
Introduction

Nitrogen (N) and phosphorus (P) have been extensively used in 
agriculture for improving the crop growth and yield production 
to meet the demand of increasing population (Lu and Tian 
2017). The consumption of N and P fertilizers in China in 
2020 was up to 18.3 and 0.65 billion kg, respectively (Chinese 
statistical book report, 2021). Among these supplied nutrients 
from fertilizers, crops are unable to utilize all the nutrients and 
most of them are lost into the soil and environment, which can 
result in different environmental problems, like eutrophication 
and global warming (Carpenter et al. 2008, Tian et al. 2012). 
Thus, it is vital to improve the nutrient use efficiency for 
reducing their losses for agricultural sustainable development 
and environmental protection. 

Currently, strategies such as organic fertilizers or straw 
returning, slow-release fertilizers and soil amendments 
have been used for increasing the nutrient use efficiency 
of fertilizers to cut down the applications rate of mineral 
fertilizers (Kim et al. 2017, Yin et al. 2018, Ye et al. 2020). 
Among the agronomic practices, the use of biochar is one of 

the useful approaches to improve the soil retention capacity 
and nutrient use efficiency. It has been reported that biochar 
amendments may enhance N uptake for rice and reduce the 
nutrient leaching in temperate soils (Laird et al. 2010, Huang 
et al. 2014). Biochar is a solid by-product synthesized through 
the pyrolysis of agricultural and forestry waste or even sewage 
sludge (Pulka et al. 2016, Piekarski et al. 2021). One of the 
best qualities of this synthesized biochar is that it consists of 
porous structure and has large specific surface area, which 
may be used for the adsorption of nutrients from soil solution 
or aqueous solution, as well as remediation of contaminated 
soil (Kong et al. 2014). The studies of many authors have 
reported the effects of biochar for the sorption of ammonium 
(NH4-N), nitrate (NO3-N), and phosphate (PO4-P) from the soil 
or water solution (Hale et al. 2013, Gai et al. 2014). Zhou et al. 
(2019) used rice straw, sawdust, and egg shells for the biochar 
synthesis at the temperatures of 300, 500, and 700°C to examine 
the effects of phosphate and nitrate on the adsorption. They 
found that egg shells biochar was an effective way to remove 
PO4-P and NO3-N from wastewater, and its adsorption capacity 
(the amount of adsorbate taken up by the adsorbent per unit 
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mass of the adsorbent) increased with an increase in pyrolysis 
temperature. Hu et al. (2020) found that biochar synthesized 
at a low temperature (300°C) from the orange or pineapple 
peel had the strong NH4-N adsorption capacities from water. 
There has been also a strong relationship between adsorbate 
concentration in aqueous solution and adsorption capacity of 
biochar, which can be estimated through different adsorption 
isotherm models (Fidel et al. 2018, Aghoghovwia et al. 2020). 
For ammonium, Fidel et al. (2018) found that the Langmuir 
and Freundlich models were good predictors for ammonium 
sorption isotherm. For nitrate adsorption, Aghoghovwia et al. 
(2020) conducted study on six biochars and found that they 
had a strong NO3-N removal affinity from water, which was 
suitable with linear adsorption isotherm. Similar findings were 
also reported by Luo et al. (2019) about the nitrate removal 
from water by biochars derived from rice straw and swine 
manure to a great extent. For phosphate, Trazzi et al. (2016) 
showed that the adsorption of PO4-P on sugar cane bagasse 
biochar increased with the increasing temperature (between 
300 and 700°C) and fitted with both Freundlich and Langmuir 
models. Similarly, Zhao et al. (2017) also reported that pine 
biochar had a better phosphorus adsorption capacity than maize 
straw biochar and found that the adsorption curve was in line 
with Langmuir isotherm equation. However, several reports 
showed that biochar has no or very little ability to absorb 
nitrate and phosphate in soil (Yao et al. 2012). Hollister et al. 
(2013) found that no PO4-P sorption from aqueous solution 
was observed using any corn stover biochar, and Luo et al. 
(2019) also reported that none of phosphate removals from 
water was achieved by all biochars derived from rice straw and 
swine manure. Additionally, the release of ammonium, nitrate 
and phosphate from biochars was observed.

