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a b s t r a c t
Attapulgite was used for the removal of phosphate in aqueous solution and was thermally treated 
to improve its phosphate adsorption capacity. Attapulgite treated at different temperatures was 
analyzed to characterize its physical and chemical properties and quantify its phosphate removal 
efficiency. Attapulgite treated at 700°C (700-ATP) was found to remove phosphate more efficiently 
than the attapulgite treated at the other temperatures did. The pseudo-second-order and Freundlich 
models were appropriate for describing phosphate adsorption onto 700-ATP for various reaction 
times and initial phosphate concentrations, respectively. Both enthalpy and entropy increased during 
phosphate adsorption onto 700-ATP. An increase in solution pH from 3 to 11 led to a decrease in 
the adsorption amount of phosphate from 51.53 to 42.43 mg/g. The influence of competitive anions on 
the phosphate adsorption was as follows: HCO3

– > SO4
2– > NO3

–. Attempts to reutilize the 700-ATP with 
deionized water were not successful. Phosphorus fractionation experimentation showed that most 
of the phosphate in 700-ATP was present in residual form. Phosphorus was strongly adsorbed onto 
700-ATP. This study demonstrated that thermal treatment is a simple but effective way to improve 
the phosphorus removal efficiency of attapulgite and 700-ATP is a low-cost, natural, and abundant 
material for the removal of phosphate from aqueous solution.
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1. Introduction

Phosphorus is a trigger of eutrophication in lakes because 
it is an additional nutrient for the growth of photosynthetic 
macroorganisms and microorganisms in aquatic water 
bodies [1]. Eutrophication of lakes leads to algal blooms and 
the depletion of dissolved oxygen at night [2]. To control 
eutrophication in natural waters, the removal of phosphorus 
from waters has been considered [3].

For the removal of phosphate from water, adsorption 
has been widely used because it does not require high cost, 

high energy, nor highly skilled operation [4]. The cost and 
efficiency of adsorption processes largely depend on the 
adsorbents. Natural minerals are good candidates for phos-
phate removal because of their low cost, ease of procurement, 
and less public concerns. Some industrial wastes, such as fly 
ash [5], red mud [6], steel slag [7,8], iron oxide tailings [9], 
and crushed concrete [10], have high phosphate adsorp-
tion capacities, but public concerns regarding their toxicity 
restrict their use for water treatment.

The application of natural minerals for water treatment 
has some advantages in terms of public concerns, cost, and 
environmental effects. Natural minerals are cheap when 
compared with synthetic materials, such as nanoadsor-
bents, layered double hydroxides, and other metal oxides. 
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Extensive research has been carried out on the use of natural 
minerals as adsorbents. Alunite [11], calcite [12], dolomite 
[13], bentonite [14], boehmite [15], hydrocalumite [16], pal-
ygorskite [17], vesuvianite [18], and zeolite [19] have been 
used for phosphate removal. However, most of these natural 
minerals at untreated condition do not have high adsorp-
tion capacity for phosphate, and their adsorption capacities 
are usually less than 10 mg-P/g. Therefore, investigation is 
needed regarding the modification of natural minerals via 
coating with metals, such as Al, Fe, Zr, and La; acid treat-
ment with HCl; and thermal treatment. Chemical modi-
fication does not lead to homogenous surface properties 
and generates chemical waste after modification processes. 
In addition to the issue of chemical waste production, there 
are public concerns regarding some of the chemicals used 
for the modification. Thermal treatment does not generate 
chemical waste and the surface of adsorbents can be easily 
modified with such treatment.

Attapulgite is a natural hydrous magnesium-alumi-
num silicate mineral, and its chemical formula is generally 
Mg5(Al)Si8O20(OH)2(OH2)4·4H2O [20,21]. Attapulgite can be 
used as an adsorbent or a catalyst because of its unique pore 
channels, high surface area, and high adsorption capacity 
[22–24]. Compared with other minerals, the price of atta-
pulgite is low. Iron oxide costs 900  US$/ton, and montmo-
rillonite costs 300  US$/ton, whereas attapulgite has a price 
of 150  US$/ton. Some studies have shown that attapulgite 
is effective for phosphate removal from aqueous solutions 
[25–27]. However, more experimental study is required to 
improve our knowledge regarding the mechanism of phos-
phate adsorption onto attapulgite to apply it for phosphate 
removal in various environmental conditions.

