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a b s t r a c t
In this study, the effect of oyster shell powder as a substitute for calcium chemical reagents to mod-
ify straw biochar for enhancing removal of phosphate and ammonium from aqueous solution was 
investigated. The results showed that the biochar composite (OSB3:1) with the maximum capacity 
(151.37 mg·P/g and 0.8 mg·N/g) was synthesized at optimum mass ratio of oyster shell-to-straw 
(3:1) and pyrolysis temperature (800°C). The adsorption process followed the Langmuir isotherm 
and pseudo-second-order kinetic models, and it achieved excellent performance at pH 2.0–11.0. 
According to the thermodynamic analysis, the adsorption reaction was an endothermic and spon-
taneous process, and increasing the temperature increased the adsorption capacity. The removal 
mechanisms for phosphate included the formation of hydroxyapatite precipitation, ligand exchange, 
surface complexation and electrostatic attraction, while for ammonium only electrostatic attrac-
tion. The modified biochar can effectively remove phosphate (over 85%) from real domestic sew-
age within 3 h. Reuse of P-laden biochar as heavy metal adsorbent was proposed, as it exhibited a 
good removal efficiency for Cd, Zn and Cu, especially application for acidic wastewater.
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1. Introduction

Phosphorus (P) and nitrogen (N) are extremely import-
ant elements in maintaining the growth and development 
of organisms [1]. The excessive discharge of P and N into 
environment will cause negative impact on the ecosys-
tem, such as eutrophication, water quality deterioration, 
and ecological degradation [2]. Therefore, a series of strict 
discharge standards (0.5 mg/L in China) had been enacted 
and implemented in many countries. In the meanwhile, the 
natural reserves of P will be depleted within the next 100 y, 
at the current rate of human use [3]. In recent years, the 
recycling of excess phosphate and ammonium from water 
has attracted intensive attention to solve eutrophication 
in water body and phosphorus recovery.

At present, some methods (e.g., chemical treatment 
and biological treatment) have been applied in phosphate 
and ammonium removal from wastewater [4–6]. However, 
the relatively high cost and low efficiency of some pro-
cesses have hindered their application in wastewater treat-
ment. In contrast, adsorption has been proven to be an 
efficient and feasible technology for eutrophication control 
in water body due to its high selectivity and practicality [7,8].

Many studies showed biochar had a good adsorption 
capacity on organic pollutants and cations. In contrast, the 
adsorption capacity of biochar on anionic pollutants such as 
phosphate was relatively limited [9]. Therefore, it is essen-
tial to modify biochar to enhance the adsorption capacity 
for phosphate. According to previous studies, metal cations 
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(Mg2+, Ca2+, Al3+, Fe3+, La3+, etc.) modification can effectively 
enhance the adsorption performance of biochar for phos-
phate [10,11]. However, many metal ions (e.g., Al3+, Fe3+, 
La3+) loaded on biochar could be released into the water in 
the process of adsorption, which will affect the growth of 
aquatic organisms. Among the cations used for biochar mod-
ification, calcium (Ca) is an ideal cation for biochar modifi-
cation, due to its easy availability, low-cost, and friendliness 
to ecological environment. Many studies reported that Ca 
chemical reagents (e.g., CaCl2, Ca(OH)2) modified biochar 
for effective removal phosphate from water. The adsorp-
tion capacity of CaCl2-modified granular attapulgite was 
increased by 12 times than that of raw material [12]. Wang 
et al. [13] prepared calcium-modified flour biochar with the 
maximum sorption capacity of 314.22 mg/g. Usually, calci-
um-modified biochar is prepared by loading Ca chemical 
reagent such as CaCO3, Ca(OH)2, or CaCl2, onto the surface 
of biochar for modification. In order to reduce the cost, the 
preparation of modified adsorbents based on Ca-rich waste 
has received intensive attention. Oyster shell is a common 
biowaste containing about 95% calcium carbonate, so the 
modification of biochar with oyster shell as a calcium source 
substitute could be an attractive approach. Moreover, the 
post-adsorption (P-laden) modified biochar has the poten-
tial to be used as adsorbent to remove heavy metals from 
aqueous solution, or as a slow-releasing fertilizer for soil.

In this study, oyster shell-modified biochar composites 
were prepared by the co-pyrolysis of oyster shell (as the 
calcium source) and wheat straw. The effect of mass ratio 
of oyster shell-to-straw and pyrolysis temperature was 
investigated to reveal the optimum ratio and pyrolysis 
temperature. Adsorption experiments and related models 
were used to determine the adsorption properties of the 
synthesized biochar composites on both phosphate and 
ammonium. The performance of nutrients removal from 
real domestic sewage by the synthesized material was also 
investigated. The removal mechanisms on phosphate and 
ammonium were also examined.