Despite the growing interest in the application of biochar in 
agriculture to improve nutrient use efficiency, the comparative 
effectiveness of biochar synthesized by tropical feedstocks 
at different pyrolysis temperatures on the adsorption of 
ammonium, nitrate, and phosphate is rarely discussed, which 
are conducive to the application of biochar to reduce nutrient 
losses in tropical areas. Therefore, the objective of this study 
was to investigate 

(i)  impacts of tropical feedstock on the biochar 
adsorption of ammonium, nitrate, and phosphate; 

(ii)  effects of pyrolysis temperature for ammonium, 
nitrate, and phosphate adsorption; 

(iii)  evaluation of the relationship of  adsorption isotherm 
with Freundlich, Langmuir model, and linear models; 

(iv)  determination of factors affecting the biochar 
adsorption for ammonium, nitrate, and phosphate.

Materials and Methods
Biochar preparation
Two typical tropical feedstocks comprising banana stem and 
coconut shells were collected in Hainan province of China 
to produce biochar at different pyrolysis temperatures. The 
feedstocks were firstly cut into pieces, dried in an oven, ground, 
and passed through the 0.25 mm mesh. The sieved feedstocks 
were put in a high-temperature furnace (KJ-A1200-121Z, China), 
and pyrolyzed under vacuum (-0.07 MPa) conditions for one 
hour at the temperatures of 300, 500, and 700°C, respectively. 

The rate of the temperature rise was 10°C per minute. The basic 
properties of feedstocks and biochar were determined. The 
infrared spectrums of biochar were measured by using FTIR 
spectrometer (Spectrum 100n, PerkinElmer, USA).

Adsorption experiment
About 0.2 g biochar was weighted and put in a 100 mL plastic 
centrifugal pipe having a lid, and the solutions of ammonium, 
nitrate, and phosphate (30 mL) were also added to the pipe 
and mixed. The ammonium chloride (Xilong Science Co., 
Ltd, China), potassium nitrate (Sinopharm Chemical Reagent 
Co., Ltd, China), and sodium phosphate (Xilong Science Co., 
Ltd, China) were used as the source for ammonium, nitrate, 
and phosphate solutions. The concentration gradients for 
ammonium and nitrate solutions were 15, 30, 60, 90, 120, 
150, 180, 240, 300, 360, 420, and 480 mg N L-1 while the 
concentration gradients for phosphate solution were 0.2, 0.4, 
0.8, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0, 12.0, 15.0, 18.0, and 36 mg P L-1. 
For each concentration, two repetitions were prepared. All the 
sample solutions were shaken for 24 h at 25°C with a speed 
of 200 rpm and then filtered. The filtrates of the solutions 
were used to determine the corresponding concentrations of 
inorganic nitrogen and phosphate.