In this study, we assessed the feasibility of attapulgite 
for the removal of phosphate in aqueous solution and ther-
mally treated attapulgite to enhance its adsorption capacity 
for phosphate. The physical and chemical properties and 
adsorption amounts of attapulgite treated at different tem-
peratures were investigated. Attapulgite treated at 700°C 
(700-ATP) was used for further investigation including in 
kinetic, isotherm, and thermodynamic studies. To determine 
the mechanism of phosphate adsorption onto 700-ATP, we 
also performed batch experiments at various pH values, with 
various attapulgite doses, and with other competitive anions 
present. Regeneration of 700-ATP was attempted using 
deionized water, and the phosphorus fraction in 700-ATP 
was investigated.

2. Materials and methods

2.1. Attapulgite preparation and characterization

The experiments were performed with natural attapulgite 
supplied by the Haihang Industry Co., China. The particle 
size of the attapulgite was <200 mesh (75 μm). The attapulgite 
was thermally treated using a tube furnace with a horizontal 
quartz glass tube (5.5 cm in diameter and 55 cm in length) at 
100°C, 300°C, 500°C, 700°C, and 900°C (100-ATP, 300-ATP, 
500-ATP, 700-ATP, and 900-ATP, respectively) for 4 h. Before 
thermal treatment, nitrogen gas was injected into the quartz 
glass tube to create anoxic conditions. All thermally treated 
attapulgite was stored in desiccators before use.

Several analyses were conducted to characterize the 
attapulgite treated at different temperatures (100-ATP, 300-
ATP, 500-ATP, 700-ATP, and 900-ATP) and to investigate the 
mechanism of phosphate adsorption onto these attapulgites. 
A field emission scanning electron microscope (FE-SEM; 
S-4700, Hitachi, Japan) with an energy dispersive spec-
trometer (EDS) attached was used to investigate the surface 
morphology and elemental composition on the surface of 
the different attapulgites. The chemical composition of the 
attapulgites was also analyzed using an X-ray fluorescence 
spectrometer (XRF-1700, Shimadzu, Japan), and the miner-
alogical structures of the attapulgites were investigated via 
their patterns of X-ray diffraction (XRD; Rigaku Co., Japan). 
N2 adsorption–desorption experiments were performed to 
measure the specific surface area of 100-ATP, 300-ATP, 500-
ATP, 700-ATP, and 900-ATP using a surface area analyzer 
(Quadrasorb SI, Quantachrome Instrument, USA). From the 
N2 adsorption–desorption isotherms, the specific surface area 
was determined via Brunauer–Emmett–Teller (BET) analysis. 
Elution experiments were performed to investigate the mech-
anism of phosphate removal by the different attapulgites. 
The results were obtained by measuring the concentration of 
cations present in the solution after 1 g of each adsorbent was 
reacted with 30 mL of deionized water. The concentrations 
of cations in the extracted solution were determined with 
an inductively coupled plasma optical emission spectrome-
ter (Optima 8300, Perkin-Elmer, USA). A thermogravimetric 
analysis (TGA) with differential thermal analysis (DTA) were 
conducted to identify the mass change of attapulgite during 
thermal treatments using a thermogravimetric analyzer 
(TGA/DSC1/1600 LF, Thermo, Switzerland).

2.2. Adsorption experiment

To investigate the influence of temperature on the phos-
phate adsorption of attapulgite, 0.1 g of attapulgite treated at 
different temperatures was reacted with 30 mL of 100 mg/L 
phosphate solution in a 50 mL Falcon tube for 24 h. A stan-
dard 1,000 mg/L phosphate solution was prepared by mix-
ing potassium hydrogen phosphate (K2HPO4) and potassium 
dihydrogen phosphate (KH2PO4), and then diluted and used 
for the experiment. After the adsorption reaction, the phos-
phate solution was separated from the adsorbent using filter 
paper (Cat no. 1822-047, Whatman, USA). The filtered sample 
was analyzed via the ascorbic acid method. The phosphate 
concentrations were measured at 880 nm in a UV/VIS spec-
trophotometer (Optizen POP QX, Mecasys, Korea). The 700-
ATP material was found to be the most effective adsorbent 
for phosphate removal and thus was used in subsequent 
experiments. All batch experimental conditions were identi-
cal to those described earlier unless otherwise stated.