2. Materials and methods

2.1. Materials

Wheat straw samples were collected from a farm and 
oyster shells were attained from a food market in Jinan 
City, Shandong Province, China. The samples were washed 
three times with deionized water and dried in an oven 
at 105°C for 12 h. The samples were crushed and sieved 
through 0.1 mm sieve. The phosphate solution used for the 
following experiments was prepared by diluting the stock 
solution (500 mg·P/L).

Chemical reagents used in this experiment were all of 
analytical grade, including ammonium molybdate tetrahy-
drate ((NH4)6Mo7O24·4H2O), L-ascorbic acid (C6H8O6), potas-
sium dihydrogen phosphate (KH2PO4), ammonium chloride 
(NH4Cl) which were produced by Sinopharm Chemical 
Reagent Co., Ltd., (Shanghai, China), antimony potassium 
tartrate (C4H4KO7Sb·0.5H2O) produced from Chengdu 
Jinshan Chemical Reagent Co., Ltd., (Chengdu, China), and 
Nessler’s reagent (for ammonium measurement) produced 
by Beckman Biotechnology Co., Ltd. (Changde, China).

2.2. Preparation of biochar

The preparation of biochar composites by pyrolysis 
of material powders in a high-temperature tube furnace 
(OTF-1200X, Kejing, China). The modified biochar com-
posites were prepared with oyster shell and wheat straw 
powders at mass ratios of 0:1, 1:1, 2:1, 3:1, 4:1, 5:1, and 1:0, 
respectively, and the mixture was heated to 800°C for 2 h at 
a rate of 10°C/min in the presence of nitrogen stream. The 
chamber was then cooled to room temperature to obtain 
the modified biochar (OSB). The biochar mixtures with 
mass ratios of 0:1, 1:1, 2:1, 3:1, 4:1, 5:1 and 1:0 was named 
biochar (BC), OSB1:1, OSB2:1, OSB3:1, OSB4:1, OSB5:1, OSB.

To investigate the influence of pyrolysis temperature 
on phosphate adsorption capacity of the modified biochar, 
the mixture of oyster shell and wheat straw powders at a 
mass ratio of 3:1 was pyrolyzed at 600°C, 700°C, 800°C, and 
900°C and the synthesized materials were named 600OSB, 
700OSB, 800OSB (OSB3:1) and 900OSB, respectively.

2.3. Phosphate adsorption experiments

All batch adsorption experiments were performed in 
plastic bottles. Typically, 0.1 g of the material was put into 
a 100 mL polyethylene bottle containing 40 mL of phos-
phorus solutions at room temperature, and filtered with 
0.45 µm filter paper after 24 h, and then the concentration 
of phosphate was determined by ammonium molybdate 
spectrophotometric method at a wavelength of 700 nm 
with a UV-Vis Spectrophotometer (T6 New Century, Beijing 
Persee General Instrument Co., Ltd., China). Adsorption iso-
therm was investigated with 0.1 g of the prepared materials 
and 40 mL solutions containing phosphate concentration 
(0–400 mg·P/L) at pH 7.0. The adsorption kinetic prop-
erties were examined by mixing different materials and 
100–200 mg·P/L solutions, and samples were collected at 
specified times (0–1,440 min) for the measurement of phos-
phate concentration. The influence of pyrolysis temperature 
of biochar on phosphate adsorption was examined with the 
addition of 0.1 g of the materials (600OSB, 700OSB, 800SB, 
and 900OSB) into 40 mL phosphate solution (100 mg·P/L) for 
24 h. Meanwhile, the initial pH of the solution is adjusted to 
be in the range of 2–11 to study the effect of pH. To study 
the effect of co-existing anions, 0.1 g of material and 40 mL 
solution (5 mmol·P/L) with different anions (NO3

−, HCO3
−, 

SO4
2− and Cl−) with the concentrations of 0–40 mmol/L were 

mixed for 24 h, and the mixture was immediately filtered, 
and the concentrations of phosphate were measured.

2.4. Ammonium adsorption experiments on modified  
materials

Ammonium is a common pollutant in actual domes-
tic wastewater. To study the effect of pH on ammonium 
adsorption, 0.1 g OSB3:1 and 40 mL ammonium solution 
(10 mg·N/L) were mixed, and the initial pH of the solu-
tion was adjusted to different initial pHs (2, 3, 5, 7, 9, 11) 
using NaOH and HCl solutions. The adsorption isotherm 
properties were studied by mixing 0.1 g OSB3:1 and 40 mL 
ammonium solution varying the initial ammonium con-
centration (0.5, 1, 2, 5, 8, and 10 mg/L).



