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m and thermodynamic studies for
phosphate adsorption on aluminum hydroxide
modified palygorskite nano-composites

Min Pan,*a Xumeng Lin,a Jingjing Xieb and Xiaoming Huang*ab

The objectives of this study were to synthesize aluminum hydroxide modified palygorskite nano-

composites (Al–PG) and to investigate their suitability as adsorbents to remove phosphate from aqueous

solution. The nano-composites were characterized by XRD, XRF and TEM. The characterization results

showed that aluminum hydroxide gel was successfully loaded onto palygorskites (PGs) with diameters of

nanometers, and the crystal composition of PG had not been changed after modification. The effects of

modified mass ratios, pH, co-existing anions, and initial phosphate concentrations on phosphate removal

were investigated by batch experiments. The Freundlich model provided a better description for the

adsorption process than the Langmuir model. The maximum phosphate adsorption capacity was

16.86 mg g�1 for Al–PG, while it was 4.08 mg g�1 for natural PG. Of the adsorption isotherms and

thermodynamic studies considered, the adsorption of phosphate by Al–PG was chemisorption,

endothermic and spontaneous. Kinetic studies indicated that the adsorption of phosphate onto Al–PG

can be fitted by a pseudo-second-order kinetic model very well. Thus, the cost-effective and high

adsorption capacity of Al–PG has wide potential use in phosphate removal from aqueous solutions.
1. Introduction

In surface water, phosphorus concentrations exceeding 0.05 mg
L�1 may cause eutrophication.1 Eutrophication is the process of
carbon dioxide adsorption and organic matter generation,
which is mainly controlled by phosphorus bioavailability.2

However, entrophication deteriorates water quality, character-
ized by the bloom of aquatic plants, growth of algae and
depletion of dissolved oxygen. To control eutrophication, tech-
niques such as physical (settling, ltration), chemical (chemical
precipitation with aluminum, iron and calcium salts) and bio-
logical treatments (that rely on bacteria, algae, plants, or
intracellular bacteria polyphosphates accumulation) have been
successfully applied. Increasing attention has been paid to
adsorptive removal of phosphate from aqueous solution in the
last decades.3 Adsorption is recommended for phosphate
removal mainly because it is a cost-effective method and it has
a wide variety of adsorbents.1 For phosphate removal, common
adsorbents include metal and metal (hydr)oxides (aluminum
and aluminum (hydr)oxides, iron and iron (hydr)oxides, zirco-
nium (hydr)oxides), silicates, alcite, manganese dioxide, mud,
y ash, and oxide tailings.3,5–17 Studies indicated that metal
eering, Xiamen University of Technology,

n@xmut.edu.cn; huangxm@xmut.edu.cn;

gineering, Hefei University of Technology,
(hydr)oxides have high affinity and selectivity towards phos-
phate, while y ash and tailings are low-cost and easily avail-
able. However, these adsorbents have inherent limitations on
application to phosphate removal, such as low adsorption
capacity, poor adsorption kinetics or potential danger of
secondary pollution.