To investigate the fundamental characteristics of phos-
phate adsorption onto 700-ATP, kinetic, equilibrium, and 
thermodynamic adsorption experiments were performed 
under batch conditions. Furthermore, 700-ATP was also used 
in adsorption experiments in which the pH of the solution, 
the 700-ATP dose, and the mole concentration of competi-
tive anions varied. The kinetic adsorption experiments were 
performed by reacting 0.1  g of 700-ATP with three differ-
ent phosphate solutions, i.e., 10, 100, and 600 mg/L, and the 
phosphate solution was sampled at 0.25, 0.5, 1, 2, 3, 6, 12, and 
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24 h after reaction initiation. In the equilibrium adsorption 
experiments, the solution samples were collected and ana-
lyzed after 24 h reaction and the initial concentrations of the 
phosphate solutions were set at 5, 10, 50, 100, 200, 300, 500, 
700, 1,000, and 2,000 mg/L. The thermodynamic adsorption 
experiments were performed by varying the reaction tem-
perature to 15°C, 25°C, and 35°C. To investigate the influ-
ence of solution pH on phosphate adsorption, the pH of the 
phosphate solution was adjusted to 3, 5, 7, 9, and 11 using 
0.1 M NaOH and 0.1 M HCl solutions. Phosphate adsorption 
using different doses (3.33, 6.67, 10.00, 13.33, and 16.67 g/L) 
of 700-ATP was also performed. The effect of the presence 
of competing anions on phosphate adsorption onto 700-ATP 
was studied using 1 and 10 mM of each Na2SO4, NaHCO3, and 
NaNO3 prepared in 300 mg/L of phosphate solution, respec-
tively. All batch experiments were performed in triplicate.

The removal of phosphate by 700-ATP after regenera-
tion was investigated. After the adsorption experiment with 
1 g of 700-ATP and 30 mL of 300 mg/L phosphate solution, 
the separated 700-ATP was agitated in 30  mL of deionized 
water to desorb the phosphate from the 700-ATP. Additional 
adsorption tests were carried out using the same procedure 
described earlier. The adsorption experiment was repeated 
until the adsorption amount of 700-ATP was below 10 mg/g.

2.3. Fractionation experiment

The chemical compositional analysis of phosphorus 
distributed in attapulgite was based on the method sug-
gested by Hieltjes and Lijklema [28]. Each fraction and its 
procurement method are as follows: (1) Total phosphorus 
(Tot-P): Add 20 mL of HClO4 to 1 g of sample, boil for 2 h, 
add 100 mL of distilled water, adjust 5 mL of the solution to 
pH 1.8–2.2 using 5 N NaOH, and add another 50 mL of dis-
tilled water; (2) Adsorbed-P: Add 25 mL of 1 M NH4Cl to 1 g 
of sample and shake for 2 h; (3) Nonapatite inorganic phos-
phorus (NAI-P): Add 25 mL of 0.1 N NaOH to 1 g of sample 
and shake for 17 h; (4) Apatite-P: Add 25 mL of 1 M HCl to 
1 g of sample and shake for 24 h; and (5) Residual-P: Subtract 
Adsorbed-P, NAI-P, and Apatite-P from Tot-P.

2.4. Data analysis

The kinetic data can be analyzed using the following 
pseudo-first-order and pseudo-second-order models:

q q k tt e= − −( )( )1 1exp � (1)

q
k q t
k q tt
e

e

=
+
2

2

21
� (2)

where qt is the amount of phosphate removed at time 
t (mg-PO4

3–/g), qe is the amount of phosphate removed at equi-
librium (mg-PO4

3–/g), k1 is the pseudo-first-order rate constant 
(h–1), and k2 is the pseudo-second-order velocity constant 
(g/mg-PO4

3–/h).
The equilibrium data can be analyzed using the Langmuir 

(Eq. (3)), Freundlich (Eq. (4)), and Dubinin–Radushkevich 
(D-R) isotherm (Eq. (5)) models:

q
Q K C
K Ce

m L

L

=
+1

� (3)

q K Ce F e
n=
1

� (4)

q Q RT
C

Ee m
e

= +


















 −















exp ln /1 1 2
2

2 � (5)

where C is the concentration of phosphate in the aqueous 
solution at equilibrium (mg-PO4

3–/g), KL is the Langmuir 
constant related to the binding energy (L/mg-PO4

3–), Qm is 
the maximum mass of phosphate removed per unit mass of 
attapulgite (removal capacity of attapulgite) (mg-PO4

3–/g), 
KF is the distribution coefficient (L/g), n is the Freundlich 
constant, R is the gas constant (8.314 J/K mol), and E is the 
adsorption energy (kJ/mol). Values of KL, Qm, KF, and n can be 
determined by fitting the Langmuir and Freundlich models 
to the observed data.

