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A B S T R A C T

Conventional phosphate fertilization is costly, carbon intensive, induces water pollution, and depletes natural 
phosphate ores, calling for alternative circular sources such as recycling phosphate from urine. However, actual 
phosphate adsorbents are moderately efficient and generate additional waste. Magnesite-modified biochar was 
synthesized by co-pyrolysis of corn straw and magnesite, which was used to adsorb phosphate in simulated urine. 
We compared the properties with other magnesium-based biochar materials and conducted pot experiments to 
assess feasibility of the saturated magnesite-modified biochar using as an alternative phosphate fertilizer. The 
results showed that the maximum adsorption capacity of magnesite-modified biochar for phosphate in urine was 
176.16 mg/g, with the primary adsorption mechanisms involving electrostatic attraction and ligand exchange. 
Pot experiments showed that after 21 days, the germination rate and plant height of plants were 5.0–5.8 and 
9.4–10.0 times respectively higher than those of plants in soil without biochar application. Overall, the prepared 
magnesite-modified biochar promises as an adsorbent with dual benefits in water treatment and phosphorus 
recovery. The saturated magnesite-modified biochar is proved as a good alternative phosphate fertilizer with 
carbon fixation, emission reduction and phosphorus cycling functions.   

1. Introduction

The widespread utilization of conventional phosphate fertilization
has resulted in the exhaustion of non-renewable phosphate rock re-
serves. Furthermore, the manufacturing process of conventional phos-
phate fertilizers generates substantial quantities of by-product 
phosphogypsum, which presents potential environmental hazards to 
both human health and the ecosystem [1]. The excessive application of 
phosphate fertilizers can lead to serious environmental problems [2]. 
Therefore, from the perspective of environmental protection and 
resource utilization, there is a need for more sustainable sources of 
phosphate fertilization [3]. In particular, urine contains relatively less 
organic matter and is rich in nitrogen, phosphorus and potassium [4]. 
Although urine produces only 1% of the total domestic wastewater in 
volume, It contributes more than 90% of the potassium, 80% of the 
nitrogen, and 50% of the phosphorus to the wastewater [5]. Raw urine is 
phytotoxic and thus cannot be used immediately as fertilizer for plant 
growth [6]. As a consequence, management of urine is costly and usually 
requires more than six months of storage before being applied to soils 

[7]. Moreover, variations in temperature, pH and time change the 
composition of urine, resulting in unstable urine composition [8,9], 
calling for alternative ways to recycle phosphorus. 

The crop straw production in China has reached millions of tons per 
year [10,11]. Burning straw in the open air not only harms the envi-
ronment and wastes resources, but also brings about greenhouse gas 
emission, calling for the recycling of waste straws [12]. Biochar con-
verted from straws can be applied to soil to sequester carbon dioxide 
(CO2) and improve soil conditions at the same time [13]. In this case it 
could mitigate CO2 emissions from organic waste decomposition and 
increases carbon storage capacity of the soil [14]. 

Compared to other phosphorus-containing wastewater, the concen-
tration of phosphate in urine is higher, in the range of 470–1070 mg/L 
[15]. The main methods to recover phosphorus from urine are ion ex-
change, adsorption, and chemical precipitation [16]. Adsorption is used 
extensively in wastewater phosphorus separation and recovery because 
of its ease of use, high performance, and low cost [17–19]. Biochar is an 
efficient adsorption material commonly used to adsorb pollutants and 
recover nutrients from water, due to its excellent cost-effectiveness, high 
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2. Materials and methods

2.1. Materials and chemicals

The corn straw used to make biochar was provided by the Huifeng 
straw facility in Jiangsu Province, China. The straw was cut with scissors 
to roughly 100 meshes before being cleaned with deionized water 
repeatedly, put in a clean container, and then dried overnight at 60 ℃ in 
the oven. The magnesite used in the experiment was provided by the 
Honghu mining industry, Hubei Province, and is white or light yellow in 
color. The magnesite ore was rinsed three times by deionized water, 
grounded, 100 mesh sieved, and then dried at 60 ℃. 

Total phosphorus (TP) content of the simulated urine was prepared 
with reference to the composition of human urine, with a concentration 
of roughly 140 mg/L. The human urine was obtained from a toilet of 
USST (University of Shanghai for Science and Technology). Due to the 
unstable nature of the fresh urine, simulated urine was used in subse-
quent adsorption sequential batch experiments. Based on monitoring 
results of the real urine, the simulated urine was prepared as shown in 
(Supplementary material Table S1). 

2.2. Preparation of the Mg-biochar 

10 g of 2/1 (mass: mass) magnesite powder and straw mixture were 
placed in a quartz boat and then pyrolyzed for 3 h at a temperature of 
700 ℃ under dinitrogen protection in a tube furnace. After cooling, the 
modified biochar (Mg-biochar) was stored in a clean container. The 
pristine biochar (control) was prepared by the same procedure as the 
modified biochar. 

2.3. Characterization of the study biochar 

A scanning electron microscope (SEM) (Hitachi s4800, Japan) was 
used to observe changes in the morphology and structure of the study 
biochars. The X-ray diffraction (XRD) (Bruker D8 ADVANCE), Germany 
was applied to analyze the crystal structure of the study biochars. The 

change in binding energy of the primary components of modified bio-
char before and after adsorption was measured using X-ray photoelec-
tron spectroscopy (XPS) from Thermo Scientific k-alpha, USA [28]. 

2.4. Adsorption experiments 

To investigate the adsorption capacity of Mg-biochar on phosphate 
in urine under different initial pH conditions, 0.1 mol/L of hydrogen 
chloride or sodium hydroxide were added to condition the pH to 
3.0–11.0. In addition, the point of zero charge (pHpzc) of Mg-biochar was 
measured to explain the effect of initial pH on adsorption. The mea-
surement steps can be found in (Supplementary Material Text S2). 

kinetic experiments: dosage of the Mg-biochar was set at 1 g/L and 
the initial phosphorus concentration was set at 140 mg/L. Samples were 
taken at 0 min, 10 min, 20 min, 40 min, 60 min, 2 h, 4 h, 6 h, 8 h, 12 h, 
and 24 h of the reaction respectively. 

