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Aline do Amaral Leite a,b, Leônidas Carrijo Azevedo Melo a,b, Luis Carlos Colocho Hurtarte c, 
Lucia Zuin d, Cristiano Dela Piccolla e, Don Werder f, Itamar Shabtai g, Johannes Lehmann b,h,i,* 

a Federal University of Lavras/UFLA - Soil Science Dept., 37200-000, Lavras, Brazil 
b Soil and Crop Sciences, School of Integrative Plant Science, Cornell University, Ithaca, NY, 14850, USA 
c European Synchrotron Radiation Facility/ESRF – Grenoble, France 
d Canadian Light Source/CLS – Saskatoon, Canada 
e University of Western Santa Catarina/UNOESC, Brazil 
f Cornell Center for Materials Research, Cornell University, Ithaca, NY, 14850, USA 
g Department of Environmental Science and Forestry, The Connecticut Agricultural. Experiment Station, New Haven, CT, 06511, USA 
h Department of Global Development, Cornell University, Ithaca, NY, 14850, USA 
i Cornell Atkinson Center for Sustainability, Cornell University, Ithaca, NY, 14850, USA   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Phosphorus bioavailability increases in 
Mg-enriched biochar up to high pyroly
sis temperatures. 

• OH− anions provided with Mg(OH)2 
could be a mechanism by which Mg- 
doped biochars have higher P 
availability. 

• Adding Mg to poultry manure decreased 
the formation of Ca–P minerals in low 
temperatures.  
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A B S T R A C T   

Pyrolysis of calcium-rich feedstock (e.g., poultry manure) generates semi-crystalline and crystalline phosphorus 
(P) species, compromising its short-term availability to plants. However, enriching poultry manure with mag
nesium (Mg) before pyrolysis may improve the ability of biochar to supply P. This study investigated how 
increasing the Mg/Ca ratio and pyrolysis temperature of poultry manure affected its P availability and speciation. 
Mg enrichment by ~2.1% increased P availability (extracted using 2% citric and formic acid) by 20% in Mg- 
biochar at pyrolysis temperatures up to 600 ◦C. Linear combination fitting of P K-edge XANES of biochar, and 
Mg/Ca stoichiometry, indicate that P species, mainly Ca–P and Mg–P, are altered after pyrolysis. At 300 ◦C, 
adding Mg as magnesium hydroxide [Mg(OH)2] created MgNH4PO4 (18%) and Mg3(PO4)2.8H2O (23%) in the 
biochar, while without addition of Mg Ca3(PO4)2 (11%) predominated, both differing only for pyrophosphate, 33 
and 16%, respectively. Similarly, the P L2,3 edge XANES data of biochar made with Mg were indicative of either 
MgHPO4.3H2O or Mg3(PO4)2.8H2O, in comparison to CaHPO4.2H2O or Ca3(PO4)2 without Mg. More impor
tantly, hydroxyapatite [Ca5(PO4)3(OH)] was not identified with Mg additions, while it was abundant in biochars 
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produced without Mg both at 600 (12%) and 700 ◦C (32%). The presence of Mg formed Mg–P minerals that could 
enhance P mobility in soil more than Ca–P, and may have resulted in greater P availability in Mg-enriched 
biochars. Thus, a relatively low Mg enrichment can be an approach for designing and optimize biochar as a P 
fertilizer from P-rich excreta, with the potential to improve P availability and contribute to the sustainable use of 
organic residues.   

1. Introduction 

Phosphorus (P) is a non-renewable plant nutrient that requires effi
cient management to ensure its supply for global agriculture. To reduce 
mining of P resources, adding new P to agroecosystems, and, conse
quently, polluting the environment and causing P scarcity, acquiring an 
efficient cycle in agricultural systems is mandatory (Tilman et al., 2001). 
In tropical soils, P is one of the most limiting nutrients. Therefore, soils 
receive large amounts of P fertilization with soluble phosphate fertilizers 
(Roy et al., 2016) to compensate for strong adsorption to iron and 
aluminum oxides and low-activity clay minerals (Abdala et al., 2012; 
Lopes and Guimarães Guilherme, 2016; Roy et al., 2016). One proposed 
solution is to use P from excreta, thereby on the one hand reducing 
environmental pollution, and on the other hand recycling phosphate 
fertilizer resources. However, comparatively little information is avail
able on high-performance P fertilizers made from wastes and specifically 
excreta. 

Producing P-rich biochars through pyrolysis may enhance plant P 
use efficiency in P fixing soils as compared to highly water-soluble P 
sources (Lustosa Filho et al., 2019). Biochar is a byproduct obtained by 
thermochemical decomposition of organic feedstocks within a range of 
pyrolysis temperatures typically between 400 and 800 ◦C and under low 
or no oxygen conditions (Ippolito et al., 2015). For woody feedstocks, 
the resulting carbon-rich product improves soil physical and chemical 
properties, such as increased soil pH, greater cation exchange capacity, 
and greater water-holding capacity (Glaser et al., 2002; Ippolito et al., 
2015; Joseph et al., 2021). Accordingly, many studies report its use as a 
soil conditioner rather than as a fertilizer with high agronomic perfor
mance (Kumar et al., 2022). Animal-based organic waste is one of the 
most promising feedstocks for production of biochars and are mainly 
used for their value as nutrient amendments (Murtaza et al., 2023). 
These wastes are extensively generated as they are a part of the protein 
food chain (Akdeniz, 2019), and need to be processed prior to proper 
land application. Poultry manure is generated in large amounts and is 
rich in plant nutrients, especially P, with P contents ranging from 1.2 to 
1.8% (dry weight basis) (Darby et al., 2016; Suleiman et al., 2018). Its 
transformation into biochar can be an efficient way to sanitize the 
manure, while maintaining or even increasing plant availability of P 
(Carneiro et al., 2018; Rehman et al., 2020). Transforming animal waste 
into biochar has proven to be an effective method to mitigate environ
mental contamination not only of pathogens but also of hormones, an
tibiotics, microplastics, PFAS etc. (Sauvé et al., 2016; Kyakuwaire et al., 
2019; Tomul et al., 2020). It is less known whether and under what 
conditions pyrolysis is also effective in producing a high-efficiency fer
tilizer (Buss et al., 2020). 

