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Agricultural wastes from plant and animal operations are often land applied to recycle

and manage residues. Compositional variability among these wastes is vast. Some

waste components can potentially represent a threat to the environment and humans

depending on their nature, application loads, and soil type. Biochar, the product obtained

by biomass heating under oxygen-limited conditions, has the potential to minimize

risks associated with waste characteristics while promoting soil health. However,

variation in the residue wastes (feedstocks) used to produce biochar carries over to

the resultant biochar. In this study, we compare the chemistry and composition of

biochars representing two broadly defined sources—animal (poultry litter, biosolids) and

plant (mixed hardwoods, pure maple, pine)—and highlight phosphorus (P) management

implications and opportunities presented by the variability among them. We also evaluate

P leaching patterns of four selected biochars (poultry litter, biosolids, hardwoods, and

maple) as applied at an identical rate (1% w/w) to two soils differing in P retention

capacities. Cumulative P release following poultry litter biochar application and 20

leaching events was much lower for the more P retentive soil. Total P release from

biochar-amended soils did not differ between soils when biochar from biosolids or from

plant sources were used as the soil amendment. However, the biosolids-biochar released

higher levels of P initially from the Candler compared with the Apopka (more P retentive

than the Candler) soils, similar to that of poultry litter biochar. Compositional variations in

feedstocks and resultant biochars must be understood in order to judiciously use them

as crop nutrient amendments. There is potential to minimize nutrient deficiencies and

environmental liabilities of biochars by matching feedstocks, or mixtures of feedstocks,

to the needs of specific crops, and by considering the P retentive capacity of the soil

where the biochar is applied.

Keywords: plant-based biochar, phosphorus, animal-based biochar, XRD, SEM-EDS

INTRODUCTION

According to the International Biochar Initiative (IBI, 2003), biochar is the term used to describe
the material obtained by the thermochemical conversion of organic matter in the complete absence
or low oxygen environment through a process called pyrolysis. Biochar can be used for improving
soil fertility when used alone or blended with a range of other materials, environmental/soil
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remediation, sequestering carbon (C), and so mitigating climate
change (IBI, 2003; Lehmann et al., 2006). Biochar origin relates
to the discovery of Amazonian Dark Earths, or Terra Preta de
Índio, soils that are higher in soil organic matter (reason for its
dark color), pH and base saturation compared to the surrounding
soils (Cunha et al., 2009). They are believed to be the result
of anthropogenic activities such as slash/burn and bury, dating
back from 500 to 2500 years B.P. (Smith, 1980; Woods et al.,
2000). Amazonian Dark Earths are so highly fertile that it enables
continuous cultivation without fertilization, differing from the
surrounding soils that are generally infertile, typical of the
tropical regions. The discovery of these fertile soils led to research
on the use of biochar as a nutrient source (Ippolito et al., 2015).

In agricultural farms, particularly under tropical conditions,
there are several wood and straw-based “waste products” such
as pruned branches and tree limbs, maize, rice, and wheat straw
(Nair et al., 2017). Further, in animal-production areas, organic
wastes such as manure from poultry, dairy and beef cattle,
and swine need to be removed off-site or land-applied. Manure
sources tend to lose nutrients from soil, particularly phosphorus
(P), and could result in polluting the environment when land
applied (Nair et al., 2003). If these farm wastes can be recycled
as biochar and managed as a soil amendment, it would be a
win-win situation decreasing the need for commercial fertilizer
application while utilizing the waste products (Nair et al., 2017).

Agronomic benefits of biochar application are highly variable;
some studies show positive, neutral, and even negative effects of
biochar application in crop productivity (Sohi et al., 2009; Jeffery
et al., 2011) that could be explained by different chemical and
physical characteristics of the biochar. The effects of biochar as
an amendment is highly dependent on the elemental content of
the raw material from which the biochar was obtained (Chan
and Xu, 2009; Hossain et al., 2011; Wang et al., 2012). Biochar
properties also vary both as a consequence of conditions under
which they are produced (e.g., pyrolysis temperature, residence
time) (Sohi et al., 2009) but also due to the variability among
distinct feedstocks from which they are produced (Mašek et al.,
2018). The soil to which the biochar is added also influences the P
availability as it has its own P retention capacity (Dari et al., 2016).
The biochar can compete with the soil for P binding sites or can
be the P source that could be bound to the soil sorption sites.
Therefore, P release and availability is a function of the feedstock
and the soil as shown by Dari et al. (2016) in their isotherm
studies. There is a need to address the P availability from biochar-
amended soils with differing P retention capacities. Determining
the environmentally safe quantity of a biochar that can be added
to a given soil for agronomic purposes requires an understanding
of the P release behavior of the biochar-soil system.