Isotherm experiments: the simulated urine was diluted and the 
phosphorus content of the sample solution was adjusted in the range of 
28.0–280.0 mg/L. A centrifuge tube containing 50 mL of suspension 
samples was shaken for 24 h at 25 ◦C and 125 rpm. A certain amount of 
the sample solution after reaction was passed through a 0.45 µm pore 
size filter membrane, and the quantity of total phosphorus in the filtrate 
was determined at 700 nm using a UV-Vis spectrophotometer. 

According to Eqs. 1 and 2, the following was calculated to evaluate 
phosphate adsorption capacity and recovery rate of the study biochars 
[28]: 

Qe = V/M(Ci − Ce) (1)  

RR(%) = (Ci − Ce)/Ci × 100 (2)  

Where Qe stands for the quantity of phosphorus adsorbed per unit mass 
of biochar in mg/g, V for the solution’s volume in L, M for the quantity of 
biochar dosed in g, Ci for the original phosphorus content in mg/L, Ce for 
the steady state phosphorus content in mg/L, and RR for the recovering 
efficiency of phosphate in %w. 

2.5. Kinetic and isothermal adsorption models 

The kinetic model: pseudo-first-order and pseudo-second-order 
equations, intra-particle diffusion models were applied to study the ki-
netics of phosphorus adsorption from simulated urine by Mg-biochar 
and pristine biochar (control) at different contact times (0–24 h), and 
correlation coefficients were used to determine the applicability of each 
equation. 

The isothermal adsorption model: examining the adsorption perfor-
mance of Mg-biochar and pristine biochar (control) on phosphate at 
different initial phosphate concentrations. The experimental data of 
phosphorus adsorption by biochar were fitted using the Sips, Temkin, 
Freundlich, and Langmuir equations respectively. 

The fitting of experimental data on phosphorus adsorption from 
urine by the Mg-biochar and pristine biochar (control) could refer to 
(Supplementary material Table S2). 

2.6. Pot experiments 

The soil used for pot experiments was the common clay from Han-
dan, Hebei Province, China, with neutral pH and a density of 1.3 g/cm3. 
Cabbage and ryegrass seeds were used for pot experiments. Square 
seedling (6 ×6 cm) pots with 8 cm in height were planted with 20 seeds 
of cabbage or ryegrass, and the soil dry weight was 374.4 g per pot. 
Experimental groups included 1) a control without biochar dosage, 2) 
the raw Mg-biochar dosage group, and 3) the urine-treated Mg-biochar 
dosage group. Each group of experiments was repeated three times, with 
a total of 18 potted plants. Mg-biochar materials were mixed with soils 
to obtain a concentration of 0.53 g biochar per Kg of soil. Each pot was 

porosity, and strong ion adsorption performances [20,21]. Biomass such 
as straw and solid waste, wood, municipal sludge and manure are used 
as the main raw material for biochar preparation [22]. So far recovery of 
nutrient, humus, and metal ions by biochar has been the main research 
topics [23]. 

Although biochar is easy to prepare and has relatively good 
adsorption capacities, it is generally less efficient in its raw form con-
ditions when recovering phosphate from water [24]. Indeed, the 
negatively-charged surface of biochar under neutral conditions is not 
favorable to adsorb negatively-charged phosphate ions, which highly 
limits the application of biochar in purification processes [25]. This 
issue can be solved by the functionalization of biochar surface to tune 
active sites and structural properties. In particular, the biochar surface 
can be modified by magnesium (Mg) materials. Indeed, Mg as an 
element is abundant in nature, and Mg2+ is considered as a suitable 
cation for phosphorus recovery [26,27]. Biochar modified with mag-
nesium could fully absorb phosphate on its surface and the used biochar 
could be used as a valuable fertilizer. Therefore, in this study, we hy-
pothesized that Mg-biochar could efficiently adsorb urine phosphate, 
and that urine-treated Mg-biochar could enhance plant growth. 

A modified biochar called ’Mg-biochar’ was prepared to recover 
phosphate from urine by mixed co-pyrolysis method in this study, using 
magnesite as the metal Mg source and waste corn straw as the carbon 
source. The adsorption mechanism and adsorption efficiency of Mg- 
biochar on phosphate in urine were investigated by characterization 
tools and adsorption experiments, and compared with other Mg- 
biochars. The urine-treated Mg-biochar was then used in potting ex-
periments to verify its feasibility as an alternative phosphate fertilizer. 
Finally, the economic feasibility of Mg-biochar was evaluated. 



and the decomposition of organic matter under high temperature py-
rolysis conditions. The pristine biochar has a smooth surface made of a 
structural foundation based on carbon with few impurities. By contrast, 
the Mg-biochar surface shows granular impurities, which are MgO 
particles acting as key components for phosphate capture on surface of 
the modified biochar [29]. After suspension of the Mg-biochar in 
simulated urine for phosphate adsorption, the biochar surface becomes 
irregular with small pores and large lamellae on it, which could possibly 
result from the adsorption of phosphates on Mg-biochar cations. 

X-Ray diffraction analysis of the raw Mg-biochar and urine-treated
Mg-biochar reflects changes in the crystal structure of Mg-biochar 
(Fig. 2a). Results show typical MgO peaks at 37.1◦, 43.1◦, 62.4◦, 
74.8◦, and 78.7◦, which confirm the presence of magnesite in biochar. 
After urine treatment for the adsorption of phosphate, MgO peaks are 
still present and new peaks appear at 2θ of 16.0◦, 20.6◦, 29.3◦, 32.0◦ and 
36.9◦, representing the hydrate of magnesium hydrogen phosphate ac-
cording to [30]. New peaks also appeared at positions 27.2◦ and 33.3◦, 
which is consistent with the crystal structure of struvite 
(MgNH4PO4⋅6 H2O) [31]. These findings show that Mg-biochar adsor-
bed phosphate effectively. 