The measurement for properties
For each property, two repetitions of samples were prepared to 
measure. The yield rate of biochar was calculated as the ratio of 
derived biochar mass to raw material mass. The pH of biochar 
was determined by pH meter (PHS-3C, INESA, China) with 
the 1:40 ratio of biochar and water. The contents of biochar 
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) were 
determined by element analyzer (EA2400-II, PerkinElmer, 
USA). The electrical conductivity (EC) of biochar was 
measured by conductivity meter (DDS-307, INESA, China) 
with the 1:40 ratio of biochar and water. 3.5 g biochar was 
mixed with 50 mL 1.66 cmol L-1 hexamine cobalt trichloride 
(Co(NH3)6Cl3) solution and then shaken horizontally for one 
hour at 25°C at a speed of 200 rpm. The filtrate was analyzed by 
ultraviolet visible spectrophotometer (DR 6000, HACH, USA) 
to determine cation exchange capacity (CEC) following the 
method of Ciesielski and Sterckeman (1997). The BET specific 
surface area of biochar was measured by specific surface 
analyzer (ASAP 2460, Micromeritics, USA). The biochar 
ash content was measured by the ratio of left biochar mass to 
the initial mass after burning at 550°C for one hour. Biochar 
was digested completely by H2SO4 and H2O2 using electric 
furnace (SN-DL-1, sunne, China) and the digestion solution 
was used for the determination of total phosphorus content 
using a molybdenum antimony anti-colorimetric method (Bao 
2000), while the total potassium contents were measured 
using flame photometer (M410, Sherwood, England). The 
filtrate was also used to measure total calcium and magnesium 
contents by atomic absorption spectrophotometer (PinAAcle 
900T, PerkinElmer, USA). After obtaining the adsorption 
equilibrium, the solution was filtered and the filtrate was used 
for the determination of ammonium, nitrate and phosphate 
concentrations by using the indophenol blue colorimetry 
method (Bao 2000), the dual wavelength spectrophotometry 
method (Norman et al. 1985) and the molybdenum antimony 
anti-colorimetric method (Bao 2000).
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Table 1. The properties of feedstocks and biochars

Properties CS CS300 CS500 CS700 BS BS300 BS500 BS700
Carbon (%) 47.6 66.2 69.1 61.1 38.6 47.4 48.2 49.2 
Hydrogen (%) 5.50 4.21 3.18 1.88 5.15 4.18 2.51 1.60
Nitrogen (%) 0.69 0.92 0.88 0.48 0.58 1.07 0.92 0.73 
Sulfur (%) 0.97 0.82 0.48 0.31 0.94 0.74 0.37 0.18
C/N ratio 69 72 79 127 67 44 52 67 
Total phosphorus (g kg-1) 0.85 1.82 3.35 3.07 1.32 3.63 4.59 4.39 
Total potassium (g kg-1) 12.0 24.3 30.1 34.8 73.4 126.0 167.1 198.0 
Total calcium (g kg-1) 0.83 9.22 11.6 11.0 7.08 18.1 25.2 21.5 
Total magnesium (g kg-1) 0.80 1.87 3.56 2.70 1.75 5.14 4.89 4.46 
Ash content (%) 3.26 9.28 12.9 20.2 14.9 24.6 36.6 37.9 
Yield rate (%) – 50.4 40.6 34.6 – 55.5 39.8 37.6 
pH – 8.2 9.3 9.6 – 8.0 10.0 10.2 
EC (μS cm-1) – 398 525 720 – 3175 4244 4455 
CEC (cmol kg-1) – 30.4 53.3 25.9 – 63.6 62.5 58.0 
SSA (m2 g-1) – 3.20 5.40 82.8 – 2.60 3.10 2.20
NO3-N (mg kg-1) – 174.6 94.0 88.9 – 73.4 44.4 38.8 
NH4-N (mg kg-1) – 511.2 31.0 30.1 – 132.8 145.6 36.4 
PO4-P (mg kg-1) – 1353.9 347.7 310.7 – 1037.5 297.5 394.4 

Note:  EC refers to electrical conductivity; C/N ratio refers to the ratio of carbon content to nitrogen content. CEC was cation exchange capacity; SSA 
denotes specific surface area; NO3-N, NH4-N, and PO4-P refer to nitrate nitrogen, ammonium nitrogen, and phosphate content, respectively. 
CS and BS denote coconut shell and banana stem raw material, respectively; CS300, CS500, and CS700 denote coconut shell biochar derived 
in 300, 500, and 700°C, respectively; BS300, BS500 and BS700 denote banana stem biochar derived in 300, 500, and 700°C, respectively