125P. Dong et al. / Desalination and Water Treatment 308 (2023) 123–136

2.5. Treatment of real domestic wastewater with modified biochar

The synthetic material (OSB3:1) was used to adsorb 
phosphate and ammonia from real domestic wastewater 
from the inlet and outlet of one sewage treatment station 
University of Jinan, Shandong Province. Three dosage of 
adsorbents (1.25, 2.5 and 5.0 g/L) of adsorbent were used to 
remove nutrients from real sewage wastewater, and sam-
ples were taken at specified times (0, 5, 10, 20, 30, 60, 120, 
and 180 min) for were phosphate concentration measure-
ment after being filtered through 0.45 µm filter.

2.6. Application of P-laden biochar as metals adsorbent

The feasibility of reusing P-laden biochar to remove 
heavy metal ions from aqueous solutions was investigated. 
0.05 g P-laden OSB3:1 was placed into 25 mL heavy metal 
solution (Cu2+, Cd2+ and Zn2+ (100 mg/L)) at the initial pH 1.5, 
2, 3 and 4 for 24 h. After reaction, the filtrate was used for 
metals concentrations analyzing by using atomic absorption 
spectroscopy (AAS, AA-7000, Shimadzu, Japan).

2.7. Material characterization

The micro-morphological structure and surface ele-
mental constitute of the samples was characterized by 
scanning electron microscopy (SEM, Tescan Mira LMS, 
Czech) equipped with energy-dispersive X-ray spectrom-
eter (EDS). The specific surface area (SBET) and pore size 

distribution was measured by Brunauer–Emmett–Teller 
(BET) analyzer (Micromeritics ASAP 2460, USA). The sur-
face functional groups of the samples were analyzed using 
Fourier-transform infrared spectroscopy (FTIR) in the 
range of 400–4,000 cm–1 (Thermo Nicolet iS50, USA). The 
crystal structure of the materials was determined by X-ray 
powder diffractometry (XRD, Rigaku Ultima IV, Japan).

3. Results and discussion

3.1. Material characterization

The morphology and structure of the synthesized mate-
rials (BC, OSB3:1, and P-laden OSB3:1) are shown in Fig. 1. 
OSB3:1 had a relatively smooth surface with some spheri-
cal particles. After adsorption, many flocculent precipitates 
appeared on the surface of biochar, resulting in a decrease 
in pore size and loss of active adsorption sites. Compared 
to OSB3:1, the mass fraction (%) of P increased from 1.4% 
to 8.5% after adsorption, indicating that P was transferred 
from the aqueous solution to the adsorbent during the 
adsorption process.

The XRD spectra of OSB3:1 before and after adsorp-
tion are shown in Fig. 2b. The diffraction peaks of CaO 
(2θ = 32.5°, 37.8°, 54.2°, 64.7°, 67.7°, 79.9°, and 88.8°) were 
observed for OSB3:1 [14]. While, after phosphate adsorption, 
the diffraction peak of CaO disappeared and the new peaks 
of hydroxyapatite (Ca5(PO4)3OH) appeared at 2θ = 28.8°, 
29.5°, 32.1°, 39.4°, 49.5°, and Ca(OH)2 at 2θ = 18.2°, 34.4°, 

Fig. 1. Scanning electron microscopy images of BC (a), OSB3:1 (b) and P-laden OSB3:1 after adsorption (c).
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47.3°, 51.0°, 54.5° [15]. Meanwhile, pyrolysis temperature 
and mixing ratio (oyster shell and wheat straw) had great 
impact on the minerals formed in the synthesized materials 
(Fig. 2a and c). For 600OSB and 700OSB, the main diffrac-
tion peaks were attributed to CaCO3 and no diffraction peaks 
of CaO were observed in the XRD patterns. While diffrac-
tion peaks of CaO were observed in the XRD patterns for 
800OSB (OSB3:1). It indicated that pyrolysis temperature 
no less than 800°C would be required for the preparation 
of the materials for effective phosphate adsorption [16,17].