Studies have revealed that phosphate has a relatively strong
affinity for mineral surface.18 In recent years, many studies have
investigated phosphate removal onto natural and modied
minerals, such as modied bentonite, modied palygorskite,
montmorillonite, zeolite, goethite, and dolomite.2,3,16,19–24 PG is
a biocompatible natural clay characterized by a porous crystal-
line structure with tetrahedral layers and longitudinal sideline
chains.25 PG ((Mg,Al,Fe)5Si8O20(OH)2$(H2O)4$4H2O) withMg, Al,
or Fe preferentially located in octahedral sites is a hydrated
magnesium aluminum silicate which presents in nature as
a nano-brous clay mineral. The physic-chemical characters of
PG, e.g., high surface area and porosity, thermal resistance,
chemical inertness, etc., make it a potentially attractive adsor-
bent.3 Ye et al.3 found that the modied PG (hydrochloric acid
and/or thermal treatment) had faster kinetics and higher
adsorption capacities for phosphate than the natural PG. It
proved that the adsorption capacity of PG can be enhanced by
modifying its texture by means of chemical and/or thermal
treatment. As mentioned above, metal (hydr)oxides have a high
affinity of phosphate, especially aluminum (hydr)oxides and/or
iron (hydr)oxides. The adsorption capacity is mainly deter-
mined by the population of surface functional groups on the
This journal is © The Royal Society of Chemistry 2017
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adsorbents.26 Thus, aluminum (hydr)oxides and/or iron (hydr)
oxides were proposed to coat onto the surface of PG to increase
phosphate removal efficiency. However, Yan et al.19 employed
hydroxyl-aluminum, hydroxyl-iron and hydroxyl-iron–
aluminum pillared bentonites to adsorb phosphate and found
that hydroxyl-aluminum modied bentonites had the highest
phosphate adsorption capacity (Al–Bent 12.7 mg g�1, Fe–Bent
11.2 mg g�1, Fe–Al–Bent 10.5 mg g�1) and the highest BET
surface area (Al–Bent 200 m2 g�1, Fe–Bent 143 m2 g�1, Fe–Al–
Bent 94.9 m2 g�1). Gao et al.27 compared different phosphate
species adsorption by ferric and alum water treatment residuals
(FAR). The contents of Fe and Al in FAR were respectively
89.06 mg g�1 and 40.06 mg g�1, and the fractions of adsorbed P
were 31.71% Fe–P and 52.62% Al–P. Thus, higher P adsorption
capacity by Al oxide/hydroxide modication than ferric oxide/
hydroxide can be concluded. However, less attention has been
paid on modied PG with aluminum (hydr)oxides coated to
remove phosphate.

The objectives of this research were to synthesize aluminum
hydroxide modied PG nano-composites (Al–PG), and to
systematically investigate its applying on phosphate removal
from aqueous solutions. The effects of pH, selectivity, and
modicationmass ratio on phosphate adsorption on Al–PG were
examined by batch experiments. The adsorption isotherms,
thermodynamic parameters, and kinetic models were applied to
discuss the adsorption mechanism of phosphate on Al–PG.
2. Materials and methods
2.1. Materials

Natural PG clay used in the experiments was obtained from
Guanshan in Anhui Province, China, which was ground and
selected for particle sizes of <75 mm. PG samples (5 g) were
dispersed in deionized water (400 mL) by magnetic stirrers for 2 h,
then mixed with 1 M aluminum chloride (AlCl3$6H2O) solution at
xed ratios (1.5, 2, 2.5, 3, 3.5, 4 mmol Al per g PG) dropwise. The
pH value was adjusted by addition of NaOH solution (1M) andHCl
solution (1 M) until pH ¼ 7 � 0.1 obtained. Aer stirring for 24 h,
the mixtures were centrifuged, washed ten times with deionized
water, and then dried at 80 �C for 48 h. The obtained Al–PG was
ground and screened though a 200 mesh sieve (75 mm).

Stock phosphate solution (5000 mg P per L) was prepared by
dissolving 21.9686 g KH2PO4 into 1 L deionized water. All
working solutions were prepared by diluting this stock solution
with deionized water.
2.2. Batch adsorption experiments

To investigate the impact of modication mass ratios on the
adsorption capacity of phosphate, natural and modied PG
with the different modication mass ratios (Al–PG1: 1.5, Al–
PG2: 2, Al–PG3: 2.5, Al–PG4: 3, Al–PG5: 3.5, Al–PG6: 4 mmol Al
per g PG) were prepared. Phosphate solutions (25 mL, 1000 mg
L�1) were added into 150 mL conical asks with stoppers, and
then the pH of solutions was adjusted to 5.0 � 0.1. Aer adding
0.5 g of adsorbent, the asks were stirred at 200 rpm in ther-
mostatic shakers for 24 h at 298 K. Aer the mixture was
This journal is © The Royal Society of Chemistry 2017
centrifuged, the supernatant was ltered through 0.45 mm
membrane lter prior to the determination of phosphate
concentrations. The equilibrium adsorptive capacity was
calculated by the following equation:

Qt ¼ ðC0 � CtÞV
W

(1)

where Qt is the adsorptive capacity at time t, mg g�1; C0 is the
initial concentration of phosphate in the solution, mg L�1; Ct is
the concentration of phosphate in the solution at time t, mg
L�1; V is the volume of the solution, L; and W is the mass of the
adsorbent, g.

