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Abstract
Optimization of clays as adsorbent for low concentration phosphorus removal from wastewater has received increasing attention
in recent years. This study explored the feasibility of using bentonite as an adsorbent for phosphate (P) removal from synthetic
wastewater, by assessing the performance of thermally treated bentonite for P removal and elucidating the mechanisms of P
adsorption. Natural bentonite (B25) was thermally treated at 100–1000 °C (B100–B1000) for 2 h. Physical and chemical
properties were measured by the SEM, XRD, pore size distribution, EDX, and cation exchange capacity (CEC) methods.
Thermal treatment increased P sorption capacity of bentonite and that B800 had a higher P sorption capacity (6.94 mg/g) than
B25 (0.237 mg/g) and B400 (0.483 mg/g) using the Langmuir isotherm equation. Study of sorption kinetics indicated that B800
rapidly removed 94% of P from a 10mg P/L solution and the pseudo-second-order equation fitted the data well. The Ca2+ release
capacity of B800 (1.31 mg/g) was significantly higher than that of B25 (0.29 mg/g) and B400 (0.40 mg/g) (p < 0.05). The initial
pH level had a smaller impact on P removal efficiency for B800 than that of B25 and B400. Ca-P was the main fraction of P
adsorbed onto B800, and Ca10-P was the main species (41.4%). The main factors affecting the phosphorous adsorption capacity
of B800 were changed crystal structure, strong calcium release capacity, and improved stability in different pH solutions. The
results demonstrated that thermally treated bentonite (B800) has the potential to be an efficient adsorbent for removal of low-
concentration phosphorus from wastewater.
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Introduction

Phosphorus is a major nutrient and contaminant in surface
water. It mainly comes from agricultural and urban storm run-
off, municipal and industrial effluents, and livestock and poul-
try excreta (Chen et al. 2016a; Luo et al. 2017; Liu et al. 2017).
Phosphorus, rather than nitrogen, is reported to be the limiting
nutrient for eutrophication in many freshwater ecosystems
(Sengupta and Pandit 2011; Chen et al. 2016b). Excessive
phosphorus can cause eutrophication in rivers, lakes, and res-
ervoirs (Yeoman et al. 1988; Elser et al. 2007). Many tech-
niques have been applied to remove phosphorus from waste-
waters, such as chemical precipitation, biological methods,
and adsorption (Vohla et al. 2011; Loganathan et al. 2014).
In these methods, adsorption is considered to be a low-cost,
environmental friendly, and effective approach for removing
low concentrations of phosphate (P) (Gupta et al. 2009). Using
clay minerals for phosphate adsorption has been extensively
investigated in recent years. Clay minerals are common in
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nature and have high specific surface area and high adsorption
capacity (Barca et al. 2012, 2013; Yin et al. 2017).

Of the clay minerals, bentonite is an abundant resource
worldwide and accounts for nearly 68% of the clay used for
sorbents in the control of pollution (Vimonses et al. 2009; Zhu
et al. 2016). Bentonite is a typical 2:1-type phyllosilicate clay
mineral, which contains one octahedral (O) sheet sandwiched
between two tetrahedral (T) sheets (Brigatti et al. 2013).
Because of the isomorphous substitution of metal cations in
the sheets, the layers carry a permanent negative charge in the
surface, which is balanced by cationic counterions in the inter-
layer space (see Zhu et al. 2016). The characteristics make
bentonite useful as an adsorbent for a wide variety of contam-
inants, such as cationic pollutants (Aytas et al. 2009; Gupta and
Bhattacharyya 2014) and anionic pollutants (Zhu et al. 2009).

