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Abstract 

Conversion of organic waste into engineered metal-biochar composite is an effective way of enhancing biochar’s 
efficiency for adsorptive capture of phosphorus (P) from aqueous media. Thus, various strategies have been cre-
ated for the production of metal-biochar composites; however, the complex preparation steps, high-cost metal salt 
reagent application, or extreme process equipment requirements involved in those strategies limited the large-scale 
production of metal-biochar composites. In this study, a novel biochar composite rich in magnesium oxides (MFBC) 
was directly produced through co-pyrolysis of magnesite with food waste; the product, MFBC was used to adsorp-
tively capture P from solution and bio-liquid wastewater. The results showed that compared to the pristine food waste 
biochar, MFBC was a uniformly hybrid MgO biochar composite with a P capture capacity of 523.91 mg/g. The capture 
of P by MFBC was fitted using the Langmuir and pseudo-first-order kinetic models. The P adsorptive capture was 
controlled by  MgHPO4 formation and electrostatic attraction, which was affected by the coexisting  F− and  CO3

2− ions. 
MFBC could recover more than 98% of P from the solution and bio-liquid wastewater. Although the P-adsorbed MFBC 
showed very limited reusability but it can be substituted for phosphate fertiliser in agricultural practices. This study 
provided an innovative technology for preparing MgO-biochar composite against P recovery from aqueous media, 
and also highlighted high-value-added approaches for resource utilization of bio-liquid wastewater and food waste.

Highlights 

• Co-pyrolysis of magnesite with food waste generated MgO hybrid biochar composite.
• MgO hybrid biochar showed a high phosphorus recovery capacity (523.9 mg/g).
• Phosphorus recovery was controlled by  MgHPO4 formation and electrostatic attraction.
• MgO hybrid biochar recovered > 98% of P from solution and bio-liquid wastewater.
• Recovered phosphorus is a slow-release fertilizer available for agriculture use.
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1 Introduction
Phosphorus (P) is an important plant nutrient, which is 
also a non-renewable resource (Fang et al. 2021). In agri-
cultural production, it is necessary to supplement a large 
amount of P fertiliser for crop growth (Xie et  al. 2021). 
With the rapid development of large-scale livestock and 
poultry farming, large amounts of bio-liquid wastewater 
were produced accordingly. It was confirmed that P emis-
sions from livestock farming accounted for 56% of total P 
emissions from agricultural sources in China (Fan et  al. 
2020a, b). However, according to the US Geological Sur-
vey, the static utilisation period of China’s P reserves is 
only 37 years (Fang et al. 2021). Therefore, recovery of P 
from P-rich water bodies, including bio-liquid wastewa-
ter, is an important initiative for alleviating the P resource 
crisis.

Among the various effective techniques used for 
recovering P from water, the adsorption method is con-
sidered one of the most effective and flexible measures 
in use (Li et  al. 2018a). Accordingly, the production 
of new low-cost adsorbents from biomass waste has 
gradually attracted attention towards carbon neutrali-
sation and green development. Carbon-based porous 
material generated from the pyrolysis of biomass under 

anoxic condition is called biochar (Tu et  al. 2019). As 
an emerging adsorbent, biochar has good applications 
in the remediation of polluted environments (Fan et al. 
2020a, b; Pei et  al. 2021;  Tomin et  al. 2021). However, 
the adsorption ability of biochar depends on the type of 
raw material used, pyrolysis condition, pore structure, 
functional group composition, and surface charge (Ren 
et  al. 2021; Zhang et  al. 2017). Conventional biochar 
often has a negative surface charge, and its adsorption 
capacity for anionic pollutants, including phosphate, 
is significantly limited (Ren et al. 2021). Therefore, the 
adsorption performance of biochar for anionic pollut-
ants can be improved by increasing the density of spe-
cific active sites on the biochar surface through rational 
design and fabrication (Li et al. 2018a). Recently, some 
biomaterials (chitosan) and metal oxides or hydrox-
ides of Fe, Al, La, Mg, Zr,  and Ca have been suc-
cessfully introduced into biochar, and the resulting 
metal-biochar engineered composites showed strong 
affinities towards anionic pollutants present in waste-
water (Li et al. 2018a; Zhang and Gao 2013; Imran et al. 
2021; Iqbal et  al. 2021; Peng et  al. 2022; Wang et  al. 
2022; Zhang et al. 2022). Common methods for prepar-
ing the engineered metal-biochar composites include 
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direct pyrolysis of highly metal-enriched biomass, post-
co-deposition of metals with biochar, electric field-
assisted biomass pyrolysis, mechanical ball-milling of 
biochar with metallic minerals, and pyrolysis of bio-
mass impregnated with metal salts (Jung and Ahn 2016; 
Li et al. 2018a). For example, Yao et al. (2013) prepared 
Mg-biochar through the direct pyrolysis of highly Mg-
enriched tomato tissue for P recovery from an aque-
ous solution. Wu et  al. (2019) mixed the peanut shell 
biochar with  MgCl2 solution, and the co-precipitated 
MgO biochar was used for the amelioration of polluted 
soil. Cui et al. (2020) prepared γ-Al2O3/Fe3O4 biochars 
for P adsorption using an electrical assistant method. 
Wang et al. (2018) obtained calcium-containing biochar 
nanospheres by ball-milling bamboo charcoal with Ca 
alginate.

