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ABSTRACT

A fabricated polyethersulfone (PES)-type affinity membrane was employed for the removal
of phosphate from the aqueous solution. Influences of pH, contact time, temperature, and
initial phosphate concentration, as well as the coexistent Cl−, SO2�

4 , Ca(II), and Mg(II) on the
phosphate adsorption were evaluated. The adsorption kinetics and the adsorption isotherms
of this membrane toward phosphate were investigated. In addition, the insight into the
phosphate uptake at an atomic-scale was revealed by the density functional theory calcula-
tions. The coexistent Cl– and SO2�

4 showed a disturbance on the uptake of phosphate; con-
versely, the presence of Ca(II) and Mg(II) increased the uptake of phosphate. The negative
influence of SO2�

4 was more remarkable than that of Cl– due to the notably nucleophilic nat-
ure of this anion. The accelerating role of Ca(II) was stronger than that of Mg(II), because
the Ca(II)-loaded membrane exhibited a more stronger affinity to phosphate than the Mg
(II)-loaded form. Lagergren second-order and Langmuir models were suitable for describing
the adsorption kinetics and adsorption isotherms, and the phosphate adsorption onto the
membrane was a spontaneous and endothermic process.

Keywords: Phosphate; Adsorption; Polyethersulfone-type affinity membrane; Density
functional theory; Coexistent ion

1. Introduction

The existent phosphate in aquatic environment is
an essential nutrient for the growth of biological
organisms. However, the excessive presence of this
nutrient has been validated to result in the eutrophica-
tion, thereby causing the deterioration of water bodies
[1,2]. The eutrophication caused by the excessive phos-
phate can lead to the intense accumulation of algae
and the overgrowth of phytoplankton; thus, the

incidents of oxygen lack and the decline of aquatic life
will occur. It is well known that some neuro- and
hepatotoxins produced by the eutrophication process
can be released into water, and pose harm to aquatic
animals, livestock, and human being [3,4]. The
eutrophication will take place as the existent phos-
phate in water bodies is higher than 0.02 mg/l [5].
According to the published discharge standards of
pollutants for municipal wastewater treatment plant
(GB 18918-2002), the discharged concentration of total
phosphorus in China should be no more than
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0.5 mg P/l. Therefore, techniques competent for the
removal of phosphate should be developed before the
effluents are discharged into natural water bodies.

To guarantee the concentration of phosphate con-
sistent with the discharge standard, numerous tech-
niques such as biological treatment [6], chemical
precipitation [7], ion exchange [8,9], and adsorption
process [10,11] have been employed to remove this
pollutant from wastewater. Of all the techniques men-
tioned above, the adsorption process is an efficient
and economical approach for the removal of phos-
phate. In particular, this technique is suitable for the
recovery of phosphate from the dilute solution. Thus,
enormous powder-like adsorbents involving fly ash
[12], zeolite [13], calcite [14], ferrihydrite [15], bamboo
charcoal [16], red soil [17], cellulose bearing the amine
group [18], and the functional materials bearing metal-
complexing groups [5,19,20] have been extensively
applied for the removal of phosphate. Among the
functional groups anchored to surfaces of the adsor-
bents, the amino group can be easily protonated [18],
and thus shows a strong affinity to phosphate via the
electrostatic attraction.

It has been widely accepted that the powder-like
adsorbents show a high uptake of phosphate; whereas,
it should be mentioned that they are not easily recov-
ered for reuse. In contrast with adsorption processes
of these adsorbents, the membrane separation tech-
nique with advantages of low pressure loss and easy
scale-up [21,22] may be an appropriate method
employed to remove phosphate from solutions. To our
knowledge, insufficient efforts have been made focus-
ing on the removal of phosphate by the membrane
adsorption process. Of all the membrane techniques,
although electrodialysis, polymer-enhanced ultrafiltra-
tion, nanofiltration, and reverse osmosis are competent
for the removal of phosphate, applications of them
have been limited because of the high costs and the
strict pretreatments. In comparison with these mem-
brane techniques, the conventional microfiltration and
ultrafiltration processes show the excellence of high
permeation flux, inexpensive investment, and needless
strict pretreatments. These two kinds of membrane
techniques might be the recommendable candidates
applied for the removal of phosphate; unluckily, these
two membrane techniques are not applicable to the
removal of the dissolvable phosphate. Thus, the
microfiltration- or ultrafiltration membrane bearing
the amino group deserves to be explored for the
removal of phosphate.

In addition, although adsorption experiments have
provided considerable information about the kinetics
and thermodynamics of adsorbents, atomistic details
in the adsorbed structure of the adsorbent, and the

immanent interaction between the solute and the
absorbent are limited. The density functional theory
(DFT) simulation, as a main supplement of the experi-
mental method, has been extensively employed to
reveal various chemical problems [23,24]. Some stud-
ies in phosphate adsorption via the DFT calculation
have been reported [25–28]; whereas, few reports
related to the DFT simulation focusing on the phos-
phate adsorption by the PES-type membrane can be
found.

In this study, a polyethersulfone (PES)-type affinity
membrane was synthesized via the chloroacetylation
and amination processes. The fabricated affinity mem-
brane was characterized by the techniques of scanning
electron microscopy (SEM), energy dispersive X-ray
spectrometry (EDS), Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectrum (XPS),
and nuclear magnetic resonance spectroscopy (NMR).
Detailed studies regarding the effects of pH, contact
time, temperature, and initial phosphate concentration
on the phosphate adsorption by the membrane were
carried out. Influences of Cl–, SO2�

4 , Ca(II), and Mg(II)
on the phosphate uptake were also studied. The batch
adsorption experiments with respect to the kinetics
and isotherms were performed in the presence of the
above-mentioned four ions. The reused property of
the membrane was also evaluated. Furthermore, the
adsorption characteristics of the PES-type affinity
membrane toward phosphate, and effects of the above
four ions on the phosphate uptake were elucidated by
the DFT simulations. Herein, DFT descriptors includ-
ing chemical potential (μ), hardness (η), and global
electrophilicity (ω) were calculated to investigate the
chemical reactivity of the PES-type affinity membrane,
phosphate, and the four ions mentioned above. The
condensed Fukui function (FF) was calculated to
explore the reactive sites of the affinity membrane and
phosphate. In addition, the charge transfer (ΔN), the
adsorption energies (ΔEads), and the Gibbs free ener-
gies of adsorption (ΔGads) between the aforementioned
species were calculated.

