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Abstract

Phosphorus (P) eutrophication in the water bodies is of global concern. The role 
of biochar in the mitigation of (P) eutrophication has recently received substantial 
attention. Agriculture is the main source of P in the water bodies, as a result of 
excessive fertilizer and manure application. Excessive P results in excessive primary 
production in the water bodies, leading to anoxic conditions, growth of toxic algae 
blooms, altering plant species composition and biomass. Therefore, resulting in food 
web disruption, fish kill, toxins production and recreation areas degradation. When 
biochar is applied on farm, it has potential to sorb/adsorb P, immobilizing it, slowing 
its translocation to the water bodies. However, biochar effectiveness in P sorption 
is influenced by both feedstock type and pyrolysis temperature. The interaction 
between feedstock type and pyrolysis temperature influences the biochar pH, sur-
face area, aromatic carbon, cation exchange capacity, surface charge density, biochar 
internal porosity and polar and nonpolar surface sites that promote nutrient absorp-
tion. Hence, biochar properties have a broad spectrum that influences how biochar 
reacts with P sorption; therefore, it is not appropriate to extrapolate observed results 
to different materials. Biochar that promote P sorption rather than desorption 
should be considered and designed to meet specific management practices.
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1. Introduction

Phosphorus (P) eutrophication is a major problem globally. Increased aquatic 
primary production attributed to P over enrichment results in eutrophication [1, 2].  
Aquatic systems affected by eutrophication often exhibit harmful algal blooms, 
which foul water intakes and waterways, disrupt food webs, fuel hypoxia and 
produce secondary metabolites that are toxic to water consumers and users includ-
ing human, cattle, zooplankton, shellfish, domestic pets and fish [3]. Agriculture 
is the main pollutant of aquatic systems [4]. Overapplication of P fertilizer and 
manure to soil is in itself wasteful and causes P accumulation in the soil, but the 
transport of P to aquatic ecosystems by erosion is also causing widespread problems 
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of eutrophication [5–8]. Soil P exists in both organic and inorganic forms [9]; the 
inorganic P is highly influenced by soil pH and is mainly coupled with amorphous 
and crystalline forms of Fe, Al, and Ca [10]. Biochar exhibits potential to mitigate 
P eutrophication when applied on farm as a result of its high capacity to sorb P [1]. 
Biochar is a by-product of pyrolysis process, whereby in an energy-limited world, 
biomass is converted to energy products through pyrolysis process [11]. Biochar 
nutrient sorption capacity has been reported to exceed that of natural organic 
matter by a factor of 10–100 in some cases [12]. However, its capacity for P sorption 
is influenced by both feedstock type and pyrolysis temperature [13]. The interaction 
between feedstock type and pyrolysis temperature influences biochar characteristics 
resulting in wide spectrum of biochar properties that influence P sorption [1, 14].  
Therefore, extrapolation of P sorption findings from one material to another is not 
appropriate; as a result of diversity of biochar response to P sorption, every material 
needs to be studied and designed to address the set P sorption objectives.

2. Forms of phosphorus

Soil P exists as either organic or inorganic compounds that differ significantly 
in their biological availability in the soil environment [9]. Phosphorus goes through 
different geochemical processes in soil which include adsorption, solubilization, pre-
cipitation and complexation that determine its mobility and fate [15]. The inorganic 
P compounds mainly couple with amorphous and crystalline forms of Fe, Al, and 
Ca [10] and are highly influenced by soil acidity and alkalinity [1]. Soil acidity and 
alkalinity influence the impact of solubilization, complexation, adsorption and pre-
cipitation on P retention and release. In acidic soils P is fixed by sorption to oxides and 
hydroxides of Al and Fe through formation of insoluble Al and Fe phosphates by ligand 
exchange and precipitation reactions [16, 17]. In alkaline soils, P is made unavailable 
due to formation of metal complexes such as Mg-P and Ca-P [18, 19]. The organic P in 
most soils is dominated by a mixture of phosphate monoesters  
(e.g., inositol phosphates and mononucleotides) and phosphate diesters (mainly 
phospholipids and nucleic acids), with smaller amounts of phosphonates (compounds  
with a direct carbon-phosphorus bond) and organic polyphosphates (e.g., adenosine 
triphosphate) [20]. Plants can acquire P from organic compounds through various 
mechanisms; some of the mechanisms allow plants to utilize organic P as efficiently 
as inorganic phosphate [21, 22]. Different environmental conditions influence avail-
ability and sorption of P, for example anaerobic condition leads to the release of P 
resulting from reduction of ferric to ferrous iron [23]. The presence of sulfate could 
lead to reaction of ferric iron with sulfate and sulfide to form ferrous iron and iron 
sulfide resulting in the release of P [24]. Increased temperature can reduce adsorption 
of P by mineral complexes in the sediment [25]. Other physicochemical processes 
affecting the release of P from the sediment include redox, temperature, reservoir 
hydrology, pH potential and environmental conditions [26]. These processes are 
further complicated by the influence of biological processes, for example miner-
alization, leading to a complex system regulating the release of P across sediment 
water interface [26]. Understanding of P retention and release mechanism enhances 
effective management of P enhancing crop production and promoting sustainability 
of soil and water quality [11].