The thermodynamic properties of the experimental results 
were analyzed using the following equations:

∆ ∆ ∆G H T S= −0 0 0� (6)

∆G RT Ke
0 = − ln � (7)

ln / /K S R H RTe = −∆ ∆0 0 � (8)

K q Ce e e= α / � (9)

where ∆G0 is the change in Gibb’s free energy, ∆S0 is the 
change in entropy, ∆H0 is the change in enthalpy, Ke is the 
equilibrium constant, and α is the amount of adsorbent.

3. Results and discussion

3.1. Characterization of attapulgite treated at different 
temperatures

Attapulgite treated at different temperatures was charac-
terized via surface morphology, specific surface area, chem-
ical composition, mineral structure, and ions eluted from 
different attapulgites. The characterization was performed 
in order to investigate the influence of such characteristics 
on the phosphate adsorption capacity of attapulgite treated 
at different temperatures. The surface morphologies of the 
attapulgites obtained using FE-SEM are shown in Fig. 1. 
Rod-like fibers that were present on the plate-like surface of 
nontreated attapulgite also appeared on the surface of 100-
ATP and 300-ATP. However, as the temperature increased 
above 300°C, the number of the fibers began to disappear 
and were absent at 900°C. These results were consistent 
with those of specific surface area. As shown in Table 1, the 
specific surface area of attapulgite decreased from 85.5 to 
48.6 m2/g as the temperature increased from 100°C to 900°C. 
As the temperature increased from 700°C to 900°C in par-
ticular, a significant reduction in specific surface area was 
observed. The XRF data, as shown in Table 1, did not show 
significant changes in chemical composition of the attapulg-
ites based on the temperature. The chemical composition 
obtained through EDS analysis also did not vary based on 
the temperature (Table S1). The chemical composition of 
the surface of the attapulgites was not sensitive to tempera-
ture, but the amount of cations eluted from the attapulgites 
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Fig. 1. SEM images of attapulgite treated at different temperatures: (a) untreated, (b) 100°C, (c) 300°C, (d) 500°C, (e) 700°C, and 
(f) 900°C (orange bar: 1 µm, blue bar: 2 µm). Quarter size figures on the upper-left corner end were acquired at an accelerating volt-
age of 15 kV and a magnification of ×40,000, and larger figures were obtained at an accelerating voltage of 5 kV and a magnification 
of ×20,000.

Table 1
BET specific surface area, XRF result, and amount of cation elution of attapulgite treated at different temperatures

Treatment Surface area 
(m2/g)

XRF result (%) Elution result (mg/L)

SiO2 Al2O3 MgO CaO Fe2O3 K2O SO3 Others Ca K Mg Si Al

Untreated 88.8 54.2 20.9 7.0 6.2 5.5 2.9 1.5 1.8 23.1 4.0 10.4 3.6 0.0
100°C 85.5 54.3 20.9 7.0 6.2 5.5 2.9 1.5 1.6 21.5 5.0 9.8 3.6 0.0
300°C 74.3 54.2 20.9 7.0 6.2 5.5 2.9 1.6 1.6 30.9 6.5 12.8 7.1 0.0
500°C 67.1 53.9 20.8 7.2 6.2 5.7 2.9 1.7 1.6 75.3 13.1 37.8 11.9 0.0
700°C 69.8 53.7 20.7 7.1 6.1 5.8 2.9 1.9 1.9 231.5 18.4 3.4 11.1 0.1
900°C 48.6 53.6 20.6 7.1 6.0 5.9 2.8 2.3 1.8 114.6 7.7 0.4 8.3 0.5
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varied depending on the temperature. Compared with Ca 
concentration, the concentrations of Al and Fe eluted from 
the attapulgites were negligible. The concentrations of Ca 
eluted from the attapulgites were increased with increasing 
thermal temperature from 100°C to 700°C but that of 900-
ATP was less than that of 700-ATP. Less Ca2+ elution from 
900-ATP than 700-ATP can be explained by the formation of 
calcium-aluminum silicate above 700°C [25,29]. Lower inten-
sity of XRD peaks of attapulgites was observed from the atta-
pulgites treated at higher temperatures (Fig. S1). The higher 
concentrations of ions eluted from attapulgite at higher 
temperatures can be explained by the disruption of the crys-
talline structure of attapulgite at higher temperatures.

