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ABSTRACT: Pyrolysis of waste biomass is a promising
technology to produce sterile and renewable organic
phosphorus fertilizers. Systematic studies are necessary to
understand how different pyrolysis platforms influence the
chemical speciation of dissolved (bioavailable) phosphorus.
This study employed solution-phase 31P NMR analyses on slow
pyrolysis, fast pyrolysis, and flash carbonization charcoals.
Dissolved P speciation of ash-rich (15−62 wt %) biochars
produced from manures, sewage sludge, and corn stover were
compared with low ash (2−5 wt %) pecan shell biochars. Each
biochar was sequentially extracted to investigate the strongly
complexed (by NaOH−EDTA; 250 mM NaOH+5 mM EDTA
for 16 h) and acid-extractable (by acidic oxalate; 200 mM
oxalate at pH 3.5 for 4 h) P fractions. In NaOH−EDTA
extracts, P concentration correlated (p < 0.0005) with Zn (r = 0.89), Mn (r = 0.90), and Mg (r = 0.98) concentrations. A strong
correlation between orthophosphate and Mg (r = 0.98, p < 0.0005; n = 13) indicated the presence of Mg orthophosphate (and
struvite or whitlockite) in all biochars. Only in acidic oxalate extracts, P concentration correlated (p < 0.0005) with Al (r = 0.87)
and Fe (r = 0.92) concentrations. Pyrophosphate (P2O7

4−) persisted (23−52% of total P in NaOH−EDTA extracts) in low-ash
pecan shell 300−700 °C slow pyrolysis biochars. In contrast, ash-rich biochars were primarily (≥90%) composed of inorganic
orthophosphate (PO4

3−), except 350 °C slow pyrolysis swine manure biochar (26% pyrophosphate) and sewage sludge-derived
flash carbonization charcoal (14% pyrophosphate). Solid-state 13C cross-polarization and magic angle spinning NMR analyses of
bulk aromaticity indicated partially carbonized (aliphatic) nature of 350 °C swine manure biochar. Surface functional groups of
swine manure and sewage sludge biochars could stabilize pyrophosphate by (i) utilizing bridging cations (Al3+, Fe3+, and Mg2+)
to form stable six-membered ring complexes, and (ii) direct hydrogen bonding.
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■ INTRODUCTION

Mined phosphate rock is the primary chemical phosphorus
fertilizer worldwide.1 It is widely accepted that the world’s
reserve of rock phosphate will become depleted in the next
several decades.2 Although biochar continues to receive
interests as a sterile, renewable phosphorus fertilizer, limited
studies are available to understand how different pyrolysis
conditions influence the dissolved (bioavailable) phosphorus
speciation. Our previous study compared biochars produced by
the slow pyrolysis of plant (cottonseed hull) and manure
(broiler litter) feedstocks at 350, 500, 650, and 800 °C.3 For
plant biochars, NaOH−EDTA (250 mM NaOH+5 mM EDTA
for 16 h)-extractable P was greater than oxalate (200 mM
oxalate at pH 3.5 for 4 h), and the opposite trend was observed
for manure biochars.3 Solution-phase 31P NMR analysis of
NaOH−EDTA extracts showed the conversion of phytate to

inorganic P by pyrolysis of manure and plant feedstocks at 350
°C. Inorganic orthophosphate (PO4

3−) became the sole species
of ≥500 °C manure biochars, whereas pyrophosphate (P2O7

4−)
persisted in plant biochars up to 650 °C. These observations
suggested the predominance of mixed phase (amorphous and
crystalline) calcium phosphate in ≥650 °C manure biochars.3