3. Agriculture: the major source of phosphorus to water bodies

Increasing human population calls for increased food production. Increased 
food production requires increased fertilizer application which includes P fertilizer 
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(Figure 1) [27]. Today agriculture is heavily dependent on P derived from phos-
phate rock. Phosphorus is a nonrenewable resource and it is expected that economi-
cally mineable P reserves will be exhausted within 50–100 years (Figure 2) [27]. 
Crop and livestock production systems are the major cause of human alteration of 
the global P cycles [28]. The major source of P input to water bodies is the excessive 
application of fertilizer or manure on farm which causes P accumulation in soils 
[5]. Excess P or poor-timed application could mobilize P through runoff, negatively 
impacting water quality of water bodies and causing eutrophication [29, 30].

Figure 1. 
Historical sources of phosphorus for use as fertilizers, including manure, human excreta, guano and phosphate 
rock (1800–2000). Modified from [27].

Figure 2. 
Indicative peak phosphorus curve, illustrating that, global phosphorus reserves are likely to peak after which 
production will be significantly reduce. Modified from [27].
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In many cases, P enters aquatic ecosystems sorbed to soil particles that are 
eroded into rivers, lakes and streams; any factor elevating soil P concentration or 
accelerating soil erosion potentially increase P runoff to aquatic system [31, 32]. 
Mobilization of P involves chemical, biochemical and biological processes. The pro-
cesses are grouped into detachment or solubilization mechanisms and are defined 
by the physical size of the P compounds that are mobilized [33]. Potential for solu-
bilization increases with increasing concentrations for extractable P. Depending on 
site conditions, diffuse P transport occurs as particulate or dissolved P in overland 
flow, drainage, channelized surface runoff or groundwater [34].

4. Phosphorus sorption is dependent on biochar properties

Biochar exhibits variable properties which are related to its formation; biochar 
properties are mainly influenced by method of pyrolysis, temperature of pyroly-
sis, feedstock type, particle size, pyrolysis retention time and furnace oxygen 
level [35–38]. Biochar has been reported to increase soil pH and cation exchange 
capacity (Figure 3) [1, 39]. Biochars exhibit high surface charge density, and CEC 
values up to 112 cmolc kg−1 have been observed [40]. The high surface charge 
density allows biochar to retain cations by cation exchange, whereas biochar 
internal porosity, high surface area and presence of both polar and non-polar 
surfaces sites promote absorption of nutrient [41]. Biochar is also reported to 
contain essential nutrients [41, 42] that could be retained and slowly released 
over time [43, 44].