Physical and chemical modification of natural bentonite
can enhance its adsorption capacity (Ye et al. 2006; Toor and
Jin 2012). Thermal treatment has been recognized as a cost-
effective modificationmethod for improving the clayminerals
adsorption capacity (Gan et al. 2009; Yin et al. 2017). Waters
located in intracrystalline tunnels of bentonite can be selec-
tively removed with different calcination temperatures. The
changes of the structure and components through multiple
stages from dehydration to sintering condition are very impor-
tant factors affecting the adsorption capacity (Sarikaya et al.
2000; Stagnaro et al. 2012). Aytas et al. (2009) reported that
the bentonite thermal treated at 400 °C had the best adsorption
capacity for heavy metal because of the changed specific sur-
face area. However, little information has been reported
concerning the effect of thermal treatment on sorption capac-
ity of bentonite to remove phosphorus.

In order to broaden the usage of bentonite and take advan-
tage of its abundance for removal the low-concentration phos-
phorus, this study explored the feasibility of using bentonite as
an adsorbent for phosphate removal from synthetic waste-
water. The main aims of this study were (1) to assess the
performance of thermally treated bentonite for its P removal
ability using batch contact experiments and (2) to elucidate the
mechanisms of P adsorption by the natural and thermally
treated bentonites.

Materials and methods

Preparation of adsorbents

The material for this study was natural Ca-rich bentonite clay
(B25) containing high montmorillonite (80–85%), mined in
Zhengzhou, Henan Province, China. The physical properties
and chemical composition of B25 are shown in Table 2. The
bentonite was ground and sieved to less than 1 mm. Bentonite
samples were calcined in a muffle furnace for 2 h, with the
temperatures ranging from 100 to 1000 °C, and subsequently

labeled as B100, B200, B300, etc. The thermally treated sam-
ples were cooled to room temperature and stored in a desicca-
tor for further use.

Characterization of adsorbents

X-ray diffraction (XRD) patterns of the natural and thermally
treated bentonites were recorded by a D/MAX2200 X-ray
diffractometer (Rigaku, Japan) with the accelerating voltage
of 40 kV, 30 mA, and Cu Kα (λ = 0.154178 nm) radiation
ranging from 5 to 80°. The surface structure and chemical
composition of the samples were characterized using a field
emission scanning electron microscopy (SEM, Hitachi
SU8010, Japan) and an energy-dispersive X-ray (EDX,
Hitachi SU8010, Japan) spectroscopy. The specific surface
area and pore volume of the bentonites were measured using
the N2 adsorption-desorption technique with a Quadrasorb SI
(Quantachrome Corporation, USA) and calculated by the
Brunauer–Emmett–Teller (BET) and density functional theo-
ry (DFT) method, respectively. Micropore volume was calcu-
lated by t-plot method using the adsorption data from the
interval 0.2 < x (p/p0) < 0.5. BET, DFT, and t-plot methods
were carried out in the Quantachrome ASIQWin3.0 software.
Ammonium acetate method was used to measure the cation
exchange capacity (CEC) of the bentonites (Tan 1996).

Phosphate batch adsorption experiments

Evaluation of the P sorption capacity of bentonite

One gram of adsorbent was added to each of three polyethyl-
ene centrifuge tubes (100 mL) with a 50 mLKH2PO4 solution
of 10, 50, and 100 mg/L. After equilibrating for 24 h in the
thermostatic shaker (25 °C, 180 rpm), the solutions were cen-
trifuged with an Anke centrifuge (TDL-40 B, Shanghai,
China), filtered, and then analyzed for phosphate using the
molybdenum blue ascorbic acid method with a UV-Vis spec-
trophotometer at 882 nm (UV-2300, Shanghai, China) (Soil
Science Society of China 2002). The P adsorption capacity of
the adsorbent (mg/g) was calculated by Eq. (1):

qe ¼ Co− Ceð Þ V=m ð1Þ
where qe (mg/g) is the equilibrium concentration of phosphate
on the adsorbent; C0 and Ce (mg/L) are the initial and equilib-
rium concentrations of phosphate in the solution, respectively;
m (g) is the mass of adsorbent; and V (L) is the volume of
phosphate solution.

