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Biochars pyrolyzed from plant residues and animal manure feedstocks may contain

disproportionate amounts of phosphorus (P) and potassium (K). Unequal nutrient

characteristics can impact the biochars ability to properly supply as well as improve soil

P and K fertility levels. A soil incubation study was performed to test the hypotheses

that biochar produced from poultry litter will release more water soluble dissolved P

(DP) and K (DK) concentrations and would also increase soil plant available P and K

concentrations as compared to lignocellulosic-based biochars. Biochar was pyrolyzed

at 500◦C from hardwood waste products (HW), pine chips (PC; Pinus taeda), poultry

litter (PL; Gallus domestics), and an 80:20 pine chip/poultry litter blend, which were

then added at 20 g kg−1 to a sandy Norfolk E soil (Typic Kandiudult). Un-amended

(no biochar) Norfolk E soil served as a control. During the incubation, all treatments

were leached four times with deionized water and the leachate analyzed for DP and

DK; their concentration and mass released as a function of total amounts present were

then calculated. At the conclusion of the study, soils were extracted using Mehlich-1

reagent for determination of plant-available P and K contents. Leachates from soil

amended with 100% PL biochar and the 80:20 blend had significantly more DP and

DK mass (59 and 1,018mg, respectively) released compared to PC and hardwood

biochars (0.07 and 23mg). Significant amounts of DP were released from PL biochar

with additional water leaching, but DK release results were mixed. Soil Mehlich-1 P and K

contents were significantly increased using PL biochar compared to lignocellulosic-based

biochars. Blending PC with PL feedstocks at 80:20 weight ratio reduced Mehlich-1 soil P

concentrations to 35mg kg−1, which was more aligned with soil test P levels (30–50mg

kg−1) recommended for a corn (Zea mays) production in southeastern USA Coastal Plain

sandy soils. These results reveal that 100% PL biochar offers a higher potential to provide

more P and K to soils than lignocellulosic based biochars, and that feedstock blends can

be used to create designer biochars that align soil test fertilizer values with plant nutrient

requirements.
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INTRODUCTION

Pyrolysis of organic feedstocks produces thermal energy, bio-
oil, and a solid-product called biochar (Antal and Gronli,
2003). Many types of organic feedstocks are suitable materials

to produce biochars, including-animal manures, wood waste

compounds, green-wastes, and other plant-based materials
(Bridgewater, 2003; Laird et al., 2009; Sohi et al., 2009; Boateng
et al., 2015). The structural components of biochar have been

well-characterized and are reported to consist of aromatic and
non-aromatic organic compounds (Antal and Gronli, 2003; Jindo
et al., 2014), and an ash fraction containing an assemblage
of inorganic elements (e.g., Ca, Mg, P, K etc.; Novak et al.,
2009; Cantrell et al., 2012; Ippolito et al., 2015). Consequently,
they are acknowledged as viable soil amendments to increase C
sequestration (Day et al., 2004; Brassard et al., 2016; Smith, 2016;
Lamb et al., 2018), crop yields (Jeffery et al., 2011), and fertility
characteristics (Novak et al., 2009; Spokas et al., 2012; Bargmann
et al., 2013).

A concern with the use of biochar as a soil fertility
amendment, however, are vast differences in their plant nutrient
composition (Cantrell et al., 2012; Novak et al., 2013; Domingues
et al., 2017). For example, biochars produced from hardwoods
(HW) and softwoods generally have lower concentrations of total
P (TP) and total K (TK) as compared to animal-manure based
biochars, such as poultry litter (PL, Cantrell et al., 2012; Novak
et al., 2013). In these reports, PL biochar pyrolyzed at 700◦C
had 42.8 and 86.6 g kg−1 of TP and TK contents, respectively,
as compared to 0.28 and 2.7 g kg−1 contained in pine chip (PC)
biochar. The greater TP and TK concentrations in PL biochar
was attributed to un-assimilated nutrients in the excreted animal
manure (Novak and Busscher, 2012).

Besides examining TP and TK contents among biochar types,
plant available P and K concentrations have also been reported
(Ippolito et al., 2015). In this reference, the authors reported
that available P contents in biochars produced from hardwoods
and softwoods ranged from 25 to 200mg kg−1 respectively, and
240–1,400mg kg−1 for animal manure biochars. Additionally,
available K was much higher in biochar produced from animal
manures (>13,000mg kg−1) compared to lignocellulosic-based
biochars (10–1,620mg kg−1). Thus, the capability of biochar to
recycle P and K back into soil is partially dependent on feedstock
selection.

