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a b s t r a c t
This paper presents two new kinds of calcium-silicate composites adsorbents KMnO4 modified 
alkali-treated calcium silicate composite (KASC and Fe3O4@KASC) to investigate adsorption capac-
ity of adsorbing phosphate. The synthesized adsorbents were studied systematically by X-ray 
fluorescence analysis, nitrogen absorption-adsorption analyzer, X-ray diffraction, zeta poten-
tial analyzer, scanning electron microscopy and Fourier-transform infrared spectroscopy (FTIR) 
spectrophotometer. Factors affecting phosphate adsorption including kinetics, isotherm, pH, coexis-
tent anions, and adsorbent dosage were investigated in batch experiments. The adsorption processes 
were best described by pseudo-second-order and Langmuir model, and the amount of adsorbed 
phosphate calculated using Langmuir model was 182 mg g–1 for KASC and 145 mg g–1 for Fe3O4@
KASC. Besides, Fe3O4@KASC also contained magnetic property. Adsorption of phosphate by KASC 
and Fe3O4@KASC were also performed by fixed-bed column experiments and the results were well 
described by Yoon-Nelson model and Thomas model. Almost all the adsorbed phosphorus could be 
recovered by 2% citric acid solution. The phosphate fractionation and FTIR spectra analysis indicated 
that (CaO)2PO2 was generated during the phosphate adsorption process.

Keywords:  Phosphate adsorption; Calcium-silicate composites; Batch adsorption; Column adsorption; 
FTIR analysis

1. Introduction

Excessive phosphorous leads to the eutrophication 
problem in water bodies, which causes algal blooms [1,2], 
impairs ecosystem balance [3] and even generates toxic 
materials [4] such as microcystin that may pose a threat for 
human health [5]. On the other hand, phosphorous is an 
essential element for the growth of all the organisms in the 
ecosystem. Nowadays most phosphorous is derived from 
phosphate rock, which is a non-renewable resource and 
current global reserves may be consumed in 50–100 years 
[6,7]. Therefore, it is imperative to investigate a phospho-
rous removed method which could also utilize the wasted 
phosphorous as a nutrient source. Even though there are 
many methods to remove phosphate from water bodies, 

such as precipitation [8], wetlands system treatment [9], and 
membrane technology [10], adsorption is the most desirable 
method which can remove phosphate from water and reused 
for crop growing [11–13].

In our previous research, the alkali-treated calcium 
silicate composite (ASC) was prepared by using wasted 
glass and shell [14]. The effects of various parameters on 
phosphate adsorption were investigated in detail. ASC could 
remove phosphate from water with phosphate adsorption 
capacity of 120 mg g–1, but the adsorbent saturated with 
phosphate after adsorption process was difficult to achieve 
solid-liquid separation. In order to overcome that weakness, 
as well as increasing the phosphate adsorption capacity, 
novel adsorbents should be developed to fulfil the above 
requirement.
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KMnO4 can be used to modify adsorbents because of 
its high oxidizability, which can oxidize metal ions to their 
maximum valency to increase the activity of the adsorbents 
[15–17]. Therefore, in this study, KMnO4 was used to treat 
ASC to gain a novel adsorbent named KMnO4 modified 
alkali-treated calcium silicate composite (KASC) (KMnO4-
ASC). To implement the solid-liquid separation after adsorp-
tion reaction, magnetic technology is a desirable method 
in terms of ease of design, the simplicity of operation and 
low cost [18]. A magnetic adsorbent not only has a good 
adsorption capacity but also can be collected by a magnetic 
separation technology [19]. For this purpose, Fe3O4 was used 
as a magnetic carrier for preparing magnetic adsorbent due 
to its low cost and magnetic property.

The aim of the present study was to develop efficient 
adsorbents with high adsorption capacity and magnetic 
behavior, for removing phosphate from water. For this pur-
pose, KASC was prepared by ASCs with KMnO4 solution, 
Fe3O4@KASC was prepared by KASC with Fe3O4. Both KASC 
and Fe3O4@KASC were investigated for their potential as 
adsorbents to remove phosphate through batch and column 
experiments.

2. Materials and methods

2.1. Materials

All chemicals used in this study were of analytical 
reagent grade. The phosphate solution was prepared by 
dipotassium hydrogen orthophosphate, and all the solutions 
were prepared by using pure water.

