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1. Introduction
In recent years, with the massive growth of industry 

and agriculture, contamination of receiving water bodies 
by the excessive discharge of nitrate (NO3

-) and phosphate 
(PO4

3-) has become a vital issue worldwide. NO3
- and 

PO4
3- primarily originate from fertiliser residues in crop 

growth [1] and effluents from industries such as seafood 
processing and fertiliser production. Water bodies receiving 
excessive amounts of both NO3

- and PO4
3- simultaneously 

trigger eutrophication with algal blooms, leading to the 
depletion of dissolved oxygen in water, impairment of the 
self-cleaning capacity of receiving sources, and the death of 
aquatic organisms [1, 2]. Additionally, nitrate-contaminated 
drinking water can cause serious diseases such as 
methemoglobinemia, cancer, and blue baby syndrome [1, 
3]. Therefore, it is essential to simultaneously remove both 
NO3

- and PO4
3- from wastewater before discharging into 

water bodies. 

Techniques for removing NO3
- and PO4

3- include 
biological processes using microalgae Chlorella vulgaris 
[4] and pilot-scale SBR for nitrate removal [5], ion exchange 
[6, 7], chemical precipitation [8, 9], and adsorption [10, 11]. 
However, biological processes and chemical precipitation 
are not suitable for removing NO3

- and PO4
3- at very low 

concentrations and require a long biomass residence time 
[1]. In comparison, adsorption is considered a simple, low-
cost, and highly efficient technique for removing NO3

- and 
PO4

3- at trace concentrations [1-3, 11]. 

Biochar is a product of the pyrolysis process of carbon-
based materials, which has garnered more attention in 
the treatment of various pollutants, such as nitrate and 
phosphate. Especially, biochar derived from agro-industrial 
by-products has encouraged product development towards 
circular economic practices. Additionally, the utilisation of 
solid waste to fabricate biochar helps effectively manage 
solid waste and generate useful materials for pollutant 
removal from wastewater. To date, a large amount of agro-
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industrial by-products has been used to produce biochar 
for treating both NO3

- and PO4
3- from wastewater, such as 

biochar from sugarcane bagasse for NO3
- adsorption [2]; 

MgO-modified magnetic biochar derived from anaerobic 
digestion residue for PO4

3- removal [12]; Gigantochloa 
bamboo-derived biochar [13]; Copper modified activated 
bamboo charcoal for adsorption of trace metals and 
ruthenium dye wastes [14, 15], and activated carbon 
originated from musk-melon peel composited with ZnFe2O4 
for simultaneous adsorption of both NO3

- and PO4
3- from 

wastewater [16]. Lychee peels are grown popularly in the 
Northern of Vietnam with an average yield of 40,000 tons/
year [17]. The amount of lychee peel discharged makes up 
about 15% of the fresh weight of lychee. Besides, lychee 
peel has main components of cellulose, lignin which are 
suitable as potential carbon biomass for producing biochar 
[18]. 

However, the main drawback of applying agro-industrial 
by-products-derived biochars for pollutant removal is 
their low adsorption capacity towards pollutants due to 
their low specific surface area and inherent negatively 
charged surface. Thus, the biochar needs to be modified by 
chemical-physical methods to enhance pollutant adsorption 
capacity and efficiency. Among modification methods, 
loading spinel ferrite nanoparticles (MFe2O4) has proven 
to be highly efficient and overcome some limitations of 
biochars by increasing specific surface area (SBET), well-
developing a porous structure, and decreasing nanoparticle 
agglomeration. Specifically, L. Ma, et al. (2018) [8] reported 
magnesium ferrite (MgFe2O4)/biochar magnetic composites 
(MFB-MCs) exhibited superior PO4

3- adsorption capacity 
over biochar due to enlarged porosity along with increased 
available binding sites; adsorption of Cr(VI) onto MnFe2O4 
reached a high value of  89.18 mg/g [19]; simultaneous 
removal of NO3

- and PO4
3- from wastewater by biochar/

ZnFe2O4 composite achieved excellent adsorption capacities 
of 75.58 and 91.80 mg/g, respectively. 