Our overarching objective was to compare some of the
basic properties of biochars from animal- and plant-based
feedstocks and examine implications for their judicious use as
a soil amendment to explain positive, neutral, and negative
effects of biochar application in crop productivity reported in
literature. Specific objectives were to: (i) evaluate the chemical

Abbreviations: XRD, X-ray diffraction; SEM-EDS, Scanning electron microscope
with energy dispersive spectroscopy.

properties of plant-based (mixed hardwoods, pure maple, pine)
and animal-based (poultry litter and biosolids) feedstocks using
identical methodology and, (ii) determine the mineralogy of
the biochars via x-ray diffraction (XRD) and scanning electron
microscopy with energy dispersive spectroscopy (SEM-EDS) to
obtain evidence of P associations with other elements in the
biochar from different feedstocks, and thereby provide an insight
into the P release potential of biochars from these feedstocks,
(iii) evaluate phosphorus release patterns when biochars from
different feedstocks applied at same rate are mixed with distinct
P retentive soils.

MATERIALS AND METHODS

Biochar Characterization
Various animal- and plant-based biochar feedstocks were used
in this study. For animal-based biochars, biosolids, and poultry
litter (PLB1 and PLB2; commercially available products from
different batches) were selected. The plant-based feedstocks
included mixed hardwoods (manufacturer’s product labeled as
HWB), pure maple (Acer spp.), and Douglas-fir (Psuedotsuga
menziesii), referred to as pine in this manuscript. The HWB
feedstock consisted wood from the following trees: maple (Acer
spp.), oak (Quercus spp.), and pine (Pinus spp.) slowly pyrolyzed
at 650–700◦C (Bakshi et al., 2014; Dari et al., 2016). The animal
sources PLB1 and PLB2 are two different batches of poultry litter
biochar obtained from a commercial source (Frye Poultry). They
consist of granular forms of activated biochar obtained from
broiler manure and bedding material used in poultry operations
that include saw dust, straw, and other materials as described by
Lima et al. (2014). The feedstock was also characterized by Lima
and Marshall (2005). PLB1 and PLB2 were produced through
pyrolysis at 700◦C under nitrogen gas flow for 1 h followed by
45-min steam activation at 800◦C at water flow rates ranging
from 1 to 5mL min−1 (Lima et al., 2014; Dari et al., 2016).
Phosphorus release at environmentally-relevant P concentration
is independent of the temperature of biochar preparation as
shown by Nair et al. (2016) justifying the use of materials
produced under different temperatures in this study. Further,
farmers and others use biochar as a nutrient source in their
fields without an understanding of differences in properties of the
biochar which would affect its value as a nutrient source.

Biosolids material was obtained from a municipal wastewater
treatment facility in Jacksonville, Florida, U.S.A. (30.3322◦ N,
81.6557◦ W). This material originated from an aerobic digestion
process and was subsequently classified as A (classification
of virtually pathogen free as regulated by the Environmental
Protection Agency, EPA). Biochar from the biosolids was
prepared in a muffle furnace. The feedstock (biosolids) was
crushed with a mortar and pestle, sieved through a 2mm
screen and heated for 24 h in a muffle furnace at 105◦C to
determined moisture content. After cooling off, the material
was placed in a ceramic crucible and the weight was recorded.
The crucible containing the feedstock was covered with a loose-
fitting ceramic lid and subjected to pyrolysis for 2.5 h at 400◦C
(Gonzaga et al., 2017).
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Solid State Characterization
All biochar samples were subjected to XRD analysis to identify
the minerals present in the biochar from varying feedstocks.
Samples were ground using an agate mortar and pestle, passed
through a 500µm sieve, and subsequently placed and leveled
in a cavity mount designed for this specific analysis. Samples
were scanned from 2 to 60◦ 2θ at rate of 2◦ per min using
Cu Kα radiation. The scans were performed on a computer-
controlled x-ray diffractometer (Ultima IVX-RayDiffractometer,
Rigaku Corporation, Japan) equipped with stepping motor and
graphite crystal monochromator. Scanning electron microscopy
(SEM) analyses, in conjunction with energy-dispersive x-ray
fluorescence elemental spectroscopy (EDS), were also conducted
on samples. Samples for SEM were prepared on a carbon stub by
applying small portions of the biochar and then coating with an
ultra-thin C layer to conduct electrons from the sample surface.