The ASC was synthesized by using calcium-silicate com-
posites (CSC) from Murakami Corporation (Chiba, Japan). 
10 g of CSC were added into 50 mL of 2 M NaOH solution 
and the mixture was heated at 98°C by a refluxing system 
for 24 h. After washing several times with pure water and 
dehydrated ethanol, ASC was obtained [14]. The KASC was 
prepared by mixing 5 g ASC and 200 mL of 0.1 M KMnO4 
solution for 24 h under the room temperature. After washing 
several times with pure water, the KASC was obtained.

Fe3O4 was prepared by precipitation and partial oxidation 
of Fe(II) ion. 2.5 M NaOH solution was added dropwise 
into 0.0651 M FeSO4 solution under high stirring speed until 
pH 11. After stirring for 10 min and boiling the solution in 
the water bath for 75 min, black liquid material was obtained. 
The Fe3O4 was obtained after washing several times with 
pure water and dehydrated ethanol and then dried in an oven 
overnight [20,21]. The Fe3O4@KASC was prepared by mixing 
3 g KASC and 1 g Fe3O4 in 100 mL pure water with a strong 
stirring at 35°C in the water bath. After stirring for 2 h, the 
obtained product was washed several times with pure water 
and anhydrous ethanol and then dried in an oven overnight. 
The Fe3O4@KASC could be collected by the magnetic field 
and its magnetic property could be used in the phosphate 
adsorption process.

2.2. Adsorbent characterization

The elemental composition of KASC and Fe3O4@KASC was 
measured by X-ray fluorescence analysis (XRF) (RIX 2100, 
RIGAKU, Japan). Specific surface area and total pore volume 
of samples were measured by nitrogen absorption- adsorption 

analyzer. (BELSORP-MINI II, MICROTRACBEL, Japan). 
X-ray diffraction (XRD) analysis was used to determine 
the crystallographic structure of samples (XRD-6100, 
SHIMADZU, Japan). The surface charge of adsorbents was 
measured by zeta potential analyzer (ZC-3000, MICROTEC, 
Japan). The morphological properties of samples were char-
acterized using a scanning electron microscope (JSM-6510, 
JEOL, Japan). Fourier-transform infrared spectroscopy (FTIR) 
spectrophotometer was carried out to analyze the infrared 
spectra of samples before and after phosphate adsorption 
(IRAffinity-1, SHIMADZU, Japan). All pH values in this 
study were measured by pH meter (D-51, HORIBA, Japan).

2.3. Batch adsorption

Batch experiments were carried out to investigate 
the performance of KASC and Fe3O4@KASC as phos-
phate removal adsorbents. All the batch experiments were 
shaken at 100 rpm and 25°C. After specific adsorption time, 
the supernatant was taken to measure phosphate con-
centration by molybdenum-blue ascorbic method using 
UV-spectrophotometer (UV-2550, SHIMADZU, Japan). For 
the KASC adsorbent, the supernatant of phosphate solution 
was taken after centrifuging at 5,000 rpm for 10 min. For the 
Fe3O4@KASC adsorbent, the supernatant was taken by mag-
netic field to implement solid-liquid separation. The amount 
of adsorbed phosphate per unit mass of adsorbent (Qe) was 
calculated by Eq. (1):

Q C C V
me e= −( )×0  (1)

where C0 and Ce are the initial and equilibrium phosphate 
concentrations in mg L–1, V is the volume of adsorption 
solution in L, m is the dry mass of adsorbent in g.

The kinetic phosphate adsorption experiments were con-
ducted by mixing 0.6 g adsorbents in 300 mL of 500 mg L–1 
phosphate solution. After each specific time (0–92 h), 
the supernatant was taken to measure the phosphate 
concentration. The kinetic experimental data were fitted 
to pseudo- first-order and pseudo-second-order models in 
Eqs. (2) and (3), respectively.
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where the qt and qe are the amounts of adsorbed phosphate at 
time t and equilibrium in mg g–1. k1 and k2 are the adsorption 
rate constants in 1/h and g mg–1 h–1, respectively.

The isotherm phosphate adsorption experiments were 
conducted by mixing 0.1 g adsorbents and 50 mL phosphate 
solution with phosphate concentration from 20 to 600 mg L–1. 
After shaking for 80 h, the supernatant was taken to measure 
the phosphate concentration and the isotherm data was fitted 
to Langmuir isotherm model and Freundlich isotherm model 
in Eqs. (4) and (5); respectively.
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Q K Ce e
n= 2

1/  (5)

where Ce is the phosphate concentration at equilibrium in 
mg L–1; Qe is the amount of adsorbed phosphate at equilibrium 
in mg g–1; Xm is the maximum adsorption capacity calculated 
by Langmuir model in mg g–1; K1 is the Langmuir adsorption 
constant in L mg–1; K2 and n are the Freundlich adsorption 
constant.