The effect of initial pH was tested using a similar procedure.
Phosphate solution (25 mL, 500 mg L�1) was mixed with
adsorbents (0.5 g, PG & Al–PG4) at initial pH of 4, 5, 6, 7, 8, 9,
and 10, respectively.

Adsorption isotherms for phosphate were carried out in
thermostatic shakers for 24 h at desired temperatures (298, 308,
318 K). Adsorbents (0.5 g, PG & Al–PG4) were mixed with
phosphate solutions (25 mL) at different initial concentrations
ranged from 5 to 1000 mg L�1 (i.e. 5, 10, 25, 50, 100, 300, 500,
800, 1000 mg L�1) at pH of 5.

Adsorption kinetics for phosphate were evaluated at pH ¼ 5
and at an ambient temperature of 298 K. Adsorbents (0.5 g, PG &
Al–PG4) were added to phosphate solutions (25 mL) with an
initial concentration of 500 mg L�1. Samples obtained at
different time intervals of 0.25, 0.5, 1, 2, 3, 4, 6, 12 and 24 h were
examined for phosphate concentrations.

Adsorption selectivity was examined by evaluating the effect
of coexisting anions on the phosphate adsorptive capacity at
a pH of 5.5. 0.5 g adsorbents (Al–PG4) were added in 25 mL of
30 mg L�1 phosphate solutions, which contained 0 (a control)
and 0.001 M sodium salt forms of chloride, nitrate, sulfate, and
bicarbonate, respectively.

2.3. Analysis methods

Phosphate concentrations in liquid samples were analyzed by
the molybdenum-blue ascorbic acid method with a spectro-
photometer (V-1100D, Mapada Co., Shanghai, China).
Elemental compositions of PG and Al–PG (Al–PG4) were deter-
mined by using X-ray uorescence (XRF) (AXios mAX XRF,
PANalytical B.V., Holland). Mineral phases were identied by X-
ray diffraction (XRD) using a D/max-RB powder diffraction
meter (Rigaku, Japan), with a Cu-target operated at 40 kV, 100
mA. The XRD patterns were taken in the range of 5–70� at a scan
rate of 4� min�1, which were analyzed using the soware
(Search-Match) by comparing the experimental data with those
included in the Joint Committee of Powder Diffraction Stan-
dards (JCPDSs) database. Mineral morphologies of PG and Al–
PG were analyzed by transmission electron microscopy (TEM)
(Hitachi Co., Tokyo, Japan).

3. Results and discussion
3.1. Characterization of adsorbents

XRF was applied to analyze the elemental compositions of PG
and Al–PG (Al–PG4), presented in percentage of element's
RSC Adv., 2017, 7, 4492–4500 | 4493
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Fig. 1 XRD patterns of Al–PG, PG and their calcinates.
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highest oxidation state (Table 1). From Table 1, the highest
contents of SiO2 were found in both PG and Al–PG. A higher
amount of Al2O3 in Al–PG than in PG demonstrated that Al(OH)3
was successfully enriched onto Al–PG. Themineral samples also
contain minor amounts of other elements such as S, P, Mn, Ni,
Zn, Ba (<0.1%). According to the content of Al2O3 in both PG
and Al–PG, the relative loading rate of Al(OH)3 was calculated as
15.93% in Al–PG.