Formation of adsorption models for ammonium, 
nitrate, and phosphate
For the development of models, the equilibrium concentration 
(Qe) was:

  

The linear isotherm model:

Qe = a · Ce + b

The Freundlich model (Freundlich 1907):

  

The Langmuir model (Langmuir 1916):

  

Where: Qe is the amount of N or P retained by biochar 
(mg g-1) at equilibrium; C0 are Ce the concentrations of N or P 
in the initial and equilibrium solution (mg L-1), respectively; 
ν is the volume of aqueous solution (L); m is biochar mass 
(g). The a, b, KF (L g-1) and KL (L mg-1) are the empirical 
constants of model;  is the measure of intensity. KF refers to 
the partition coefficient between solution and biochar. Qm is the 
maximum adsorption capacity of biochar (mg g-1). When n = 1, 
the Freundlich model will reduce to the linear model.

Data analysis
All the obtained data were organized with Microsoft Excel 
2017. The model fitting processes for the biochar adsorption 
of ammonium, nitrate, and phosphate were also carried out in 

Excel software. The infrared spectrum of biochar was plotted in 
Excel software using the data of wave number and absorbance 
produced by FTIR spectrometer.

Results
Effect of pyrolysis temperatures on biochar 
properties
Biochar synthesized from both banana stem and coconut shell 
feedstocks showed the rapid response with the change of 
pyrolysis temperatures. The content of hydrogen, nitrogen, and 
sulfur and yield rate decreased with the increasing pyrolysis 
temperatures (Table 1). The NO3-N, NH4-N, and PO4-P 
concentrations of biochar were also decreased with the increase 
of temperatures. However, the ratio of carbon to nitrogen (C/N), 
total phosphorus (P), total potassium (K), ash content, pH, 
and EC increased with the increase of pyrolysis temperatures. 
There were great differences in carbon (C), total calcium (Ca), 
total magnesium (Mg), cation exchange capacity (CEC), and 
specific surface areas (SSA) were noted in biochar derived from 
banana stem and coconut shell. As for coconut shell biochar, 
the highest C content and CEC were found at 500°C, while less 
amount was observed at 700°C. The Ca and Mg contents were 
also found higher at 500°C and lower at 300°C, while SSA of 
biochar increased with the rise of temperatures. However, in 
banana stem biochar, the C content increased with the increase 
of temperatures, but the CEC and Mg contents decreased with 
the increasing temperatures. The Ca and SSA of biochar derived 
from banana feedstock were also found higher at 500°C. The K 
content and EC were found higher in banana stem biochar as 
compared to coconut shell biochar (Table 1). 

For all the biochars synthesized at different temperatures, 
the main functional groups were hydroxyl group (O-H) 
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Fig. 1. The infrared spectra of biochar at diff erent pyrolysis temperatures. CS300, CS500 and CS700 denote coconut shell biochar 
derived at 300, 500 and 700°C, respectively; BS300, BS500 and BS700 denote banana stem biochar derived at 300, 500, 

and 700°C, respectively

(3600–3440 cm-1) and aromatic (C=C) or carbonyl group 
(C=O) (1640–1623 cm-1). As shown in Figure 1a, the hydroxyl 
group content of coconut shell biochar increased with the 
increasing pyrolysis temperature and the change of hydroxyl 
group content between 700°C and 500°C was less than that 
between 500°C and 300°C. Similarly, aromatic group content 
was also found higher at 500°C, and much lower at 300°C. It 
was also observed that aromatic group content increased faster 
from 300°C to 500°C, while it was a little slower from 500°C 
to 700°C. As for banana stem biochar, the hydroxyl group 
content increased with the increasing pyrolysis temperature 
but the change between 700°C and 500°C was also found 
faster than that between 500°C and 300°C (Figure 1b). The 
aromatic group content of biochar produced at 700°C was also 
observed higher.

