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ABSTRACT

Large amounts of nitrogen and phosphorus elements were discharged into the environment. They
would lead to severe eutrophication of water bodies. The development of economically efficient,
green and ecological adsorbents is the current focus for adsorption technology. In this research,
the cost-effective biochar modified by Mg/Ca bimetallic oxide composites (Mg/Ca@PS) for adsorp-
tion of NO; and PO} ions in aqueous solution was investigated. Additionally, Mg/Ca@PS also
was characterized by scanning electron microscopy, transmission electron microscopy, energy-
dispersive X-ray analysis, X-ray diffraction, and Fourier-transform infrared spectroscopy, respec-
tively. The experimental results showed that the adsorption process of NO; ions in aqueous
solution by Mg/Ca@PS could be described by pseudo-second-order kinetic model and Langmuir
isotherm model, respectively. However, the adsorption process of PO} ions in solution by
Mg/Ca@PS could be described by pseudo-second-order kinetic model and Freundlich isotherm
model, respectively. Additionally, the adsorption capacity of NO; and PO ions in aqueous solu-
tion by Mg/Ca@PS were 18.52 and 47.85 mg/g, respectively. The adsorption mechanisms of NO; ions
and PO} ions in solution by Mg/Ca@PS mainly contain surface adsorption, intraparticle diffusion,
electrostatic attraction, and ion exchange. Moreover, the adsorption mechanism of PO} ions in
solution by Mg/Ca@PS also includes chemical precipitation. In the five recycle times, the removal
rate of NO; and PO} ions still reached 55.31% and 48.12%, respectively. It indicated that the
chemical stability of Mg/Ca@PS was very well, and it was a good environmental friendly material.
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1. Introduction

With the rapid development of industry and agricul-
ture, large amounts of nitrogen (N) and phosphorus (P)
elements are discharged into the environment [1]. They
would lead to severe eutrophication of water bodies. The
main forms of these N and P elements in water body were
NO;, NHj, and PO}, respectively [2,3]. Therefore, efficient
treatment of nitrogen and phosphorus elements in water
body has become a research hotspot in the field of envi-

ronment science. At present, many scholars have begun to
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study this problem. Therefore, the development of highly
efficient and low-cost treatment technologies is urgently
required for N and P removal from wastewater [4]. At pres-
ent, the treatment technologies for nitrogen and phospho-
rus removal in water mainly include membrane separation
method, struvite crystallization method, plant adsorption
method and adsorption-desorption method [5]. Among of
these treatment technologies, the adsorption method can
not only remove the elements of nitrogen and phosphorus,
but also the adsorbent materials can be used as a fertilizer
for soil [6]. Therefore, adsorption method has been received
the attention of many scholars. Adsorption material is very
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important for adsorption method. However, adsorption
material, such as activated carbon, clay minerals, and zeo-
lites, is usually expensive and with low adsorbent capac-
ity and selectivity. Therefore, the development of suitable
adsorption material is very important for the successful
application of adsorption method in pollutants removal.

Biochar is an efficient and cheap adsorption material,
which is a by-product of pyrolyzed biomass [7-9]. Biochar
contains the characteristics of high specific surface area,
low price, simple operation and high adsorption capac-
ity. Therefore, it can be used as adsorbent material [10,11].
A large number of researches indicate that biochar could
been widely used for removal of heavy metals, radionu-
clides, organic pollutants, inorganic pollutants, and so on
[12-18]. Additionally, biochar also has been widely applied
in the N and P removal in solution [19]. However, the
adsorption capacity of the unmodified biochar for N and
P in solution removal is usually very low. Therefore, it is
necessary to modify biochar in order to improve its adsorp-
tion performance. For example, Wu et al. [20] synthesized
the modified biochar from rice straw by iron (II/III). After
biochar was modified with iron (II/III), the adsorption
capacity of P in solution removal by the modified bio-
char increased from 16.4 to 39.2 mg/g. Zheng et al. [21]
reported that Mg-Al-modified biochar from wheat straw
was obtained through modified by Mg/Al composites. The
adsorption capacity of Mg-Al-modified biochar for phos-
phate removal was elaborated in details. The experimen-
tal results showed the adsorption capacity of phosphate
removal by the modified biochar increased significantly
[20,22-24]. The elements of Ca and Mg are non-toxic and
widely present in nature, and they are considered to be
promising materials for the modification of biochar. Some
researches on the adsorption of pollutants by biochar mod-
ified with the element of Ca or Mg have been reported.
However, the adsorption of N and P in solution by biochar
modified with Ca and Mg composites are fewer.