XRD patterns of PG, Al–PG and their calcined products at
1000 �C (PG1000, Al–PG1000) are illustrated in Fig. 1. Diffrac-
tion patterns at 2q ¼ 8.4, 14.0, 16.4, 19.8, 20.9, 23.0, and 35.4�

are identied as PG comparing with the standard database. The
characteristic peaks of quartz can be found at 20.8, 27.0, 50.4,
and 61.5�. The natural PG contained a little amount of dolomite
according to the weak intensity of characteristic peaks at 30.9
and 41.2�. The XRD spectrum of Al–PG showed no signicant
differences from PG, indicating that the crystal composition of
PG was not changed aer modication. The characteristic
diffraction peaks of aluminum hydroxide were not found in the
patterns, considering that the aluminum hydroxide gel is
amorphous. The characteristic diffraction peaks of PG dis-
appeared when it was calcined at temperatures higher than
1000 �C. The thermal structure evolution is an amorphous
process along with complete loss of crystal water and structural
water, and collapse pores. Compared with PG and Al–PG,
a crystalline aluminum compound-hercynite was formed
according to the characteristic peaks at 44.9 and 65.3� in Al–
PG1000. The crystallization of hercynite aer the calcination of
Al–PG strongly conrmed the presence of aluminum hydroxide
gel in Al–PG.

TEM analysis illustrates nano-rod structures the natural and
modied PG (Fig. 2). PG crystals were randomly oriented
straight bers and arranged in bundles. The surface of natural
PG is at (Fig. 2A), and point-like phases dispersed on the
surface of PG with diameters range of 15–21 nm aer modi-
cation (Fig. 2B). All the analysis of XRF, XRD, and TEM
conrmed that aluminum hydroxide gel was successfully
loaded on PG. The specic surface areas (SSA) of PG and Al–PG
were 189.389 m2 g�1 and 212.872 m2 g�1, respectively. The
increase in SSA of Al–PG indicated that aluminum hydroxide gel
occupied the surface area of PG.
3.2. Effect of modication mass ratio

The maximum adsorption capacity of phosphate was 4.08 mg
g�1 at 298 K for PG (Fig. 3), which only accounted for 34.78% of
the maximum adsorption amount of Al–PG1 at the lowest mass
ratio of 1.5 mmol g�1. The highest adsorption amount was
Table 1 Bulk chemical analysis of natural PG and modified PG

Constituent
(wt%) SiO2 Al2O3 MgO Fe2O3

PG 57.396 8.755 14.763 4.475
Al–PG 51.306 19.171 11.648 4.054

a Loss on ignition at 1000 �C.

4494 | RSC Adv., 2017, 7, 4492–4500
18.34 mg g�1 for Al–PG6 at the highest mass ratio of 4 mmol
g�1. The higher positively charged of Al–PG surface was
observed with increasing more Al(OH)3 loading. Therefore, the
increase of adsorption amounts of phosphate on Al–PG with
increasing Al content could be attributed to the electrostatic
attraction between the positively charged of Al–PG and negative
charged phosphate species. Considering the cost of the adsor-
bent, the modication mass ratio of 3 mmol Al per g PG (Al–
PG4) with a maximum adsorption amount of 16.86 mg g�1 was
selected for preparing modied PG in the following research.

3.3. Effect of initial pH

Fig. 4A shows the adsorption of phosphate on Al–PG and PG as
a function of initial pH. This clearly implies that phosphate
adsorption onto both Al–PG and PG were pH dependent. Acidic
conditions favored both Al–PG and PG in adsorbing phosphate,
with a maximum uptake of 11.93 mg P per g and 4.70 mg P per g
at pH 4 on Al–PG and PG, respectively. The dominant mecha-
nism of phosphate adsorption onto Al–PG was assumed to be
ion-exchange between hydroxyls on the adsorbent surface and
phosphate in the solution. As shown in Fig. 4B, themain species
of phosphorus in aqueous solution are H2PO4

� at pH 4–6,
HPO4

2� species at pH 9–11. Due to different negative charges
CaO K2O Na2O TiO2 LOIa

1.803 0.951 0.066 0.593 21.46
0.392 0.877 0.058 0.58 22.36

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images of PG (A) and Al–PG (B).

