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Abstract 12 

Biochar is a promising technology for both improving soil quality and sequestering C in the long 13 

term. While modern pyrolysis technologies are being developed, kiln technologies often remain 14 

the most accessible method for biochar production.  The objective of the present study was to 15 

assess biochar characteristics, stability in soil, and agronomic effects of a kiln produced biochar. 16 

Wheat-straw biochar was produced in a double-barrel kiln and analyzed by solid state 13C NMR 17 

spectroscopy. Two experiments were conducted with biochar mixed into an Ap-horizon sandy 18 

loam. In the first experiment, CO2 efflux was monitored for 3 months in plant-free soil columns 19 

across 4 treatments: 0, 10, 50 and 100 Mg biochar ha-1. In the second experiment, ryegrass was 20 

grown in pots having received 17 and 54 Mg biochar ha-1 combined with four N rates from 144 to 21 

288 kg N ha-1. Our kiln method generated a wheat-straw biochar composed at 92% of aromatic 22 

structures. Our results suggest that the biochar lost less than 0.16% C as CO2 over the 90-day 23 

incubation period. Biomass yields were not significantly modified by biochar treatments, except 24 

for a slight decrease at the 144 kg N ha-1 rate. Foliar N concentrations were significantly reduced 25 

by biochar application. Biochar significantly increased soil water content (SWC) and decreased 26 

plant wilting during periods of water stress. In conclusion our kiln-produced biochar was highly 27 

aromatic and appeared quite recalcitrant in soil. Increased SWC did not result in increased biomass 28 

yield, probably due to the timing of biomass growth and water depletion in the pots.   29 

  30 
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Introduction 31 

Enhancement of C sinks and the reduction of fossil fuel emissions are the two strategies for 32 

mitigating climate change (IPCC, 2007). Agricultural soils have an important role to play as 33 

enhanced sinks for atmospheric C (Paustian et al. 1997). However, long term field research has 34 

confirmed that adding fresh crop residues to agricultural soils leads to large increases in soil C 35 

stocks in the short term but minimal increases in the long term (Powlson et al., 2008). Adding 36 

biochar (carbonized biomass ) to soils has been suggested as a novel method for increasing soil C 37 

stocks in the long term due to the enhanced C stability of biochar as compared to that of fresh 38 

uncarbonized biomass (Lehmann et al., 2006; Cheng et al., 2008). In addition, biochar has been 39 

reported to enhance soil properties (Glaser, 2001; Grossman et al., 2010) and plant yields (van 40 

Zwieten et al. 2010a; Major et al., 2010b; Glaser et al., 2002). Reasons for this positive effect 41 

include pH increases in acidic soils  (van Zwieten et al. 2010b)  and subsequent reductions in 42 

exchangeable aluminum (Steiner et al. 2008);  increases in cation exchange capacity and fertilizer 43 

efficiency (Glaser et al., 2002), and reductions in nutrient leaching (Major et al., 2010a). 44 

 45 

Biochar is not a homogenous material. It can differ in its chemical and physical properties 46 

according to the type of feedstock, pyrolysis technology (Novak et al., 2009), and pyrolysis 47 

conditions used (Bruun et al. 2011b). Pyrolysis conditions influence the stability of biochar-C 48 

(Mašek et al. 2011) and the agronomic benefits from biochars (Hossain et al. 2010). Modern 49 

pyrolysis technologies for large-scale biochar production are few in number compared to 50 

traditional charcoal production technologies (Brown, 2009). Simple kiln and batch technologies 51 

are likely to be the first choice technology for small farmers and start-up biochar producers before 52 

larger scale systems become more prevalent and affordable.  It is important therefore to determine 53 

whether kilns can create biochars that are suitable for carbon sequestration and soil improvement.  54 
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The objective of our study was to characterize kiln produced wheat straw biochar and investigate 55 

its effects on plant production as well as soil respiration as an approximate indicator for biochar-56 

C stability. 57 

 58 

Materials and Methods 59 

Biochar Production 60 

Wheat-straw biochar was produced using a two container kiln following the design of Gunther 61 

(2009). A container measuring 0.35 m in height (H) and 0.17 m diameter (D) was filled with 62 

approximately 870 g of straw (approx. 10-20 cm L, 20% moisture content) and compressed with 63 

a hand held pounding tool. The container was then placed upside down inside a larger container 64 