The cost-effective biochar modified by Mg/Ca bime-
tallic oxide composites (Mg/Ca@PS) was prepared. Then,
the adsorption experiments of N and P in solution by
Mg/Ca@PS are carried out. The main objectives are to be
achieved: (1) Preparation of a cost-effective Mg/Ca@PS;
(2) Characterization of Mg/Ca@PS; (3) Adsorption processes
of NOj and PO}~ ions in solution by Mg/Ca@PS; (4) Proposed
mechanism between Mg/Ca@PS and NOj; or POY ions in
solution.

2. Materials and methods
2.1. Materials

Peanut shells are collected from a farm in Jinan City,
Shandong Province. Chemical reagents, such as CaCl,
MgCl, H,SO,, NaOH, NaNO, and KH,PO,, are purchased
from Shanghai Macklin Biochemical Co. Ltd., and they are
all analytical grade. The distilled water is used for the total
experiments.

2.2. Preparation of Mg/Ca@PS

Peanut shell is used as the raw material of biochar.
The peanut shells are washed for three times with clean

water. Then they are dried in an oven at 110°C for 12 h.
The dried peanut shells are grounded, and sieved into
mesh #100. The biochar from peanut shell (PS) is pre-
pared with the method of high-temperature pyrolysis. In
a word, they are pyrolyzed in a muffle furnace for 2 h at
500°C under N, condition (100 mL/min). The cost-effec-
tive Mg/Ca bimetallic oxide composites functionalized
peanut shell (Mg/Ca@PS) is prepared by an impregnation
method. Briefly, the peanut shell powder is soaked in the
100 mL of mixture solution (1 mol/L MgCl, and 1 mol/L
CaCl,). Add 100 mL 4 mol/L NaOH, and place them in the
shaker for 24 h at 200 rpm and 25°C. After the mixture
is filtered, they are washed with distilled water for three
times in order to remove the Ca?" and Mg?" ions on the par-
ticle surface. Then, they are dried in an oven at 110°C for
12 h, and they are pyrolyzed in a muffle furnace for 2 h
at 500°C under N, condition (100 mL/min). The adsorbent
of Mg/Ca@PS is obtained. They will be used for removal
of nitrogen and phosphorus in solution. The synthesis
pathway for Mg/Ca@PS is displayed in Fig. 1.

2.3. Characterization of sorbents

The characterization of PS and Mg/Ca@PS are deter-
mined by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), N,-Brunauer-Emmett-Teller
adsorption, Fourier-transform infrared spectroscopy (FT-IR),
X-ray diffractometer (XRD) and X-ray photoelectron spec-
trometer (XPS) respectively. The detailed information is
provided in Supporting Information.

2.4. Adsorption experiments

Adsorption experiments are all carried out in 250 mL
Erlenmeyer flasks at 150 rpm under a constant temperature
condition. The detailed information is provided in Supporting
Information. In a word, the certain amount of the adsorbent
is added into a 250 mL Erlenmeyer flask containing 100 mL
initial concentration of NO; or PO} ions. Flask is sealed by
bottle cap and placed in the shaker at 150 rpm and constant
temperature. The deionized water is used in all adsorp-
tion experiments. The pH in solution is adjusted with the
0.1 mol/L NaOH or 0.1 mol/L HCI solution. When the entire
adsorption process reaches equilibrium, the supernatant is
collected through filter filtration. The total nitrogen (TN)
and total phosphorus (TP) concentration in the superna-
tant are analyzed by UV-Vis spectrophotometry, respec-
tively [25]. The residual sample is centrifuged at 3,000 rpm
for 5 min. Sediment is determined by microscopic technol-
ogies. All experiments are carried out in duplicate and the
data are analyzed by the mean and standard deviation.
Additionally, calculations of the removal efficiency (R (%))
and the adsorption capacity (g (mg/g)) are as follows.

The removal efficiency (R (%)) and the adsorption capac-
ity (g (mg/g)) were calculated according to Egs. (1) and (2)
[26-28].
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Fig. 1. Synthesis pathway for Mg/Ca@PS.
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where C, (mg/L) and C, (mg/L) were initial concentration
and equilibrium concentration, respectively. V (L) was the
solution volume and m (g) was the weight of adsorbent.