In the present work, lychee peels-originated biochar 
modified by spinel ferrite nanoparticles (CaFe2O4) was 
primarily studied for the simultaneous adsorption of 
both NO3

- and PO4
3- from wastewater in batch-mode 

tests. The primary study aims to investigate the effect of 
operational parameters, consisting of pyrolysis temperature, 
modification ratios between biochar and CaFe2O4 NPs 
on the simultaneous adsorption capacity and efficiency 
of NO3

- and PO4
3- from wastewater. Physical-chemical 

characteristics of biochar and modified biochar before and 
after loading both NO3

- and PO4
3- were determined using 

various analytical techniques such as nitrogen adsorption-
desorption, scanning electron microscope (SEM), Fourier 

transform infrared (FTIR), XRD, and EDS and mapping. 
Besides, the plausible mechanisms of NO3

- and PO4
3- 

adsorption onto modified biochar were briefly discussed.   

2. Materials and methods
2.1. Chemicals and materials

The chemicals used for experiments, including KH2PO4, 
NaNO3, KOH, CaCl2, FeCl3, glycerol, HCl and citric acid, 
were purchased from Kyamata (Japan). All chemicals were 
of analytical grade. Lychee peels were obtained from Bac 
Giang province, Vietnam.

The simulated wastewater containing NO3
- and PO4

3- 
was prepared by dissolving precisely 4.387 g KH2PO4 and 
6.071 g NaNO3 in 1000 ml double distilled water (DDW) 
separately to reach a stock solution of 1000 mg/l. The 
experimental solution was prepared by diluting the stock 
solution to the desired concentrations.

2.2. Preparation of biochars

2.2.1. Fabrication of biochar (PLPB)

After collection, the lychee peels (LPs) were repeatedly 
washed using distilled water to remove all impurities attached 
to the LP’s surface. Then, the LPs were exposed under 
sunlight. The dried LPs were then blended using blender 
and sieved to achieve a diameter of 60 μm. The blended 
LPs were impregnated in KOH 0.1 M by a homogeniser 
agitator to enrich oxygen-containing functional groups. The 
KOH-soaked LP was then filtered and repeatedly cleaned 
by DDW until pH reached 7.0. The LP was continuously 
dried at 105oC for many hours to obtain the dried LP 
powder. The dried LP powder was continuously pyrolysed 
in temperature ranges from 300-550oC (interval=50oC) with 
a heating rate of 10oC for 2 h. Finally, the obtained black 
solid was denoted as lychee peel-derived biochar (PLPB). 
The biochars obtained by pyrolysing at various temperatures 
were used for the next experiments to determine the optimal 
pyrolysis temperature for the fabrication of biochar, which 
was then used to modify with CaFe2O4 NPs in the following 
steps. The scheme describing the fabrication procedure of 
biochar from lychee peels was demonstrated in Fig. 1A.

2.2.2. Fabrication of CaFe2O4NPs

The spinel ferrite CaFe2O4 nanoparticles were formed 
using the sol-gel method as described in our previous 
study [3]. Briefly, the procedure for the fabrication of 
CaFe2O4NPs can be described as follows: firstly, a 500 ml 
beaker containing 100 ml DDW, and 93 g of citric acid 
was homogenised and placed on a magnetic agitator at 120 
rpm, 60oC for 15 min. Next, a certain amount of CaCl2 and 
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FeCl3 at a molar ratio of 0.0015:0.001 in ethylene glycol 
(C2H6O2) was added to the above beaker. The mixture was 
then agitated at 120 rpm at 80oC to achieve a completely 
dissolved solution. The mixture was then dried continuously 
at 105oC for 12 h to form a gel form. The gel was then 
calcined at 300oC for 3 h and further calcined at 1000oC for 
the next 2 h. Finally, the obtained black solid was CaFe2O4 
NPs. 

2.2.3. The modification procedure of biochar with 
CaFe2O4 NPs    

The biochar was modified with CaFe2O4NPs using the 
wet impregnation method. In the first step of the procedure, 
a certain amount of CaFe2O4NPs at ratios of 1, 3, 5, 7, and 
9% (w/w) was added into a certain volume of methanol in 
a 500 ml beaker. The beaker was then sonicated at 80oC for 
30 min. Next, a certain amount of biochar (PLPB) was also 
added to the above beakers. The beakers were then stirred at 
120 rpm for 2 h to ensure all CaFe2O4NPs were loaded onto 
the biochar’s surface. The mixture was then centrifuged to 
collect the solid part. The obtained solid was cleaned with 
DDW and dried at 105oC for 2 h. The resulting product 
was magnetic modified biochar and labelled as MLPB-1; 
MLPB-3; MLPB-5; MLPB-7 and MLPB-9. Together with 
biochar (PLPB), the biochars at various modification ratios 
were used for simultaneous adsorption experiments of both 
NO3

- and PO4
3- to choose the optimal modification ratio.