(0.50 m H and 0.45 m D) so that the straw was not exposed to O2 during pyrolysis (Fig.1). The 65 

volume between the containers was filled with wood and burnt in order to heat the inner container. 66 

After all the outer container wood had burnt up (approx. 1 hr), the inner containers were removed, 67 

sealed with aluminum foil and left to cool. Temperatures were measured in the combustion zone 68 

at 45 minutes (the point where temperatures were highest). The combustion temperatures 69 

surrounding the pyrolysis chamber were measured at this point and ranged between 500 ºC - 900 70 

ºC. Temperatures were not measured in the pyrolysis zone, but have been estimated to be around 71 

500-600 degrees after we compared our data with NMR data and production process data available 72 

from Baldock & Smernik (2002). Twenty-five batches of biochar were produced with an average 73 

biochar yield of 24% ±4.7% from the original biomass. The batches were emptied into a larger 74 

barrel, mixed together, and sieved to 4-mm.  75 

 76 

Biochar characterization 77 
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The wheat-straw biochar was characterized for nutrient content, pH, volatile matter and ash 78 

content, BET surface area, C and N content, and organic molecular structure. Ammonium and NO3 79 

were extracted with 2 M KCl and samples analyzed with a KONE instrument. Magnesium was 80 

measured according to Norwegian standard (2007).  The pH was measured with 1g biochar in 20 81 

ml of distilled water with an electrode probe connected to pH meter. (Orion Dual Star pH/ISE 82 

benchtop, Thermo Scientific). Shaking time was increased to 1.5 hr to increase equilibration 83 

between biochar surfaces and solution (Rajkovich et al., 2011) . Proximate analyses for volatile 84 

matter content were conducted according to ASTM E 871, 872 with the ash content determined 85 

according to ASTM D 1102. Specific surface area was measured by N adsorption–desorption 86 

isotherms at 77 K using a Micromeritics Tri Star 3000 instrument. Prior to analysis, the samples 87 

were dried at 120 °C and degassed overnight in a VacPrep 061 Degasser at 0.05 mbar, and 393K. 88 

The Brunauer–Emmet–Teller (BET) equation was used to calculate the specific surface area 89 

(Brunauer et al., 1938). The C and N contents were determined on a Leco CHN 1000 analyzer 90 

(Leco Corporation, MI, USA). Biochar quality was analyzed with solid state 13C NMR 91 

spectroscopy (Bruker DSX 200 NMR spectrometer, Karlsruhe, Germany). The cross-polarization 92 

magic angle spinning (CPMAS) technique was applied with a 13C -resonance frequency of 50.32 93 

MHz and a spinning speed of 6.8 kHz. We used a contact time of 1 ms, a pulse delay of 2 s, 94 

accumulated 24883 scans and applied no line broadening. The 13C chemical shifts were calibrated 95 

relative to tetramethylsilane (0 ppm). The region from 220 to 160 ppm was assigned to carbonyl 96 

(aldehyde and ketone) and carboxyl/amide C. Olefinic and aromatic C were detected between 160 97 

and 110 ppm. O-alkyl and N-alkyl-C signals were found from 110 to 60 ppm and from 60 to 45 98 

ppm. Resonances of alkyl C were assigned to the region 45 to -10 ppm. 99 

Soil 100 
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A sandy loam Inceptisol (USDA classification) was collected from Utne farm, Rygge county, 101 

Norway (59°23’15’’ N; 10°46’26’’ E). The soil was air dried and sieved at 2 mm.  The soil prior 102 

to biochar addition had a pH of 6.8. Soil pH within each pot was measured after biochar addition 103 

and before fertilization. The pH of the soil was determined with 1:1 w/w soil (18-37 grams per 104 

sample) and de-ionized water (pH 6.8). Each sample was shaken by hand with the added water for 105 

approximately 15 seconds before being measured by an electrode probe connected to a pH meter 106 