Pyrophosphate was likely stabilized in 350−500 °C plant
biochars by forming complexes with the organic carbon fraction
of biochar. Both amorphous minerals4 and organic carbon (to
form organic carbon−metal−phosphate complexes)5,6 are
known to control P speciation in Andosol and other fire-
impacted soils.
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The present study will focus on three different pyrolysis
platforms (slow pyrolysis, fast pyrolysis, and flash carbon-
ization) that influenced the aromaticity of dissolved organic
carbon (DOC) extracted from biochar.7 We emphasize that the
reported feedstock and pyrolysis conditions will influence, but
do not determine, the properties of biochar.8 Importantly, the
thermocouple used to measure heat treatment temperature
(HTT), or peak temperature, does not measure the actual
temperature of the biomass particles during pyrolysis. For
example, fast pyrolysis reactors designed to maximize oil yield
(and minimize charcoal formation) employ high heating rates
(>1000 °C s−1). As a result, the pyrolysis reactions are
endothermic, and there is a large temperature difference (i.e.,
“thermal lag”) between the solid product and its surrounding
gaseous environment. Consequently, the temperature of
biomass particles undergoing pyrolysis can be hundreds of
degrees Celsius below its environment.9,10 In contrast, pyrolysis
reactor designed to maximize the charcoal yield will evoke
exothermic pyrolysis reactions in the biomass.11 As a result, the
temperature of charcoal can be much higher than its HTT.11 In
summary, a thermocouple placed in the gaseous environment
of a biomass particle undergoing pyrolysis does not measure the
temperature at which pyrolysis is actually occurring; the
thermocouple merely measures its own temperature, and this
fact is well-known in the field of fuel chemistry.
The objective of the present study was two-hold: (i)

investigate the influence of three different pyrolysis platforms
(flash carbonization,11 slow pyrolysis, and fast12 pyrolysis) on P
speciation in NaOH−EDTA extracts, and (ii) identify the
remaining soluble P species by utilizing the sequential
extraction, i.e., basic EDTA followed by acidic oxalate. This
study will focus on feedstocks containing significant amounts of
ash, where bioavailable P is expected to exist: sewage sludge,
corn stover, and manure. Solution-phase 31P NMR analysis of
the sequential extracts will allow us to identify (i) P species
bound to minerals, e.g., Fe and Al (hydr)oxides, and strongly
complexed by organic carbon fraction of biochar in the
NaOH−EDTA extract, and (ii) remaining phases sensitive to
acid dissolution, e.g., calcium phosphate, in the oxalate extract.

■ MATERIALS AND METHODS
Distilled, deionized water (DDW) with a resistivity of 18 MΩ cm
(Millipore, Milford, MA) was used for all procedures. Unless otherwise
noted, all chemical reagents were obtained from Sigma-Aldrich
(Milwaukee, WI) with the highest purity available.
Slow Pyrolysis. Pecan shells (PS25) were obtained from sheller

and were ground (SM 2000 cutting mill, Retsch Gmbh, Haan,
Germany) and sieved to <2 mm.13 Feedstocks were pyrolyzed at 300,
500, and 700 °C under 1600 mL min−1 N2 flow rate for 4 h using a
laboratory scale box furnace (22 L void volume) with a retort
(Lindberg, Type 51662-HR, Watertown, WI). Biochar products were
allowed to cool to room temperature overnight under N2 atmosphere.
Biochars are hereby denoted by the feedstock abbreviation and
pyrolysis temperature, e.g., pecan shell feedstock (PS25) and biochars
produced at 300 (PS300) and 500 °C (PS500). Feedlot (FL) and
swine (SW) manures and corresponding 350 and 700 °C biochars
were received from USDA-ARS Florence, SC employing a similar slow
pyrolysis unit with ≈10 °C min−1 heating rate and 2 h hold time at the
peak temperature.14 Feedlot manure (FL) was obtained from a
commercial deep-bedded (corn stalks were rebedded every week)
facility, and contained 77.9 ± 0.5 wt % moisture.14 Separated swine
solids (SW, 78.5 ± 0.5 wt % moisture) were obtained from a
commercial swine operation utilizing polyacrylamide (PAM) and
phosphate precipitation sludge15 to treat 1 week-old flushed swine
manure.14

Flash Carbonization. The University of Hawaii’s patented Flash
Carbonization process uses starved-air combustion at elevated pressure
for carbonization.16 Corn stover (corn) and sewage sludge (sewage)
Flash Carbonization charcoals16 were produced at the University of
Hawaii Flash Carbonization pilot plant facility. The temperature and
reaction time employed to produce each charcoal varied according to
the feedstock properties, its moisture content, and the desired quality
(i.e., fixed-carbon content) of the charcoal. All Flash Carbonization
charcoals were ground and sieved to <2 mm.

