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difficult to selectively remove phosphorus and are difficult to use multiple times, therefore, developing an effi-
cient and reusable material for removal phosphate is extremely necessary. In this work, a kind of highly selective
phosphate adsorbent, microporous carbon material (MCM), based on glucose was synthesized by hydrothermal
and activation method. The MCM were characterized by SEM, XPS, BET, element analysis, et al. The phosphate
Editor: Huu Hao Ngo adsorption mechanism of MCM were investigated by batch adsorption experiment and model calculation. Re-
sults showed that MCM had a high adsorption capacity for phosphate in a wide range of pH (1.5-10). Langmuir
model and pseudo-second-order kinetic revealed that the process was endothermic and involved both physical

Keywords: and chemical adsorption. The main phosphate adsorption mechanisms of MCM are electrostatic attraction, ion
Glucose complexation, hydrogen bonding, and physical adsorption. The ions competition simulation experiment indi-
Phosphate cated that the MCM was highly selective for phosphate removal. Furthermore, the phosphate adsorption tests
Adsorption

were carried out on five kinds of water, and the removal rates were all above 99.98%. The 20 regenerative cycles
experiment revealed that the MCM had high reusability. Therefore, this kind of novel glucose-based highly selec-
tive phosphate adsorbent with multi-cycle phosphorus removal performance can improve the eutrophication of
water. This study provides a new idea for phosphate removal and expands the application range of glucose-based
carbon materials.
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growth (Xiong et al., 2017; Zong et al., 2018; Turan et al., 2019). Phos-
phorus is important in water ecosystems, usually in the form of phos-
phate in water (Liu et al., 2019a; Zhang et al., 2018). Some studies
have shown that phosphorus compounds can affect the availability of
heavy metals and combine with plants to improve soil properties, so
phosphorus is one of the most important elements (Rasool et al.,
2021; Klammsteiner et al., 2020). However, due to the excessive use
of chemical fertilizer and the discharge of industrial wastewater in re-
cent years, the aquatic environment is destroyed by the enriched large
amount of phosphorus (Carvalho et al., 2013; Fastner et al., 2015;
Sonmez et al., 2016). One of the consequences of this is eutrophication,
which causes proliferation of aquatic algae, resulting in reduction in ox-
ygen in water and the death of organisms (Yin et al., 2018; Wang et al.,
2020). In addition, residues of algae and aquatic organisms remain in
water for a long time, resulting in a series of water pollution problems,
such as bacterial breeding (Carpenter, 2008). Although countries have
strictly limited the application of substances such as phosphorus-
containing detergents—for example, the United States regulates the
phosphorus content in industrial wastewater should at most 50 mg/L,
but the phosphorus content in a large number of industrial wastewater
sites is still far higher than the permitted value (Acelas et al., 2015;
Zhang et al., 2019). Hence, it is urgent to reduce the phosphate content
in water and minimize eutrophication.

Adsorption, and chemical precipitation, electrocoagulation, con-
structed wetlands, and other technologies are used to remove phos-
phate in water to solve the eutrophication and other pollution
(Galvez-Cloutier et al., 2012; Hashim et al., 2019; Cui et al., 2020; Li
etal, 2019). However, a comprehensive comparison of the cost and ef-
ficiency of these technologies shows that adsorption technology is low
cost and highly efficient, so it is widespread used to treat water pollu-
tion (Zazycki et al., 2018; Saravanan et al., 2021; Deng et al., 2020).
The common adsorption materials for phosphate and other pollution
in water are MOFs (Liu et al., 2019a, 2019b;), clay (Unuabonah et al.,
2017), carbohydrate (Turan, 2019), sludge (Buaisha et al., 2020), bio-
mass (Meshkat et al., 2019), mineral (Bhatti et al., 2020), carbon-
based materials (Turan et al., 2018a; Vikrant et al., 2018; Naeem et al.,
2021) and metallic oxide (Zhang et al., 2019). Among them, the combi-
nation of biochar and other materials for pollution remediation has be-
come a recent research hotspot (Turan et al., 2018b; Shahbaz et al.,
2019; Turan, 2020; Zubair et al., 2021). Compared with other adsorption
materials, carbon-based material has the features of low cost, easy prep-
aration, and high yield, so they are widely used (Wang et al., 2020).
However, at present, the adsorption of phosphate by most carbon mate-
rials is a long process, and their adsorption capacity and selective ad-
sorption performance is low and they are difficult to use many times.
In addition, most of the adsorbents are doped with metals such as La,
Mg and Zr, which increases the risk of metal dissolution in water
resulting in secondary contamination (Liu et al., 2019b; Bacelo et al.,
2020). Hence, it is necessary to develop an no metal, high capacity,
high selective performance, and recyclable adsorbent for the removal
of phosphate. The MCM prepared from glucose in this study successfully
solved these problems.