(Hanna instruments, HI931402). Soil bulk density was measured with 80 cm3 sampling rings one 107 

week after soil, biochar amounts, and 2 L water had been added to pots. Four samples were taken 108 

from each treatment, and then weighed, dried in an oven at 105º C for 24 hours, and then re-109 

weighed to determine the dry mass relative to its volume. 110 

 111 

Experiment 1 – Biochar effect on CO2 evolution 112 

A soil column experiment without plants was conducted in a greenhouse with night (8 hrs) and 113 

day (16 hrs) temperatures of 15 ºC and 20ºC. Twelve high-density polyethylene (PEH) columns, 114 

measuring 0.4 m H x 0.2 m D (inner) were sealed on a 0.3 m × 0.3 m PEH plate, and filled with 115 

either soil or soil/biochar mixtures. The experiment design consisted of 4 treatments: control (7 L 116 

of soil with no biochar [BC0]), and soil (7 L) mixed with biochar at 10, 50 or 100 Mg ha-1 (BC10, 117 

BC50, BC100). There were 3 replicates per treatment and columns.  Column bases were fitted 118 

with sealed drainage tubes. During CO2 measurement periods, drainage tubes were plugged with 119 

silicon stoppers. The CO2 flux from each column was measured with an infrared gas analyzer 120 

(IRGA) EGM-4 (PP Systems, Hitchin, UK). A gasket-lined lid was designed to fit air-tight over 121 

the PEH columns. The lid included an inlet and outlet for connecting gas tubes to the IRGA. Soil 122 

respiration rates were derived over 3-min measurement periods and 23 measurements were taken 123 

throughout a 98 day period. Measurements were taken between 10:00-14:00 o’clock throughout 124 
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the study period. Columns were measured in the same order each time but the pots from each 125 

treatment were randomly placed on the table. Irrigation events involved watering the columns with 126 

1.2 L tap water every 14 days. The amount of water was chosen to ensure saturation of the soil 127 

column and provide leachate samples that were used in another study. 128 

Experiment 2 – Biochar effect on plant and soil characteristics 129 

A pot experiment was carried out in the same greenhouse (and light conditions) using perennial 130 

rye grass (Lolium perenne L.). The pots were placed on a rectangular table with radiation from 3 131 

lamps which were set to 315 µmol photons m-2 s-1. 132 

Factors were: (a) biochar quantities and (b) N fertilization. Biochar treatments were: No biochar 133 

(control); biochar at a rate of 17 Mg ha-1 (BC17) and 54 Mg ha-1 (BC54) and 4 replicates for each. 134 

The biochar amounts correspond to 10 and 30% of pot volume for BC17 and BC54.  N fertilization 135 

rates were 144, 192, 240, and 288 kg N ha-1. The 240 kg N ha-1 represented the recommended rate 136 

for perennial rye-grass in Norway (Bioforsk, 2011). Nitrogen fertilizer was applied in the form of 137 

YaraMila™ Fullgjødsel® 22-3-10. Previous biochar studies have shown limited positive effect on 138 

yield in the absence of fertilizer (Chan et al., 2007; van Zwieten et al. 2010b; Yeboah et al., 2009), 139 

therefore we excluded a biochar-and-no-fertilizer control treatment and instead tested treatments 140 

against the recommended fertilization rate as stated above. 141 

 142 

Soil and biochar amounts were measured by weight and added to plastic pots measuring (0.175 m 143 

tall by 0.20 m diameter) and which had 7 small drainage holes drilled in the bottom. The control 144 

pots had 7.50 kg air dried soil in them, the BC17 pots: 6.36 kg air dried soil and 0.05 kg biochar 145 

(0.75% mixture w/w), and the BC54 pots: 4.68 kg air dried soil and 0.16 kg biochar (3.5% mixture 146 

w/w). Soil amounts varied between treatments in experiment 2 to ensure potting media volumes 147 

http://dx.doi.org/10.2134/jeq2012.0163


This is a post-peer-review, pre-copyedit version of an article published in Journal of Environmental 
Quality. The final authenticated version is available online at: http://dx.doi.org/10.2134/jeq2012.0163.  
 

8 
 

and potential root space and water holding capacity were equivalent to that of the control, i.e. 5.2 148 

L. Biochar was thoroughly mixed in soil prior to filling the pots.  To ensure comparable bulk 149 

densities within treatments, the soil was poured 1 L at a time and compacted with a flat hand tool.  150 

Pots were then placed in the greenhouse and watered with 2 L water. After two weeks, the fertilizer 151 

was carefully mixed into the top 5 cm of soil and ryegrass was sown at 0.8 g pot-1. 152 

