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Abstract 
The objective of this greenhouse investigation was to assess the plant availability and agronomic 
efficacy of phosphorus (P) in manure-derived biochars.  Ten manure biochars were created separately 
from five manures pyrolyzed at 350 and 700 °C: dairy, swine, beef, turkey, and poultry manures.  
Biochars were added to a sandy soil with a low-phosphorus content at recommended agronomic P 
rates for cotton and soybean.  For both shoot dry matter and P accumulations, there were some 
differences in the response of cotton and soybean with respect to the biochar pyrolysis temperature.  In 
all cases, the biochar-P regardless of manure type was readily available. Thus, these manure-based 
biochars could be applied to soil as fertilizer material.  Application of greater rates would result in P 
over fertilization. 
 
Introduction 
Biochars have been generally discussed and tested based on their carbon (C) content.  Typical 
feedstocks have included wood and crop residues.  However, there has also been substantive interest 
in the possibility of using another common feedstock for biochar, livestock manure.  When processed 
via pyrolysis, livestock manures have the potential of providing energy and biochar [1, 2].  The 
biochars are high in nutrient content, especially potassium (K) and phosphorus (P).  Thus, they must 
be applied in accordance with their nutrient supplying capacity.  This capacity will be affected by 
factors such as manure type and processing conditions.  Most of the reported biochar studies have 
added biochar at levels that would far exceed the manageable P fertilization: There have been studies 
at the ton biochar ha-1 level rather than at the kg biochar ha-1 level.  Thus, the objective of this 
investigation was to assess the plant availability and agronomic efficacy of P contained in ten 
precisely prepared and characterized manure-derived biochars. 
 
Materials and Methods 
The ten manure biochars were created from dairy, swine, beef (paved-feedlot), turkey, and poultry 
manures.  Each of the five manures was converted via slow pyrolysis into biochar at two temperatures 
(350°C and 700°C).  The farm origins of each manure type, the detailed pyrolysis process, and the 
specific characteristics of the biochars were defined in detail by Cantrell et al. [1].  The efficacy of 
manure-based biochar was assessed using both cotton (Gossypium hirsutum) and soybean [Glycine 
max (L.) Merr.] grown on a low-phosphorus soil of the eastern Coastal Plain of the USA.  In Florence, 
SC, during 2011 and 2012, the investigations were conducted in a greenhouse.  For both the cotton and 
soybean, the complete experiment was conducted twice.  Each experiment was arrayed in a 
randomized complete block design.  There were ten biochar treatments and four P-level treatments.  
For each experiment, there were four replications.  All were planted with either cotton or soybean for 
the respective experiments.  After emergence the plants were thinned to three plants per pot and grown 
for eight to ten weeks before harvest of the shoots.  The plants were irrigated as needed; generally, this 
was twice a day for a total of 40 mm water pot-1 day-1.  
 
The soil for the experiment was from the top 15-cm depth of a sandy soil [Uchee series (Loamy, 
kaolinitic, thermic Arenic Kanhapludults)].  The soil was from a forest site that was recently harvested 
for timber.  As would be anticipated, the pH was low, 4.5.  The soil was limed to a target pH of 6.0 by 
mixing and equilibrating with 1.99 g lime kg-1 soil.  The soil and any amendments were placed into 
plant growth pots.  The pots were 7.6 L volume; their diameter was 20 cm, and their height was 24 cm.  
Each pot received 6.1 kg of soil.  The soil of each biochar treatment pot received biochar at a rate of 
40 and 50 mg P-P2O5 kg-1 soil for cotton and soybean, respectively.  Non-biochar treatments received 
chemical fertilizer treatments that included four P levels.  For cotton, the P treatments were 0, 20, 40, 
and 60 mg P-P2O5 kg-1 soil.  For soybean, the P treatments were 0, 50, 100, and 150 P-P2O5 kg-1 soil.  
Cotton received 100 mg N - NH4Cl in split application as well as 50 mg K-K2O.  The fertilizer P was 
added as calcium hydrogen phosphate dehydrate (CaHPO4*2H2O).  They also received 50 mg K-K2O 
as potassium chloride. For soybean, the N was added at a rate of 12.5 mg N kg-1 soil.  In both crops, 



the N was added as ammonium chloride NH4Cl.  At the end of each experiment, soil cores were 
collected and extracted with a Mehlich 3 solution.  Subsequently, the extract was analyzed for P, K, 
and micronutrients; soil core subsamples were measured for C and N via a CN analyzer.  The data 
were statistically analyzed using SAS v 9.3. Analysis of variance was done using the GLIMMIX 
procedure.  The replications were considered random; treatments were considered fixed.  Treatments 
were compared using the pdiff option.  The t-value grouping for treatment Least squares means was at 
P≤ 0.05.   
 
