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a b s t r a c t
The presence of complex functional groups and a well-developed pore structure make biochars highly 
effective in the removal of hazardous substances from water. In this work, peanut shell and orange 
peel biochars were produced by slow pyrolysis at different temperatures (300°C, 400°C, 500°C) for 
6 h. The prepared biochars were used to treat phosphate in water to explore the effect of contact 
time and initial concentration of phosphate on adsorption performance. The kinetic models were fit-
ted to study the adsorption mechanisms. The results showed that the highest yields of peanut shell 
(86.7%) and orange peel biochars (81.2%) were achieved at 400°C and 300°C, respectively. 5.0 g of 
peanut shell biochars removed about 5.94 mg/g phosphate in 26 h and the removal rate was 83.2%, 
while the same amount of orange peel biochars removed about 5.79 mg/g phosphate in 26 h and 
the removal rate was 81.1%. The adsorption processes of phosphate by peanut shell and orange peel 
biochars fitted with the secondary kinetic models, which were dominated by chemical adsorption.
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1. Introduction

The advent of industrialization has caused serious dam-
age to the environment. Many organic and inorganic com-
pounds such as dyes, halogenated aromatic compounds, 
acids, bases, heavy metals etc have been loaded to the exter-
nal environment from different industries [1,2]. The pres-
ence of these compounds has caused serious damage to both 
aquatic and terrestrial plants and animals. Particularly, due 
to their high thermal stability and resistant to biodegrada-
tion, these compounds are slowly accumulated in water 
bodies beyond their limited concentration [3–6]. Similarly, 
the presence of inorganic compounds of phosphorous, 
sulphur, alkali, and alkaline earth metals are also present 
in different segments of the environment with enormous 

hazardous application [7–11]. In order to keep our envi-
ronment clean and safe for future generations, these com-
pounds must be eradicated preferentially to avoid their 
hazardous application.

Phosphorus is not only a vital component of human 
dental and skeletal structures, but also a crucial element 
that impacts the growth and development of plants [12]. 
However, high concentration of phosphorus which is usu-
ally present in the form of phosphate in water environment 
has many side effects including reduction in plant growth 
and oxygen solubility [13]. This reduction in oxygen solu-
bility causes death of aquatic organisms and seriously dam-
ages the quality of groundwater. The rate of eutrophication 
is increased many folds due to the excessive use of chemi-
cal fertilizers in agricultural production, development of 
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aquaculture, and use of phosphorus containing detergents 
to produce urban domestic sewage [14]. Therefore, reduc-
tion in the concentration of phosphate in water bodies and 
deceleration of the eutrophication rate are very important 
environmental problem to be solved urgently [15].

In recent years, biochar has become one of the most 
attractive materials in water purification due to its low cost 
and excellent adsorption capability for many pollutants 
[16–18]. Biochar is generally produced by properly heating 
plant residues under oxygen-free or oxygen-limited condi-
tions in the temperature range of 300°C–1,000°C [19,20]. Its 
large specific surface area due to porous structure and pres-
ence of different functionalities play important role in the 
eradication of hazardous adsorbents [21–26]. Gong et al. [27] 
loaded biochar with bismuth particles to form microporous 
structure and improve the specific surface area. The resul-
tant adsorbent removed significant amount of phosphate 
as governed by the spontaneous endothermic adsorption. 
He et al. [28] using calcium modified biochar found that the 
adsorption capability of the adsorbent was the highest for 
phosphate removal when the mass ratio of calcium hydrox-
ide to flour was 2:1, and the whole adsorption process was 
fully fitted with Langmuir and pseudo-secondary model. 
Sizmur et al. [29] used magnesium chloride as a modifier 
to prepare biochar from different raw materials and found 
that the adsorption effect of banana straw biochar-based 
adsorbent for phosphate was the highest with the adsorp-
tion amount of 31.15 mg/g. The adsorption mechanism was 
mainly surface electrostatic attraction, Mg2+ precipitation 
and complexation with surface hydroxyl functional groups.

To eradicate phosphate from wastewater through 
adsorption, biochar-based adsorbents were prepared from 
peanut shell and orange peel in this research work. The 
materials were heated at elevated temperature (300°C, 400°C 
and 500°C) to improve the surface morphology and porous 
structure of the resultant adsorbents. The surface morphol-
ogy and structure of the prepared biochar-based adsorbents 
were investigated through scanning electron microscopy 
(SEM) and Brunauer–Emmett–Teller (BET) techniques. The 
adsorptive performance of the adsorbents was studied by 
exploring the effect of reaction time and phosphate concen-
tration on the adsorption efficiency. The obtained data was 
fitted with the second-order kinetic model to clarify the 
whole adsorption process and mechanism. We hope that 
this work will provide a reference for the application of 
biochar-based materials in wastewater treatment.