Glucose is the most abundant monosaccharide in almost all crops,
and the large number of hydroxyl groups in its chemical structure is
very beneficial to the adsorption process. In addition, glucose is easy
to extract and very low cost, which makes it very suitable for the prep-
aration of adsorbents. Hydrothermal (HT) synthesis is often used in the
synthesis of carbon spheres from glucose and other sugars (Tong et al.,
2019). The synthesized material have many reactive oxygen functional
groups. The deficiencies of this technique are that the specific surface
area of the synthesized carbon materials is very low, generally less
than 100 m?/g, and that agglomeration occur. These characteristics are
not conducive to the adsorption reaction (Liang et al., 2020). Therefore,
it is necessary to preserve the pore-making activation of this spherical
carbon material to improve its specific surface area and adsorption per-
formance. Since phosphorus generally exists as POz~ in water, N can be
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doped in the material, leading to electrostatic attraction for NH3 to
promote phosphate adsorption, improve the performance of mate-
rials (Inagaki et al., 2018). Interestingly, hydrothermal reactions
are often used for element doping. Therefore, carbon spheres
containing N can be synthesized directly by a one-pot method.
Using this modified carbon sphere material as the precursor and
using activation technology to improve the surface morphology, car-
bon materials with a high surface area can be prepared. The previous
work of our group also showed that the combination of hydrother-
mal and activation technology could prepare carbon materials with
excellent adsorption performance for heavy metals. On the basis of
our previous research, a novel glucose-based highly selective phos-
phate adsorbent was designed to removal of phosphate in water by
mixing N element into MCM and improving the activation technol-
ogy (activator and temperature, etc.).

In this work, carbon microspheres (CMSs) were prepared by a HT
reaction using urea as the N source and mixing with glucose, followed
by NaOH activation to prepare a microporous carbon material (MCM).
The basic characteristics of MCM were explored through characteriza-
tion techniques, and the adsorption ability of MCM for phosphate was
investigated. By using a regeneration adsorption experiment, the
adsorption performance of the regenerated MCM was investigated.
The selective adsorption performance of MCM for phosphate was inves-
tigated by ion simulation and actual wastewater adsorption experi-
ments. The mechanism of the adsorption reaction was explored by an
adsorption model and calculating the thermodynamic parameters.

2. Material and method

All reagents were analytical grade, and specific information of the re-
agents is provided in Text S1 in the Supplement File.

2.1. Synthesis of CMSs

10 g glucose, 4 g urea and 150 mL deionized water were added to a
250 mL high-temperature reactor. A 3 cm magnetic rotor was used. The
speed of the rotor was set at 500 r/min, the temperature was 185 °C, and
the reaction time was 3.5 h. After the reaction, the sample was filtered
through membrane to obtain CMSs.

2.2. Preparation of MCM

The prepared CMSs and NaOH were mixed according to a fixed ratio
(CMSs:NaOH = 1:3), ground evenly with a mortar, immersed in deion-
ized water, stirred for 24 h, and then dried by blast dryer. After drying,
the sample is put into an atmosphere furnace. The temperature was
set to 900 °C, the reaction time was 2 h for the activation treatment.
After activated, the sample was washed with a large amount of deion-
ized water to obtain the MCM. The flow chart for the synthesis of the
MCM is shown in Fig. 1.

2.3. Material characterization method

Material characterization method and parameters supplemented in
Text S2 with Supplement File.

2.4. Experiment of MCM adsorption of phosphate

The batch adsorption experiment used potassium dihydrogen phos-
phate to generate the phosphate solution. Fifty milliliters of phosphate
solution was added to 100 ml plastic bottles, followed by the addition
0f 0.02 g MCM (0.4 g/L adsorbent). The adsorption experiment was car-
ried out in a constant-temperature oscillation machine to explore the
influence of different pH (1.5-10), different phosphate concentrations
(50-200 mg/L), different temperatures (298-318 K) and different ad-
sorption times (0.5-24 h) on the MCM adsorption of phosphate. The
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Fig. 1. The synthesis flow chart of MCM.

equation for phosphate adsorption capacity (qe) after adsorption equi-
librium is given by Eq. (1) (Oginni and Singh, 2021).