2. Material and methods

2.1. Material

Polyethersulfone (PES, Ultrason E6020) powders
with a molecular weight of ca. 58,000 were provided
by BASF (Ludwigshafen, Germany). Analytical grade
reagents involving absolute ethanol, anhydrous alu-
minum chloride, chloroform, chloroacetyl chloride,
diethylenetriamine (DETA), N-N-dimethylacetamide
(DMAc), polyvinylpyrrolidone (PVP), hydrochloric
acid (37 wt.%), NaH2PO4·2H2O, NaCl, NaOH,
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CaCl2·2H2O, MgCl2·6H2O, and Na2SO4·10H2O (pur-
chased from Jingchun Scientific Co., Ltd. Shanghai,
China) were used as received. The stock solution of
phosphate (1 g P/l) was prepared and the working
solutions containing 20–120 mg P/l were prepared by
diluting the stock solution to appropriate volumes. All
concentrations of stock solutions containing Cl–, SO2�

4 ,
Ca(II), and Mg(II) were 1.0 mol/l.

2.2. Preparation of the PES-type affinity membrane

The preparation process of PES-type affinity mem-
brane (described as DETA-PES) was illustrated in
Fig. 1. First of all, 6 g of PES powders were dissolved
in 90 ml of chloroform, and then 5 g of anhydrous alu-
minum trichloride was slowly added into this solu-
tion. After the mixed solution was magnetically stirred
for 30 min at room temperature, 4 ml of chloroacetyl
chloride was dropped into the mixed solution. The
temperature of this solution was kept at 313 K under
the protection atmosphere of nitrogen gas with a flow
rate of 30 ml/min. Four hours later, 150 ml of absolute
ethanol was added to the above solution to obtain the
sediment-type chloroacetylated PES powders. Then,
the chloroacetylated PES powders were washed using
absolute ethanol to remove chloroform, and the exces-
sive anhydrous aluminum trichloride and chloroacetyl
chloride. In the end, the cleaned powders were dried
at 333 K for 6 h.

The as-prepared chloroacetylated PES powders
were dissolved in 30 ml of DMAc at a temperature of
353 K. After that, 3 ml of DETA was added into the
solution, and the temperature of this solution was
increased to 403 K. After 4 h, the temperature of the
solution was reduced to 353 K and 0.7 g of PVP was
added. This mixed solution was magnetically stirred
at this temperature for another 4 h. Lastly, the PES-
type affinity membrane (DETA-PES) was prepared via
a phase inversion process, and this membrane was

cleaned with deionized water and kept for a series of
characterizations and adsorption tests.

2.3. Membrane characterization

The morphologies of the DETA-PES affinity mem-
brane were characterized using a SEM (XL30, Philips,
Amsterdam, Netherlands) incorporated with an EDS
(ISIS300, Philips) for determining elements of the
membrane. The FTIR spectra of the membrane before
and after phosphate adsorption were determined
by an E55 + FRA106 FTIR spectrometer (Bruker,
Karlsruhe, Germany). An X-ray photoelectron spec-
troscopy (XPS) (VG ESCA250, Thermo Fisher, Wal-
tham, MA) was used to characterize the elements
existing on the membrane after the static bath adsorp-
tion of phosphate. The solid-state NMR spectra of the
membrane before and after phosphate uptake were
characterized with a nuclear magnetic resonance spec-
trometer (Bruker Avance III 400, Karlsruhe, Germany).
In addition, the mean pore size of the affinity mem-
brane was measured by the water permeability
method [29]. The point of zero charge (pHpzc) of the
membrane was determined by a batch equilibration
method [30].

2.4. Adsorption experiments

The batch adsorption experiments were performed
in 100 ml of phosphate solutions; the addition of
DETA-PES affinity membrane was ~0.1 g. The effect of
pH ranging from 2.0 to 12.0 on the phosphate uptake
of the affinity membrane was examined, and the deter-
mined optimum pH from this test was adopted for all
experiments. During the test, the pHs of the solutions
were adjusted using hydrochloric acid and sodium
hydroxide solutions with the concentrations of
1.0 mol/l. In addition, effects of the contact time
(0–340 min), the temperature (288, 298, and 308 K), and

Fig. 1. Preparation process of the DETA-PES affinity membrane.
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the initial phosphate concentration (20–120 mg P/l)
were studied.

In order to elucidate the effects of Cl–, SO2�
4 , Ca(II),

and Mg(II), the phosphate uptakes of the membrane
were measured with the coexistence of these four ions
at different concentrations (0–0.1 mol/l). The adsorp-
tion tests were conducted at 298 K in the solutions
containing 80 mg P/l of phosphate. For each test at
different time intervals (i.e. 10, 30, and 60 min), 1 ml
of liquor was withdrawn from the solution to deter-
mine the residual phosphate till equilibrium. The con-
centration of phosphate was determined by the
colorimetrical method, using a visible light spec-
trophotometer (722s, Tianxiang Co., Ltd, shanghai,
China). This measurement is based on a blue complex
formed by the interaction between molybdate solution
and ascorbic acid mixture, and the measurement
wavelength was 700 nm. The amounts of phosphate
adsorption by the affinity membrane were calculated
via Eq. (1) [31,32]:

qt ¼ ðc0 � ctÞ � V

M
(1)

where qt is the uptake of phosphate of a unit weight
of the membrane (mg P/g) at time t; c0 is the initial
concentration of phosphate (mg P/l), and ct is the
phosphate concentration at time t in the aqueous solu-
tion (mg P/l). V and M are the volume of the aqueous
phase (l) and the dry weight of the affinity membrane
(g), respectively.

As to the single-phosphate system, adsorption kinet-
ics was investigated at 298 K; the initial phosphate con-
centration, and the value of pH were kept at 80 mg P/l,
and 4.0. The adsorption kinetics of Cl–, SO2�

4 , Ca(II),
and Mg(II) coexisting systems were also studied. The
phosphate concentration was 80 mg P/l and the con-
centrations of these four coexistent ions were 0.04 mol/
l. For the single-phosphate and the four ions coexisting
systems, adsorption equilibrium tests were examined at
298 K in one experiment at different initial phosphate
concentrations (20–120 mg P/l). The concentrations of
phosphate at initial stage and equilibrium were then
measured. The amounts of Cl–, SO2�

4 , Ca(II), and Mg(II)
were equivalent to those of the kinetics tests.