Elemental Composition Characterization
Biochars were homogenized and sieved to pass through a 2mm
sieve before analysis. Mehlich 3 (M3-) extractable P, K, Ca,
Mg, Zn, Mn, Cu, Fe, Al, Ni, and Na were analyzed using
ICP (Inductively Coupled Plasma Spectrometry). Water soluble
P (WSP) was determined in double deionized water using
1:10 soil:solution ratio extraction and analyzed by colorimetric
method (Murphy and Riley, 1962) using a TechniconTM

Autoanalyzer (EPA 365.1). Electrical conductivity (EC) and pH
were determined in deionized water at 1:2 biochar:water ratio.

Total P (TP) was determined by ashing 1 g of soil for 2 h at
550◦C and then solubilizing with 6 M HCl (Andersen, 1975).
Total Kjeldahl nitrogen was analyzed according to EPA 351.2
and total organic carbon (TOC) by dry combustion at 900◦C
with Shimadzu total organic carbon and nitrogen analyzer (TOC-
VCPH and TNM-1 connected to SSM5000) (Shimadzu Corp.
Kyoto, Japan).

Soil Characterization
Two minimally P-impacted soils from Florida were used in
the P release from biochar-amended soil studies. The more
P retentive one is from a Bt horizon of the Apopka soil
series (Loamy, siliceous, subactive, hyperthermic grossarenic
Paleudults). The other one with lower P retention capacity is from
an E horizon of the Candler soil series (Hyperthermic, uncoated
Typic Quartzipsamments). Soil samples were randomly collected
from the sites, mixed, and homogenized to get a composite
sample (Dari et al., 2016). Soil samples were then air-dried and
passed through a 2mm sieve. Samples were subjected to various
physical-chemical analyses and used for the P release experiments
(Table 3).

P Release From Soil-Biochar Mixtures
The P release measurements in soils amended with biochars
(PLB, Biosolids, HWB, and Maple) were performed after mixing
the biochars with the minimally-impacted soils specified above.
Selected biochars were added to the soils at 1% w/w (1.98 g of
soil + 0.02 g of biochar). All experiments were conducted in
triplicate. The soil-biochar mixture was added to a glass vial
with 10mL of 0.01 M KCl, which was then sealed and left for

incubation for 20 days at room temperature (25C ± 1◦C) to
attain chemical equilibrium. The number of days for incubation
was chosen after a series of pH measurements indicating that
equilibrium had been reached for all biochar-soil mixtures well
within 20 days. After the incubation period, mixtures were
transferred to polystyrene filter units, fitted with inert filter
membranes of 0.45µm pore size (Supplementary Figure 1).
Samples were then washed 20 times with 20mL of 0.01 M KCl
each time. Extractants was analyzed for soluble P (leached P) by
an autoanalyzer (Kopp and McKee, 1979) following the Murphy
and Riley (1962) procedure. All extractions and determinations
were at room temperature (25C± 1◦C).

Statistical Analyses
Each sample was considered a replicate within a group according
to its source (animal or plant-based biochars) for statistical
purposes. ANOVA was performed to test differences in P
parameters between those groups. Experimental treatments
involving P release from soil-biochar mixtures were done in
triplicates; means and standard deviations were calculated for
each mixture. All statistical calculations were performed using
RStudio 1.3.1056.