Fig. 1. Scanning electron microscopy (SEM) images of biochar by electron scanning microscopy at an operating voltage of 30 kV and a point resolution of 3.5 nm; 
pristine biochar (a), raw Mg-biochar (b), and urine-treated Mg-biochar (c). 

watered with 10 mL of drinking water daily, and the plant growth was 
measured after 21 days. The germination rate and plant height were 
measured, together with the content of nitrogen and phosphorus in the 
soil. Detailed descriptions of the measurement methods could refer to 
(Supplementary Material Text S3). 

To assess the feasibility of urine-treated Mg-biochar as an alternative 
phosphorus fertilizer, potting experiments were conducted. Three sets of 
cultivated soil, including a control soil without biochar, a soil with raw 
Mg-biochar, and a soil with urine-treated Mg-biochar, were used to grow 
cabbage and ryegrass. After 21 days, P and N contents in soil were 
measured to evaluate plant nutrient uptake. 

3. Results and discussion

3.1. Biochar properties

The morphology of pristine biochar, Mg-biochar and Mg-biochar 
after adsorption of simulated urine was analyzed by scanning electron 
microscopy (SEM, Fig. 1a-c). Results show that the pristine biochar has a 
well-developed pore structure originating from the evaporation of water 



Fig. 2b shows the Fourier infrared spectra of raw Mg-biochar and 
urine-treated Mg-biochar. Urine treatment induces wider peaks in O-H 
vibrational stretching at 3445 cm− 1 and 1635 cm− 1, which could be 
interpreted by an increase of bound water and hydroxyl groups 

following the hydroxylation of MgO in water. Due to the vibration 
stretching of the P-O bond in HPO4

2-/H2PO4
- , the peak values at 1022, 

871, and 571 cm− 1 significantly increased after urine treatment [32,33]. 
However, the peak of vibration stretching of Mg-O located at 446 cm− 1 

Fig. 2. (a): X-ray diffraction (XRD) of the raw Mg-biochar and the urine-treated Mg-biochar. The X-ray diffraction analysis was performed with CuKα as the source, 
with a voltage set to 40 KV, current to 40 mA, scan speed to 2◦/min, scan angle to 10–80◦ and step size to 0.0359. (b): Fourier infrared spectra of raw Mg-biochar and 
urine-treated Mg-biochar at wavelengths from 500 to 4000 cm− 1. 

Fig. 3. Total X-ray photoelectron spectroscopy (XPS) spectra of raw Mg-biochar and urine-treated Mg-biochar (a) and P 2p fractionation spectrum (b), Mg 1 s (c), O 
1 s (d). Measurement voltage is 12 kV with a filament current of 6 mA. 



67.9% to 28.1%, which is primarily caused by phosphate ions binding to 
Mg and occupying the original Mg-O site [41]. In addition, the per-
centage of peak area representing -OH/P-O increased from 19.7% to 
42.1%, mainly due to the adsorption of phosphate ions in the aqueous 
solution by biochar. The peak of H2O increased from 12.4% to 29.8%, 
mainly because biochar increases the bound water on its surface through 
the adsorption process. 

Overall, our findings confirm the successful synthesis of Mg-biochar 
and adsorption of phosphates from simulated urine by Mg-biochar. 

3.2. Effect of initial pH and contact time 

The effects of Mg-biochar on phosphate adsorption and recovery in 
urine under different initial pH conditions was investigated (Fig. 4a, c). 
We found that the adsorption capacity of magnesium biochar for phos-
phate reached a maximum of 118.8 mg/g from 73.2 mg/g within the 
initial pH range of 3.0–7.0, and the recovery rate increased from 52.3% 
to the maximum of 88.0%. The adsorption capacity and recovery rate 
remained basically stable within initial pH range of 7.0–9.0 [42]. These 
phenomena indicate that increasing the pH of the solution within a 
certain range is beneficial for the removal of phosphate. However, the 
absorption capacity and recovery rate significantly decreased within 
initial pH range of 9.0–11.0. At pH= 11.0, the adsorption capacity of 
phosphate decreased to 68.1 mg/g, and the recovery rate decreased to 
48.7%. The pH affects the adsorption capacity and recovery by con-
trolling the phosphate morphology and the surface properties of 
Mg-biochar [43]. In pH range of 3.0–7.2, phosphate in urine mainly 
exists in the form of H2PO4

- , while HPO4
2- is the main form in the pH 

range of 7.0–9.0 [44]. Compared with H2PO4
- , Mg-biochar is easier to 

capture HPO4
2- [45]. Therefore, as the initial pH increases within the 

range of 3.0–7.0, H2PO4
- , is converted into HPO4

2-, and the phosphate 
adsorption capacity and recovery rate of Mg-biochar increase. Point of 
zero charge (pHpzc) of Mg-biochar was detected to be 9.9. When the pH 

Fig. 4. Adsorption capacity and recovery of phosphate in urine by the Mg-biochar under different initial pH conditions (a), and phosphate recovery from urine by 
Mg-biochar under different contact times (b). 

significantly decreased, once again proving that Mg-O is the main active 
site of Mg-biochar [34]. An infrared peak corresponding to O––C-O 
antisymmetric stretching vibration appeared at 1424 cm−  1, which may 
be attributed to the introduction of CO3

2- during the Mg-biochar prepa-
ration process, as the main component of magnesite is MgCO3. After 
urine treatment, it was found that the peak at 1424 cm−  1 was signifi-
cantly weakened, indicating that CO3

2- was involved in the phosphate 
adsorption process [35]. Other studies also suggested that the exchange 
of CO3

2- and phosphate anions via ion exchange is a pathway for phos-
phate removal. The obtained results indicate that the biochar adsorbed 
phosphorus successfully [36]. 