2.5. Adsorption/desorption experiment

The reused property of DETA-PES affinity mem-
brane was measured using the 0.1 mol/l of NaOH
solution as the elution agent. The membrane with a
dry weight of ~0.1 g loading the phosphate was
immersed in the NaOH solution. The adsorption/des-

orption processes for the same membrane were
repeated five times. The amounts of phosphate
adsorbed and eluted during the adsorption/desorp-
tion processes were determined. The desorption effi-
ciency (DE) was evaluated using Eq. (2) [33]:

DE ¼ ðq1=q0Þ � 100% (2)

where q1 is the desorbed amount of phosphate from
the membrane (mg P/g) in the desorption process, q0
is the adsorbed amount of phosphate on the mem-
brane at equilibrium (mg P/g).

2.6. Computational details

All calculations based on DFT were implemented
in the Materials Studio DMol3 (version 7.0, Accelrys
Inc., San Diego, USA) [34]. The structural optimization
was performed at the generalized gradient approxima-
tion (GGA) level with the spin unrestricted approach.
Double numerical plus polarization functions (DNP)
and Becke exchange functional in conjunction with the
Lee–Yang–Parr correlation functional (BLYP) were
employed. Pulay’s direct inversion in the iterative sub-
space (DIIS) technique and the small electron thermal
smearing with a value of 0.005 Ha were employed to
accelerate self-consistent field (SCF) convergence. Fre-
quency calculations and Mulliken population analyses
were performed to obtain the geometrical and ener-
getic parameters. A continuum salvation model
(COSMO) was used due to the aqueous adsorption,
and the dielectric constant of water was set as 78.54.
In addition, the TS (Tkatchenko-Scheffler) method for
DFT-D correction was employed in terms of the weak
interactions such as hydrogen bond and van der
Waals force.

The optimized structures for the unit of the PES-
type membrane grafted by the DETA group (DETA-
PES), phosphate, Cl–, SO2�

4 , Ca(II), and Mg(II) are
shown in Fig. 2. The geometries of phosphate, Cl–,
and SO2�

4 in the form of H2PO
�
4 , [Cl(H2O)5]

–, and
HSO�

4 were adopted, respectively. The calculated con-
figuration of Ca(II) was similar to that of Mg(II); both
of them are in the form of [M(II)(H2O)6]

2+ (M(II) rep-
resents Ca(II) or Mg(II)).

3. Results and discussion

3.1. Characterization of the PES-type affinity membrane

3.1.1. SEM and EDS analyses

The surface and sectional morphologies of DETA-
PES affinity membrane are presented in Fig. 3. As
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shown in Fig. 3(a), the membrane possesses a uniform
microporous structure. The determined average size of
the micropore is 0.18 μm, which will be helpful for the
permeation of solutions through this membrane. As
indicated by the sectional morphology (Fig. 3(b)), the
finger-like pores (labeled by circles) can be observed
near the surface layer of the membrane; the floc-
shaped porous structures (described by a rectangle)
are also found in the inner of the membrane. Before
and after phosphate adsorption, the EDS spectra of
DETA-PES affinity membrane were examined, and the
results are displayed in Fig. 3(c) and (d). Compared
with EDS before phosphate adsorption (Fig. 3(c)), in
addition to carbon, nitrogen, oxygen, and sulfur
elements, phosphorus element is also detected after
the phosphate adsorption (Fig. 3(d)), suggesting the
phosphate uptake of the membrane.

3.1.2. FTIR analysis

The FTIR spectra of PES powder, DETA-PES affin-
ity membrane before and after phosphate adsorption
are shown in Fig. 4. For the spectrum of DETA-PES
membrane (Fig. 4(b)), except for the peaks at 1,143,
1,296, and 1,321 cm−1 corresponding to the S=O group
[35,36], two peaks at 1,656 and 3,436 cm−1 can be
attributed to the –NH2 group stretching vibration
[18,37,38], thus indicating that the DETA group is suc-
cessfully grafted onto the PES polymer. The peak at
1,049 cm−1 can be assigned to the phosphate group
[18], suggesting the phosphate uptake of the affinity
membrane. After the phosphate adsorption, the peak
appearing at 1,656 cm−1 shifts to 1,660 cm−1, which
may be due to the electrostatic attraction interaction
between the primary amine group of the membrane
and phosphate [18].

Fig. 2. Optimized structures for the unit of the affinity membrane, Ca(II) and Mg(II), phosphate, Cl–, and SO2�
4 with the

atoms numbering scheme adopted in this study: atom types are denoted by sequence number as follows: (a) the unit of
the affinity membrane (8, 9, 11, 12, 19, 22, 23, 27–32, 41–52—hydrogen; 1–7, 13–18, 20, 26, 35, 36, 38, 39—carbon; 21, 24,
25, 33—oxygen; 34, 37, 40—nitrogen; 10—sulfur), (b) Ca(II) and Mg(II) (M(II) represents Ca(II) or Mg(II); 8–19—hydrogen;
1, 2, 4–7—oxygen), (c) phosphate (6, 7—hydrogen; 1, 3–5—oxygen; 2—phosphorus), (d) Cl– (2, 4, 5, 7–9, 11, 13, 14, 16—
hydrogen; 3, 6, 10, 12, 15—oxygen; 1–chlorine), and (e) SO2�

4 (6—hydrogen; 1, 3–5—oxygen; 2—sulfur).
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3.1.3. XPS analysis

In order to further investigate the surface chemical
compositions of the DETA-PES affinity membrane,
XPS measurements were performed. The full XPS
spectra of the affinity membrane before and after
phosphate adsorption are depicted in Fig. 5. The pho-
toelectron lines at binding energy of 27.2, 171.2, 235.2,
288.0, 402.4, and 535.2 eV are described to O 2s, S 2p,
S 2s, C 1s, N 1s, and O 1s, respectively [39–41]. The
detected nitrogen element implies the presence of
DETA group. Also, as shown in Fig. 5(b), the peak
appearing at 134.0 eV (the inset figure) can be attribu-
ted to existence of phosphate [42]. On the basis of this

fact, it can be inferred that phosphate was adsorbed
by the protonated amino group existing on the surface
of DETA-PES membrane.

In addition, the high-resolution spectra of N 1s
before and after phosphate adsorption were analyzed
(Fig. 5(c) and (d)). Before phosphate adsorption, the
peaks at 399.2 and 400.4 eV (Fig. 5(c)) correspond
to –NH2 and C–N groups [43], respectively. After
phosphate adsorption (Fig. 5(d)), these two peaks shift
from 399.2 to 399.6 eV, and from 400.4 to 401.2 eV.
This can be due to the electrostatic attraction interac-
tion between the protonated amino group and
phosphate [44].