Although these metal-biochar composite materials 
can be effectively obtained using these methods, how-
ever, the involvement of unique biomass feedstocks, 
complex preparation steps, high-cost metal salt reagent 
application, or extreme process equipment require-
ments have limited the large-scale production of metal-
biochar composites (Li et  al. 2018a). To simplify the 
preparation of metal-biochar and reduce its industrial 
production cost, it has been suggested that metal-bio-
char   composites can be efficiently prepared through 
the direct co-pyrolysis of metal-rich minerals and 
biomass mixtures. For example, Ca-Mg-rich biochar 
derived from pyrolysing dolomite and sawdust mixture 
reduced the level of P to < 0.15 mg/L in wastewater (Li 
et al. 2018b). The nano-MgO biochar composite derived 
from lotus pods co-pyrolysed with magnesium citrate 
showed a P capture capacity of 452.75 mg/g (Zhu et al. 
2021). In addition, the co-pyrolysis of chicken manure 
and calcium bentonite mixture produced P-rich slow-
release carbon-based fertilisers for usage in soil (Piash 
et al. 2022). These studies demonstrated that the direct 
co-pyrolysis of metal-rich minerals with biomass is a 
feasible low-cost method for producing metal-biochar 
(An et  al. 2020; Deng et  al. 2021). Therefore, it was 
assumed that the co-pyrolysis of Mg-rich magnesite 
mineral  (MgCO3) with biomass could also produce an 
engineered Mg-rich biochar. However, the feasibility of 
preparation of Mg-rich biochar from direct co-pyroly-
sis of magnesite with biomass is seldom confirmed, and 
the knowledge gap on adsorptive recovery of P from 
solution and bio-liquid waste water still needs to be 
addressed.

Thus, in this study, a mixture of magnesite and food 
waste was co-pyrolysed under oxygen-limited conditions. 
The prepared engineered biochar composite (MFBC) 
was characterised and used for P adsorptive recovery. 
The mechanism influencing factors and mechanism of 

P recovery were investigated. The potential of MFBC to 
recover P from bio-liquid wastewater and possibility of 
using the recovered P-saturated MFBC as a fertiliser in 
soil were also verified.

2  Materials and methods
2.1  Raw materials
Food waste, mainly composed of rice (~ 95%) and veg-
etable residues (~ 5%), was obtained from the southern 
cafeteria of Northwest A&F University, Yangling, China, 
and dried naturally prior to use. Magnesite (containing 
approximately 90%  MgCO3) was provided by Shandong 
Duoju Chemical Co., Ltd., Jinan, China. The bio-liquid 
wastewater (ammonia was stripped in the system before 
discharging) was obtained from a suburban farm situ-
ated near Northwest A&F University and was filtered 
to remove the suspended matter before use. The basic 
properties of bio-liquid wastewater included pH (8.76), 
electrical conductivity (1411  μS/cm), nitrate nitrogen 
(14.51  mg/L), ammonium nitrogen (1.95  mg/L), and 
phosphate (98.14  mg P/L). Soil samples were collected 
from a farmland situated near Yan’an City at a depth of 
0–30  cm, were naturally dried and afterwards crushed 
to a size of < 2 mm prior to use. The basic properties of 
soil included pH (8.21), organic matter (1.06%), total N 
(0.357 g/kg),  P2O5 (1.43 g/kg),  K2O (21.5 g/kg), and avail-
able P (10.6  mg/kg). Chinese cabbage seeds were pur-
chased from a local market. Analytically pure chemicals, 
including  KH2PO4,  NaHCO3, ammonium molybdate 
tetrahydrate, ascorbic acid, and antimony potassium tar-
trate, were provided by Guangdong Guanghua Tech. Co. 
Ltd., Guangzhou, China. Solutions used in all experi-
ments were prepared with distilled water.

2.2  Biochar production and characterisation
Food waste was mixed with magnesite (5:2, w/w) in a 
porcelain mortar, ground into a homogeneous powder 
mixture, transferred to a reactor (Bayek MF-1100C-L, 
China), and heated to 700 °C at a rate of 10 °C/min under 
anoxic conditions for 2  h. After natural cooling, the 
obtained solid sample (MFBC) was collected, crushed to 
a size of < 0.15 mm and kept under vacuum. Food waste 
biochar (FBC) without magnesite was also produced with 
the same procedure.