_G-ay a
where C; and G, (mg/L) is the concentration of phosphate before and af-
ter adsorption; m (g) is the MCM mass; V (L) is the phosphate solution
volume.

Origin 8.5 software was used to draw pictures and fit adsorption
models such as isotherms, kinetics and intra-particle diffusion, and
Excel 2020 was used to calculate thermodynamic parameters.

3. Results and discussions
3.1. CMSs and MCM characterization

3.1.1. Surface morphology and elemental analysis

The CMSs and MCM were characterized by SEM and TEM. The main
structure of the material synthesized by the hydrothermal reaction was
spherical, and the particle size was at the micron level, which indicated
the successful synthesis of carbon microspheres (Fig. 2a). Moreover, the
enlarged SEM image of the CMSs revealed a less porous structure than
the MCM (Fig. 2b). Combined with the TEM results (Fig. 2c) and BET re-
sults (Table 1), it was found that the specific surface area of the CMSs

Fig. 2. The surface morphology and element distribution of CMSs and MCM: a and b is the SEM diagram of CMSs; c is the TEM diagram of CMSs; d and e is the SEM diagram of MCM; fis the

TEM diagram of MCM; g is the SEM-EDX mapping diagram of MCM.
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Table 1
The BET specific surface area and pore size distribution.

Material Specific surface area Average pore size Micropore volume
(m?/g) (nm) (cm’/g)

CMSs 1.30 17.61 46x107°

MCM 2045.14 1.93 0.15

was lower than that of the MCM, only 1.30 m?/g. The SEM images of the
MCM showed that surface of the material has a porous structure after
activation treatment (Fig. 2d and e), and TEM confirmed that the
pores of the MCM were well developed (Fig. 2f). The BET results showed
(Table 1) that the main pore body of the material contained micropores,
and the specific surface area was 2045.14 m?/g, which proved that the
MCM was a microporous carbon material with a high specific surface
area. The SEM-EDX mapping images indicated that the material con-
tains C, N and O (Fig. 2g), confirming that urea was involved in the reac-
tion and that nitrogen-containing functional groups were successfully
doped in the material. The elemental analysis results further prove
that the content of N in the MCM was high, at 4.31% (Table 2), indicating
that the MCM has more N functional groups than the CMSs, which is
conducive for electrostatic attraction. In addition, the defects caused
by N can capture pollutants, so the MCM has a very high adsorption
performance.

3.1.2. Raman spectroscopy

To explore the structural properties of the materials, Raman spec-
troscopy was used (Liu et al., 2015). The Raman spectroscopy images
show that the CMSs and MCM have D-band and G-band, which are
characteristic of carbon materials, but the intensity of the two character-
istic bands varied greatly (Fig. 3a and b). The D-band is located near
1350 cm ™! and is caused by the in-plane vibration of graphitic-C in
the carbon material, while the G-band is located near 1580 cm ™~ and
is caused by disordered carbon in the material (Sun and Li, 2004). The
higher the intensity of the D-band, the higher the degree of crystalliza-
tion of the material; in contrast, the higher the intensity of the G-band,
the more disordered and amorphous the lattice structure of the mate-
rial. The intensity of the D-band of the CMSs is significantly greater
than that of the G-band, which proves that the structure of the material
is strong. The G-band of the MCM is almost equal to the D-band after the
NaOH activation reaction, which confirms the increase in disordered
carbon in the material. The MCM has an amorphous carbon structure.
The increase in disordered carbon may be due to the etching of carbon
materials by NaOH during activation, which destroys the original
ordered lattice structure and leads to an increase in disordered
amorphous carbon, thus enhancing the intensity of the characteristic
G-band peak of the material (Liang et al., 2020). Furthermore, the
incorporation of N also leads to a defective structure, which also
confirms the results of the elemental analysis (Table 2).

3.1.3. XPS analysis

In this study, the chemical structure and elemental morphology of
the CMSs and MCM were characterized by XPS. The XPS results showed
that the characteristic peaks N1s and Na appeared in both CMSs and
MCM but not the typical C1s and O1s characteristic peaks (Fig. 4),
which demonstrated the successful hydrothermal reaction of urea
with glucose. In addition, the presence of the Na peaks confirmed that