RESULTS AND DISCUSSION

Phosphorus in Biochars
Selected chemical characteristics for biochar feedstocks are
presented in Tables 1, 2. Values of P parameters of animal-based
were statistically higher than those of plant based-biochars (by
ANOVA test), with p = 0.013, 0,029, 0.035 for M3-P, WSP, and
total P respectively, and are generally similar to results of other
studies (Lehmann et al., 2006; Singh et al., 2010). Singh et al.
(2010), for instance, reported 1,555–2,446mg kg−1 of Olsen P
in the poultry litter biochar in their studies, whereas our study
indicates 13,000–17,000mg kg−1 ofM3-P. Beddingmaterials and
their proportion (e.g., wood shaving, straw), concentration of
other chemical elements, and type of chemical extraction applied
during P analysis could be responsible for such discrepancy.
Therefore, biochar from the same nominal feedstock but from
different sources or batches could have different P release
properties resulting in different yields when applied at identical
rates of biochar to the same soil. A recent meta-analysis by
Glaser and Lehr (2019) could not find information regarding
relations between biochar TP content and plant-available P in
their analysis of biochar experiments from across the world. In
our current study, available P measured as M3-P, accounted for
45% of the TP from PLB1 and 60% from PLB2 (Tables 1, 2)
compared to 10% of the TP from biosolids-biochar.

Plant available P in the biochar feedstocks, measured as M3-
P, in ascending order is as follows: pine < maple < HWB
< biosolids < PLB1,2; the relationship for TP concentration
was pine < maple < HWB < PLB1,2 < biosolids (Table 2).
Although biosolids-biochar had double the amount of TP
compared with PLB1,2, it had only about half the available P
of PLB1,2. The greater recalcitrance of M3-P in the biosolids
biochar than in the PLB1,2 could be related to the higher
stability of its mineral composition. In some other cases, however,
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TABLE 1 | Composition of biochar from plant- and animal-based feedstocks based on Mehlich-3 extraction.

P K Ca Mg Zn Mn Cu Fe Al Ni Na

Plant-based biochar

HWB 480 4,350 670 620 11 100 0 70 90 0.07 300

Maple 103 4,140 4,810 670 48 430 1 70 30 0 52

Pine 67 450 490 47 9 42 0 300 16 0 26

Animal-based biochar

PLB1 13 100 48 300 10 300 6,190 280 300 175 117 60 2.0 10 760

PLB2 16 900 57 000 13 700 8,280 310 286 182 107 8.9 4.2 16 200

Biosolids 7,060 500 2,330 5,140 60 20 20 440 190 0 87

Units are in mg kg−1. PLB1 and PLB2 refer to poultry littler biochar obtained from two different batches by the same company.

TABLE 2 | Total Kjeldahl nitrogen (TKN), total P (TP), water soluble P (WSP), total carbon (TC), pH and electrical conductivity (EC) for plant- and animal-based biochars.

TKN TP WSP TC C/N pH EC

mg kg−1 % ms/cm

Plant-based biochar

HWB 1,015 1,900 90 77 755 8.8 180

Maple 3,048 730 30 57 186 7.8 275

Pine 0.1 405 17 NA NA 8.4 59

Animal-based biochar

PLB1 18 000 29 000 307 30 15 9.3 20

PLB2 28 300 28 100 165 30 11 9.1 45

Biosolids (Jacksonville) 50 700 67 330 305 32 6 6.42 50

TABLE 3 | Physico-chemical properties of soils used for the desorption experiment adapted from Dari et al. (2016).

Soils pH WSP Ox-P† Ox-Fe† Ox-Al† SPSC

mg kg−1 mg L−1 mg kg−1

Candler 5.5 0.00 15 113 469 45.1

Apopka 4.8 0.35 31 436 1,380 152.0

†
Ox-P, oxalate-extractable P;

†
Ox-Fe, oxalate-extractable Fe;

†
Ox-Al, oxalate-extractable Al.

The soil P storage capacity (SPSC) (Nair and Harris, 2004) is a measure of tenaciously-bound P, as calculated using the following equation.

SPSC

(

mg

kg

)

=
(

0.10 − Soil PSR
)

*
[

(Ox Fe/56)+
(

Ox Al/27
)]

*31.

