extractable NH4-N concentrations indicating immobilization [24]. Manure derived chars have been shown to be provide N to plants [31,32] so we expected to see at least some N mineralized from the PH biochar. There were no signs of N mineralization or immobilization in biochar treatments of the long term incubation study (Table 3). Peanut hull biochar has been shown to emit ethylene which can inhibit nitrification [34]; however, we saw higher nitrate, on average, in PH treatments (data not shown). Higher application rates of biochar may have stimulated nitrifying bacteria compared to the control and 22 Mg ha−1 but this effect wasn’t evident based on the statistical analysis of NH4+-N and NO3−-N data.



The short-term incubation study offered insight into why biochar had no effect on N dynamics. Peanut hull biochar and feedstock have the same C:N ratio (Table 1) which is only slightly higher than the 20:1 ratio of the soil; therefore, equal mineralization would be expected if biochar N was available as in manure chars [31,32]. Peanut hull and PC feedstocks mineralized 16% and 5.5% of applied C while PH and PC biochars only mineralized 1.5% and 1.1% over the 24-day incubation (Table 4). Only PH feedstock mineralized a significant amount of N compared to the control, 9.55 mg kg−1. High variability in the NO3−-N data resulted in no differences compared to the control; however, PC feedstock appeared to immobilize N as expected. The chemical stability of N in biochar increases with increasing biochar production temperature by becoming incorporated in the aromatic structure as heteroatoms [23,47,48,49]; therefore, N in biochar samples may have been incorporated into the biologically unavailable C complexes where N in the feedstock was still contained in mineral form or within decomposable proteins. Nitric oxide emission during controlled combustion of chars is a qualitative method that can determine the thermal stability of N compounds [46]. Nitric oxide analysis shows two N pools in PH feedstock but only one stable pool in PH biochar (Figure 1). Pine chip feedstock had a single N pool most likely associated with aliphatic compounds; however, the high C:N ratio caused PC feedstock systems to be N limited.



Summing total C and N in soil with the total C and N added with each biochar and feedstock application and comparing that value to the rmax and mineralized N of the 136-day study and the cumulative respired C and mineralized N of the 24-day study, we see that native and applied unaltered organic matter C and N is more labile than biochar (Figure 4). The control mineralized both more net C and N on a percentage basis than biochar treatments in each study. The PC treatment N mineralization rates were similar to the control because a majority of the N in those systems was from the native organic matter and in a labile form; however, a greater load of fixed C (Table 1) was applied with PC biochar therefore less C was mineralized in those treatments. Peanut hull treatments received a significant load of biochar N and aliphatic C and in turn less N and more C was mineralized from PH systems.
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Figure 4. Net mineralization of total C and N, with standard deviation, from each treatment of the (a) 136-day and (b) 24-day mineralization studies. 
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5. Conclusions


Aliphatic content of biochar as measured by TGA may be a better indicator of mineralizable C than volatile matter content as measured by ASTM D5142 method. Our data show that more C would be mineralized from PH biochar amended samples that received a higher load of aliphatic C than volatile matter. Both aliphatic and volatile matter content may be useful factors for modeling maximum respired C though more research is needed testing several feedstocks with a wide range of aliphatic and volatile matter concentration coupled with respiration studies to insure the models accuracy. If aliphatic content is shown to be a better indicator on mineralizable C in biochar, ASTM D5142 could be easily modified by lowering the hold temperature from 900 °C to 400 °C under N2 gas.



Aging biochar in soil did not result in lower aliphatic and volatile matter concentrations most likely because soil microbial biomass interfered with analysis of aged samples; however, aged biochar did have reduced concentrations of aliphatic C-H bonds on the surface. Carbon and N concentrations did decrease partly due to an increase in mineral/biochar complexes but also due to formation of oxygen containing functionalities.



Plant feedstock derived biochar did not have a significant effect on the N mineralization of the soil. We did not see N mineralization from the PH biochar even though it had a favorable C:N ratio. There were also no significant signs of immobilization from either biochar. Biochar N is bound in compounds that are more thermally stable than the N in its respective feedstock and may not be available to soil microbes. Additional research to investigate biochars with a range of C:N ratios, including manure derived biochars that have been shown to contain available N, is necessary to validate N characterization by TGA-MS.
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