2.3. Adsorption experiment design

All adsorption tests were conducted in batch-mode using 
Erlenmeyer flasks containing 100 ml NO3

- and PO4
3- (50 

mg/l for each ion), 0.4 g of adsorbent with agitation at 150 
rpm at room temperature (25±2oC) for 3 h of reaction time. 
All tests were performed in triplicate. The experimental data 
were expressed as the average value ± standard deviation. 
The adsorption capacity and performance of NO3

- and 
PO4

3- onto biochars were calculated using the following 
equations:	
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where q (mg/g) and %H are the adsorption capacity and efficiency of nitrate and 
phosphate onto biochars, respectively; Co and Ce are concentrations of  NO3

- and 
PO4

3- (mg/l) at initial and equilibrium, respectively; V is the solution volume (l); 
and M is the mass of applied biochar (g). 
 2.4. Analysis method 
 The physical-chemical characteristics of adsorbents before and after the 
adsorption process were determined. Specifically, the nitrogen adsorption-
desorption isotherm was applied to measure the textural properties of materials 
at 77 K using Quantachrome Instruments version NOVA4000e. A D8 Phaser X-
ray diffractometer was used to analyse the crystalline phase structure of 
adsorbents with a scanning angle of 10-80o. The surface morphology was 
observed by a scanning electron microscope (SEM). The elements' distribution 
on the adsorbents was evaluated via energy-dispersive X-ray spectroscopy 
(EDS) and mapping using S-4800, Hitachi, Japan.  

The residual NO3
- and PO4

3- concentrations in the solution were measured 
according to the standard method [20] by spectrophotometric method using 
Spectrophotometer photoLab®7600 UV-VIS (WTW, Germany). The NO3

- was 
analysed according to 4500-NO3

- - nitrogen at λ=415 nm with sulfosalicylic 
acid. The PO4

3- was measured according to 4500 P-B&E using ammonium 
molybdate at λ=880 nm. Measurement of NO3

- was based determination of the 
UV-Vis absorption spectrum of the yellow compound formed by the reaction of 
10 g/l sulfosalicylic acid (formed by adding sodium salicylate and sulfuric acid 
to the test sample) with nitrate and subsequent treatment with alkali. Afterwards, 
measure the absorbance of the solution at 415 nm. Meanwhile, the phosphate 
was determined by Ascorbic Acid Method, 4500 P-B&E, Standard Methods for 
the Examination of Water and Wastewater 23rd edition. In this procedure, 
ammonium molybdate and potassium antimonyl tartrate react in acid medium 
with orthophosphate to form a heteropoly acid-phosphomolybdic acid that is 
reduced to intensely coloured molybdenum blue by ascorbic acid. Afterwards, 
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by spectrophotometric method using Spectrophotometer 
photoLab®7600 UV-VIS (WTW, Germany). The NO3

- was 
analysed according to 4500-NO3

- - nitrogen at λ=415 nm 
with sulfosalicylic acid. The PO4

3- was measured according 
to 4500 P-B&E using ammonium molybdate at λ=880 nm. 
Measurement of NO3

- was based determination of the UV-Vis 
absorption spectrum of the yellow compound formed by the 
reaction of 10 g/l sulfosalicylic acid (formed by adding sodium 
salicylate and sulfuric acid to the test sample) with nitrate 
and subsequent treatment with alkali. Afterwards, measure 
the absorbance of the solution at 415 nm. Meanwhile, the 
phosphate was determined by Ascorbic Acid Method, 4500 
P-B&E, Standard Methods for the Examination of Water 
and Wastewater 23rd edition. In this procedure, ammonium 
molybdate and potassium antimonyl tartrate react in acid 
medium with orthophosphate to form a heteropoly acid-
phosphomolybdic acid that is reduced to intensely coloured 
molybdenum blue by ascorbic acid. Afterwards, measure 
the absorbance of the solution at 880 nm. The pH meter 
(HANNA, pH HI 2002-02, Romani, American) was used to 
determine solution pH values. 	