Adsorption isotherms of phosphate

One gram of adsorbent was added to 100-mL polyethylene
centrifuge tubes, with 50 mL KH2PO4 solutions of 1, 5, 10,
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20, 40, 60, 80, 100, 150, 200, and 300 mg/L. The solutions
were shaken and centrifuged, and the supernatants were fil-
tered and measured. To describe the sorption processes in the
P sorption of bentonites, the P sorption isotherms data were
fitted by Langmuir isotherm equation (Eq. (2)) and Freundlich
isotherm equation (Eq. (3)):

1=qe ¼ 1=qm þ 1=KLqmð Þ 1=Ceð Þ ð2Þ

lnqe ¼ lnK F þ 1=nð ÞlnCe ð3Þ
where qm (mg/g) is the maximum sorption capacity of the
adsorbent; KL (L/mg) is the Langmuir constant related to the
affinity between an adsorbent and an adsorbate; KF (mg/g)/
(mg/L)n is the Freundlich constant; and n (dimensionless) is
the Freundlich intensity parameter.

Phosphate adsorption kinetics

One gram of the adsorbent was added to 100-mL polyethylene
centrifuge tubes with 50 mL of 10 mg/L P solution. Samples
of the solutions were retrieved at intervals of 0, 1, 2, 5, 10, 20,
and 30 min, and 1, 2, 3, 4, 8, 12, 24, and 36 h. The solutions
were centrifuged, filtered, and measured.

Four kinetic equations (Eqs. (4)–(7)) were used to fit the P
sorption data and to understand the mechanisms of the adsorp-
tion kinetics and the phosphate sorption processes on thermal-
ly modified bentonite, as follows:

Pseudo‐first‐order equation PFOð Þ : ln qe−qtð Þ ¼ lnqe−k1t ð4Þ

Pseudo‐second‐orderequation PSOð Þ : t=qt ¼ 1=k2q2e þ t=qe ð5Þ

Simple Elovich equation SEð Þ : qt ¼ aþ blnt ð6Þ
Intra‐particle diffusion IPDð Þequation : qt ¼ kpt1=2 þ c ð7Þ

where qt (mg/g) is the sorption capacity of the adsor-
bent at any time t; t (h) is the sorption time; k1 (1/h) is
the rate constant of the PFO equation; k2 (g/mg × h) is
the rate constant of the PSO equation; a (mg/g) and b
(mg/g × h) are the desorption constants of the SE equa-
tion, respectively; kp (mg/g × h1/2) and c (mg/g) are the
rate constant of the IPD model, respectively.

Ca2+ release kinetics

One gram of the adsorbent was added to 100-mL poly-
ethylene centrifuge tubes containing 50 mL deionized
water. The solutions were shaken and retrieved for
Ca2+ release analysis after the following time intervals:
1, 2, 5, 10, 20, and 30 min, and 1, 2, 3, 4, 8, 12, 24,
and 36 h. The solutions were centrifuged, filtered, and
measured with a 720 ICP-OES (Agilent, CA, USA).

The Ca2+ release capacity from bentonite was calculated
using the following equation (Eq. (8)):

Qt ¼ Ct
CaV=m ð8Þ

where Qt (mg/g) is the release capacity of Ca2+ at any
time t; and CCa

t (mg/L) is the total Ca2+ concentration
of the solution at any time t.

Effect of pH on P adsorption

The effect of pH on P sorption by natural and thermally treated
bentonite was examined using an initial P concentration of
10 mg/L solution, and samples of the initial P solution were
dosed with 0.5 M NaOH and 0.5 M HCl to adjust the pH
values to 3, 5, 7, 9, and 11.

Phosphate fractionation of the adsorbed phosphorus

Ten grams of B800 was added into an Erlenmeyer flask with
10 mg/L phosphate solution. The solution was thoroughly
mixed and the P saturated B800 was freeze dried and sieved
through a 100-mesh sieve for fractionate P analysis.
Operationally defined, fractionated P includes six main groups
(Gan et al. 2009; Yin et al. 2011): Ca2-P, Ca8-P, Ca10-P, Al-P,
Fe-P, and O-P.