Weight loss associated with the thermal pyrolysis of mag-
nesite and food waste mixture was evaluated using a ther-
mogravimetric analyser (TG/DTG; TGA5500, USA). The 
thermal analysis was started at 25 °C with a ramping rate of 
5 °C/min and reached 1000 °C in a  N2 environment to sim-
ulate the pyrolysis process. The ultimate elemental analysis 
(Elementar vario MACRO cube03030402, Germany) was 
used to estimate the contents of elemental C, H and N of 
the samples. The total Mg content was recorded using an 
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inductively coupled plasma-atomic emission spectrometer 
(ICP-AES; Agilent 7900, Japan) after the biochar samples 
were digested using concentrated sulfuric acid and hydro-
gen peroxide. The specific surface areas (SBET) of the FBC 
and MFBC were measured using an  N2 adsorption–des-
orption surface area analyser (ASAP2460 3.01, Micromer-
itics, USA) at 77 K. The point of zero charge (pHzpc) of the 
MFBC was measured using the pH determining method 
recommended elsewhere (Milonjić et  al. 2007). The sur-
face micromorphology and distribution of minerals on the 
biochars were tested using a ZEISS Gemini SEM 300 scan-
ning electron microscope (SEM) equipped with an Oxford 
energy-dispersive X-ray spectroscopy (EDS) detector. The 
crystal phases of the biochars were analysed with a Bruker 
D8 ADVANCE A25 X-ray diffractometer (XRD) at a scan-
ning rate of 10°/min with a 2 theta in the collection range 
of 20–80°. ThermoScientific K-Alpha X-ray photoelectron 
spectroscopy (XPS) with Al Kα radiation was performed to 
observe the chemical state of the elements present on the 
surface of the sample. A Nicolet iS20 Fourier transform 
infrared spectroscopy (FT-IR) was used for investigating 
the functional groups of the biochars in the wavelength 
range of 400–4000  cm−1 after tableting with KBr.

2.3  Adsorption experiment, data analysis and modelling
The P adsorption performances of the biochars  were tested 
using batch experiments. The impacts of solution proper-
ties, namely pH (3–11, adjusted with 0.1  mol/L HCl and 
NaOH solution), concentration (50–1000  mg/L), contact 
time (0–24  h), ionic strength (0–0.8  mol/L  NaNO3 solu-
tion), coexisting ions  (F−,  Cl−,  NO3

−,  SO4
2−, and  CO3

2−), 
and temperature (288–313 K) on P capture were studied. 
Specifically, 50  mg biochar was placed in a centrifugal 
tube containing 50  mL solution (100  mg/L) or bio-liquid 
wastewater, which was subsequently placed in a shaking 
platform operating at 180 rpm at 23 °C in the experiment. 
After  shaking, the supernatant was collected and filtered 
through a 0.22 µm GE nylon filter. The residual P content 
present in the filtrate was measured using a UV-1280 spec-
trophotometer. The amount of P adsorbed was quantified 
using a mass balance. The experimental kinetic data were 
simulated using a linear pseudo-first-order (Eq. 1), pseudo-
second-order (Eq.  2) and an intraparticle diffusion mod-
els (Eq. 3); The adsorption isotherm experimental data for 
P adsorption were fitted using the Langmuir (Eq.  4) and 
Freundlich models (Eq. 5) (Jung et al. 2019). The thermo-
dynamic characteristics of the adsorptive capture of P 
by MFBC were analysed using the Van’t Hoff (Eq. 6) and 
Gibbs free energy change ( �G) equations (Eq. 7) (Zhu and 
Zhu 2008). All experiments were performed in triplicates.

(1)
Pseudo-first-order kinetic model, ln(qe − qt) = ln qe − k1t

where Ce (mg/L) denotes the P concentration after 
adsorption and k1 (1/h) and k2 (g/mg/h) are the pseudo-
first- and pseudo-second-order apparent adsorption rate 
constants, respectively. ki and C are the intraparticle dif-
fusion rate constant and intercept, respectively. qe and qt 
(mg P/g) are the P adsorption capacities at equilibrium 
and time t, respectively. Q (mg P/g) represents the Lang-
muir capture capacity and KL denotes the constant of 
Langmuir model. Kf  and n denote the Freundlich model 
constants. Kd is the equilibrium constant, which is equal 
to the ratio of qe to Ce. �G (kJ/mol), �H (kJ/mol), and �
S (kJ/mol/K) are the Gibbs free energy, enthalpy, and 
entropy change, respectively. R is a constant (8.314  J/
(mol·K). T (in K) is the temperature.