3. Results and discussion
3.1. Effect of pyrolysis temperature on the adsorption 

of NO3
- and PO4

3-

The tests to evaluate the effect of pyrolysis temperature 
on the adsorption of NO3

- and PO4
3- in the single-system 

and bi-component system were conducted with fixing initial 
concentrations of NO3

- and PO4
3- at 50 mg/l, adsorbent 

dosage of 4.0 g/l with varying pyrolysis temperatures in 
the range from 300-550oC. The NO3

- and PO4
3- adsorption 

capacities on the biochar at different pyrolysis temperatures 
in both single- and bi-component systems are illustrated in 
Fig. 1.
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Fig. 1. Effect of pyrolysis temperature on NO3
- and PO4

3- by 
(A, B) single-component and (C) bi-component systems. 
Experimental conditions: NO3

- and PO4
3- (50 mg/l for each 

ion), 0.4 g of adsorbent, pH of 7.0 with varying of pyrolysis 
temperatures from 300-500oC.

The data in Fig. 1 demonstrate that the adsorption of NO3
- 

and PO4
3- strongly depended on the pyrolysis temperature 

[21, 22] in both single- and bi-component systems, and there 
was no significant difference in NO3

- and PO4
3- adsorption 

capacity in the single-component system and bi-component 
system. The NO3

- and PO4
3- adsorption capacities increased 

when the pyrolysis temperature rose. The NO3
- and PO4

3- 
adsorption capacity increased, respectively, from 6.08 
to 12.84 mg/g and from 4.08 to 10.84 mg/g in the single-
component system (Figs. 1A and 1B) and from 6.56 to 12.45 
mg/g and from 4.36 to 10.57 mg/g in the bi-component 

system when the pyrolysis temperature was raised from 
300-450oC. The NO3

- and PO4
3- adsorption maximised at a 

pyrolysis temperature of 450oC with an adsorption capacity 
of 12.84 and 10.84 mg/g, respectively, in the single-
component system and 12.45 and 10.57 mg/g, respectively, 
in the bi-component system. However, a further increase in 
pyrolysis temperature from 500-550oC led to a strong drop 
in NO3

- and PO4
3- adsorption capacity on the biochar. The 

results were because a very low or very high temperature is 
not favourable for the production of biochar because samples 
seem to have turned into ash. A very low temperature causes 
incomplete pyrolysis of carbon constituent in the material 
while a very high temperature leads to ashing of the carbon 
composition in the material, thus the adsorption capacity 
was decreased [23]. The highest adsorption capacity of NO3

- 
and PO4

3- at a pyrolysis temperature of 450oC was due to a 
well-development in porous property and SBET of biochar 
at a suitable pyrolysis temperature [21, 24]. Therefore, the 
optimal pyrolysis temperature for the fabrication of biochar 
was chosen as 450oC in this work. Fig. 2 demonstrated 
biochar product images were produced at various pyrolysis 
temperatures.    

Fig. 2. Images of the biochar products obtained at different 
pyrolysis temperatures.

3.2. Effect of modification ratio on NO3
- and PO4

3- 
adsorption in the single-component and bi-component 
systems

In this test, the lychee peels-derived biochar pyrolysed 
at 450oC was used to modify with CaFe2O4 NPs at various 
ratios of 0, 1, 3, 5, 7, and 9% (w/w) to promote NO3

- and 
PO4

3- adsorption capacity in both single-component and 
bi-component systems. The tests were performed by fixing 
initial concentrations of NO3

- and PO4
3- at 50 mg/l, biochar 

dosage of 4.0 g/l, and varying modification ratios of 0, 1, 3, 5, 
7, and 9% (w/w) between biochar (PLPB) and CaFe2O4 NPs. 

It can be seen from the data in Fig. 3 that the removal 
of both NO3

- and PO4
3- had a negligible difference in the 

single-component and bi-component systems, proving that 
there was no competition of binding sites for adsorption 
of these ions. When the amount of CaFe2O4NPs loaded 
on the biochar increased from 1 to 5%, the NO3

- and PO4
3- 

adsorption capacity and performance onto modified biochar 
in both systems increased. Specifically, the adsorption 
capacity of NO3

- and PO4
3- increased from 13.79 to 24.05 

mg/g and from 12.39 to 21.52 mg/g, respectively, in the 
single-component system. The NO3

- and PO4
3- adsorption 
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capacity in the bi-component system increased from 15.46 
to 24.05 mg/g and from 14.60 to 22.57 mg/g, respectively, 
when the modification ratio increased from 1-5%. The 
adsorption capacity and performance of both NO3