Statistical analysis

Basic calculations were performed byMicrosoft Office Excel.
The graphs were plotted by Microsoft Office Excel and
Sigmaplot 13. IBM SPSS 23 was used for detailed statistical
analysis and the analyses were performed by Mann–Whitney
test and one-way ANOVAwith Tukey test.

Results

Phosphate sorption capacity of thermally treated
bentonites

The effect of calcination temperature on the adsorption capac-
ity of bentonite is presented in Fig. 1. As calcination temper-
ature increased from 25 to 400 °C, the P sorption capacity of
bentonite increased slightly (p > 0.05) but then decreased
slightly (p > 0.05) when the calcination temperature increased
from 400 to 700 °C. From 700 to 800 °C, the P sorption
capacity of bentonite increased significantly (p < 0.05) and
reached its maximum value. When the temperature increased
above 800 °C, the P sorption capacity decreased, becoming
especially fast with high P concentration. Based on the P sorp-
tion capacity, B25, B400, and B800 were chosen as materials
for further research.
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Physical and chemical characteristics of bentonite

SEM images of natural (B25) and thermally treated (B400,
B800, and B1000) bentonites are shown in Fig. 2. The surface
of the B25 (Fig. 2a) appears smooth because of closely packed
flakes, in contrast to the irregular platelets in the B800 and
B1000. Thermal treatment at 400 °C did not caused any ap-
parent change to the surface structure of bentonite compared
to B25. However, with the temperature increased to 800 °C,
an increase in particle roughness could be observed. At higher
temperatures (> 800 °C), however, the platelet edge has been
melted down (Fig. 2d).

XRD results showed that the major minerals identified in
the samples were quartz, gismondine, montmorillonite, and
sanidine (Fig. 2e). The peak of montmorillonite changed
slightly after heating from 25 to 400 °C, and disappeared at
1000 °C. Most crystalline phases in the bentonite also disap-
peared after heated at 1000 °C (i.e., in B1000), with the ex-
ception of quartz. The XRD patterns showed that the degree of
d001 increased from 5.95 of B25 to 8.86 of B400 and the
intensity is reduced after calcination.

As the temperature increased, the BET surface area and
micropore surface area values fluctuated (Table 1), increased
from 12.87 to 56.09 m2/g, from 0.083 to 7.488 m2/g, respec-
tively, then the values decreased to 30.53 and 4.40 m2/g at
800 °C, respectively. The pore volume and micropore volume
value also increased as the temperature increased from 25 to
400 °C, then the value decreased as the temperature increased
to 800 °C.

The EDX assay showed that the most abundant elements
present in the bentonite samples were Si, O, Al, and Fe,
whereas K, Mg, and Ca were found in relatively low amounts
(Table 2). As the calcination temperature increased, the per-
centages of Al, Mg, and Ca also increased, but the percentages
of Si and K decreased slightly. Table 1 also shows the change
in the CEC of bentonite with increasing calcination

temperature. It is notable that the CEC of B800 was
5.27 cmol/kg, significantly lower (p < 0.05) than that of B25
(33.07 cmol/kg) and B400 (28.75 cmol/kg).

Phosphate sorption isotherms and kinetics

Phosphate sorption isotherms

The P sorption isotherms for natural (B25) and thermally treat-
ed (B400 and B800) bentonites are presented in Fig. 3 and
Table 3. The results indicated that the P sorption capacity of
bentonites increased with the increasing initial P concentra-
tion. The P sorption capacity of B800 was higher than that of
B25 and B400 at various initial P concentrations. The P re-
moval efficiency of the thermally treated bentonites varied at
different initial P concentrations. The P removal efficiency of
B800 was 94.3–99.8% at the initial P concentrations of 1–
40 mg/L, and then decreased sharply from 77.5 to 14.4%
when the initial P concentrations increased from 60 to
300 mg/L. Similarly, B25 and B400 had higher P removal
efficiencies at 1 mg/L than at other initial P concentrations.
The P removal efficiency of B25 and B400 decreased from
28.6 to 2.74% and from 54.7 to 5.54% when the initial P
concentrations increased from 60 to 300mg/L. High R2 values
showed that P sorption data for B25, B400, and B800 can be
described by both the Langmuir and Freundlich equations
(R2 > 0.98, Table 3), and the Langmuir isotherm model fitted
the sorption data better than the Freundlich isotherm model.