Table 2

The element analysis table.
Material N (%) C (%) H (%) 0 (%)
CMSs 14.99 61.36 5.564 17.644
MCM 4.31 73.04 1.577 20.537
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SDS was involved in the reaction. Among the peaks, the intensity of
the N1s peak of the MCM was lower than that of the CMSs, and the ele-
mental analysis also confirmed that the content of N in the MCM was
lower than that in the CMSs, which proved that the activation treatment
destroyed N-containing functional groups. The C1s peak of the MCM
was analyzed, and it was found that C mainly existed in four forms,
namely, C—C/C=C/CHy, C=N/—C—OR—, —COOR and C—N/C—OH
(Wang et al., 2018). Analysis of the O1s peak of the MCM showed that
O mainly existed in two forms, namely, —C—O— and (=0
(Okpalugo et al., 2005). The N1s peak of the MCM was analyzed, and
N mainly existed in three forms, namely, pyridinic-N, pyrrolic-N and
graphitic-N (Wang et al., 2018). Pyridinic-N and pyrrolic-N have a
good effect on improving the adsorption ability of materials, which
proves that the adsorption ability of the MCM is relatively excellent,
that the MCM can reduce the concentration of phosphate in water,
and that the MCM can reduce environmental pollution (Liang et al.,
2020).

3.2. Adsorption experiment

3.2.1. Analysis of the factors that influence adsorption

The pH value can significantly affect the adsorption reaction. Be-
cause the pH of different environments is different, the Zeta potential
of adsorbents in different environments is also different and the electro-
chemical characteristics of the surface of adsorbents also change, which
results in electrostatic attraction or electrostatic repulsion of the target
pollutant (Norouzi et al., 2018; Liang et al., 2019). In this work, the ad-
sorption capacity of the MCM at pH range of 1.5-10 was tested, and it
indicated that the adsorption ability reached a maximum near pH = 2
(Fig. 5a). When the pH was higher than 2, the g, decreased with increas-
ing pH, which may be caused by the different forms of phosphate at dif-
ferent pH values. From pH 3-9, phosphate existed in aqueous solution,
mainly in the form of H,PO; and HPOZ~ (Zong et al., 2018), and the
zeta potential test showed that the pH,. of the MCM near 4.7
(Fig. 5b). The charge of the surface was positive when the pH was less
than 4.7 and negative when the pH was higher than 4.7, and as a result,
when the pH was higher than 4.7, the material could produce electro-
static effects that repel phosphate, thus reducing the adsorption perfor-
mance. In addition, as the pH increased, OH™ increased in solution, and
this OH™ may compete with the phosphate anion. However, even when
the pH was approximately 10, the adsorption ability decreased by only
10%, and compared with other adsorbents, MCM has good adsorption
performance for phosphorus in a wide range of pH, which proves that
the MCM has great practical application potential (Liu et al., 2020).

The concentration of phosphate has a great influence on adsorption
because the higher the concentration of phosphate, the greater the dif-
ferential concentration between the solution and MCM and the greater
the potential energy of the solvent, which promotes the movement of
phosphate into the adsorbent and thus improves the adsorption perfor-
mance. In this work, the effect of the phosphate concentration from 50
to 200 mg/L on adsorption was tested, and it was found that the greater
the phosphate concentration, the better the phosphate adsorption abil-
ity of MCM, which was in line with the prediction that the solvent po-
tential energy would move phosphate into the MCM (Fig. 5c¢). In
addition, the adsorption curves of different concentrations of phosphate
had similar trends. After approximately 2 h, the adsorption reaction
reached equilibrium, which indicates that the MCM can efficiently and
quickly remove phosphate from water.

The adsorption reaction is usually endothermic or exothermic, so the
temperature is highly important. In this study, the adsorption perfor-
mance of MCM for phosphate under different temperature conditions
was investigated. The test results showed that increasing the tempera-
ture increased the phosphate adsorption capacity of the MCM, which
proved that increased temperature was beneficial to the phosphate ad-
sorption onto the MCM (Fig. 5d). The increase in temperature led to the
accelerated movement of phosphate molecules in the solution,
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Fig. 3. The Raman spectrogram of CMSs and MCM: (a) is the Raman spectra of CMSs; (b) is the Raman spectra of MCM.

increasing the chance of contact with the MCM, which may be one of the
reasons for the increase in adsorption ability. It is worth noting that in
actual water treatment, due to the fermentation of microorganisms,
the general sewage temperature is higher than room temperature.
Therefore, the addition of the MCM will improve the adsorption of phos-
phate, which proves that the MCM is very suitable for the treatment of
phosphate in actual wastewater and has high application potential.