3. Results and discussion
3.1. Characteristic of Mg/Ca@PS

SEM images and TEM images of PS and Mg/Ca@PS are
shown in Fig. 2.

As shown from Fig. 2, after the peanut shell is pyro-
lyzed in a muffle furnace under N, condition, the surface
of the obtained biochar (PS) has a rich irregular structure.
The irregular structure will facilitate adsorption. After PS
is functionalized with Mg/Ca bimetallic oxide compos-
ites, the surface of the obtained composites (Mg/Ca@PS) is
rough further. The irregular structure is increased. Some
flaky, obvious graininess and flocculent particles appear. It
may be the reason that the original pore structure inside the
PS is destroyed because of the addition of Mg/Ca bimetal-
lic oxide composites. Additionally, the results indicate that
Mg/Ca bimetallic oxide composites appear on the surface
of PS. In other words, the PS is successfully modified by
Mg/Ca bimetallic oxide composites.

Fig. 3 shows energy-dispersive X-ray analysis (EDS)
spectrum and element distribution of PS and Mg/Ca@PS. It
can be found that the prepared PS contains the elements of
C, O and Si. Their weight percentages are 63.07%, 36.58%
and 0.35%, respectively. In additionally, the prepared
Mg/Ca@PS contains the elements of C, O, Si, Mg and Ca.
Their weight percentages are 55.21%, 39.31%, 0.13%,

2.76% and 2.59%, respectively. As shown from the results
of weight percentages, it can be found that the elements
of Mg and Ca are appeared on the surface of Mg/Ca@PS.
The weight percentage of O is also increased. It indicates
that Mg/Ca bimetallic oxide composites are loaded on the
surface of PS. This result is consistent with the results of
SEM and TEM images.

Fig. 4a shows FT-IR band of PS and Mg/Ca@PS. It
can be seen that the trend of the FT-IR band of PS and
Mg/Ca@PS is basically the same.

It indicates that PS contains a large of chemical func-
tional groups. It is similar to Mg/Ca@PS. After PS is loaded
with Mg/Ca bimetallic oxide composites, its surface chemi-
cal functional groups remain unchanged. Seven characteris-
tic adsorption peaks at 3,406; 2,337; 2,002; 1,614; 1,381; 1,100
and 606 cm™ were observed on the surface of Mg/Ca@PS
composites. They belong to —OH stretching vibrations,
—C=C- stretching vibrations, -C=C- stretching vibrations,
—CH,- stretching vibrations, -C-O stretching vibrations
and —C-H stretching vibrations, respectively [29]. XRD pat-
terns of PS and Mg/Ca@PS are depicted in Fig. 4b. It can be
observed that the diffraction peaks are sharp. Additionally,
many miscellaneous peaks also can be found on the sur-
face of Mg/Ca@PS. It indicates that the crystallinity of the
formed non-unit cell product is higher and the purity of
them is lower [30]. The characteristic diffraction peak at
26.26° is observed. It is attributed to the SiO, crystal [31].
Four characteristic diffraction peaks at 29.36°, 31.68°, 38.71°,
42.54° and 45.36° appear on the surface of Mg/Ca@PS com-
posites. They are attribute to MgO or Mg(OH),, and CaO
or Ca(OH), crystal [32].

According to the results of SEM, TEM, EDS, FT-IR and
XRD, it can be concluded that a cost-effective Mg/Ca@PS is
obtained. PS is successfully loaded with Mg/Ca bimetallic
oxide composites.
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Fig. 2. SEM images of PS (a) and Mg/Ca@PS (b); TEM images of PS (c) and Mg/Ca@PS (d).
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Fig. 3. EDS spectrum and element distribution of PS (a) and Mg/Ca@PS (b).
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Fig. 4. FT-IR band (a) and XRD patterns (b) of PS and Mg/Ca@PS.
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3.2. Effects of operational parameters on NO; and PO} removal
in solution

Effects of pH, contact time, concentration of NO; and
PO} ions and temperature on NO; and PO} removal in
solution by Mg/Ca@PS are shown in Fig. 5. According to
the experimental results, it indicates that these operation
parameters (pH, contact time, concentration of NO; and
PO} ions and temperature) have an important influence
on the adsorption capacity of NO; and PO} ions in solu-
tion removal by Mg/Ca@PS. From Fig. 5a, it can be seen that
pH has an important role during the adsorption process of
NO; and PO} ions removal by Mg/Ca@PS. Along with the
increase of the initial pH in solution, the adsorption capac-
ity of PO} ions removal by Mg/Ca@PS increases at the first
stage. Then, it begins to decrease slowly. When the value
of pH is 10, the adsorption capacity of PO} ions removal
by Mg/Ca@PS reaches the maximum value. Under a differ-
ent pH values, there are four main forms of P element in
aqueous solutions. They are H,PO,, H,PO;, HPO?  and PO},
respectively [33].