The most important parameters controlling the physicochemical and 
morphological properties of biochars are changes in highest heating 
temperature and holding time (Enders et al., 2012; Ippolito et al., 2020). 
The chemical composition of poultry manure is to a large extent domi
nated by calcium carbonate that is present in poultry diets resulting in a 
high Ca concentration in manure and consequently a low Mg/Ca ratio 
(Higashikawa et al., 2010). Its conversion into biochar might form stable 
Ca–P minerals, and a significant P fraction would become unavailable to 
plants (Bruun et al., 2017). However, because Mg is a smaller ion than 
Ca, its incorporation in the manure may cause structural changes, such 
as destabilization and decomposition of the structure including P species 
during the heating treatment process (Farzadi et al., 2014; Kannan et al., 
2005). A partial substitution of Ca by Mg in synthetic hydroxyapatite 

production strongly inhibits the crystallinity of phosphates after thermal 
degradation (Cao and Harris, 2008; Hilger et al., 2020). Little infor
mation is available as to the effect of Mg on the water solubility and 
plant availability of P in biochar made from P-rich excreta or specifically 
poultry manure. 

Therefore, the objectives of this study were (1) to determine how 
increasing Mg/Ca ratios and highest heating temperature affect biochar- 
P solubility and crystallinity; (2) to assess changes in P forms in biochar 
with Mg enrichment, and (3) to elucidate the mechanisms controlling P 
availability in Mg-enriched biochar and its potential as a fertilizer. We 
hypothesize that (1) higher ratios of Mg/Ca results in higher P solubility 
in biochar relevant to plant P uptake; and (2) the addition of Mg de
creases the formation of tricalcium phosphate and reduces proportions 
of crystalline P forms. 

2. Materials and methods 

2.1. Biomass and pyrolysis conditions 

Poultry manure was obtained from the experimental poultry farm at 
Cornell University collected over the course of several days, using 
commercial feed containing mostly corn, soybean, wheat, calcium car
bonate, salt, choline chloride, yeast extract and mono-dicalcium phos
phate [Ca(H₂PO₄)₂]. Poultry manure feedstock was oven-dried at 70 ◦C 
until constant mass, ground, and sieved (<850 μm) before pyrolysis. All 
biochars were produced in an adapted laboratory-scale muffle furnace, 
and the process was performed with a heating rate of 10 ◦C min−1 to 
their target temperature (300 ◦C, 500 ◦C, 600 ◦C, or 700 ◦C), with a 
holding time of 30 min and left to slowly cool down to room tempera
ture. At the end of each cycle, the biochar yield was recorded. 

2.2. Feedstock modification 

After drying, the poultry manure was pyrolyzed to produce biochar. 
Before pyrolysis, some of the poultry manure was pre-treated with 
magnesium hydroxide [Mg(OH)2] to generate Mg-enriched biochar. 
This source of Mg was selected after tests with other sources (i.e., 
chloride and sulfate), as it contained no interfering counter-ions 
(Table S1). Briefly, Mg(OH)2 was mixed with the manure to achieve 
Mg/Ca ratios of 0.08, 0.10, 0.12, 0.16 and 0.20, soaked in deionized 
water (1:10, solid-liquid ratio), and stirred with a magnetic ball for 30 
min. The mixture was oven-dried at 70 ◦C (until constant mass) (Zhang 
et al., 2012). 

2.3. Characterization of feedstock and biochars 

All samples were crushed with a mortar and pestle and sieved to a 
thin powder (<250 μm) prior to analyses. Electrical conductivity (EC) 
and pH were measured in a suspension of 1:20 (w:v) ratio in deionized 
water, which was first shaken for 90 min on a reciprocal shaker, and 
measured using a pH and an EC meter (Rajkovich et al., 2012). 

Biochars and manure samples were analyzed for total Ca, Mg, and P 
contents according to Enders and Lehmann (2012). Briefly, 0.20 g of 
each sample was ashed in a small muffle furnace for 8 h at 500 ◦C. It was 
then digested in concentrated nitric acid (70%) at 120 ◦C, and for the 
final digestion step, hydrogen peroxide (30%) was added to accelerate 
the oxidation of organic carbon. Finally, the samples were diluted to a 
2% nitric acid (v/v) solution. Contents were filtered, and elements were 
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measured by inductively coupled plasma spectrometry (ICP, Thermo 
iCAP 6500 series, Thermo Fisher Scientific, Massachusetts, USA). 

Total carbon, hydrogen, oxygen and nitrogen were determined on a 
Thermo Delta V isotope ratio mass spectrometer (IRMS) interfaced with 
an NC2500 elemental analyzer. Standards were calibrated against in
ternational reference materials provided by the International Atomic 
Energy Association (IAEA). Ash content from biochars was determined 
by oven drying (105 ◦C), and then, heating the samples in open crucibles 
at 750 ◦C for 6 h. The BET (Brunauer-Emmett-Teller) surface area (BET – 
SA, m2 g−1) and total pore volume (TPV, cm3 kg−1) data (Table S6) were 
collected using a Micromeritics 3-Flex gas sorption analyzer. The surface 
morphological structures, images, and elemental mapping were ob
tained with high-resolution scanning electron microscopy (MIRA3 
FESEM, Tescan, Pennsylvania, USA), equipped with energy-dispersive 
spectroscopy (EDS), and the EDS spectra collected on a Bruker 6-60 
XFlash detector (Bruker, Massachusetts, USA) after mounting samples 
on a standard SEM stub using carbon tape. The surface functional groups 
composition was studied using FTIR spectroscopy (Vertex V80V Vacuum 
FTIR system, Bruker, Massachusetts, USA) in attenuated total reflec
tance (ATR) mode. The samples were placed in the sample holder and 
spectra were collected with a spectral range of 4000−600 cm−1, with a 
resolution of 4 cm1, averaged over of 64 scans, and processed for 
baseline correction using OPUS v7.2 (Bruker, Massachusetts, USA). 

2.4. Phosphorus extractions 

Poultry manure and biochar samples were analyzed for plant- 
available P using 2% formic acid and 2% citric acid extractions at a 
ratio of 1:100 (w/v). The samples were shaken with the extractant for 
30 min and filtered through qualitative filter paper (Wang et al., 2012). 
Water-soluble P was extracted by shaking the samples with deionized 
water for 16 h, at a ratio of 1:150 (w/v), and filtering through qualitative 
filter paper (Zwetsloot et al., 2015). For all extractions, P concentration 
was determined using the molybdenum blue method, adapted from 
Murphy and Riley (1962). Briefly, P concentration in samples was 
determined by UV–vis spectrophotometry (Shimadzu, Kyoto, Japan) 
measuring the intensity of the color from the formation of a 
phospho-molybdic complex (660 nm) produced by the reaction of 
ammonium molybdate and ascorbic acid according to P concentration in 
samples. 