As a result of biochar variable properties, the P sorption findings by different 
studies are inconsistent; some previous studies indicated no increase in P sorption 

Figure 3. 
Relationship between biochar phosphorus sorption and pH for all feedstocks, switchgrass, kudzu and Chinese 
tallow. Modified from [1].
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of the sandy and clayey soils after addition of biochar [45]. There was no P sorption 
observed with corn biochar produced at 350 and 550°C pyrolysis temperatures 
[46]. Biochar produced from sugarcane bagasse, peanut hull, Brazilian pepper 
wood and bamboo at 200, 450 and 600°C did not indicate any clear trend in 
phosphorus sorption [47]. However, other studies indicated reduction of P leach-
ing after biochar application [41, 48]. Further, biochar addition reduced P leaching 
after manure addition and in green roof discharge water [41, 49]. Application of 
2% biochar to agricultural soil amended with swine manure resulted in reduc-
tion of P leaching by 69% [41]. Addition of 2% pecan shell biochar to loamy soil 
reduced P leachate by 40% [50]. Orange peel pyrolyzed at between 250 and 700°C 
improved P sorption by 8–83% [51]. [1] indicated that biochar pyrolyzed from 
kudzu and Chinese tallow at 300–700°C temperature exhibited increased P sorp-
tion; when switchgrass was pyrolyzed at 300–500°C, it exhibited P desorption, but 
when pyrolyzed at 500–700°C temperature, it exhibited P sorption, clearly demon-
strating that feedstock type and pyrolysis temperature are major determinant of P 
sorption capacity (Figures 4 and 5).

In [1], it is also demonstrated that increasing temperature resulted in loss of 
O-alkyl carbon and accumulation of aromatic carbon that favored P sorption 
(Figure 6). This variability in biochar capacity to sorb P suggests that understand-
ing each biochar type is important to ensure appropriate application to meet target 
objectives.

Figure 4. 
Biochar phosphorus adsorption; Modified from [1].
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5. Biochar pH influence phosphorus sorption–desorption

The influence of the changes in pH after biochar application seems to vary 
between different studies. Biochar application reduces soil acidity altering P 
complexity with metals such as Al3+, Fe3+ and Ca2+ affecting P availability, sorption 
and desorption (Figure 3) [13, 52]. As a result of higher alkalinity, biochars from 
legume plants increase pH much compared to biochars from non-legume plants 

Figure 5. 
Phosphorus sorption by corn stover, Ponderosa pine wood residue, and switchgrass biochars. Each data point is 
the mean of four replications with standard error. Modified from [11].

Figure 6. 
Biochar carbon functional groups as determined by Nuclear Magnetic Resonance (NMR); modified from [1].
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[52]. Biochar has potential to adsorb cations such as Al3+, Fe3+ and Ca2+, which can 
lead to delayed P adsorption or precipitation; in addition organic molecules could 
sorb onto biochar reducing its capacity to chelate with Al3+, Fe3+ and Ca2+ in soil 
(Figure 7) [53]. Ref. [53] reported that P sorption was increased in acidic soil but 
decreased in alkaline soil, and attributed increased P sorption after biochar addition 
to Ca induced P sorption/precipitation and also reported that P sorption was less 
affected by Fe and Al oxides. In contrast, incorporation of 4% biochar into acidic 
soil reduced the P sorption and increased availability of sorbed P, whereas applica-
tion of alkaline biochars to calcareous soil increased P sorption significantly and 
decreased availability of sorbed P [11]. The increase in soil pH reportedly enhances 
the solubility of P [54] but, in contrast [1], demonstrated that addition of biochar 
with high pH, Ca concentration and aromatic C reduced P solubility (Figures 
3–5). Ref. [55] indicated that colloidal and nano-sized MgO (periclase) particles 
on the biochar surface played the key role in providing adsorption sites for aqueous 
phosphate [55]. In addition, initial solution pH and coexisting anions have potential 
to affect adsorption of P on biochar.

6.  Feedstock/biomass type and pyrolysis temperature influence 
phosphorus sorption

There have been diverse findings on the effect of biochar on P sorption, and in 
some studies, biochar application promoted availability and uptake of P as a result 
of biochar high anion exchange capacity; reduction of availability of Al and Fe in 
soil resulted in less P fixation (Figure 8) [50, 56]. Biochar feedstock and pyrolysis 
temperature affect its chemical composition and surface characteristics influenc-
ing biochar P sorption and desorption capacity [1, 11, 13]. Biochar produced from 
different biomass often has very different chemical characteristics and as a result 
influences the P sorption capacity of biochar [1, 11]. In [1], it is reported that corn 
stover biochar (79%) had greater sorption followed by switchgrass biochar (76%), 