When pHe9, Mg/Ca@PS can adsorb H,PO; and HPO?"
ions by electrostatic interaction. Furthermore, when the
value of initial pH in solution increases, the concentration
of OH™ ions in solution also increases. It will lead to the
increase of electrostatic repulsion, and compete with phos-
phorus in solution for adsorption sites. Moreover, it also
would react with Ca* and Mg* ions to produce precipita-
tion. This would block the pores of Mg/Ca@PS. Therefore,
it is not benefit for the adsorption of PO}~ ions in solution.

20
16 | (a) —
a 7 .
? | —DPO,?
= | -
g 38} L !—L 3
!‘h".
7 g
4 b /
s o
0 . . | | I I
0 2 4 6 & 10 12 14
pH
50
(¢)
40 F {
— { ”’"hiﬂr---h;
§ N P
= _ ) o
= 20 el
- +PO4
10 :
a o
0 | | | I
0 100 200 300 400 500
Cp (mg/L)

163

For NOj ions, as the pH increases, the adsorption capacity
NO; ions by Mg/Ca@PS gradually decreases. NO; ions in
solution will undergo coordination exchange on the sur-
face of metal oxide hydrates [34]. When the pH of the solu-
tion is less than pH_ value of Mg/Ca@PS, the surface of
the Mg/Ca@PS is posmvely charged. It will facilitate the
electrostatic attraction between NOj ions and Mg/Ca@PS.
They coordinate exchange with OH’ ions on the surface
of Mg/Ca@PS. When the pH of the solution is pH__value
of Mg/Ca@PS, the surface of Mg/Ca@PS is neutral and
the coordination exchange between NO; ions and OH-
ions occurs directly. When the pH of the solution is more
than pH_, value of Mg/Ca@PS, the surface of Mg/Ca@PS
is negatlvely charged, and it repels electrostatically with
NO; ions. Therefore, the probability of coordination
exchange between NO; ions and OH- ions is reduced,
resulting in a significant reduction in the removal rate of
NOj ions. As shown from Fig. 5a, it depicts that the adsorp-
tion capacity of NO; or PO} ions removal by Mg/Ca@PS
shows a trend of rapid increase first and then gradually
gradual, along with the increase of the concentration of
NO; or PO; ions in solution.

It may be the reason that at the initial stage, the num-
ber of sites that can be adsorbed and utilized on the surface
of Mg/Ca@PS is relatively large [29]. As the contact time
increases, the adsorption sites on the surface of Mg/Ca@
PS are continuously occupied by NO; or PO? ions in solu-
tion. It will lead to a decrease in the driving force of mass
transfer, and the rate of adsorption begins to slow down
gradually. When the adsorption sites on the surface of the
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Fig. 5. Effects of operational parameters on NO; and PO} removal in solution (a) pH, (b) contact time, (c) concentration of NO; and

PO} and (d) temperature. (Experimental conditions: for PO} ions, 0.1 g Mg/Ca@PS, 20 mL 100 mg/L PO?

, contact time of 6 h, pH 8.0,

150 rpm and 25°C; for NO;, 0.2 g adsorbent and 20 mL 50 mg/L NO; ions, contact time of 6 h, pH 2.0, 150 rpm and 25°C).
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Mg/Ca@PS tend to be saturated, NO; or PO} ions in solu-
tion cannot enter the surface of PS. Then it reaches a state
of adsorption equilibrium. The concentration of NO; or
PO¥ ions in solution and temperature are beneficial to the
adsorption capacity of NO; or PO} ions in solution removal
by Mg/Ca@PS (Fig. 5¢ and d).

