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Phosphate sequestration and recovery from
eutrophication water by in situ magnesium
phosphate formation
Fazhi Xie, Kang Song

, Shixiong Geng and Lu Li

ABSTRACT
Phosphate removal from eutrophic lakes has caused wide concern in the world, while an effective
process is still lacking. A novel synthetic magnesium carbonate with spherical ﬂower-like structure
(MCSF) was prepared. Its performance for phosphorus adsorption from a eutrophic lake by in situ
magnesium phosphate formation was tested and characterized. The effect of initial phosphorus
concentration, adsorption time, adsorption dose, temperature, ionic strength and pH on phosphorus
adsorption by MCSF was investigated. Results showed that higher initial phosphorus concentration
and longer adsorbing time could improve the adsorption capacity. The maximum sorption capacity
was 143.27 mg/g under initial pH value 7.0. The phosphate adsorption process was ﬁtted with the
Langmuir isotherm model and pseudo-second-order model. Thermodynamic parameter values
revealed that the sorption process at 298–318 K was spontaneous and endothermic. The X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) characterization of MCSF revealed that
electrostatic attraction and chemical conversion were the major contributors for phosphate
adsorption. MCSF releases magnesium ions from its surface and rapidly combines with phosphate to
form insoluble magnesium phosphate precipitate. The prepared MCSF has the potential to be used
for the restoration of eutrophic lakes by removing phosphate with higher adsorption capacity.
Key words

| chemical conversion, eutrophic lake, in situ adsorption, magnesium phosphate,
phosphate removal

HIGHLIGHTS

•
•
•

A novel synthetic magnesium carbonate with spherical ﬂower-like structure (MCSF) for
phosphorus adsorption from a eutrophic lake by in situ magnesium phosphate formation was
prepared.
The maximum sorption capacity was 143.27 mg/g under initial pH value 7.0.
The phosphate adsorption process was ﬁtted with the Langmuir isotherm model and pseudosecond-order model.
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GRAPHICAL ABSTRACT

INTRODUCTION
Large amounts of wastewater discharge into surface water

is needed. Thus, the adsorption method, which could be

has led to lake eutrophication in China for a few decades

used for low phosphate concentration situations, with low

(Le et al. ; Zhang et al. ; Herbeck et al. ;

cost, less land use, being easy to control and with the phos-

Wang et al. ), among which the existence of high phos-

phate recoverable, has aroused wide interest in this domain

phate concentration has been regarded as one of the most

(Abeynaike et al. ; Zamparas et al. ; Li et al. ;

important factors that has caused lake eutrophication (Cai

Ahmed et al. ). Adsorption has been widely studied for

et al. ). Phosphate concentration over 0.02 mg/L could

phosphate removal from lakes. Wang et al. () syn-

cause lake eutrophication. Municipal wastewater treatment

thesized zeolite/hydrous lanthanum oxide composite by

plant efﬂuent always contains phosphate concentration

coal ﬂy ash, which was highly efﬁcient in capturing phos-

around 2 mg/L or even higher (Wang et al. ). Even

phate from eutrophic lake water. Lalley et al. ()

though a stricter policy for external phosphate input into

reported that modiﬁed iron-oxide-based sorbents could be

receiving water has been put into action, the release of phos-

effective in adsorption of phosphate from lake water. The

phate from the sediments of lakes could also affect the lake

sorbent surface was modiﬁed with nanoparticles and

trophic state (Zhao et al. ; Jiang et al. ; Ni et al. ;

enhanced the adsorption. Yang et al. () found that

Xie et al. ). To control the phosphate in the surface

aluminum-modiﬁed clay has high efﬁciency in removing

water is of vital importance in lake trophic state control

the phosphorus from polluted lakes, and it is an effective

and water resource protection (Schindler et al. ).

passivator for internal phosphate remediation.