2.5. Kinetics of P release 

Samples of pyrolyzed and unpyrolyzed manure, with and without Mg 
(OH)2 addition, were selected to determine the kinetics of P release in 
water. Briefly, samples were mixed with deionized water in a proportion 
of 1/200 ratio (w/v) and then shaken at 120 rpm for 240 h, and sampled 
after 0.25, 0.5, 1, 6, 12, 24, 48, 72, 120, and 240 h. The samples were 
filtered through qualitative filter paper and analyzed for P using the 
molybdenum blue method (Murphy and Riley, 1962). The P release 
kinetics was determined by the changes in P concentrations over the 
sampling time and then fitted to the following models: parabolic diffu
sion model, Elovich equation, power function, first order, and 
second-order functions (Carneiro et al., 2021; Liang et al., 2014). The fit 
of each mathematical model was based on its standard error of the 
estimative (SE) (Carneiro et al., 2021; Shariatmadari et al., 2006), and 
the best models were chosen based on the Akaike information criterion 
(AIC) (Akaike, 1974). 

2.6. X-ray absorption near edge spectroscopy (XANES) 

The P K-edge XANES analysis was carried out at the IDEAS beamline 
at the Canadian Light Source (CLS) (Saskatoon, Canada). Fluorescence 
spectra were collected under vacuum using a Vortex ME4 SDD with 
FalconX electronics. Samples were loaded in sample holders in the pre- 
chamber. Information for reference P compounds was obtained from the 

following sources: magnesium phosphate dibasic (MgHPO4.3H2O, CAS 
7782-75-4, Sigma Aldrich), tricalcium phosphate and calcium phos
phate dibasic [Ca3(PO4)2 and CaHPO4.2H2O, respectively (dela Piccolla 
et al., 2021),], trimagnesium phosphate, struvite, octacalcium phos
phate, pyrophosphate, lecithin, hydroxyapatite and phosphate adsorbed 
on Pahokee peat [Mg3(PO4)2.8H2O, MgNH4PO4, Ca8H2(PO4)6.5H2O, 
P2O7, organic-complexed P–Fe, 1200 mmol kg−1 of Fe and 
Ca10(PO4)6(OH)2, respectively (Beauchemin et al., 2003; Hesterberg 
et al., 2017),]. Samples were collected in the energy range of 
2085–2245 eV, scanned twice, and checked for reproducibility. The E0 
was set to 2151 eV and energy step sizes were 5 eV from 2085 to 2135 
eV, 0.2 eV from 2135 to 2175 eV, 2 eV from 2175 to 2245 eV. The 
program Athena v0.9.26 (Ravel and Newville, 2005) was used for data 
processing and analysis of the P K-edge XANES spectra. Data were 
normalized, pre-edge and post-edge energy regions were set to −65 to 
−10 eV and 30–60 eV, respectively. Linear combination fitting was 
performed over the spectral region and above the P adsorption edge 
(2145–2180 eV). Reported fits were obtained using a modified standard 
elimination procedure (Hesterberg et al., 2017; Manceau et al., 2012), 
progressively reducing the number and combinations of standards until 
reaching a higher accuracy model (coefficients >5% and R factor 
<0.05). For the final set, a maximum of five standards was allowed for 
each fit, and an energy shift of up to ±0.5 eV was allowed for the 
standards individually. 

P L2,3-edge XANES analyses were carried out at the Variable Line 
Spacing Plane Grating Monochromator (VLS-PGM) beamline at the Ca
nadian Light Source. The spectra were collected in total fluorescence 
yield mode (FLY), using a microchannel plate detector and total electron 
yield (TEY) mode measuring the sample drain current. For normaliza
tion purpose, the incident beam current was measured with a Ni mesh 
located upstream the sample. Scans were performed in triplicates from 
130 to 155 eV, with step sizes of 0.1 eV and 1s of dwell time. Merged 
data were subtracted from a linear background adjusted at an energy 
level between 130 and 135 eV, followed by extended multiplicative 
scatter correction and normalization to the peak at 139 eV using Un
scrambler X software v10.5.1 (CAMO Software AS, Oslo, Norway). For 
consistently determining peak positions, peaks were found using Origin 
Pro v9.90 (Originlab Corp, Massachusetts, USA). 

2.7. X-ray diffraction (XRD) 

Poultry manure and biochar samples were analyzed by X-ray 
diffraction analysis (XRD) to detect crystalline phases. Samples were 
ground, sieved to form a powder suspension, deposited on a SiN3 
membrane, and air-dried. The samples were examined by light micro
scopy to locate regions of interest, consisting of isolated microparticles 
of biochar. Samples are mounted vertically, perpendicular to the X-ray 
beam. The energy of the incident beam was chosen around 13.0 keV. The 
beam was focused to ~2 × 2 μm2 (flux ~2 × 1012 phs−1, at I = 128 mA 
electron beam current; attenuated to ~1011 ph s−1 by detuning the 
undulator) using a compound refractive lens set-up (CRL) mounted in a 
transfocator. X-ray powder diffraction (XRPD) maps were obtained by 
raster-scanning the samples and collecting 2D XRPD patterns, in trans
mission, with a Dectris EIGER 4 M single photon counting detector that 
acquires frames with 2070 × 2167 pixels (75 × 75 μm2 pixel size) at a 
rate up to 750 Hz. Azimuthal integration and calculation of crystalline 
phases by linear fits were performed using dedicated Jupyter Notebooks. 
For both analytical configurations, the synchrotron diffraction data has 
been corrected for attenuation effects and processed using the software 
package PyMCA, region of interest (ROI) imaging was also used to 
extract averages and statistical analyses (Solé et al., 2007; Fu et al., 
2020). Crystalline phases were identified using Match! v2 (Crystal 
Impact, Bonn, Germany), compared with minerals available at the open 
crystallography database (COD). The degree of crystallinity was calcu
lated using Origin Pro v9.90 and X’Pert Highscore Plus v3.0.0 (Pan
alytical, Malvern, UK). The degree of crystallinity of the samples was 
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defined based on the average crystallite size and degree of crystallinity, 
considering the calculated areas under the peaks and the width at 
half-height of the diffraction peak. 

3. Data analysis 

The extraction of P using citric acid, formic acid, and water was 
performed in a 5 x 5 factorial design, considering 5 processing temper
atures (70 ◦C, 300 ◦C, 500 ◦C, 600 ◦C, or 700 ◦C) and 5 Mg/Ca ratios 
(0.08, 0.10, 0.12, 0.16, and 0.20). The collected data were checked for 
normality by the Shapiro–Wilk’s test prior to other data analyses. When 
the assumptions for analysis of variance were met (formic acid and citric 
acid), a linear model was fitted and the significance of the interaction 
between the factors was tested. Afterwards, the means of the treatments 
were grouped using the Scott-Knott test (p ≤ 0.05) to avoid overlapping 
average results (Scott and Knott, 1974). When the criteria for analysis of 
variance were not met (water-P), a generalized least squares (GLS) 
model was used, and if significant, the means of all treatments were 
compared using the Tukey test (p ≤ 0.05). Data from the kinetics of P 
release were fitted to nonlinear models using the nlstools package (Baty 
et al., 2015). 