2. Materials and methods

2.1. Raw materials and reagents

White sand peanut shells and ugly orange peels were 
chosen as raw materials for the production of biochars. 
Analytical grade ascorbic acid, ammonium molybdate tet-
rahydrate, potassium dihydrogen phosphate, potassium 
tartrate and potassium persulfate were respectively pur-
chased from Tianjin Institute of Chemical Reagents (China), 
Shenyang Chemical Reagent Factory (China), Tianjin Kemio 
Chemical Reagent Co., Ltd., (China), Liaoning Yongqiang 
Pharmaceutical Instrument Glass Co., Ltd., (China), and 
Tianjin Ruijinte Chemical Co., Ltd., (China).

2.2. Preparation of biochars

The peanut shells and orange peels were initially sub-
jected to a thorough deionized water wash followed by 
gentle oven drying. The dried materials were placed in an 
electric blast drying oven and subjected to a drying pro-
cess at 105°C for 48 h. Subsequently, they were pulver-
ized into powder using a pulverizer. After being sieved 
through a 100-mesh sieve, the powdered materials were 
transferred to a crucible and subjected to carbonization in 
a muffle furnace at different temperatures (300°C, 400°C 
and 500°C) for a duration of 6 h. After being cooled to 
room temperature, the powder was thoroughly rinsed 
with ultra-pure water until it reached a neutral pH. It was 
then dried until reaching a constant weight and stored 
in a sealed bag within a desiccator.

2.3. Characterization of the biochars

The morphologies of the biochars prepared were exam-
ined using a scanning electron microscope (SEM, FEI Quanta 
FEG 450, US) at scan rates of 1, 5 and 10 µm. The specific 
surface area and pore size of the biochars were determined 
using the BET multi-point method and Barrett–Joyner–
Halenda theory, respectively. MicroActive ASAP 2460 was 
employed to analyze the BET surface area and pore structure.

2.4. Yield calculation

The biochar yields were determined by utilizing the 
masses of the materials pre- and post-carbonization, as 
outlined in Eq. (1):
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where η represents the percentage yield, while M1 and M2 
denote the masses of the powdered materials before and 
after carbonization respectively, measured in grams [30].

The removal rate of phosphate was calculated by Eq. (2):
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where Co and Ce is the initial and final concentration of 
phosphate, mg/L.

The adsorption capacity of biochar was calculated by 
Eq. (3):
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where Co is the initial concentration and Ce is the final equilib-
rium concentration of simulated phosphate solution, mg/L. 
V is the volume of phosphate solution, L. M is the mass 
of the biochars, g.

2.5. Configuration and measurement of phosphorous in 
wastewater

The compound potassium dihydrogen phosphate was 
utilized to prepare an aqueous solution with a phosphate 
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concentration of 0.5 mg/L. Total phosphate was quantified 
using ammonium molybdate-based spectrophotometry. 
The sample solution was digested for 30 min, followed by 
the addition of ascorbic acid and then molybdate solution. 
After standing for 15 min, the concentration of phosphate 
was measured using a multi-parameter water quality ana-
lyzer. Ultra-pure water with a resistance of 18 M/Ω was 
used in this experiment.

2.6. Design of the adsorption experiment

2.6.1. Effect of contact time

A controlled variable method was employed to investi-
gate the factors influencing the rate of removal and adsorp-
tion capacity of biochars. A quantity of 5.0 g of biochars 
were taken and introduced into a 100 mL aqueous solution 
with a phosphate concentration of 0.5 mg/L. The mixture 
was placed in a temperature-controlled oscillation box 
at ambient conditions and agitated at a speed of 180 rpm 
in a water bath. At regular time intervals (24, 26, 28, and 
30 h), 1 mL of the solution was extracted to determine the 
concentration of total phosphate. Each experiment was 
conducted in triplicate to investigate the impact of con-
tact time on the adsorption capacity of the biochars and 
phosphate removal rate.

2.6.2. Effect of concentration

A total of 5.0 g of biochars was added to a 100 mL aque-
ous solution containing different phosphate concentrations 
(0.3, 0.5, 1.0, and 1.3 mg/L). The mixture was placed in a 
constant temperature oscillation box at room temperature 
and agitated at a speed of 180 rpm in a water bath. After 
28 h, a sample of 1 mL solution was collected to determine 
the concentration of total phosphate. Each experiment pro-
cess was conducted three times to investigate the impact 
of phosphate concentration on the adsorption capacity 
of the adsorbents.