For biochar to make a viable contribution to the soil P and
K nutrient pools, these nutrients need to be released into soil
solution for plant uptake, and should bolster extractable soil P
and K concentrations in ranges suitable for crop production. In
this regard, several studies have investigated P release dynamics
from biochar itself (Angst and Sohi, 2013; Morales et al., 2013;
Domingues et al., 2017) and from biochar mixed with soil
(Morales et al., 2013; Parvage et al., 2013; Wang et al., 2015; Zhai
et al., 2015; Li et al., 2017). In these studies, variable amounts
of water soluble P were released from biochars or from soil +
biochars mixtures.

Plant available P concentrations after applying biochar to soils
have been reported. Zhai et al. (2015) reported an increase in
Olsen extractable P from 3 to 46 and 13 to 137mg kg−1 after

a straw-derived biochar was applied (at 8% w w−1) into two
soils from China. Li et al. (2017) recently reported a recovery of
between 21 and 29% of the applied P content using resin (plant
available) placed into three Danish soils after mixing with PL
biochar.

There are a few recent reports of K released from biochars and
from biochar-treated soils. Angst and Sohi (2013) sequentially
extracted a wood-based biochar using deionized water, reporting
an initial large concentration release followed by a decline
(cumulative extraction of 3,500–4,000mg kg−1) after 6 sequential
extractions. Widowati and Asnah (2014) applied 30 t ha−1 of
biochar produced from plant material wastes to soil. They
reported an increase of 69–89% in (NH4OAc extractable) K
which contributed to a 14% increase in maize production
relative to a KCl control. Limwikran et al. (2018) assessed K
releases from Thailand soils after incubation with 9 biochar
types that were produced from shells, food-processing wastes
and wood wastes. They reported dramatic differences in water-
soluble K (8–64%) amounts released into soil following biochar
applications. Unfortunately, these researchers did not include
manure-based biochars to compare K release dynamics against
the lignocellulosic-based biochars.

While the above reports are promising, the overall release
dynamics of DP and DK from lignocellulosic- and manure-based
biochars alone and after biochars are mixed with soil is still
under question (Angst and Sohi, 2013; Gul and Whalen, 2016;
Zhang et al., 2016). This lack of clear information confounds
biochar selection, production, and application conditions for
their predictable use as a soil fertility amendment and further
raises doubt if the added biochar can improve crop yields in
all soils (Jeffery et al., 2011; Spokas et al., 2012; Bierderman
and Harpole, 2013; Laird et al., 2017). Moreover, the initial
feedstock concentration used to produce the biochar does not
provide a reliable measure of a biochar’s nutrient value in crop
production because DP andDK releases are also depended on soil
biotic and abiotic processes that influence nutrient solubilization,
precipitation, and other sequestration reaction (Joseph et al.,
2010; Angst and Sohi, 2013).

We assert that a more direct assessment of a biochars potential
to increase P and K releases into the soil nutrient pool would
be to expose biochar to soil for a long period of time (>100
d), periodically leach the system with water, and assess their
concentrations in the leachates. In turn, P and K associated
with the biochars are exposed to mineral weathering reactions
at the surface and in pore spaces potentially resulting in their
dissolution and release. Moreover, the additional incubation time
would influence P and K release equilibrium reactions because
of exposure to other microbial (e.g., nutrient mineralization,
assimilation, etc.) as well as other chemical mechanisms (i.e.,
precipitation, binding by organic ligands, etc.) that can counter
their bioavailability. Finally, the soil + biochar mixture can
be extracted to assess if the biochar has raised soil nutrient
concentrations to approach agronomic plant sufficiency levels
(Jones, 2003).