Soil PSR was calculated as (Ox-P)/(Ox-Fe + Ox-Al). Concentrations of P, Fe and Al (mg kg−1) were obtained by ammonium oxalate extraction (McKeague and Day, 1966). When SPSC

is positive (Soil PSR < 0.1) as in the case for the Candler and Apopka in this study, the soil is a P sink and will be able to accept more P until SPSC becomes zero. The Apopka soil has

the higher SPSC compared to the Candler, and therefore will hold higher P concentrations prior to becoming an environmental risk.

low solubility of P in the biosolids-biochar could be due to
the concentration of other elements that have the potential to
interfere in its availability, i.e., Al and Fe, purposely used in
the process of biosolids stabilization to decrease P solubility.
Doing so, the land application of this kind of biosolids reduces
environmental risk without compromising crop production
(Huang and Shenker, 2004; Huang et al., 2007). The total
concentration of a certain element, therefore, is not always
a measure of nutrient availability for plants and should not
be taken as the only criterion used for nutrition management
(Ippolito et al., 2015).

Biosolids can be obtained by various processes. The labile
P fraction of biosolids varies greatly among the different
stabilization processes (Brandt et al., 2004). In a study that
evaluated the conversion of different biosolids into biochar,
Freitas et al. (2017) revealed the elemental and mineral content
distinction varied among biosolids and their corresponding
biochars. Although the biosolids biochar in this current study
had a TP content of 67,300mg kg−1, no crystalline phase of
a phosphate mineral was identified through XRD (Figure 1).
Qian and Jiang (2014), also using XRD techniques to assess the
influence of temperature in the P transformation during thermal
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treatment of biosolids, detected in the biochar only the phosphate
mineral stanfieldite, Ca4(Mg, Fe)5(PO4)6. However, compounds
of orthophosphate and pyrophosphate made up a big portion of

TP in the feedstock. They speculated the P could be adsorbed
on Al, Fe, or Ca, just like in soils (McDowell and Condron,
2000; Sharpley et al., 2004; Qian and Jiang, 2014). Since biosolids

FIGURE 1 | X-ray diffraction pattern of a biosolids biochar from Jacksonville, FL. Calcite = CaCO3; Kaolinite = Al2Si2O5(OH)4; Quartz = SiO2.

FIGURE 2 | Elemental dot map from SEM-EDS analysis of Jacksonville biosolids (A–C) and its corresponding biochar (D–F), showing Mg-P associations (scale bar =

200µm).
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differ in their characterization based on their treatment processes
(Freitas et al., 2017; Silveira et al., 2019), associations with P could
also differ depending on the biosolids source.

The biosolids-biochar in this study showed Mg-P associations
(Figure 2) in SEM-EDS assessment, consistent with the presence
of struvite (MgNH4PO4·H2O) that was identified in the biosolids
feedstock (Freitas et al., 2017). Minerals identified in the biosolids
biochar included calcite, kaolinite, and quartz; struvite was not
present, despite being in the feedstock, likely due to its thermal
destabilization during the pyrolysis process (Bhuiyan et al., 2008).
The phosphate mineral whitlockite, β-Ca3(PO4)2, was identified
in the PLB1 (Dari et al., 2016) and PLB2 (Figure 3). These
results were later corroborated by SEM-EDS that showed Ca-
P associations (Figure 4). This secondary phosphate mineral

has also been identified in dairy manure biochar produced at
temperatures≥ 500◦C (Cao andHarris, 2010). It has the potential
to be a slow P-release fertilizer due the steady dissolution of the
mineral. Wang et al. (2015) studying P dissolution from poultry
litter biochar, speculated that the slow-release pattern of P, along
with 1:1Mg:P ratio from leachate, were due to struvite (Manning,
2008; Wang et al., 2015), although the XRD assessment in
our studies did not show the presence of this mineral. The
thermal instability of struvite should preclude its presence as a
crystalline phase in biochar during the heat treatment. Solid state
characterization enables mineral identification and consequently
provides insight into the release behavior of several elements
with important agronomic and environmental implications. For
instance, the solubility of whitlockite (Li et al., 2009; Magalhães

FIGURE 3 | X-ray diffraction pattern of Poultry Litter Biochar2 (PLB2). Calcite = CaCO3; Quartz = SiO2; Sylvite = KCl; Whitlockite = (β-Ca3(PO4 )2).

FIGURE 4 | Elemental dot map from SEM-EDS analysis of PLB2 showing Ca-P associations (scale bar = 20µm).