4. Results 

4.1. Phosphorus availability 

The extractable P portion from unpyrolyzed poultry manure was, on 
average, 25% lower than in any biochar regardless of Mg/Ca ratio 
(Fig. 1). Comparing pyrolysis temperatures, at the lowest (300 ◦C) and 
highest (700 ◦C), the range of formic and citric-P was higher than 
unpyrolyzed biomass, 27 and 23% for biochar (Mg/Ca of 0.08), and 46 
and 17% for Mg-biochar (Mg/Ca ratio of 0.16), respectively (Fig. 1 a and 
b). Across pyrolysis temperatures ranging from 300 to 600 ◦C, adding 
Mg resulted in higher P availability (except for a Mg/Ca ratio of 0.2) 
(Fig. 1 a and b). At 300 ◦C, citric and formic acid extracted about 16.8 
and 16.7 g P kg−1 biochar, representing approximately 96 and 94% of 
the total P when Mg was added. The extractions were significantly lower 
for biochar without Mg additions, about 14.4 and 13.6 g kg−1, repre
senting about 73 and 70% of total P. With increasing pyrolysis tem
perature, the effect of Mg(OH)2 addition on extractable P is positive up 
to 600 ◦C, with formic-P extractable P of 19.6 g kg−1 (90% of total P), 
and of 15.8 g kg−1 (68% of total P) with and without added Mg, 
respectively. At 700 ◦C, however, the amounts of formic acid-extractable 
P were very similar, about 69 and 71% of total P, respectively. 

Water-extractable P, however, decreased as a function of pyrolysis 
temperature and even more as a function of Mg addition (Fig. 1c and 
Table S2). For unpyrolyzed biomass, at a Mg/Ca ratio of 0.08, water 
extracted 3.8 g kg−1 (35% of total P), and for a Mg/Ca ratio of 0.16, only 

Fig. 1. Phosphorus extracted by citric acid 2% (A), 
formic acid 2% (B) and water-P (C) as a function of 
Magnesium hydroxide modified biochars and mag
nesium and calcium ratios. For citric and formic 
acids, lowercase letters compare biochars in individ
ual temperature within all Mg/Ca ratios, and upper
case letters compare individual Mg/Ca ratio in all 
temperatures. The means of the treatments were 
grouped by the Scott Knot test (p < 0.05). For water- 
P, treatments followed by the same letter do not differ 
among themselves by the Tukey test (p < 0.05). Mean 
values ± standard deviation; n = 3. The extractable 
portion in grams per kilogram and percentage are 
referenced in Table S2. Note: *values lower than 0.0.   
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0.5 g kg−1 (5% of total P). At 300 ◦C, water-P was even lower for both 
biochar and Mg-biochar, 0.7 and 0.2 g kg−1 (3.7 and 0.9% of total P, 
respectively). 

4.2. Kinetics of phosphorus release 

The kinetics of P release from poultry manure pyrolyzed at 300 ◦C 
was initially greater than that of unpyrolyzed poultry manure (Fig. 2). 
However, P release from unpyrolyzed poultry manure did not stabilize 
at the end of the assay (240 h). Most importantly, Mg additions 
decreased P release, and more so for pyrolyzed than unpyrolyzed 
manure. Adding Mg to unpyrolyzed manure decreased P release by 36% 
of total P, from 5.36 to 3.45 g kg−1 in 72 h. At 300 ◦C, Mg addition had 
the greatest effect, decreasing P release from 67% to 3% of total P over 

the entire sampling period. In contrast, biochar and Mg-biochar at 
500 ◦C had a low P release of 4.6 and 1% of total P, respectively 
(mathematical equations in SI, and fitting parameters in Table S3). 

4.3. Phosphorus K and L2,3 edge XANES spectroscopy 

K edge XANES spectroscopy and the linear combination fitting of P K- 
edge XANES of biochar and Mg-biochar data indicates that Ca–P and 
Mg–P species are mainly altered after pyrolysis, with few differences 
whether or not Mg was added to the unpyrolyzed biomasses (70 ◦C) 
(Table 1 and Figs S1, S2 and S3). The P minerals for biomass were 
Mg3(PO4)2.8H2O (35.9 and 41.6%), CaHPO4.2H2O (16.6 and 23.9%), 
P–Fe (12.5 and 9.3%), and organic P as lecithin (35.0 and 25.2%) 
without and with Mg addition, respectively. The Fe–P only appeared for 
unpyrolyzed biomasses, and lecithin appeared at up to 300 ◦C only 
without Mg additions (9.0%). Also, at all pyrolysis temperatures, bio
char and Mg-biochar had similar proportions of CaHPO4.2H2O and 
octacalcium phosphate. However, at 300 ◦C, only Mg-biochar had 
MgNH4PO4 (17.9%) and Mg3(PO4)2.8H2O (23.0%), while biochar 
without Mg showed Ca3(PO4)2 (10.4%), both differing only for pyro
phosphate, 32.9 and 16.0%, respectively. Biochars made at tempera
tures of 500 and 600 ◦C had similar P compounds but differed whether 
or not Mg was added. For biochars made at 500 and 600 ◦C, biochar 
without Mg showed pyrophosphate (29.8 and 14.0%) and hydroxyap
atite (not identified and 12.5%), while Mg-doped biochar showed 
Mg3(PO4)2.8H2O (10.4 and 11.2%). At 700 ◦C, biochar without Mg 
showed hydroxyapatite (32.5%) and pyrophosphate (15.7%), and Mg- 
doped biochar showed Mg3(PO4)2.8H2O (5.2%). 

The P L2,3 edge XANES data indicate that Mg-biochar presented a 
shoulder feature at around 139.7–140 eV, which could be either 
MgHPO4.3H2O or Mg3(HPO4).8H2O (Fig. S2 and Table S4). The biochars 
without Mg addition do not have this Mg–P feature, and even without 
Mg, they already have a shoulder with a center at 141.7–141.9 eV 
attributed to CaHPO4.2H2O or Ca3(PO4)2, more intensely at higher py
rolysis temperatures. These Ca-peaks also appear when Mg is added, but 
only from 500 ◦C onwards, with no intense features observed at 300 ◦C, 
similar to unpyrolyzed biomass. For all samples, two primary peaks 
described P features at the energy position at around ~139 and ~147 
eV. 