Review of the literature exposes the dearth in reports
concerning a comparison of DP and DK releases between biochar
types (manure- vs. lignocellulosic-based feedstocks) and then
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quantifying the potential changes in plant extractable P and K
concentrations. For this study, our hypotheses were that poultry
litter-based biochar after incubation in an acidic, sandy-textured
soil would release more DP and DK into water leachates, which
concomitantly would also increase soil plant available P and K
concentrations relative to soil treated with lignocellulosic-based
biochars. Therefore, our objectives were to: (i) determine the
quantity of DK and DP released in water leachates from several
biochar types after incubation in a highly weathered, sandy-
textured soil; and (ii) extract the biochar treated and untreated
soils for plant available P and K to determine their impact on
supplying nutrients for typical corn production in Southeastern
USA Coastal Plain soils.

MATERIALS AND METHODS

Site Description and Soil Characterization
Soil from a Norfolk E horizon was collected from a farm field
located in the Middle Coastal Plain region in South Carolina,
USA. The USDA Taxonomic classification for the Norfolk soil
series is a Fine-loamy, kaolinitic, thermic Typic Kandiudult.
Background soil chemical characteristics are presented in
Table 1. Soil collection details, site location, past crop and tillage
management, along with chemical and physical characteristics
are given elsewhere (Novak et al., 2016). Briefly, the parent
material of the Norfolk soil series is extremely weathered marine
sediment following several millions of years of pedogenesis
(Daniels et al., 1999). Particle size determination on this E
horizon revealed that it is a sandy loam texture consisting of 71%
sand, 24% silt and 5% clay. The site where the soil was collected
has a mean annual precipitation of 1200-mm and a mean annual
air temperature of 17.4C. This extreme weathering environment
has resulted in low soil organic carbon contents (<<1 g kg−1),
loss of base cations resulting in an acidic soil pH (5.4), and low
fertility characteristics (Novak et al., 2016).

Biochar Preparation and Characterization
Biochar pellets were produced from 100% PC (Pinus taeda)
and 100% ground PL (Gallus domestics) using a 6.4-mm dye

TABLE 1 | Selected chemical properties of Norfolk E soil and biochars (% on a dry

weight basis; PC, pine chip; PL, poultry litter; HW, hardwood; TP, total

phosphorus; and TK, total potassium).

Properties Norfolk E PC:PL 80:20 100% PL 100% PC HW

C (%) – 83.6 48 88.8 72.5

N (%) – 1.3 4 0.5 0.3

O (%) – 3.0 5 5 15.3

H (%) – 2.7 1.5 3.1 2.8

S (%) – 0.2 0.8 < 0.01 0.0

Ash (%) – 9.2 41 2.6 8.9

TP (mg kg−1) 50† 6,275 3,1573 592 300

TK (mg kg−1) 231† 14,434 69,380 3,014 6,500

†
Published previously in Novak et al. (2016).

plate, and then sieved to acquire > 2-mm sized material. The
pellets were then pyrolyzed at 500◦C as described in Novak
et al. (2016). The pyrolyzed pellets were re-sieved, using a 2-mm
sieve, to ensure that any pellets broken down during pyrolysis
were removed. Because the 100% PL biochar contained a high
TP content (Table 1), a blended pellet was made consisting of
an 80:20w w−1 ratio of PC:PL feedstock. This blending ratio
was found to better align the expected Mehlich P released
into soil after biochar application with the recommended
agronomic Mehlich extractable P contents for row crops in
southeastern USA coastal plain soils (30–50mg kg−1, Novak
et al., 2014). Pellet production for the HW biochar was poor
because of the predominance of “dust-like size” material (75%
by weight of material < 0.25mm in diameter) that did not bind
together when pressed. Thus, it was used “as received” in this
experiment.

The biochars ash, C, N, O, H, and S contents were measured
on an oven-dried basis by Hazen Research, Inc. (Golden,
Colorado) following ASTM D 3172 and 3176 standard methods
(ASTM American Society for testing and materials, 2006). The
TP and TK contents of each biochar were determined using
the USEPA 3052 digestion method (US EPA, 1996), and then
quantified with inductively coupled plasma optical emission
spectroscopy (ICP-OES; Novak et al., 2009).

Scanning electron microscopy (SEM) images of two
biochar samples (the blend and HW) were collected to show
differences in surface morphology. The images were taken
using a SEM (JEOL 6500; Tokyo, Japan) at the University of
Minnesota-Surface Characterization Laboratory (Figures 1A,B).
Meanwhile, SEM images from a 100% PL biochar pellet
(Cantrell et al., 2014; Sigua et al., 2016), and for a 100% PC
biochar pellet (Novak et al., 2015) were reported previously.
Furthermore, P and K associated with both the 100% PL and
100% PC biochars were confirmed using energy dispersive
spectroscopy analysis (see EDS scans in Novak et al., 2015;
Sigua et al., 2016). After characterization, all biochars were
stored in vacuum-sealed plastic bags to prevent exposure to
atmospheric conditions until used in the soil column leaching
experiment.