Phosphate removal commonly includes biological pro-

There are many materials that have been used as adsor-

cess, chemical sedimentation, ion exchange, physical

bents for phosphate removal, including calcite, activated

adsorption, membrane technology and so forth. The biologi-

carbon, zeolite, metal and metal oxide (Awual et al. ;

cal process is more suitable for high-concentration

Song et al. ; Yadav et al. ). Most of those convention-

phosphate wastewater treatment, and the membrane tech-

al adsorbents were not suitable for practical use due to

nology is quite costly. Biological phosphate removal also

lacking enough adsorption capacity or generating bypro-

has a low efﬁciency and high sludge-generation potential.

ducts needing further treatment, limited their application

The chemical sedimentation methods always generate a

for eutrophic lake restoration. Magnesium carbonate is a

high quantity of metal-rich sludge, so a costly post-treatment

widely existing natural material, safe, low cost and
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recoverable. It has been widely used in cosmetics and phar-

(XRD) (PANalytical BV, The Netherlands). Cu-Kα radiation

maceutics, and this allows its safe application as an

(λ ¼ 1.5418) was equipped, the tube voltage was 40 kV, tube

adsorbent to remove phosphate from eutrophic lakes (Lee

current 40 mA and scanning speed 0.02 /s. A small amount

& Chen ; Liang et al. ). Magnesium carbonate

of powder was tableted on a glass carrier and then subjected

could slightly dissolve in water to release magnesium ions,

to an XRD test. The data were analyzed with XPSpeak 41

and produce magnesium phosphate precipitation with the

software. The grain size is calculated according to the Scher-

phosphate adsorbed. However, magnesium carbonate is

rer formula: D ¼ Kλ/β cosθ, where D is the grain size (nm),

not able to be used directly in its original form, due to its

K is the Scherrer constant: 0.89, λ is the X-ray wavelength:

relatively low speciﬁc surface area. A suitable surface modi-

0.15418 nm, β is the diffraction peak half-height width,

ﬁcation should be used to improve its speciﬁc surface area

and θ is the Bragg diffraction angle. The morphology of

and its adsorption capacity.

the powder was analyzed by Tecnai G220 transmission elec-

This study prepared a novel synthetic magnesium carbonate with spherical ﬂower-like structure (MCSF) for

tron microscope (TEM) (FEI Company, The Netherlands).
The acceleration voltage was 200 kV.

eutrophication restoration to adsorb phosphorus from a
eutrophic lake by in situ magnesium phosphate formation.

Equilibrium adsorption capacity test

The prepared MCSF material and its adsorption mechanism
was characterized.

Different volumes of phosphate solution and the same
volume of MCSF were added in ten different centrifuge
tubes and put in constant temperature water batch shaking

MATERIALS AND METHODS

for 12 h at temperature 25  C. The solutions were centrifuged

Materials

and

their

supernatants

were

analyzed

by

Phosphomolybdenum Blue spectrophotometry. The equilibrium adsorption capacity of the MCSF was calculated by

All chemicals used in this study were analytical pure purchased

Equation (1):

from Shanghai Kexi Chemical Co., Ltd, Shanghai, China.
V(C0  Ce )
m

MCSF preparation

qe ¼

Amounts of 1 M of sodium carbonate and magnesium chlor-

where qe is the equilibrium adsorption capacity (mg/g), C0 is

ide hexahydrate were weighed, and then dissolved in MilliQ

the initial concentration of phosphate (mg/L), Ce is the

water, separately. The sodium carbonate solution was slowly

phosphate equilibrium concentration (mg/L), V is the

added to the magnesium chloride solution with stirring.

volume of phosphate solution, and m is the adsorbent

Continuously stirred for 2 h, the solution was then washed

mass (g).

(1)

with MilliQ water until free from chloride in the supernatant. Then, the product was ﬁltrated and placed in a

Effect of ambient conditions on phosphate adsorption

constant temperature oven at 50  C for drying. The dried
product was then ground and ﬁltered through a molecular

The effect of ambient conditions on phosphate adsorption

sieve. The material produced was magnesium carbonate

by MCSF was also conducted.

with spherical ﬂower-like structure (MCSF).
Adsorption time
Adsorbent characterization
Amounts of 37.5 mg MCSF and 15 mL phosphate solution
The phase identiﬁcation analysis of the MCSF powder was

(0.25 mg·P/mL) were weighed and put in three centrifuge

carried out using an X’Pert PRO type X-ray diffractometer

tubes, respectively. The tubes were shaken on a constant
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The adsorption kinetics

60, 90, 120, 180, 240, 300, 360 min, respectively. The
samples were then centrifuged at 400 rpm for ﬁve minutes,

An amount of 37.5 mg of MCSF was equilibrated with

and ﬁltrated with a 0.45 μm ﬁlter. The residue phosphate

15 mL of phosphate solution (250 mg/L) in a glass beaker

concentration was then measured and the adsorption

(50 mL) at 25  C for a ﬁxed period of time (10, 20, 30, 40,

capacity was calculated.

