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Table S1. Total phosphorus, phosphorus extracted by citric acid 2% and formic acid 2% of poultry
manure enriched with magnesium sulfate (MgSO,) and magnesium chloride (MgCl,) (means values
+ standard deviation; n=3).

Poultry manure T Mg/Ca Total P Citric acid Citric acid Formic acid  Formic acid
enrichment (°C)  ratio (gkgh (gkg!) (% of total P) (gkg) (% of total P)
MgSO4 104+0.2 55+0.2 53.3 5.84+0.0 56.3
70
MgCl, 10.2+£0.0 54+0.1 53.3 5.9+0.2 58.3
MgSO4 19.3+£0.7 8.9+0.8 46.3 9.0+0.6 46.5
300 0.16
MgCl, 146+ 0.9 9.5+04 65.1 9.5+0.7 65.2
MgSO4 18.8+0.4 17.7+0.8 94.1 17.5+04 92.8
500

MgCl, 15.8+£0.8 144+0.5 90.8 15.1+0.1 95.6




Table S2. Phosphorus extracted by citric acid 2%, formic acid 2% and water as a function of
Magnesium hydroxide modified biochars and magnesium and calcium ratios (means values +
standard deviation; n=3).

Mg/.Ca T (°C) ?g(;c 0Citric acid F(:;I(;ic Io<‘0rmic acid Wate_:lr . Water
ratio (g ke') (% of total P) (2 ke (% of total P) (g kg™') (% of total P)
70 50+0.3 43.8 49+0.1 44.9 3.8+0.1 35.0
300 13.6+0.2 69.8 14.4+0.3 73.1 0.7+0.0 3.7
0.08 500 149+0.7 70.8 16.5+£0.6 76.0 0.4+0.0 1.8
600 12.7+£0.2 55.1 15.8+£0.5 67.7 0.6+0.0 2.8
700 145+0.7 63.6 16.6 £0.1 70.9 0.5+0.0 2.1
70 6.7+0.2 60.6 7.0+0.7 60.6 3.1+£0.1 27.5
300 194+1.0 93.8 17.9+£0.7 90.0 0.8+0.0 3.8
0.10 500 21.1+14 87.5 220+1.4 91.0 0.2+0.0 1.2
600 19.6+0.5 78.8 23.2+£0.7 92.1 0.2+0.0 0.8
700  17.9+0.4 66.2 22.8+1.0 83.1 0.0+0.0 <LD
70 59+0.1 53.9 6.0+0.6 50.2 1.5+0.1 14.2
300 17.6+0.4 89.6 18.6 £0.6 943 04+0.0 1.9
0.12 500 17.7+0.8 74.4 205+1.6 85.8 0.1+0.0 0.5
600 18.7+0.9 81.3 19.5+0.3 86.5 0.0+0.0 0.3
700  16.0+0.4 61.0 19.1+0.8 74.2 0.0+0.0 <LD
70 50=+0.1 45.1 57+0.5 52.6 0.5+0.0 5.0
300 16.7+0.3 943 16.8+0.4 95.6 02+0.0 0.9
0.16 500 17.1+04 77.8 204+1.4 89.5 0.0+0.0 0.2
600 16.1+0.3 75.2 19.6 £0.5 90.3 0.0+0.0 <LD
700  155+0.4 62.5 17.3£0.5 68.9 0.0+0.0 <LD
70 57+0.5 61.5 49+0.1 56.5 0.4+0.0 5.0
300 152+0.5 91.3 15.0+£0.8 89.7 0.0+0.0 0.34
020 500 12.4+0.2 70.1 16.7+£0.6 95.0 0.0+0.0 <LD
600 10.6+0.3 54.7 147+£0.2 72.8 0.0+0.0 <LD
700  11.5+0.3 57.3 147+0.5 73.4 0.0+0.0 <LD

<LD: lower than the detection limit.



Equations to describe the Kinetics of P release from poultry manure and biochar (Dang et

al., 1994; Shariatmadari et al., 2006):

First order:

InQ;, =InQ, —k,t eq. 1.
Second order:

Qlt = Qie + k,t eq. 2.

Elovich:

Q¢ = % In(ap) + (%) Int eq. 3.

Power function:
.= at? eq. 4.

Parabolic diffusion
Q= Q, + Rt%> eq. 5.

The terms are as follows: Q; (g P kg™!) is the cumulative P release at t time; Qe (g P kg™!) is
the amount of P release at equilibrium, or maximum P released. Parameters of examined models
are listed in Table S3.