Adsorption of ammonium on biochar
The adsorption capacity varied with the feedstock types 
and pyrolysis temperatures. Both Freundlich and Langmuir 

isothermal adsorption models could describe the adsorption of 
ammonium by coconut shell biochar and banana stem biochar. 
It needs to be mentioned that a higher correlation coefficient 
(R2 = 0.95–0.99) was observed in Freundlich as compared 
to Langmuir model (R2 = 0.91–0.95) (Figure 2). Moreover, 
the maximum adsorption capacity (Qm) for coconut shell 
biochar increased with the increase of pyrolysis temperature 
and decreased for the banana stem biochar. Coconut shell 
biochar at 700°C showed the higher sorption capacity 
(Qm = 14.5 mg g-1) compared to the banana stem biochar that 
was recorded lower (Qm = 9.7 mg g-1) at the same temperature 
(Table 2). These findings suggest that both feedstock and 
pyrolysis temperature affected the capability of biochar for the 
adsorption of ammonium in solutions.

Adsorption of nitrate on biochar
The adsorption of nitrate by biochar was observed effectively 
in solutions. Three models were found fit for the adsorption of 
nitrate by biochar derived from coconut shell and banana stem 
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(Figure 3). Based on the R2 as described in Table 3, Freundlich 
model and linear model were found more useful than Langmuir 
model for both feedstocks. Among all models, the efficiency 
of the linear model was found more suitable as compared to 
that of the other two ones. During the adsorption process of 
nitrates by biochar, it was observed that the adsorption rate of 
nitrates by biochar enhanced with the increasing concentration 
of NO3-N. 

Adsorption of phosphate on biochar
As showed in Table 4, both Freundlich model and Langmuir 
model did not fit the biochar adsorption for phosphate, which 
was affected by the  feedstock, pyrolysis temperature, and 
phosphate concentration. As the phosphate concentration 

in solutions (C0) increased up to 36 mg L-1, all coconut shell 
biochar prepared at different temperatures did not adsorb 
phosphate, but released phosphate from biochar itself into the 
solutions (Figure 4). The adsorption of biochar on phosphate 
was influenced by pyrolysis temperature and phosphate 
concentration as indicated that only biochar prepared at 300°C 
absorbed the phosphate when the concentration of phosphate 
raised up to 36 mg L-1. The adsorption of biochar produced at 
500°C for phosphate started when the phosphate concentration 
in solutions was higher than 8 mg L-1, while the adsorption 
of biochar produced at 700°C started in the solutions with the 
phosphate concentration of 3 mg L-1. Therefore, the minimum 
phosphate concentration for biochar adsorption decreased with 
the increasing pyrolysis temperature. When the concentration 

Table 2. The model parameters for ammonium nitrogen adsorption by biochar

Feedstock T(°C)
Freundlich model Langmuir model

R2 n KF R2 Qm KL

CS 300 0.99 1.89 0.41 0.91 12.8 0.007
500 0.95 2.19 0.73 0.95 14.2 0.008
700 0.99 1.97 0.61 0.94 15.5 0.008

BS 300 0.96 2.45 0.89 0.93 12.9 0.010
500 0.97 2.42 0.85 0.94 12.4 0.010
700 0.96 2.72 0.88 0.94 9.7 0.012

Note: R2 is the determination coefficient of model; n, KF (L g-1) and KL (L mg-1) are empirical constants of model; Qm is the maximum adsorption 
capacity of biochar (mg g-1). CS and BS refer to coconut shell and banana stem raw material, respectively. T denotes pyrolysis temperature of biochar 
production