60, 90, 120, 180, 240, 300 and 360 min). Appropriate super-

Temperature

concentration was measured. The amount of phosphate

natant was ﬁltered using a 0.45 μm ﬁlter and phosphate
adsorbed was calculated using Equation (1). The obtained
Amounts of 37.5 mg MCSF and 15 mL phosphate solution

experimental data were ﬁtted by using the pseudo-ﬁrst-

(0.25 mg·P/mL) were weighed and put in three centrifuge

order equation (Equation (2)) and the pseudo-second-order

tubes, respectively. The tubes were then put on a constant

equation (Equation (3)) (Babaee et al. ):

temperature shaker (20, 30 and 40  C) and shaken for
300 min. Samples were taken after shaking was complete,
centrifuged, ﬁltrated and tested as for adsorption time.

ln (qe  qt ) ¼ lnqe  k1 t

(2)

t
1
1
¼
þ t
qt k2 q2e qe

(3)

The initial phosphate concentration
where qt (mg/g) is the phosphate sorption capacity at time t,
Amounts of 50 mg MCSF were weighed and put in ten cen-

and k1 (1/min) and k2 (g/mg min) are the rate constant of

trifuge tubes, with initial phosphate concentrations 10, 30,

pseudo-ﬁrst-order adsorption and the equilibrium rate con-

50, 70, 90, 110, 130, 150, 170 and 190 μg/mL, respectively.

stant of pseudo-second-order adsorption.

The tubes were then put on a constant temperature shaker
for ﬁve hours, and then centrifuged, ﬁltrated and tested as

Sorption isotherm and thermodynamics

for adsorption time.
Solutions of phosphate (50 mL) over the concentration
Ph

range of 10–190 mg/L were maintained and shaken with
MCSF (50 mg) at 288, 298, 308 and 318 K, respectively.

The pH of the phosphate solution (0.25 mg·P/mL) was

The amounts of phosphate in the supernatant were deter-

adjusted to 3, 4, 5, 6, 7, 8, 9, 10 and 11 by 1 M NaOH and

mined.

H2SO4 solution, respectively; 15 mL phosphate solution

Equations (4) and (5) as follows (Zhang et al. ):

The sorption

isotherm was described using

and 37.5 mg MCSF were then added to nine centrifuge
tubes and shaken on a constant temperature shaker for
5 h, respectively. Samples were taken after shaking was
completed, and then centrifuged, ﬁltrated and tested as for

Ce
Ce
1
¼
þ
qe Qmax b  Qmax
1
lgCe þ lgKF
n

(4)

adsorption time.

lgqe ¼

MCSF dosage

where b is a Langmuir constant, Qmax is the theoretical

(5)

maximum adsorption capacity, also known as monolayer
Amounts of 15 mL phosphate solution (0.25 mg·P/mL) and

coverage of the surface, KF and n are characteristic con-

15, 20, 25, 30, 40, 50, 60, 70 mg MCSF were added to eight

stants of the system, where KF is a measurement of

centrifuge tubes and shaken on a constant temperature

adsorption capacity and 1/n of adsorption intensity.

shaker for 5 h, respectively. Samples were taken after shak-

The thermodynamic parameters of the adsorption pro-

ing was complete, centrifuged, ﬁltrated and tested as for

cess were determined from the experimental data obtained

adsorption time.

at 298 K, 308 K and 318 K using Equation (6), Equation
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after phosphate adsorption is displayed in Figure 2. A new
peak appeared at 1,039.18 cm1 after phosphate adsorption,

ΔG0 ¼ RT lnK0

(6)

qe
Kd ¼
Ce

(7)

lnK0 ¼

and two peaks increased obviously at 611.28 cm1 and
3,442.94 cm1, respectively (Figure 2(b)). The strong
double peaks that occurred at around 1,421.94 cm1 and
1,514.1 cm1 are the characteristic peaks of bicarbonate

ΔS
ΔH

R
RT
0

0

(8)

where ΔG0 , ΔH0 and ΔS0 are Gibbs free energy change,
enthalpy change and entropy change, respectively. Kd is
the distribution coefﬁcient for the adsorption, T is the absolute temperature, and R is the gas constant.