3.2.2. Adsorption kinetics and adsorption diffusion model

In this work, pseudo-first-order (Eq. (2)) and pseudo-second-order
(Eq. (3)) kinetic models were used to conduct a fitting analysis of the
adsorption of phosphate on the MCM to explore the properties of the
adsorption reaction (Zhang et al., 2013). The kinetic experiments were
conducted at a phosphate concentration of 200 mg/g, and the MCM
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adsorption ability was tested at 30, 60, 120, 180, 240, 360, 480, 600
and 720 min.
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where t (min) is time; k; and k; are the rate constants of the two kinetic
models.

Kinetic curves show that there are roughly three stages of adsorp-
tion, namely, rapid adsorption, slow adsorption, and adsorption equilib-
rium stage (Liu et al., 2020). In addition, kinetic equation curves and
related parameters show that after 120 min, the adsorption basically
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Fig. 4. The XPS diagram of CMSs and MCM: (a) is XPS diagram of CMSs and MCM; (b) is C1s diagram of MCM; (c) is O1s diagram of MCM; (d) is N1s diagram of MCM.
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Fig. 5. The influence factor of adsorption process: (a) pH; (b) Zeta potential; (c) Cr(VI) concentrations; (d) Temperature.

reached equilibrium, which was consistent with the results in Fig. 5c.
According to the Table 3, the two kinetic models accurately fit the ad-
sorption reaction; although the R? value of pseudo-second-order kinet-
ics model (R? = 0.9973) is slightly higher than that of the first-order
kinetics model (R? = 0.9952), there is little difference. Furthermore,
the equilibrium adsorption capacity predicted by the two kinetic
models is close to the actual adsorption capacity. Therefore, both kinetic
models can explain the phosphate adsorption process on the MCM,
which also proves that the process is controlled by both physical ad-
sorption and chemical adsorption, and the proportion of chemical ad-
sorption may be slightly higher than that of physical adsorption (Liang
et al., 2019). Due to the hydrothermal reaction and doping effect, the
surface of MCM contains a large number of oxygen and nitrogen func-
tional groups, which also leads to the generation of chemisorption.

On the basis of the kinetic results, this study further explored the ad-
sorption process by using the intraparticle diffusion model (Eq. (4)) and
Boyd diffusion model (Egs. (5)-(7)) to analyze the main controlling fac-
tors of the phosphate adsorption by the MCM (Ketelle and Boyd, 1947).

qe = Kigt*>> +C (4)
ﬂ2
F=1— (ﬁ) exp (—B) (3)
q;
F=dt 6
% (6)
Table 3

The adsorption kinetic parameters.

Model name Model related parameters

ky = 3.38 x 1072, g, = 62.13, R? = 0.9952
ky = 9.63 x 1074 g, = 65.20, R? = 0.9973

Pseudo-first-order
Pseudo-second-order

B = —0.4977— In (1—F) (7)

where t is time; Kj4 is the rate constant; and F is a mathematical function
of B.

The adsorption curves of phosphate at different concentrations (50,
100, 200 mg/g) were fitted using the intraparticle diffusion model
(Fig. 6b and Table 4). The after 120 min, the adsorption reaction basi-
cally reached equilibrium, which further confirmed the results in
Fig. 5¢c and the results of the kinetics model (Fig. 6a). According to the
parameters of the fitted equation (Table 4), the model does not reach
a value of zero. Therefore, MCM adsorption of phosphate is controlled
by many factors, such as surface adsorption, intra-particle diffusion
and mass transfer (Wu et al., 2014; Liu et al., 2020). There are three
stages of phosphate adsorption on MCM. The first stage is the
0-60 min, when the adsorption speed is extremely fast, so the value
of the model parameter Kjq; is also higher than that in other stages.
This is because the adsorption of phosphate on the MCM is just begin-
ning. The surface and internal adsorption sites of the MCM are not occu-
pied by phosphate, and the difference between the concentrations of
the MCM and phosphate in the solution is very large, generating a po-
tential difference that drives phosphate molecules toward the MCM,;
therefore, with the increase of phosphate concentration in the solution,
the potential difference will increase, leading to the increase of adsorp-
tion rate, and the different values of Kiq; in Table 4 confirm the results.
In the first 60 min, the surface adsorption sites are not occupied, so the
main controlling factor is surface film diffusion. The second stage of ad-
sorption occurs from 60 to 120 min. At this time, the adsorption rate de-
creases, and the Kjz, value decreases because the adsorption site is
occupied gradually (Liang et al., 2019). With the progress of adsorption,
the differential concentration between the MCM and the solution de-
creases, and the driving force of potential energy decreases accordingly,
so the adsorption rate begins to decrease. In this stage, because the sur-
face adsorption sites are occupied, phosphate molecules gradually move
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Fig. 6. Adsorption models of MCM: (a) is adsorption kinetics model; (b) is intraparticle diffusion model; (c) is linear fitting between Bt and t; (d) is adsorption isotherm model.