Fig. 3. SEM morphologies and EDS spectra of DETA-PES affinity membrane: (a) surface morphology, (b) section morphol-
ogy, (c) EDS spectrum before phosphate adsorption, and (d) EDS spectrum after phosphate adsorption.
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3.1.4. NMR analysis

The 13C and 31P solid-state NMR spectra of DETA-
PES affinity membrane before and after phosphate
adsorption are depicted in Fig. 6. As to the 13C NMR
spectrum (Fig. 6(a)), the peaks at 121.7, 129.8, 136.8,
and 159.3 ppm are attributed to the benzene ring car-
bon atoms of PES polymer [45,46]. The peak appearing
at 176.3 ppm is attributed to the acylamide group
[32,33]; the peaks at 43.1 and 69.5 ppm can be
assigned to the carbon of –CH2N– group [32,33], indi-
cating that the DETA group is grafted into the PES
polymer. After the phosphate adsorption, the intensity
of the peak appearing at 176.3 ppm decreases, which
may be due to the interaction between the protonated
amino group and phosphate. In addition, compared
with the 31P NMR spectrum before the phosphate
adsorption, an obvious peak appearing at −5.83 ppm
(Fig. 6(b)) after the uptake of phosphate can be
detected; this peak can be owned to the existence of

Fig. 4. FTIR spectra: (a) PES powder, (b) DETA-PES affin-
ity membrane before phosphate adsorption, and (c) DETA-
PES affinity membrane after phosphate adsorption.

Fig. 5. XPS spectra of DETA-PES affinity membrane: (a) before phosphate adsorption, (b) after phosphate adsorption,
(c) N 1s spectrum before phosphate adsorption, and (d) N 1s spectrum after phosphate adsorption.

25042 X. Wang et al. / Desalination and Water Treatment 57 (2016) 25036–25056



phosphate [47,48]. Thus, it can be confirmed that
phosphate is adsorbed by the DETA-PES affinity
membrane, thereby achieving the removal of phos-
phate from aqueous solutions.

3.2. Effects of basic variables

The pH of the aqueous solution will play an
important role in the adsorption process, so the effect
of pH on the phosphate uptake of the affinity mem-
brane was investigated. The phosphate uptake of the
DETA-PES affinity membrane is strongly dependent
on the value of pH (Fig. 7(a)). The phosphate uptake
of the DETA-PES membrane increases when pH rises
from 2.0 to 4.0. The optimal pH for the phosphate
adsorption is 4.0. Thus, phosphate is removed by the
membrane in the form of H2PO

�
4 [38,49]. The deter-

mined point of zero charge (pHpzc) is 4.2, so the sur-
face of the membrane will be negative as pH value is
higher than this value; on the contrary, it will become
positive. As pH is in the range of 2.0–4.0, the nitrogen
atoms of the amino group are protonated, and this
will be of benefit for the uptake of phosphate. How-
ever, when pH is lower than 4.0, a part of H2PO

�
4

anions will become H3PO4 molecules; also, phosphate
will be existent in the form of H3PO4 as pH is smaller
than 2.0. These facts can result in the decrease in the
phosphate uptake of the membrane. In addition, as
pH is larger than 4.0, the deprotonated amino group
of the membrane can reduce the affinity to phosphate,
thereby resulting in the decrease of phosphate adsorp-
tion. Herein, in comparison with the DETA-PES affin-
ity membrane, it should be mentioned that the
original PES membrane with a pHpzc value of 5.6
shows little uptake of phosphate, and this can be due
to the nonexistence of the amino group.

The phosphate uptake of DETA-PES affinity mem-
brane as a function of time at different temperatures is
shown in Fig. 7(b). It can be seen the equilibrium time
for phosphate adsorption by the affinity membrane is
280 min. In this adsorption process, two stages includ-
ing rapid and slow stage can be observed. The rapid
adsorption occurs within the first 90 min, and the slow
uptake of phosphate extends the remaining 190 min.
At the beginning of the uptake of phosphate, there are
plentiful spare sites on the membrane, and this will be
beneficial to the phosphate adsorption [50]. In the
remaining 190 min, the loss of adsorption sites will
reduce the uptake of phosphate. In addition, as
demonstrated by Fig. 7(b), the temperature exhibits a
positive influence on the phosphate adsorption, and
the uptake of phosphate increases from 41.9 to 50.8
mg P/g as the temperature rises from 288 to 308 K.
Thus, the phosphate uptake of DETA-PES membrane
is an endothermic process.

The phosphate uptake of DETA-PES membrane
increases significantly with increasing concentration of
the initial phosphate (Fig. 7(c)). The phosphate
uptake of the membrane at 298 K rises from 15.1 to
52.2 mg P/g, when the initial phosphate concentration
increases from 20 to 120 mg P/l. However, the removal
efficiency of phosphate reduces from 75.6 to 43.5%.
Herein, the initial phosphate concentration of 80 mg P/l
was ascertained for all the following experiments.

3.3. Effects of the coexistent ions

Cl–, SO2�
4 , Ca(II), and Mg(II) are the common ions

in the solution, and they will interfere in the adsorp-
tion of phosphate. Hence, the effects of these four ions
with different concentrations on phosphate adsorption
of the affinity membrane were investigated. The effects

Fig. 6. Solid-state NMR spectra: (a) 13C NMR of DETA-PES affinity membrane and (b) 31P NMR of DETA-PES affinity
membrane.
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of coexistent Cl– and SO2�
4 on the phosphate uptake

are displayed in Fig. 8(a). As indicated by Fig. 8(a), the
phosphate uptake of DETA-PES membrane decreases
with the increasing concentrations of these two anions.
Thus, the coexistence of Cl– and SO2�

4 shows a negative
effect on the adsorption of phosphate. The coexistent
Cl– and SO2�

4 with a concentration of 0.1 mol/l reduce
the phosphate uptakes of the membrane by 8.8 and
11.2%, respectively. Thus, the disturbance of Cl– is
inferior to that of SO2�

4 . The negative effects of Cl– and
SO2�

4 on the uptake of phosphate can be attributed to
the competitive adsorption between these two anions
and phosphate. In spite of the coexistence of these two
anions, it should be mentioned that the phosphate
uptake of the DETA-PES affinity membrane still domi-
nates the adsorption process.