3.3. Kinetic adsorption, the adsorption isotherm
and thermodynamic

In order to explore the adsorption mechanism of NO;
and POi‘ ions in solution removal by Mg/Ca@PS, the kinetic
adsorption, the adsorption isotherm and thermodynamic
are elaborated in details [35,36]. In this work, the kinetic
adsorption is depicted by pseudo-first-order kinetic model
and pseudo-second-order kinetic model. The adsorption
isotherm is depicted by Langmuir isotherm model and
Freundlich isotherm model. Thermodynamic parameters
are evaluated to determine the spontaneity of the reac-
tion. They are Gibbs free energy (AG® (kJ/mol)), enthalpy
(AH? (kJ/mol)) and entropy (AS® (J/mol/K)), respectively.

Egs. (3) and (4) represent the linear forms of pseu-
do-first-order and pseudo-second-order kinetic models.

g, =q.(1-¢) &)
t_ 1t @
9, Ka q

where q, (mg/g) and g, (mg/g) are adsorption capacity of
NO; and PO} ions solution by Mg/Ca@PS at adsorption
time ¢t and adsorption equilibrium respectively. K, (min™)
and K, (min™) are the adsorption rate constant.

Langmuir isotherm model and Freundlich isotherm
model can be expressed in Egs. (5) and (6). They are as
follows:

7, =S8 5)
1+CK,

where g, (mg/g) is concentration of adsorbed NO; and

PO} ions at equilibrium. g, (mg/g) is the maximum uptake

capacity of N and P. C, (mg/L) is concentration of TN

and TP at equilibrium and K, (L/mg) is constant.

q,=K,C" )

where g, (mg/g) is the amount of adsorbed NO; and PO} ions
per unit mass of the adsorbent at equilibrium. C, (mg/L) is
concentration of NO; and PO; ions at equilibrium. K, and 1/n
are constant.

Thermodynamic parameters can be calculated using

Egs. (7)—(9):

AG®=-RTInK, @)
Ink - AS® AH ®
R RT

L ©)

where T is the solution temperature (K), K is the adsorp-
tion equilibrium constant, R is the gas constant (8.314
J/mol/K), gq, is the amount of adsorbate adsorbed per
unit mass of adsorbate at equilibrium (mg/g) and C, is
the equilibrium concentration of the adsorbate (mg/L).
AS° and AH° are calculated from the slope and the
intercept respectively.

According the experimental data of Fig. 5b and c¢ and
Egs. (3)-(6), the kinetic adsorption and the adsorption iso-
therm for NO; and PO} by Mg/Ca@PS are shown in Fig. 6.

Fig. 6a and b show the fitting results of pseudo-first-
order kinetic model and pseudo-second-order kinetic model.
For adsorption of NOj ions in solution, by comparing the
fitting coefficients (R?), the adsorption process of NO; ions
in solution removal by Mg/Ca@PS is better fitted by pseudo-
second-order kinetic model (R* = 0.9826 < R?> = 0.9964).
Additionally, for adsorption of PO} ions in aqueous solu-
tion, the adsorption process also is better fitted by pseu-
do-second-order kinetic model (R? = 0.9735 < R? = 0.9953).
Therefore, it can be concluded that the adsorption process of
NO; or PO} by Mg/Ca@PS is chemical reaction. It is regard
as the rate-limiting step. It indicates that the adsorption
process contains chemical bonding forces, ion exchange,
complexation and precipitation [37]. Additionally, the
adsorption capacity of NO; and PO} ions in aqueous solu-
tion by Mg/Ca@PS were 18.52 and 47.85 mg/g, respectively.
Adsorption capacity comparison of Mg/Ca@PS with the
other adsorbents on NO; ions or PO} ions removal is listed in
Table 1. The synthesized Mg/Ca@PS possesses an enhanced
removal capacity as compared with other materials.

Fig. 6c and d show the fitting results of Langmuir iso-
therm model and Freundlich isotherm model. It depicts
that the adsorption process of NOj ions in solution by
Mg/Ca@PS can be described by Langmuir isotherm model
(R? = 0.9612 > R* = 0.8245). It indicates that the adsorption
process of NO; ions in solution removal by Mg/Ca@PS is
homogeneous monolayers. A lot of uniform adsorption sites
appear on the surface of Mg/Ca@PS. For PO?" ions in solu-
tion, the adsorption process is different. The adsorption pro-
cess of PO? ions in solution by Mg/Ca@PS can be described
by Freundlich isotherm model (R? = 0.8733 < R? = 0.9059).
The adsorption process of PO} ions in solution by
Mg/Ca@PS is a multilayer adsorption process.