Phosphate adsorption kinetics

The amounts of P adsorbed on B25, B400, and B800 over
time are shown in Fig. 4a–c, respectively. The results showed
a clear difference in P removal process between these benton-
ites. The P sorption kinetic process of B25 consisted of three
steps (Fig. 4a). In step 1, lasting about 10 min after the

Fig. 1 Effects of treated
temperature on the phosphate
sorption capacity of the bentonite
at different phosphate
concentrations
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addition of the initial P solution to the B25 samples, the P
sorption capacity quickly increased. Step 2 lasted for the next
170 min, and the P sorption capacity decreased in this time. In
step 3, the P sorption capacity increased very slowly in the rest
time (Fig. 4a). B400 had rapid kinetics in the first 5 min (Fig.
4a, step a), but the P sorption capacity decreased sharply from
0.14 to 0.012 mg/g in the following 5min. From then on, the P
sorption capacity increased, until the process was completed
and equilibrium reached at about 24 h (Fig. 4b, step b). The P
sorption capacity of B800 increased quickly from 0.176 mg/g
at 0 min to 0.496 mg/g around 5 min (Fig. 4c, step i), and the

majority of P sorption was complete in about 10 min when it
reached equilibrium (Fig. 4c, step II). Four kinetic equations
and their estimated parameters with R2 are shown in Table 4.
The P sorption kinetics of B25, B400, and B800 could be
satisfactorily described by the PSO equation (R2 > 0.982).

Ca2+ release kinetics

The kinetics of Ca2+ release for B25, B400, and B800 are
shown in Fig. 5. The results illustrated that B800 can release
higher concentrations of Ca2+ than B25 and B400. After 8 h,

Table 1 The variation of the BET
and pore volume of thermal-
treated bentonite as calculated
from the adsorption and
desorption data of N2 at liquid N2

temperature

Number BET surface
area (m2/g)

Micropore surface
area (m2/g)

Pore volume
(cm3/g)

Micropore volume
(cm3/g)

B25 12.87 0.083 0.023 0.00028

B400 56.09 7.488 0.061 0.007

B800 30.53 4.40 0.051 0.0021

b  B400 a  B25 

d  B1000 

e 

c  B800 

Fig. 2 Scanning electron
microscope images (a, b, c, and
d) and X-ray diffraction patterns
(e) of natural (B25) and thermally
treated (B400, B800, B1000)
bentonites (Q, quartz; M,
montmorillonite; G, gismondine;
S, sanidine)
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the Ca2+ release of B800 reached equilibrium at a concentra-
tion of approximately 26 mg/L, significantly higher than the
equilibrium Ca2+ concentrations of B25 (5.83 mg/L, p < 0.05)
and B400 (7.99 mg/L, p < 0.05), and it slightly decreased after
24 h. The Ca2+ release capacity of B800 was 1.31 mg/g, sig-
nificantly higher than that of B25 (0.29 mg/g, p < 0.05) and
B400 (0.40 mg/g, p < 0.05).

Effect of pH on P sorption

The pH could significantly influence the P sorption capacity
of the adsorbents (Fig. 6). The P sorption capacity of B25 was
lowest when used with an initial solution with pH 7. For
B400, as the pH value increased, the P sorption capacity de-
creased significantly from its maximum sorption capacity of
0.178 mg/g at pH 3 to 0.076 mg/g at pH 11 (p < 0.05). For
B800, the P sorption capacity decreased slightly as pH value
increased.