Frontiers in Sustainable Food Systems | www.frontiersin.org 6 September 2020 | Volume 4 | Article 510982

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Freitas et al. Biochar Sources and Phosphorus Management

and Costa, 2018) is lower than that of the struvite (Bhuiyan et al.,
2007), suggesting that a biochar containing the former mineral
would potentially release P less freely than the latter. However,
dissolution rates would need to be determined to directly confirm
this difference.

Other Physical and Chemical Properties of
Biochars
The high pH values determined for PLB1 and PLB2 (Table 2)
are similar to those reported by Chan et al. (2008) and Gaskin
et al. (2008). The high pH is due to elevated concentration
of bases in manure compared to plant residues (Table 1). This
finding suggests that PLB1 and PLB2 could have a liming effect
when applied to the soil, which is confirmed by the presence
of calcite in both PLB1 (Dari et al., 2016) and PLB2 (Figure 3).
Domingues et al. (2017) showed high liming values for chicken
manure biochar and coffee husk when comparing these materials
with other biochars: eucalyptus sawdust, sugarcane bagasse,
and pine bark. They credit these high liming values to the
presence of calcium- and potassium carbonates found in the
XRD spectra of those biochars. Maple biochar also seems to
have a liming effect if land applied due to the presence of
calcite (Supplementary Figure 2), consistent with its alkaline pH
of 7.8 (Table 2). X-ray diffraction patterns of the HWB in our
study showed the presence of sylvite (Supplementary Figure 3)
consistent with high amount of K in this biochar feedstock
(Table 1).

High base concentrations, especially potassium (K) and
sodium (Na), in PLB1 and PLB2 (Table 1) are reported to have a
negative effect on plant growth when applied to a poorly buffered
soil, due to increase in EC (Macdonald et al., 2014). Studies have
reported increases in soil salinization and consequently negative
effects on plant growth by the application of animal manure
and/or corresponding biochar to the soils (Yao et al., 2007;
Macdonald et al., 2014; Rombola et al., 2015). However, if poultry
litter biochar is field applied on a P basis, just a small amount
of the material would be necessary, reducing the salinization
risk associated with its application. Moreover, the apparently
steady P release from this material also suggests that the risk
of P leaching and runoff from the field application could be
minimized. According to Dari et al. (2016), PLB could still adsorb
P from the system, despite the high content of this nutrient in the
material, and thus could also be used for soil remediation.

Higher concentrations of M3-extractable P, K, and Mg for
HWB and maple compared to pine were noted (Table 1). Maple
biochar, HWB, PLB1, and PLB2 had higher concentrations of
K (>10-fold in magnitude) compared to pine- and biosolids
biochar, indicating not only significant variability among plant-
but also animal-based biochars. High solubility of K in PLB1

and PLB2 could be attributed to the presence of sylvite (KCl)
(Figure 3). Neither maple biochar (Supplementary Figure 2)
nor pine biochar (Supplementary Figure 4), indicated the
presence of sylvite, a mineral noted to be especially common
in plant-based biochars (Zhao et al., 2013). This mineral was
only detected in the HWB (Supplementary Figure 4) among the
plant-based biochars in our study. The high concentration of

Ca in maple biochar is due to the presence of calcite (CaCO3)
(Supplementary Figure 2) in the material. Some studies (Singh
et al., 2010; Zhao et al., 2013) suggest that more calcite is
formed when pyrolysis temperature is increased to 500◦C and
believed to be the result of decomposition of calcium oxalate
into calcite. No crystalline phase was detected in the pine biochar
(Supplementary Figure 4), nor were elemental associations
evident through SEM-EDS (figure not shown). Although pine
biochar did not present appreciable nutritional value, it has been
reported to increase water holding capacity (Yu et al., 2013).
Our results bring to light the high elemental variability and the
need to evaluate biochar from different feedstocks prior to land
application. Additionally, they corroborate other studies showing
that if the selected materials were to be used as a P fertilizer,
much more of plant-based would be necessary to meet the crop
requirements compared to the animal-based biochars.