According to the data from Fig. 5d and Egs. (7)—(9),
the three thermodynamic parameters of AG° (kJ/mol)),
enthalpy (AH® (kJ/mol)) and entropy (AS° (J/mol/K) can be
calculated. The results are listed in Table S1. Where, AG° <0
shows the adsorption process is a spontaneous nature. The
decrease of AG® values with the rising temperature indicates
that higher temperature is favorable for the adsorption of
NO; and PO? ions in solution by Mg/Ca@PS. Additionally,
AH® > 0 depicts that the adsorption process is accompanied
by endotherm. There may be strong chemical adsorption.
Furthermore, AS° > 0 indicates that the interface between
NO; or PO} ions in solution and Mg/Ca@PS may tend to
be disordered [45,46].
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Fig. 6. The adsorption kinetic and the adsorption isotherm for NO; and PO} removal by Mg/Ca@PS (a) pseudo-first-order kinetic
model, (b) pseudo-second-order kinetic model, (c) Langmuir isotherm model and (d) Freundlich isotherm model.

Table 1

Adsorption capacity comparison of Mg/Ca@PS with the other adsorbents on NO; ions or PO} ions removal

Adsorbent Adsorption capacity (mg/g) Reference
NO; ions PO} ions
LTA MOFs 49.73 62.81 [38]
Al-modified biochar 89.58 57.49 [39]
Modified cellulose from corn stalks 13.60 22.88 [40]
FeCl;/Gemini-Mt composite 8.77 28.10 [41]
La,0,AM@CS composite beads 27.84 3491 [42]
Zr@Fu MOF composite 43.97 56.41 [43]
Mg/Al modified biochar 40.63 74.47 [44]
Mg/Ca@PS 18.52 47.85 This work

3.4. Possible reaction mechanism

According to the results of adsorption kinetics, the
adsorption isotherm, thermodynamic and the character-
ization of Mg/Ca@PS, reaction mechanisms of NO; ions or
PO? ions removal by Mg/Ca@PS can be depicted as follow-
ing. For NO; ions, according to the experimental results of
the kinetic adsorption, the adsorption isotherm and thermo-
dynamic, the adsorption process of NO; ions in solution by
Mg/Ca@PS can be described by pseudo-second-order kinetic
model and Langmuir isotherm model, respectively. It indi-
cates that the adsorption process is physic-chemical complex

adsorption process dominated by chemisorption. From the
characteristics of Mg/Ca@PS, it can be seen that adsorbent
of Mg/Ca@PS is high specific surface area, porosity and
polarity. It can adsorb the NO; ions in solution by a lot of
adsorption sites [47]. The surface adsorption process usually
occurs on the surface of Mg/Ca@PS. Additionally, the intra-
particle diffusion also can occur on the surface of Mg/Ca@PS,
because the prepared material of Mg/Ca@PS is a meso-
porous material. The NO; ions are easy to penetrate into the
pores of Mg/Ca@PS. The chemical modification of Mg/Ca
bimetallic oxide composites functionalized PS makes the
surface positively charged [48]. It will cause the electrostatic
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attraction to occur. Furthermore, there are a lot of OH- ions
on the surface of Mg/Ca@PS. They can react with NO; ions in
solution through ion exchange [49]. In general, the adsorp-
tion mechanisms of NO; ions in solution by Mg/Ca@PS
mainly contain surface adsorption, intraparticle diffusion,
electrostatic attraction and ion exchange.