To investigate the effect of solution pH on phosphate 
adsorption, the experiment was conducted by adding 0.1 g 
adsorbents into 50 mL of 500 mg L–1 phosphate solution 
with different pH range (2.0–12.0). The initial pH of the 
phosphate solution was adjusted by using 0.1 M HCl and 
0.1 M NaOH. The supernatant was taken to measure the 
phosphate concentration after 80 h, and the equilibrium 
pH of solution (pHe) was also measured. The effect of other 
anions on the phosphate adsorption was also examined by 
adding different adsorbent dosage (0.2–2.0 g L–1) in 50 mL 
of 1 mmol L–1 phosphate solution with and without other 
anions (SO4

2–, Cl–, HCO3
–, NO3

–). After 80 h, the supernatant 
was taken to measure the phosphate concentration. In order 
to demonstrate further the performance of adsorbents for 
phosphate removal in the presence of natural ions, sample 
solution from Lake Senba (Ibaraki, Japan) was taken and 
then filtered through 0.45 μm membrane to remove sus-
pended materials. A certain amount of phosphate was added 
into the sample solution to adjust the initial phosphate con-
centration to 9.97 mg L–1. Various dosages (0–0.25 g L–1) of 
adsorbents were added into 100 mL of pre-treated sample 
solution. After 80 h, the supernatant was taken to measure 
the concentration of phosphate.

2.4. Column experiments

Fixed-bed columns used in this study were made up of 
0.77 μm internal diameter glass tubes and 1 g adsorbents 
were packed in the column to yield a bed height of 3.5 
and 3.0 cm for KASC and Fe3O4@KASC, respectively. Pure 
water was pumped to pass the fixed-bed columns at the first 
12 h to remove air bubbles and interfering substance, then 
the phosphate solution (10.02 mg L–1, pH 7.40) was pumped 
downward through the column at a flow rate of 30 mL h–1 at 
the room temperature. The effluents of the column system 
were collected at regular time intervals and the phosphate 
concentrations and pH were measured. The column exper-
imental data was fitted using Yoon and Nelson model in 
Eq. (6) and Thomas model in Eq. (7).
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where Ci and Ct are the phosphate concentrations of influent 
and at the time t of effluent in mg L–1, KYN is a adsorption 
constant in 1/h and θ is the time in h when Ct is half of Ci.
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where C0 and Ct are the phosphate concentrations of influent 
and effluent at time t in mg mL–1, respectively; kTH is the 
Tomas rate constant in mL min–1 mg–1; q0 is the amount of 
adsorbed phosphate in mg g–1; x is the mass of adsorbent in 
g; v is flow rate in mL min–1.

The contact time of fixed-bed adsorbent and phosphate 
solution (TC) was calculated by the following equation:

T V
C = ν

 (8)

where V is the volume of adsorbent bed in cm3; v is the 
flow rate of phosphate solution in mL min–1.

2.5. Phosphate desorption

The KASC and Fe3O4@KASC were initially reacted with 
the phosphate solution at a phosphate concentration of 
500 mg L–1 for 80 h. After washed several times with pure 
water, the pre-treated adsorbents were desorbed by 2% citric 
acid with the liquid/solid ratio of 100 mL g–1 at 25°C. After 
2 h, the percentage of desorbed phosphate to adsorbed phos-
phate was calculated to assess the possibility of recovering 
adsorbed phosphate.

2.6. Phosphate fractionation

The adsorbed phosphate has four different forms of 
phosphorus which include loosely bound-phosphorous 
(LB-P), alkali-soluble phosphorous (NaOH-P), acidic- 
soluble phosphorous (HCl-P) and residual phosphorous 
(Residual-P) [22]. In order to measure the concentration 
of different forms of phosphorous, the adsorbents were 
initially adsorbed phosphate at a phosphate concentra-
tion of 500 mg L–1 for 80 h. After washing several times by 
pure water, the adsorbents with adsorbed phosphate were 
obtained. The phosphate fractionation experiment was 
conducted by following steps: (1) pre-treated adsorbents 
were washed twice with 1 mol L–1 NH4Cl solution at pH 7 for 
2 h, and the desorption phosphorus was LB-P; (2) the adsor-
bents after treating by step 1 was washed with 0.1 mol L–1 
NaOH solution for 16 h and the extracted phosphorous 
was NaOH-P; (3) the adsorbents after treated by step 2 was 
washed with 0.5 mol L–1 HCl solution twice for 2 h and the 
desorbed phosphorous was HCl-P; and (4) after treated by 
step 3, the phosphorous which still remained in adsorbents 
was Residual-P.