from the surface of the MCM to the internal adsorption sites. The con-
trolling factors in this stage are surface film diffusion and intraparticle
diffusion. In addition, because the adsorption rate of the second stage
is much lower than that of the first stage, it is proved that intraparticle
diffusion is the limiting factor for MCM to adsorb phosphate (Gupta
and Ghosh, 2009; Jian et al., 2015; Liu et al., 2019a, 2019b). In the
third stage of adsorption, the adsorption reaction reaches final equilib-
rium, the adsorption and desorption reach dynamic equilibrium, and
the adsorption capacity does not change greatly.

The Boyd diffusion model was used to investigate the MCM adsorp-
tion of different concentrations of phosphate (50-200 mg/L). The re-
sults indicated that the Boyd model fit the adsorption process well
(Fig. 6¢). In addition, the straight line of the model fitting showed that
the intercept of the fitting line is not zero, which confirmed that the ad-
sorption is controlled by multiple factors (Liang et al., 2017). This find-
ing also validates the results of the adsorption intraparticle diffusion
model and adsorption kinetic, phosphate adsorption on MCM is con-
trolled by multiple factors, and physical and chemical adsorption coex-
ist. The reason that the adsorption is controlled by many factors may be
caused by the irregular morphology and three-dimensional pore struc-
ture of MCM, which can also explain that intra-particle diffusion is the
rate-limiting step of the whole adsorption process (Liang et al., 2021).

Table 4
The parameters of intraparticle diffusion model.

3.2.3. Adsorption isotherms

To further elucidate the phosphate adsorption properties on the
MCM and explore the mechanism of the process, isotherm experiments
were conducted to determine the phosphate adsorption by the MCM at
three temperatures (298, 308, 318 K), and the adsorption data was
fitted by the Langmuir (Eq. (8)) and the Freundlich model (Eq. (9)).

o KLCImaxCE
de = 1+K.c (8)
1
g = Krce 9)

where K; and K are the constants of the model.

The adsorption trend of phosphate on the MCM is closer to the Lang-
muir isotherm, which indicates that the adsorption of phosphate by the
MCM is closer to uniform monolayer adsorption and that the Freundlich
isotherm, which represents multilayer adsorption, does not accurately
describe this adsorption process (Fig. 6d and Table 5). The Langmuir iso-
therm indicated that the . of phosphate on the MCM was
92.79-123.73 mg/g (298 K-308 K), which is higher than that of most
materials in the world (Table 6) (Haddad et al., 2018; Cui et al., 2016;
Liu et al,, 2019a, 2019b; Liu et al., 2018; Zong et al., 2013; Liu et al,,

Table 5
The parameters of isothermal adsorption model.

Initial concentration of Kiax c Ko G T(K)  Gmaxexp (Mg/g) Langmuir model Freundlich model
phosphate (mg/g) (mg/g-min®?) (mg/g-min®?) Gmax (Mg/g) b (L/mg) R K n R

50 3.11 11.80 1.39 25.12 298 62.11 92.79 129x 1072 09816 458 193 0.9481
100 5.19 5.10 1.03 37.34 308 75.10 118.39 1.07 x 1072 09937 435 177 0.9722
200 8.78 —6.45 0.20 60.02 318 89.31 123.73 146 x 1072 09974 6.80 1.97 0.9890
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Table 6
The performance comparison of other materials.
Material PH  Qmax Reference
(mg/g) documentation
Magnesium-pretreated biochar 52 66.7 Haddadet al.,
2018
Magnesium-alginate/chitosan modified 3.0 46.56 Cuietal,2016
biochar
Magnetic zirconium-based metal-organic 3.0 1695 Liuetal,2019a,
frameworks 2019b
MFC@La(OH)3 3.0 4545 Liuet al, 2018
Zr-loaded graphite oxide 3.0 16,5 Zonget al, 2013
Hydroxyl-iron-lanthanum doped activated - 2944 Liuet al., 2013
carbon fiber
Glucose and urea 2.0 123.73 This study

2013). In addition, MCM does not contain precious elements while
many other adsorbents are loaded, which reduces the risk of secondary
contamination due to metal adsorbents dissolving in water (Feng et al.,
2017; Bui et al., 2021; Shan et al., 2021). Fig. 6d shows that the higher
the temperature, the higher the phosphate ¢4 of MCM, which con-
firms the result in Fig. 5d and indicates that increasing temperature
can promote the adsorption of phosphate on the MCM.