Fast Pyrolysis. Fast pyrolysis involves rapid heating (>1000 °C
s−1) and short residence time to maximize the yield of liquid product
(bio-oil).17 Fast pyrolysis biochar (FP) was produced at 500 °C from
mixed sawdust by Dynamotive Energy Systems (Vancouver, BC,
Canada) using an industrial-scale bubbling fluidized bed reactor
designed to yield 60−75 wt % bio-oil, 15−20 wt % biochar, and 10−20
wt % syngas.12 The FP was a fine powder, and was used as received in
a sealed drum.

Solution-Phase 31P NMR Analysis of Basic EDTA and Acidic
Oxalate Sequential Extracts. Solution-phase 31P NMR samples
were obtained by sequential extraction steps (each denoted by the
abbreviation in parentheses): basic EDTA (NaOH−EDTA) followed
by acidic ammonium oxalate (oxalate). For each feedstock and
biochar, 5 g of sample was shaken in 100 mL of 250 mM NaOH+5
mM EDTA for 16 h, and was then centrifuged at 900g for 30 min and
vacuum filtered through Whatman no. 42 (2.5 μm) filter paper.18

Subsequently, retained solids were shaken in 100 mL of 0.2 M
ammonium oxalate (pH 3.5) for 4 h in the dark, and then centrifuged
and vacuum filtered through Whatman no. 42 filter paper. Visible
calcium oxalate precipitates formed during the acidic ammonium
oxalate extraction. Aliquots from NaOH−EDTA and oxalate
extractions were acidified to 4 vol % nitric acid (trace metal grade)
for the determination of dissolved P, K, Ca, Mg, Al, Fe, Mn, and Na
concentrations using inductively coupled plasma atomic emission
spectrometry (ICP-AES; Profile Plus, Teledyne/Leeman Labs,
Hudson, NH). Blanks, blank spikes, and matrix spikes were included
for the quality assurance and control for the ICP-AES analysis.19

Electric conductivity (EC), pH, and total organic carbon (TOC)
content of 16 h cold (25 °C)7 and hot (80 °C)7 water extracts
(biochar:DDW (w/w) = 1:10)7 and proximate analysis7,13,14,20 results
were obtained from the literature.

To concentrate samples for the 31P NMR analysis,18 filtered
NaOH−EDTA and oxalate extracts were freeze-dried. The NMR
sample was obtained by dissolving 100 mg of freeze-dried sample in
0.6 mL of 1 M NaOH in 10% D2O. The

31P NMR spectra were
obtained using Alpha 600 FT NMR spectrometer (JEOL, Tokyo) with
a 5 mm probe. Spectra were recorded at 242.85 MHz using a pulse
width of 10.00 μs (90°), an acquisition time of 0.4522 s, and
broadband proton decoupling at 30 °C. The pulse delay time of 2 s
was employed.21 Each spectrum was scanned 30 000 times and a
broadening factor of 5.00 Hz was used in the Fourier transform
procedure. Chemical shifts (ppm) were determined with respect to
85% H3PO4 solution (0 ppm). The total signal intensity and the
fraction contributed by each P compound were calculated by
integration of the spectral signals using Alice 2 for Windows version
5.1.1 (JEOL, Tokyo).

Solid-State 13C NMR. Solid-state 13C cross-polarization and magic
angle spinning (CPMAS) NMR was employed to investigate the
influence of pyrolysis techniques on the bulk aromaticity and other
structural components of organic carbon in fast pyrolysis, flash
carbonization (sewage and corn), and slow pyrolysis (FL350, FL700,
SW350, and SW700) biochars.22 The 13C signals of finely ground
powder in KEL-F spinning tube (6 mm diameter, JEOL, Tokyo,
Japan) were recorded at 75.45 MHz with a magic angle spinning of 6
kHz, 1 ms of contact time, and 3 s of pulse interval with 100 Hz
broadening factor for the Fourier transform. The chemical shifts were
interpreted with respect to tetramethylsilane and adamantane external
reference (29.50 ppm). Resulting 13C NMR spectra were interpreted
on the basis of chemical shift regions (in ppm): aliphatic C (0−45),
O/N alkyl C (45−110), aromatic C (110−160), and carbonyl C
(160−190).22
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■ RESULTS AND DISCUSSION
Dissolved Phosphorus Contents of Flash Carbon-