Among the biochars in this study, PLB1 and PLB2 presented
the highest content of the main micronutrients (Zn, Mn, Cu)
(Table 1), in accordance with other studies (Macdonald et al.,
2014). The low C/N ratio from this biosolids-biochar (Table 2)
suggests that it could be a promising material to serve as an
N fertilizer (Hossain et al., 2011); among our studied materials,
biosolids-biochar had the highest total Kjeldahl nitrogen (TKN)
content. However, with the high variability in properties
of biosolids-biochar from different processing techniques, we
cannot consider all biosolids-biochar to have similar effects on
land-application. Freitas et al. (2017) indicated TKN content
ranging from 13,000 to 50,000 in different biosolids-biochar
tested in their study.

Various studies from 1850 to 2011 reported variable effects of
biochar on plant yield: 50% reported positive, 20% no effect, and
30% reported negative effects (Maddox, 2013). These findings
are not surprising given the huge variation in biochar properties
noted above. Differences in soil P storage capacity (Nair et al.,
2010) is another important factor to be taken into consideration
regarding the application rate of the biochar. A system with
high soil P retention capacity would require more of a given
biochar to offset the soil P fixation. Dari et al. (2016) showed
that nutrient retention and release during biochar application
depends not only on the nutrient retention/release potential of
the biochars, but also the nutrient retention properties of the soil.
A meta-analysis of biochar effects on P availability when applied
to soils, reported no observed effect on P bioavailability from
wood-based biochar feedstocks, suggesting their ineffectiveness
as a P fertilizer (Glaser and Lehr, 2019). However, several studies
indicated that biochar from wood-based feedstocks can serve as
a soil amendment by increasing cation exchange capacity and pH
(Yamato et al., 2006; Van Zwieten et al., 2010; Nelson et al., 2011),
which in turn could indirectly increase P availability and improve
crop yields (Yamato et al., 2006; Asai et al., 2009; Nelson et al.,
2011).

Micronutrient content is another possible factor influencing
the disparities in reported yield. It is clear, then, that the
amount of biochar required to meet a given crop requirement
would vary substantially according to each nutrient demand, and
biochar application rates will be site-specific (Nair et al., 2017).
Discrepancies in nutrient content between biochar feedstocks
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call for the mixture of different available feedstocks as a possible
alternative (Nair et al., 2017). Biochars with high C/N ratio,
such as those from plant-based feedstocks (Table 2), still have
the potential to act as a soil conditioner and to enhance
N use efficiency when mixed with animal manure (Steiner
et al., 2008, 2015; Wang et al., 2019), and should still be
considered despite low nutritional value. Nair et al. (2017)
suggest a mixture of different available feedstocks could be very
important under smallholder farming systems, that can utilize
agricultural residues to create a valuable product to achieve
sustainable crop production. It seems reasonable, therefore, to
critically select biochar feedstocks that provide nutrient balanced
content for a field application. Those considerations should be
properly addressed along with possible environment constraints.
A knowledge of elemental composition enables the identification
of biochars, including mixtures from different feedstocks, that
would be most effective for a specific purpose. The focus of this
study was on characteristics of biochar from different feedstocks.
Findings will have implications for biochar applications in
different parts of the world.

Phosphorus Release From Soil-Biochar
Mixtures
The physico-chemical properties of the two soils—Candler and
Apopka—are given in Table 3. Apopka had much higher P
retentive capacity compared to Candler (Dari et al., 2016). The
difference in P retention capacity affected the release pattern
in some cases. For instance, cumulative P release, as %WSP,
from PLB1 + Apopka mixture was a little over half that of the
PLB1 + Candler mixture (Table 4; Figure 5). In this particular
case, the P retentive potential of the soil played a role on the
P release and demonstrated the importance of accounting for
the soil P retention capacity for a safe amendment application
to the soil. Furthermore, the proper application rate of the
amendment will also provide adequate P for plant uptake while
minimizing a risk to the environment. Not all animal-based
biochar would yield similar results, however. In the case of
biosolids-biochar, no difference was seen in the cumulative
P leached after 20 extractions of this biochar amended with
Apopka and Candler that were 214 and 215mg kg−1, respectively
(Figure 6). However, the first biosolids-biochar leaching event
resulted in the maximum leached P similar to P leaching from
the PLB and showed greatest P retention for the Apopka soils
(Figure 5). After 20 days’ incubation, the biochar-soil P had likely
reached a quasi-equilibrium to enable maximum expression of
a soil effect. The P released from subsequent leaching events
is likely lower because of less equilibration time and possible
depletion of the most soluble P phases during the first event.
Release of P from Apopka and Candler soils amended with HWB
andmaple biochar did not differ despite differences in P retention
capacities of these soils (Table 3). Based on chemical and solid-
state characteristics, plant-based biochars are not susceptible to
high P release due to the low concentration of this nutrient; pine
had the lowest P content and was left out of the leaching studies.