 153 

The watering regime was designed to simulate a growing season with adequate precipitation 154 

followed by a dry period. Over the first month, pots were weighed weekly and watered up to 60% 155 

of field capacity. In the second and third months, pots were given approximately half the amount 156 

of water and were left to dry until plant wilting was observed in at least 50% of pots. At this point 157 

equal amounts of water were given to all pots across all treatments. The degree of plant wilting in 158 

each treatment was visually estimated before the last watering and grass harvest. The wilting point 159 

was estimated by recording the SWC at the point at which plants wilted and did not regain 160 

turgidity. Volumetric SWC was measured with a hand held Delta-T SM200 and HH2 moisture 161 

meter. Micro-voltage was recorded in each pot prior to watering events (x 9) and later converted 162 

into volumetric SWC with a manufacturer supplied equation that specifically accounts for the soil 163 

organic matter content. Soil moisture measurements made with TDRs are reported to be accurate 164 

to 3% compared to gravimetric methods (Tsegaye et al. 2004) 165 

 166 

The biomass was harvested at the end of each month for 3 months. The grass in each pot was cut 167 

at a height of 5 cm from the soil level. The fresh biomass was weighed, bagged, and dried in an 168 

electric oven at 60 ºC for 5 days. After drying, the biomass was weighed again to determine the 169 

net dry weight and moisture content. References to biomass yield in this paper refer to dry matter 170 

weights. The chemical properties of unfertilized soil and biochar, along with the nutrient 171 
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concentrations in harvested biomass from the 240 kg N ha-1 treated pots only were analyzed by 172 

Eurofins AS laboratory. Elemental content of harvested biomass from pots fertilized with 144, 173 

240, and 288 kg N ha-1 rates were not measured due to cost constraints. Soil NH4 and NO3 were 174 

extracted with 2 M KCl and analyzed on a Konelab Aqua 60 (Thermo Clinical Labsystems). Plant 175 

available cations were measured using the Egners AL (Ammonium lactate) method (Krogstad, 176 

1992). The extraction fluid was a mixture of ammonium lactate (0.1 mol L-1) and acetic acid (0.4 177 

mol) and had a pH of 3.75.  178 

 179 

Data and statistical analysis 180 

Yield and foliar nutrient concentration data were analyzed by two-way analysis of variance 181 

(ANOVA) and SWC and degree of plant wilting by one-way ANOVA using Sigma Plot software.  182 

All pair-wise multiple comparison procedures were performed using the Holm-Sidak method 183 

when ANOVA returned a statistical difference (p < 0.05).   Significant results were those where p 184 

< 0.05. A repeated measures analysis was conducted on the CO2 efflux data as a two-factor 185 

ANOVA in R (2012).   186 

 187 

Results 188 

Biochar characterization 189 

The solid state 13C NMR spectrum of the biochar sample showed one main peak at 126 ppm, 190 

representing the C in aromatic systems. Two smaller peaks at 262 ppm and -10 ppm represent 191 

spinning side bands of this peak.  Two more peaks were found at 72 ppm and 21 ppm representing 192 

alkyl and O-alkyl C. Most of the C in the biochar was represented by aromatic C (92.2%) while 193 

O-alkyl C and alkyl C only explained 4.4% and 3.4% (Fig. 2) The surface area of the biochar was 194 
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24 m2 g-1 and proximate analysis measured fixed carbon, volatile and ash contents of 69, 13, and 195 

17% respectively, and pH 9.8 (Table 1.) Biochar was low in mineral N, but high in P-AL, K-AL, 196 

Mg-AL, and Ca-AL content (AL= Ammonium Lactate extraction), compared to background soil 197 

levels (Table 2).  High Zn concentrations in the biochar were attributed to contamination from the 198 

galvanized zinc coating of the inner containers (Table 2). Small flakes of Zn coating were observed 199 

and removed from two of the biochar batches. 200 

 201 

CO2 flux from soil incubations  202 

Cumulative CO2 fluxes from soil columns after 98 days of incubation did not differ significantly 203 

among treatments (Fig. 2). A repeated measure analysis confirmed the absence of significant 204 

treatment or time-treatment interactions (data not shown). The indigenous soil organic matter 205 

(from treatment BC0) lost 3.3% of its original C over the 98-day period (data not shown). We 206 

subtracted CO2 efflux measured in BC0 from that measured in BC10, BC50, and BC100 in order 207 

to estimate the biochar-C mineralization rate for the incubation period. Mineralization of biochar-208 