ization and Slow/Fast Pyrolysis Biochars. Table 1 presents
dissolved P concentrations (in mg kg−1 biochar) for flash
carbonization charcoals prepared from corn stover (corn) and
sewage sludge (sewage); sawdust-derived fast pyrolysis biochar
(FP); and slow pyrolysis 300−700 °C biochars produced from
swine (SW) and feedlot (FL) manures and pecan shell (PS).
Extracts were obtained sequentially in NaOH−EDTA (250
mM NaOH+5 mM EDTA for 16 h) and then oxalate (200 mM
oxalate at pH 3.5 for 4 h). Table 1 indicates high ash contents
(15−62 wt %) of all biochars except FP and 300−700 °C pecan
shell biochars (<6 wt %). Ash-rich (manure and sewage sludge)
biochars contained orders of magnitude higher NaOH−EDTA-
extractable P than pecan shell biochars. The NaOH−EDTA-
extractable P increased at 300−350 °C, and decreased at higher
temperatures for both plant and manure slow pyrolysis
biochars. Water-soluble P concentration often decreases at
higher pyrolysis temperatures14 by the formation of stable
minerals23 and other tightly bound P species. Typically, total P
content progressively increases as a function of temperature,
and are several orders of magnitude higher in ash-rich manure
and sewage sludge biochars than plant biochars.3,23 Total P is
determined by digestion methods aimed to maximize P
recovery by ensuring oxidation of recalcitrant C,24 while
minimizing the volatilization loss of P occurring near 760 °C.25

Depending on the digestion method, recovery of total
phosphorus from biochars can vary by orders of magnitude.24

Inorganic P in manure is primarily associated with >0.45 μm
particulate solids of Ca and Mg orthophosphate.26 For example,
X-ray diffraction (XRD) and X-ray absorption near edge
structure (XANES) analyses of dairy manure showed 57%
dicalcium phosphate (CaHPO4) and 43% struvite
(MgNH4PO4).

26 High Ca:P ratio can transform dicalcium
phosphate to hydroxyapatite.27 Anaerobic digestion stabilized P
in dairy manure to 78.2% struvite and 21.8% hydroxyapatite.26

Whitlockite ((Ca, Mg)3(PO4)2) has been observed in ≥500 °C
manure biochars.28 During extraction, P species are likely to
dissolve together with the bound elements: Mg (struvite,
whitlockite),29 Ca (Ca orthophosphate),30 Al, and Fe (hydr)-

oxides.31 Calcium phosphate and P species bound to small Fe
(hydr)oxide particles32 are sensitive to acid dissolution in the
presence of oxalate ligand.33 In contrast, P species bound to
organic carbon are expected to require stronger ligand, EDTA,
at higher pH to minimize the competition with protons.34

Organic carbon fraction of biochar could directly bind
orthophosphate and pyrophosphate through H-bonding
interactions.35 Alternatively, cations (especially Al3+ and Fe3+)
may facilitate the formation of organic carbon-bridging metal-P
complexes.36

To investigate the influence of bound elements, Table 2
presents total P, Ca, K, Na, Mg, Al, Fe, Mn, and Zn
concentrations determined in NaOH−EDTA and oxalate
extracts. In NaOH−EDTA extracts (Table 2, left), the
following increasing strength of Pearson’s correlation (p <
0.0005, n = 12 without the outlier, sewage) was observable with
P concentration: Zn (r = 0.89) < Mn (r = 0.90) < Mg (r =
0.98). In oxalate, the strength of correlation (p < 0.0005, n = 11
after removing the outliers sewage and FL700; note Al, Fe, Mn,
and Zn are below detection limit for PS25-PS700) increased
from Al (r = 0.87), Zn (r = 0.89), Fe (r = 0.92), Mn (r = 0.99),
to Mg (r = 1.0). In conclusion, Mg orthophosphate,26 struvite,
and whitlockite are the likely sources of dissolved P in both
NaOH−EDTA and oxalate extracts. Acidic pH (in the presence
of oxalate) was required to dissolve Al- and Fe-bound P.
However, Mg, Al, and Fe could facilitate (bridge) P binding on
organic carbon.36 Colloidal P species (associated with Al, Fe,
and DOC)6 are likely to form in oxalate extracts obtained by
acidifying NaOH−EDTA. Oxalate is able to release P from Ca
phosphate by forming stable calcium oxalate phases (KSO =
10−8.75).34 As a result, Ca concentrations in the oxalate extract
(Table 2) are below detection limit for all biochars except
sewage, SW25, SW350, and SW700. Low (e.g., citrate) and
high (e.g., PAM) molecular weight dissolved ligands7 in sewage
and swine biochars could inhibit the growth, and change the
morphology of calcium oxalate precipitates.37