3. Results and discussion

3.1. Materials and characterization

The physicochemical properties of KASC and Fe3O4@
KASC are shown in Table 1. The main elements of KASC 
were O, Ca and Si with 31.0%, 26.2%, and 23.2% respectively. 
The main elements of Fe3O4@KASC were Fe, O, Ca, and Si 
with the mass percent of 29.5%, 24.6%, 18.6%, and 16.9%, 
respectively. A large amount of Fe in Fe3O4@KASC also indi-
cated the success of composite between Fe3O4 and KASC. 
Table 1 shows that the specific surface area and average 
pore diameter were 139 m2 g–1 and 9.85 nm for KASC and 
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112 m2 g–1 and 11.9 nm for Fe3O4@KASC. Both adsorbents 
exhibited alkaline properties with pH value of 9.80 for KASC 
and 8.90 for Fe3O4@KASC.

The XRD patterns of Fe3O4@KASC, KASC and Fe3O4 
are shown in Fig. 1. Fe3O4 was well crystallized and it can 
be indexed as pure Fe3O4 because of the appearance of dif-
fraction peaks at 2 theta of 30.1°, 35.5°, 37.2°, 43.2°, 57.0°, 
and 62.7° [23]. The KASC was shown as an amorphous 
structure. Meanwhile, since the diffraction peaks of Fe3O4@
KASC were from the peaks of KASC and Fe3O4, there was 
no chemical reaction during the process of preparing Fe3O4@
KASC. The surface charge measured as zeta potential is 
presented in Fig. 2 for Fe3O4@KASC, KASC and Fe3O4. The 
isoelectric point (IEP) of Fe3O4 was around 6.0, which is in 
agreement with other studies [24,25]. The KASC showed the 
IEP of 2.2, and this maybe owing to a large amount of SiO2 
with a very low IEP [25]. The IEP for Fe3O4@KASC was near 
5.0, indicating that the surface of Fe3O4@KASC had positive 
charge when the pH was lower than 5.0. The morphology of 
KASC and Fe3O4@KASC characterized by scanning electron 
microscopy (SEM) are shown in Fig. 3. The KASC exhib-
ited a rough and porous surface, which is consistent with 
the Brunauer–Emmett–Teller (BET) analysis. It is obviously 
found that the Fe3O4@KASC have some particle inserted 
into the calcium-silicate matrix. This further proved that the 
Fe3O4 particles combining with KASC and developed the 
magnetic adsorbent.

3.2. Adsorption kinetics

The phosphate adsorption process as a function of time 
is shown in Fig. 4. The results showed that the amount of 
adsorbed phosphate increased with increasing adsorption 
time and reached equilibrium at 80 h for KASC and 72 h 
for Fe3O4@KASC. Both samples adsorbed phosphate very 
fast in the first 24 h with the adsorbed amount of 120 and 
88 mg g–1 for KASC and Fe3O4@KASC, respectively. Then 
the phosphate adsorption rate became much slower and 

stopped at the equilibrium time. The kinetic data was fitted 
the pseudo-first-order and pseudo-second-order model and 
the obtained equation parameters are listed in Table 2. The 
equation parameters showed both phosphate adsorption 
kinetic results were better fitted pseudo-second-order model, 
indicating the phosphate adsorption by KASC and Fe3O4@
KASC were governed by diffusion courses.