The kinetics of P release for unpyrolyzed poultry manure was better fitted to the parabolic
diffusion model, with the SE and AIC of 0.36 and 12.8, respectively. However, the power function
was better suited for Mg-doped poultry manure, with SE and AIC of 0.32 and 10.7, respectively
(Table S3). PM-BC better fitted the parabolic diffusion model, with SE and AIC of 0.33 and 11.2
(HHT of 300 °C), and SE and AIC of 0.057 and -23.8, (HHT of 500 °C). However, best-fitted
models of the P release from the Mg-doped poultry manure biochar varied according to the
pyrolysis temperature. At HHT of 300°C, P release from Mg-doped poultry manure biochar best
fitted the Elovich equation, with SE and AIC of 0.037 and -32.2, respectively, and at HHT of
500°C it best fitted the parabolic diffusion, with SE and AIC of 0.018 and -46.04, respectively
(Table S3).



Table S3. Parameters and standard error of estimative (SE) of the examined models for P release
kinetics of unmodified and Mg(OH);-modified poultry manure and biochars.

Sample information

Models Parameters PM  PMB PMB  Mg(OH), Mg(OH), Mg(OH),

70°C 300°C 500°C PM70°C 300 °C 500 °C

Zero Order 0. (gP kg 5.22 12.49 1.08 4.14 0.40 0.23
ki (b 2.40 9.48 0.01 0.03 0.05 0.01

SE 1.38 1.11 0.14 0.51 0.04 0.04

AIC 39.75 35.34 -6.32 19.83 -30.60 -29.33

Second Order 0. (g P kg") 545 12.70 1.33 4.83 0.44 0.28
k2 [(g P kg 332 25.40 0.02 0.04 0.07 0.01

SE 1.26 1.01 0.13 0.47 0.04 0.04

AIC 3791 33.58 -7.10 18.20 32.7 -29.69

Power Function a(gPkg!'hhP 3.31 11.41 0.14 0.82 0.10 0.04
b [(gP kg 0.14 0.03 0.37 0.32 0.29 0.27

SE 0.69 0.63 0.08 0.32 0.04 0.03

AIC 25.81 24.15 -16.89 10.70 -31.77 37.87

Elovich a(gPkg'h') 350  11.45 0.20 0.90 0.09 0.06
Bl(gPkg'y'] -0.55  -0.39 -0.11 -0.56 -0.06 -0.02

SE 0.82 0.66 0.16 0.56 0.04 0.04

AIC 29.40 2491 -3.22 21.91 -32.29 -32.65

Parabolic Diffusion 0. (gP kg 3.13 11.17 0.12 0.66 0.08 0.04
R (gPkg!)? 0.30 0.22 0.06 0.28 0.03 0.01

SE 0.36 0.33 0.06 0.37 0.06 0.02

AIC 12.81 11.19 -23.78 13.36 -24.03 -46.04

k;: first-order rate constant (h'); k2: second-order rate constant [(ug P g)']; a: (ug P g h'))®; b: desorption rate
coefficient [(ug P g'!)'] initial P desorption rate constant ( a: initial P desorption rate (ug P ¢! h''); 4: P desorption
constant [(ug P g'")']; R: diffusion rate constant; Q.: amount of P release at equilibrium or maximum P released; SE:
standard error of estimative and AIC: Akaike Information Criterion. (Dang et al., 1994; Shariatmadari et al., 2006)
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Figure S1. Phosphorus K-edge XANES data and overlaid linear combination fits (dotted lines).
Proportions of phosphorus species in the Table 1.
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Figure S2. Phosphorus K-edge (A, B) and Lo,; edge (C, D) XANES spectra of unmodified
(Mg/Ca: 0.08) and Mg(OH), added (Mg/Ca: 0.16) poultry manure and biochars. The dotted lines
indicate energy levels of spectral features from unique P species. Overlaid linear combination
fitting for P K edge in Figure S1. Energy position for L»3 edge in Table S4. Spectra for P

compounds in supplementary in Figure S3.
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Figure S3. Phosphorus K and L, 3-edge XANES spectra for reference phosphorus compounds. (A)
The dotted lines indicate energy levels of spectral features from different P species displayed in
table S8, Adapted from Kruse et al., 2009. (B) P K-edge XANES spectra for reference compounds
adapted from dela Piccolla et al., 2021 and Hesterberg et al., 2017. P-Fe, phosphorus adsorbed on
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Pahokee peat; OCP, octacalcium phosphate; HAP, Hydroxyapatite.



Table S4. Energy position of P L,3-edge XANES spectra of samples and phosphorus standards
(Standards adapted from Kruse et al., 2009).