Soil Column Leaching for DP and DK
Releases
The treatments (n = 5) for the DP and DK release study
consisted of 2-mm sieved Norfolk E horizon soil mixed with:
(a) no biochar (control); (b) 100% PC biochar pellets; (c)
100% PL biochar pellets; (d) the 80:20 PC:PL blend biochar
pellet, and (e) mixed with the HW biochar. Twenty g kg−1

(w w−1) of biochar were added to the Norfolk E soil and
sufficient deionized water was added to bring their soil
moisture contents to 10% (w w−1) on a soil-dry basis. These
treatments were mixed into soil and the placed into plastic
PVC columns (16 cm height x 10 cm diameter (Figures 1C,D).
Plastic mesh screening was placed on the bottom of each
column to retain soil. Each column was then mildly tapped
to obtain a bulk density of about 1.5 g cm−1. The % pore
space for each column was determined using Equation 1
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FIGURE 1 | Scanning electron microscopic images of select biochars [80:20 pine chip:poultry litter blend (A) and hardwood (B)], and photos depicting their

placement into Norfolk E soil and settlement for water leaching (C,D).

(Troeh and Thompson, 2005)

[1]%pore space = (1− bulk density in g/cm−3
÷ particle

density in g/cm−3)x100.

The total soil volume in each column was then calculated
and multiplied by the % pore space to determine each
columns pore volume (PV). The pore volume was used to
fix the volume of leaching water needed to ensure that
pores were flushed thoroughly. A value of 1.3 PV (≈
285mL) was assumed to adequately solubilize P and K
salts, while also dislodging any entrapped DP and DK from
surfaces, crevices, and pore spaces. In comparison, 1.3 PV of
leaching water represented a rainfall event of approximately
40-mm.

The columns were arranged in a randomized design consisting
of n= 4 replicates per treatment on a laboratory bench and were
incubated for a total of 150 d. Their soil moisture contents were
maintained at 10% which is the upper moisture content range
for this soil at field capacity (Novak et al., 2009). Thus, the total
column weights were monitored and sufficient deionized water
was added when needed. On incubation days 32, 67, 95, and
128, the columns were placed on a wooden rack and leached
with 1.3-PV of deionized water. Column leachate was collected
until free drainage had ceased and their total volume measured.
Afterwards, the bottle was shaken, and a 100-mL aliquot was
removed for initial filtration using 0.7µm GF/G WhatmanTM,
(Buckinghamshire, UK) filter paper to remove sediments. Next,
a 5-mL aliquot from the 0.7µm filtered sample was re-filtered
using 0.45µm nylon syringe filter (Environmental Express,

Charleston, SC, USA) and their DP and DK concentrations
quantified using ICP-OES as described in Novak et al. (2016).

After the final leaching event on day 128, the columns were
air-dried for a few weeks. On day 150, the soil was physically
removed by gently tapping the column. Next, subsamples of each
soil were oven-dried (105C), and samples extracted using the
double-acid Mehlich 1 reagent (HCl + H2SO4; Jones, 2001), and
plant available P and K concentrations quantified using ICP-OES.
The plant available P and K concentrations were then calculated
on a mg kg−1 soil basis.

Statistics
The mass weights for DP and DK per leaching event was
calculated by multiplying the total leachate volume with their
respective concentrations. Next, the corrected cumulative mass
of DP and DK was summed for each biochar treatment
after correcting for DP and DK in soil alone and significant
mean differences between treatments and by individual leaching
events were determined using a 2-way ANOVA. In this 2-way
ANOVA, the statistical factors were leaching number (L), biochar
treatment, and their interaction. To distinguish the magnitude
of DP and DK mass losses from sources, the % DP released was
calculated on a TP content in theNorfolk E soil+ biochar system,
and then based on the TP content on a biochar alone basis. A 1-
way ANOVA was used to compare the mean cumulative DP and
DK released on both bases. A 1-way ANOVA was also used to
compare plant extractable M1 P and M1K contents between the
Norfolk E soil treated with the different biochars. All statistical
analyses were determined using Sigma Stat v. 11 (SSPS Corp.,
Chicago, IL, USA) at a P < 0.05 level of significance.
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RESULTS