Additionally, the adsorption mechanisms of PO}
ions removal by Mg/Ca@PS are same with the adsorp-
tion mechanisms of NO; ions removal. PO} ions can be
captured on by various processes [50]. It involves the
surface adsorption, intraparticle diffusion, electrostatic
attraction and ion exchange. The following reactions are
involved in electrostatic attraction between PO} ions and
Mg/Ca@PS. They are following as: Mg-O + HO* — Mg-
OH' + OH-, Mg-OH' + HPO? — Mg-OH* - HPO?" and Mg-
OH" + H,PO} — Mg-OH" — H,PO?". Besides, the adsorption
process of PO ions in solution by Mg/Ca@PS can be
described by Freundlich isotherm model. This indicates
that it also involves the chemical precipitation of PO} ions
with Mg/Ca@PS. On the surface of Mg/Ca@PS, Mg?* ions
or MgO nanoparticles will improve PO? ions removal in
solution [51]. The main forms of in solution are H,PO; and
HPOZ, respectively. Mg* ions or MgO nanoparticles can
react with H,PO; ions and HPO? ions. The precipitates of
Mg(H,PO,), and MgHPO, are formed. In other words, the
adsorption mechanism of PO} ions removal by Mg/Ca@PS
involves chemical precipitation. The reactions are following
as [62]: Mg-O + H,O + 2H,PO; — Mg(H,PO,), + 20H,
MgO + H,0 — Mg(OH),(aq), Mg(OH),(aq) — Mg* + 20H",
Mg* + HPOZ> — MgHPO, and Mg* + 2HPO,; — Mg(H,PO,),.
The possible mechanisms of NO; ions or PO} ions removal
in solution by Mg/Ca@PS are depicted in Fig. 7.

In summary, Mg/Ca bimetallic oxide composites func-
tionalized peanut shell can effectively remove NOj ions
and PO? ions in solution. The adsorption mechanisms of
NO; ions and PO?Y ions in solution by Mg/Ca@PS can be
described by surface adsorption, intraparticle diffusion,
electrostatic attraction and ion exchange. Moreover, the
adsorption mechanism of PO}~ ions in solution by Mg/Ca@PS
also includes chemical precipitation.

Chemical precipitation

Electrostatic attraction
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3.5. Recycle experiment

In order to investigate the influence of recycle time on
removal of NO; or PO} ions in solution by Mg/Ca@PS,
a serial of adsorption-desorption experiments are car-
ried out. After Mg/Ca@PS adsorbs the NO; or PO} ions in
solution, it is soaked in 250 mL flasks containing of 100 mL
0.1 mol/L HCl for 30 min, and washed for three times by
Milli-Q water. Influence of recycle time on the adsorp-
tion capacity of NO; and PO} removal in solution by
Mg/Ca@PS is displayed in Fig. 8. In the five recycle times,
the removal rate of NO; and PO? ions still reaches 55.31%
and 48.12%, respectively. It indicates that the chemical sta-
bility of Mg/Ca@PS is very well. It is a good reusability
environmental friendly material in wastewater treatment of
NO; and PO ions in solution with low-costs.

100 r
B P43
80 F ENO;5
—_— 60 -
X
2 40 F
20 F
0
1 2 3 4 5

Recycle time (n)

Fig. 8. Influence of recycle time on NO; and PO} removal in
solution by Mg/Ca@PS. (Experimental conditions: for PO}
ions: 0.1 g Mg/Ca@PS, 20 mL 100 mg/L POZ, contact time of
6 h, pH 8.0, 150 rpm and 25°C; for NO; ions, 0.2 g Mg/Ca@PS,
20 mL 100 mg/L NO; ions, pH 2.0, 150 rpm and 25°C).

Surface adsorption and intraparticle diffusion

Ion exchange

Fig. 7. Possible mechanisms of NO; ions or PO}~ ions removal in solution by Mg/Ca@PS.
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4. Conclusions

In this research, a cost-effective biochar modified by
Mg/Ca bimetallic oxide composites (Mg/Ca@PS) is pre-
pared. Biochar of PS from peanut shell is successfully
loaded with Mg/Ca bimetallic oxide composites. Mg/Ca
bimetallic oxide composites functionalized peanut shell can
effectively remove NOj ions and PO} ions in solution. The
adsorption process of NOj ions in solution by Mg/Ca@PS
is homogeneous monolayers. However, the adsorption pro-
cess of PO} ions in solution by Mg/Ca@PS is a multilayer
adsorption process. Additionally, the adsorption capacity of
NO; and PO} ions in aqueous solution by Mg/Ca@PS were
18.52 and 47.85 mg/g, respectively. The adsorption mecha-
nisms of NO; ions and PO} ions in solution by Mg/Ca@PS
can be described by surface adsorption, intraparticle diffu-
sion, electrostatic attraction and ion exchange. Moreover,
the adsorption mechanism of PO} ions in aqueous
solution by Mg/Ca@PS also includes chemical precipitation.
The chemical stability of Mg/Ca@PS is very well. It also is a
good reusability environmental friendly material in waste-
water treatment of NO; and PO} ions in aqueous solution
with low-costs.
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Supplementary information
S1. Characterization of sorbents