Fig. 2. The model fi tting of ammonium nitrogen adsorption by biochar. CS300, CS500 and CS700 denote coconut shell biochar 
derived at 300, 500, and 700°C, respectively; BS300, BS500 and BS700 denote banana stem biochar derived at 300, 500 

and 700°C, respectively. Qe (mg g-1) and Ce (mg L-1) are the amount of adsorbed ammonium nitrogen and ammonium nitrogen 
concentration in the solution at equilibrium, respectively. NH4-N refers to ammonium nitrogen
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Fig. 3. The model fi tting of nitrate nitrogen adsorption by biochar. CS300, CS500 and CS700 denote coconut shell biochar derived 
at 300, 500 and 700°C, respectively; BS300, BS500 and BS700 denote banana stem biochar derived at 300, 500 and 700°C, 

respectively. Qe (mg g-1) and Ce (mg L-1) are the amount of adsorbed ammonium nitrogen and ammonium nitrogen concentration 
in the solution at equilibrium, respectively. NO3-N refers to nitrate nitrogen

Table 3. The model parameters for nitrate nitrogen adsorption by biochar

Feedstock T(°C)
Freundlich model Langmuir model Linear model

R2 n KF R2 Qm KL R2 Equation
CS 300 0.99 1.27 0.426 0.65 78.1 0.003 1.00 Qe=0.134*Ce+1.657

500 0.95 0.63 0.008 0.25 -10.3 -0.004 1.00 Qe=0.147*Ce-2.154
700 0.99 0.76 0.028 0.37 -29.4 -0.003 1.00 Qe=0.145*Ce-1.477

BS 300 0.99 0.82 0.045 0.16 -0.92 -0.005 1.00 Qe=0.134*Ce-0.906
500 0.82 0.47 0.000 0.16 -2.34 -0.005 1.00 Qe=0.136*Ce-2.534
700 0.86 0.53 0.002 0.35 -50.5 -0.002 1.00 Qe=0.149*Ce-2.235

Note:  R2 is the determination coefficient of model; n, KF (L g-1) and KL (L mg-1) are empirical constants of model; Qm is the maximum adsorption 
capacity of biochar (mg g-1). CS and BS refer to coconut shell and banana stem raw material, respectively. T denotes pyrolysis temperature for 
biochar production. Qe (mg g-1) and Ce (mg L-1) are the amount of adsorbed N or P, and the N or P concentration in the solution at equilibrium, 
respectively
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was less than 3 mg L-1, the banana stem biochar did not adsorb 
phosphate from solutions, but released it into the solutions 
from biochar itself.

Discussion
The adsorption of ammonium by biochar
For ammonium, all the biochar in the present study adsorbed 
ammonium from aqueous solutions, which agreed with the 
previous studies (Gai et al. 2014, Hou et al. 2016, Luo et al. 
2019), and the adsorption were found to be well fitted by 
Freundlich and Langmuir models. Many studies reported that 
the possible adsorption mechanisms of ammonium on biochar 
include surface complexion, cation exchange capacity, and 
electrostatic attraction (Jassal et al. 2015, Hou et al. 2016, 
Fiderl et al. 2018, Hu et al. 2020). Besides, it has also been 
reported that most of the ammonium sorption may be due 
to physical entrapment of NH4-N in biochar pores, and well 
fitted by Freundlich and Langmuir models (Wang et al. 2015). 
However, the maximum adsorption capacities (Qm) of biochar 
derived from the two feedstocks varied. The biochar derived 

from coconut shell at 700°C showed the most Qm and the least 
at 300°C. The opposite result was observed for banana stem 
biochar. Previously, Yin et al. (2018) highlighted the highest 
NH4-N adsorption capacity by sesame straw biochar prepared 
at 300°C due to its abundant surface functional groups. Similar 
findings have also been found by Hu et al. (2020) and Xu et al. 
(2019) who reported that biochars produced at low temperatures 
showed better NH4-N adsorption capacity. The reason might 
be due to the different specific surface area (SSA). Coconut 
shell biochar had more SSA at the pyrolysis temperature of 
700°C, but banana stem biochar showed less SSA at higher 
temperature (Table 1). However, Xu et al. (2019) hypothesized 
that zeta potential and C/H ratio, rather than surface area, were 
the most important factors in determining biochar sorption 
potential for NH4-N. Takaya et al. (2016) also suggested that 
the surface area was not the most important factor influencing 
biochar ammonium adsorption capacity, and suggested that 
NH4-N adsorption may have occurred mainly via chemical 
reactions with oxygen-containing functional groups rather than 
ion-exchange/physisorption. Therefore, there is dire need to 
study these differences for better understanding of the trend of 