3.3. Adsorption isotherm

The phosphate adsorption process as a function of the 
initial phosphate concentration is shown in Fig. 5. The results 
showed that the adsorbed phosphate amount increased with 
increasing equilibrium concentration, which also meant that 
the amount of adsorbed phosphate increased with increas-
ing initial phosphate concentration. For KASC and Fe3O4@
KASC, both can remove almost all the phosphate from pure 
water at the initial concentration from 20 to 250 mg L–1. The 
removal rate gradually decreased and phosphate adsorption 

Table 1
Chemical compositions and physiochemical properties of 
adsorbents

Parameters KASC Fe3O4@KASC

O (%) 31.0 24.6
Fe (%) 1.12 29.5
Ca (%) 26.2 18.6
Si (%) 23.2 16.9
C (%) 7.34 4.40
Na (%) 1.14 0.71
Al (%) 1.82 1.36
K (%) 7.74 3.35
S (%) 0.05 0.13
Total (%) 99.6 99.6
BET surface area (m2 g–1) 139 112
Total pore volume (cm3 g–1) 0.34 0.33
Pore diameter (nm) 9.85 11.9
pH value 9.60 8.90

 

Fig. 1. XRD patterns of Fe3O4@KASC, KASC and Fe3O4.

 

Fig. 2. Zeta potential of Fe3O4@KASC, KASC and Fe3O4.
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finally stopped until the adsorption reached saturation. 
The isotherm data was fitted to the Langmuir and Freundlich 
model and the fitting parameters are listed in Table 3. The 
parameters showed that the isotherm adsorption results 
were better fitted the Langmuir equation, and the maximum 
adsorption capacity of KASC and Fe3O4@KASC calculated 
by Langmuir were 182 and 145 mg g–1, respectively.

3.4. pH influence

The influence of initial phosphate solution pH on the 
phosphate adsorption by KASC and Fe3O4@KASC was 
investigated in a wide pH range from 1.90 to 12.0 and the 
results are shown in Fig. 6. The relationship between initial 
phosphate solution pH and pHe is also shown in Table 4. Both 
adsorbents exhibited a good phosphate adsorption capacity 
over a wide pH range from 2.35 to 12.0 for KASC and from 

 
Fig. 3. The SEM of KASC (a) and Fe3O4@KASC (b).

 

Fig. 4. The kinetic adsorption of phosphate on KASC and Fe3O4@
KASC in pure water. (Initial phosphate concentration: 500 mg L–1, 
adsorbent mass: 0.6 g, treated volume: 300 mL).

Table 2
Fitting parameters of the pseudo-first-order and pseudo-second-order kinetic model for the phosphate kinetic adsorption data

Adsorbents Pseudo-first-order Pseudo-second-order

qt (mg g–1) k1 (1/h) r2 qt (mg g–1) k2 (g mg–1 h–1) r2

KASC 190 0.06 0.883 189 6.61 × 10–4 0.991
Fe3O4@KASC 153 0.06 0.885 156 8.18 × 10–4 0.986

 
Fig. 5. The isotherm adsorption of phosphate on KASC and 
Fe3O4@KASC in pure water. (Initial phosphate concentration: 
20–600 mg L–1, adsorbent mass: 0.1 g, treated volume: 50 mL, 
contact time: 80 h).

Table 3
Fitting parameters of the Langmuir and Freundlich model for 
the phosphate isotherm adsorption data

Adsorbents Langmuir model Freundlich

Xm 
(mg g–1)

K1 
(L mg–1)

r2 n K2 r2

KASC 182 0.162 0.997 3.42 42.6 0.935
Fe3O4@KASC 145 0.421 0.999 6.57 68.2 0.944
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2.54 to 12.0 for Fe3O4@KASC. For the KASC, the amount of 
adsorbed phosphate increased very fast with increasing 
initial pH range from 1.92 to 2.60 (pHe 3.22–7.21). After that, 
the phosphate adsorption amount decreased slightly with 
the further increase of initial pH values from 2.60 to 12.0 (pHe 
7.21–11.8). For the Fe3O4@KASC, the amount of adsorbed 
phosphate increased rapidly with increasing pH value from 
1.91 to 3.33 (pHe 2.73–7.34), while the trend of adsorbed phos-
phate decreased slowly with increasing pH from 3.33 to 11.9 
(pHe 7.34–11.4).

pH plays a significant role in the determination of the 
concentration of phosphate species in the aqueous system. 
The relationship between pH and phosphate species was 
summarized in the following equation [26]:

H PO H PO H
H PO HPO H
HPO PO

3 4 2 4 1

2 4 4
2

2

4
2

4
3

2 13
7 20

↔ + =

↔ + =

↔

− +

− − +

−

pK
pK

.

.
−− ++ =H pK3 12 33.