Fig. 3 Effect of modification mass ratio on adsorption capacity (C0 ¼
1000 mg L�1, pH ¼ 5, t ¼ 24 h, T ¼ 298 K).

Fig. 5 The removal efficiency of phosphate in single and complex

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
4:

56
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
between HPO4
2� and H2PO4

�, HPO4
2� exchanges more

hydroxyls than H2PO4
�. As a consequence, the adsorption

amount on Al–PG decreased in alkaline solution because of
HPO4

2� occupying more binding sites on the surface of Al–PG.
In addition, the pHPZC (pH at point of zero charge) of PG and Al–
PG calculated from potential titration were 6.5 and 7.8,
Fig. 4 (A) Effect of initial pH on phosphate adsorption on Al–PG and P
500 mg L�1, t ¼ 24 h, T ¼ 298 K).

This journal is © The Royal Society of Chemistry 2017
respectively, indicating the more positive charged of Al–PG. The
high pHPZC value for Al–PG could be due to the increase of
Al(OH)3 loading. Moreover, phosphate is adsorbed onto clay
mainly via electrostatic attraction and ligand exchange (for
example, between phosphate and OH�).19 An increase in pH
would lead to a rise in OH� ions, which would occupy more
active sites on the surface of PG and enhance the competitive
strength with phosphate. The similar trends were reported on
phosphate adsorption onto beohmite, aluminum hydroxide,
aluminum and iron oxides.1,4,6 Therefore, the optimum pH of
Al–PG adsorbing phosphate is apt to the weak acid solution.
3.4. Selectivity of phosphate adsorption

To estimate the selectivity of phosphate adsorption onto Al–PG,
the amounts of phosphate adsorbed in multiple ions solutions
were measured. The removal efficiencies of phosphate by Al–PG
and PG in the multiple ions solutions are shown in Fig. 5. The
effects of coexistence of chloride, sulfate, nitrate, and bicar-
bonate on phosphate sorption onto both Al–PG and PG showed
no signicant differences compared with the control experi-
ment, which was phosphate solution prepared with deionized
G; (B) distribution of phosphorus species in aqueous solutions (C0 ¼

solution.

RSC Adv., 2017, 7, 4492–4500 | 4495
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water. The result indicated Al–PG had widely potential utiliza-
tion on phosphate removal from aqueous solution.
3.5. Adsorption isotherms

The adsorption isotherms of phosphate on Al–PG were tted by
two typical models: Langmuir and Freundlich, which are
described as eqn (2) and (3):

Ce

qe
¼ 1

qm
Ce þ 1

qmk
(2)

ln qe ¼ ln Kf þ 1

n
ln Ce (3)

where Ce is the equilibrium concentration (mg L�1); qe is the
adsorption capacity on adsorbent (mg g�1); qm refers to the
maximum adsorption capacity at monolayer coverage (mg g�1).
The values of k (L mg�1) and Kf (mg g�1) are the Langmuir and
Freundlich adsorption constants, respectively. 1/n is a hetero-
geneous factor, which is related to adsorption intensity or
surface heterogeneity.
Fig. 6 The Langmuir isotherm plots of phosphate adsorption on Al–PG

Fig. 7 The Freundlich isotherm plots of phosphate adsorption on Al–PG

4496 | RSC Adv., 2017, 7, 4492–4500
The relative parameters of the Langmuir and Freundlich
adsorption isotherms were calculated from the slope and
intercept of the linear plots. High correlation coefficients (R2 >
0.9205) indicated that both the Langmuir and Freundlich
models were acceptably t the experimental data in this study.
Higher the correlation coefficients of the Freundlich model (R2