Dissolved Phosphorus Speciation of Sequential
Extracts. To understand the individual P species contributing
to extractable P concentrations in Table 1, NaOH−EDTA and
oxalate sequential extracts were analyzed by solution-phase 31P

Table 1. Dissolved Phosphorus Concentrations in the Sequential (NaOH−EDTA then oxalate) and Water Extracts of Corn
Stover (Corn) and Sewage Sludge (Sewage) Flash Carbonization Charcoals; Sawdust-Derived Fast Pyrolysis Biochar (FP); and
Feedlot (FL), Swine (BL), and Pecan Shell (PS) Slow Pyrolysis (300-700 °C) Biocharsa

proximate analysis (wt %dry)
d P in mg kg−1

biochar pH EC (mS cm−1) TOC ppm of C extraction method ash fixed C VM EDTA oxalate water

corn 7.5 1.9 1516 cold waterb 16.6(1.5) 51.4(2.7) 32.0(2.5) 1302 405 3b

sewage 5.3 17.9 22 cold waterb 61.6(6.7) 15.5(2.0) 22.9(7.8) 16718 7719 21b

FP 6.2 0.5 282 cold waterb 5.6(0.2) 62.7(0.3) 31.6(0.4) 120 27 N/A
FL25 6.9 5.2 3447 cold waterb 15.4(0.2) 7.9(0.6) 76.7(0.5) 6995 514 3070e

FL350 7.7 6.6 619 cold waterb 28.7(0.7) 23.5(3.4) 47.9(2.8) 11853 587 460e

FL700 10.5 8.7 59 cold waterb 44.0(0.0) 36.3(1.6) 19.8(1.6) 5349 N/A 180e

SW25 7.0 3.5 1826 cold waterb 20.9(0.4) 5.6(0.1) 73.6(0.3) 20438 3207 11000e

SW350 7.7 2.1 106 cold waterb 32.5(0.9) 17.7(1.2) 49.8(0.6) 24120 5160 390e

SW700 8.7 1.9 5 cold waterb 52.9(0.5) 33.8(0.5) 13.4(0.3) 22886 8634 60e

PS25 4.3 0.0 852 hot waterb 1.5(0.2) 26.5(2.3) 72.1(2.1) 141 21 N/A
PS300 N/A N/A N/A 1.9(0.0) 41.9(0.5) 56.2(0.5) 224 17 N/A
PS500 7.7 0.6 146 hot waterc 3.8(0.1) 76.7(0.1) 19.5(0.1) 81 12 N/A
PS700 9.5 0.7 18 hot waterc 4.5(0.0) 86.9(0.1) 8.7(0.2) 50 18 N/A

aProximate analysis results, pH, electric conductivity (EC), and total organic carbon (TOC) are the literature values.7,49 bCold (25 °C)7 water
extractions for 16 h at 100 g L−1. cHot (80 °C)49 water extractions for 16 h at 100 g L−1. dLiterature values for mean and s.d. (in parentheses) of 3
replicate.7,13,14,20 eWater-soluble P.14
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NMR. Of various extractants, NaOH−EDTA is reported to
give diverse P species and highest diester:monoester ratio.38

However, because EDTA strongly complexes paramagnetic
ions,34 peak broadening results from high Mn (and Fe to a
lesser extent) concentration.38 In addition, high pH of NaOH−
EDTA can hydrolyze orthophosphate diester, e.g., phospholi-
pids to monoester, and EDTA-complexed Mn and Fe cause
poor separation of orthophosphate peak from monoester
peaks.38