Both Apopka and Candler are sandy soils and only a small
amount of the material (<1% w/w) from an animal-based

TABLE 4 | Mean percentage (with standard deviation) of leached P as percentage

of TP and WSP, and total P leached in 20 extractions.

Mixture % TP % WSP Cumulative P leached

mg kg−1

Plant-based

HWB + Apopka 0.54 (0.009) 11.3 (0.19) 10.2 (0.17)

HWB + Candler 0.54 (0.01) 11.5 (0.23) 10.4 (0.20)

Maple biochar + Apopka 1.74 (0.013) 42.5 (0.33) 12.7 (0.10)

Maple biochar + Candler 1.82 (0.02) 44.4 (0.53) 13.3 (0.15)

Animal-based

PLB1 + Apopka 0.48 (0.02) 46.0 (2.50) 141.2 (7.68)

PLB1 + Candler 0.88 (0.013) 83.5 (1.26) 256.4 (3.89)

Biosolids biochar + Apopka 0.32 (0.02) 70.2 (5.66) 214.3 (17.28)

Biosolids biochar + Candler 0.32 (0.01) 70.8 (3.75) 215.9 (11.45)

FIGURE 5 | Apopka and Candler soils amended with 1% of PLB1. Bars

represent standard deviation of the mean (n = 3). Over 20 sequential

extractions PLB1+ Apopka released a total of 141mg kg−1 and PLB1+

Candler 256mg kg−1.

biochar such as PLB would be needed for sufficient P release from
the soil for plant uptake while at the same time minimize P loss
via runoff or leaching. Further, PLB has the additional advantage
of acting as a slow P-release fertilizer due to the presence of
whitlockite, a sparingly soluble salt. It is anticipated that a higher
rate of biochar additions would be needed if applied as a nutrient
source for more P retentive soils in general. In addition to the soil
type, the P history of the soil needs to be taken into consideration
while deciding on land-application of biochar. When biochar is
added to a soil below its threshold PSR (Nair, 2014), the soil will
continue to retain P released by the biochar until the threshold
is reached, at which point the soil itself becomes a P source (Dari
et al., 2016). The addition of any biochar to a soil can reduce P loss
from the soil if its equilibrium phosphorus concentration (EPC0)
is lower than that of the soil. Plant-based biochars would likely be
useful as a soil amendment to reduce P loss from a soil.
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FIGURE 6 | Apopka and Candler soils amended with 1% biosolids-biochar

from Jacksonville. Bars represent standard deviation of the mean (n = 3). Over

20 sequential extractions Jacksonville biosolids-biochar + Apopka released a

total of 214mg kg−1 and Jacksonville biosolids-biochar + Candler 215mg

kg−1.

SUMMARY AND CONCLUSIONS

There are substantial differences in nutrient content between
biochars from animal and plant-based feedstocks. Animal-based
biochars analyzed in this study had the highest concentration of
macro and micronutrients, although in the case of K, HWB and
maple had higher content of this element compared to biosolids-
biochar. The highest content of K and available P was found in
the PLB1 and PLB2, despite TP being highest in the biosolids-
biochar. The reported imbalance between available nutrients in
these materials suggests the possibility of mixing biochar from
different feedstocks to attain optimal crop yields. Moreover, it
possibly helps explain the yield discrepancies reported in the
literature. Biochar application as a nutrient source for crop

production should likely take a site-specific approach that is based
on availability and composition of feedstocks, nature of soil and
climatic conditions. Despite large variations in the characteristics
of biochar from different sources, biochars have potential to be a
beneficial tool for sustainable soil management and conservation.
Moreover, P release depends not only on biochar feedstock
(biochar source), but also on the P retention capacity of the
soil, as reflected in results from this study. An optimum biochar
application rate must account for soil-crop competition for P
while avoiding negative environmental consequences of P loss
from the field.
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