> 0.9905) than that of the Langmuir model (R2 < 0.9562) suggest
that the Freundlich model better described phosphate sorption
onto both Al–PG and PG (Fig. 6 and 7). It indicated that the
adsorption occurred on a structurally heterogeneous adsor-
bent.28 The maximum adsorption capacity on monomolecular
layer of Al–PG calculated from the Langmuir model was
15.63 mg g�1 at 298 K, which was higher than other mineral and
waste adsorbents such as: zeolite (2.19 mg g�1), pillared
bentonites (12.7 mg g�1), iron hydroxide-eggshell (14.49 mg
g�1) and modied PG (9 mg g�1) by hydrochloric acid and/or
thermal treatment.3,16,19,29 The constant of 1/n in the Freund-
lich model is related with the adsorption intensity, which varies
with the heterogeneity of materials. The values of 1/n were lower
than 0.5 in this study, which suggested that the adsorption of
(A) and PG (B) (pH ¼ 5, t ¼ 24 h, T ¼ 298 K).

(A) and PG (B) (pH ¼ 5, t ¼ 24 h, T ¼ 298 K).

This journal is © The Royal Society of Chemistry 2017
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phosphate on both Al–PG and PG were substantially favorable
(Table 2).

Experimental data were also tted by the D–R isotherm to
reveal the type of adsorption (physical adsorption or chemical
adsorption).30 The linear form of D–R isotherm is represented
by the following eqn (4):

ln qe ¼ ln qm � b32 (4)

where b is the constant of the adsorption energy (mol2 J�2),
related to the average energy of adsorption per mole of the
sorbate as it is transferred to the surface of the solid from
innite distance in the solution; 3 is Polanyi potential,
described as:

3 ¼ RT ln

�
1þ 1

Ce

�
(5)

where R is the gas constant (8.314 J mol�1 K�1); T is the absolute
temperature (K).

Moreover, E is the value of mean energy of adsorption (kJ
mol�1). It can be calculated from the D–R parameter b as
followed:

E ¼ 1ffiffiffiffiffiffi
2b

p (6)

As seen in Fig. 8, the correlation coefficients of the D–R
model for phosphate sorption on both Al–PG and PG were
Table 2 Relative parameters of the Langmuir, Freundlich and D–R mod

Adsorbent T (K)

Langmuir Freundlich

qm (mg g�1) k R2 Kf (mg g�1) 1

Al–PG 298 15.63 0.022 0.9528 1.09 0
308 15.85 0.026 0.9496 1.27 0
318 15.72 0.035 0.9562 2.09 0

PG 298 2.83 0.011 0.9468 0.16 0
308 3.05 0.011 0.9205 0.20 0
318 3.15 0.011 0.9414 0.21 0

Fig. 8 The D–R isotherm plots of phosphate adsorption on Al–PG (A) a

This journal is © The Royal Society of Chemistry 2017
higher than 0.97, suggesting the D–R model was acceptably
applied to t the experiment data in this study. It is found that
b and qm of phosphate adsorption on Al–PG are higher than on
PG (Table 2). The value of E distinguish the type of sorption. It
ranges from 1 to 8 kJ mol�1 for physical sorption, and ranges
from 9 to 16 kJ mol�1 for chemical sorption. The E values of
phosphate adsorption on Al–PG and PG are all higher than 9 kJ
mol�1, indicating that phosphate adsorption on Al–PG and PG
was essentially chemisorption (Table 2). According to the
previous conclusion that the adsorption was apt to the weak
acid solution, the attachment of phosphate must occur at the
active sites on the surface of the Al–PG with Al–OH functional
group presence, which contributed to the adsorption by
chemical complexation/ion exchange.19
3.6. Thermodynamic parameters

The thermodynamic parameters can be calculated from the
temperature dependent adsorption isotherms based on
following eqn (7)–(9):

Kd ¼ qe

Ce

(7)

DG0 ¼ �RT ln Kd (8)

ln Kd ¼ �DH0

RT
þ DS0

R
(9)
els

Dubinin–Redushckevich

/n R2 b (mol2 J�2) qm (mg g�1) E (kJ mol�1) R2

.415 0.9922 4 � 10�9 18.31 11.18 0.9869

.397 0.9905 3.5 � 10�9 18.60 11.95 0.9914

.313 0.9965 2.2 � 10�9 15.41 15.08 0.9793

.420 0.9810 5.2 � 10�9 3.70 9.81 0.9878

.399 0.9834 4.5 � 10�9 3.72 10.54 0.9810

.393 0.9951 4.1 � 10�9 3.72 11.04 0.9786

nd PG (B) (pH ¼ 5, t ¼ 24 h, T ¼ 298 K).
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where Kd is the distribution coefficient, mL g�1; DG0 is the
change of Gibbs energy, kJ mol�1.