Chemical Characteristics of Biochars and
Soil
The two SEM images demonstrate differences in the size of
biochar material and surface roughness of the 80:20 PC:PL
blend and the HW biochar (Figures 1A,B). The blended biochar
appears to have polygonal-shaped material on surfaces, while
the HW biochar is smaller in diameter and lacking polygonal-
shaped material. After the pelleted and dust size biochars were
mixed into the Norfolk E soil they were then incubated in the soil
columns (Figures 1C,D).

As shown in Table 1, the untreated Norfolk E soil has TP and
TK contents of 50 and 231 mg/kg, respectively. In contrast, all
biochars had greater TP and TK contents relative to the Norfolk
E soil. In fact, the highest TP and TK contents occurred in the
100% PL biochar followed by the PC:PL 80:20 blend. The TP and
TK contents in the 100% PC and hardwood biochar were much
lower relative to the other two biochars. The quantity of C, H, O,
N, and S varied greatly among these four biochars. The highest
ash contents occurred in the 100% PL biochar (41%; Table 1)
with the remaining biochar having values < 10%.

P and K Mass Release
Dissolved P
Relatively little DP was solubilized from the control soil (no
biochar added) with each leaching event (L1 to L4; Table 2); only
a cumulative mean mass of 0.06mg DP was released. In contrast,
significant amounts of DP were released per leaching event from
the soil treated with 100% PL biochar; this treatment produced
the highest cumulative DP released (59.32mg). For each leaching
event, this treatment also had the most significant DP mass
releases among the four treatments. Blending the PL with PC
feedstock resulted in almost an 80% reduction in DP released
relative to samples from the 100% PL treatment. It is interesting
that the cumulative DP loss (8.55mg) from the 80:20 PC:PL blend
is close to the theoretical 11.86mg (20% of 59.32mg) released
from the 100% PL biochar. Meanwhile, DP masses released from
soil treated with 100% PC and the HW biochar were similar to
the control. Overall, the 2-way ANOVA for DP released revealed
highly significant (P < 0.01; Table 2) impacts of leaching event,
biochar treatment, and their interaction as well.

Dissolved K
The control soil, 100% PC and the HW biochar treated soils
all released similar DK masses between the 4 leaching events
(Table 2). Among the treatments, the greatest DK releases
occurred from soil treated with 100% PL resulting in the
greatest cumulative total release (1,018mg). In this treatment,
the greatest DK mass was released after L1 (723mg) followed
by a significant decline in mass values between L2 and L4.
The next highest cumulative DK release occurred from soil
treated with the 80:20 PC:PL blend. Here, there was an initial
rapid release (L1, 80mg), subsequently followed by statistically
similar mass releases thereafter (L2 to L4). In the PL:PC blended
biochar, there was a significant reduction in the mean DK mass
released when leaching events were compared to the 100% PL

TABLE 2 | Mean dissolved phosphorus (DP) and potassium (DK) masses released

after four water leaching events (L) from Norfolk E soil treated with 20 g kg−1

biochar (n = 4; PC, pine chip; PL, poultry litter; and HW, hardwood).

DP (mg)

Biochar treatment L1† L2 L3 L4
∑

0 biochar (control) 0.00 a, A 0.06 a, A 0.00 a, A 0.00 a, A 0.06

80:20 PC:PL blend 1.22 a, A 2.29 b, B 2.89 b, B 2.15 b, B 8.55

100% PL 4.65 b, A 19.89c, B 19.00 c, B 15.78 c, C 59.32

100% PC 0.05 a, A 0.02 a, A 0.00 a, A 0.00 a, A 0.07

HW 0.15 a, A 0.03 a, A 0.00 a, A 0.00 a, A 0.18

Factor P

Leaching no. <0.001

Biochar trt. < 0.01

Leaching no. X biochar trt <0.001

DK (mg)