(Botha & Strydom ; Kirinovic et al. ). The
spectra line that appeared at 1,667.39 cm1 is the peak of
H2O (H-O-H) (deforming vibration), and the strong broad
bands in the range of 2,500–4,000 cm1 are the characteristic
lines of H2O (H-O-H) and OH (M-OH). The peak that
appeared at 1,039.18 cm1 after phosphorus adsorption indicated that the adsorption process may generate phosphate.
Obviously higher and wider characteristic peaks were found
at 661.28 cm1, 1,667.39 cm1 and 3,442.94 cm1 after

RESULTS AND DISCUSSION

adsorption, which could be attributed to the higher water content accumulated in the product after adsorption (the product

Characterization of MCSF

of XRD is Mg3(PO4)2·22H2O), leading to the broadening of
the H2O (H-O-H), OH (M-OH) and H2O (i.e., H-O-H) (defor-

The scanning electron microscope (SEM) image and energy

mation vibration) characteristic lines (Ostrowski et al. ).

dispersive X-ray (EDX) spectrum of the prepared MCSF

The thermogravimetric curve ﬁgure shows that the pre-

before and after adsorption of phosphate are shown in

pared MCSF remains stable at 378 K (Figure 3). From

Figure 1(a) and (b), respectively. As shown in Figure 1(a),

378 K to 578 K, the rate of weight loss is 28.0%, which cor-

the prepared MCSF has a spherical ﬂower-like structure. It

responds to the loss of 2H2O from MgCO3·3H2O (the

can be seen from Figure 1(b) that the adsorbent surface is

theoretical value is 26.0%) and a partial loss of another crys-

aggregated with adsorbates to form an ingot-like structure.

tal water. Two crystal water were taken off one by one at low

By comparing the EDX spectra of the phosphate unloaded

temperatures, indicated the presence of water molecules

and loaded adsorbents, it can be concluded that phosphate

with two different binding capacities. The total weight loss

is adsorbed onto the MCSF.

from 378 K to 778 K is 39.2%, corresponding to the total

Fourier transform infrared reﬂection (FTIR) spectra

loss of 3H2O (the theoretical value is 39.0%) and this dehy-

were used to determine the functional groups on the adsor-

dration was carried out at higher and broader temperature

bent surface and analyze the mechanism of phosphorus

ranges. This shows that the loss of water molecules is slow

adsorption. The FTIR spectra of the adsorbents before and

and difﬁcult. Therefore, it can be considered that 2H2O

Figure 1

|

SEM-EDX images of prepared adsorbent (a) before and (b) after adsorption of phosphorus ions (EDX: energy dispersive X-ray; SEM: scanning electron microscope).
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process and magnesium phosphate precipitate was formed.
High-resolution spectra of C1s can be deconvoluted into
two peaks at about 284.67 eV and 289.5 eV. The band at
284.67 eV corresponds to the bonds from C-C and C-H;
the peak at 289.5 eV indicates the presence of carbonate
(Rheinheimer et al. ). The high-resolution spectrum of
P2p has a peak at 133.5 eV corresponding to PO3–
4 , indicating the presence of PO3–
4 on the surface of MCSF. As can be
seen from the XPS spectrum of Mg2p (Figure 5), a peak at
50.4 eV demonstrates the presence of Mg3(PO4)2 (Felker
& Sherwood ; Tsunakawa et al. ).
Figure 2

|

FTIR spectra of the prepared adsorbent (a) without phosphate adsorption and

Performance of MCSF in ambient conditions

(b) with phosphate adsorption.

Effect of contact time
The removal efﬁciency of phosphate under different contact
times was investigated at initial phosphate concentration
250 mg/L and adsorbent dosage 37.5 mg. The phosphate
adsorption rate by MCSF kept increasing in the ﬁrst
90 min, and started to stabilize after that (Figure S1, Supplementary Information). The adsorption capacity after
300 min increased by only 2.12% as compared with that of
90 min. It can be considered that the adsorption rate
reached the maximum at 90 min, and the maximum adsorption capacity was 98.63 mg/g.
Figure 3

|

Thermogravimetric curves.