Figure 7. 
P sorption by acidic soil and acidic soil (Grummit series) incubated with corn stover, Ponderosa pine wood 
residue or switchgrass biochars at 4 g/kg soil for 30 days. Each data point is the mean of four replications with 
standard error. Modified from [11].
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while Ponderosa pine wood residue biochar (31%) exhibited the lowest biochar 
sorption. Increasing biochar pyrolysis temperature leads to loss of the volatile 
compounds and increased aromatic carbon, elevated pH, biochar yield decreases 
(Table 1), increased surface area and decreased surface functional groups that 
provide exchange capacity (Figures 4 and 5) [1, 14]. Beet tailing biochar pyrolyzed 
at 600°C adsorbed P; the adsorption was suggested to have occurred due to binding 
sites contained in colloidal and nano-sized MGO particles on the biochar surface 
[55]. [57] indicated that similar to P sorption, desorption is also influenced by 
feedstock, for example Inga exhibited less sorption of P compared to Lacre and 
Embauba feedstocks but also desorbed less P (Figures 9 and 10) [57].

Temperature 200°C 300°C 400°C 500°C 550°C 650°C 750°C P-value

Switchgrass

BC recovery 

(%)

78.0±1.5a 46.2±1.1b 31.7±1.3c 35.4±2.0c 24.9±0.3d 24.1±0.2d 22.8±0.2d <0.0001

pH 7.1±0.4b 8.0±0.3b 9.3±1.0ab 9.0±0.7ab 10.7±0.04a 11.3±0.1a 11.3±0.1a 0.0001

Kudzu

BC recovery 

(%)

74.0±2.3a 38.8±0.2b 29.8±2.0c 26.0±1.1cd 26.9±0.5cd 24.6±0.1cd 23.4±0.2d <0.0001

pH 7.8±0.03e 9.5±0.1d 10.5±0.03c 11.3±0.1b 11.1±0.2b 12.0±0.03a 12.4±0.01a <0.0001

Chinese 

Tallow

BC recovery 

(%)

80.0±0.4a 36.5±2.6b 23.7±0.3c 22.2±0.3cd 20.6±0.9cd 20.8±0.8cd 17.5±0.6d <0.0001

pH 7.0±0.03c 7.0±0.9c 8.8±0.1b 8.9±0.05b 8.9±0.1b 10.2±0.1ab 11.2±0.3a <0.0001

Data indicate mean ± SEM (standard error of mean) between temperatures. Different letters superscript along the row 
indicate Tukey HSD significant difference between means of biochar recovery and pH under different temperatures. 
Modified from [1].

Table 1. 
Biochar recovery and pH.

Figure 8. 
P sorption calcareous soil (Langhei series) and calcareous soil incubated with corn stover, Ponderosa pine wood 
residue, and switchgrass biochars at 40 g/kg soil for 30 days. Each data point is the mean of four replications 
with standard error. Modified from [11].
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Therefore, P sorption–desorption varies between feedstock type and pyrolysis 
temperature levels, providing a possibility of designing biochars for specific soil 
management objectives (Figures 4, 5 and 10) [57].

7. Biochar potential to mitigate phosphorus eutrophication

Biochar has potential to mitigate P eutrophication in the water bodies through 
its application in the farm. However, it is clear that biochar P sorption capacity is 
feedstock specific and is highly influenced by pyrolysis temperature [1]. Therefore, 

Figure 9. 
Desorption of PO4–P from washed biochars plotted as the cumulative fraction desorbed. Modified from [58].

Figure 10. 
Phosphorus desorption curve data for the sequential desorption of P from a degraded tropical soil with biochar 
added. The points represent desorption of P from the soil/biochar complex after the addition of 75, 150, 200 
and 300 mg P/kg. The encircled area represents a uniform desorption curve common to all treatments with a Kd 
between solution concentrations of 0.1 and 0.2 mg/L of approximately 1230 L/kg. Modified from [57].
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it is important to understand the interaction between feedstock type and pyroly-
sis temperature and how they influence biochar acidity/alkalinity, surface area, 
aromatic carbon, cation exchange capacity, surface charge density, biochar internal 
porosity and presence of both polar and non-polar surfaces sites that promote nutri-
ent absorption [1, 13, 39, 41]. Biochar that promotes P sorption rather than release 
of P should be considered for P eutrophication mitigation, and biochar should be 
designed to meet specific management practices [57]. When applying biochar on 
farm, it is also important to consider the erodibility of biochar to water bodies; P is 
easily translocated to water bodies as particulate P [32, 34]. Therefore consideration 
of influence of biochar on erosion is important, for example in conditions where 
biochar reduces soil erosion, it results in reduced particulate P losses [59].