2.4  Adsorbent reuse
Approximately 100  mg of biochar was mixed with 
100 mL phosphate solution (100 mg/L) at 23 °C for over-
night. After  mixing, the supernatant was collected, fil-
tered and measured. The initial amount of P sorbed (qi) 
was calculated. The P-loaded biochar was separated from 
the solution by centrifugation at 4000  rpm for 15  min. 
The separated solid was washed with distilled water for 6 
times before drying at 100 °C for 2 h. After that, the dry 
P-loaded biochar (25 mg) was mixed with 25 mL desorp-
tion reagent solution (5  mol/L NaOH) for 6  h and the 
solid was separated from the solution by centrifugation 
at 4000 rpm for 15 min. The separated solid was washed, 
dried, and used as adsorbent in the next round of adsorp-
tion experiment. The P adsorption efficiency was the 
ratio of P adsorption amount in each cycle to qi. The 
experiments were implemented in triplicates.

2.5  Soil incubation and pot experiments
In the soil incubation test, approximately 20  g FBC, 
MFBC, and P-loaded MFBC (P-MFBC) were mixed with 
200 g soil, respectively. Subsequently, distilled water was 
added to maintain the moisture at approximately 60% of 

(2)
Pseudo-first-order kinetic model, t/qt = 1/ k2q

2
e + t/qe

(3)Intraparticle diffusion model, qt = kit
0.5 + C

(4)Langmuir model, qe = KLQCe/(1+ KLCe)

(5)Freundlich model, qe = KfC
1/n
e

(6)Van’t Hoff equation, lnKd = �S/T −�H/RT

(7)
Gibbs free energy change equation, �G = �H − T�S
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the field capacity for a 30-d incubation. A certain num-
ber of soil samples were collected at 5 d intervals during 
this period to measure the available P content in the soil 
(Olsen and Sommers 1982). The treatment withoutbio-
char was used as the control. Each treatment was con-
ducted in triplicates.

In the pot experiment, approximately 3.2  g FBC, 
MFBC, P-MFBC, and equal amount of phosphorus 
 (KH2PO4) were completely mixed in plastic pots with 
160  g ofsoil sample, respectively, whereas a treatment 
without biochar addition (only 160  g soil) was labelled 
as blank. Distilled water was added to irrigate the soil. 
After stabilising for 2 weeks, Chinese cabbage (10 seeds) 
was planted in each pot. During the pot experiment, dis-
tilled water was added regularly to keep the soil moist. 
The height, wet weight, and dry weight (60 °C, 6 h) of the 
seedlings were measured 12 d after sowing. Each treat-
ment was conducted in triplicates.

3  Result and discussion
3.1  Biochar characterization
As presented in Fig. 1a, the weight loss of 12.33% before 
reaching the temperature of 220.4  °C was caused by the 
evaporation of water in the raw materials (Worasuwan-
narak et  al. 2007). The subsequent weight loss (17.95%) 
was due to the loss of pore water and volatile organic 
compounds (Martínez et  al. 2022). The relatively high 
weight loss (38.6%) occurring at temperatures above 
405  °C was due to the pyrolysis of organic matter and 
decomposition of magnesite  (MgCO3 = MgO +  CO2 ↑) 
(Li et al. 2018b). High-temperature thermal treatment of 
the biomass would generate porous carbonaceous mate-
rial, which could be proven by the specific surface area 
analysis results (Fig. 1b). According to the IUPAC classi-
fication, the  N2 adsorption–desorption curve of FBC is a 
type I isotherm containing microporous structures, while 
MFBC shows a typical type IV isotherm with an H3 hys-
teresis loop, reflecting the formation of mesopores. The 
MFBC showed a lower  SBET (298.49  m2/g) than the FBC 
(674.41  m2/g), suggesting the broadening of pore size or 
blockage of pores in the MFBC. These results were con-
firmed by SEM analysis (Fig. 1c). The porous FBC sample 
showed a relatively smooth surface and edge, while the 
surface of the MFBC sample was uniformly covered by 
some substances (Fig. 1d). Further EDS analysis revealed 
that the MFBC surface had a high Mg content distribu-
tion (Fig. 1e, f ), and this result was also in agreement with 
the results of the ultimate elemental analysis (Table  1). 
To confirm the presence of Mg in the MFBC, the sam-
ples were further analysed using XRD (Fig.  1g). The 
FBC showed a typical biochar characteristic peak (Yang 
et  al. 2021). The MFBC showed the typical diffraction 
peaks of MgO crystals (JCPDS 01-089-7746), including 

2 thetas of 36.86° (111), 42.83° (200), 62.17° (220), 74.52° 
(311), and 78.45° (222) crystal plane diffraction peaks. 
This observation shows that MgO particles covered the 
surface of the MFBC, indicating that MFBC was a new 
MgO-doped biochar composite. Previous experimental 
results showed that FBC had a significantly lower P cap-
ture capability (< 5 mg/g) than the MFBC. Therefore, only 
MFBC was used for P adsorptive recovery in subsequent 
experiments.