Results  

The ten biochars derived from five manure feedstocks and two pyrolysis temperatures were described 
in detail by [1, 3].  The N, P, K, pH, EC, and ash contents are presented in Table 1.  The P content of 
the biochar varied by 5-fold (Table 1).  The mean was 26.9 ± 15.0 g P kg-1 biochar.  The highest P 
concentration, 59.0 g P kg-1 biochar, was in swine biochar at 700°C.  The lowest concentration, 10.0 g 
P kg-1 biochar, was in the dairy biochar produced at 350°C.  The Mehlich 3 extractable P had a mean 
of 1.58 ± 0.79 g P kg-1 biochar.  Relative to other reported manure biochars, the values of this 
experiment were somewhat similar.  However, there were considerable variations in reported values.  
Wang et al. [4] reported the P content of dairy manure biochar pyrolyzed at 350°C to be 6.16 g kg-1.  
The dairy biochar made at 300o C by Rajkovich et al. [5] had a P content of 5.4 g kg-1.  However, their 
P concentration increased to 8.31 g kg-1 when the pyrolysis temperature increased to 500oC.  This 
concentration was strikingly close to the 8.14 g kg-1 reported by Uzoma et al. [6] for dairy biochar 
produced at 500°C.  These reported P values were similar but somewhat lower than the 10.0 to 16.9 g 
kg-1 of P in the dairy biochar of the current investigation.  For poultry manure biochar, much higher 
values were previously reported.  Revell et al. [7] reported a P concentration of 43 g kg-1; their biochar 
was made at 450°C via fast pyrolysis.  Rajkovich et al.[5] reported their biochar made from poultry 
manure at 300 to 600°C to have P concentrations of 18 to 31 g kg-1 total P.  Thus, they were very 
similar to the current investigation’s poultry biochar’s 20.8 to 31.2 g kg-1 of P.  The swine manure P 
concentrations were distinctly higher ranging from 38.9 to 59.0 g kg-1.  Yet, these concentrations were 
slightly lower than the biochar produced by Tsai et al. [8] at temperatures of 400 to 800°C; their P 
concentration ranged from 61 to 77 g kg-1.   
 
The N concentrations of the biochar ranged from 15 to 45 g kg-1 biochar. For K, the concentrations 
ranged from 14.3 to 74.0 g kg-1 biochar.  For EC, the lowest was the 194 µS cm-1 measured in the 
swine biochar produced at 700°C.  The highest was 2217 µS cm-1 measured in the chicken biochar 
produced at 700°C.   The pH values for the10 biochars of this experiment ranged from 8.0 to 10.3.  
These biochar N, K, EC, and pH values are relatively similar to those reported by other investigator 
[4-8].   
 
The growth of cotton on this low-P soil was very responsive to added P (Table 2).  The P-0 treatment 
had a shoot dry weight of 1.78 g, and the P-60 treatment had a shoot dry matter weight of 3.01g.  
When the cotton was P-fertilized with biochar, the grand mean dry matter yield of the cotton was 2.59 
g.  This was very close to the mean of cotton fertilized with the target amount of 40 mg biochar-P kg-1 
soil.  The lowest and highest dry matter accumulations, respectively, were with the dairy and swine 
700 °C biochars.  The accumulation of cotton shoot P and leaf area followed a similar pattern to the 
dry matter.  At the end of the experiment, the Mehlich extractable P grand mean for the P-40 fertilizer 
and biochar P-fertilized treatments were 23.7 and 24.1 µg P g-1 soil.   
 
As with cotton, soybean shoot dry matter accumulation dramatically responded to P-fertilization on 
this soil; the dry matter ranged from 12.6 to 19.2 when P was added from 0 and 150 mg P g-1 soil 
(Table 3).  The P-50 treatment accumulated 16.4 g dry matter.  This was slightly lower than the 17.6 g 
shoot dry matter grand mean of the biochar-P fertilized treatments; this dry matter accumulation was 
similar to the P-100 accumulation of dry matter.  The leaf area response of the soybean grown with the 
biochar and chemical fertilization were generally similar to the dry matter treatment responses to 
different P applications.  However, the 30.9 mg P accumulation of shoot P in the biochar treatments 
was agreement with the P-50 fertilization treatment.  The P-100 fertilized soybean accumulated 38.3 
mg in their shoots.  Thus, in the case of the biochar, the soybean growth was more than a simple P 
fertilization response.  This could have been related to the response of the soybean’s bradyrhizobia 
response to the biochar. 



Table 1. Chemical characteristics of five manure biochars processed at two pyrolysis temperatures. 

Feedstock 
Pyrolysis 

Temperature 
N Total P† M3 P‡ Total K† M3 K‡ Ash pH EC 

  
---------------------------g kg-1---------------------------  µS cm-1 

Dairy 350 26.0 10.0 1.12 14.3 2.59 242 9.2 538 
Beef 350 36.4 11.4 1.07 32.0 4.65 287 9.1 713 
Dairy 700 15.1 16.9 0.46 23.1 3.00 395 9.9 702 
Beef 700 17.0 17.6 0.60 49.1 5.97 440 10.3 1140 
Chicken 350 44.5 20.8 1.81 48.5 6.59 307 8.7 1405 
Turkey 350 40.7 26.2 1.68 40.1 4.91 348 8.0 651 
Chicken 700 20.7 31.2 1.89 74.0 8.85 462 10.3 2217 
Turkey 700 19.4 36.6 1.83 55.9 6.10 499 9.9 981 
Swine 350 35.4 38.9 2.36 17.8 2.41 325 8.4 216 
Swine 700 26.1 59.0 3.02 25.7 3.29 529 9.5 194 
† Total P and K as measured by wet acid digestion (conc. HNO3 + 30% H2O2); 

‡ Mehlich 3 extractable nutrients. 
 