Figure 1 presents solution-phase 31P NMR spectra of
NaOH−EDTA (left) and oxalate (right) sequential extracts

of swine manure slow pyrolysis biochars, sawdust-derived fast
pyrolysis biochar, and flash carbonization charcoals prepared
from sewage sludge and corn stover. Spectra for other slow
pyrolysis biochars are provided in Figure S1 of the Supporting
Information. Spectra for NaOH−EDTA extracts (Figure 1, left)
are dominated by inorganic orthophosphate (PO4

3− at 6.2
ppm) and pyrophosphate (P2O7

4− at −4.1 ppm) peaks.
Pyrophosphate is produced by heating orthophosphate above
300 °C.39 Monoesters including phytate appear at 3−7 ppm,
and diesters including DNA appear between −1.5 and +2.1
ppm.18 Minor (<1%) polyphosphate (−20 ppm)38 peaks were
observable in NaOH−EDTA extract of SW350, and oxalate
extracts of SW350 and FL25.
Compared to NaOH−EDTA (Figure 1, left), peaks were

shifted toward lower ppm values in oxalate, because of lower
pH. In addition, orthophosphate (3.57−3.79 ppm) and
pyrophosphate (−5.2 to −5.4 ppm) peaks were broadened in
oxalate extracts of FP and sewage, compared to NaOH−EDTAT
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Figure 1. Solution-phase 31P NMR spectra of NaOH−EDTA (250
mM NaOH+5 mM EDTA for 16 h, left) and oxalate (200 mM oxalate
at pH 3.5 for 4 h, right) sequential extracts of swine manure feedstock
(SW25) and 350 (SW350), 700 °C (SW700) slow pyrolysis biochars,
sawdust-derived fast pyrolysis biochar (FP), and flash carbonization
charcoals prepared from sewage sludge (sewage) and corn stover
(corn). Chemical shifts (ppm) were determined with respect to 85%
H3PO4 solution (0 ppm).
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(Figure 1). Table 2 presents concentrations of paramagnetic
ions (Fe and Mn) in NaOH−EDTA and oxalate extracts. As
reported previously,38 NaOH−EDTA extracted higher amounts
of Mn than Fe, except for sewage sludge flash carbonization
charcoal containing over 20 wt %dry Fe2O3.

40 On the other
hand, Fe concentration in oxalate was higher than the
preceding NaOH−EDTA step (underlined values in Table
2). Although low Fe and Mn concentrations are useful for
increasing the signal relaxation rates and lowering the delay
times between pulses, high concentration results in fast
relaxation that causes line broadening.41 Cation exchange resins
and additives (e.g., Chelex-100, 8-hydroxyquinoline, Na2S)
have been utilized for the removal of paramagnetic ions prior to
31P NMR analysis.41 Line broadening and decreased peak
resolution are also caused by high salt and organic carbon
concentrations leading to the formation of fine particulates in
the NMR samples.41 Colloidal precipitates in acidic oxalate
extracts could increase the viscosity of the NMR sample to
cause line broadening.
Table 3 presents 31P NMR peak integration results for

inorganic (orthophosphate, pyrophosphate, polyphosphate, and
total inorganic P) and organic P species (monoesters including
phytate, diesters including DNA, and total organic P) in
NaOH−EDTA and oxalate sequential extracts. The monoester
region was integrated as a whole, because of well-documented
signal overlap.42 Absolute values in Table 3 are given in mg

kg−1 biochar. These values were calculated by multiplying the
fraction of integrated area (with respect to the total area) by the
total P concentrations in NaOH−EDTA and oxalate (Table 1).
In Table 3, values in parentheses represent % contribution of
each P species to the NaOH−EDTA and oxalate-extractable P
in Table 1. In NaOH−EDTA, feedlot and swine manures and
biochars were dominated by inorganic orthophosphate, and the
contribution of monoesters was less than 6%. This is a striking
contrast to broiler litter manure containing 58% phytate.3 Upon
pyrolysis at 350 °C, organic P species in both swine and feedlot
manures nearly disappeared (Table 3), and inorganic
orthophosphate continued to dominate up to 700 °C, except
for the significant contribution of pyrophosphate in SW350
(26%). In contrast, pecan shell feedstock was primarily (74%)
phytate with lower orthophosphate fraction (26%) than
manures. At 300 °C, phytate disappeared, and pyrophosphate
(52%) and orthophosphate (48%) became equally dominant.
At 500 °C and above, orthophosphate began to outweigh
pyrophosphate, resulting in 77% orthophosphate at 700 °C
(Table 3). These temperature trends agree with our previous
report on plant (cottonseed hull)-derived biochars containing 1
order of magnitude higher NaOH−EDTA-extractable P than
pecan shell biochars.3 Flash carbonization (corn and sewage)
and fast pyrolysis (FP) biochars were dominated by
orthophosphate, except for significant (14%) contribution of
pyrophosphate on sewage (Table 3). High contribution of