The results shown by X-ray photoelectron spectroscopy (XPS) indi-
cated that the peaks of Mg, Na, C, O and P in urine-treated Mg-biochar 
were increased (Fig. 3a). The peak splitting of P 2p shows two peaks at 
133.8 eV and 134.5 eV, corresponding to metal phosphate and HPO4

2-, 
accounting for 38.8% and 61.2% respectively [37] (Fig. 3b). The liter-
ature indicates that there is a pathway for phosphate removal in metal 
modified materials: phosphate ions replace the hydroxyl groups of 
Mg-OH to form metal phosphates, indicating that ligand exchange is one 
of the main mechanisms for Mg-biochar to adsorb phosphate [38]. 
HPO4

2- enters Mg-biochar through electrostatic attraction, intra-particle 
diffusion, or ion exchange, and then exhibits ionic form when detecting 
P 2p [39]. Peak splitting was also performed for Mg and O on biochar 
(Fig. 3c-d). Mg1s is shifted from 1302.6 eV to 1303.3 eV after adsorp-
tion. Splitting of Mg1s reveals two sub-peaks at 1303.1 eV and 
1303.6 eV, responded to Mg(H2PO4)2 and MgHPO4, accounting for 
30.5% and 69.5%, respectively. This further confirms the role of MgO in 
phosphate adsorption in Mg-biochar, and once again confirms that 
ligand exchange is one of the important adsorption mechanisms. The 
O1s peak can be divided into three sub-peaks with a binding energy of 
530.7 eV corresponding to Mg-O, a binding energy of 531.5 eV for 
-OH/P-O and 532.8 eV for H2O [40]. Following phosphate adsorption, 
the percentage of the peak area representing Mg-O decreases from



(control) is 1.29 mg/g, which can be ignored (Fig. 5c, Table S4). The 
reason may be that the surface of pristine biochar (control) is usually 
negatively charged, and there is a repulsive effect with negatively 
charged phosphates, resulting in weak adsorption [48,51]. Analyzing 
the kinetic curves of the pristine biochar, both pseudo-first-order and 
pseudo-second-order kinetic model cannot achieve good expression. 
Within 0.5 h, there was a slight increase in adsorption capacity, which 
combined with the pseudo-first-order kinetic model (R2 =0.84), is 
speculated to be due to the physical adsorption effect of the pristine 
biochar [42]. However, after 5 h, the adsorption capacity showed a 
decreasing trend, suggesting the presence of trace dissolution of P from 
pristine biochar [29,43]. 

The intra-particle diffusion model analysis of Mg-biochar adsorption 
phosphate data conforms to the three-stage separation method [52]. The 
first stage has a high kp1 value (kp1=51.94), indicating rapid diffusion of 
phosphate on the surface of Mg-biochar [37]. The second stage belongs 
to mesoporous diffusion, and the adsorption rate is mainly controlled by 
intra particle diffusion. The kp2 value (kp2=19.47) is significantly lower 
than kp1, indicating that most of the surface-active sites of Mg-biochar 
are occupied, and phosphate gradually diffuses into the interior of 
Mg-biochar [28]. The third stage belongs to microporous diffusion, and 
kp3 < 1 indicates that adsorption equilibrium has gradually been 
reached. Observing the three stages, it can be found that none of them 
have passed through the origin (C‡0), indicating that the adsorption of 
phosphate in urine by Mg-biochar involves intra-particle diffusion pro-
cess, but is controlled by multiple processes [53]. In addition, the high C 
value indicates that the boundary layer of Mg-biochar will greatly affect 
the adsorption of phosphate[37]. 

We also investigated the mechanism of phosphate adsorption on Mg- 
biochar by isothermal fitting using Langmuir, Freundlich, Sips, and 
Temkin models in the urine matrix (Fig. 6a, Table S3). The correlation 
coefficient of Sips for Mg-biochar is 0.97, Langmuir is 0.95, Temkin is 
0.92, and Freundlich is 0.82. Indeed, the Langmuir model is often used 
to describe monolayer adsorption processes, whereas Freundlich and 
Temkin models describe mainly bi-layered and multilayered adsorption 
processes [54]. And the Sips model is an improvement of the Langmuir 
model and the Freundlich model [55]. Sips, Langmuir, and Temkin 
models fitted the adsorption data well (R2 >0.9), while the Freundlich 
model had the worst fit, indicating that the model was not suitable for 
the adsorption process. The highest fitting of the Sips model indicates 
that adsorption is carried out through physical and chemical adsorption, 

Fig. 5. Pseudo-first-order, pseudo-second-order kinetic curves of Mg-biochar (a), Intra-particle diffusion model of Mg-biochar (b) and pristine biochar (control) (c).  

value of the solution surpasses 9.9, the Mg-biochar surface carries 
negative charge, which causes electrostatic repulsion with phosphate 
ions. Additionally, OH- in the solution competes with phosphate ions for 
adsorption, further decreasing the adsorption capacity and removal rate 
of phosphate ions. Therefore, the adsorption capacity and removal rate 
of phosphate decrease as the initial pH increases in the range of 9.0–11.0 
[38]. 

The effect of contact time on the recovery of phosphate in urine by 
Mg-biochar is shown in Fig. 4b. The adsorption rate of phosphate in 
urine recovered by Mg-biochar was fast. In the first 1 h, a large number 
of adsorption sites existed on the surface of Mg-biochar which rapidly 
captured phosphate ions by electrostatic attraction, and the P concen-
tration was reduced to 84.0 mg/L, with a recovery rate of 38.5% [46]. 
Subsequently, the decrease of P concentration slowed down. This was 
because the adsorption sites were gradually occupied and the adsorption 
of phosphate was weakened. After 8 h of reaction, the adsorption of 
phosphate by biochar reached the adsorption equilibrium state with a 
recovery efficiency of 85.3% [47]. 