C by the end of the 98-day period was estimated to be 0.14% and 0.16% in BC50 and BC100, 209 

respectively (data not shown). Soil respiration from BC10 was actually lower than BC0 by 1.59%, 210 

although not significantly so (data not shown).  211 

Plant Yield  212 

Biochar additions did not significantly modify cumulative biomass yields. Within individual 213 

harvests, biochar had no significant effect for harvest-1 & -2 but induced a significant yield 214 

reduction in harvest-3 (Table 3, Figure 4). Harvest-3 yield reductions were more pronounced for 215 

BC17 than for BC54 (Figure 4). Increased rates of N fertilization significantly increased harvest-216 

2 & -3 and cumulative biomass yields, while inducing a significant yield reduction for harvest-1 217 
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(Table 3, Figure 4). A significant cumulative yield reduction was observed at 144 kg N ha-1. 218 

Significant biochar × N interactions were observed on biomass yields for harvest-3 (p<0.001) and 219 

cumulative totals (p<0.05), but not for havest-1 or -2 (Table 3).  220 

 221 

Biochar effects on foliar nutrient concentration 222 

Foliar concentrations of N, Ca, and Mg were significantly reduced by biochar addition in harvest-223 

1 and -2 (Table 4). Potassium foliar concentrations were significantly increased by biochar 224 

application at all 3 harvests (Table 4), most likely due to the high extractable amounts present in 225 

the biochar (Table 2).  Phosphorus and S foliar concentrations showed no clear trends between 226 

biochar treatments over all three harvests (Table 4).  Zinc concentrations were significantly higher 227 

in biochar treatments (Table 2). 228 

 229 

Soil pH, bulk density, and Soil water effects (Experiment 2) 230 

The pH of the biochar was 9.8 (Table 1). Soil pH increased after biochar additions from 6.8 (±0.02) 231 

in control soil to 7.01 (±0.04) and 7.67 (±0.03) in BC17 and BC54, respectively. Soil bulk density 232 

was reduced from 1.56 g cm-3 (±0.04) in the control, to 1.46 g cm-3 (±0.03) in the BC17 and 1.24 233 

g cm-3 (±0.02) in BC54 (data not shown).  Biochar additions significantly increased (p<0.05) SWC 234 

for all measurements throughout the 3 months of the trial (Fig. 5). During the final month of the 235 

experiment when pots were not watered for up to two weeks, many of the plants wilted. Plant 236 

wilting was significantly reduced (p= 0.039) by 53% in BC54 and 31% in BC17 compared to the 237 

control (data not shown). Biochar additions on average prevented SWC descending below the 238 

wilting point of the control soil in the final month (Fig. 5). 239 

 240 
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Discussion 241 

The tested kiln method was sufficient to fully carbonize the wheat straw and transform alkyl and 242 

O-alkyl C to aromatic (aryl) C as confirmed by the solid state 13C NMR experiments (Fig. 2). High 243 

aromatic content in biochar has been linked to increased recalcitrance of biochar-C decomposition 244 

in soils (Novak et al., 2009).  The degree of aromaticity of our kiln-produced wheat-straw biochar 245 

appeared similar to that of a switchgrass biochar produced under controlled slow pyrolysis 246 

conditions at 500°C, i.e. from 82% to 93%  (Novak et al., 2009, Brewer et al., 2009), and to that 247 

of corn-stover biochar from 730°C gasification, i.e. 87% (Brewer et al., 2009).   Krull et al. (2009) 248 

and Baldock and Smernik (2002) analyzed biochar made from both wood and grass using solid 249 

state 13C NMR spectroscopy and found greater proportions of aromatic C in biochar with 250 

increasing pyrolysis temperatures. The proportion of aromatic C in grass biochar pyrolyzed at 600 251 

degrees for one hour was 88% (Baldock & Smernik, 2002), which is near to 85.8% aryl C in our 252 

wheat straw biochar pyrolyzed between an estimated 500-600 degrees for one hour. 253 