Table 3. Phosphorus Speciation of NaOH−EDTA (250 mM NaOH+5 mM EDTA for 16 h) and Oxalate (250 mM NaOH+5
mM EDTA for 16 h) Sequential Extracts Determined by 31P NMRa

NaOH−EDTA extracts

inorganic P in mg kg−1 (% total) organic P in mg kg−1 (% total)

biochar orthophosphate pyrophosphate total monoestersb diestersc total

corn 1264 (97%) 38 (3%) 1302 (100%) 0 0 0
sewage 14345 (86%) 2373 (14%) 16718 (100%) 0 0 0
FP 106 (89%) 14 (11%) 120 (100%) 0 0 0
FL25 6264 (90%) 117 (2%) 6382 (91%) 421 (6%) 192 (3%) 613 (9%)
FL350 10770 (91%) 1065 (9%) 11835 (100%) 18 (0%) 0 18 (0%)
FL700 5342 (100%) 7 (0%) 5349 (100%) 0 0 0
SW25 20191 (99%) 64 (0%) 20255 (99%) 75 (0%) 108 (1%) 183 (1%)
SW350d 17736 (74%) 6352 (26%) 24088 (100%) 0 32 (0%) 32 (0%)
SW700 22588 (99%) 298 (1%) 22886 (100%) 0 0 0
PS25 36 (26%) 0 36 (26%) 105 (74%) 0 105 (74%)
PS300 107 (48%) 117 (52%) 224 (100%) 0 0 0
PS500 51 (62%) 30 (38%) 81 (100%) 0 0 0
PS700 39 (77%) 11 (23%) 50 (100%) 0 0 0

oxalate extracts

biochar inorganic P in mg kg−1 (% total)

orthophosphate pyrophosphate total

corn 398 (98%) 7 (2%) 405 (100%)
sewage 7103 (92%) 616 (8%) 7719 (100%)
FP 25 (93%) 2 (7%) 27 (100%)
FL25e 508 (99%) 6 (1%) 514 (100%)
FL350 530 (90%) 57 (10%) 587 (100%)
FL700 100% 0 100%
SW25 3202 (100%) 5 (0%) 3207 (100%)
SW350f 4145 (80%) 1015 (20%) 5160 (100%)
SW700 8553 (99%) 81 (1%) 8634 (100%)

aValues in parentheses represent % contribution of each P species to the total P in each extract (Table 1 provides absolute values in mg kg−1). The
31P NMR signals were below detection limit for the oxalate extracts of pecan shell biochars. bIncluding phytate (3 to 7 ppm). cIncluding DNA (−1.5
to +2.1 ppm). dMinor polyphosphate peaks in NaOH−EDTA extract of SW350. eMinor polyphosphate peaks in oxalate extracts of FL25 (0.7%).
fMinor polyphosphate peaks in oxalate extracts of SW350 (0.2%).
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pyrophosphate in SW350 (26%), sewage (14%), and 300−700
°C pecan shell biochars (23−52%) suggest complexation by
organic carbon fraction of biochar.3 Orthophosphate concen-
trations in Table 3 strongly (p < 0.0005, n = 13) correlated with
Mg (r = 0.98) and Zn (r = 0.88) concentrations, much like the
total P concentrations in NaOH−EDTA extract (Table 1). In
conclusion, Mg orthophosphate (and struvite)26 likely exist in
all biochars investigated in this study. For pyrophosphate, no
correlation was observed with elements listed in Table 2 or VM
and other bulk parameters in Table 1.
In the subsequent acidic oxalate extracts, a similar