8. Conclusion

Biochar has potential to mitigate P eutrophication in the water bodies through 
biochar application on farm. However, biochar exhibits broad spectrum of proper-
ties which are mainly influenced by feedstock type and pyrolysis temperature and 
as a result influences P sorption. Some biochars have exhibited P sorption while 
others exhibited P desorption. Carbon composition of biochar and pH values of 
biochar and soils are major drivers of P sorption. It is not appropriate to extrapolate 
any single study findings to any other material as a result of the wide diversity in 
terms of biochar influence on P sorption. Therefore every material needs to be 
evaluated and its potential for P sorption determined. The usefulness of biochar on 
P sorption is dependent on its characteristics; to mitigate P eutrophication, employ-
ment of biochar with high P sorption is important.

Acknowledgements

Special thanks to College of Agriculture and Food Sciences, Florida A&M 
University, for providing a conducive environment for writing this book chapter. 
This work was supported by USDA/NIFA (1890 Evans-Allen Research Program), 
USDA-Forest Service Grant Number 17-CA-11330140-027 and USDA-ARS Grant 
Number 58-3070-7-009.



11

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Biochar Phosphorus Sorption-Desorption: Potential Phosphorus Eutrophication Mitigation…
DOI: http://dx.doi.org/10.5772/intechopen.82092

Author details

Lucy W Ngatia1*, Johnny M. Grace III2, Daniel Moriasi3, Alejandro Bolques1,  
George K. Osei4 and Robert W. Taylor1

1 College of Agriculture and Food Sciences, Florida A&M University, Tallahassee, 
Florida, USA

2 USDA-Forest Service, Southern Research Station, Tallahassee, Florida, USA

3 USDA-ARS Grazinglands Research Laboratory, El Reno, Oklahoma, USA

4 School of Environment, Florida A&M University, Tallahassee, Florida, USA

*Address all correspondence to: lucy.ngatia@famu.edu



12

Biochar - An Imperative Amendment for Soil and the Environment

References

[1] Ngatia LW, Hsieh YP, Nemours D,  
Fu R, Taylor RW. Potential phosphorus 
eutrophication mitigation strategy: 
Biochar carbon composition, 
thermal stability and pH influence 
phosphorus sorption. Chemosphere. 
2017;180:201-211

[2] Xu H, Paerl HW, Qin B, Zhu G, 
Gao G. Nitrogen and phosphorus 
inputs control phytoplankton growth 
in eutrophic Lake Taihu, China. 
Limnology and Oceanography. 
2010;55(1):420-432

[3] Paerl HW. Nuisance phytoplankton 
blooms in coastal, estuarine, and inland 
waters. Limnology and Oceanography. 
1988;33:823-847

[4] Carpenter SR, Caraco NF, Correll 
DL, Howarth RW, Sharpley AN, Smith 
VH. Nonpoint pollution of surface 
waters with phosphorus and nitrogen. 
Ecological Applications. 1998;8:559-568

[5] Bennett EM, Carpenter SR, Caraco 
NF. Human impact on erodable 
phosphorus and eutrophication: A global 
perspective: Increasing accumulation of 
phosphorus in soil threatens rivers, lakes, 
and coastal oceans with eutrophication. 
BioScience. 2001;51(3):227-234

[6] Fluck RC, Fonyo C, Flaig E. Land-
use-based phosphorus balances for Lake 
Okeechobee, Florida, drainage basins. 
Applied Engineering in Agriculture. 
1992;8:813-820

[7] Jaworski NA, Groffman PM, Keller 
AA, Prager JC. A watershed nitrogen 
and phosphorus balance: The upper 
Potomac River basin. Estuaries. 
1992;15:83-95