The phosphate adsorption on the attapulgites treated at 
different temperatures is shown in Fig. 2. Adsorbed phos-
phate on the untreated attapulgite was 0.7 mg/g, indicating 
nascent attapulgite is not useful for phosphate removal. The 
amounts of phosphate adsorbed onto 100-ATP, 300-ATP, 
and 500-ATP were 4.8, 4.6, and 3.9 mg/g, respectively, indi-
cating a slight decrease in phosphate removal by attapulgite 
occurred as the temperature increased. Such a reduction of 
phosphate adsorption by higher thermally treated attapulg-
ite can be explained by the decrease of specific surface area 
of attapulgite as the increase of thermal temperature on 
attapulgite.

As the temperature increased to 700°C, the phosphate 
adsorption increased sharply to 29.5  mg/g but the phos-
phate adsorption by 900-ATP was less than that by 700-ATP. 
The higher phosphate removal by 700-ATP than by the other 
attapulgites can be explained by the characteristics described 
earlier. It is well known that phosphate has a tendency to 
form chemical complexes with Al, Fe, and Ca metals. The 
calcium ions eluted from attapulgite can contribute to the 
formation of insoluble precipitates, such as Ca5(PO4)3OH, 
Ca2HPO4(OH)2, CaHPO4·2H2O, and Ca3(HCO3)3PO4, with 
phosphorus [30–32]. As the highest amount of Ca was eluted 
from 700-ATP, the highest phosphate removal was observed 
for 700-ATP. Thus, further experiments were performed 
using 700-ATP. Similar observation of dye removal using 
attapulgite thermally treated at 700°C has been reported in 
other literatures [33,34].

TGA-DTA results also support the phosphorous removal 
using thermally treated attapulgite (Fig. S2). The first quick 
mass loss below 120°C was owing to the bound water removal 
of attapulgite sample, and the additional slow mass loss up 
to 500°C was related with removal of zeolitic water. The sec-
ond sharp decline of mass from 500°C to 700°C was due to 
the dehydroxylation of Mg-OH groups in attapulgite [35]. 
This reaction caused the destruction of the attapulgite crys-
tal, which leaded to an increase of specific surface area and 
adsorption capacity. Further thermal treatment caused a 
decrease in specific surface area and reduced the phosphate 
adsorption. The DTA curve showed the exothermic nature of 
attapulgite during thermal treatment.

3.2. Kinetic, isotherm, and thermodynamic studies

The phosphate adsorption onto 700-ATP as a function 
of reaction time at three different phosphate concentrations 
(10, 100, and 600 mg-PO4

3–/L) is shown in Fig. 3. At a low ini-
tial concentration of phosphate (10  mg-PO4

3–/L), phosphate 
adsorption reached equilibrium within 15 min. The time to 
reach equilibrium for 100 and 600 mg-PO4

3–/L was 3 and 12 h, 
respectively, indicating that more time is required to reach 
equilibrium at higher concentrations of phosphate. As the 
initial phosphate concentration is increased, lower reaction 
constants k1 and k2 were obtained from both kinetic mod-
els, indicating that as the initial concentration increased, the 
sorption rate decreased (Table 2). Such a reduction of sorp-
tion rate at higher initial concentration of phosphate was also 
observed in other adsorbents including bentonite–alum and 
palm fibers [36,37]. At higher concentrations of phosphate, 
the pseudo-second-order model described the observed data 
obtained at different reaction times better than the pseu-
do-first-order model did, indicating that the adsorption rate 
of phosphate onto 700-ATP is controlled by chemisorption [38].

The relationship between the concentration of phosphate 
in aqueous phase and adsorbed phosphate onto 700-ATP 
at equilibrium is plotted in Fig. 4, and the parameters 
obtained from the Langmuir, Freundlich, and D-R models 

Fig. 2. Phosphate removal by attapulgite treated at different tem-
peratures (initial phosphate concentration: 100  mg/L; pH: 7.0; 
attapulgite dosage: 3.33  g/L (0.1  g/30  mL); reaction time: 24  h; 
agitation speed: 100 rpm; temperature: 25°C).