Samples Features
a b c d e f
Poultry manure 136.6 137.3 138.9 147.2
Poultry manure + Mg 136.5 137.4 139.0 147.4
Biochar 300 °C 136.4 137.4 139.0 141.6 147.3
Biochar 300 °C + Mg 136.5 137.4 139.2 147.3
Biochar 500 °C 136.5 137.3 138.9 141.4 147.4
Biochar 500 °C + Mg 136.7 137.4 139.1 139.8 140.8 147.4
Biochar 600 °C 136.6 137.4 138.9 141.8 147.3
Biochar 600 °C + Mg 136.7 137.4 139.1 139.8 141.1 147.5
Biochar 700 °C 136.6 137.4 138.9 141.8 147.4
Biochar 700 °C + Mg 136.6 137.4 139.2 139.9 140.7 147.5
Phosphorus standards Features
a b c d e f
CaHPO4.2H>O 136.4 1373 138.2 138.9 141.6 146.9
Ca3(PO4)2 1359 136.9 137.9 141.4 146.7
Mg3(PO4)2.8H20 136.3 138.2 139.2 140.0 148.1
MgHPO4.3H,0 136.4 138.3 139.1 140.0 147.1

Despite the similarities with K-edge XANES, scanning the absorption from L»3-edge
provides more detailed information on species and mineral ordering because of more possible
electron transitions and distinguishable features (Kruse et al., 2009; Liu et al., 1992). However,
both techniques complement each other. While K-edge provides information on bulk properties of
the samples, L-edge, due to its low energy and, thus, lower penetration of the incident beam, is

restricted to the surface of the analyzed sample (Bruun et al., 2017).



Table SS. Energy-dispersive spectroscopy (EDS) elemental quantification collected from regions
of interest (Figure S4) from poultry manure biochar (Mg/Ca ratio 0.08) and magnesium-modified
poultry manure biochar (Mg/Ca ratio 0.16).

PM-BC 300°C: round features elemental quantification

Mass  Mass Norm. Atomic abs. error rel. error [%]

Flement [%] [%] [%] el (1 sigma)

(1 sigma)

Sodium 3.99 3.99 6.35 0.16 4.08
Magnesium 4.97 4.97 7.48 0.18 3.61

Silicon 5.11 5.11 6.66 0.15 2.97

Potassium 31.94 31.94 29.89 0.81 2.54
Calcium 51.25 51.25 46.79 1.34 2.61
Chlorine 2.74 2.74 2.83 0.07 2.71

Mg-PM-BC 300°C: flakes elemental quantification
Mass  Mass Norm. Atomic abs. error rel. error [%]
Flement [%] [%] [%] el (1 sigma)
(1 sigma)

Sodium 6.36 6.36 8.83 0.24 3.72
Magnesium 26.78 26.78 35.15 0.90 3.36

Silicon 2.27 2.27 2.58 0.07 3.27
Phosphorus 4.57 4.57 4.70 0.13 2.95

Chlorine 1.51 1.51 1.36 0.04 2.89

Potassium 39.53 39.53 32.26 1.01 2.56
Calcium 18.99 18.99 15.12 0.51 2.68

Mg-PM-BC 300°C: cubes elemental quantification
Mass  Mass Norm. Atomic abs. error rel. error [%]
Flement [%] [%] [%] Dol (1 sigma)
(1 sigma)

Sodium 3.73 3.73 5.35 0.14 3.75
Magnesium 22.25 22.25 30.18 0.74 3.31
Phosphorus 2.26 2.26 2.40 0.07 2.92

Chlorine 19.44 19.44 18.07 0.51 2.61

Potassium 46.71 46.71 39.38 1.21 2.60
Calcium 5.61 5.61 4.61 0.16 2.80

Note: Imagens and EDS spectra of nodules, cubes and flakes are shown in Figure S4.
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Figure S4. Scanning electron microscopy (SEM) images and Energy dispersive spectroscopy
(EDS) spectra of nodules structures of unmodified biochar (Mg/Ca: 0.08) at 300 °C (A and B),

and flake and cube structures of Mg(OH),-modified biochar (Mg/Ca: 0.16) at 300 °C (C, D, E and
F).



Table S6. The BET (Brunauer-Emmett-Teller) surface area and total pore volume of raw manure
and biochar (Mg/Ca ratio 0.08) and Mg enriched poultry manure and biochar (Mg/Ca ratio 0.16).