[8] Stutter MI, Shand CA, George TS, 
Blackwell MSA, Bol R, MacKay RL, 
et al. Recovering phosphorus from soil: 
A root solution? Environmental Science 
and Technology. 2012;46:1977-1978

[9] Condron LM, Turner BL and Cade-
Menun BJ. The chemistry and dynamics 
of soil organic phosphorus. In: Sims 
JT, Sharpley AN, editors. Phosphorus: 
Agriculture and the Environment. 
Madison, Wisconsin, USA: ASA-
CSSASSSA; 2005. pp. 87-121

[10] Negassa W, Leinweber P. How does 
the Hedley sequential phosphorus 
fractionation reflect impacts of land use 
and management on soil phosphorus: A 
review. Journal of Plant Nutrition and 
Soil Science. 2009;172:305-325

[11] Chintala R, Schumacher TE, 
McDonald LM, Clay DE, Malo DD, 
Papiernik SK, et al. Phosphorus sorption 
and availability from biochars and 
soil/biochar mixtures. Clean: Soil, Air, 
Water. 2014;42(5):626-634

[12] Cornelissen G, Gustafsson O, 
Bucheli TD, Jonker MTO, Koelmans AA, 
Van Noort PCM. Extensive sorption of 
organic compounds to black carbon, 
coal, and kerogen in sediments and 
soils: Mechanisms and consequences 
for distribution, bioaccumulation, and 
biodegradation. Environmental Science 
and Technology. 2005;39(18):6881-6895

[13] Wang T, Arbestain MC, Hedley M,  
Bishop P. Predicting phosphorus 
bioavailability from high-ash biochars. 
Plant and Soil. 2012;357:173-187

[14] Novak JM, Lima I, Xing B, 
Gaskin JW, Steiner C, Das KC, et al. 
Characterization of designer biochar 
produced at different temperatures 
and their effects on a loamy sand. 
2009;3:195-2006

[15] Afif E, Matar EA, Torrent J. 
Availability of phosphate applied to 
calcareous soils of West Asia and North 
Africa. Soil Science Society of America 
Journal. 1993;57:756-760

[16] Sample ECR, Soper RJ, Racz GJ. 
Reaction of phosphate fertilizers in 



13

Biochar Phosphorus Sorption-Desorption: Potential Phosphorus Eutrophication Mitigation…
DOI: http://dx.doi.org/10.5772/intechopen.82092

soils. In: Dinauer RC, editor. The Role 
of Phosphorus in Agriculture. Madison, 
WI: American Society of America; 1980. 
pp. 263-304

[17] Lindsay WL. Chemical Equilibria in 
Soils. New York: John Wiley & Sons; 1979

[18] Amer FA, Mahmoud AA, Sabet V.  
Zeta-potential and surface-area 
of calcium carbonate as related to 
phosphate sorption. Soil Science Society 
of America Journal. 1985;49:1137-1142

[19] Marschner H. Mineral Nutrition of 
Higher Plants. London: Academic Press; 
1995

[20] Turner BL. Organic phosphorus 
transfer from terrestrial to aquatic 
environments. In: Turner BL, Frossard 
E, Baldwin DS, editors. Organic 
Phosphorus in the Environment. 
Wallingford: CAB International; 2005. 
pp. 269-295

[21] Tarafdar JC, Claassen N. Organic 
phosphorus compounds as a phosphorus 
source for higher plants through the 
activity of phosphatases produced by 
plant roots and microorganisms. Biology 
and Fertility of Soils. 1988;5:308-312

[22] Adams MA, Pate JS. Availability 
of organic and inorganic forms of 
phosphorus to lupins (Lupinus spp.). 
Plant and Soil. 1992;145:107-113

[23] Bostrom B. Potential mobility 
of phosphorus in different types 
of lake sediment. Internationale 
Revue der Gesamten Hydrobiologie. 
1984;69:457-475

[24] Bostrom B, Andersen JM, Fleischer 
S, Jansson M. Exchange of phosphorus 
across the sediment water interface. 
Hydrobiologia. 1988;170:229-244