Biochar treatment L1 L2 L3 L4
∑

0 biochar (control) 2.7 a, A 2.6 a, A 2.0 a, A 1.2 a, A 8.5

80:20 PC:PL blend 80 b, A 28 b, B 19 b, B 16 b, B 143

100% PL 723 c, A 142 c, B 88 c, C 65 c, D 1018

100% PC 5.9 a, A 5.1 a, A 3.5 a, A 2.8 a, A 17.3

HW 9.0 a, A 5.3 a, A 4.7 a, A 4.0 a, A 23

Factor

Leaching no. <0.001

Biochar trt. <0.001

Leaching no. X biochar trt <0.001

†
Lower case letters indicate significant difference between means within a column, while

upper case letters indicate significant differences in means compared between columns

using a 2-way ANOVA at a P < 0.05 level of significance.

biochar. In fact, blending of PC into the PL resulted in a 7-fold
reduction in cumulative DK released. For DK released, leaching
number, biochar treatment, and their interaction were also highly
significant (P < 0.001).

Estimated DP and DK Losses on a System and

Biochar Alone Basis
Calculating cumulative DP and DK mass balance releases on
a system (soil + biochar) and biochar alone basis provides
testimony for the large differences in their P and K recycling
capabilities (Table 3). On a soil + biochar basis, there were no
significant differences in DP released between the control soil
and when the soil was treated with 100% PC or HW biochar. In
these three treatments, there was approximately 0.0001% of the
TP mass released as DP. Whereas, mixing in 100% PL biochar
into the Norfolk E soil resulted in a significant increase to 0.11%
of the total P released as DP.

On a biochar alone basis, a significantly higher percentage
of DP was released from the 100% PL biochar and the 80:20
PC:PL blend (Table 3; 8.3 and 6.1%, respectively) compared to
the other three treatments. Cumulative DP mass releases on a
biochar alone basis were <1% of the TP content from the 100%
PC and HW biochar treated soil.
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TABLE 3 | Means of cumulative masses of dissolved phosphorus (DP) and

potassium (DK) released in leachates calculated on a percentage of Total P (TP)

and Total K (TK) in a soil + biochar system and on a biochar alone basis (n = 4;

standard deviation in parentheses; PC, pine chip; PL, poultry litter; and HW,

hardwood).

Cumulative DP mass released on a TP basis in

Norfolk E soil + Soil + biochar (%)† Biochar alone (%)

0 biochar (control) 0.0001 (0.0001) a 0.0 a

PC:PL 80:20 0.02 (0.003) b 6.1 (1.1) b

100% PL 0.11 (0.009) c 8.3 (0.7) c

100% PC 0.0001 (0.0001) a 0.4 (0.6) a

HW 0.0001 (0.0001) a 0.7 (0.9) a

Cumulative DK mass released on a TK basis in

Norfolk E soil + Soil + biochar (%) Biochar alone (%)

0 biochar (control) 0.003 (0.0003) a 0.0 a

PC:PL 80:20 0.06 (0.004) b 43.9 (3.1) b

100% PL 0.39 (0.03) c 65.5 (5.6) c

100% PC 0.01 (0.001) a 12.6 (1.4) d

HW 0.0000 (0.0000) a 0.7 (0.9) a

†
Lower case letters indicate significant differences between means within columns as

determined using a 1-way ANOVA at a P < 0.05 level of significance.

On a soil + biochar system basis, a significant mass of DK
was released from soil treated with 100% PL (0.39% of the TK
pool; Table 3). After adding in the 80:20 PC:PL blend, there
was a significant reduction in % DK on a soil + biochar basis.
In comparison, there were no significant differences in % DK
released on a soil+ biochar basis between soil treated the control,
with 100% PC, and with HW biochar.

On a biochar alone basis, the 100% PL released 65% of DK
from the TK pool (Table 3). Blending the PL with PC caused
a significant reduction in cumulative % DK released, but still
almost 44% by weight of DK was released from the TK pool. A
lower % of DK was released from the 100% PC biochar, but the
cumulative percentage released was significantly different than
the control and the HW biochar.