Figure 6 also shows a comparison of changes between the
initial and the equilibrium pH values. The results suggested
that when the initial pH value was lower than 7, the equilibri-
um pH value was much higher than the initial pH value after
the P adsorption process. When the initial pH value was

increased from 3 to 11, the equilibrium pH value of B25 and
B400 increased from 7 to 10. However, when the initial pH
value was increased from 3 to 9, the equilibrium pH value of

Table 3 Isotherm parameters of equilibrium phosphate sorption onto
natural (B25) and thermally treated (B400, B800) bentonites

Langmuir model Freundlich model

qm (mg/g) KL (L/mg) R2 KF (mg/g)/
(mg/L)n

n R2

B25 0.237 0.085 0.986 0.015 1.475 0.983

B400 0.483 0.132 0.992 0.051 1.724 0.984

B800 6.944 0.128 0.998 1.511 5.848 0.980

Table 2 Physical properties and chemical composition of natural (B25)
and thermally treated (B400, B800) bentonites

Properties Mass of bentonite (%)

B25 400 °C 800 °C

Si 30.509 27.550 26.815

O 26.389 29.395 26.488

Al 14.863 15.179 16.101

Fe 10.998 8.720 10.872

K 2.684 2.424 1.656

Mg 2.590 2.813 4.690

Ca 1.366 2.149 2.415

CEC (cmol/kg) 33.07 28.57 5.27

Fig. 3 Sorption data of natural (B25) and thermally treated (B400, B800)
bentonites

Fig. 4 Kinetics data of natural (a B25) and thermally treated (b B400, c
B800) bentonites
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B800 remains at 10.6 and increased slightly when the initial
pH value increased to 11.

Phosphate fractionation of the adsorbed phosphorus

The P fractionation was distributed as follows: Ca10-P, 41.4%;
Al-P, 21.8%; Ca8-P, 20.6%; Ca2-P, 13.6%; Fe-P, 2.61%; and
O-P, 0.08% (Fig. 7). It showed that Ca-bound P forms and Al-
P accounted for most of the total phosphorus, and the species
of Ca10-P was the main form of occurrence in the P fraction-
ation. The capacity for sorption of Ca10-P was 0.19 mg/g,
significantly higher than that of the other Ca-bound P forms
Ca2-P and Ca8-P (p < 0.05).

Discussion

The difference P sorption capacity of the bentonites can be
explained by the change of structural and textural properties
(Fig. 2, Table 1, and Table 2). As the temperature increased to
400 °C, no apparent changes occurred in the surface morphol-
ogy of the bentonite (Fig. 2b) but the crystal structure changed
and the space distance declined from 1.49 to 1.00 nm after
calcination (Fig. 2e). However, the P sorption capacity of ben-
tonite increased when the temperature increased from 25 to
400 °C because of reversible dehydration (Sarikaya et al.
2000; Önal and Sarikaya 2007; Tămăşan et al. 2010). While,
as the temperature increased up to 800 °C, the space of the
layers was not changed but the bentonites loss their hydroxyls

(Chorom and Rengasamy 1996; Emmerich 2000). The dehy-
dration and dehydroxylation could be measured by thermo-
gravimetric analysis and differential thermal analysis (DTA-
TG) method, which may contribute to opening the inside
channels of bentonite and providing more adsorption sites
(Al-Asheh et al. 2003) and it supported by the increasing
BET surface area and pore volume value (Table 1).
However, the P sorption capacity was declined when the
temperature increased to 1000 °C, and the BET and CEC
value decreased (Table 1, Table 2). The higher temperature
caused complete collapse of micro pores and the shifting
of the average pore diameter towards larger values (Zuo
et al. 2017; Ortega 2009). In addition to these structural
changes, calcination also changed the textural properties of
bentonite and influenced its dispersibility in water, which
were important for removal of a wide variety of contam-
inants (Toor and Jin 2012).