[25] Redshaw CJ, Mason CF, Hayes 
CR, Roberts RD. Factors influencing 
phosphate exchange across the 
sediment–water interface of 

eutrophic reservoirs. Hydrobiologia. 
1990;192:233-245

[26] Perkins RG, Underwood GJC. The 
potential for phosphorus release 
across the sediment–water interface 
in a eutrophic reservoir dosed with 
ferric sulphate. Water Research. 2001, 
2001;35(6):1399-1406

[27] Cordell D, Drangert JO, White S.  
The story of phosphorus: Global 
food security and food for thought. 
Global Environmental Change. 
2009;19:292-305

[28] Bouwman L, Goldewijk KK, 
Van Der Hoek KW, Beusen AHW, 
Van Vuurena DP, Willems J, et al. 
Exploring global changes in nitrogen 
and phosphorus cycles in agriculture 
induced by livestock production over 
the 1900-2050 period. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2013;110(52):20882-20,887

[29] Sharpley AN, Reikolainen S. 
Phosphorus in agriculture. In: Tunney 
H, Carton OT, Brookes PC, Johnston 
AE, editors. Phosphorus Loss from Soil 
to Water. New York: CAB International; 
1997. pp. 7-53

[30] Daniel TC, Sharpley AN, Lemunyon 
JL. Agricultural phosphorus and 
eutrophication: A symposium overview. 
Journal of Environmental Quality. 
1998;27:251-257

[31] Daniel TC, Sharpley AN, Edwards 
DR, Wedepohl R, Lemunyon JL.  
Minimizing surface water 
eutrophication from agriculture by 
phosphorus management. Journal of Soil 
and Water Conservation. 1994;49:30-38

[32] Sharpley AN, Chapra SC, 
Wedepohl R, Sims JT, Daniel TC, Reddy 
KR. Managing agricultural phosphorus 
for protection of surface waters: Issues 
and options. Journal of Environmental 
Quality. 1994;23:437-451



14

Biochar - An Imperative Amendment for Soil and the Environment

[33] Haygarth PM, Condron LM, 
Heathwaite AL, Turner BL, Harris 
GP. The phosphorus transfer 
continuum: Linking source to impact 
with an interdisciplinary and multi-
scaled approach. Science of the Total 
Environment. 2005;344:5-14

[34] Meinikmann K, Hupfer M, 
Lewandowski J. Phosphorus in 
groundwater discharge—A potential 
source for Lake Eutrophication. Journal 
of Hydrology. 2015;524:214-226

[35] Antal MJ, Gronli M. The art, 
science, and technology of charcoal 
production. Industrial and Engineering 
Chemistry Research. 2003;42:1619-1640

[36] Benaddi H, Bandosz TJ, Jagiello J, 
Schwarz JA, Rouzaud JN, Legras D, 
et al. Surface functionality and porosity 
of activated carbons obtained from 
chemical activation of wood. Carbon. 
2000;38:669-674

[37] Guo Y, Rockstraw DA. 
Physicochemical properties of 
carbons prepared from pecan shell by 
phosphoric acid activation. Bioresource 
Technology. 2007;98:1513-1521

[38] Strelko V Jr, Malik DJ, Streat M. 
Characterization of the surface of 
oxidized carbon adsorbents. Carbon. 
2002;40:95-104

[39] Liang B, Lehmann J, Solomon D, 
Kinyangi J, Grossman J, O’Neill B, et al. 
Black carbon increases cation exchange 
capacity in soils. Soil Science Society of 
America Journal. 2006;70:1719-1730

[40] Cheng CH, Lehmann J, Engelhard 
MH. Natural oxidation of black carbon 
in soils: Changes in molecular form and 
surface charge along aclimosequence. 
Geochimica et Cosmochimica Acta. 
2008;72:1598-1610

[41] Laird D, Fleming P, Wang BQ, 
Horton R, Karlen D. Biochar impact on 
nutrient leaching from a Midwestern 

agricultural soil. Geoderma. 
2010;158:436-442

[42] Knowles OA, Robinson BH, 
Contangelo A, Clucas L. Biochar for the 
mitigation of nitrate leaching from soil 
amended with biosolids. Science of the 
Total Environment. 2011;409:3206-3210