3.2.4. Thermodynamic calculation of adsorption

In this study, after determination of the adsorption isotherm param-
eters, the changes of adsorption free energy, heat and entropy were cal-
culated using the thermodynamic formula Eqs. (10)-(12), and the
adsorption mechanism was analyzed (Huang et al,, 2014).

AG® = —RTInK, (10)

AG® = AH*—TAS® (11)
AS°  AH°

InKo = - — %= (12)

where T (K) is the temperature in Kelvin and R is Avogadro's constant.

The results of the thermodynamic calculations are shown in Table 7.
The Gibbs free energy calculated at different temperatures is negative,
confirming that the adsorption of phosphate on the MCM is spontane-
ous. In addition, the absolute value of the Gibbs free energy increases
gradually with increasing temperature, which indicates that the reac-
tion is easy, confirming the conclusion that temperature promotes ad-
sorption, as shown in the diagram and isotherm (Liang et al., 2018).
The calculated adsorption heat is positive, which proves that adsorption
is endothermic, which exactly explains why temperature is favorable
for adsorption, this result is consistent with most studies (Feng et al.,
2017; Liu et al., 2020). Therefore, adsorption of phosphate on MCM is
spontaneous and endothermic, and it occurs precisely because the en-
dothermic reaction accelerates molecular movement and increases dis-
order, which lead to an increase in adsorption entropy.

3.3. Adsorption-desorption regeneration experiment

In this work, a 1 M NaOH solution was used to desorb phosphate to
conduct 20 adsorption-desorption regeneration cycles on the MCM
(Fig. 7). The experimental results showed that in adsorption-
desorption cycles 1-3, the phosphate adsorption performance of the

Table 7
The thermodynamic parameters for the adsorption of MCM.

T (K) K (L/mol) AG® (kJ/mol) AH® (kJ/mol) AS° (KJ/(K/mol))

298 399.51 —14.84 46.628 0.065
308 331.38 —14.86
318 452.16 —16.16

Science of the Total Environment 792 (2021) 148452

60

=

e e e e o after 20 cycles 80.47%
=

50—--———--—----—----—-—--—3--I—s——s——:——z—-:c —————————
40

304

q,(mg/g)

20+

10+

12345678 91011121314151617 181920
Cycle times

Fig. 7. The regenerative adsorption performance of MCM.

MCM decreased rapidly, while in cycles 3-10, the adsorption perfor-
mance declined slowly. In cycles 11-20, the adsorption performance ba-
sically did not change, and during this cycle, the adsorption capacity was
approximately 80.47% of the initial adsorption capacity. Therefore, the
MCM is an excellent adsorption material for phosphate removal that
can be recycled and has the potential for large-scale practical
application.

To explore the mechanism for decreased adsorption performance of
the material during the adsorption-desorption cycle, SEM and elemen-
tal analysis were performed on the initial material and the material
after 3 cycles (Fig. S1 and Table S1). The SEM results show that after
adsorption-desorption cycle (Fig. S1), the surface morphology of the
basic material of MCM did not change, but the elemental analysis results
showed that the number of N content on the MCM appeared to decrease
sharply, and O content also appeared a decline (Table S1). This result
was confirmed the N and O group was damaged or replaced by other
ions, and the N-containing and O-containing functional groups on
anion adsorption had a good effect; therefore, the decline in N and O
functional groups could be the cause of the material performance degra-
dation during the adsorption-desorption cycle experiments, possibly
due to the destruction of N and O groups in the NaOH solution.

3.4. Competitive adsorption simulation

The phosphate concentration was set at 100 mg/L, the amount of the
MCM was set at 0.4 g/L, and SO3~, CO3~, CI~, and Na™ at 50 mg/L were
added to test the selective adsorption of phosphate on the MCM. The
simulation results show that among the four ions, Na* and Cl~ had al-
most no effect on the adsorption of phosphate onto the MCM, and CO3™
and SO~ had a little influence on the adsorption of phosphate due to
the properties of CO%3~, SO~ and PO3~ or HPOZ~ and their morpholog-
ical similarity (Fig. 8a). However, these ions only reduced the perfor-
mance by approximately 6-7%. By mixing the four ions and
phosphate, it was found that the adsorption amount only decreased
by 9.5%, which confirmed that the MCM had a high selective adsorption
ability for phosphate and was an excellent material for phosphate
removal.