Compared with the adsorption capacity (11.06 mg·P/g) 
and SBET (323.51 m2/g) of raw straw biochar, OSB3:1 had 
superior adsorption capacity for phosphate (151.37 mg/g) 
with very low SBET (3.62 m2/g). It suggested that the pre-
dominant mechanism could be chemical adsorption rather 
than physical adsorption. The pore volumes and average 
pore sizes for BC and OSB 3:1 were 0.23 and 0.0063 cm3/g, 
2.85 and 6.77 nm (Table 1), respectively, indicating that 
the introduction of Ca promoted the formation of pore  
structure [2,13].

The results of surface functional groups on the synthe-
sized materials are shown in Fig. 3. The band at 3,643 cm–1 
was attributed to the stretching vibration of –OH, and the 
bands at 712, 874 and 1,419 cm–1 represented the bend-
ing vibration of CO3

2–. Compared with the BC, the dif-
fraction peaks of the –OH and CO3

2– groups of the oyster 

Fig. 2. X-ray diffraction spectra of synthetic materials.

Table 1
Basic physical properties of modified biochar

Samples SBET (m2/g) Pore volume (cm3/g) Pore size (nm)

800BC 323.51 0.23 2.85
800OSC 1.82 0.0035 7.75
OSB1:1 107.91 0.0672 2.49
OSB2:1 7.19 0.0089 4.93
OSB3:1 3.62 0.0063 6.77
OSB4:1 2.32 0.0034 6.16
OSB5:1 2.53 0.0042 6.70
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shell modified biochar (OSB3:1) were obviously enhanced 
because of the modification of the oyster shell. After adsorp-
tion, new peaks were observed at 1,050 cm–1, which was 
attributed to the P=O stretching vibration band.

3.2. Adsorption experiments

3.2.1. Effect of pyrolysis temperature and solution initial pH 
on adsorption capacity

As shown in Fig. 4a, the biochars pyrolyzed at 800°C and 
900°C had higher adsorption capacity than those pyrolyzed 
at 600°C and 700°C at pH 2–11. For example, the adsorp-
tion capacity for 600OSB, 700OSB, 800OSB and 900OSB at 
pH 2.0–11.0 was 24.48–32.05, 25.87–36.89, 40.58–43.82, and 
40.57–43.65 mg·P/g, respectively. At pyrolysis tempera-
tures of 800°C and 900°C, CaCO3 in oyster shell powder 

was decomposed into CaO (Fig. 2c) and it could introduce 
active Ca(II) into the biochar, which improved the adsorp-
tion capacity of biochar for phosphate. It suggested that 
the pyrolysis temperature (800°C) would be required for 
preparing oyster shell modified straw biochar with high 
adsorption efficiency.

The pH of the solution is an important factor in the 
removal of phosphate from complex materials, as it can 
affect the species distribution of P in solution and the char-
acteristics of the adsorbent surface. As shown in Fig. 4a. The 
result indicated that the efficient removal of phosphate can 
be achieved at wide pH range (2.0–11.0) with the maximum 
at initial pH 2.0. In addition, the pH of the solution increased 
after phosphate adsorption, indicating its advantage in the 
treatment of acidic wastewater containing P (Fig. 4b).

3.2.2. Adsorption kinetics

The pseudo-first-order kinetic model [Eq. (1)], pseu-
do-second-order kinetic model [Eq. (2)], intraparticle diffu-
sion model [Eq. (3)], and mass transfer factor (MTF) mod-
els [Eqs. (4)–(6)] were employed to fit the experimental 
data to evaluate the adsorption kinetic performance of the 
modified biochar [19–21].
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Fig. 3. Fourier-transform infrared spectra of synthetic materials.

Fig. 4. (a) Effect of initial pH on adsorption capacity of synthetic materials, and (b) final pH after phosphate adsorption.
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where Qe and Qt (mg/g) are the sorption capacity of the 
absorbent at the time of adsorption equilibrium and time 
t, respectively; k1 (min–1) and k2 (g/mg·min) refer to the 
rate constants of the proposed pseudo-first-order and 
pseudo-second-order kinetic models, respectively [21]; Ki 
(mg/g·min1/2) refers to the intraparticle diffusion rate con-
stant, and C is a variable that is dependent on the depth 
of the adsorption border [12]. C0 is initial concentration of 
the phosphate in the solution (mg/L), and Ct is concentra-
tion of the phosphate remaining in the solution at a time 
t (mg/L). [kLα]g is global mass transfer factor (min–1), β is 
adsorbate–adsorbent affinity parameter (g/min·mg), and 
t is accumulation time (min). B is potential mass transfer 
index relating to driving force of mass transfer (mg/g) [22].