The isotherm data indicated that the P adsorption of B25,
B400, and B800 could be fitted by both the Langmuir and
Freundlich models; the Langmuir isotherm model yields a
better fit to the experimental data. This indicated that the sur-
face of bentonite provides both homogeneous monolayer and
heterogeneous active sites for P adsorption (Yin et al. 2016);
moreover, the homogeneous monolayer adsorption was the
dominant mechanism for P adsorption on bentonites. The
Langmuir isotherm model showed that the R2 value increased
with increasing treatment temperature (Table 3). The results
showed that B800 had a higher P sorption capacity (6.94 mg
P/g) than natural bentonite clay (0.24 mg P/g), or the thermal-

Table 4 The kinetic parameters of equilibrium phosphorus sorption onto natural (B25) and thermally treated (B400, B800) bentonites

Pseudo-first-order equation Pseudo-second-order equation Elovich equation Intraparticle diffusion equation

q1 (mg/g) k1 (1/h) R2 q2 (mg/g) k2 (g/(mg h)) R2 a (mg/g) b (mg/(g h)) R2 Kp (mg/(g h0.5)) C (mg/g) R2

B25 0.10 0.25 0.689 0.11 7.92 0.982 0.002 0.082 0.106 0.005 0.072 0.359

B400 0.25 0.53 0.441 0.21 6.67 0.997 0.041 0.091 0.979 0.026 0.079 0.629

B800 0.78 48.3 0.955 0.52 229 1.000 0.093 0.701 0.945 0.867 0.201 0.926

Fig. 5 Kinetics of Ca2+ release from natural (B25) and thermally treated
(B400, B800) bentonites

Fig. 6 Effect of pH value on phosphate sorption capacity of natural (B25)
and thermally treated (B400, B800) bentonites
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modified Ca-rich attapulgite (5.99 mg P/g) used by Yin et al.
(2016). High P sorption capacity indicated that Ca-rich ben-
tonite thermally treated at a temperature of 800 °C may be a
promising absorbent in wastewater treatment.

For natural clay minerals, there are four stages associated
with transport processes during adsorption: bulk transport,
film diffusion, intraparticle diffusion, and adsorptive attach-
ment, which are affected by the pore structure and the pore
wall surface (Walter 1984; Weber and Smith 1987; Tran et al.
2017). In this research, three steps were observed for phos-
phate adsorption with B25. With B400, three steps also
existed, but the second Bfilm diffusion^ stage was shorter,
because the thermal treatment had affected the external sur-
face and pore structure of the bentonite. With B800, however,
the pore volume was further enlarged, and the adsorption
equilibrium of B800 was quickly established in about
10 min, faster than that of B25 and B400. The equilibrium
time has an important effect on the P removal efficiency and
costs for adsorbents (Chouyyok et al. 2010; Yin et al. 2011).
The equilibrium time of B800 used in the present study was
shorter than that of other Ca-rich clay adsorbents, which re-
quired several hours or days (Kaasik et al. 2008; Rentz et al.
2009; Yin et al. 2011). The variation in equilibrium times
among the bentonites may be attributed to their structure
change by thermal treatment, which results in different sorp-
tion processes and mechanisms. The P sorption kinetics of
B25, B400, and B800 can be satisfactorily described by the
pseudo-second-order model (Table 4), indicating that chemi-
cal precipitation is the main mechanism of phosphate sorption
on the bentonites. This finding is similar to that of other stud-
ies that reported the adsorption mechanisms of P on modified
clay minerals (Yin et al. 2016; Yin et al. 2017).

Among the three materials used, B800 had the highest ca-
pacity for P removal. One other possible explanation was that
B800 could generate more OH− and Ca2+ during the P remov-
al process than B25 or B400 (Fig. 5 and Fig. 6). The higher
equilibrium pH and Ca2+ concentration released by B800
would be more favorable for P removal. This phenomenon
is also observed in the use of Ca-rich materials to remove

phosphorus and other pollutants (Chen et al. 2011a, b; Barca
et al. 2012, 2013; Blanco et al. 2016).