The change of enthalpy (DH0) and entropy (DS0) can be
determined by the slope and intercept of the plot of ln Kd versus
1/T (Fig. 9). The negative values of DG0 and positive values of
DH0 revealed that the processes of phosphate adsorption on Al–
PG and PG were endothermic, feasible and spontaneous. The
values of DG0 for phosphate adsorption decreased from �7.834
kJ mol�1 to �8.556 on Al–PG and from �2.749 to �3.320 kJ
mol�1 on PG coupled with a rise temperature from 298 to 318 K
(Table 3). The endothermic process of phosphate adsorption
was enhanced by an increase in temperature for both Al–PG and
PG, and there was a greater impact on Al–PG. The change of
entropy (DS0) was 0.036 and 0.029 kJ mol�1 K�1 for phosphate
adsorption on Al–PG and PG, respectively. The positive values of
DS0 suggested that the randomness increased at the solid–
liquid interface during the adsorption of phosphate on Al–PG
and PG.
3.7. Adsorption kinetics

In order to identify the kinetic mechanism of adsorption
process, four typical kinetic models were used to simulate the
adsorption kinetics of phosphate onto Al–PG and PG. The
kinetic equations including pseudo rst-order model, pseudo
second-order model, Elovich model and intraparticle diffusion
model are described as follows:

Pseudo first-order equation: ln(qe � qt) ¼ ln qe � k1t (10)
Fig. 9 Plots of ln Kd vs. 1/T (A: Al–PG; B: PG).

Table 3 Thermodynamic parameters of phosphate adsorption onto Al–

Adsorbent T (K) qe (mg g�1) Ce (mg g�1) Kd (mL g

Al–PG 298 16.04 679.18 23.62
308 16.52 669.58 24.67
318 16.86 662.83 25.44

PG 298 2.86 942.88 3.03
308 3.19 936.13 3.41
318 3.28 934.44 3.51

4498 | RSC Adv., 2017, 7, 4492–4500
Pseudo second-order equation :
t

qt
¼ 1

k2qe2
þ t

qe
(11)

Elovich equation : qt ¼ ln aebe

be
þ 1

be
ln t (12)

Intraparticle diffusion equation: qt ¼ k3t
0.5 (13)

where qt is the adsorbed amount at time t, mg g�1; qe is the
adsorbed amount at equilibrium, mg g�1; k1 is the rate constant
of pseudo rst-order adsorption, g (mg�1 h�1); k2 is the rate
constant of pseudo second-order adsorption, g (mg�1 h�1); the
parameter ae is the initial adsorption rate, mg (g�1 h�1), and be
is related to extent of surface coverage and activation energy for
chemisorptions, g mg�1; k3 is the intraparticle diffusion rate
constant, mg (g�1 h�0.5).

The relative parameters of the pseudo-rst-order, pseudo-
second-order, Elovich and intraparticle diffusion models
were tabulated in Table 4. Constants k1 and k2 were respec-
tively calculated from the slop of the line obtained by plotting
ln(qe � qt) versus t in the pseudo-rst-order model and the
intercept of the line by plotting t/qt versus t in the pseudo-
second-order model, while the initial adsorption rate ae was
calculated from the intercept of the line obtained by plotting
qt versus ln t in the Elovich equation, and the intraparticle
diffusion rate constant k3 was calculated from the slop of the
line obtained by plotting qt and t0.5. Comparing the correla-
tion coefficients of four kinetic models, it clearly revealed
that the pseudo-second-order model best t the adsorption
PG and PG

�1) DG0 (kJ mol�1) DH0 (kJ mol�1) DS0 (kJ mol�1 K�1)