From Fig. 5a, the adsorption of phosphate onto OSB3:1 
increased rapidly within 3 h and reached equilibrium 

within 6 h. The pseudo-second-order kinetic model had a 
higher determined coefficient compared to that of the pseu-
do-first-order kinetic model (Table 2). According to the 
pseudo-second-order kinetic model, the theoretical adsorp-
tion capacities were 44.31 and 72.70 mg/g when adsorption 
reached equilibrium at phosphate concentrations of 100 and 
200 mg/L, which were closer to the actual adsorption capac-
ities of 42.89 and 65.79 mg/g when equilibrium reached. 
This suggested that the adsorption of phosphate onto 
OSB3:1 could be dominated by chemisorption (e.g., com-
plexation, precipitation ligand exchange and other chemi-
cal reactions). The adsorption rate constant k2 of 200 mg/L 
was higher than that of 100 mg/L, showing that more time 
was required to reach equilibrium at higher phosphate con-
centrations. The fitting results of the intraparticle diffusion 
model showed that the adsorption process was divided into 
two different stages, with the first stage having a higher 
slope and the next stage having a lower slope [23]. This can 
be interpreted that at the first stage phosphate in the solu-
tion contact with the outer surface of the OSB3:1 material, 
and at the second stage phosphate ions enter the pores of 

Fig. 5. Adsorption kinetics of phosphate onto OSB3:1, (a) pseudo-first-order kinetics and pseudo-second-order kinetics, (b) internal 
diffusion model, and (c) mass transfer model.
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OSB3:1 and react with Ca2+ in the material (Fig. 5b). The 
fitting result of the MTF model is presented in Fig. 5c and 
the parameters are presented in Table 2. The fitted line had 
a smaller slope at lower P concentration, which implies a 
lower 1/β and a lower binding resistance of the adsorbent 
to adsorbate [22]. It showed that 1/β increased from 7.52 to 
12.49 g·min/mg and B decreased from –11.96 to –26.33 mg/g 
as C0 was increased from 100 to 200 mg/L, implying that 
the rate of the phosphorus adsorption by the modified 
material increased with the initial P concentration.

3.2.3. Adsorption isotherms

The Langmuir [Eq. (7)] and Freundlich [Eq. (8)] iso-
therm models were used to fit the data of adsorption [24].

Q K Q
C
K Ce L
e

L e

� � �
� �max 1

 (7)

Q K Ce F e
n� � 1/  (8)

where Qe (mg/g) is the equilibrium sorption capacity, 
Ce (mg/L) is the equilibrium concentration of the adsorbate, 
and Qmax is the maximum sorption capacity. KL (L/mg) is 
the Langmuir adsorption equilibrium constant. KF ((mg/g)
(L/mg)1/n) is the Freundlich isotherm constant related to the 
adsorption capacity of the adsorbate, and n is a constant 
related to adsorption intensity. Further, the basic character-
istics of Langmuir can be expressed by dimensionless factor 
RL according to Eq. (9).
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where RL is the dimensionless separation factor, which 
reflects the favorability of adsorption.

The adsorption isotherm is shown in Fig. 6, and the fit-
ting parameters are summarized in Table 3. The determined 
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Fig. 6. Adsorption isotherms of synthetic materials.
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coefficient (R2) of the Langmuir model (0.898–0.966) was 
higher than that of the Freundlich model (0.762–0.952), 
suggesting the adsorption of phosphate onto the modi-
fied biochar was mainly monolayer adsorption. Among the 
synthesized materials, the adsorption capacity of the raw 
BC for phosphate was very low (Qmax 11.06 mg·P/g), while 
its adsorption capacity (Qmax) increased substantially to 
151.37 mg·P/g after modification, mainly due to the intro-
duction of Ca2+ from oyster shells into the biochar during 
the modification process. BC (with maximum SBET) had the 
lowest adsorption capacity, while, the adsorption capac-
ity of phosphate onto Ca2+ modified biochar was greatly 
improved even with low SBET, which indicated that physical 
adsorption did not play a key role in the adsorption process. 
The parameter (RL) is an important metrics for evaluation 
the isothermal adsorption performance of Langmuir, and 
RL values in the range of 0–1 indicated that the adsorption 
process was favorable (Table 3). In addition, the 1/n values 
for the Freundlich isotherm were all below 1.0, which indi-
cated that the adsorption of phosphate onto the biochar  
was easy to occur.

Among the modified biochars (pyrolyzed at differ-
ent temperature and mixing ratio), OSB3:1 (800OSB) had 
the best removal performance with Qmax 151.37 mg/g, 

which was comparable to those reported in the literature 
(Table 4). It suggested the efficient adsorbent for phos-
phate was prepared with optimum mixing ratio (3:1) of 
oyster shell to straw and pyrolyzed at 800°C.