The pH value could significantly affect the P sorption ca-
pacity of the adsorbents during the sorption process (Wei et al.
2008). The increase of pH value from 3 to 11 (acidic to alka-
line) influenced the P sorption capacity of B25, B400, and
B800 to different extents. It mainly related to the dissolution
of cations, the overall surface charge of the adsorbent, and the
speciation of phosphate in solution (Gan et al. 2009;
Chouyyok et al. 2010). With pH values increasing from 2 to
12, the phosphate species was changed from H2PO4

− to
HPO4

2− (Karageorgiou et al. 2007; Chouyyok et al. 2010;
Yang et al. 2013). The decreased P sorption capacity of B25
and B400with increasing pH values could be explained by the
ligand exchange mechanism (Collins et al. 1999). As the pH
values increased from 3 to 11, HPO4

2− becomes the predom-
inant species, which was favorable for ligand exchange be-
cause the free energy for adsorption was lower than that of
other species, and the P sorption capacity of the adsorbents
decreased correspondingly (Lin et al. 2017). Moreover, high
pH values could cause the bentonite surface to carry more
OH−, which may lead to stronger competition between OH−

and HPO4
2− on the bentonite surface in the solution (Su et al.

2013). But for B800, the high concentration of OH− was the
requirement for chemical precipitation of P because of the
higher Ca2+ concentration. The results also showed that
equilibrium pH values were much higher than initial
pH values after the P adsorption process onto B25,
B400, and B800 (Fig. 6), which proved that a ligand
ion exchange process and metal hydroxylation occurred
during the P adsorption process (Karageorgiou et al.
2007). The higher equilibrium pH value of the solution
containing B800 than that solution containing B25 or
B400 indicated that thermal treatment is an effective
modification method for bentonite for phosphorus ad-
sorption purposes.

Ca-bound P accounted for 75.5% of the total P, which
indicated that the low concentrations of P removed by
B800 were due mainly to precipitation. Previous studies
have shown that P removed by soil colloids could be
through precipitation (Liu et al. 2002), and it is consid-
ered to be an effective way to immobilize P into the Ca-P
form for the control of phosphorus pollution in wastewa-
ter (Gan et al. 2009; Yin et al. 2011). With the strong Ca2+

release capacity, B800 supplied a large amount of dis-
solved Ca2+ to the solution, and the abundance of Ca2+

bound with P to form various Ca-P precipitates. The result
showed that Ca10-P had higher percentages than those of
Ca2-P and Ca8-P in B800, which indicated that the bind-
ing force in Ca10-P is stronger than that in Ca2-P and Ca8-
P with high Ca2+ concentration in the solution. In addi-
tion, poorly crystallized or amorphous Ca2-P and Ca8-P
can form as precursor phases in solutions containing Ca

Fig. 7 Phosphate fractionation in discrete chemical forms

Environ Sci Pollut Res (2018) 25:15980–15989 15987



and P, and they were recrystallized into thermodynamical-
ly stable Ca10-P over time (Valsami-Jones 2001; Kõiv
et al. 2010).

Conclusions

With increasing calcination temperature, the crystal structure
and physicochemical composition changed greatly and the
BET surface area, pore volume values, and CEC increased,
but decreased at the higher temperature. The maximum P
sorption capacity of B800 was 6.94 mg P/g, higher than
0.24 mg P/g for B25 and 0.48 mg P/g for B400. With B800,
more than 94% of P was rapidly (within 10 min) removed
from low-phosphate concentrations. The Ca2+ release result
showed that Ca2+ release capacity of B800 was 1.31 mg/g at
the time of equilibrium, significantly higher than both B25
and B400 (p < 0.05), which indicated that high temperature
can increase the release of calcium from bentonite clays. The
initial pH value (3–11) has an important effect on phosphate
removal efficiency for B25 and B400, but only a slight effect
on P removal efficiency for B800. Phosphate fractionation
analysis showed that the main fraction of the adsorbed P
was Ca-bound P, which indicated that P removed by thermally
treated bentonite at low-phosphorus concentration was a com-
bination of Ca2-P, Ca8-P, and Ca10-P. The findings indicated
that thermal activation can effectively improve the capacity of
bentonite to remove phosphate and B800 has the potential to
be an efficient adsorbent for removing low-concentration
phosphorus from wastewater.
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