3.5. Phosphate removal from actual water bodies

To judge whether the adsorbent can be applied in practice, it is nec-
essary to test its phosphate removal effect in real water. The removal ef-
fect of MCM on phosphate in five kinds of real water was tested:
deionized water, tap water, artificial lake at Northwest A&F University
(China), Wei River (The largest tributary of the Yellow River in China)
and rainwater. In order to compare the properties of the materials in dif-
ferent water bodies, the concentration of phosphate in five water bodies
was adjusted to 1000 pg/L, and the amount of adsorbent is 0.4 g/L. The
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Fig. 8. Effects of competing ions and different water bodies on MCM adsorption of phosphate: (a) is competitive adsorption simulation diagram and (b) is phosphate removal effect in

actual water bodies.

experimental results showed that the removal rate of phosphate by
MCM in five kinds of water was more than 99.98% (Fig. 8b), and the re-
sidual concentration was far below the 10 pg/L suggested by USEPA (Shi
etal., 2019). This indicates that MCM has a good effect on phosphate re-
moval in actual water bodies and can improve the eutrophication prob-
lem in water bodies.

3.6. Adsorption mechanism

It is of great significance to understand the mechanism of adsorption
phosphate by MCM. According to the results of kinetics model and ad-
sorption diffusion model, the adsorption of phosphate on MCM is
mostly chemical action, and are also some physical interaction (part of
Section 3.2.2). In this study, C, N, O and P elements on MCM after ad-
sorption were tested by SEM-EDX mapping, and it was found that P, O
and N elements were similar in distribution on MCM, confirming that
0O and N groups were involved in MCM adsorption process of phosphate
(Fig. S2). Meanwhile, Zeta potential analysis showed that the pH,,. of
MCM is about 4.7 (Fig. 5¢). When the pH is less than 4.7, the amino
group will be protonated, N element mainly exists in the form of
—NH3 /—NHR™/—NR3 through electrostatic interaction to adsorb
phosphate (mainly anions); when the pH is greater than 4.7, the N ele-
ment mainly exists in the form of —NH— and —NH,— to adsorb phos-
phate through ion complexation (Zhao et al., 2020). In addition, FTIR
analysis showed that there was a large amount of —OH on MCM, and

H2PO4'
HPoz HPQ#*
HZPOfI.- N R2+

H2P04'

COOH

H
Phosphate -
Phosphate

—OH could adsorb phosphate through hydrogen bonding and electro-
static interaction (Fig. S3). Therefore, there are four main adsorption
mechanisms of MCM for phosphate: physical adsorption, electrostatic
interaction, ion complexation and hydrogen bonding (Fig. 9).

4. Conclusion

At present, the cost of phosphate adsorbents is high, the adsorption
performance is low and it is difficult to recycle. In this study, a novel
MCM that can be reused for many times was synthesized for phosphate
removal in wastewater. The adsorption experiments indicate that the
MCM has a high adsorption ability for phosphate in a wide range of
pH (1.5-10). The adsorption of phosphate by MCM follow the pseudo-
second-order kinetic and Langmuir model, which indicate the adsorp-
tion is mono-layer adsorption and mainly chemical adsorption process.
The gpmax of MCM for phosphate was 123.73 mg/g (318 K), which higher
than that of most materials. The thermodynamic results indicated that
the adsorption of phosphate by MCM was spontaneous and endother-
mic. The main mechanisms for phosphate adsorption by MCM are phys-
ical adsorption, electrostatic attraction, complexation and hydrogen
bonding. Competitive adsorption simulations and 20 regenerative cy-
cles indicated that MCM had a high selectivity and a good regeneration
performance for phosphate adsorption. In addition, it was found that
the decrease of oxygen and nitrogen functional groups was the main
reason for the degradation of the regeneration performance of the

— Hydrogen bonding
--- Electrostatic interaction
-~ |on complexation

—=lPhysical adsorption

Fig. 9. The schematic diagram of MCM adsorption mechanism of phosphate.
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materials. Phosphate removal experiments were carried out in deion-
ized water, tap water, artificial lake, rainwater and river water
(phosphate concentration 1000 pg/L), and the results showed that the
removal rates were all higher than 99.98%, which confirmed that
MCM could be applied to phosphate removal in actual water bodies.
In conclusion, MCM prepared in this study can efficiently and selectively
remove phosphate and can be reused for many times, which can effec-
tively improve water eutrophication.
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