Fig. 4. The comparison of phosphate concentration in water between equilibrium state and initial state with diff erent biochars. 
CS300, CS500, and CS700 denote coconut shell biochar derived at 300, 500, and 700°C, respectively; BS300, BS500, and BS700 

denote banana stem biochar derived at 300, 500, and 700°C, respectively. The Ce and C0 refers to the equilibrium and initial 
phosphate concentration of aqueous solution, respectively.

Table 4. The model parameters for phosphorus adsorption by biochar

Feedstock T(°C)
Freundlich model Langmuir model

R2 n KF R2 Qm KL

CS 300 0.19 17.3 0.630 0.95 0.86 0.617
500 0.48 1.01 0.009 0.01 -0.35 -0.014
700 0.63 0.98 0.006 0.02 -0.34 -0.013

BS 300 0.59 0.50 0.002 0.11 -0.28 -0.032
500 0.97 0.73 0.035 0.53 -2.47 -0.023
700 0.72 0.76 0.088 0.16 -2.77 -0.036

Note:  R2 is coefficient of determination; n, KF (L g-1) and KL (L mg-1) are empirical constants of model; Qm is the maximum adsorption capacity of biochar 
(mg g-1). CS and BS refer to coconut shell and banana stem raw material, respectively. T denotes pyrolysis temperature for biochar production
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biochar adsorption capacity for ionic adsorption. Perhaps the 
major factors for ammonium adsorption on different biochars 
might not be completely consistent.

The adsorption of nitrate by biochar
The present study found that biochar adsorption for nitrate 
was affected by nitrate concentrations. Banana stem biochar 
produced at all the three-pyrolysis temperatures adsorbed 
nitrate in solutions when nitrate concentration was up to 
30 mg L-1, but only 15 mg L-1 for coconut shell biochars. In 
the previous studies, there were two opposite conclusions for 
nitrate adsorption on biochar. It was noticed that nitrate sorption 
was not effective for corn stover biochar and oak wood biochar 
derived from different pyrolysis temperatures, as well as for 
wheat-straw biochar and peanut-shell biochar. Instead, some 
nitrate was even released from the biochar materials (Hollister 
et al. 2013; Gai et al. 2014). Zhou et al. (2019) also reported 
that the biochar prepared from the plant wastes had the limited 
adsorption or even released nitrate, but egg shell biochar 
absorbed much nitrate and its adsorption capacity increased 
with the increasing pyrolysis temperatures. However, Zhao 
et al. (2018) found that corn cob biochar produced at 600°C 
was a better nitrate adsorbent than peanut shell biochar and 
cotton stalks biochar. Kameyama et al. (2016) indicated that 
biochar produced at 800°C had the greatest NO3-N adsorption. 
Biochar produced at higher temperature adsorbed much nitrate 
because of having good thermal stability, porous structure, 
abundant surface functional groups, and higher surface area 
(Zhao et al. 2018). Vijayaraghavan and Balasubramanian 
(2021) suggested that pinewood waste biochar prepared 
at 600°C showed the maximum uptake for nitrate because 
of high C content, pore volume, and surface area. In the 
present study, relatively less difference was observed for 
both biochars derived from coconut shell and banana stem at 
different pyrolysis temperatures for the nitrate adsorption. The 
reason may be that the initial nitrate concentration in biochar, 
CEC, carbon content, and SSA of biochar should be taken into 
account comprehensively. Because we found that although the 
CEC and carbon content of coconut shell biochar at 500°C 
were higher, their SSA was the lowest, while when the carbon 
content of banana stem biochar at 700°C was high, its SSA and 
CEC were the lowest (Table 1). As for the isotherm adsorption 
models, Fidel et al. (2018) found Langmuir and Freundlich 
models suitable for nitrate sorption, but Chintala et al. (2013) 
had reported that Freundlich isotherms performed well for 
nitrate sorption as compared to that of Langmuir isotherms. 
Similarly, Aghoghovwia et al. (2020) verified the findings 
of the two models, and showed opposite findings that only 
linear adsorption isotherm performed well with the biochar 
adsorption for nitrate at 100 mg L-1. The present study has 
also confirmed the finding as the adsorption of biochar for 
nitrate was found well by Freundlich model and linear model 
compared to Langmuir model.