Scanning electron microscopy (JEOL 6500F, Japan)
and transmission electron microscopy (Tecnai G2 20,
Netherlands) was used to observe the surface morphology
and structure of adsorbents. The surface area and pore size
of adsorbents were determined by the NOVA 4200e Surface
Area and pore size analyzer (Quantachrome, FL, USA)
at a relative pressure of 0.95 following the multipoint
N,-Brunauer-Emmett-Teller adsorption method. The sur-
face functional groups of adsorbents in the wave number
range of 500-4,000 cm™ were recorded on a Nexus 670 FT-IR
Spectrometer (Thermo Nicolet, Madison). The crystalline
structures of the adsorbents were conducted in a D/Max-IIIA
Powder X-ray Diffractomer (Rigaku Corp., Japan). XPS
(X-ray photoelectron spectrometer, Kratos AXIS Ultra
DLD, Japan) and the model Axis-HS (Kratos Analytical)
were used to determine the surface of adsorbents.

S2. Adsorption experiments
52.1. Effect of pH

¢ 0.1 gadsorbent and 20 mL 100 mg/L PO ions in solution
with different pH (2.0, 4.0, 6.0, 8.0, 10.0 and 12.0) were
charged into a series of flasks, respectively. The mixture
was shaken at 150 rpm and 25°C for 6 h.

¢ 0.2 g adsorbent and 20 mL 100 mg/L NO; ions in solution
with different pH (2.0, 4.0, 6.0, 8.0, 10.0 and 12.0) were
charged into a series of flasks, respectively. The mixture
was shaken at 150 rpm and 25°C for 6 h.

S52.2. Effect of initial concentration

* 0.1 g adsorbent and 20 mL initial concentration of PO~
ions in solution with a different initial concentration
(50, 100, 150, 200, 250, 300, 350 and 400 mg/L) were
charged into a series of flasks, respectively. The mixture
was shaken at pH 8.0, 150 rpm and 25°C for 6 h.

Table S1

¢ 0.2 g adsorbent and 20 mL initial concentration of NO;
ions in solution with a different initial concentration
(50, 100, 150, 200, 250, 300, 350 and 400 mg/L) were
charged into a series of flasks, respectively. The mixture
was shaken at pH 2.0, 150 rpm and 25°C for 6 h.

52.3. Effect of contact time

* 0.1 g adsorbent and 20 mL 100 mg/L PO ions in solu-
tion were charged into a series of flasks, respectively.
The mixture was shaken at pH 8.0, 150 rpm and 25°C
for different time (1, 3, 10, 20, 30, 40, 50, 70, 90, 120, 150,
180, 210 and 240 min).

* 0.2 g adsorbent and 20 mL 50 mg/L NO; ions in solution
were charged into a series of flasks, respectively. The
mixture was shaken at pH 2.0, 150 rpm and 25°C for
different time (1, 5, 20, 40, 90, 120, 150, 180 and 240 min).

52.4. Effect of temperature

¢ 0.1 gadsorbent and 20 mL 100 mg/L PO} ions in aqueous
solution were charged into a series of flasks, respectively.
The mixture was shaken at pH 8.0 and 150 rpm for 6 h.
Temperature is 25°C, 35°C and 45°C, respectively.

¢ 0.2 g adsorbent and 20 mL 50 mg/L NO; ions in aqueous
solution were charged into a series of flasks, respectively.
The mixture was shaken at pH 2.0 and 150 rpm for 6 h.
Temperature is 25°C, 35°C and 45°C, respectively.

S3. Recycle experiment

¢ 0.1 gadsorbent and 20 mL 100 mg/L PO} ions in aqueous
solution were charged into a series of flasks, respectively.
The mixture was shaken at pH 8.0, 150 rpm and 25°C
for 6 h.

¢ 0.2 g adsorbent and 20 mL 100 mg/L NO; ions in aque-
ous solution were charged into a series of flasks, respec-
tively. The mixture was shaken at pH 2.0, 150 rpm and
25°C for 6 h.

Thermodynamic parameters of NO; and PO~ ions in solution removal by Mg/Ca@PS

Pollutant AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol/K)
298 (K) 308 (K) 318 (K)

NO; -2.79 -1.76 -0.097 42.86 134.08

PO -1.71 -1.24 -0.67 17.14 51.74
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