3. Results and discussion

3.1. Biocarbon yield

The biochar yields from peanut shells and orange peels 
are presented in Fig. 1, which were influenced by various 
experimental conditions such as temperature, contact time 
and feedstock type. As the raw material is subjected to 
high temperatures for an extended period, complete car-
bonization occurs, resulting in the separation of functional 
groups and a simultaneous increase in carbon content while 
reducing hydrogen and oxygen contents [31]. From the per-
spective of raw material types, the overall biochar yields of 
peanut shells exceeded that of orange peels, with an aver-
age yield exceeding 80%. The maximum yields for peanut 
shell biochars and orange peel biochars were achieved at 
86.7% when pyrolyzed at 400°C for 6 h and at 81.2% when 
pyrolyzed at 300°C for 6 h, respectively. The reason for this 
is that peanut shells contain more than 60% crude fiber, 
which can be easily carbonized and thus lead to a higher 
ash content. In contrast, orange peels primarily consist 
of volatile oil and flavonoids, which are more difficult to 
carbonize under the given conditions [32].

3.2. Influence of the contact time on adsorption process

The change in phosphate removal rate and adsorp-
tion capacity of biochars derived from peanut shells and 
orange peels with contact time is illustrated in Fig. 2. The 
trend in phosphate removal and adsorption capacity of 
biochars remained relatively consistent as the contact time 
increased, despite variations in carbonization tempera-
tures, contact times and raw materials. The adsorption of 
phosphate onto biochars derived from peanut shells and 
orange peels initially increased, reaching equilibrium after 
26 h. At this time, the peanut shell biochars carbonized for 
6 h at 400°C exhibited a phosphate removal rate of 81.33% 
and a maximum adsorption amount of 5.91 × 10–3 mg/g, 
while the orange peel biochars carbonized for 6 h at 300°C 
showed a phosphate removal rate of 74.84% and a maxi-
mum adsorption amount of 5.27 × 10–3 mg/g. The biochars 
produced from orange peels carbonized at 300°C and the 
biochar produced from peanut shell carbonized at 400°C 
for 6 h exhibited superior adsorption capabilities. The 
adsorption capacity of peanut shell biochars for phosphate 
is superior to that of orange peel biochars. The reason is 
that peanut shells contained more calcium (0.25%~0.27%) 
and iron (0.12%~0.18%) polyvalent metal components than 
orange peels (0.055%~0.082% calcium, 0.03%~0.08% iron) in 
this study. The poor content of multivalent metal elements 
in common used biomasses impede the efficiencies of their 
biochars [33–36]. Thus, biochars from biomasses rich in 
these elements are more feasible in phosphorus removal.

3.3. Effect of initial concentration of phosphate

The effect of initial phosphate concentration on the 
phosphate removal rate and adsorption capacity of bio-
chars derived from peanut shells and orange peels is 
illustrated in Fig. 3. The impact of the initial phosphate 
concentration on the adsorption ability of both biochars is 
clearly evident. The trend in phosphate removal exhibited a 
general resemblance as the initial phosphate concentration 

 
Fig. 1. Yields of biochars from peanut shells and orange peels 
at different temperatures.
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Fig. 3. Removal rate and adsorption capacity of biochars produced from peanut shells and orange peels at different initial concen-
trations of phosphate.

 

Fig. 2. Removal rate and adsorption capacity of biochars produced from peanut shells (a,b) and orange peels (c,d) at different 
contact times.
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increased. Initially, there was a significant increase in the 
adsorption of phosphate by peanut shell biochars, followed 
by reaching a plateau and ultimately declining. When the 
initial phosphate concentration was 0.5 mg/L, the maxi-
mum removal rate reached 81.74%. As the initial phosphate 
concentration increased to 1.0 mg/L, a maximum adsorp-
tion capacity of 11.47 mg/g was achieved. The highest 
removal rate was 80.31% at initial phosphate concentra-
tion of 0.5 mg/L and adsorption of phosphate by orange 
peel biochars reached a maximum value of 8.61 mg/g at 
initial phosphate concentration of 1.0 mg/L. The eleva-
tion of pyrolysis temperature in peanut shell biochars 
enhances phosphate adsorption, while it exerted minimal 
influence on the adsorption efficiency of orange peel bio-
chars. The findings suggest that the adsorption capacity 
of phosphate in biochars derived from peanut shells and 
orange peels is influenced by the concentration of adsorbed 

phosphate. These results are consistent with the studies 
conducted by Kizito et al. [37] and Mor et al. [38].