The adsorption of phosphate by biochar
As given in the Table 1, the biochar in our study might release 
phosphate into the aqueous solutions due to high phosphate 
content in biochar itself. The adsorption of phosphate was 
affected by feedstock, pyrolysis temperature, and phosphate 
concentration (Figure 4). The minimal phosphate concentration 

for the adsorption by coconut shell biochar was higher than 
by banana stem biochar. Meanwhile, the required phosphate 
concentration for the adsorption by banana stem biochar 
produced in high pyrolysis temperature was lower than that in 
low temperature. The results of this study are much closer to the 
previous study of Luo et al. (2019). Hollister et al. (2013) also 
obtained the same results on phosphate sorption by using corn 
straw biochar, but Pratiwi et al. (2016) observed that almost no 
phosphate sorption was done by the rice husk biochar. Instead, 
some phosphate ions were released into aqueous solution with 
lower concentrations below 60 mg P L-1. Zhou et al. (2019) 
also suggested that biochar derived from plant waste has the 
limited P adsorption, but adsorption capacity of P can be 
improved by adjusting pyrolysis temperature. Yin et al. (2018) 
also had reported that sesame straw biochar derived at 700°C 
absorbed the optimal phosphate from the solution compared 
to the sesame biochar derived at the temperature from 300 
or 500°C, while Trazzi et al. (2016) also concluded that the 
adsorption of P on biochar was endothermic and increased with 
the increase of temperature. Zhao et al. (2017) found that the 
phosphorus adsorption on biochar increased with the increasing 
concentration of phosphorus in the solutions, which seemed to 
be in agreement with the findings of Zhang et al. (2016). The 
adsorption of phosphate via ligand exchange, cation bridge, 
and P precipitation involves many other factors including the 
porous structure, high specific surface area, metal oxide, and 
surface functional groups (Ghodszad et al. 2021). 

Conclusions
Based on the findings obtained in the present study, it can 
be concluded that the biochar derived from coconut shell or 
banana stem effectively adsorbed ammonium and nitrate 
from the aqueous solution. Both Freundlich and Langmuir 
models were found to fit well ammonium adsorption, while 
Langmuir model did not perform well for nitrate adsorption. 
For banana stem biochar, the maximum ammonium adsorption 
capacity (Qm) was found in the biochar derived at a low 
temperature (300°C), but coconut shell biochar derived at 
a higher temperature (700°C) performed better for ammonium 
adsorption. The phosphate adsorption by biochars derived by 
us was not found to be fit by Freundlich and Langmuir models. 
The minimum phosphate concentration for biochar adsorption 
decreased with the increasing pyrolysis temperature. Overall, 
the adsorption of ammonium, nitrate, and phosphate by biochar 
was related to the feedstock, pyrolysis temperature, and aquatic 
nutrient concentration. In the future, the comparative study 
on the mechanism of nitrogen and phosphorus adsorption by 
various typical biochars should be conducted. Meanwhile, the 
effect of oxygen-limited method in pyrolysis on the properties 
of biochar, which would affect the biochar adsorption capacity, 
is also an interesting work.
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