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2.1. Kinetics of thermal degradation 
The yield of BSRFs (Y) and the volatilisation rate of CS (V) in BSRFs were 

calculated using the following equations 1-3:

                                   (1)𝒀 =  
𝑴𝟏

𝑴𝟐
 ×  𝟏𝟎𝟎% 

                            (2)𝑽 =  𝟏 ―  
𝑴𝟏 ― 𝑴𝟑

𝑴𝟒
 ×  𝟏𝟎𝟎%

where, M1, M2, M3 and M4 represent the weights of obtained BSRFs, bentonite-CS 
composites, bentonite and CS, respectively 4.

The pyrolytic process of biomass can be represented by the following reaction 
scheme:

A (biomass)  B (biochar) + C (gas), kJ/mol        (3)→ ∆H =  ? 
According to Arrhenius equation, k(T) is usually expressed as follows:

k(T)= )                                    (4) A exp ( ―
𝐸

𝑅𝑇

The conversion ( ) is expressed as:𝛼

                                           (5)α =
mo - mt

mo - m∞

Where  is the initial mass of the sample,  is the mass of sample at the time mo 𝑚𝑡
of t, and is the final indecomposable mass of the sample in the pyrolysis process. 𝑚∞ 

The heating rate (K/s)𝛽

                                             (6)𝛽 =
𝑑𝑇
𝑑𝑡

Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and Starink models 
(STK) are applied for the determination of the apparent activation energy ( ) in this 𝐸𝛼
work. It is well known that the conversional method provides feasible methods for the 
estimation of  because of their good adaptability and validity for model-free 𝐸𝛼
approaches5, 6. 

FWO:             ln        (7)𝛽 = ln[0.0048𝐴𝐸𝛼

𝑅𝐺(𝛼) ] ―1.0516
𝐸𝛼

𝑅𝑇

KAS:              ln               (8)
𝛽

𝑇2 =  ln[ 𝐴𝑅
𝐸𝛼𝐺(𝛼)] ―

𝐸𝛼

𝑅𝑇

Starink:            ln               (9)
𝛽

𝑇1.8 =  𝐶𝑆 ― 1.0037
𝐸𝛼

𝑅𝑇

At a constant conversion rate , the plots of ln (β) versus 1/T (FWO), ln (β/Tα
2)  𝛼

versus 1/T (KAS) and ln (β/Tα
1.8) versus 1/T (SKM) obtained from TG plots, the 

slopes of the straight lines can be used to determine the apparent activation energy.
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Figure S1 The low-magnification TEM images of a) H-BSRF, b) N-BSRF and c) 
OH-BSRF.
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Figure S2 The swell abilities and SEM-EDS images for H-bentonite, N-bentonite and 
OH-bentonite.
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Figure S3 ICP elemental analysis of various modified bentonites and BSRF.
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Figure S4 TG-DSC curves of CS, H-bentonite-CS composite, N-bentonite-CS 
composite and OH-bentonite-CS composite at β = 10 °C/min.
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KAS: BSRF KAS: H-BSRF

KAS: OH-BSRFKAS: N-BSRF
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FWO: BSRF EWO: H-BSRF

FWO: OH-BSRFFWO: N-BSRF
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Figure S5 Linear fitting a) Starink, b) Kissinger-Akhira-Sunose and c) 
Flynn-Wall-Ozawa. 
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Figure S6 The activation energies of various BSRFs at different yield ratios under the 
KAS and FWO.
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Figure S7 XPS analysis of Fe related speciation. 
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Figure S8 SEM-EDX a) P-loaded BSRF, b) P-loaded H-BSRF, c and d) P-loaded 
N-BSRF, and e and f) P-loaded OH-BSRF morphological structures and element 
distribution.
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Figure S9 XPS spectra of P 2p for a) H-BSRF, b) N-BSRF, and c) OH-BSRF before and 
after phosphate adsorption.
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Figure S10 XPS spectra of P 2p for a) H-BSRF, b) N-BSRF, and c) OH-BSRF before and 
after P desorption.
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Figure S11 a) P release performance from OH-BSRFs with different contents of 
OH-bentonite ranging from 0 to 20% for establishing a modified Fick model; and b) 
the experimental verification for P release performance from OH-BSRFs with 
different contents of OH-bentonite ranging from 25 to 40%.
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Table S1 Basic physical properties of modified bentonites

Sample H-Bent Na-Bent    OH-Bent

Montmorillonite (%) 42 78 65
Swellability (ml/g) 63.0 84.0 6.5
Gum price (ml/15g) 157.51 855.42 870.27
EC (ms/cm) 6.76 3.17 2.22
pH 2.81 10.06 10.17
CEC (mol/kg) 13.56 25.78 15.61
BET (m2/g) 6.58 10.03 16.79
PV (cm3/g) 0.041 0.067 0.075
PS(Å) 249.25 268.28 223.48

Table S2 Basic physical and chemical characteristics of the used soil 
pH 8.16 EC (us/cm) 688
Total N (g/kg) 0.91 Available N (g/kg) 0.13
Total P(g/kg) 1.06 Available P (g/kg) 0.69
Total K(g/kg) 22.58 Available K (g/kg) 3.63

Table S3 pH, EC, CEC, BET, surface area and production ratios of BSRFs

Samples Production 
ratio (%)

pH EC
(us/cm)

BET 
(m2/g)

PV 
(cm3/g)

PS(nm)

CS 7.74 2.42 4.42 0.0070 10.671
BSRF 18.54 8.28 157.41 125.23 0.1140 6.332
H-BSRF 32.80 5.41 214.43 87.05 0.0584 7.827
N-BSRF 35.57 8.96 192.80 104.55 0.0756 5.793
OH-BSRF 36.15 9.20 172.52 134.06 0.0886 4.227
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Table S4 Adsorption capacity of phosphate of various reported biochars