Mg/Ca T (°C) BET SA Total pore volume
Ratio (m2gh) (cm’kg™)
70 nonporous -
300 low porosity 0.86
0.08 500 3.16 = 0.04 9.71
600 243 +£0.05 0.84
700 nonporous -
70 nonporous -
300 nonporous -
0.20 500 nonporous -
600 nonporous -
700 nonporous -

The BET surface area analysis (Table S6) indicates that biochar and Mg-biochar possess a
non-porous and low-porous morphology. The BET surface area decreased by Mg additions from
3.16 and 2.43 m? g'! to a non-porous condition at 500 °C and 600 °C, respectively. The total pore
volume decreased by Mg additions from 9.7 and 0.84 cm?® kg'! to undetected at 500 °C and 600
°C, respectively. At both low (300 °C) and high (700 °C) pyrolysis temperatures, biochar and Mg-

biochar had low porosity and surface area that did not increase after additions of Mg.
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Figure SS. X-ray diffraction of unmodified (Mg/Ca: 0.08) and Mg added (Mg/Ca: 0.16) poultry
manure and biochars. XRD peaks position, crystallite size and area under peaks in Table S7.

X-ray diffraction allows the identification of the degree of crystallinity of the samples. Due
to the crystallite size of the samples, XRD analyses were carried out at the beamline ID13 of the
European Synchrotron Radiation Facility (ESRF). The beamline ID13 is an undulator beamline
dedicated to high-lateral-resolution diffraction and scattering experiments using focused
monochromatic X-ray beams (Riekel et al., 2010).

Regardless of Mg enrichment, the higher intensities of the crystalline phases for poultry
manure and biochar were identified at the following 26 positions: calcite (CaCOs3; — 18 and 24°),
cristobalite (Si02 — 9 and 13°), and periclase (MgO — 26°), with a d-spacing of 4.89 and 3.68 [A],
10.1 and 6.77 [A], and 3.40 [A], respectively (Figure S5). The crystallite size (in nm) and degree

of crystallinity (in %) of unpyrolyzed poultry manure were, on average, 0.27 nm and 57%, which



increased to 0.31 nm and 66% when pyrolyzed (Table S7) (300 °C). After pyrolyzing, the
crystallite size of MgO in Mg-doped biochar increased by 25%.



Table S7. Properties of crystalline phases and respectively peak positions of poultry manure and
biochars (300 °C).

Peak PM Mg-PM PM-BC Mg-PM-BC

Crystalline phase p([)féteiﬁ)n Crystallite size [A]
Si0; — Cristobalite 8.72 188 188 188 188
Si0O2 — Cristobalite 13.06 270 315 315 315
CaCOs — Calcite 18.10 476 238 317 317
CaCOs; — Calcite 24.15 640 320 320 320
MgO — Periclase 26.21 161 161 120 161

d-spacing [A]

Si0; — Cristobalite 8.72 10.15 10.14 10.14 10.14
Si0O2 — Cristobalite 13.06 6.77 6.78 6.78 6.78
CaCOs — Calcite 18.10 4.89 491 4.90 4.90
CaCOs; — Calcite 24.15 3.68 3.68 3.68 3.68
MgO — Periclase 26.21 3.40 3.40 3.40 3.40

Area under peaks
Si0O2 — Cristobalite 8.72 15.67 15.93 16.21 15.54
Si0; — Cristobalite 13.06 23.01 19.34 18.48 18.82
CaCOs; — Calcite 18.10 7.82 8.98 4.43 4.85
CaCOs — Calcite 24.15 2.67 1.96 1.17 2.15
MgO — Periclase 26.21 9.50 10.66 9.73 10.00

Note: PM: raw poultry manure; Mg-PM: Mg-modified poultry manure; PM-BC: poultry manure biochar; Mg-PM-
BC: Mg-modified poultry manure biochar.



Table S8. Fourier transform infrared spectroscopy (FTIR) spectra band assignments of raw and Mg
enriched poultry manure and biochars.

Wavenumber, cm™!

Band assignment

References

3190, 2914

1625, 1579

1407, 1336

1000, 1026, 1091

873,794,754, 705, 615

Aromatic and aliphatic C-H
stretching

C=0, C=C

C-O stretching, Carbonates,
C-H: bending

P-O Bond, Stretching and
bending vibration of Mg-O or
Mg-OH

P-O-P stretching, P-C
symmetric, P-O-P, P-O or
P=0 stretching

(Liang et al., 2018; Wang et
al., 2014)

(Bekiaris et al., 2016; Farah
Nadia et al., 2015)

(Bekiaris et al, 2016;
Domingues et al., 2017; Farah
Nadia et al., 2015)

(Bekiaris et al., 2016; Nardis
etal., 2021)

(Bekiaris et al., 2016; Li et al.,
2016; Nardis et al., 2021)
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Figure S6. Fourier transform infrared spectroscopy (FTIR) spectra of reference phosphorus

compounds.
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