 (9)

Therefore, when pHe moves from 2.13 to 7.20, H2PO4
– 

was the main species in the phosphate solution. After that, 
HPO4

2– became the dominated species in pHe range 7.20–12.33. 
Fig. 6 shows that when pHe value was around 7.2, KASC 
and Fe3O4@KASC could adsorb highest phosphate amount 
of 206 and 167 mg g–1, respectively. There were two rea-
sons for this: on the one hand, the adsorption free energy 
of H2PO4

– was lower than that of HPO4
2–, so the H2PO4

– was 
more easily adsorbed by adsorbents [27]. On the other 
hand, the process of phosphate adsorption also needs the 
participation of OH–, but when the pH was higher than 7.2, 
the amount of OH– was too much in solution which could 
compete with phosphate on the active adsorption sites of 
adsorbent, and this also explained the amount of adsorbed 
phosphate reduced with increasing pHe from 7.2 to 12.0 
[26,28]. Meanwhile, when pHe increased from 7.2 to 12.0, an 
increasing electrostatic repulsion between adsorbents and 
phosphate ions also induced a lower phosphate adsorption.

3.5. Influence of coexistent anions

Most phosphate adsorption was interfered by other 
anions which may compete for adsorption sites. Therefore, 
the influence of coexisting anions on phosphate adsorption 
by KASC and Fe3O4@KASC were examined and the results 
are shown in Fig. 7. When the adsorbent dosage was lower 
than 1.0 g L–1, the phosphate adsorption amount in sole 
phosphate solution was higher than that in anions-mixed 
solution for both KASC and Fe3O4@KASC. The adsor-
bent dosage was higher than 1.0 g L–1 when the amount of 
adsorbed phosphate in sole phosphate solution and anions-
mixed solution was similar. Therefore, the other anions 
could compete with phosphate for the adsorption sites, 

 
Fig. 6. The effect of initial pH value of phosphate solution on the 
phosphate adsorption by KASC and Fe3O4@KASC in pure water. 
(Initial phosphate concentration: 500 mg L–1, adsorbent mass: 
0.1 g, treated volume: 50 mL, contact time: 80 h).

Table 4
pH value of phosphate solution at initial and equilibrium time

KASC Fe3O4@KASC

Initial pH Equilibrium pH Initial pH Equilibrium pH

1.92 3.22 1.91 2.73
2.15 5.83 2.01 3.17
2.35 6.64 2.31 6.02
2.60 7.21 2.54 6.31
3.50 9.51 2.92 7.19
4.06 9.73 3.33 7.34
6.05 9.80 4.63 8.13
7.20 10.1 6.02 8.53
8.26 10.2 7.12 9.73
9.57 10.3 8.04 9.95
10.4 10.7 9.75 10.1
11.3 11.4 10.6 10.2
12.0 11.8 11.9 11.4
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Fig. 7. Influence of coexistent anions on phosphate adsorption 
by KASC and Fe3O4@KASC in pure water. (Initial phosphate 
concentration: 1 mmol L–1, adsorbent dosage: 0.2–2.0 g L–1, 
treated volume: 50 mL, contact time: 80 h, coexisting anions: 
SO4

2–, Cl–, HCO3
–, NO3

–).
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but the coexistent anions effect reduced with increasing 
adsorption sites.

3.6. Phosphate adsorption in natural water

The influence of adsorbent dosage on phosphate removal 
from natural water was studied by varying adsorbent dosage 
from 0.02 to 0.25 g L–1 with an initial phosphate concen-
tration of 9.97 mg L–1. The increased adsorbent dosage has 
more adsorptive sites and a greater surface area. Therefore, 
as shown in Fig. 8, the removal efficiency of phosphate 
increased with increasing adsorbent dosage. Meanwhile, 
the residual phosphate concentration was decreased to 
0.2 mg L–1 for KASC and Fe3O4@KASC at the dosage of 
0.20 and 0.25 g L–1, respectively. Phosphate concentration 
of 0.2 mg L–1 in lake water was satisfied with the require-
ment of environmental quality standard for lakes in Japan 
(0.3 mg PO4

3– L–1). Hence, for the future industrial utilization, 
to treat 10 m3 of waste water containing 10 mg L–1 phosphate 
to reach the environmental quality standard for lakes, only 
2 kg of KASC and 2.5 kg of Fe3O4@KASC is required.