4.3.1. Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) 

The elemental mapping by SEM revealed a uniform distribution of P 
and Mg (Fig. 3a) and concentrated Ca spots on the surface of biochars 
irrespective of Mg additions. Phosphorus is distributed on the surface 
similarly to Mg. The biochar has a smooth surface with evenly-spread 
round features, quantified by EDS spectra to have a high concentra
tion of Ca (Table S5). In contrast, features with different spatial patterns 
were observed in Mg-biochar, such as cubes, flakes, and blocks (Fig. 3b). 
These patterns have high concentrations of Mg as quantified by EDS 
(Fig. S4 and Table S5). 

4.4. Elemental analysis 

Total P concentrations increased in Mg-biochar at high pyrolysis 
temperatures but decreased at low temperatures (Table 2). For instance, 
at 300 ◦C, total P from biochar without Mg addition (Mg/Ca ratio 0.08) 
decreased from 19.6 to 17.5 g kg−1 when Mg was added (Mg/Ca ratio 
0.16). In contrast, at 700 ◦C, total P increased from 23.3 to 25.0 g kg−1, 
for the same Mg/Ca ratios. Total Mg concentration did not vary sub
stantially as a function of pyrolysis temperature (Table 2). However, on 
average, the Mg yield was 2-fold higher than its unpyrolyzed biomass for 
biochar and only 1.3 higher for Mg-biochar. 

Fig. 2. Kinetics of phosphorus release in water of poultry manure and biochars 
(Mg/Ca: 0.08) and poultry manure and biochars plus magnesium (Mg/Ca: 
0.16). Mean value ± standard deviation, n = 3. Poultry manure and biochars at 
70, 300 and 500 ◦C fitted to parabolic diffusion model; poultry manure and 
biochars plus magnesium at 70, 300 and 500 ◦C fitted to power function, Elo
vich equation and parabolic diffusion model, respectively. Parameters of the 
examined models are shown in Table S3. 
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4.5. C, H, N and O contents 

The biochars had low C and N contents regardless of their Mg/Ca 
ratios (Table 2). At 300 ◦C, the C content of biochar (Mg/Ca ratio 0.16) 
decreased from 391.7 to 296.7 mg g−1 when adding Mg (Mg/Ca ratio 
0.16), and at 700 ◦C, the C content decreased from 313.4 to 155.1 mg 
g−1. The total N decreased during pyrolysis more than the total C content 
by the addition of Mg (Mg/Ca ratio of 0.16), from 67.5 to 38.2 mg g−1 at 
300 ◦C and from 27.0 to 13.3 mg g−1 at 700 ◦C. The H/C ratio declined 
as a function of pyrolysis temperature, but no substantial changes were 
observed as a result of Mg additions. The H/C ratios remained between 
0.6 and 0.7 at 300 ◦C and between 0.2 and 0.3 at 600 ◦C. In contrast, the 
O/C ratios varied only as a function of Mg addition, remaining between 
0.5 and 0.6, for the Mg/Ca ratios of 0.08 and between 0.8 and 1.2, for 
Mg/Ca 0.16. 

4.6. FTIR spectroscopy 

The highest spectral bands intensities in the FTIR spectra were 
observed between 1625 and 600 cm−1 (Fig. 4 and Table S8). With py
rolysis, band intensity decreased at 3190 and 2914 cm−1, assigned to 
aromatic and aliphatic C–H stretching, respectively, irrespective of Mg 
addition (Liang et al., 2018; Wang et al., 2014). At 70 ◦C, Mg(OH)2 
addition increased band intensity at 1625 and 1579 cm−1, correspond
ing to aromatic C––C, and at 1407 cm−1, corresponding to C–O 
stretching and carbonates (Bekiaris et al., 2016; Domingues et al., 2017; 
Farah Nadia et al., 2015). At 300 ◦C, Mg additions increased intensity at 
1579 and 1026, corresponding to C––C and P–O or Mg–O bond, and 
decreased intensity at 873 and 705 cm−1, corresponding to P–O–P or 
P––O stretching (Bekiaris et al., 2016; Li et al., 2016; Nardis et al., 2021). 
Intensity at 873 cm−1 corresponds to Ca–P, and intensity at 1026 cm−1 is 
attributed to P–O bond stretching in Ca–P or Mg–P minerals (Fig. S6). At 
500 and 700 ◦C, Mg additions increased intensity at bands 1407, 1026 
and 873 cm−1. 

5. Discussion 

5.1. Magnesium enrichment increases phosphorus availability on biochar 

Phosphorus availability assessed by citric and formic acid extraction 
increases with Mg addition, up to a pyrolysis temperature of 600 ◦C 
(Fig. 1). With pyrolysis, enhanced P availability seems to be consistent 
with precipitation of Mg minerals determined by P K and L2,3-edge 
[MgNH4PO4 and Mg3(PO4)2.8H2O] (Table 1 and S4). At the highest 
examined pyrolysis temperatures (700 ◦C) Mg–P minerals are reduced. 
This is consistent with previous studies where Mg–P may gradually 
decompose as the temperature rises, probably due to instability at high 
temperatures (Ramlogan and Rouff, 2016). Also, the decomposition of 

struvite at temperatures higher than 300 ◦C may explain the decrease in 
total N in these Mg-biochars, probably due to the evolution of volatiles. 

The greater P availability plateaued at a Mg/Ca ratio of 0.10 and 
even decreases at 0.16, and not only Mg–P minerals were formed in Mg- 
biochar. As observed by SEM-EDS quantification analysis at 300 ◦C 
(Table S5), Mg-biochar has several features (blocks and flakes) of high 
Mg concentration, which was confirmed by the presence of MgO parti
cles in the form of nano-flakes within the biochar matrix in prior studies 
(Wu et al., 2019; Zhang et al., 2012), and confirmed by the increase in 
MgO crystallite size in Mg-biochar in our study (Fig. S5 and Table S7). 
These Mg-rich spatial features could explain why increasing Mg/Ca ra
tios do not increase P availability from a certain amount of Mg onwards, 
as a low or no difference was observed for the highest Mg/Ca ratios to 
biochar without Mg addition (Fig. 1), thus restricting P and Mg reaction 
to some extent. Moreover, the success of Mg addition to increase P 
availability could be influenced by other factors such as P concentration 
in poultry manure (~11 g P kg−1) and biochar (25 g P kg−1) (Table 2). 
Therefore, the increase in P availability was affected by the P/Mg ratio. 
The SEM mapping of P and Mg show both Mg and P evenly distributed 
on the surface (Fig. 3). This spatial correlation between Mg and P has 
already been reported for poultry manure at low pyrolysis temperature 
(300 ◦C); at high pyrolysis temperatures, however, this correlation de
creases in favor of a higher correlation between Ca and P (Bruun et al., 
2017). 