3.2  Impact of pH of the solution on phosphate adsorption
In the pH range of 3.0–5.0, the P adsorptive amount 
essentially remained at approximately 95.11  mg P/g, 
and then slowly decreased to 84.62  mg P/g at pH 11 
(Fig. 2a), which may be related to the charge of the bio-
char and species of phosphate ions present in the sys-
tem. The pHpzc of MFBC was 11.03, which indicated 
that the surface of MFBC was positively charged in the 
experiment condition. In addition, the pH values of the 
solution after adsorption were stable between 10.66 and 
11.07, with all values were higher than the initial pH of 
the solution (Fig.  2a). The results indicated a strong 
protonation of MgO particles on the MFBC surface 
(≡MgO +  H2O → ≡MgOH+ +  OH−) during adsorption, 
which increased the pH (Li et  al. 2018b). The positively 
charged MFBC surface (≡MgOH+) showed a strong 
affinity towards negatively charged phosphate ions, thus 
maintaining a high P adsorptive amount. In solution, 
phosphate ions mainly existed as  H3PO4 and  HPO4

2− in 
the pH range of 2.0–4.3 and as  HPO4

2− and  PO4
3− in the 

pH range of 9.3–14 (Fig. 2b). The relatively higher P cap-
ture amount in the pH range of 3.0–5.0 was probably due 
to acidic  H3PO4 and  HPO4

2− favouring the promotion of 
MgO protonation (Li et  al. 2018b). After P adsorption, 
the final pH of the system remained at approximately 11, 
indicating that  HPO4

2− predominantly interacted with 
the MFBC surface. Therefore, to balance the capture and 
economic efficiency, a solution pH 5.0 was selected as the 
pH value for subsequent experiments.

3.3  Phosphate adsorption isotherm
Figure  3a shows the relationship between the amount 
of P adsorbed and the contact time. More than 90% of 
P was captured by MFBC within 0.5 h and the equilib-
rium was reached within 1 h. The rapid capture of P by 
MFBC may be ascribed to the strong affinity between 
the positively charged MFBC surface and negatively 
charged phosphate ions (Li et  al. 2017). The further 
fitting of the experimental data revealed that the coef-
ficient of determination (R2) of the pseudo-first-order 
kinetic model (0.995) was slightly higher than that 
of the pseudo-second-order kinetic model (0.985) 
(Table  2). This indicated that physical adsorption 
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Fig. 1 TG/DTG analysis curve of magnesite and food waste mixture (a), BET-specific surface area analysis of biochar (b), SEM photographs of FBC (c) 
and MFBC (d), selected SEM photographs of MFBC (e) and related elemental distribution in EDS-mapping (f), and XRD patterns of FBC and MFBC (g)
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dominated the adsorption process, further demon-
strating electrostatic attraction to be the main step in 
the adsorption of phosphate ions by the MFBC (Wu 
et  al. 2019). To further elaborate the function of the 
porous structure of MFBC, the experimental data were 
also simulated using the intraparticle diffusion model 
(Fig. 3b). The results showed that the line did not pass 
through the origin of the plot and indicated a multi-
variate linear relationship. The value of ki1 (112.0) was 
higher than that of ki2 (0.043), indicating that mem-
brane diffusion was the rate-determining step, with 
intraparticle diffusion having a smaller effect on the 
adsorption rate (Jung et al. 2019).

The P capture amount increased sharply with the 
increase in P concentration and then gradually reached 
equilibrium (Fig. 3c). Further fitting of the experimental 
data showed that the R2 value of the Langmuir model 
(0.997) was higher than that of the Freundlich model 
(0.880) (Table  2), and χ2 (636.29) of the Langmuir 
model was smaller than that of the Freundlich model 
(χ2 = 22,485.71), suggesting that the Langmuir model 
better described the P adsorptive capture process, 
implying that the capture of P by the MFBC was a mon-
olayer surface adsorption (Jung et al. 2019). The maxi-
mum P capture capacity calculated using the Langmuir 

model was 523.91 mg/g, which was comparable to that 
of the most documented material (Table 3).

3.4  Impacts of temperature, ionic strength and coexisting 
anions on P capture

The process of P adsorptive capture by the MFBC 
was slightly facilitated by increasing the temperature 
(Fig.  4a). The P capture amount increased from 96.53 
to 100.1 mg/g as the temperature increased from 288 to 
308 K. Based on the results shown in Fig. 4b, the calcu-
lated thermodynamic parameters were summarised in 
Table 4. ΔG values were found to be evidently negative, 
and its absolute values increased with the increase of 
temperature, indicating that the process was spontaneous 
(Li et  al. 2016a, b). In addition, the positive ΔS showed 
an increase in the degree of disorder in the interface 
between MFBC and P. The positive ΔH confirmed that 
the capture was an endothermic process driven by phys-
icochemical interactions involving electrostatic interac-
tions, rather than a single chemical or physical process 
(Zhu and Zhu 2008).