[43] Spokas KA, Novak JM, Venterea 
RT. Biochar’s role as an alternative 
N-fertilizer: Ammonia capture. Plant 
and Soil. 2012;350:35-42

[44] Taghizadeh-Toosi A, Clough TJ, 
Sherlock RR, Condron LM. Biochar 
adsorbed ammonia is bioavailable. Plant 
and Soil. 2012;350:57-69

[45] Soinne H, Hovi J, Tammeorg P,  
Turtola E. Effect of biochar on 
phosphorus sorption and clay soil 
aggregate stability. Geoderma. 
2014;219-220:162-167

[46] Hollister CC, Bisogni JJ, Lehmann 
J. Ammonium, nitrate, and phosphate 
sorption to and solute leaching from 
biochars prepared from corn stover 
(Zea mays L.) and oak wood (Quercus 
spp.). Journal of Environmental Quality. 
2013;42:137-144

[47] Yao Y, Gao B, Zhang M, Inyang M, 
Zimmerman AR. Effect of biochar 
amendment on sorption and leaching 
of nitrate, ammonium, and phosphate 
in a sandy soil. Chemosphere. 
2012;89:1467-1471

[48] Nelson NO, Agudelo SC, Yuan 
WQ, Gan J. Nitrogen and phosphorus 
availability in biochar-amended soils. 
Soil Science. 2011;176:218-226

[49] Beck DA, Johnson GR, Spolek GA.  
Amending green roof soil with biochar 
to affect runoff water quantity and 
quality. Environmental Pollution. 
2011;159:2111-2118

[50] Novak JM, Busscher WJ, Laird DL, 
Ahmedna M, Watts DW, Niandou AS. 



15

Biochar Phosphorus Sorption-Desorption: Potential Phosphorus Eutrophication Mitigation…
DOI: http://dx.doi.org/10.5772/intechopen.82092

Impact of biochar amendment on 
fertility of a southeastern coastal plain 
soil. Soil Science. 2009;174:105-112

[51] Chen BL, Yuan MX. Enhanced 
sorption of polycyclic aromatic 
hydrocarbons by soil amended with 
biochar. Journal of Soils and Sediments. 
2011;11:62-71

[52] Yuan JH, Xu RK, Wang N, Li JY. 
Amendment of acid soils with crop 
residues and biochars. Pedosphere. 
2011;21:302-308

[53] Xu G, Sun J, Shao H, Chang SX. 
Biochar had effects on phosphorus 
sorption and desorption in threesoils 
with differing acidity. Ecological 
Engineering. 2014;62:54-60

[54] Hartikainen H, Yli-Halla M. 
Solubility of soil phosphorus as 
influenced by urea. Zeitschrift für 
Pflanzenernährung und Bodenkunde. 
1996;159:327-332

[55] Yao Y, Gao B, Inyang M, 
Zimmerman AR, Cao XD, 
Pullammanappallil P, et al. Removal 
of phosphate from aqueous solution 
by biochar derived from anaerobically 
digested sugar beet tailings. Journal of 
Hazardous Materials. 2011;190:501-507

[56] Deluca TH, Mackenzie MD, 
Gundale MJ. Biochar effects on soil 
nutrient transformation. In: Lehmann J,  
Joseph S, editors. Biochar for 
Environmental Management Science 
and Technology. Chapter 14. London: 
Earthscan; 2009. pp. 251-280

[57] Morales MM, Comerford N, 
Guerrini IA, Falcao NPS, Reeves J, 
Reeves JB. Sorption and desorption of 
phosphate on biochar and biochar–soil 
mixtures. Soil Use and Management. 
2013;29:306-314

[58] Hale SE, Alling V, Martisen V, 
Mulder J, Breedveld GD, Coenelissen G.  
The sorption and desorption 

of phosphate-P, ammonium-N 
and nitrate-N in cacao shell and 
corn cob biochar. Chemosphere. 
2013;91:1612-1619

[59] Jien S, Wang C. Effects of biochar 
on soil properties and erosion potential 
in a highly weathered soil. CATENA. 
2013;110:225-223