Phosphorus availability in unpyrolyzed poultry manure was lower 
compared to that in biochar (Table S2), which could be related to the 
larger amount of organic P present in manure, e.g., DNA, phytates, and 
lecithin (Uchimiya and Hiradate, 2014), while biochars usually lack 
organic P forms as a result of thermal treatment (Zwetsloot et al., 2015). 
Moreover, as observed by P K-edge XANES analysis, the unpyrolyzed 
poultry manure had around 35% of organic-complexed lecithin 
(Table 1). After pyrolysis, organic P decreased as expected, present only 
at a low proportion at 300 ◦C (Table 1). 

Water-extractable P mainly decreased as a result of pyrolysis and to a 
minor extent as pyrolysis temperature increased (Table S2), which is 
explained by the formation of less soluble P minerals after thermal 
degradation, already at the lowest temperature. Regardless of pyrolysis 
temperature or indeed because of pyrolyzing at the lowest temperature, 
it decreased as a function of Mg enrichment. Lower water solubility 
could have resulted from the OH− anions provided with Mg(OH)2 ad
ditions, and that could also be part of the mechanisms by which Mg- 
doped biochars have higher P availability assessed by citric and for
mic acid extractions, since these anions can also react with Ca2+ ions, 
preventing Ca–P precipitation and crystallization with heat treatment. 

The kinetics of P release confirms the lower water solubility of P with 
Mg additions to both pyrolyzed and unpyrolyzed poultry over ten days 
(Fig. 2), which is in agreement with Mg-enriched biochar (Morais et al., 
2023). Most of the P from biochar without Mg is released within ten 

Table 1 
Major phosphorus species determined by linear combination fitting of XANES spectra of standards (Fig. S1) to XANES spectra of biochar of different temperatures with 
and without magnesium enrichment.  

Samples MgNH4PO4 Mg3(PO4)2 CaHPO4 Ca3(PO4)2 OCP HAP PYP P–Fe Lecithin R factor 

% 

Poultry manure – 35.9 16.6 – – – – 12.5 35.0 0.0008 
Poultry manure 70 ◦C + Mg – 41.6 23.9 – – – – 9.3 25.2 0.0008 
Biochar 300 ◦C – – 18.4 10.6 29.2 – 32.9 – 9.0 0.0003 
Biochar 300 ◦C + Mg 17.9 23.0 16.9 – 26.4 – 15.8 – – 0.0004 
Biochar 500 ◦C – – 21.7 8.7 39.7 – 29.8 – – 0.0007 
Biochar 500 ◦C + Mg – 10.4 23.8 27.6 38.2 – – – – 0.0005 
Biochar 600 ◦C – – 23.7 20.7 28.8 12.5 14.3 – – 0.0005 
Biochar 600 ◦C + Mg – 11.2 22.0 26.7 40.0 – – – – 0.0005 
Biochar 700 ◦C – – – 12.2 39.6 32.5 15.7 – – 0.0004 
Biochar 700 ◦C + Mg – 5.2 22.9 37.3 34.6 – – – – 0.0007 

Note: OCP, Octacalcium phosphate; HAP, Hydroxyapatite; PYP, Pyrophosphate; P–Fe, phosphate adsorbed on Pahokee peat. The spectra of reference P compounds are 
shown in Fig. S3. 
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Fig. 3. Scanning electron microscopy (SEM) of biochars with and without Mg additions prior to pyrolysis. (A) Images of biochar pyrolyzed at 300 ◦C with and 
without Mg addition (B) Spatial features of biochar pyrolyzed at 300 ◦C with and without Mg addition. Energy-dispersive spectroscopy (EDS) elemental quantifi
cation in Table S5 and Fig. S4. 
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days, getting close to what is determined to be plant available using 
citric and formic acid extraction (Fig. 2). In comparison, Mg-doped 
biochar and Mg-doped unpyrolyzed manure had a lower P release rate 
even after ten days. However, the lower P availability in water does not 
correlate with P fertilizer potential from these sources, as plants may 
improve P dissolution and absorption through several mechanisms 
(Morgan and Connolly, 2013), primarily through rhizosphere acidifi
cation. Besides, P sources with low water-soluble P are less susceptible to 
strong adsorption to soil minerals and, therefore, might have a sustained 
P release over the plant growth cycle (Hart et al., 2004), which is 
desirable in tropical soils due to its high P adsorption capacity. 

5.2. Magnesium enrichment decreases the formation of highly crystalline 
calcium phosphates 

Adding Mg to poultry manure biomass prevented or decreased the 
formation of Ca–P minerals (Table 1). As suggested by P K-edge XANES 

analysis, Mg-doped biochar has lower proportions of pyrophosphate 
(low temperature) and no detectable hydroxyapatite (high tempera
ture), a highly crystalline P compound (Table 1). Previous studies have 
reported that the partial substitution of Ca by Mg (a smaller ion) inhibits 
the crystallinity of synthetic hydroxyapatite via inhibiting crystal 
growth propagation during thermal degradation (Cao and Harris, 2008; 
Hilger et al., 2020). Thus, the data from this study confirms that this also 
happens in manure biochar, and it may be the main mechanism involved 
in the greater P availability. 

Besides being a smaller ion and causing structural changes, Mg has a 
larger hydrated ionic radius than Ca, a reason why Mg–P minerals could 
enhance P mobility in soil more than Ca–P. An increase in P solubility in 
calcareous soil due to an increase in Mg/Ca ratios on the exchange 
complex has already been reported (Manimel Wadu et al., 2013), 
making the enrichment of manure and its biochar with Mg a promising 
approach also for high-pH soils. However, further studies on Mg/Ca 
ratios on P availability are still necessary for both acidic and alkaline 

Table 2 
Properties of magnesium hydroxide modified poultry manure and biochar as a function of magnesium and calcium ratios.  