As the concentrations of Ca(II) and Mg(II) rise
from 0 to 0.04 mol/l, the uptakes of phosphate

increase significantly (Fig. 8(b)). The increasing trend
of the phosphate uptake becomes slight when the
concentrations of them increase from 0.04 to
0.1 mol/l. This can be explained as follows: Ca(II)
and Mg(II) can be coordinated by the amino groups
of the affinity membrane, and the affinities between
the membrane and these two metals will increase as
the concentrations rise from 0 to 0.04 mol/l. Then,
the enhancements in their uptakes become slight
with the increase in concentrations of them. These
two adsorbed metals onto the affinity membrane
will be helpful in the uptake of phosphate [19]. The
phosphate uptakes of DETA-PES membrane increase
from 47.1 mg P/g to 55.4 and 51.2 mg P/g as Ca(II)
and Mg(II) coexist with a concentration of 0.04 mol/
l. Therefore, the positive effect of these two metal
cations on the uptake of phosphate is in the order
of Ca(II) > Mg(II).

Fig. 7. Effects of pH, temperature, contact time, and initial phosphate concentration on phosphate adsorption by the
DETA-PES affinity membrane: (a) pH (c0(phosphate) =80 mg P/l; t: 360 min; membrane dry weight: 0.1 g; T: 298 K); (b)
temperature and contact time (c0(phosphate) = 80 mg P/l; membrane dry weight: 0.1 g; pH 4.0); (c) initial phosphate con-
centration (membrane dry weight: 0.1 g; pH 4.0; t: 360 min; T: 298 K).
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3.4. Studies of adsorption kinetics and adsorption isotherm

The adsorption kinetics and adsorption isotherm
play an important role in evaluating of the sorption
process. Herein, the adsorption kinetics and adsorp-
tion isotherm of the affinity membrane toward phos-
phate in the single-phosphate, phosphate–Cl–,
phosphate–SO2�

4 , phosphate–Ca(II), and phosphate–
Mg(II) systems were studied.

The phosphate uptakes as a function of time for
single-phosphate, phosphate–Cl–, phosphate–SO2�

4 ,
phosphate–Ca(II), and phosphate–Mg(II) systems are
illustrated in Fig. 9(a). Compared with the single-
phosphate system, the coexistent Cl– and SO2�

4

decrease the phosphate uptakes of the membrane; con-
versely, the phosphate uptakes of phosphate–Ca(II)
and phosphate–Mg(II) two systems are enhanced. The
experimental kinetics data for the above five systems
are analyzed by Lagergren first-order and Lagergren
second-order equations [33,51]. The obtained parame-
ters are listed in Table 1. Where qet (mg P/g) is the
amount of adsorbed phosphate at equilibrium; k1
(1/min) and k2 (g/(mg P min)) are the rate constants
of these two kinetic equations. As indicated by Table 1,
in view of the coefficient of determination, the Lager-
gren second-order adsorption model is more suitable
than the Lagergren first-order model for describing
the adsorption kinetics of the membrane toward phos-
phate. Thus, the chemisorption may play a more
important role than physisorption in the phosphate
uptake of DETA-PES membrane [52]. By the compar-
ison of k2 and qet, it can be concluded that the distur-
bance of the two coexistent anions follows the order:
SO2�

4 > Cl−. The competitive adsorption between phos-
phate and the two coexistent anions accelerates the

adsorption process, due to the large values of k2 for
phosphate–Cl– and phosphate–SO2�

4 systems. In addi-
tion, with the coexistence of Ca(II) and Mg(II), k2 of
the single-phosphate and two cations coexisting sys-
tems follows the descending sequence of phos-
phate > phosphate–Mg(II) > phosphate–Ca(II), indicat-
ing the enhancements of Ca(II) and Mg(II) on the
phosphate uptake of the membrane. Of course, the
synergistic effect of Ca(II) on the phosphate adsorp-
tion is stronger than that of Mg(II).

The isotherm experimental data of single-phos-
phate, phosphate–Cl–, phosphate–SO2�

4 , phosphate–Ca
(II), and phosphate–Mg(II) five systems obtained at
298 K are shown in Fig. 9(b). The thermodynamic
behaviors of the DETA-PES membrane toward phos-
phate are interpreted by Freundlich, Langmuir, and
Dubinin–Radushkevich (D–R) isotherm models [51,53].
The analyzed parameters of these three models are
tabulated in Table 2, where qe (mg P/g) is the amount
of phosphate adsorbed at equilibrium, qm (mg P/g) is
the maximum adsorption capacity of the affinity mem-
brane. KF and 1/n are the Freundlich constants related
to the adsorption capacity and the adsorption inten-
sity; b (l/mg P) is the Langmuir adsorption constant. E
(kJ/mol) is the mean free energy of adsorption. Com-
pared with Freundlich and D–R models, the Langmuir
isotherm model is more competent than these two
models for the description in the thermodynamic
behavior of the membrane toward phosphate, because
of its higher determination coefficients (R2 > 0.99).
Therefore, phosphate may be adsorbed in the form of
monolayer onto the surface of the affinity membrane
[37]. As shown by the data (Table 2), the value of qm
at 298 K derived from the Langmuir model is slightly

Fig. 8. Effect of the existent ion concentration on phosphate adsorption: (a) Cl– and SO2�
4 ; (b) Ca(II) and Mg(II):

c0(phosphate) = 80 mg P/l; t: 360 min; membrane dry weight: 0.1 g; T: 298 K; pH 4.0.
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greater than the experimental value, which can be
attributed to the fact that some adsorption sites of the
membrane are unoccupied. qm follows the order of
phosphate–Ca(II) > phosphate–Mg(II) > phosphate >
phosphate–Cl− > phosphate–SO2�

4 , indicating the

disturbances of Cl− and SO2�
4 and the enhancing

effects of Ca(II) and Mg(II). The increasing trend of b
and qm for phosphate–Ca(II) and phosphate–Mg(II)
systems suggests the positive effects of these two
cations following the trend: Ca(II) > Mg(II). Also, the

Fig. 9. Adsorption kinetics and adsorption isotherm for phosphate onto the DETA-PES membrane: (a) Adsorption kinet-
ics: (i) single-phosphate, (ii) phosphate–Cl–, (iii) phosphate–SO2�

4 , (iv) phosphate–Mg(II), (v) phosphate–Ca(II); (c0(phos-
phate) = 80 mg P/l; c0(Cl

–) = c0(SO
2�
4 ) = c0(Mg(II)) = c0(Ca(II)) = 0.04 mol/l; T: 298 K; membrane dry weight: 0.1 g; pH

4.0); (b) Adsorption isotherm: (i) single-phosphate, (ii) phosphate–Cl–, (iii) phosphate–SO2�
4 , (iv) phosphate–Mg(II), (v)

phosphate–Ca(II); (c0(Cl
–) = c0(SO

2�
4 ) = c0(Mg(II)) = c0(Ca(II)) = 0.04 mol/l; t: 360 min; T: 298 K; membrane dry weight:

0.1 g; pH 4.0).