3.7. Column adsorption

The breakthrough curves of phosphate on KASC and 
Fe3O4@KASC column are shown in Fig. 9. For the KASC, 
the breakthrough and exhausting point was around 4,100 
and 9,600 mL, respectively. For the Fe3O4@KASC, the 
breakthrough and exhausting point was around 4,300 and 
10,500 mL, respectively. Both column adsorption data was 
fitted to the Yoon and Nelson model and Thomas model, and 
the obtained parameters are listed in Table 5. For the Yoon 
and Nelson equation, the θ values calculated by Eq. (6) were 
similar with that obtained from experimental data, implying 
both column adsorption results had a good agreement with 
Yoon and Nelson model [29]. After calculation with Thomas 
model, the saturation adsorption amount was 77.1 mg g–1 
for KASC and 80.3 mg g–1 for Fe3O4@KASC, which was 

much lower than that obtained from batch experiments with 
182 and 145 mg g–1, respectively. There were two reasons: 
firstly, the initial concentration of phosphate in the column 
experiment was much lower than that of batch experiment; 
secondly, the condition of column adsorption and batch 
adsorption were different, and column adsorption always 
treats fresh phosphate solution before reaching adsorption 
equilibrium. In this study, the contact time between adsor-
bents and phosphate was 2.8 min for KASC and 3.3 min for 
Fe3O4@KASC, so the limited contact time between phosphate 
solution and adsorbent decreased the phosphate adsorption 
capacity. Even the amount of adsorbed phosphate by column 
adsorption was much lower than that of batch adsorption, 
there was no doubt that fixed-bed system was much more 
popularly utilized in real wastewater treatment because 
of simply, continuously and economically operation [30].

3.8. Phosphate desorption

The phosphorous content in KASC and Fe3O4@KASC 
after adsorbing phosphate is high. However, the adsorbed 
phosphorous cannot directly desorb into water because the 

0

2

4

6

8

10

0 0.02 0.04 0.06 0.1 0.15 0.2 0.25

R
es

id
ua

l p
ho

ph
at

e 
co

nc
en

tra
tio

n 
(m

g/
L)

  

Adsorbent dosage (g/L)  

KASC

Fe3O4@KASC 

Fig. 8. The adsorption of phosphate on KASC and Fe3O4@KASC 
as a function of adsorbent dosage in natural water. (Initial 
phosphate concentration: 9.97 g L–1, treated volume: 100 mL, 
contact time: 80 h).

 

7.0

7.5

8.0

8.5

9.0

9.5

10.0

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10 11 12

pH
t 

C
t (

m
g/

L)
 

V (L) 

Fe3O4@KASC 

Yoon-Nelson model

Thomas model

7.0

7.5

8.0

8.5

9.0

9.5

10.0

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10 11 12

pH
t 

C
t (

m
g/

L)
 

V (L) 

KASC

Yoon-Nelson model

Thomas model

(a)

(b)

Fig. 9. Breakthrough curve of phosphate adsorption on (a) KASC 
and (b) Fe3O4@KASC column. Solid circle: Ct, open triangle: pHt. 
(Initial phosphate concentration: 10.02 mg L–1, adsorbent mass: 
1 g, flow rate: 30 mL h–1).



287D. Jiang et al. / Desalination and Water Treatment 158 (2019) 280–289

generated phosphorous complex is insoluble. The Japanese 
Fertilizer of Control Act defines the citrate solubility (soluble 
in 2% citric acid solution) as a criterion. In other words, if 
phosphorous complex can be desorbed by 2% citric acid solu-
tion, the phosphorous can be released into natural soil and 
used as fertilizer. Table 6 showed that the desorption ratio 
of adsorbed phosphorous was 95.6% for KASC and 97.5% 
for Fe3O4@KASC. The results indicate that the adsorbents 
saturated with phosphorus can be directly released into soil. 
In this study, the adsorbents contain a large proportion of 
calcium, and the calcium element can also be used for agri-
culture as Ca ions is a necessary nutrient for crop growth. 
The citric acid is widely known for dissolving calcium com-
pounds, and Table 6 showed that the second phosphate 
adsorption amount is very low, so most of Ca ions released 
into citric acid. Therefore, the KASC and Fe3O4@KASC after 
adsorbed phosphate are promising phosphate and calcium 
fertilizer for crop growth.