The adsorptive capture of P by the MFBC decreased 
with the increase of  ionic strength (Fig. 4c). The P cap-
ture amount increased from 99.80 to 77.84 mg/g as the 
amount of  NaNO3 increased from 0 to 0.8 mol/L, which 
was probably because the high level of  NO3

− ion com-
peted with the phosphate ions for the active sites (Zhu 
et  al. 2021). The results indicated that electrostatic 
attraction was one of the important mechanisms for P 
adsorptive capture by the MFBC. In addition, various 
coexisting anions present in wastewater have been found 
to usually affect phosphate removal by competing with 

Table 1 Physiochemical properties of the biochars

Samples C (%) H (%) N (%) Mg (%) SBET  (m2/g)

FBC 46.37 5.12 2.03 0.87 674.41

MFBC 35.88 5.01 1.89 19.26 298.49

Fig. 2 Effect of solution pH on phosphorus adsorption by MFBC and changes in pH after adsorption (a), components distribution of phosphate 
(100 mg/L) system at different pH conditions (b)
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the sorption sites (Jia et al. 2020). The impacts of coex-
isting anions  (Cl−,  F−,  NO3

−,  CO3
2−, and  SO4

2−, all in 
100 mg/L level, same as phosphate concentration) on P 
adsorption are shown in Fig.  4d. Among the coexisting 
anions,  F− ions had a relatively greater inhibitory effect 
on P adsorption with a 29.28% reduction in the capture 
amount compared to the control, which was probably 
due to the strong electronegativity of  F−, which could 
easily bind to the surface of the protonated adsorbent 
and occupy the active sites (Cui et al. 2020).  CO3

2− ions 

also had a certain inhibitory effect on P capture, with a 
3.63% reduction in the capture amount than that of the 
control. This may be due to the relatively strong affin-
ity of  CO3

2− towards ≡MgOH+ and the increase in 
electrostatic repulsion due to the presence of alkaline 
 CO3

2− ions in the system (Jia et  al. 2020). In contrast, 
 Cl−,  NO3

−, and  SO4
2− showed no significant effects 

on P adsorption, which was related to their relatively 
low affinities (Alhujaily et  al. 2020). These results also 
implied that the adsorptive capture of P by the MFBC 

Fig. 3 Effect of contact time on P adsorption by the MFBC and data modelling with a the pseudo-first-order and pseudo-second-order kinetic 
models and b intraparticle diffusion model, c effect of initial P concentration on the adsorption and experimental data fitting using the adsorption 
isotherm models



Page 9 of 15Fang et al. Biochar            (2022) 4:40  

may be controlled by multiple mechanisms (Wu et  al. 
2022).

The reusability of MFBC is exhibited in Fig.  4e. With 
the increase of adsorption–desorption cycle number, the 
P adsorption efficiency of the recycled MFBC dramati-
cally declined from 99.89% in the first cycle to 51.19% in 
the second cycle, and then gradually decreased to 42.62% 

after five cycles. These results indicated that the MFBC 
had strong affinity towards P adsorption, which resulted 
in   the limited reusability for P Adsorption of recycled 
MFBC.

3.5  Possible capture mechanism
To deduce the mechanism of P adsorptive capture by 
MFBC, the surface morphology of MFBC (Fig.  1d) was 
compared with that of P recovered MFBC (P-MFBC) 
(Fig.  5a, b). It can be clearly seen that some new crys-
tals were produced on the surface of P-MFBC. The EDS 
spectral analysis further showed that the content of P in 
the MFBC was significantly low (Fig.  1f ), while a large 
amount of P was present in P-MFBC after P adsorp-
tion (Fig.  5c), which also confirmed that MFBC had 
a strong ability to capture P. To further understand the 
role of chemical functional groups present in MFBC 
towards P adsorption, relevant samples were analysed 
using FT-IR (Fig.  5d). Compared to the MFBC, the 
Mg-O group signal of P-MFBC centering at 753   cm−1 

Table 2 Adsorption kinetics and isotherm model parameters 
obtained from the experiment

Models Parameters Values

Pseudo-first-order qe,cal (mg P/g) 105.7

k1  (min−1) 7.720

R2 0.9951

Pseudo-second-order qe,cal (mg P/g) 108.1

k2 (g/mg min) 0.1043

R2 0.985

Intraparticle diffusion ki1 (mg/g  min1/2) 112.0

C1 18.47

ki2 (mg/g  min1/2) 0.043

C2 105.6

Langmuir Q (mg P/g) 523.9

KL (L/mg) 0.0899

R2 0.9970

Freundlich Kf 137.8

n 4.402

R2 0.8802

Table 3 Comparison between the maximum capturing capacities of some biochar adsorbents towards phosphate adsorptive 
removal