3.2.4. Adsorption thermodynamics

Adsorption experiments were conducted at 277, 298, 
and 318 K to examine the effect of temperature on phos-
phate adsorption. Thermodynamic analysis was performed 
by calculating its thermodynamic parameters using the 
following equations [Eqs. (10) and (11)].

� � � �G RT Kdln  (10)

lnK S
R

H
RTd �

� �
�
� �  (11)

where Kd is the thermodynamic equilibrium constant; ΔG° 
(kJ/mol), ΔH° (kJ/mol) and ΔS° (J/mol·K) represent the 
free energy, enthalpy, and entropy changes, respectively; 
R (8.314 J/mol·K) is a constant; and T (K) is the thermody-
namic temperature [36,37].

Table 3
Fitting parameters of the adsorption isotherm for phosphate on synthetic materials

Absorbents Freundlich Langmuir

KF ((mg/g)(L/mg)1/n) 1/n R2 KL (L/mg) Qmax (mg/g) RSD R2

800BC 3.32 0.20 0.781 0.04 11.06 ± 0.90 8.14% 0.674
OSC 13.88 0.29 0.841 0.04 76.67 ± 5.16 6.73% 0.946
OSB1:1 31.25 0.27 0.952 0.14 122.02 ± 6.69 5.48% 0.961
OSB2:1 35.17 0.23 0.790 0.14 121.13 ± 6.03 4.98% 0.966
OSB3:1 19.93 0.38 0.910 0.05 151.37 ± 15.11 9.98% 0.932
OSB4:1 23.46 0.33 0.762 0.05 141.83 ± 16.16 11.39% 0.898
OSB5:1 18.43 0.31 0.884 0.03 114.65 ± 11.02 9.61% 0.920

Table 4
Adsorption capacities of phosphate onto OSB3:1 compared with other materials

Material Pyrolysis temperature Qmax (mg/g) References

MgCl2 modified banana straw biochar 430°C 31.15 [25]
Nano-rod Ca-decorated sludge derived carbon 800°C 116.82 [26]
Mg/Ca modified biochars 700°C 129.79 [27]
Eggshell modified sludge biochar 800°C 154.18 [28]
La(OH)3 modified biochars 400°C 75.08 [10]
Magnetic porous biochar supported La(OH)3 180°C 116.08 [29]
Ca(OH)2 modified biochar 100°C 138.7 [30]
Calcium aluminate decahydrate 1400°C 89.58 [31]
Sepiolite 900°C 33.9 [32]
Fe/Ca-modified biochar 900°C 33.2 [33]
Eggshell and peanut shells 550°C 130.57 [34]
Potato peels and eggshells 700°C 174.8 [35]
Wheat straw and oyster shells 800°C 151.37 This work
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The values of ΔH° and ΔS° were determined by the Van’t 
Hoff equation, and ΔG° was determined by both ΔH° and 
ΔS° [38]. As shown in Table 5, ΔG° was negative, which 
suggested that adsorption of phosphate by the modified 
biochar was a spontaneous process. ΔH° was positive, 
which indicated that the adsorption was endothermic and 
phosphate adsorption capacity enhanced with tempera-
ture increased (Fig. 7). ΔS° was positive for positive val-
ues, which indicated that phosphate had a high extent of 
freedom at the solid/liquid interface during the adsorption  
process.

3.2.5. Effect of coexisting anions

SO4
2–, NO3

–, HCO3
–, and Cl– are common anions that 

coexist with phosphate in aqueous environment. They may 
impair the phosphate sorption efficiency by increasing 
the Coulomb repulsion or by binding to the valid reactive 
sites on the sorbent screen. It showed that NO3

–, Cl–, and 
SO4

2– had negligible effect on the adsorption of phosphate 
to OSB3:1 (over 95% of removal efficiency), even when the 
concentration reached to 40 mmol/L. While, HCO3

– had a 
relatively obvious impact on the efficiency of phosphate 
adsorption. As shown in Fig. 8, the adsorption capac-
ity decreased from 64.50 to 58.33 mg/g as the HCO3

– con-
centration increases from 0 to 40 mmol/L. The pH of the 
mixture increased to about 10.5 after adding biochar into 
phosphorus solution, which can convert HCO3

– to CO3
2–, 

and subsequently CO3
2– combined with Ca2+ on the sur-

face of OSB3:1 to form CaCO3. This process occupied 
the active sites on the surface of biochar and affected the 

generation of Ca-P precipitation, thus reducing the adsorp-
tion capacity of biochar. Overall, the decrease of adsorp-
tion capacity was not pronounced, which indicated that 
there was some tolerance of this material for common salts.