�7.834 2.929 0.036
�8.209
�8.556
�2.749 5.787 0.029
�3.139
�3.320

This journal is © The Royal Society of Chemistry 2017
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Table 4 Kinetic parameters of phosphate adsorption onto Al–PG and PG

Kinetic
model

Pseudo rst-order Pseudo second-order Simple Elovich Intraparticle diffusion

qe (mg g�1)
k1
(h�1) R2 qe (mg g�1) k2 (g mg�1 h�1) R2 ae (mg (g�1 h�1))

be
(g mg�1) R2

k3
(mg g�1 h�0.5) R2

Al–PG 4.93 0.111 0.7161 11.12 0.089 0.9928 111.23 0.685 0.8999 1.3830 0.7240
PG 1.37 0.212 0.9552 2.20 0.353 0.9989 5.592 2.660 0.9857 0.3585 0.8060

Fig. 10 Kinetic models of phosphate adsorption on Al–PG and PG (a: the pseudo-first-order model, b: the pseudo-second-order model, c: the
Elovich model, d: the intraparticle diffusion model).
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kinetic of phosphate onto Al–PG and PG and the adsorption
processes were chemisorptions.31 This conclusion was
consistent with the tting results from the D–R isotherm.
This high applicability of the pseudo-second-order model for
present kinetic data is also in agreement with other studies
that the pseudo-second-order model can be satisfactorily
described the kinetics of phosphate adsorption on natural
minerals, modied minerals, hyroxy-aluminum, and
hydroxyl-iron.10,14,19,21,24,32,33 Moreover, the theoretically
adsorbed amount at equilibrium (11.12 mg g�1) calculated
from pseudo-second-order model was close to the adsorbed
amount at equilibrium obtained from experiment (11.90 mg
g�1). The Elovich equation was successfully used to describe
the second-order kinetic assuming that the actual solid
surfaces are energetically heterogeneous.29 The initial
adsorption rate ae was 111.23 mg (g�1 h�1) for phosphate
This journal is © The Royal Society of Chemistry 2017
adsorption onto Al–PG, which was much higher than 5.59 mg
(g�1 h�1) for phosphate adsorption onto PG. According to the
intra-particle diffusion model, (i) the plot of qt versus the
square root of time (t0.5) should be linear if the intra-particle
diffusion is involved in the adsorption process, (ii) if these
lines pass through the origin when the intra-particle diffu-
sion is the race-controlling step, and (iii) two or more slopes
could occur in a multi-step adsorption process.29,34 As seen in
Fig. 10d, the phosphate adsorption onto Al–PG and PG
involve two steps presented a multilinearity. A rapid phos-
phate adsorption onto Al–PG occurred in the rst 30 min, and
then it slowed down in the following 23 hours. The fast
adsorption was mainly attributed to the boundary layer
diffusion or macro-pore diffusion, and the slow adsorption
was due to the intraparticle diffusion or micro-sore
diffusion.29,35
RSC Adv., 2017, 7, 4492–4500 | 4499

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26802a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
4:

56
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4. Conclusions

The Al–PG was successfully synthesized, which constituted
crystals of diameters of nanometers. Al–PG had a better
performance for phosphate removal than natural PG. The
Freundlich model and the pseudo-second-order model respec-
tively provided the best description of the adsorption isotherm
and kinetics for the adsorption of phosphate onto Al–PG.
Thermodynamic parameters determined that the adsorption
process of phosphate onto Al–PG was endothermic and spon-
taneous. The tting results of the D–R isotherm indicated that
phosphate removal by Al–PG was chemisorption. The intra-
particle diffusion model presented that the phosphate adsorp-
tion onto Al–PG involved two adsorption steps: (i) the boundary
layer diffusion or macro-pore diffusion, and (ii) the intraparticle
diffusion or micro-sore diffusion. The low-cost and high
adsorption capacity of Al–PG can be a promising adsorbent
widely utilized on phosphate removal from aqueous solution.
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