- and PO4
3- 

reached a peak at a modification ratio of 5% in both single- 
and bi-component systems. At a modification ratio of 5%, 
the NO3

- adsorption capacity was 24.05 mg/g with a NO3
- 

removal efficiency of 95.36%, and the PO4
3- adsorption 

capacity reached 21.52 mg/g with a removal efficiency of 
87.09% in the single system. Similarly, the NO3

- and PO4
3- 

adsorption capacities in the bi-component system reached 
24.05 mg/g and 22.57 mg/g, respectively. The NO3

- and 
PO4

3- adsorption capacity in both single- and bi-component 
systems onto biochar was the lowest. The NO3

- and PO4
3- 

adsorption capacities onto modified biochar at a ratio of 5% 
were higher than that of biochar (PLPB) by many times.     

Fig. 3. NO3
- and PO4

3- adsorption capacity and efficiency 
in the (A, B) single-component and (C) bi-component 
systems. Experimental conditions: NO3

- and PO4
3- (50 mg/l 

for each ion), 0.4 g of adsorbent, pH of 7.0 with varying of 
modification ratios between biochar and CaFe2O4 from 1-9%.

However, a further growth in the loading ratio of 
nanoparticles onto biochar led to a moderate drop in NO3

- 
and PO4

3- adsorption capacity and efficiency in both single- 
and bi-component systems. The removal of NO3

- was 17.28 
and 14.77 mg/g, which decreased by 6.77 and 9.30 mg/g, 
while removal of PO4

3- reached 15.34 and 13.59 mg/g, 
which dropped by 6.18 and 7.43 mg/g when the modification 
ratio increased from 5 to 7 and 9% in the single-component 
system. Meanwhile, the simultaneous adsorption of both 
NO3

- and PO4
3- in the bi-component system saw a similar 

trend. To be specific, the adsorption of NO3
- dropped by 

3.07 and 5.33 mg/g, and PO4
3- adsorption fell by 3.14 and 

5.33 mg/g when the modification ratio increased from 5 to 
7 and 9%. 

The results showed that there was an optimal 
modification ratio in which the NO3

- and PO4
3- adsorption 

capacity and efficiency in both single- and bi-component 
systems were the highest. A very low or very high loading 
ratio was not beneficial for the adsorption of NO3

- and PO4
3- 

onto biochar. A very low loading ratio of nanoparticles led 
to a lack of binding sites on the biochar’s surface, while 
a very high loading ratio caused overlapping pores on the 
biochar’s surface, thus the adsorption capacity was dropped. 
The similar results were also obtained by previous scholars. 
For instance, B. Wu, et al. (2017) [25] used magnetic 
La(OH)3/Fe3O4 nanocomposites with varied La-to-Fe mass 
ratios of 1:1, 2:1, 4:1, and 5:1 for adsorption of PO4

3- and 
the result showed that La-to-Fe mass ratio of 4:1 had the 
highest removal efficiency of PO4

3-. A low or high ratio 
of La was not favourable for adsorption of PO4

3-. H.H.P. 
Quang, et al. (2022) [26] studied adsorption of NO3

- onto 
drinking water sludge (DWS) coated by ZrO2 nanoparticles 
(DWS@ZrO2) and results indicated that either low (0.05 M) 
or high ZrO2 concentrations (0.3 and 0.5 M) had a negative 
effect on the NO3

- adsorption capacity. The NO3
- adsorption 

capacity maximised at coating ZrO2 concentration of 0.1 
M. This result was because the limited active sites on the 
surface of absorbents at low concentration of ZrO2 caused 
a lack of adsorption sites for ion NO3-, while a high ZrO2 
concentration led to negligible active adsorption sites on 
the surface of absorbents for nitrate adsorption, resulting 
in a drop in nitrate adsorption capacity. From the above 
discussions, a loading ratio of 5% CaFe2O4 NPs was 
selected to modify lychee peels-derived biochar for the 
adsorption promotion of both NO3

- and PO4
3- in single- and 

bi-component systems in this work.  