distribution of inorganic P species was observed as the
preceding NaOH−EDTA step (Table 3). In particular,
pyrophosphate concentrations in EDTA and oxalate extracts
showed a similar trend for different biochars (r = 0.97, p <
0.0005, n = 8, without FL700). Values were below the detection
limit for pecan shell biochars, because of orders of magnitude
lower oxalate-extractable P than other biochars (Table 1). In
conclusion, majority of organic P species was removed (or
underwent acid hydrolysis during the oxalate extraction) from
all biochars by a strong ligand (EDTA) at high pH. In the
subsequent step, remaining orthophosphate and pyrophosphate
were released from calcium phosphate (by forming Ca oxalate)
and other phases sensitive to acid dissolution, e.g., P bound on
Fe and Al (hydr)oxide.
Solid-State 13C CPMAS NMR Analysis of Bulk

Aromaticity. Persistence of pyrophosphate in sewage,
SW350, and PS300-PS700 (but not in other biochars) suggests
the involvement of organic carbon (instead of ash) fraction of
biochar.3 Organic carbon fraction of biochar could (i) directly
bind pyrophosphate by H-bonding,35 or (iii) utilize bridging
cations to from organic carbon-bridging metal-P complexes.36

To visualize the surface functionalities that could bind
pyrophosphate, Figure 2 presents solid-state 13C CPMAS
NMR spectra of slow/fast pyrolysis and flash carbonization
charcoals. Spinning sidebands (SSBs marked as asterisks in
Figure 2) appear in both sides of a peak at equal intensity. The
SSBs are artifacts caused when magic angle spinning is less than
the chemical shift anisotropy for a given resonance.43 For
aromatic C (−CC− at 110−160 ppm) of SW700 and FL700,
SSBs are visible in both lower and higher sides of the magnetic
fields, each 60−70 ppm apart from the peak. In FP, sewage, and
corn (Figure 2, left), SSBs are only visible at the lower magnetic
field; “hidden” SSBs at higher magnetic fields could lead to the
misinterpretation of the peak integration results. Therefore,
solid-state 13C CPMAS NMR spectra in Figure 2 were
interpreted qualitatively for the following chemical shift regions
(in ppm): aliphatic C (0−45), O/N alkyl C (45−110),
aromatic C (110−160), and carbonyl C (160−190).22
In Figure 2, aromatic (−CC− peak centered at 130 ppm)

nature of fast pyrolysis biochar (FP) is in agreement with its
high fixed C content (Table 1) that is influenced by the length
of time FP was exposed to the heated fluidized bed. The spectra
for 700 °C manure biochars (both swine and feedlot) were
dominated by the aromatic peak (-CC−) at 110−160 ppm,
in agreement with the literature reports for high HTT slow
pyrolysis biochars.43 Compared to 350 °C biochars produced
from feedlot (Figure 2) and broiler litter,7 swine solid 350 °C
biochar contained a sharp methylene (CH2) peak at 35 ppm
indicative of long-chain alkyl groups. This is in agreement with
the FTIR spectrum of unpyrolyzed swine solids having
unusually sharp CH stretching band that persisted after
pyrolysis at 350 °C.14 Uniquely aliphatic nature of swine solids

(compared to feedlot, poultry litter, turkey litter, and dairy
manures) had been attributed to the stability of PAM toward
thermochemical conversion.14 In addition, PAM could stabilize
P in swine manure during pyrolysis,14 and serve as the growth
media to form crystalline hydroxyapatite.44,45 Persistence of
pyrophosphate in biochars having low aromaticity (SW350 and
sewage in Figure 2) suggests binding by the surface functional
groups enriched in partially carbonized biochars. Ligand
exchange and surface precipitation are the stabilization
mechanisms of both organic46 and inorganic47 P species in
soils. Carboxyl and hydroxyl are likely functional groups of
biochar48 to complex bridging cations such as Al3+, Fe3+, Mg2+,
and Ca2+ to form stable six-membered ring complexes with
pyrophosphate.34 Alternatively, depending on solution pH,
surface functional groups of biochar could directly bind
pyrophosphate through H-bonding interactions.35
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