Fig. 3. Kinetic adsorption experiment data with model fittings of 
the pseudo-first-order and pseudo-second-order kinetic models 
for the adsorption of phosphate onto 700-ATP (initial phosphate 
concentration: 10, 100, and 600 mg/L; pH: 7.0; adsorbent dosage: 
3.33 g/L; reaction time: 0.25, 0.5, 1, 2, 3, 6, 12, and 24 h; agitation 
speed: 100 rpm; temperature: 25°C).
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are shown in Table 3. The higher R2 value of the Freundlich 
model (R2 = 0.969) than of the Langmuir (R2 = 0.910) and D-R 
(R2 = 0.882) models indicates that phosphate adsorption onto 
700-ATP occurred via multiple layer adsorption rather than 
monolayer adsorption. Fig. 4 also shows that the Freundlich 
model fits better to the observed data than the Langmuir and 
D-R models. The 1/n value of the Freundlich model was 0.18, 
which is less than 0.5, indicating that the binding between 
phosphate and 700-ATP was strong [39]. The maximum 
phosphate adsorption capacity of 700-ATP obtained from the 
Langmuir and D-R models were 54.4 and 53.4 mg/g, respec-
tively. Adsorption energy (E) value from D-R model was 
0.52 kJ/mol.

The maximum adsorption capacity of 700-ATP was 
comparable with that of other adsorbents published in the 

literature. Of the 39 adsorbents listed by Kang et al. [10], 
28 had an adsorption capacity for phosphate that was less 
than the 54.4 mg/g achieved in the current study. Most of the 
adsorbents with higher adsorption capacity than 700-ATP 
were synthesized from Ta, Zr, La, and Li, which are very 
expensive metals. Nanoparticles also have high adsorption 
capacity for phosphate due to their high specific surface area, 
but the toxicity of nanoparticles restricts their use [40].

Phosphate adsorption onto 700-ATP based on the reac-
tion temperature is shown in Fig. S3. The thermodynamic 
parameters obtained from the thermodynamic analysis 
using Eqs. (6)–(9) are provided in Table S2. As the tempera-
ture increased, the amount of phosphate adsorbed onto 700-
ATP increased, as shown in Fig. S3. A positive ∆H0 value 
in this study indicates that the phosphate adsorption onto 
700-ATP was endothermic. The ∆S0 value was 11.76 J/K mol, 
indicating that the level of disorder increased at the solid–
liquid interface during the adsorption process. The ∆G0 
values decreased gradually with increasing temperature, 
with 5.85, 5.73, and 5.61  kJ/mol at 15°C, 25°C, and 35°C, 
respectively, which indicates that the involuntary of the 
adsorption reaction was enhanced by the rising temperature 
and phosphate adsorption at all temperatures in this study 
was nonspontaneous.

3.3. Effects of solution pH, attapulgite dosage, and 
competing anions

The effect of initial solution pH on the phosphate 
removal by 700-ATP is shown in Fig. 5(a). The highest phos-
phate adsorption onto 700-ATP appeared to be 51.5  mg/g 
at pH 3, and the amount of phosphate adsorbed decreased 
from 51.5 to 42.4 mg/g as the pH increased from 3.0 to 11.0, 
respectively. These results mirrored those in other studies, 
in which pH increase negatively affected phosphate removal 
by adsorbents such as palygorskite [29], sepiolite [41], and 
Zr/Al-pillared montmorillonite [42]. The phenomenon that 
phosphate adsorption is dependent on pH can be explained 
by the dissolution of cations from the adsorbent, surface 
charge of the adsorbent, and polyprotic nature of phosphate 
[29,41,43,44]. Higher pH values can decrease the amount of 
Mg2+, Ca2+, and Al3+ leaching from adsorbents [44], thus inhib-
iting phosphate removal by forming insoluble precipitates 
such as Ca-phosphate precipitates [45]. In addition, as the 
pH of the solution increased, the surface of the adsorbents 
became more negatively charged, thereby increasing the 
electrostatic repulsion between the phosphate ions and the 
negatively charged surface of the adsorbents. Considering 
the dissociation constants of phosphoric acid (pKa,1  =  2.15, 
pKa,2 = 7.20, pKa,3 = 12.33), it can dissociate to form different 

Table 2
Kinetic model parameters obtained from model fitting of experimental data

Initial phosphate 
concentration (mg/L)