Effect of temperature
molecules are the crystal water, and the other H2O is struc-

The effect of temperature on phosphate removal by MCSF

tural water in MgCO3·3H2O. From 778 K to 818 K, the rate

was investigated. The adsorption efﬁciency of phosphate by

of weight loss was 29.4% and a peak appeared at 800 K,

MCSF was dramatically decreased with the increment of

indicated the process of MgO formation when anhydrous

temperature (Figure S2). It may be due to the fact that the

magnesium carbonate decomposed of CO2 (the theoretical

solubility of magnesium carbonate increases with the increas-

value is 31.8%). No weight loss was observed above 828 K

ing of temperature. This resulted in a substantial reduction of

and this shows that MgCO3 was completely decomposed

magnesium carbonate that participated in the adsorption

to MgO. This dehydration and thermal decomposition pro-

process. This could lead to the conclusion that the best temp-

cess is consistent with earlier studies (Han et al. ;

erature for the prepared MCSF in phosphate adsorption is

Longo & Longo ).

20  C. More temperature conditions can be tested in future

The XRD patterns of the prepared MCSF before and

study to obtain an optimal adsorption temperature.

after treatment with phosphate are shown in Figure 4. The
sorbent composition before adsorption is MgCO3·3H2O

Effect of initial phosphate concentration

and Mg3(PO4)2·22H2O after adsorption by XRD analysis.
This indicated that the magnesium ion reacted with the

Phosphate with initial concentrations in the range of

phosphate

10–190 mg/L was equilibrated using 50 mg adsorbent dose

in

the

solution

during

the
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XRD patterns of (a) MCSF, (b) MCSF after treatment with phosphate (XRD: X-ray diffraction).

Figure 5

|

XPS spectra of MCSF after treatment with phosphate: (a) C1s, (b) P2p and (c) Mg2p.
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at 298 K. The phosphate ion equilibrium adsorption

144.13 mg/g

capacity increased from 9.81 to 144.13 mg/g, while the

190 mg/L, which could be regarded as the saturation

concentration

removal efﬁciency decreased from 98.1% to 75.86% when

adsorption point. This is much higher than other reported

phosphate initial concentration increased from 10 to

materials in the phosphate adsorption from eutrophic lakes.

190 mg/L (Figure S3). At low initial concentrations, the
ratio of phosphate ions to the accessible active sites of adsor-

Effect of pH

bent was low. Therefore, a higher phosphate removal
efﬁciency occurred. The residual phosphate concentration

The effect of pH on adsorption capacity and removal efﬁ-

in the solution increased with the increment of initial phos-

ciency of phosphate ions by the prepared MCSF was

phate dosage, and this led to the increase of adsorption

studied in the pH range 3.0–11.0 under adsorbent dosage

amount on the adsorbent. The adsorption capacity of pre-

37.5 mg, initial phosphate concentration 250 mg/L and

pared

temperature 298 K. Results indicated that the maximum

MCSF

reached

a

relatively

stable
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phosphate removal by prepared MCSF occurred at pH 7.0.

pseudo-second-order model was reached at the lowest

At low pH (3.0–7.0), the phosphate removal efﬁciency

temperature tested, 298 K, and this was consistent with the

kept increasing due to the increment of protonated adsor-

results of the temperature test. The highest adsorption

bent surface. The high protonated adsorbent surface

capacity of prepared MCSF under the pseudo-second-order

provided a strong electrostatic attraction between oxy-

model was also found under the lowest temperature tested.

anion and positively charged MCSF surface. The decrease

This suggested that 298 K can be used as the optimal temp-

of phosphate removal with the increase in pH 7.0–13.0

erature during MCSF adsorption.

could be attributed to the increase in OH ions on the
MCSF surface, which improved the repulsive force between

Sorption isotherm and thermodynamics

negatively charged adsorbent surface and negatively
The correlation of experimental data was also ﬁtted to the

charged phosphate ions.