 
Table 2.  Impact of biochar and chemical fertilization on cotton shoot dry matter yields, P accumulation, 
and end soil Mehlich 3 Phosphorus (M3P). 

Amendment Shoot Dry Matter 
Shoot Total P 
Accumulation 

Leaf Area End Soil M3P 

 
g mg cm2 µg g-1 

350°C biochar† 
   

 
Chicken 2.71 abc*  2.37 c-f  191 abc 24.3 bcd 
Dairy 2.95 ab  3.31 ab  219 a 26.9 b 
Beef 2.60 bcd  2.26 def  176 bcd 24.9 bc 
Turkey 2.48 cd  2.11 efg  161 cd 24.3 bcd 
Swine 2.59 bcd  2.94 bc  173 bcd 23.3 cd 

Mean 2.67 ± 0.18  2.60 ± 0.51  184 ± 22 24.7 ± 1.3 
700°C biochar† 

   
 

Chicken 2.50 cd  2.16 efg  168 bcd 25.3 bc 
Dairy 2.30 def  1.84 f-I  151 de 23.8 cd 
Beef 2.39 cd  2.11 efg  163 cd 23.5 cd 
Turkey 2.38 cde  2.59 cde  177 bcd 22.7 cd 
Swine 3.04 a  3.63 a  227 a 21.9 d 

Mean 2.52 ± 0.30  2.47 ± 0.71  177 ± 29 23.4 ± 1.3 
Grand Mean 2.59 ± 0.24  2.53 ± 0.58  181 ± 25 24.1 ± 1.4 
Fertilizer 

   
 

P-60 3.01 a  2.86 bcd  202 ab 29.8 a 
P-40 2.40 cd  2.20 efg  164 cd 23.7 cd 
P-20 1.98 fgh  1.63 ghi  122 efg 17.7 e 
P-0 1.78 gh  1.47 gi  109 fg 13.6 f 

† Biochars added to apply 40 mg P kg-1 soil; * Means within a column followed by the same letter are not 
significantly different at the 0.05 level by the least means square procedure.  
 
Conclusion and Perspectives 
The use of pyrolysis to convert livestock manure into biochar allows manures to be transformed into a 
much more dense and transportable material.  Furthermore, the high pyrolysis temperatures eliminate 
pathogenic microorganisms.  Relative to crop growth, the phosphorus in the manure was readily 
available to both soybean and cotton.  There were some differences in the response of either cotton or 
soybean to the pyrolysis temperature of the biochars for both dry matter and P accumulations. 
However, much more extensive investigation would be required to optimize the pyrolysis and crop 
yield responses.  In all cases regardless of manure type, the biochar P was readily available, and these 



manure-based biochars could only be applied to soil as fertilizer material.  Application of greater rates 
would result in P over fertilization. 
 
Table 3. Impact of biochar and chemical fertilization on soybean shoot dry matter yields, P accumulation, 
and end soil Mehlich 3 Phosphorus (M3P). 

Amendment Shoot Dry Matter 
Shoot Total P 
Accumulation 

Leaf Area End Soil M3P 

 
g mg cm2 µg g-1 

350°C biochar† 
   

 
Chicken 18.3 ab*  34.0 cd  2223 abc  26.1 cde 
Dairy 17.7 ab  31.8 cde  2653 a  28.2 c 
Beef 18.9 ab  35.0 bc  2374 abc  27.3 cd 
Turkey 17.4 ab  30.4 d-g  2190 bc  23.1 fg 
Swine 17.3 ab  32.3 cde  2268 abc  22.9 fg 

Mean 17.9 ± 0.7  32.7 ± 1.8  2342 ± 188 25.5 ± 2.4 
700°C biochar 

   
 

Chicken 18.5 ab  30.6 def  2360 abc  23.7 efg 
Dairy 16.3 b  26.3 g  2211 bc  21.5 g 
Beef 17.8 ab  28.5 efg  2286 abc  24.8 def 
Turkey 17.1 ab  27.0 fg  2248 abc  24.3 efg 
Swine 16.9 ab  33.3 cd  2164 bc  23.6 efg 

Mean 17.3 ± 0.9  29.1 ± 2.8  2254 ± 75 23.6 ± 1.3 
Grand Mean 17.6 ± 0.8  30.9 ± 2.9  2298 ± 142 24.6 ± 2.1 
Fertilizer 

   
 

P-150 19.2 a  47.2 a  2563 ab  66.0 a 
P-100 17.7 ab  38.3 b  2380 abc  46.6 b 
P-50 16.4 b  31.2 cde  2031 cd  28.8 c 
P-0 12.6 c  16.2 h  1660 de  13.1 h 

† Biochars added to apply 50 mg P kg-1 soil; * Means within a column followed by the same letter are not 
significantly different at the 0.05 level by the least means square procedure.  
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