3.3. Phosphate recovery performance and mechanism of the Mg-biochar 

By kinetic fitting, we studied the mechanism of adsorption of phos-
phate in urine on Mg-biochar (Fig. 5a-b, Table S3). Adsorption kinetics is 
one of the key factors evaluating the efficiency of adsorbents. It can be 
observed that both pseudo-first-order and pseudo-second-order kinetic 
model can well describe the kinetic behavior of Mg-biochar adsorption 
of phosphate in urine, with R2 values reaching above 0.97. The 
maximum adsorption capacity of pseudo-second-order kinetic model 
can reach 127.8 mg/g, which is closer to the true adsorption value, and 
R2 is also higher, reaching 0.988. This indicates that the adsorption 
process is mainly chemical adsorption, which is consistent with the 
analysis of others [39,47]. Combining the results of XPS, XRD, and effect 
of initial pH, it is once again confirmed that MgO on biochar plays a 
crucial role in the adsorption process. The electrostatic attraction pro-
cess and ligand exchange process are the main mechanisms for 
Mg-biochar to adsorb phosphate [48]. The R2 value of pseudo-first-order 
kinetic model is relatively high, indicating that Mg-biochar can also 
have a certain physical adsorption effect on phosphate [49]. The 
adsorption capacity of Mg-biochar significantly increased within 0.5 h, 
and gradually reached equilibrium after 5 h [50]. Compared with 
Mg-biochar, the maximum adsorption capacity of pristine biochar 



with phosphate in close contact with the surface of Mg-biochar MgO, 
which is consistent with the kinetic fitting results. The theoretical 
maximum phosphate adsorption capacity of 176.16 mg/g obtained by 
using Sips model for Mg-biochar is much higher than the average 
adsorption capacity of 28.90 mg/g reported by other researchers for 
virgin biochar, and also outperformed the average adsorption capacity 
of 143.10 mg/g for the modified biochar [56]. However, the pristine 
biochar (control) cannot be well expressed by other isothermal 
adsorption models except for Langmuir and Freundlich (Fig. 6b, 
Table S4). However, the maximum theoretical adsorption capacity of 
Langmuir is only 1.34 mg/l (R2 =0.71), which can be ignored compared 
to the adsorption capacity of Mg-biochar. The Freundlich model can 
express the adsorption of phosphate in urine by pristine biochar (R2 

=0.95), indicating that its adsorption of phosphate in urine usually oc-
curs on a non-uniform surface [57]. Studies have shown that the higher 
the KF value, the stronger the material’s ability to adsorb pollutants 
[58]. The KF value of pristine biochar is only 0.15, indicating its weak 
ability to adsorb phosphate. Overall, as a control group, the adsorption 
of phosphate in urine by pristine biochar belongs to physical adsorption, 
which conforms to the pseudo first-order kinetic model and occurs on 
non-uniform surfaces. 

The proposed recovery mechanism of Mg-biochar for phosphate is 
shown in (Fig. 7), including the following mechanisms. (1) Electrostatic 
attraction. It is a hydration reaction between Mg-biochar and aqueous 
solution, which generates a large number of protonated hydroxyl groups 
(OH2

+, OH+) at an appropriate solution pH to attract negatively charged 
phosphate ions. (2) Ligand exchange. The Mg-biochar hydrates on the 
surface of urine aqueous solution to generate Mg-OH, and phosphate 
ions replace the hydroxyl groups of Mg-OH to form metal phosphates. 
The adsorption capacity of biochar for phosphate is thus enhanced 
through ligand exchange. (3) Surface precipitation. The prepared arti-
ficial urine contains phosphate ions and trace amounts of NH4

+; under 
certain conditions, struvite crystallization will form on the surface of 
Mg-biochar. 

The analysis of intra-particle diffusion model shows that the 
adsorption of phosphate in urine by Mg-biochar can be divided into 
three stages. Firstly, phosphate ions are quickly captured by the 
adsorption sites on the surface of the adsorbent. Then, after the 
adsorption site is saturated, it diffuses into the interior of Mg-biochar 

through intra-particle diffusion, and finally reaches adsorption equilib-
rium through internal microporous diffusion. The CO3

2- introduced 
during the formation of Mg-biochar exchanges with phosphate ions in 
urine, thereby improving the phosphate recovery rate. The introduction 
of CO3

2- is related to the modifier magnesite, whose main form is MgCO3. 
In terms of raw material acquisition, the preparation of Mg-biochar is 

mostly based on wastes, which enables the resource utilization of wastes 
(Table 1). It is more difficult to obtain the garden waste mixture of 
Populus X Canadensis Moench and Sophora japonica Linn than obtain-
ing straw waste [59]. China produces millions of tons of straw annually, 
and the preparation of biochar from straw and its eventual return to the 
field as an alternative fertilizer is an effective strategy for carbon 
sequestration, emission reduction and waste resource utilization, which 
is in line with the theme of green development. Analyzing the prepa-
ration method, Shin et al. used a one-step method to prepare 
Mg-biochar. The biomass was soaked in MgCl2 solution for 8 h, and then 
dried and pyrolyzed to obtain Mg-biochar [29]. Of course, there is 
another method to prepare Mg-biochar in two steps. First, biochar was 
obtained by pyrolysis. Then the biochar is modified by soaking modifier 
and further pyrolyzed [39]. Both methods are undoubtedly long and 
tedious. In contrast, in this study, Mg-biochar was prepared more simply 
by directly mixing and co-pyrolyzing magnesite and straw powder 
without the need for a long soaking or drying step. Based on the 
maximum adsorption capacity analysis, the adsorption capacity of 
Mg-biochar for phosphate varied greatly. This may be related to the 
modification conditions of the biochar, such as pyrolysis temperature 
and type of modifier [60]. The maximum adsorption capacity of 
Mg-biochar obtained by Liang et al. by soaking peanut shell powder in 
Mg (NO3)2 solution was 1809 mg/g, which is undoubtedly huge [61]. 
However, the modifier Mg (NO3)2 is an explosive and hazardous 
chemical, making it a very dangerous preparation method. On the 
contrary, we used magnesite, which is very stable in nature. In addition, 
magnesite tailings are a cheap magnesite resource, which can also 
further reduce the cost of the modification and improve the economic 
feasibility and competitiveness of Mg-biochar. 