Pseudo-first-order kinetic model parameters Pseudo-second-order kinetic model parameters

qe (mg-PO4
3–/g) k1 (h–1) R2 qe (mg-PO4

3–/g) k2 (g/mg/h) R2

10 14.9 19.89 0.999 15.0 31.84 0.999
100 28.2 6.30 0.974 29.2 0.45 0.993
600 45.7 1.92 0.785 51.0 0.04 0.890

Fig. 4. Equilibrium adsorption experiment data with model 
fittings of the Freundlich and Langmuir isotherms for the adsorp-
tion of phosphate onto 700-ATP (initial phosphate concentration: 
5, 10, 50, 100, 200, 300, 500, 700, 1,000, and 2,000 mg/L; pH: 7.0; 
adsorbent dosage: 3.33 g/L; reaction time: 24 h; agitation speed: 
100 rpm; temperature: 25°C).

Table 3
Equilibrium model parameters obtained from model fitting of 
the experimental data

Model Parameters R2

Langmuir
Qm (mg-PO4

3–/g)
54.4

KL (L/mg)
3.71

0.910

Freundlich
KF (L/g)
18.0

1/n
0.18

0.969

D-R
Qm (mg-PO4

3–/g)
53.4

E (kJ/mol)
0.52

0.882
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ionic species (H2PO4
–, HPO4

2–, and PO4
3–) depending on the 

pH of the solution [46]. When the pH ranges from 3 to 7, 
H2PO4

– is the dominant form, but HPO4
2–, a more negative ion, 

is the superior form in the solution when the pH ranges from 
7 to 10.

The amount of phosphate adsorbed onto attapulgite and 
the removal percentages depending on the dose of 700-ATP 
are shown in Fig. 5(b). When the dose of 700-ATP increased 
from 0.1 to 0.5 g, the amount of phosphate adsorbed to unit 
mass of adsorbent decreased from 61.2 to 29.9 mg/g, but the 
percentage of phosphate removal increased from 20.4% to 
49.8%. Similar to the equilibrium isotherm adsorption exper-
iments, the increase in the ratio of adsorbate to adsorbent 

increased the amount of adsorbate per unit mass of adsor-
bent. By increasing the ratio of adsorbate to adsorbent, the 
concentration gradient between the aqueous phase and solid 
phase becomes larger, thereby increasing the driving force 
for adsorbate to the adsorbents [47].

The influence of omnipresent aqueous anions including 
sulfate ions (SO4

2–), bicarbonate ions (HCO3
–), and nitrate ions 

(NO3
–) on the phosphate adsorption by 700-ATP is presented 

in Fig. 5(c). The amounts of adsorbed phosphate in the pres-
ence of 1 mM of sulfate, bicarbonate, and nitrate were 33.9, 
33.9, and 36.6 mg/g, respectively, indicating that the presence 
of such ions reduced the amount of phosphate adsorption 
but the differences were not significant. However, when the 
concentrations of sulfate, bicarbonate, and nitrate increased 
to 10  mM, the amounts of phosphate adsorption to unit 
mass of 700-ATP were 24.0 mg/g (SO4

2–), 20.6 mg/g (HCO3
–), 

and 31.2  mg/g (NO3
–), respectively. The influence of nitrate 

on phosphate adsorption was less than that of the other 
two ions because nitrate can bind to metal via outer-sphere 
complexation in contrast to phosphate forming inner-sphere 
complexation with metal [48]. Even when the concentration 
of anions present was high, the amount of phosphate adsorp-
tion to 700-ATP was higher than 20 mg/g.

3.4. Reuse and P fraction of 700-ATP

Reutilization experiments were carried out to determine 
the amount of adsorbed phosphate and the number of times 
of use when 700-ATP was washed with distilled water. 
The amount of phosphate adsorption decreased from 45.0 
to 8.1  mg/g as the number of times 700-ATP was reused 
increased, as shown in Fig. 6(a). According to these results, 
700-ATP was not regenerated for phosphate removal by 
washing it with deionized water. Although better regen-
eration can be achieved via chemical regeneration using 
HCl and ethylenediaminetetraacetic acid or via electrical 
regeneration using a direct current power supply [49], these 
chemicals are too expensive to use for regenerating cheap 
adsorbents, i.e., 700-ATP. The regeneration experiments 
also indicated that phosphate was strongly adsorbed to 
700-ATP by forming inner-sphere complexes, and the inter-
action between phosphate and 700-ATP was too strong for 
desorption.