Langmuir model and Freundlich model (Figure 7). The corEffect of adsorbent dosage

responding parameters were also calculated and are shown

The effect of MCSF dosage on phosphate removal was also

model has signiﬁcantly higher correlation than the Freund-

investigated. MCSF dosage from 1.5 to 6.0 g/L with contact

lich model, which indicates the homogeneous distribution

time 300 min and initial phosphate concentration 250 mg/L

of active sites on the adsorbent surface. The correlation coef-

in Table 2. It can be seen from Figure 7 that the Langmuir

was used. Results show that phosphorus removal increased

ﬁcient R 2 of the Langmuir equation ﬁtting was 0.995, 0.950

with the increment of MCSF dosage. The removal rate started

and 0.977 at 298, 308 and 318 K, and this is much higher

to reach a stable value after the MCSF dosage was over 5 g/L.

than the value obtained from the Freundlich model. The

Thus, an MCSF dosage of 5 g/L could be used as an optimal

highest adsorption capacity occurred at the temperature

concentration for initial phosphate concentration 250 mg/L,

298 K in both the Langmuir and Freundlich models, and

and a removal rate over 94% could be achieved.

this suggests that 298 K can be used as the best adsorption
temperature.
The thermodynamic parameters (ΔG0 , ΔS0 and ΔH0 ) of

Adsorption kinetic study

the adsorption process were calculated with the obtained
experimental data at several temperatures (Table 3). Gibbs

The equilibrium adsorption capacity, pseudo-ﬁrst-order and
pseudo-second-order kinetic constant were calculated and
are shown in Table 1. The correlation coefﬁcients of 0.995,
0.999 and 0.999 were obtained through pseudo-secondorder equation ﬁtting (Figure 6), and indicated that the
kinetic characteristics of phosphate adsorption by MCSF
ﬁtted to the model. The highest rate constant under the

free energy change (ΔG0 ) during adsorption of PO4 on
MCSF has a more negative value at lower temperature,
which demonstrates that the spontaneity of the adsorption
process decreases with the increment of temperature. The
positive value of entropy change (ΔS0 ) implies an increase
in the disorderliness of the solid–solution system, and indicates the contribution of structural changes that have
taken place in adsorbate and adsorbent during the adsorp-

Table 1

|

tion. A positive value of the standard enthalpy change

Kinetic parameters for the adsorption of PO4 onto MCSF

(ΔH0 ) indicates that the adsorption process is exothermic.
Pseudo-ﬁrst-order kinetic

Pseudo-second-order kinetic

model

model

Sorption mechanism
T
(K)

qe,exp
(mg/g)

k1 (h

298

99.0

308
318

qe,1
(mg/g)

R2

k2
(g/mg·h)

qe,2
(mg/g)

R2

0.0070

3.81

0.665

0.0065

104.38

0.995

94.0

0.0057

2.91

0.758

0.0026

95.06

0.999

89.5

0.0038

2.31

0.621

0.0046

89.61

0.999

1

)
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The linear regression of the (a) pseudo-ﬁrst-order kinetic model and (b) pseudo-second-order kinetic model.

Figure 7

|

Experimental data for PO4 absorption ﬁtted to the (a) Langmuir isotherm and (b) Freundlich isotherm.
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adsorbing on the MCSF surface in situ to form a positively

electrostatic attraction due to the presence of positive

charged MgCO3, (4) the reaction on the MCSF surface,

charge, and the in situ reaction between MgCO3 and phos-

phosphate adsorbing and converting to Mg3(PO4)2. Thus,

phate to conversion of the non-crystal-structure compound

the proposed phosphate sorption mechanism by prepared

of Mg3(PO4)2.

MCSF is given as follows:
MCS ↦ Mg ¼ CO3 ) MCS ↦ Mg2 þ

CONCLUSION

MCS ↦ Mg2 þ PO3
4 ) MCS ↦ Mg2 (PO4 )3

Magnesium carbonate with spherical ﬂower-like structure

(MCS means the surface of magnesium carbonate)

(MCSF) was prepared and its phosphate adsorption performance

was

investigated.

XRD

characterization

The removal of phosphate by MCSF is not a simple

indicated that the composition of MCSF before adsorption

adsorption process. The sorption process involves the mag-

was magnesium trihydrate and 22 hydrated magnesium

nesium ion release from MCSF in solution, the phosphate

phosphate after adsorption, which indicated that chemical

anion from solutions onto the adsorbing MgCO3 through

adsorption occurred due to the precipitation of magnesium
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