3.3. Adsorption mechanism

To reveal the removal mechanism of phosphate by 
OSB3:1, FTIR, XRD and SEM-EDS analysis of the materi-
als before and after phosphate adsorption were conducted. 
As seen from the SEM images in Figs. 1 and 9, the obvi-
ous difference between the surface of raw OSB3:1 and that 
after phosphate adsorption happened, suggesting that new 
substances could be formed on the P-laden OSB3:1 [28]. 
According to EDS analysis (Fig. 9), the P content of OSB3:1 
was very low (1.4%). While, for post-adsorption of OSB3:1, 
it increased to 8.5%. This indicated that phosphate was 
successfully trapped by OSB3:1.

Table 5
Thermodynamic parameters for the adsorption of phosphorus 
on OSB3:1 material

Adsorbents ΔH°  
(kJ/mol)

ΔS°  
(J/mol·K)

ΔG° (kJ/mol)

277 K 298 K 318 K

OSB3:1 6.78 25.20 –0.20 –0.73 –1.06

Fig. 7. (a) Adsorption capacity of phosphate on OSB3:1 at different temperatures, and (b) thermodynamic linear fitting.

Fig. 8. Effect of co-existing anion on adsorption capacity.
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XRD analysis was performed for the adsorbents before 
and after adsorption to investigate the precipitation min-
erals. After adsorption, the CaO diffraction peaks at 
2θ = 32.5°, 37.8°, 54.2°, 64.7°, 67.7°, 79.9°, and 88.8° disap-
peared, and the diffraction peaks representing Ca (OH)2 
appeared (2θ = 18.2°, 34.4°, 47.3°, 51.0°, 54.5°, and 54.5°) 
(Fig. 2). The diffraction peaks representing hydroxyapatite 
(HAP) (Ca5(PO4)3(OH)) appeared at 28.8°, 29.5°, 32.1°, 39.4°, 
49.5°. That indicated that Ca2+ reacted with phosphate in 
the presence of hydroxyl groups to form hydroxyapatite.

FTIR analysis was conducted to further reveal the phos-
phorus removal mechanism of OSB3:1. For post-adsorption 
of OSB3:1, a stretching vibration peak belonging to O–P–O 
appeared at 1,050 cm–1 [39], which implies that OSB3:1 
successfully adsorbed phosphate from aqueous solution 
(Fig. 3). After adsorption, the –OH peak at 3,643 cm–1 obvi-
ously decreased, suggesting that –OH could be involved 
in the adsorption process (e.g., possible ligand exchange 
or ion exchange between –OH groups and PO4

3–) [13]. 
Based on the above analysis, the main removal mechanism 
of phosphate by OSB3:1 included surface precipitation, 
electrostatic attraction, ligand exchange and ion exchange.

3.4. Ammonium adsorption experiments on modified materials

It is necessary to investigate the ability of OSB3:1 to 
adsorb ammonium because it is a common pollutant in nat-
ural soil and water. In this experiment, the effect of pH on 
the adsorption of ammonium by OSB3:1 and the isothermal 
characteristics of the adsorption process were investigated.

As shown in Fig. 10a, ammonium could be adsorbed by 
OSB3:1 at wide range of pH. Among them, OSB3:1 had the 
highest adsorption capacity at pH 5 with the Qe of 0.45 mg/g. 
The Langmuir and Freundlich models were used to fur-
ther investigate the adsorption effect of OSB3:1 on ammo-
nium. The fitting results are shown in Fig. 10b and the 
corresponding parameters are summarized in Table 6. The 
determined coefficient of the Langmuir isotherm (0.958) 
was larger than that of the Freundlich (0.927), indicating 
that the adsorption process could be better described by the 
Langmuir model. According to the Langmuir model, the 
maximum adsorption capacity of OSB3:1 for ammonium is 
0.80 mg·N/g. From the above experimental results, it con-
cluded that OSB3:1 had a certain adsorption capacity for 
ammonium, which is beneficial for its application in actual  
wastewater treatment [40].