Table 1
Adsorption parameters for Lagergren first-order and Lagergren second-order models at 298 K

System

Lagergren first-order model Lagergren second-order model
ln (qe – qt) = ln qet – k1t

t
qt
¼ 1

k2q2et
þ t

qet

k1 (/min) qet (mgP/g) R2 k2 (×10
−4 g/(mgP min)) qet (mgP/g) R2

Single-phosphate 0.021 46.59 0.985 5.18 53.02 0.998
Phosphate–Cl– 0.024 52.63 0.981 5.51 49.90 0.999
Phosphate–SO2�

4 0.015 32.87 0.980 5.52 47.87 0.998
Phosphate–Ca(II) 0.020 52.88 0.985 4.72 62.15 0.999
Phosphate–Mg(II) 0.014 38.33 0.990 5.08 56.72 0.999

Table 2
Adsorption parameters for Langmuir, Freundlich, and D–R models at 298 K

System

Freundlich model

log qe ¼ log kF þ 1
n log ce Langmuir model ce

qe
¼ 1

qmb
þ ce

qm

D–R model

ln qe ¼ ln qm � 1
2E2 ½RT lnð1 þ 1

ce
Þ�2

KF 1/n R2 qm (mgP/g) b (1/mg P) R2 qm (mgP/g) E (kJ/mol) R2

Single-phosphate 8.00 0.48 0.977 64.98 0.067 0.996 44.91 11.18 0.927

Phosphate–Cl– 7.17 0.49 0.977 64.27 0.060 0.997 43.71 9.97 0.936

Phosphate–SO2�
4 6.01 0.52 0.977 64.18 0.049 0.997 41.92 8.48 0.937

Phosphate–Ca(II) 14.45 0.38 0.984 70.08 0.130 0.997 50.24 26.81 0.878

Phosphate–Mg(II) 9.68 0.45 0.984 68.92 0.076 0.997 47.31 13.39 0.903
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disturbances of the two anions following the order of
Cl− < SO2�

4 can be validated. The value of 1/n is smal-
ler than 1, which indicates that phosphate is easily
adsorbed by the affinity membrane. In addition, all
values of the mean free energy of adsorption (E)
obtained from D–R isotherm model for the above-
mentioned five systems are higher than 8.0 kJ/mol,
thereby indicating the chemisorption characteristic of
phosphate adsorption by the affinity membrane
[32,54].

The phosphate uptakes of some reported
adsorbents are summarized in Table 3. By a
comparison of the phosphate uptake, the DETA-PES
affinity membrane exhibits an excellent performance
in the uptake of phosphate. Thus, we confirm that the
fabricated DETA-PES affinity membrane will be com-
petent for the removal of phosphate from aqueous
solutions.

The thermodynamic parameters including stan-
dard free energy change (ΔG˚), standard enthalpy
change (ΔH˚), and standard entropy change (ΔS˚) were
determined via the Eq. (3) [51], to elucidate the nature
of phosphate adsorption by the affinity membrane:

ln KD ¼ �DH�

RT
þ DS�

R
; DG� ¼ DH� � TDS� (3)

where KD (ml/g) and R (8.314 J/(mol K)) are the dis-
tribution coefficient and the gas constant; T (K) is the
absolute temperature. The calculated results of these
three parameters are tabulated in Table 4. The nega-
tive ΔG˚ and the positive ΔH˚ display that the phos-
phate adsorption is a spontaneous and endothermic

process. The positive ΔS˚ shows a slight increase in
randomness during the adsorption process, this may
be due to the release of water molecules from the
hydrated phosphate.

3.5. Reused property of the affinity membrane

The reused property of DETA-PES affinity mem-
brane is important for the potential engineering appli-
cation. As indicated by Fig. 7(a), phosphate adsorption
by the affinity membrane is small as the pH value is
higher than 11. Therefore, the 0.1 mol/l of NaOH
solution was adopted to regenerate the membrane.
The adsorption/desorption cycles were conducted five
times using the same membrane, and the results are
represented in Fig. 10. After five cycles of adsorption/
desorption processes, the adsorption capacity of the
membrane shows a slight decrease (from 47.1 to 45.2
mg P/g); therefore, it can be recognized that the
adsorption capacity of the membrane is well
maintained. In addition, the DE of the membrane is
higher than 96%. Based on this fact, the DETA-PES
affinity membrane will be qualified for the practical
application in the phosphate uptake from aqueous
solutions.

3.6. DFT simulations

3.6.1. Protonation of the affinity membrane

Nitrogen atoms of the amino group anchored onto
the surface of the DETA-PES affinity membrane will
be protonated, as pH is kept at 4.0. This membrane

Table 3
Comparison in phosphate uptakes of different adsorbents

Adsorbent

Test condition

Phosphate uptake (mg P/g) Refs.pH
Phosphate concentration
(mg P/l) Temperature (K) Time (h)

DETA-PES 4.0 20 298 6 15.1 This test
DETA-PES 4.0 80 298 6 47.1 This test
CeFP 5.0 62 303 9 43.9 [5]
S15-NN-Fe-0.5 3.0−6.0 80 308 4 20.7 [10]
Al-Bent 3.0 20 − 6 5.1 [11]
Cell-g-E/PEI 4.5 82 303 3 76.0 [18]
CS-Cu 5.0 100 298 7 28.9 [37]
La-NN-M41 7.0 33 298 4 14.6 [38]
ACF-La 4.0 25 293 6 8.54 [50]
Nb2O5·4H2O 2.0 16 298 5 2.8 [51]
SSW-Fe 7.0 30 303 24 22.1 [55]
DSTC 7.0 20 295 24 7.6 [56]
Fe-Mn binary oxide 5.6 10 298 24 8.3 [57]
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can provide three kinds of protonated sites, namely
N34, N37, and N40 atoms (Fig. 2). Two kinds of con-
densed FF descriptors, namely, fþk and f�k correspond-
ing to an active site for nucleophile attack and
electrophile attack, can be competent for revealing the
protonated sites of the membrane. Herein, the value of
fþk is not shown, because DETA-PES chain of the
membrane acts as a nucleophile in the protonation
process. The values of f�k and the Mulliken atomic
charges were assessed using the Mulliken population
analysis and the technique of electrostatic potential
derived charges, respectively. The protonation energy