Plant Extractable P and K in
Biochar-Treated Soils
The control Norfolk E soil has Mehlich 1 P and K concentrations
that were < 4 and 19mg kg−1, respectively (Table 4). However,
supplementing the Norfolk E soil with 20 g kg−1 of 100% PL
and 80:20 PC:PL blended biochars caused significant increases
in the M1 P and M1K concentrations. Adding 100% PC and
hardwood biochar to soil at the same application rate produced
no significant improvement in M1 P concentrations. In fact, the
mean M1 P concentrations in these two treatments were similar
to the mean value in the control soil. Treating soil with 100% PC
biochar did not significantly increase the M1K concentration,
however, treatment with the hardwood biochar did cause a
significant M1K concentration increase. Adding the hardwood
biochar to the Norfolk E soil at 20 g kg−1 resulted in a tripling of
the M1K concentration relative to the control.

TABLE 4 | Mean Mehlich 1 (M1) extractable phosphorus (P) and potassium (K)

contents measured at end of study in Norfolk E soil after treatment with 2%

biochar (n = 4; standard deviation in parentheses; PC, pine chip; PL, poultry litter;

and HW, hardwood).

Norfolk E soil + M1 P† M1 K

mg kg−1

0 biochar (control) 3.84 (0.56) a 18.75 (5.09) a

80:20 PC:PL blend 35.37 (11.16) b 83.68 (12.20) b

100% PL 68.58 (12.11) c 162.56 (17.17) c

100% PC 5.08 (0.79) a 28.79 (2.30) a

HW 4.09 (0.48) a 59.35 (5.73) d

†
Lower case letters indicate significant differences between means within columns as

determined using a 1-way ANOVA at a P < 0.05 level of significance.

DISCUSSION

Composition of the Biochars
The biochars employed in this study corroborate other reports
concerning the vast P and K compositional differences between
manure- and lignocellulosic-based biochars (Spokas et al., 2012;
Ippolito et al., 2015). Here we report that a manure-based biochar
(100% PL) had higher TP and TK contents than lignocellulosic-
based biochars. In terms of using these biochars to recycle P and
K, the 100% PL biochar contains between 10 and 23 times the TK
content and 53–105 times the TP content of the lignocellulosic-
based biochars (Table 1). Their TP and TK content differences
clearly show the recycling gains and losses of using either
a manure-based biochar against lignocellulosic-based biochar-
types in a nutrient recycling program.

From an agronomic perspective, blending the 100% PL
feedstock with 100% PC material, a ratio of 80:20 illustrates
the utility of producing designer biochars that have lower total
TP and TK contents. In fact, as shown in Table 1, this blended
biochar had its TP and TK contents reduced by 1/5 relative
to the 100% PL feedstock. Blending feedstocks offers the utility
of designing a biochar that can theoretically supply different
amounts of nutrients to soils (Novak et al., 2014). This approach
was subsequently reported to have a positive impact on wheat
yields grown on poor quality soils (Sigua et al., 2016). Moreover,
blending feedstocks with different moisture contents is reported
to reduce thermal energy requirements for dewatering feedstocks
during the pyrolysis process (Ro et al., 2010).

Release of Dissolved P and K
As reported by Angst and Sohi (2013), just because a feedstock
contains a high content of a critical plant nutrients doesn’t
guarantee that these nutrients will be available to plants. The
authors reported that nutrient releases from biochars may be
limited due to binding with insoluble salts, inaccessibility of
nutrients to water, microbial processes, and pore hindrances
from physical microstructural properties (i.e., pore size, pore
connectivity, etc.). As a test to these conditions, we incubated
different biochar types in soil with anticipation that P and K
release dynamics may be impacted by exposure to weathering
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reactions, and after leaching with water, would impact their
chemical form and physical location. These conditions should
create the potential to better assess each biochars DP and DK
release capability.

The biggest take away from the results characteristic is the
magnitude of DP and DK released from 100% PL biochar.
Moreover, soil treated with 100% PL biochar continued to release
DP and DKwith successive water leaching. Although the amount
of release significantly declined by L4, there was still significant
DP and DK mass releases relative to the other four treatments.
This can be explained considering that the P and K in the
100% PL biochar was associated with salts that differed in their
water solubility (Ksp). This is consistent with reports using EDS
characterization of the polygonal-shaped material on 100% PL
biochar that showed it possessed soluble salts composed of
KNO3, KCl, and Ca3(PO4)2 (Novak et al., 2015; Sigua et al.,
2016). Both KNO3 and KCl are highly water-soluble salts, so
K ion would be readily released into the water leachate. In
contrast, release of P from Ca3(PO4)2 would be much slower
since it has a lower water solubility constant (Ksp = 1 x10−25 mol
L−1; Handbook of Chemistry Physics, 1981). Water solubility
differences between materials holding P and K would account for
the noted mass release differences per leaching event (Table 2).
This is a credible explanation considering that the 100% PL
feedstock used to produce the 80:20 PC:PL blend is similar to the
PL characterized in the Novak et al. (2015) and Sigua et al. (2016)
studies.