Compared with other studies, Mg-biochar prepared in this study has 
the advantages of easy availability of raw materials, simple preparation 
method, and economic safety. It also has good phosphate adsorption 
properties, which can realize the dual benefits of water treatment and 
phosphorus recovery [62]. In addition, the use of urine-treated 
Mg-biochar as an alternative phosphorus fertilizer not only achieves 
carbon sequestration and emission reduction, but also further promotes 

Fig. 6. Adsorption isotherms of phosphate adsorption by Mg-biochar (a) and 
pristine biochar (control) (b). 

Fig. 7. Recovery mechanism for phosphate by Mg-biochar.  



phosphorus recycling [63]. 

3.4. Feasibility study of urine-treated Mg-biochar as an alternative 
phosphate fertilizer 

3.4.1. Changes in soil properties 
Fig. 8a-b indicate that P contents in the soil increased after applying 

raw Mg-biochar for 21 days. P contents in the soils of cabbage and 
ryegrass rose from 0.87 mg/g and 1.28 mg/g comparing to the control 
of 1.15 mg/g and 1.28 mg/g, respectively. Previous studies have 
revealed that soil microbes amplify the phosphorus-releasing effect 
[67]. Another explanation is that plant roots and root exudates contain 
phosphorus compounds, and biochar promotes an increase in P 

concentration by promoting plant growth [32]. After 21 days of 
applying urine-treated Mg-biochar, P concentration in the soil notably 
increased from 0.78 mg/g in the control group to 2.19 mg/g in the 
cabbage group and 2.62 mg/g in the ryegrass group. This increase is 
equivalent to 2.81 to 3.36 times the P content in the control group. These 
results suggest that urine-treated Mg-biochar releases large amounts of 
adsorbed phosphate into the soil, ultimately resulting in a significant 
rise in P concentration. Both the application of raw Mg-biochar and 
urine-treated Mg-biochar showed a slight increase in soil NH4

+ content. 
Compared with using raw Mg-biochar, urine-treated Mg-biochar 
exhibited higher NH4

+ concentration. The formation of a small quan-
tity of struvite crystallization on the surface of Mg-biochar during the 
phosphate adsorption process might be the cause. Incorporating 
urine-treated Mg-biochar to the soil after a period of time, the struvite 
crystallization on the surface of biochar will slowly dissolve and release 
N elements [68]. This is consistent with the results of XRD, further 
indicating that Mg-biochar may produce a minor quantity of struvite 
crystallization when adsorbing phosphate in urine. 

3.4.2. Changes in plant growth 
After a 21-day cultivation, we measured the germination rate and 

average plant height of cabbage and ryegrass to evaluate the impact of 
urine-treated Mg-biochar on plant growth, as presented in (Fig. 9,  
Table 2). Germination rate of control cabbage and ryegrass without 
biochar were approximately 13.3%, which we hypothesize could be 
attributed to unfavorable temperature and planting conditions. Labo-
ratory temperatures ranged from 7–15 ◦C during winter planting ex-
periments, which led to decreased plant germination rates [69,70]. 
Furthermore, the soil used for planting was a typical clay soil from Hubei 
Province with high organic matter content but poor permeability, 

Raw material Temperature (◦C) Modifier Qe (mg/g) Process References 

Bagasse 800 Sepiolite 128.12 One-step method [52] Deng et al. 
Aspen and locust wood 600 MgCl2 119.95 One-step method [43] Xu et al. 
Corn straw 700 Magnesite solid 176.16 Co-pyrolysis This study 
Peanut shell 800 Mg (NO3)2 1809 One-step method [61] Liang et al. 
Leaf, saw dust, and straw 600 C4H14MgO8 121.95 One-step method [64] Luo et al. 
Tomato leaves 600 Hoagland solution of magnesium 13.3 One-step method [65] Yao et al. 
Corncob 800 MgCl2 8.55 One-step method [66] Jena et al. 
Coffee grounds 500 MgCl2 63.5 One-step method [29] Shin et al. 
Mixed wood waste 600 MgCl2 116.4 One-step method [48] Xu et al. 
Corn 600 MgCl2 239 One-step method [42] Fang et al. 
Mixed wood waste 600 MgCl2 118 One-step method [59] Liu et al. 
Tea leaves 650 MgCl2 58.80 Two-step method [39] Feng et al.

Fig. 8. P contents (a) and NH4
+ contents (b) in cultivated soils without biochar 

(control), with raw Mg-biochar and with urine-treated Mg-biochar. 

Fig. 9. Growth of cabbage in cultivated soils without biochar (a), with raw Mg- 
biochar (b) and with urine-treated Mg-biochar (c). Growth of ryegrass in 
cultivated soils without biochar (d), with raw Mg-biochar (e) and with urine- 
treated Mg-biochar (f). 

Table 1 
Comparison of phosphate adsorption by Mg-biochar in this and other studies.  



resulting in challenges for the crops to take root [71]. Therefore, careful 
consideration of soil selection is essential in promoting plant germina-
tion rates. In the experimental group treated with raw Mg-biochar, the 
germination rates of cabbage and ryegrass were 43.3% and 48.3%, 
respectively. These rates were significantly higher, by 3.26 and 3.63 
times respectively, as compared to the control group. This observed 
increase in germination rates can be attributed to the ability of biochar 
to prevent soil nutrient loss and enhance water absorption, thus pro-
moting plant growth and development [72]. The germination rates of 
cabbage and ryegrass in the group treated with urine-treated Mg-biochar 
increased significantly to 66.7% and 76.7%, respectively, which were 
5.02 and 5.77 times higher than those in the control group. This 
improvement was mainly attributed to the addition of external phos-
phorus, particularly the use of urine-treated Mg-biochar, which en-
hances plant growth and development. This finding demonstrates that 
Mg-biochar effectively absorbs phosphate from urine with high 
bioavailability [73]. The mean plant height and germination results 
were comparable. Significantly greater plant growth was observed with 
the introduction of raw Mg-biochar when compared to the control. 
Nevertheless, with urine-treated Mg-biochar, the increase in plant 
height was substantially greater, reaching 9.4–10.0 times that observed 
in the control group. These findings indicate that urine-treated 
Mg-biochar presents a practical and effective alternative to phosphate 
fertilizer [74]. 