Mg/ 
Ca 
Ratio 

T 
(◦C) 

pH EC (ds 
m−1) 

Total P 
(g kg−1) 

Total Ca 
(g kg−1) 

Total Mg 
(g kg−1) 

N (mg 
g−1) 

C (mg 
g−1) 

H (mg 
g−1) 

O (mg 
g−1) 

H/C (mol 
mol−1) 

O/C (mol 
mol−1) 

Ash (% 
w/w) 

Biochar 
Yield (% w/ 
w) 

0.08 70 6.5 ±
0.0 

4.1 ±
0.1 

10.9 ±
0.3 

102.7 ±
1.3 

6.5 ± 0.1 41.0 
± 0.8 

284.5 
± 3.7 

45.0 
± 9.0 

364.7 
± 12.3 

1.9 ± 0.4 1.0 ± 0.0 – – 

300 10.6 
± 0.1 

3.3 ±
0.1 

19.6 ±
0.0 

164.4 ±
0.4 

12.5 ±
0.2 

67.5 
± 0.2 

391.7 
± 10.7 

22.0 
± 2.4 

263.0 
± 31.3 

0.7 ± 0.1 0.5 ± 0.0 38.2 ±
2.3 

57.0 ± 2.7 

500 11.3 
± 0.1 

3.7 ±
0.1 

21.4 ±
0.5 

173.4 ±
6.0 

13.2 ±
0.3 

33.8 
± 0.2 

335.4 
± 2.4 

8.5 ±
0.1 

264.8 
± 1.0 

0.3 ± 0.0 0.6 ± 0.0 47.7 ±
3.1 

50.3 ± 5.8 

600 11.7 
± 0.0 

4.1 ±
0.2 

23.1 ±
2.6 

169.1 ±
0.6 

13.3 ±
0.1 

25.5 
± 0.2 

296.5 
± 8.0 

6.3 ±
0.7 

253.0 
± 1.5 

0.3 ± 0.0 0.6 ± 0.0 47.3 ±
0.5 

48.7 ± 0.6 

700 11.9 
± 0.0 

4.8 ±
0.1 

23.3 ±
0.8 

178.5 ±
0.9 

13.5 ±
0.4 

27.0 
± 1.2 

313.4 
± 12.3 

3.6 ±
0.7 

226.1 
± 19.2 

0.1 ± 0.0 0.5 ± 0.1 49.0 ±
1.5 

47.0 ± 1.0 

0.10 70 6.4 ±
0.1 

4.4 ±
0.1 

11.1 ±
0.4 

103.9 ±
3.9 

9.9 ± 0.0 60.7 
± 6.1 

330.0 
± 32.4 

40.8 
± 4.7 

360.7 
± 20.5 

1.5 ± 0.0 0.8 ± 0.0 – – 

300 11.5 
± 0.0 

5.6 ±
0.1 

20.1 ±
0.2 

167.5 ±
1.3 

15.1 ±
0.1 

43.5 
± 9.3 

301.8 
± 43.6 

13.7 
± 0.1 

266.3 
± 1.0 

0.6 ± 0.1 0.7 ± 0.1 42.4 ±
2.3 

56.7 ± 0.6 

500 11.2 
± 0.1 

5.8 ±
0.0 

23.5 ±
0.9 

171.8 ±
2.9 

16.8 ±
0.1 

30.4 
± 0.0 

317.0 
± 6.1 

7.5 ±
0.1 

247.6 
± 2.7 

0.3 ± 0.0 0.6 ± 0.0 53.5 ±
1.8 

50.0 ± 2.0 

600 12.4 
± 0.1 

7.2 ±
0.0 

25.1 ±
0.6 

180.8 ±
4.0 

17.2 ±
0.3 

21.9 
± 2.9 

243.4 
± 15.8 

4.4 ±
0.1 

260.6 
± 6.8 

0.2 ± 0.0 0.8 ± 0.0 54.6 ±
1.4 

47.0 ± 1.0 

700 12.6 
± 0.0 

8.4 ±
0.0 

27.3 ±
0.1 

195.5 ±
0.2 

18.4 ±
0.3 

27.0 
± 4.4 

257.7 
± 31.5 

3.8 ±
0.1 

246.3 
± 4.4 

0.2 ± 0.0 0.7 ± 0.1 59.3 ±
1.7 

41.7 ± 0.6 

0.12 70 9.0 ±
0.0 

4.9 ±
0.0 

10.9 ±
0.3 

109.5 ±
2.5 

13.2 ±
0.1 

33.4 
± 3.5 

266.3 
± 20.6 

37.2 
± 1.9 

352.9 
± 3.8 

1.7 ± 0.2 1.0 ± 0.1 – – 

300 9.8 ±
0.3 

3.1 ±
0.2 

19.5 ±
0.6 

166.2 ±
2.5 

19.2 ±
0.1 

38.8 
± 4.7 

300.5 
± 22.0 

13.7 
± 0.6 

275.9 
± 4.2 

0.6 ± 0.1 0.7 ± 0.0 45.6 ±
1.7. 