Biochars
Adsorption condition 

(mg/L, °C , Time and pH)
Adsorption 

capacity
(mg/g)

References

Fe-sugar beet 
tailings biochar

61.5 (mg/25 °C L), , 8 to 12 
h, near-neutral pH

44.53 Yao et al8

MgO-enriched 
tomato biochar

150 (mg/L), 22 °C, 24 h, 
near-neutral pH

100 Yao et al7

montmorillonite-b
iochar

200 (mg/L), 22 °C, 24 h, 
normal pH

105.28 Chen et al3

Wheat straw 
biochar

500 (mg/L), 22 °C, 18 h, 
near-neutral pH

109.34 Huang et al 9

(MgFe2O4)- 
magnetic biochar

200 (mg/L), 22 °C, 24 h, 
near-neutral pH

197.56 Jung et al10

Calcium-activated 
biochar

100 (mg/L), 22 °C, 24 h, 
near-neutral pH

197 Liu et al11

Mg/Alcalcined 
layered biochar

100 (mg/L), 22 °C, 8 h, 
near-neutral pH

99 Lee et al12

Fe/Al 
(Hydr)oxides-bioc

hars

300 (mg/L), 25°C, 8 h, 
near-neutral pH

80 Peng et al13

BSRF 500 (mg/L), 25 °C, 24 h, 
near-neutral pH

157.18

H-BSRF 500 (mg/L), 25 °C, 24 h, 
near-neutral pH

227.32

N-BSRF 500 (mg/L), 25 °C, 24 h, 
near-neutral pH

233.45

OH-BSRF 500 (mg/L), 25 °C, 24 h, 
near-neutral pH

245.56

This work
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Table S5 Kinetic models for phosphate adsorption by BSRFs

Samples Parameter 1 Parameter 2 Parameter 3 R2

BSRF k=4.643 qe=12.38 0.978
H-BSRF k=4.785 qe=12.40 0.835
N-BSRF k=4.894 qe=12.41 0.892

Frist-order

OH-BSRF k=5.092 qe=12.44 0.912
BSRF k=10.782 qe=13.61 0.873
H-BSRF k=10.864 qe=13.64 0.923
N-BSRF k=10.965 qe=13.68 0.951

Second-order

OH-BSRF k=10.988 qe=13.74 0.967
BSRF k=4.756 qe=12.94 n=1.021 0.9842
H-BSRF k=9.674 qe=12.98 n=1.740 0.9934
N-BSRF k=10.178 qe=13.14 n=1.741 0.9953

n_th-order

OH-BSRF k=10.356 qe=13.31 n=1.742 0.9967
BSRF =7.567β =2.674α 0.573
H-BSRF =7.745β =2.743α 0.656
N-BSRF =7.834β =2.756α 0.721

Elovich

OH-BSRF =7.875β =2.934α 0.756

Table S6 Kinetic study for the slow release of P from BSRFs

Kinetics models BSRF H-BSRF N-BSRF OH-BSRF
R1

2 0.9252 0.9939 0.9661 0.9934Zero-order kinetics
k1 0.0719 0.0496 0.0377 0.0408
R2

2 0.9738 0.9354 0.8921 0.9138First-order release kinetics
k2 -0.2692 -0.1587 -0.0842 -0.1127
R3

2 0.9917 0.9846 0.9963 0.9809Higuchi model
k3 0.3241 0.2614 0.2241 0.2126
R4

2 0.9252 0.9767 0.9661 0.9934Hixson-Crowell model
k4 0.0240 0.0157 0.0126 0.0136
R5

2 0.8832 0.9930 0.8850 0.9565Baker-Lonsdale model
k5 -0.0970 -0.0364 -0.0215 -0.0241
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Table S7 Higuchi kinetic study for the slow release of P from OH-BSRF with 
different contents of OH-bentonite ranging from 0 to 20%

Samples k R2

0 0.0064 0.982
5% 0.0057 0.985
10% 0.0052 0.984
15% 0.0051 0.986
20% 0.0048 0.979

Table S8 The surface area (BET), pore size (PS) and pore volume (PV) of 
OH-BSRFs with different contents of OH-bentonite ranging from 0 to 40%

Samples BET (m2/g) PV (cm3/g) PS (nm)
0 56.59 0.1144 6.332

5% 82.76 0.1085 5.242
10% 98.13 0.1144 4.663
15% 134.45 0.1442 4.227
20% 146.51 0.1303 4.190
25% 147.68 0.8389 3.898
30% 157.56 0.1199 3.853
35% 169.07 0.1534 3.488
40% 188.41 0.1409 2.991
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Table S9 The diffusion coefficient D of OH-BSRF with different contents of 
OH-bentonite ranging from 0 to 40%

Samples 
(OH-BSRF)

D
(water system 

cm2/s)

f
(blocking coefficient)

k
(predicated value)

0 45.2 3 10^7.5 × 0.0064
5% 45.2 3 10^7.5 × 0.0058
10% 45.2 3 10^7.5 × 0.0054
15% 45.2 3 10^7.5 × 0.0052
20% 45.2 3 10^7.5 × 0.0051
25% 45.2 3 10^7.5 × 0.0049
30% 45.2 3 10^7.5 × 0.0049
35% 45.2 3 10^7.5 × 0.0047
40% 45.2 3 10^7.5 × 0.0043

Table S10 Higuchi kinetic study for the slow release of P from OH-BSRF with 
different contents of OH-BSRF ranging from 25 to 40%

Samples k (real) R2

25% 0.0049 0.976
30% 0.0048 0.979
35% 0.0046 0.975
40% 0.0044 0.976
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