3.5. Economic feasibility of Mg-biochar 

Burning straw in the fields can produce particulate matter that harms 
people’s lungs [75]. Studies have shown that converting straw waste to 
biochar can reduce the amount of CO2 emitted into the atmosphere and 
reduce air pollution caused by field burning [76]. In addition, the use of 
biochar in agriculture can be effective in reducing the amount of 
greenhouse gases emitted to the atmosphere from soil tillage systems. 
Therefore, making biochar from straw waste is a good treatment strategy 
to minimize the environmental and health risks associated with straw 
waste disposal [77]. 

In order to fully assess the potential of using Mg-biochar as a phos-
phate adsorbent on a large scale, its environmental and economic ben-
efits must be evaluated. Life Cycle Cost Analysis (LCCA) is a research 
tool that has been applied to analyze processes from a cost perspective in 
a variety of situations [78]. It allows one to understand whether the 
decisions taken will ensure sustainable economic development and thus 
to calculate more precisely the economic benefits of the process under 
consideration [79]. In this study, the cost of preparing Mg-biochar was 
analyzed using LCCA. The detailed calculations could refer to (Table S5, 
Text S3). 

The production cost of Mg-biochar in this study was 2.6 USD/kg 
(excluding labor and packaging costs, etc.). This cost is significantly 
lower than the commercial biochar price of 11 USD/kg [80]. However, 
the cost of pyrolyzed pristine biochar would be lower. As observed in 
this paper, pristine biochar is typically unable to adsorb phosphate. In 
contrast, Mg-biochar proved to be a more cost-effective option due to its 
superior adsorption capacity [81]. And the main cost input lies in the use 

of magnesite. Therefore, in order to further improve the economic 
feasibility of Mg-biochar, the use of waste magnesite will be considered 
in the future to minimize the cost of modification. Another important 
component of biochar preparation cost is energy consumption. Factors 
such as holding time and pyrolysis temperature will be further adjusted 
in the future to further reduce the preparation cost. In addition, the use 
of biochar as an adsorbent in agriculture reflects the economic viability 
of biochar in a recycling system. For example, microalgae biochar pre-
pared by Santos can also be used as a soil conditioner after adsorbing 
nutrients such as nitrogen and phosphorus from wastewater, thus 
reducing the need for fertilizers [82]. Tools such as LCA will be used in 
future studies to assess how much chemical fertilizer can be replaced, 
how much crop yields can be increased, and how much carbon emissions 
can be reduced by using Mg-biochar adsorbed with saturated phosphate 
as a phosphate fertilizer in agriculture in the study [83]. 

Overall, the cost of preparing Mg-biochar in this study was lower 
than the selling price of commercial biochar and more cost-effective due 
to its higher adsorption capacity. In the future, other waste materials 
that can be used as alternatives to magnesite modifiers, such as 
magnesium-containing tailings from bulk mining, will continue to be 
investigated in order to make Mg-biochar more economically viable for 
phosphate recovery. Beyond that, the focus of research will begin to shift 
to the practical application of Mg-biochar in the future. 

4. Conclusion

Mg-biochar was successfully prepared by co-pyrolysis using corn
straw as raw material and magnesite as modifier for the recovery of 
phosphate in urine. The results showed that MgO particles were the 
main active sites in the adsorption process of Mg-biochar. The adsorp-
tion mechanism of phosphate on Mg-biochar is an adsorption process 
dominated by chemical adsorption and supplemented by physical 
adsorption. The process mainly involves ligand exchange, electrostatic 
attraction, presence of intraparticle diffusion, ion exchange and surface 
precipitation. Compared with Mg-biochar in other studies, the Mg- 
biochar prepared in this study has the advantages of easy availability 
of raw material, simple preparation method, economical and safe pro-
duction, and good phosphate adsorption performance (176.16 mg/g). 
Water treatment and phosphorus recovery can be performed simulta-
neously using Mg-biochar in this study. Saturated Mg-biochar can be 
used as a substitute for phosphate fertilizer to improve soil quality, in-
crease soil phosphorus content, and promote the growth of cabbage and 
ryegrass. It also contributes to the sustainable use of waste resources, 
bringing about environmental and economic benefits. We have also 
assessed the economic feasibility of Mg-biochar. In the future, we will 
investigate the long-term effects on plants using urine-treated Mg-bio-
char as an alternative phosphorus fertilizer. In addition, we will evaluate 
and discuss the economics and low-carbon nature of Mg-biochar 
throughout its preparation, use, and reuse as a fertilizer using LCA 
and other methods. In conclusion, our study demonstrates a material 
that can recover phosphorus in wastewater and effectively increase 
phosphorus in soil. 
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The experimental 
group 

Control Raw Mg- 
biochar 

Urine-treated Mg- 
biochar 

Germination rate (%) 
Cabbage 13.3 ± 2.9 43.3 ± 2.9 66.7 ± 1.1 
Ryegrass 13.3 ± 5.8 48.3 ± 7.6 76.7 ± 1.5 
Plant height (cm) 
Cabbage 0.19 

± 0.04 
1.4 ± 0.2 1.9 ± 0.3 

Ryegrass 0.31 
± 0.02 

1.1 ± 0.2 2.9 ± 0.4  

Table 2 
Plant growth under different biochar application conditions.  
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Text S1 Simulated urine 

Actual human urine was obtained from the Institute of Environment of Shanghai University of Technology, and the physicochemical 

properties of the urine were monitored and recorded during storage at room temperature. In view of the unstable nature of the actual urine, 

simulated urine distribution was used in all subsequent adsorption sequential batch experiments. Based on the monitoring results of the real 

urine combined with the relevant academic literature on urine resource utilization, the simulated urine water sample configuration method used 

in this study was determined as shown in Table S1. 