(ΔE(H+)) and the Gibbs free energies of protonation
(ΔG(H+)) for the DETA-PES membrane were calcu-
lated via Eqs. (4)–(5) [32,34]:

DEðHþÞ ¼ EððDETA-PES-HÞþÞ þ EðH2OÞ
� EðDETA-PESÞ � EðH3O

þÞ (4)

DGðHþÞ ¼ DEðHþÞ þ ½G298ððDETA-PES-HÞþÞ
þ G298ðH2OÞ � G298ðDETA-PESÞ
� G298ðH3O

þÞ� (5)

where E(X) is the COSMO-corrected total energy of
species (X), G(X) is the computed temperature-cor-
rected free energy of species (X) at 298 K. The calcu-
lated data are presented in Table 5.

The value of f�k (Table 5) is in the order of N34 <
N37 < N40, and the atomic charge of them also follows
this order. Thus, N37 and N40 atoms are more easily
protonated than N34. Compared with that of N34

protonated membrane, the more negative values of
ΔE (H+) and ΔG (H+) for N37 and N40 protonated
forms also suggest that N37 and N40 atoms are easily
protonated. Therefore, these two protonated geome-
tries of the membrane, i.e. (DETA-PES-H37)

+ (protona-
tion of N37) and (DETA-PES-H40)

+ (protonation of N40)
are employed for the following calculations. The opti-
mized conformations of them are shown in Fig. 11(a)
and (b).

Unlike Cl– and SO2�
4 , Ca(II) and Mg(II) can be

coordinated by the nitrogen atoms of the DETA-PES
affinity membrane to some extent [32]. The optimized
structures of [M(II)(DETA-PES-Hn)]

3+ complexes are

Table 4
Adsorption thermodynamic parameters of the membrane toward phosphate at 298 K

System ΔH˚ (kJ/mol) ΔS˚ (kJ/(mol K))

ΔG˚ (kJ/mol)

R2288 K 298 K 308 K

Single-phosphate 15.09 0.053 −0.296 −0.704 −1.234 0.959
Phosphate–Cl− 10.61 0.038 −0.260 −0.637 −1.015 0.909
Phosphate–SO2�

4 10.99 0.039 −0.114 −0.499 −0.885 0.988
Phosphate–Ca(II) 14.57 0.055 −1.245 −1.794 −2.343 0.964
Phosphate–Mg(II) 13.54 0.049 −0.555 −1.045 −1.534 0.994

Fig. 10. Adsorption/desorption cycle of the DETA-PES
membrane.

Table 5
Calculated values of f�k , atomic charge, ΔE(H+), and ΔG(H+) for the protonation of nitrogen atoms

Atom f�k Atomic charge ΔE (H+)/(kJ/mol) ΔG (H+)/(kJ/mol)

N34 0.012 –0.386 –0.543 0.623
N37 0.138 –0.469 –28.66 –26.85
N40 0.158 –0.488 –31.07 –28.57
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presented in Fig. 11(c) and (d) (n denotes the proto-
nated site of 37 or 40; M(II) represents Ca(II) or Mg
(II)). When the N37 site of the DETA-PES membrane is
protonated, both the bond lengths of N37—Ca(II) and
N37—Mg(II) are more than 3.5 Å, indicating the
nonexistence of bonding interactions between the N37

atom and these two cations. Hence, the [M(II)(DETA-
PES-H37)]

3+ complexes will tend to exist in the form of
2-coordinated conformation. In addition, the [M(II)
(DETA-PES-H40)]

3+ complexes also exhibit the 2-coor-
dinated structures, because the bond lengths of N40—
Ca(II) and N40—Mg(II) are higher than 4.0 Å.

3.6.2. Calculation of DFT reactivity descriptors

Calculated energies of highest occupied molecular
orbital (EHOMO), lowest unoccupied molecular orbital

(ELUMO), and the band gaps (ΔELUMO-HOMO) of
(DETA-PES-Hn)

+, [M(II)(DETA-PES-Hn)]
3+, H2PO

�
4 ,

HSO�
4 , and [Cl(H2O)5]

– are shown in Table 6. Among
them, (DETA-PES-Hn)

+ and [M(II)(DETA-PES-Hn)]
3+

have low LUMO energies and H2PO
�
4 has a high

HOMO energy, thus it can be confirmed that the
affinities of (DETA-PES-Hn)

+ and [M(II)(DETA-PES-
Hn)]

3+ to H2PO
�
4 will be remarkable. The difference

between ELUMO of [Ca(II)(DETA-PES-H37)]
3+ and

EHOMO of H2PO
�
4 is 0.077 Ha, which is smaller than

that between other three [M(II)(DETA-PES-Hn)]
3+ com-

plexes and phosphate. Also, this value is lower than
the differences between ELUMO of (DETA-PES-Hn)

+

and EHOMO of H2PO
�
4 , HSO�

4 , and Cl(H2O)5]
–. There-

fore, we believe that the electrostatic adsorption inter-
action between [Ca(II)(DETA-PES-H37

+)]3+ and H2PO
�
4

is most notable.

Fig. 11. Optimized structures of the protonated unit of DETA-PES membrane and its metal complex with the atoms num-
bering scheme adopted in this study: atom types are denoted by sequence number as follows: (a) (DETA-PES-H37)

+ (8, 9,
11, 12, 19, 22, 23, 27–32, 41–53—hydrogen; 1–7, 13–18, 20, 26, 35, 36, 38, 39—carbon; 21, 24, 25, 33—oxygen; 34, 37, 40—ni-
trogen; 10—sulfur), (b) (DETA-PES-H40)

+ (8, 9, 11, 12, 19, 22, 23, 27–32, 41–53—hydrogen; 1–7, 13–18, 20, 26, 35, 36, 38, 39
—carbon; 21, 24, 25, 33—oxygen; 34, 37, 40—nitrogen; 10—sulfur), (c) [M(II)(DETA-PES-H37)]

3+ (M(II) represents Ca(II) or
Mg(II); 45, 46, 53—hydrogen; 34, 37, 40—nitrogen), and (d) [M(II)(DETA-PES-H40)]