Fig. 6(b) shows four different P fractions, i.e., adsorbed-P, 
NAI-P, apatite-P, and residual-P. The P fractionation results 
show that the phosphorus in 700-ATP was dominated by 
residual-P. The residual-P fractions in 700-ATP after reaction 
with 100 and 600 mg/L of phosphate were 96.5% and 95.6%, 
respectively. The other P fractions were negligible, with apa-
tite-P as the second highest fraction, accounting for 2.4% and 
3.5% at 100 and 600  mg/L of phosphate, respectively. The 
influence of initial phosphate concentration on P fraction-
ation was not significant. The P fractionation results were 
consistent with those of the reutilization experiment, indicat-
ing that phosphate adsorbed on 700-ATP was too strongly 
bonded to be easily desorbed.

4. Conclusions

Attapulgite was used for phosphate removal, and ther-
mal treatment of attapulgite was performed to improve its 

Fig. 5. Phosphate removal by 700-ATP under various environ-
mental conditions: (a) solution pH, (b) dosage of 700-ATP, and 
(c) presence of competitive anions (SO4

2–, HCO3
–, NO3

–) (initial 
concentration: 300 mg/L for solution pH and competitive anion 
experiments and 1,000  mg/L for dosage experiment; adsorbent 
dosage: 3.33  g/L; pH 7; reaction time: 24  h; agitation speed: 
100 rpm; temperature: 25°C unless noted otherwise).
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adsorption capacity. Resultantly, 700-ATP removed more 
phosphate than the nontreated attapulgite and attapulgite 
treated at different temperatures did. The higher efficiency 
of 700-ATP was because more Ca ions were eluted from 
700-ATP than from the other attapulgites. The kinetic study 
indicated that the rate of phosphate adsorption onto 700-
ATP was limited mainly by chemisorption. The maximum 
adsorption capacity of 700-ATP obtained from Langmuir 
model fitting was 54.4 mg/g, which is comparable with that 
of other adsorbents reported in the literature. Phosphate 
adsorption onto 700-ATP was an endothermic reaction, with 
an increased level of disorder at the solid–liquid interface. 
Increasing the solution pH decreased phosphate adsorption 
owing to less dissolution of calcium ions from the adsor-
bent and larger electrostatic repulsion between phosphate 
ions and the surface of 700-ATP. Less influence of nitrate on 
phosphate removal by 700-ATP than of sulfate and carbon-
ate was observed. Reutilization of 700-ATP and P fraction-
ation experiments showed that phosphate was very strongly 
adsorbed onto 700-ATP. The results of the present investi
gation show that thermal treatment is an easy but effective 
way to improve the adsorption capacity of attapulgite. It can 
be concluded that thermally treated attapulgite can be used 
as a low-cost, natural, and abundantly available adsorbent 
for the removal of phosphate from aqueous solution.
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Supplementary

Table S1
EDS of attapulgite thermally treated at different temperature

Element C  
(%)

O  
(%)

Si  
(%)

Al  
(%)

Fe  
(%)

Mg  
(%)

Others  
(%)

None treated 36.29 43.3 10.92 4.18 1.87 1.82 1.62
100°C 42.84 38.91 8.58 3.49 1.48 2.23 2.47
300°C 56.69 31.46 5.5 3.32 0.34 0.35 2.34
500°C 56.96 31.1 5.99 4.14 0.33 0.17 1.31
700°C 34.18 36.69 14.06 11.01 0.69 0.43 2.94
900°C 21.92 39.81 19.95 4.88 3.65 4.78 5.01

Table S2
Thermodynamic parameters for phosphate adsorption onto 
700-ATP

Temperature (°C) ∆H0 (kJ/mol) ∆S0 (J/K mol) ∆G0 (kJ/mol)

15 9.24 11.76 5.85
25 5.73
35 5.61
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Fig. S1. XRD patterns of the attapulgite thermally treated at 
different temperature (none treated, 100°C, 300°C, 500°C, 700°C, 
900°C): (a: attapulgite, d: dolomite, q: quartz).

Fig. S2. Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) curves of attapulgite depending on 
temperature.

Fig. S3. Phosphate adsorption to 700-ATP as a function of reac-
tion time under various temperatures (initial concentration: 
300  mg/L; pH: 7.0; dosage amount: 0.1  g; reaction time: 15, 
30 min, 1, 2, 3, 6, 12, 24 h; agitation speed: 100 rpm; temperature: 
15°C, 25°C, 35°C).