PT, AF, R-P, L, and L-F represent the pyrolysis temperature, Avrami fractional-order model, Redlich-Peterson model, Langmuir model, and-Langmuir–Freundlich model, 
respectively

Adsorbents SBET  (m2/g) PT (°C) pH Dosage (g/L) Kinetics Isotherm Qmax (mg/g) References

MgO-modified biochar – 600 7.5 4 S F 18.98 Wu et al. (2019)

Marble waste biochar 92.81 800 8 0.3 S L 263.17 Deng et al. (2021)

Porous MgO-biochar 253.4–346.5 600 – 0.4 – L 835 Zhang et al. (2012)

MgO-Co biochar 200 600 5 – S L 242 Liu et al. (2021)

MgCl2 modified sugarcane 1440 700 1.9 10 S Sips 129.79 (P) Fang et al. (2020)

Paper mill sludge biochar – 750 – 30 S L 68.49 Wang et al. (2021)

Calcium-doped biochar 54.40 700 4.5 10 S L 147 (P) Antunes et al. (2018)

nZVZ-CMC panda manure biochar 72.96 600 – 2 S L 154.3 Wang et al. (2021)

Sawdust biomass treated with sludge 988.4 450 – 4 S R-P 15 Yang et al. (2021)

Core–shell structure γ-Al2O3/Fe3O4 biochar 233.29 600 5 1 S L-F 205.7 Cui et al. (2020)

La(OH)3 supported corn straw magnetic 
biochar

287.40 800 7.0 0.5 AF L 116.08 (P) Zhang et al. (2021)

Amino hybrid biopolymer-decorated tea 
waste magnetic biochar

12.69–13.54 600 4.0 1.0 S L 53.56–62.06 (P) Zhang et al. (2022)

Mg/Al-LDHs modified sugarcane leaves 
biochar

10.17–12.25 550 3.0 2.5 S L 53.39–81.83 (P) Li et al. (2016a, b)

MFBC 298.4894 700 5 1 F L 523.91 (P) This study

Table 4 Calculated thermodynamic parameters

Temperature 
(K)

Kd (L/g) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol/K)

288 16.99 − 40.69 205.7 0.854

298 19.32 − 47.86

308 22.44 − 57.45
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Fig. 4 a Effect of temperature on P capture, b linear plot of lnkd versus 1/T for the thermodynamic analysis, effects of c ionic strength, d coexisting 
ions on P capture, and adsorbent reuse e 
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Fig. 5 SEM photographs of P-MFBC (a), selected SEM photograph area of P-MFBC (b) and related elemental distribution of the EDS-mapping (c), 
FT-IR (d) and XRD patterns (e) of P-MFBC, high resolution XPS spectra of Mg 1 s (f) and P2p of MFBC and P-MFBC samples (g)
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was found to be weakened (Li et  al. 2018b), while the 
vibration peak of the surface Mg-OH group located 
at 3667   cm−1 (Lichtenberger et  al. 2006) was found 
to have enhanced. These observations proved that 
MFBC underwent the ≡MgO +  H2O → ≡Mg(OH)2 and 
≡MgO +  H2O → ≡MgOH+ +  OH− reactions during P 
adsorption. Moreover, the appearance of P-O vibration 
peaking at 1049   cm−1 in the P-MFBC sample also indi-
cated the capture of P on MFBC (Li et al. 2018b). Mean-
while, the XRD analysis showed that after P adsorption, 
the original MgO diffraction peaks in the MFBC disap-
peared, and some strong peaks of Mg(OH)2 (JCPDS 
00-019-0762) and some weak peaks of  MgHPO4·3H2O 
crystals (JCPDS 01-001-1169) appeared (Fig.  5e). These 
findings proved the presence of Mg(OH)2 and forma-
tion of a small amount of  MgHPO4·3H2O during the P 
capture process. To fully demonstrate the above-men-
tioned process, relevant samples were also analysed 
using XPS. Unlike MFBC, the Mg 2p peak of P-MFBC 
moved towards higher binding energy (Fig.  5f ), imply-
ing that MgO interacted with the phosphate ions dur-
ing the P capture process,  which was mainly converted 
into Mg(OH)2 and  MgHPO4·3H2O with the peak areas 
accounting for 51.44% and 46.11%, respectively. In addi-
tion, the P 2p peak also showed a high proportion of 
 HPO4

2− (50.17%) (Fig.  5g). These results indicated the 
involvement of surface electrostatic attraction and 
 MgHPO4·3H2O precipitation during the adsorption of 
P  (HPO4

2−) by the MFBC in the experimental system. 
Based on the evidences mentioned above, the routes of 
P capture onto the MFBC can be illustrated as following 
reactions in Fig. 6.