Text S2 Measurement of the point of zero charge (pHpzc) of Mg-biochar 

Take 25ml of 0.01mol/l NaNO3 solution and add it to a 50ml centrifuge tube. Adjust the pH value of the solution in the test tube to 3–11 

using 0.1mol/L NaOH and HNO3. Take 0.05g Mg-biochar and add it to the pH adjusted solution. Close the lid and place it in a constant 

temperature shaker (25 ℃, 125 rpm). After shaking for 24 hours, let the solution in each centrifuge tube pass through the membrane and 

measure the final pH (pHf) of the filtrate in each tube using a pH Electrode. Plot pHi and △pH (pHi -pHf), where △pH=0 represents zero charge 

point (pHpzc) of Mg-biochar.  

Text S3 Experimental measurement of Pot experiments 

Determination of plant germination and plant height: 20 seeds were counted and the final number of seeds germinated to calculate the 

germination rate. The height of the plant was measured above the soil. Three parallel groups were averaged. 

Determination of phosphorus content in soil: Place 0.2 g of the dried soil sample in a clean 50 mL centrifuge tube, add 20 mL of 1.0 mol/L 

KCl solution using a pipette, transfer the tube tightly to a constant temperature shaking incubator and shake it at 25 ℃ for 16 h. After shaking, 

the tube was transferred to a centrifuge for 15 min at 4500 r/min and removed. The supernatant after centrifugation was filtered through a 0.45 

µm membrane, and then the ammonia nitrogen concentration was measured by molybdate spectrophotometry. 

Determination of ammonia nitrogen in soil: Place 0.2 g of the dried soil sample in a clean 50 mL centrifuge tube, add 20 mL of 1.0 mol/L 

hydrochloric acid solution using a pipette, transfer the tube tightly to a constant temperature shaking incubator and shake at 25 ℃ for 16 h. 

After shaking, the tube was transferred to a centrifuge for 15 min at 4500 r/min and removed. The supernatant after centrifugation was filtered 

through a 0.45 µm filter membrane and the concentration of ammonia nitrogen was measured spectrophotometrically using a nano reagent. 

Text S4 Economic feasibility of Mg-biochar 

In this study, all values are converted from RMB to USD (1 USD=7.3 RMB) for comparison with other values in the literature. A tube furnace 

(1.5 kWh) was used to prepare Mg-biochar with a pyrolysis time of 3 hours. The electricity price in Yangpu District, Shanghai, was 0.09 

USD/(kWh). No deionized water was consumed throughout the experiment, and the amount of public laboratory N2 could not be specifically 

estimated. The unit price of straw powder purchased from the Internet is 0.55 USD/kg, while in reality, due to the large amount of straw waste, 

its price is almost zero. The industrial price of magnesite is about 5,000–25,000 RMB/t, and at 25,000 RMB/t, the unit price of magnesite is 

obtained as 3.43 USD/kg. The yield of Mg-biochar in this study is high, with 10g mixed raw material producing about 9g finished product, a 

yield of about 90%. In summary, it can be calculated that the cost of producing Mg-biochar is about 2.6 USD/kg. 



 

 

Table S1 Composition of simulated urine 

Component  Unit  Content  

pH - 6.53 

NH4Cl g/L 0.021 

KH2PO4 g/L 0.187 

Na2HPO4·12H2O g/L 1.155 

NaCl g/L 2.500 

Na2SO4 g/L 0.980 

KCl g/L 1.146 

CaCl2 g/L 0.075 

MgCl2·6H2O g/L 0.050 

 Microelement mL/L 1.0 

 

Table S2 Adsorption model and expression 

Model Expression 

Pseudo-first-order kinetic q$ = q&(1− e+,-$) 

Pseudo-second-order kinetic q$ =
k0q&0t

1 + k0q&t
 

 Intra-particle diffusion model qt= kpt1/2 + C	

Langmuir q& =
q4k5C&
1 + k5C&

 

Freundlich q& = k7C&
8/: 

Sips q& =
q4k;C&

8/:

1 + k;C&
8/: 

Temkin q& = a ln(k?C&) 

 

Table S3 Fitting parameters for the Mg-biochar adsorption kinetics and the isotherm model 

Model 
Parameter 

1 

Parameter 

2 
Parameter 3 R2 

Adsorption kinetics 

The pseudo-first-order dynamics k1=0.743 qm=114.774 - 0.978 

The pseudo-secondary dynamics k2=0.007 qm=127.778 - 0.982 

The intra-particle diffusion model 

kp1=51.94 b1= 1.434 - 0.945 

kp2=19.47 b2= 62.883 - 0.955 

kp3=0.733  b3= 113.997 - 0.999 

Adsorption isotherm 

Langmuir kL=0.093 qm=197.190 - 0.949 

Freundlich  kF=43.830 n=3.146 - 0.817 

Sips  kS=0.040 qm=176.156 n=0.670 0.966 

Temkin kT=0.918 A=41.456 - 0.916 

 



 

 

 

 

 

 

Table S4 Fitting parameters for the biochar (control) adsorption kinetics and the isotherm model 

Model 
Parameter  

1 

Parameter  

2 
Parameter 3 R2 

Adsorption kinetics 

The pseudo-first-order dynamics k1=2.02 qm=1.125 - 0.841 

The pseudo-secondary dynamics k2=1.814 qm=1.102 - 0.085 

Adsorption isotherm 

Langmuir kL=0.015 qm=1.335 - 0.71 

Freundlich  kF=0.151 n=2.800 - 0.95 

Sips  kS=0.741 qm=2 n=-5.443 -0.001 

Temkin kT=7.380 A=0.126 - 0.687 

 

Table S5 Cost analysis of Mg-biochar preparation in this study 

Type Inventory Quantity Unit Price (USD) 

Output Mg-biochar 1 kg 2.6 

Raw materials Corn straw 555.6 g 0.30 

Raw materials Magnesite 555.6 g 1.91 

Energy Electronic 4.5 kWh 0.39 

Energy Water 0 L - 

Raw materials N2 3 h - 

Environmental emission CO2 - kg  - 
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