 254 

The stability of the kiln produced wheat straw biochar was also inferred by the similar CO2 efflux 255 

from control and biochar-amended soil columns (Fig. 3). Approximate biochar decomposition was 256 

less than 0.2% over the 98-day period. Our results are similar to those of Bruun et al. (2011), 257 

reported that wheat-straw biochar produced between 500 and 575°C lost <5% of its carbon when 258 

incubated with soil. Ninety percent of the loss occurred within the first 20 days and 10% of the 259 

recorded loss in the next 100 days. Similarly, Smith et al. (2010) using natural abundance 13C 260 

tracing reported no significant CO2 production after 50 days of incubation from switchgrass 261 

biochar produced by slow pyrolysis at 500°C. The fraction of labile and semi-labile carbon has 262 

been reported to decrease with increasing pyrolysis temperatures (Mašek et al. 2011). In their 263 
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study, pyrolysis temperatures of 550 °C yielded a labile C fraction of approximately 10% wt. of 264 

the produced biochars.  265 

 266 

Biochar mineralization rate in soils appears to decrease rapidly with time, as the labile fraction is 267 

progressively mineralized (e.g. Smith et al., 2010). Longer term incubations do not suggest any 268 

increase in biochar degradation rate with time, such as for a 2-year field decomposition study in 269 

tropical conditions (Major et al., 2010a). Both the NMR-derived molecular structure data and 90-270 

day mineralization rate suggest that our wheat-straw biochar has good properties for long-term C 271 

storage in soils, despite having been produced with a simple kiln technology where temperature 272 

control was not possible. We did not use labeled C methods and therefore we could not correct for 273 

the possible contribution of a priming effect induced by the biochar. However, a potential positive 274 

priming effect would lead to a relative decrease in the proportion of biochar-derived CO2 as 275 

compared to that of SOM-derived CO2. In other words, the presence of a positive priming effect 276 

would mean that our biochar mineralization rates are overestimates of the true values.     277 

 278 

Cumulative biomass yields over the 3-month period were not significantly modified by biochar 279 

application rate, however a small but significant decline was observed in the third harvest (Table 280 

3, Fig. 4). Crop yields and plant biomass are generally increased by biochar addition, although 281 

some negative responses have also been observed (Jeffery et al., 2011).  For cereal crops, recent 282 

field trials in northern latitudes have reported positive biochar effects on yields. Vaccari et al. 283 

(2011) reported yield increases in durum wheat up to 30% when 30 and 60 Mg ha-1 of biochar and 284 

122 kg N ha-1 were applied to a silt loam. Gaythorne-Hardy et al. (2009) also found field plots 285 

amended with 50 Mg ha-1 and at least 100 kg N ha-1 had increased spring barley yields compared 286 

to no-biochar control plots.  In China, Zhang et al. (2012) observed significant yield increases of 287 
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16% from kiln produced wheat straw biochar applied at 10 and 40 t ha-1. For ryegrass, Wisnubroto 288 

et al. (2011) report that biochar increases dry matter production (DMP) under ample N fertilization, 289 

but reduces DMP in non-fertilized controls. Our results give further evidence that ryegrass DMP 290 

are negatively impacted by biochar addition at low N fertilization rates.  Our results suggest that 291 

adequate N fertilization is needed when biochar is applied to soils cultivated under ryegrass, at 292 

least for the initial season of biochar incorporation.   293 

 294 

Nitrogen deficiency is the likely cause for our slight reduction in DMP at the third harvest. Foliar 295 

N concentration in harvest-1 and -2 was significantly reduced by biochar addition under normal N 296 

fertilization rate. These findings suggest that biochar somewhat reduced soil N availability to 297 

plants. We observed a significant negative N × biochar interaction on yield at the third harvest 298 

(Table 3). By contrast, Chan et al. (2007) found significant biochar x N fertilizer interactions 299 

leading to increased yields. Biochar effects appear soil dependent. Radish DMP increased in an 300 

acid ferrasol but decreased in an alkaline calcarosol (Van Zwieten et al., 2010b). Yeboah et al. 301 

(2009) reported a decrease in N recovery with biochar application to a silt loam but found an 302 

increase in a sandy loam.  303 

 304 

 Nitrogen adsorption and microbial immobilization are potential explanations for the reduction in 305 