3.6  Applications of MFBC in bio‑liquid wastewater 
purification and agricultural use

It was found in this study that approximately > 98% of P 
present in the bio-liquid wastewater was removed by the 
MFBC within 2 h (Fig. 7a). The experiment also showed 
that MFBC had the same adsorption ability for organic 

≡ MgO+H2O →≡ MgOH+ +OH−(surface protonation)

≡ MgOH+ +HPO2−
4 →≡ MgOH+ · · ·HPO2−

4 (surface electrostatic attraction)

≡ MgO+H2O →≡ Mg(OH)2 →≡ Mg2++2OH−(surface hydration and dissolution)

≡ Mg2+ +HPO2−
4 + 3H2O → MgHPO4 · 3H2O ↓ (surface precipitation)

matter in aquaculture wastewater, which made the waste-
water limpid after treatment. Therefore, further experi-
ments should be conducted to understand the adsorption 
of dissolved organic matter in bio-liquid wastewater 
using MFBC.

In addition, the P-saturated MFBC (P-MFBC) could 
act as a fertiliser in soil in view of the relatively high 
P recovery capability. Therefore, the soil incubation 
experiment was further conducted, with the releas-
ing of P from P-MFBC into the soil shown in Fig.  7b. 
P contents remained at 10.61–11.33 mg/kg during 30 d 
incubation in the soil for the control, FBC, and MFBC 

groups, while the soil P content increased significantly 
from 260.5 to 327.7  mg/kg during the first 15 d after 
P-MFBC was applied to the soil; afterward, the increase 
slowed down and reached equilibrium. The results 
demonstrated that P-MFBC had a slow P releasing 
ability in the soil and had the value of fertiliser used. 
This was also confirmed in a pot experiment where 
Chinese cabbage seedlings were grown (Fig.  7c). Dur-
ing the pot experiment, no plant growth was observed 

Fig. 6 Possible mechanisms of P recovery using MFBC
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in the MFBC treatment because of its high alkalinity. 
Meanwhile, the P-MFBC treatment exhibited relatively 
higher seedling plant height and biomass than the other 
treatments, including the control, FBC, and P chemical 
fertiliser treatments. These results indicated that MFBC 
was a promising composite having a great potential for 
recovering of P from bio-liquid wastewater. The recov-
ered P-MFBC was also a substitute for phosphate ferti-
liser currently in use.

In addition, engineering production and utlisation 
of MFBC for P recovery from bio-liquid wastewater 
would promote the recycling use of biowastes in view 

of sustainable development. Magnesite is an abundant 
low-cost mineral; food waste is common biowaste that 
is eligible for government subsidies disposal. The capi-
tal cost of MFBC preparation including  biomass collec-
tion, pretreatment, and pyrolysis could be reckoned at 
market prices as the method recommended by Huang 
et al. (2018). For preparing 1 kg MFBC composite, the 
net cost was 2.10 CNY (Chinese yuan). Using  MFBC 
for recovering P from bio-liquid will generate a P-rich 
material (P-MFBC, P content 52.39%), which could act 
as a substitute for phosphate-based fertiliser. Compared 
with the commercial phosphate fertiliser (Shandong 

Fig. 7 Effect of contact time on the capture of P from bio-liquid wastewater by the MFBC and model fitting of adsorption kinetics (a), release of P in 
soil (b), and potential of P-MFBC to be used as fertiliser for Chinese cabbage growth (c)
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Xinrui Bio-Tech. Co., Ltd., China) (P content 5.24%; 
0.65 CNY/kg), the estimated price of P-MFBC would be 
approximately 6.50 CNY/kg. Thus, based on the total 
cost–benefit analysis, the profit of P-MFBC would be 
4.40 CNY/kg, suggesting an ideal economic benefit of 
industrialization.

4  Conclusion
Co-pyrolysis of food waste with magnesite (5:2, w/w) 
at 700  °C produced MgO-biochar composite (MFBC) 
successfully. MFBC was an acceptable composite for P 
recovery from aqueous media. The adsorptive capture 
of P by MFBC could be simulated using the Langmuir 
and pseudo-first-order models, with a capture capac-
ity of 523.91  mg/g. The co-existence of  F− and  CO3

2− 
inhibited the P capture. The spontaneous capture of P 
was achieved via electrostatic attraction and  MgHPO4 
precipitation, with the electrostatic attraction being 
predominant. More than 98% of P was adsorptively 
recovered from the solution and bio-liquid wastewater 
using MFBC. This study confirmed that direct co-pyrol-
ysis of food waste with magnesite was an economic 
method for MgO-biochar production; the P-saturated 
MFBC could be used as a potential fertiliser for the soil. 
Further experiments could be conducted to declare the 
practicability of MFBC for recovery of P in engineering 
practice and to understand the adsorption of dissolved 
organic matter in bio-liquid wastewater.
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