60.0 ± 2.0 

500 11.3 
± 0.1 

4.6 ±
0.3 

24.2 ±
0.1 

176.8 ±
1.3 

21.3 ±
0.1 

15.9 
± 2.0 

239.2 
± 12.7 

6.6 ±
0.4 

246.3 
± 6.0 

0.3 ± 0.0 0.8 ± 0.1 57.4 ±
0.6 

51.3 ± 1.5 

600 11.5 
± 0.1 

5.6 ±
0.3 

22.4 ±
0.7 

189.7 ±
6.0 

20.7 ±
0.6 

14.2 
± 0.7 

248.0 
± 13.2 

4.8 ±
0.7 

259.7 
± 2.6 

0.2 ± 0.0 0.8 ± 0.0 53.7 ±
1.1 

48.0 ± 3.5 

700 12.0 
± 0.0 

5.5 ±
0.1 

25.9 ±
0.5 

180.0 ±
2.3 

23.7 ±
0.3 

22.7 
± 1.0 

250.0 
± 3.7 

4.1 ±
0.4 

258.1 
± 1.7 

0.2 ± 0.0 0.8 ± 0.0 53.4 ±
0.8 

49.3 ± 0.6 

0.16 70 9.3 ±
0.0 

5.7 ±
0.2 

11.2 ±
0.1 

106.1 ±
0.4 

20.8 ±
0.1 

45.3 
± 4.0 

309.2 
± 18.9 

38.0 
± 0.5 

366.5 
± 4.7 

1.5 ± 0.1 0.9 ± 0.0 – – 

300 11.1 
± 0.0 

4.5 ±
0.2 

17.5 ±
0.6 

158.5 ±
4.5 

25.5 ±
0.3 

38.2 
± 0.9 

296.7 
± 7.5 

17.6 
± 2.8 

302.9 
± 9.6 

0.7 ± 0.1 0.8 ± 0.0 45.6 ±
1.0 

58.7 ± 2.5 

500 12.1 
± 0.0 

6.1 ±
0.2 

21.9 ±
0.1 

178.0 ±
1.3 

27.5 ±
0.0 

17.5 
± 0.5 

231.9 
± 3.3 

5.0 ±
0.1 

271.6 
± 5.7 

0.3 ± 0.0 0.9 ± 0.0 50.2 ±
0.6 

50.3 ± 0.6 

600 12.0 
± 0.0 

5.5 ±
0.2 

21.4 ±
0.5 

170.4 ±
5.3 

27.1 ±
0.5 

21.5 
± 1.5 

272.7 
± 11.8 

5.8 ±
0.4 

264.2 
± 1.8 

0.3 ± 0.0 0.7 ± 0.0 56.6 ±
0.2 

50.3 ± 1.5 

700 12.2 
± 0.0 

7.4 ±
0.1 

25.0 ±
0.1 

206.1 ±
0.1 

28.5 ±
0.0 

13.3 
± 0.3 

155.1 
± 1.7 

3.3 ±
1.0 

244.4 
± 7.5 

0.3 ± 0.1 1.2 ± 0.0 64.5 ±
3.0 

46.0 ± 2.7 

0.20 70 10.1 
± 0.0 

6.1 ±
0.0 

8.7 ±
0.2 

79.2 ±
7.4 

28.6 ±
0.2 

47.5 
± 2.0 

246.0 
± 3.1 

39.0 
± 1.9 

364.9 
± 3.8 

1.9 ± 0.1 1.1 ± 0.0 – – 

300 11.3 
± 0.0 

4.8 ±
0.0 

16.9 ±
0.3 

126.1 ±
0.7 

29.4 ±
0.0 

33.8 
± 3.1 

223.2 
± 1.4 

15.8 
± 0.7 

263.0 
± 13.9 

0.8 ± 0.0 0.9 ± 0.0 56.7 ±
1.0 

59.7 ± 2.5 

500 12.1 
± 0.1 

4.9 ±
0.0 

17.8 ±
0.3 

149.7 ±
3.6 

29.5 ±
0.0 

10.4 
± 0.1 

161.4 
± 4.2 

4.9 ±
0.3 

216.7 
± 0.4 

0.4 ± 0.0 1.0 ± 0.0 64.9 ±
1.5 

50.3 ± 1.1 

600 12.2 
± 0.1 

5.3 ±
0.2 

19.3 ±
1.3 

154.8 ±
1.6 

29.5 ±
0.1 

9.3 ±
1.1 

137.7 
± 5.1 

3.3 ±
0.2 

207.3 
± 3.5 

0.3 ± 0.0 1.1 ± 0.1 68.2 ±
0.3 

48.3 ± 1.1 

700 12.4 
± 0.0 

6.4 ±
0.0 

20.4 ±
0.2 

163.8 ±
1.9 

29.5 ±
0.0 

11.6 
± 0.2 

126.1 
± 0.7 

2.5 ±
0.3 

188.7 +
3.1 

0.2 ± 0.0 1.1 ± 0.0 746 ±
1.7 

45.0 ± 1.0 

Mean values ± standard deviation; (pH, EC, Ash, Biochar yield, n = 3; Total Ca, P, Mg, N, C, H and O, n = 2). 
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soils. 
Besides forming Mg–P minerals, adding Mg did not entirely prevent P 

from binding to Ca, as we still observed increasing proportions of 
CaHPO4.2H2O, Ca3(PO4)2, and octacalcium phosphate (Table 1) with 
increasing pyrolysis temperatures. High Ca concentrations can result 
from poultry diets. At the highest examined pyrolysis temperature of 
700 ◦C, the proportions of CaHPO4.2H2O and Ca3(PO4)2 decrease in 
favor of hydroxyapatite formation (Table 1), a process that does not 
occur with Mg additions. For Mg-doped biochar, the abundance of 
CaHPO4.2H2O as shown by decreasing intensity of the FTIR band 873 
cm−1 at 300 ◦C (Fig. 4). At the same temperature, the intensity of the 
band at 1026 cm−1 decreased, which could either be Ca3(PO4)2 or 
Mg3(PO4)2 minerals, as they have similar features (Fig. S6). However, no 
features for Ca3(PO4)2 were observed for Mg-doped biochar at 300 ◦C in 
the K and L2,3-edge XANES spectra, and the band at 1026 cm−1 is 
therefore likely caused by Mg3(PO4)2. Thus, Mg–P precipitation at low 
pyrolysis temperatures may have been responsible for preventing hy
droxyapatite formation at higher temperatures. 

At 500 and 700 ◦C, however, Mg-biochar had increased band in
tensities at both 1026 and 873 cm−1 (Fig. 4 and Table S8), consistent 
with increases in Ca–P or Mg–P compounds, likely to be P–Ca com
pounds as determined by P K and L2,3-edge XANES. This indicated that 
pyrolyzing at temperatures above 700 ◦C would probably no longer have 
a positive effect of Mg on P availability or crystallinity. 

Regarding the abundance of minerals without P, calcite is observed, 
which is consistent with this type of material (Domingues et al., 2017). 
The presence of cristobalite (SiO2) and periclase (MgO) (Fig. S5) was 
also observed in studies with poultry litter biochar (Domingues et al., 
2017; Lustosa Filho et al., 2017; Yuan et al., 2011). The increase in 
crystallite size of MgO is compatible with a Mg enrichment (Fig. S5 and 
Table S7). In response to the thermal treatment, the degree of crystal
linity of biochar was higher than in the original manure, indicating a 
decrease in its amorphous and aliphatic structure, consequently 
increasing its aromaticity, resulting in a higher-order material with 
lower reactivity (Lu et al., 2002; Xie et al., 2019). However, no signifi
cant changes were observed in the general degree of crystallinity in 
biochar with or without Mg addition, except for higher crystallinity 
observed for MgO (Fig. S5 and Table S7). 

6. Conclusion 

The enrichment of poultry manure biomass with magnesium hy
droxide for biochar production increased phosphorus availability 
through the increase of Mg–P compounds at lower pyrolysis temperature 
and consequently less proportions of hydroxyapatite at higher pyrolysis 
temperature. The resulting low water solubility of P can reduce losses 
and improve the efficiency of Mg-doped manure and Mg-doped biochar 
to supply P to plants, improving management for this and other Ca-rich 
manure (e.g., pig manure or dairy manure). For biochar, pyrolysis of Mg- 
enriched manure biomass can reduce the volume required for applica
tion, and the higher P availability can increase the efficiency of phos
phate fertilization, decreasing the need for completely soluble P 
fertilizer in doses higher than plant requirement. For future research, it 
is necessary to study the effects of microbial solubilization and subse
quent plant uptake from Mg-enriched biochar. 
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