3.9. Adsorption mechanism

As the XRF analysis, the main element of KASC and 
Fe3O4@KASC was O, Ca, Si and O, Fe, Ca, Si, respectively. 
Therefore, those elements were the main effect on adsorbing 
phosphate. To illustrate phosphate adsorption mechanism, 
the phosphate fractionation experiment was conducted and 
the results are given in Table 7. The results showed that 
approximately 93.9% and 91.3 % adsorbed phosphate was 
recovered by HCl solution, indicating that the main adsorbed 
phosphate was HCl-P. As the adsorbed phosphate cannot 
be desorbed by NaOH, but can be desorbed by HCl, that 
means the Ca–P or Mg–P was generated [22]. Therefore, in 
this study, calcium-phosphate composites were generated on 

the surface of KASC and Fe3O4@KASC. To further elucidate 
phosphate adsorption mechanism, FTIR spectra was used 
to analysis adsorbents before and after adsorbing phos-
phate and the results are shown in Fig. 10. For both KASC 
and Fe3O4@KASC adsorbents, after adsorbing phosphate, 
the FTIR band of P complex appeared at 1028 and 962 cm–1, 
proving that the phosphate complex was generated during 
the process of phosphate adsorption [31–33]. The phosphate 
complex included (XO)3PO species with C3v symmetry, 
(XO)2PO2 species with C2v symmetry and XOPO3 species 
with C3v symmetry, where X represents the metal element 
or H, and each species has it special FTIR bands [31]. The 
bands occurring at 1,028 and 962 cm–1 in this study indicated 

Table 5
Fitting parameters of the Noon and Nelson model and Thomas model for the phosphate isotherm adsorption data

Adsorbents Yoon and Nelson model Thomas model

KYN (h–1) θcal (h) θexp (h) r2 kTH (mL min–1 mg–1) q0 (mg g–1) r2

KASC 0.026 238 251 0.952 0.04 77.1 0.952
Fe3O4@KASC 0.025 255 263 0.941 0.04 80.3 0.941

Table 6
Desorption of adsorbed phosphate by 2% citric acid

Adsorbents 1st adsorption (mg g–1) Desorption (mg g–1) Recovery rate (%) 2nd adsorption (mg g–1)

KASC 179 171 95.6 16.3
Fe3O4@KASC 136 132 97.5 21.1

Table 7
Fractionation of adsorbed phosphate

Adsorbents LB-P NaOH-P HCl-P Residual-P

q (mg g–1) % q (mg g–1) % q (mg g–1) % q (mg g–1) %

KASC 1.38 0.75 5.08 2.76 173 93.9 4.88 2.65
Fe3O4@KASC 2.46 1.54 5.96 3.73 146 91.3 5.46 3.41

Fig. 10. The FTIR spectra of KASC and Fe3O4@KASC before and 
after adsorbing phosphate.
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that the species with C2v symmetry were generated, and the 
two bands can be taken for vas and vs P–O stretching vibra-
tion bands, respectively. Therefore, the generated phosphate 
complex during phosphate adsorption is (CaO)2PO2 [26].

4. Conclusion

In this study, KASC and Fe3O4@KASC adsorbents were 
prepared for phosphate adsorption and found to have good 
phosphate adsorption capacities. Using Langmuir model, 
the phosphate adsorption capacities of KASC and Fe3O4@
KASC were 182 and 145 mg g–1, respectively. Fe3O4@KASC 
not only had high phosphate adsorption capacity, but also 
had magnetic property to remove the pollutants from the 
solution by a magnetic separation technology. For KASC 
and Fe3O4@KASC, the phosphate adsorption processes were 
best described by the pseudo-second-order and Langmuir 
model. Both adsorbents can exhibit high phosphate 
adsorption capacity over a wide pH range (pH 2.30–12.0 
for KASC; pH 2.54–12.0 for Fe3O4@KASC). The coexis-
tent anions reduced the phosphate adsorption at the low 
adsorbent dosage, but the influence became slight when 
the adsorbent dosage increased. The removal of phosphate 
(~10 mg L–1) from natural water by adsorbents performed 
well at the dosage of 2.0 kg/10 m3 for KASC and 2.5 kg/10 m3 
for Fe3O4@KASC. In the column experiments, the break-
through points of KASC and Fe3O4@KASC was 4,300 and 
5,300 mL, respectively. The experimental results had good 
agreement with Yoon and Nelson Model and Thomas 
Model, and the saturation adsorption amount calculated 
by Thomas Model was 38.5 and 41.2 mg g–1 for KASC and 
Fe3O4@KASC, respectively. The adsorbed phosphorous by 
adsorbents can be desorbed more than 95% by 2% citric 
acid solution. Through phosphate fractionation and FTIR 
analysis, the adsorption mechanism in this study would be 
due to generating (CaO)2PO2 composition during phosphate 
adsorption reaction.
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