The presence of water soluble salts would explain the ability of
100% PL and the 80:20 PC:PL blend to release such significantly
greater amounts of DP andDK on a biochar alone basis (Table 3).
Minimal releases of DP and DK occurred from soil treated
with the lignocellulosic-based biochars probably because of their
relatively lower TP and TK contents (Table 1) and that the P and
K are likely bound in structural forms that are not accessible to
solubilization reaction with water.

Improvements in Soil Nutrient Levels Using
These Biochars
A convenient method to determine the impact of biochar on
soil fertility levels is to extract the biochar treated soil using an
extractant solution specific for plant macro- or micro-nutrients
held in soils. For Southeastern USA coastal plain soils, the
common extractants for P and K are either Mehlich 1 or Mehlich
3 reagent (Sims, 1989). The double acid Mehlich 1 reagent
was selected for this experiment because Mehlich 3’s chemical
formulation is more specific for plant micro-nutrient extraction
(Mylavarapu et al., 2002). After soil is extracted and the P and
K quantified, the next step involves comparing the extractable P
and K concentrations to indices that have been calibrated against
actual crop yields in field agronomic trials. These indices define
whether Mehlich 1 extractable nutrient levels are satisfactory or
unsatisfactory for optimal crop yields for soils in that geographic
region. For corn grown in sandy soils in the Southeastern
USA, medium and high indice values established for Mehlich 1
extractable P are 16 to 30 and 31 to 60mg kg−1, respectively
(Mitchell and Mylavarapu, 2014). From the same reference, the

medium and high critical indices for Mehlich 1K are 36–78 and
79–117mg kg−1, respectively.

Extracting the control soil for plant available M1 P and K
concentrations (Table 4, 2.84 and 18.75mg kg−1, respectively)
showed that their values are far below the medium indices. This
is a typical subsoil fertility characteristic of extensively weathered
sandy-textured Ultisols in the Southeastern USA coastal plain
region (Davis et al., 1996; Mitchell and Huluka, 2016). A soil
fertility goal for row crop production in these sandy soils is
to increase M1 P and M1K contents to be in the medium
to high range using either biochar or commercial fertilizer.
Here additions of 20 g kg−1 (equivalent to 40 t ha−1) of the
lignocellulosic-based biochars failed to significantly increase M1
P concentrations, which attests to their poor ability to supply
plant available P to the Norfolk E soil. While the HW biochar
increased M1K levels to be in the medium index level, the 100%
PC biochar failed to meet this fertility goal. It can be argued that
these are poor biochar types for improving plant nutrient fertility
levels, but would better serve at increasing soil C sequestration
(Novak et al., 2009). In contrast, the 100% PL and the blend were
shown to have a significant impact with raising the M1 P and
M 1K fertility levels. In fact, applying these two biochar types
elevated the M1K and M1 P concentrations to rank in the high
index category.

In this study, we tested the hypotheses that biochar produced
from PL will release more DP and DK amounts, which would
subsequently increase soil plant available P and K concentrations
as compared to lignocellulosic-based biochars. Our results
support these hypotheses because biochars were shown to
have different abilities to release DP and DK amounts which
consequently impacted their ability to improve plant available P
and K contents. While no plants were grown in this experiment,
using 100% PL biochar served as a better soil fertility amendment
to increase plant available P and K as compared to lignocellulosic
biochar types. If blanket applied across a field, biochars at this
high application rate (20 g kg−1 basis or 40 t ha−1) would be
too expensive for practical financial management. However, if
biochars are locally applied near plant stems (i.e., side dressing,
banding, etc.) the more prudent biochar selection would be a
100%manure-based or amanure+ lignocellulosic-based biochar
to supplement plant available P and K soil levels. This also
assumes that commercial fertilizer would serve as the main
source of P and K for crop production.
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