Fig. 9. (a) SEM-EDS images of OSB3:1 and (b) P-laden OSB3:1 after adsorption



133P. Dong et al. / Desalination and Water Treatment 308 (2023) 123–136

3.5. Potential application for phosphate and ammonium removal

It is necessary to evaluate the adsorption of low concen-
trations of phosphate onto OSB3:1, due to even phosphate 
at very low concentration (20 µg/L) promoting algal mas-
sive growth in natural water body. Therefore, untreated 
domestic sewage and the treated effluent from wastewater 
treatment plant of Jinan University in Shandong Province 
were chosen for phosphate removal at three dosages (1.25, 
2.5 and 5 g/L). As shown in Fig. 11a, the removal efficiency 
of phosphate from domestic wastewater was 71.37% at 
the dosage of 1.25 g/L, and it gradually increased with the 
increase of adsorbent dosage, and reached 85.02% when 
the dosage reached 5 g/L. As shown in Fig. 11b, the efflu-
ent concentration of P decreased from 2.50 to 0.87 mg/L 
within 180 min with the adsorbent dosage of 1.25 g/L. 
When the modified biochar dosage was further increased 
to 2.5 and 5 g/L, the phosphate concentration reduced 
to 0.50 and 0.32 mg/L, respectively. These results sug-
gested that OSB3:1 decreased the effluent concentration 
of phosphate from actual wastewater. However, it is diffi-
cult to further decrease phosphate concentration to trace 
level. The synthesized material would be suitable for the 
removal of acidic wastewater with high concentration of  
phosphate.

As shown in Fig. 11c, the effluent concentration of 
ammonium decreased from 17.35 to 16.53 mg/L (removal 

efficiency of 4.7%) within 180 min with the adsorbent dos-
age of 1.25 g/L. When the modified biochar dosage was 
further increased to 2.5 and 5 g/L, the ammonium concen-
tration decreased to 16.19 (removal efficiency of 6.7%) and 
15.93 mg/L (removal efficiency of 8.2%), respectively. The 
similar result of ammonium removal from the effluent of 
domestic wastewater treatment station is also observed in 
Fig. 11d. These results showed that OSB3:1 had poor per-
formance on ammonium removal from actual domestic  
wastewater.

3.6. As adsorbent of heavy metal

The removal efficiency of Cu2+, Cd2+ and Zn2+ from aque-
ous solutions by P-laden adsorbent is shown in Fig. 12. 
The removal efficiency of heavy metals increased with the 
increase of solution pH, finally reaching more than 99%, and 
the P-laden adsorbent showed excellent removal ability of 
Cu2+, Cd2+ and Zn2+, especially application for acidic waste-
water. Usually, biochar can absorb heavy metals due to its 
abundant functional groups [41]. In addition, the formed 
Ca-P precipitates (HAP) in biochar could also contrib-
ute heavy metal ions removal from aqueous solution [42]. 
Thus, reuse of waste P-laden biochar as heavy metal adsor-
bent was proposed, especially application for acidic waste-
water containing heavy metals (e.g., Cu2+, Cd2+ and Zn2+).

Fig. 10. (a) Effect of initial pH on adsorption capacity of ammonium onto OSB3:1, and (b) adsorption isotherms for ammonium onto 
OSB3:1.

Table 6
Fitting parameters of ammonium adsorption isotherms on synthetic materials

Absorbents Freundlich Langmuir

KF ((mg/g)(L/mg)1/n) 1/n R2 KL (L/mg) Qmax (mg/g) R2

OSB3:1 0.113 0.643 0.927 0.151 0.80 ± 0.20 0.958
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4. Conclusions

In this study, a new calcium-modified biochar was pre-
pared by co-pyrolysis of wheat straw and oyster shell to 
remove phosphate and ammonium from aqueous solutions. 
The results showed the biochar composite with the maxi-
mum capacity (151.37 mg·P/g and 0.8 mg·N/g) was synthe-
sized at optimum mass ratio (3:1) of oyster shell-to-straw 
and pyrolysis temperature (800°C). The main adsorption 
mechanism was the reaction of Ca-loaded biochar with phos-
phate to form hydroxyapatite, ligand exchange, ion exchange 
and electrostatic attraction. The synthesized biochar would 
be suitable for the removal of acidic wastewater with high 
concentration of phosphate. Reuse of P-laden biochar as 
heavy metal (e.g., Cd, Zn and Cu) adsorbent was proposed.
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Fig. 11. (a) Phosphate concentration of domestic wastewater treated by OSB3:1, (b) phosphate concentration of effluent from 
domestic wastewater treatment station treated by OSB3:1, (c) ammonium concentration of domestic wastewater treated by OSB3:1, 
and (b) ammonium concentration of effluent from domestic wastewater treatment station treated by OSB3:1.

Fig. 12. Removal of heavy metal ions for P-laden OSB3:1
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