N availability. The volatile matter (VM) content of our biochar was 13%, which suggests that some 306 

labile C might have remained in the biochar despite the apparent low mineralization rates. Volatile 307 

matter (VM) includes the labile carbon fraction of biochar which is accessible to microbes as an 308 

energy source (Zimmerman, 2010). High VM in biochar have been linked to N immobilization 309 

and to subsequent reductions in corn growth (Deenik et al., 2010). In this latter study, macadamia 310 

biochars were produced with differing VM levels of 6.3 and 22.5%. The high VM biochar 311 
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significantly reduced and the low VM biochar significantly increased growth relative to the 312 

fertilized control. Positive effects on biomass growth from low VM biochar were independent of 313 

pH effects. Further research is needed to determine more accurately at what percentage and under 314 

what conditions VM matter in biochar can lead to reduced yields. 315 

 316 

Foliar concentration of Ca and Mg were reduced in biochar pots vs. control (Table 4). This result 317 

was unexpected, as our biochar contained large quantities of Ca and Mg (Table 2). Increases in Ca 318 

and Mg uptake with biochar additions have been observed in maize plants (Major et al., 2010b). 319 

For common beans, Rondon et al. (2007) observed consistent increases in biomass Mg content, 320 

while Ca biomass concentrations increased or decreased depending on both varieties and biochar 321 

quantities. However, the most probable explanation for our reduction in plant Mg and Ca 322 

concentrations comes from the high Zn concentrations detected in our biochar, which may have 323 

competed for cation exchange sites. High Zn supply has been previously found too reduce Ca foliar 324 

concentrations (Ruano et al., 1987). High levels of Zn present in our biochar (Table 2) were likely 325 

caused by contamination from the zinc galvanized surface of the containers that the biochar were 326 

in during pyrolysis. However, Zn was likely to be largely bound to biochar surfaces as foliar 327 

concentrations from biochar amended pots, ranging from 56-171 mg kg-1 over 3 harvests (Table 328 

4),  did not exceed phytotoxic limits for perennial ryegrass (210 mg kg-1) (Davis and Beckett, 329 

1977).   Nevertheless, caution should be shown for the choice of material for producing biochar in 330 

kilns, in order to minimize the risk of heavy metal contamination to biochar and soils.  331 

 332 

Volumetric SWC significantly increased in our biochar treatments as compared to the control (Fig. 333 

5), which is in accordance with other studies (Tryon, 1948; Glaser, 2001; and Chan et al. 2007). 334 

Although we did not directly measure available soil water, we did observe wilting reductions up 335 
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to 51% in BC54 at the end of a two week dry period. This suggests that the BC54 treatment 336 

increased available soil water for ryegrass. However, this effect did not translate into increased 337 

DMP in our experiment. This could be because the biomass regrew quickly after each harvest and 338 

initial watering, and thus the water deficient periods occurring 1-2 weeks later had little bearing 339 

on final DMP.  340 

 341 

Increases in SWC by biochars appear largely driven by their often-reported high surface areas and 342 

porosity (Thies and Rillig, 2009; Downie et al. 2009). Surface area of our biochar was 24 m2 g-1 343 

(Table 1), with a micropore structure well-defined on the on a SEM picture (Fig. 6). Biochar 344 

surface area generally increases with temperature as volatile matter is released from micropores 345 

(Downie et al. 2009). Production temperatures and heating times for our kiln-produced biochar 346 

appear most closely related those of slow pyrolysis, i.e. 400-600 degrees for ~ 1 hour.  The surface 347 

area of our wheat-straw biochar was substantially higher than that reported for a wheat-straw 348 

biochar produced with slow pyrolysis at 525 °C, i.e. 0.6 m2 g-1 (Bruun et al., 2011a), but within 349 

the range of 0.1 – 235 m2 g-1 found by Spokas et al. (2011) for Pinus under slow pyrolysis  at ~ 350 

500 °C. Although reported surface area measurements of slow pyrolysis chars are variable they 351 

could be generally expected to increase the total surface area of sand soils such as used in our study 352 

and aid in increasing water retention.  353 

We have documented here the properties of one kiln-produced biochar and its plant and soil 354 

effects. But as there are multiple kiln designs emerging for small-scale biochar production further 355 

studies are required to make more general assertions about kiln-produced chars, their effects on 356 

plant growth and soil conditions, and their utility for carbon sequestration.   357 
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 505 

 506 

Fig. 1. Double-container biochar kiln. (1) Scrap wood filled the space and was burnt to heat 507 
the biochar feedstock in the inner container (2) The inner container, containing straw, was 508 
turned upside down to prevent air entry to the pyrolysis zone (3) 6 x Air vents were cut in 509 
the outer container to assist updraft combustion. 510 
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 512 