3.3. Adsorbent characteristics and adsorption 
mechanism briefly discussion  

In this present work, the chemical-physical properties of 
biochar (PLPB) and modified biochar at the optimal ratio of 
5% (MLPB-5) were assessed to briefly determine NO3

- and 
PO4

3- adsorption mechanisms in the bi-component system.
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Table 1. Nitrogen adsorption-desorption isotherm data 
of PLPB, MLPB-5 before adsorption, PLPB; MLPB-5 after 
adsorption in bi-component system.

Before adsorption After adsorption

Unit PLPB MLPB-5 PLPB MLPB-5

SBET m²/g 1.554 2.618 0.616 1.183

Vpore cm³/g 0.006 0.007 0.004 0.005

Dpore nm 4.117 4.153 3.535 4.111

As can be seen from the data in Table 1, the biochar was 
modified by CaFe2O4 NPs, witnessing a growth in specific 
surface area by about 1.7 times. Moreover, the loading of 
CaFe2O4 NPs also led to a well-developed porous structure 
of the modified biochar. This result was due to the occurrence 
of both Ca and Fe on the modified biochar’s surface. Similar 
results were also indicated in previous works. For example, 
the loading of MgFe2O4 onto biochar derived from Undaria 
pinnatifida roots for the adsorption of PO4

3- caused an 
increase in the SBET of the modified biochar (MFB-MCs) 
by 6.12 times [27]. The SBET of ZrO2-modified biochar also 
increased by 2.81 times compared with biochar [26]. After 
the adsorption of both NO3

- and PO4
3- in the bi-component 

system, the SBET of NO3
- and PO4

3--laden PLPB and NO3
- and 

PO4
3--laden MLPB-5 decreased due to filling porous holes on 

the biochar’s surface by several NO3
- and PO4

3- ions. Similar 
results were also reported by previous research [1, 25, 26].   

However, the SBET data of biochars in Table 1 also 
indicated that both PLPB and MLPB-5 belong to non-porous 
material with a low SBET. Thus, the NO3

- and PO4
3- adsorption 

by pore-filling mechanism was negligible in this study.  

The surface morphology of PLPB and MLPB-5 before 
and after simultaneous adsorption of NO3

- and PO4
3- in the 

bi-component system are presented in Fig. 4. 

Fig. 4. SEM images of (A) PLPB and (C) MLPB-5 before 
adsorption; (B) PLPB and (D) MLPB-5 after adsorption in a 
bi-component system.

From Fig. 4A, it is evident that the PLPB before adsorption 
had a heterogeneous surface with a rough structure. Several 
tiny fine pores were observed in the SEM image of MLPB-5 
before adsorption, confirming that there was an amount of 
CaFe2O4 NPs stacked onto the porous surface of biochar in 
the form of irregular flakes (Fig. 4C). Fig. 4C also showed 
MLPB-5 had a porous structure with several scroll layers on 
the surface. After adsorption, the porous structure on both 
PLPB and MLPB-5 was broken and blocked with NO3

- and 
PO4

3- ions. The result suggested that the Ca2+ and Fe2+ on 
the biochar’s surface reacted with nitrate and phosphate 
through chemical or physical adsorption [2]. 

Based on EDS analysis results (Fig. 5), the biochar 
contained C, O, Mg, S, K and Ca in its constituent (Fig. 
5A). After being loaded by CaFe2O4 NPs, there was an 
occurrence of Ca and Fe with a high amount in the modified 
biochar composition, proving that the CaFe2O4 NPs were 
successfully loaded on the biochar’s surface (Fig. 5C).  

Fig. 5.  EDS spectrums and elements mapping of (A) PLPB 
and (C) MLPB-5 before adsorption; and (B) PLPB and (D) 
MLPB-5 after adsorption in a bi-component system.

Especially, after adsorption, both N and P were present 
in the biochars’ constituent, confirming that both NO3

- and 
PO4

3- ions were successfully adsorbed by PLPB and MLPB-
5. With the same initial concentration of pollutants, the 
adsorbed amount of N and P on the MLPB-5 was higher 
than that of the PLPB by about 2 times, indicating that the 
NO3

- and PO4
3- adsorption capacity on the modified biochar 

was higher than that of biochar. 