3.4. Adsorption kinetic model

The adsorption kinetic parameters are presented in 
Table 1, while the fitting curves of phosphate adsorption 
by peanut shell and orange peel biochars are illustrated in 
Fig. 4. The adsorption of phosphate by peanut shell and 
orange peel biochars followed the secondary kinetic model 
with a high R2 value of 0.999, indicating chemical adsorption. 
The findings were consistent with the study conducted by 
Yi and Chen [39] on the use of agro-waste rice husk ash for 
phosphate removal from wastewater. The transfer of com-
mon electron pairs between the biochar-based adsorbent 
and the phosphate led to pollutant removal due to the for-
mation of new chemical bonds [40].

Table 1
Parameters of adsorption kinetic model for phosphate adsorption by biochars

Biochar First-order dynamic equation Second-order dynamic equation

K1 (min) Qe (mg/g) R2 K2 (g/mg·min) Qe (mg/g) R2

Peanut shells 0.0940 5.98 0.975 0.0015 5.94 0.998
Orange peels 0.0891 5.68 0.970 0.0023 5.79 0.997

 

Fig. 4. Kinetic models of phosphate adsorption by biochars produced from peanut shells and orange peels.
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Fig. 5. Scanning electron microscopy images of biochars produced from peanut shells (a,c) and orange peels (b,d) at 400°C in 6 h.

 
Fig. 6. Adsorption–desorption curves and pore sizes of biochars produced from peanut shells (a,c) and orange peels (b,d).
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3.5. SEM analysis

Fig. 5 depicts the scanning electron microscope images 
of orange peel biochars heated at 300°C and peanut shell 
biochars heated at 400°C for a duration of 6 h. It is evident 
that the surface of the biochar exhibits a lamellar structure. 
As the magnification increases, the pore structure becomes 
increasingly dense and complex. This is due to the carbon-
ization of biomass at a certain temperature, resulting in solid 
carbon and tar formation accompanied by gas volatilization 
that contributes to the development of pore structure. This 
improves the specific surface area to enhance the adsorp-
tion capacity significantly [41]. Upon comparison, it was 
observed that the granular pores of peanut shell biochars 
were more prominent, providing a larger surface area for 
the adsorption of phosphate. This finding is consistent with 
the superior adsorption performance of peanut shell bio-
chars compared to orange peel biochars [42].

3.6. BET analysis

In order to examine the porous structure of the sam-
ples, N2 adsorption and desorption tests were conducted for 
each sample and the resulting data has been summarized in 
Table 2 and Fig. 6. The BET measurement indicated that the 
specific surface areas of the biochars derived from peanut 
shells and orange peels were equivalent. The pore volume 
and size of the peanut shell biochars, however, exhibited 
a significantly greater magnitude compared to those of its 
orange peel counterparts, which was in accordance with 
the findings from SEM analysis. It is widely acknowledged 
that a pore size greater than 50 nm indicates a macropo-
rous structure, while a pore size less than 50 nm demon-
strates a mesoporous structure. Therefore, the peanut shell 
biochars exhibited macroporous characteristics, whereas 
the orange peel biochars possessed mesoporous proper-
ties. According to research, the macropores of peanut shell 
biochars were well-suited for efficient adsorption of phos-
phate due to their matching particle size.

4. Conclusions

The peanut shell biochars carbonized at 400°C for 6 h 
and orange peel biochars carbonized at 300°C for 6 h exhib-
ited the highest yields of 86.7% and 81.2%, respectively. 
The peanut shell biochars produced at 400°C exhibited the 
highest phosphate removal performance, with a removal 
rate of 83.2% and an adsorption capacity of 5.94 mg/g 
under the conditions of an initial phosphate concentration 
of 0.5 mg/L, a biochar dosage of 5.0 g, and a contact time 
of 26 h. Conversely, under the same conditions of initial 

phosphate concentration, contact time, and biochar dosage, 
the orange peel biochars produced at 300°C demonstrated 
superior phosphate removal performance with a removal 
rate of 81.1% and an adsorption capacity of 5.79 mg/g. 
Contact time and initial phosphate concentration affected 
the process of phosphate adsorption. The whole adsorp-
tion processes of phosphate by peanut shell and orange 
peel biochars were well fitted with the second-order kinetic 
models, which were mainly chemical adsorption.
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