Fig. 2. Quality of the produced biochar as analysed by solid state 13C NMR spectroscopy. 513 
The main peak at 126 ppm represents C in aromatic systems and contains 92.2% of the 514 
total spectrum (including spinning side bands at 262 ppm and at -11 ppm),  515 
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 516 

 517 

Fig. 3. Cumulative CO2-C evolved over 98 days.  (error bars ± one standard error of the 518 
mean shown for every 6th measurement for the sake of visual clarity, n=3). 519 

  520 
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 521 

Figure X. Biochar-C loss as a % of Total-C after Control/Native-C respiration has been 522 
subtracted. 523 
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Fig. 4 . Dry matter yield at each harvest and total accumulated dry matter yield as a function of 527 
biochar additions and applied fertilizer rates  (error bars denote standard error of the mean, 528 
ns=not significant, different letters within a given fertilizer rate denote significance p<0.05). 529 
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Fig. 5. Volumetric soil water content, bars with different letters denote significance where p<0.05). 531 
Error bars are standard error of the mean. Dotted line shows the estimated wilting point (WP) of 532 
the control soil. 533 
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 536 

Fig.6. Scanning electron microscope image showing the cross section of a carbonized wheat straw 537 
stem.  538 
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Table 1. Selected properties of wheat straw biochar  

 Fixed Carbon  Volatile Matter Ash pH BET-N2 
Surface area  

 
(%) (%) (%) 

 
(m2 g-1) 

Biochar 69  13 17  9.8 24 
      

  539 
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 540 

Table 2. Selected chemical properties of soil and biochar at start of experiment  
--------------------extractable nutrients----------------------       ------total elemental analysis---------  
NH4-N NO-3-N P-AL K-AL Mg-AL  Ca-AL P Zn C N  

  
Soil 6.35 12.5 320 130 150 95 1400 68 12000 1000    
Biochar 1.55 <4 720 7700 490 3800 - 6000 717000 9600 

541 
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Table 3. Factorial Analysis of biochar and N on DM production 1 

Factor Harvest 1 Harvest 2 Harvest 3 Cumulative 
     
Biochar Ns Ns *** Ns 

N *** *** *** *** 
Biochar x N Ns Ns *** * 

*, **, *** significant at the 0.05, 0.01, and 0.001 probability levels respectively. Ns= non-significant.  2 
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Table 4. Element concentrations in harvested biomass on a 
dry matter basis (only for pots applied with 240 kg N ha-1) 

 N   P    K     Ca   Mg Zn 

 ----------------------------------%-------------------------          mg kg-1 

Harvest-1       

Control 6.28a  0.46a  7.40b  0.79a  0.39a  62.25c 

(±0.05) (±0.02) (±0.07) (±0.01) (±0.01) (±2.29) 

10% BC 6.11b  0.46a  7.83ab  0.63b  0.32b  86.50b 

(±0.04) (±0.01) (±0.11) (±0.01) (±0.01) (±5.66) 

30% BC 5.85c  0.48a  8.33a  0.60b  0.32b  165.00a 

(±0.04) (±0.05) (±0.59) (±0.03) (±0.02) (±16.05) 

Harvest-2 

Control 5.43a  0.36a     4.53b  1.13a  0.60a  46.25c 

(±0.13) (±0.02) (±0.07) (±0.03) (±0.02) (±1.89) 

10% BC 4.69b  0.46a  6.45a  0.81b  0.41b  91.50b 

(±0.17) (±0.02) (±0.13) (±0.01) (±0.01) (±10.64) 

30% BC 4.10b  0.51a  6.98a  0.61c  0.32c  171.50a 

(±0.22) (±0.02) (±0.26) (±0.02) (±0.01) (±11.05) 

Harvest-3 

Control 2.51a  0.48a  3.33c  1.03a  0.55a  46.25c 

(±0.32) (±0.01) (±0.09) (±0.03) (±0.02) (±2.17) 

10% BC 1.85a  0.40b  4.48b  0.68b  0.36b  56.75b 

(±0.02) (±0.01) (±0.09) (±0.03) (±0.02) (±5.20) 

30% BC 1.91a  0.43ab  5.13a  0.48c  0.27c  85.25a 

(±0.10) (±0.03) (±0.17) (±0.01) (±0.01) (±6.92) 

± standard error shown. Within each harvest, different letters denote significance (P<0.05), n=4. 1 

 2 
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