The XRD patterns of biochar and modified biochar before 
and after NO3

- and PO4
3- adsorption in the bi-component 

system are demonstrated in Fig. 6A. The successful loading of 
both Ca and Fe on MLPB-5’s surface was also confirmed by 
the XRD pattern (Fig. 6A). As indicated in Fig. 6B, the biochar 
(PLPB) before and after adsorption exhibited an amorphous 
structure. This was also an inherent property of biochar 
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produced from carbon-based materials. On the other hand, 
the CaFe2O4-modified biochar expressed a nanocrystalline 
structure both before and after adsorption with the appearance 
of typical characteristic peaks of CaFe2O4. All these typical 
peaks were well agreed with the standard CaFe2O4 spectra 
(JCPDS Card No. 74-2136) [3]. The 2θ values at 26.2o, 
33.6o, 39.5o, 52.7o, 61.2o, and 67.7o corresponded with the 
typical crystal planes of calcium ferrite with good purity of 
CaFe2O4 at (220), (311), (320), (600), (533), and (440) planes, 
confirming that CaFe2O4 nanoparticles were successfully 
deposited on the PLPB’s surface. In combination with data 
in Fig. 5 which demonstrated the distribution of Fe, Ca, O, 
N and P in the modified biochar constituent, leading to the 
formation of Fe-O-P, Ca-O-P, Fe-O-N and Ca-O-N complexes 
on the biochar’s surface by covalent binding of nitrate and 
phosphate ions with –OH functional groups, confirming the 
surface complexation mechanism contributed to the removal 
of both NO3

- and PO4
3- by MPLP. The surface complexation 

mechanism was also confirmed by FTIR data (Fig. 6A) by the 
formation of complexes of P-O-M and N-H groups. Similar 
results were achieved by previous studies [26, 28].

The FTIR analysis revealed dense peaks density at 3228 

and 3226 cm-1 in biochars before adsorption, indicating the 
presence of –OH stretching and vibration of –OH groups [2, 
26]. However, the density of –OH groups decreased in NO3

- 
and PO4

3--laden biochars, suggesting that the –OH groups 
participated in the adsorption process. Moreover, peaks 
fluctuating around 2947 and 2940 cm-1 were attributed to 

C-H groups in biochar. The peaks density around 1592 
and 1608 cm-1 corresponded to C=O groups. Notably, 
the occurrence of new peaks at 1376 and 1377 cm-1 after 
adsorption may indicate band vibration of O-N, while peaks 
at 1038 and 1040 cm-1 were associated with N-H groups. This 
result confirmed chemical/physical interactions between the 
biochars’ surface and NO3

- and PO4
3- during the adsorption 

process, demonstrating successful adsorption of both ions 
onto the biochars. Additionally, peaks vibrating around 781 
cm-1

 to 880 cm-1 were attributed to Si-O bonds. The bands 
at 432, 575, and 599 cm-1 denoted the stretching vibration 
of M-O, P-O-M, and N-O-M (M=Fe, Ca), respectively. 
Analysis of the FTIR data indicated a ligand exchange 
reaction occurred between –OH groups on the surface-
modified biochar and NO3

- and PO4
3- anions during the 

adsorption process. Thus, ligand exchange was identified as 
the main adsorption mechanism of NO3

- and PO4
3- anions 

onto modified biochar in the bi-component system.

In summary, based on the above-discussed physical-
chemical characteristics of biochars, it can be concluded 
that the removal of both NO3

- and PO4
3- in the bi-component 

system occurred via surface complexation and ligand 
exchange mechanisms.  

4. Conclusions
This study successfully developed a low-cost adsorbent 

from waste lychee peels and modified it with CaFe2O4 NPs 
for the removal of both NO3

- and PO4
3- from wastewater. 

The optimal pyrolysis temperature for fabricating biochar 
was determined to be 450oC. Furthermore, the results 
indicated that a modification ratio of 5% CaFe2O4 NPs with 
biochar provided the highest NO3

- and PO4
3- adsorption 

capacity and efficiency in both single- and bi-component 
systems, with negligible differences observed in the 
adsorption performance between the single-component 
and bi-component systems. The NO3

- and PO4
3- adsorption 

capacities onto MPLB were consistently higher than 
those onto PLPB, approximately double. Analysis of 
the physical-chemical properties data of biochars before 
and after adsorption primarily determined that the NO3

- 
and PO4

3- adsorption mechanisms were through surface 
complexation and ligand exchange. These findings suggest 
that CaFe2O4-modified biochar holds significant promise 
for the simultaneous removal of both NO3

- and PO4
3- from 

wastewater. Moreover, the spent adsorbent containing NO3
- 

and PO4
3- can be utilised as a slow fertiliser for plant growth.
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