3+ (M(II) represents as Ca(II) or Mg(II);
51–53—hydrogen; 34, 37, 40—nitrogen).
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The chemical activity descriptors involving chemi-
cal potential (μ), the global hardness (η), and the elec-
trophilicity index (ω) of the above-reported nine
species were defined by Eqs. (6)–(8) [32,58]:

l ¼ ðEHOMO þ ELUMOÞ
2

(6)

g ¼ ðELUMO � EHOMOÞ
2

(7)

x ¼ l2

2g
(8)

The calculated global reactivity descriptors for (DETA-
PES-Hn)

+, [M(II)(DETA-PES-Hn)]
3+, H2PO

�
4 , HSO�

4 ,
and [Cl(H2O)5]

– are also shown in Table 6. Values of
chemical potential (μ) of (DETA-PES-Hn)

+ and [M(II)
(DETA-PES-Hn)]

3+ are more negative than that of
H2PO

�
4 , HSO�

4 , and [Cl(H2O)5]
–. In this sense, it can

be inferred that both (DETA-PES-Hn)
+ and [M(II)

(DETA-PES-Hn)]
3+ act as electrophiles (electron accep-

tors); while the three anions play the role of nucle-
ophiles (electron donors). Among the electrophiles, the
electronegativity (χ, χ = –μ) decreases in the order of
[Ca(II)(DETA-PES-H37)]

3+ > [Ca(II)(DETA-PES-H40)]
3+

> [Mg(II)(DETA-PES-H37)]
3+ > [Mg(II)(DETA-PES-

H40)]
3+ > (DETA-PES-H37)

+ > (DETA-PES-H40)
+. The

[Ca(II)(DETA-PES-H37)]
3+ complex exhibits a stronger

ability of obtaining electrons than other three [M(II)
(DETA-PES-Hn)]

3+ complexes and the two (DETA-
PES-Hn)

+ chains of the affinity membrane. In addition,
values of μ and chemical hardness (η) for the N37 pro-
tonated membrane are more negative than those of
the N40 protonated form, indicating that the N37 proto-
nated membrane owns the high reactivity of accepting
electrons. As to the aforementioned three nucleophiles,
the values of χ and η follow the order of H2PO

�
4 <

HSO�
4 < [Cl(H2O)5]

–, suggesting that H2PO
�
4 owns a

stronger ability of donating electrons than HSO�
4 and

[Cl(H2O)5]
–.

The calculated electrophilicity index (ω) of (DETA-
PES-Hn)

+ and [Ca(II)(DETA-PES-H37)]
3+ is larger than

that of H2PO
�
4 , HSO�

4 and [Cl(H2O)5]
–, coincident with

the analysis of μ. For the six electrophiles, ω lines in
the order trend: [Ca(II)(DETA-PES-H37)]

3+ > [Ca(II)
(DETA-PES-H40)]

3+ > [Mg(II)(DETA-PES-H37)]
3+ > [Mg

(II)(DETA-PES-H40)]
3+ > (DETA-PES-H37)

+ > (DETA-
PES-H40)

+, indicating the enhancing effects of Ca(II)
and Mg(II) on the phosphate uptake; the positive
effect of Ca(II) is larger than that of Mg(II). ω of the
nucleophiles follows the order of H2PO

�
4 < HSO�

4 <
[Cl(H2O)5]

–, and it suggests that the phosphate uptake
of the membrane governs the adsorption process with
the coexistence of Cl– and SO2�

4 . Also, the interferen-
tial effect of SO2�

4 on phosphate adsorption higher
than that of Cl– can be deduced.

Table 6
Calculated energies HOMO, LUMO, band gap (ΔELUMO-HOMO), chemical potential (μ), global hardness (η), and
electrophilicity (ω) in Ha for the protonated DETA-PES, Ca(II)-, Mg(II)-loaded protonated DETA-PES, H2PO

�
4 , and the

coexistent two anions

Reactant EHOMO ELUMO

ΔELUMO-

HOMO μ η ω

(DETA-PES-H37)
+ –

0.2043
–
0.0808

0.1235 –
0.1426

0.0618 0.1645

(DETA-PES-H40)
+ –

0.2049
–
0.0750

0.1299 –
0.1400

0.0650 0.1508

[Ca(II)(DETA-PES-H37)]
3+ –

0.2391
–
0.1308

0.1083 –
0.1850

0.0542 0.3157

[Ca(II)(DETA-PES-H40)]
3+ –

0.2362
–
0.1279

0.1083 –
0.1821

0.0542 0.3059

[Mg(II)(DETA-PES-H37)]
3+ –

0.2381
–
0.1179

0.1202 –
0.1780

0.0601 0.2636

[Mg(II)(DETA-PES-H40)]
3+ –

0.2337
–
0.1098

0.1239 –
0.1718

0.0620 0.2380

H2PO
�
4 –

0.2078
0.0327 0.2405 –

0.0876
0.1203 0.0319

HSO�
4 –

0.2140
0.0272 0.2412 –

0.0934
0.1206 0.0362

[Cl(H2O)5]
– –

0.2278
0.0280 0.2558 –

0.0999
0.1279 0.0390
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The intramolecular parameters of μ, η, and ω are
only related to the properties of an isolated molecule.
In comparison with them, the descriptor of charge
transfer (ΔN) defined by Eq. (9) will be helpful in
obtaining a complete picture of the adsorption process
[24,58]:

DN ¼ ðEB
HOMO þ EB

LOMO � EA
HOMO � EA

LUMOÞ
2ðEA

LUMO þ EB
LUMO � EA

HOMO � EB
HOMOÞ

(9)

where superscripts of A and B are used to describe
the reactants A and B, respectively. If ΔN < 0, elec-
trons will flow from A to B, i.e. A acts as the electron
donor and B as electron acceptor. Furthermore, a high
absolute value of ΔN between two molecules indicates
the strong interaction of them [24,58]. ΔN values
between (DETA-PES-H37)

+ and H2PO
�
4 , HSO�

4 , and [Cl
(H2O)5]

– are –0.1511, –0.1124, and –0.1348, respec-
tively. And that between (DETA-PES-H40)

+ and the
three anions mentioned above are –0.1415, –0.1055,
and –0.1254. The negative value of ΔN indicates that
(DETA-PES-H37)

+ and (DETA-PES-H40)
+ act as elec-

trophiles, while H2PO
�
4 , HSO�

4 , and [Cl(H2O)5]
– serve

as nucleophiles. During the adsorption process, in
contrast with Cl– and SO2�

4 , phosphate shows a higher
affinity with the DETA-PES affinity membrane. Com-
pared with the amount of charge transfer between the
membrane and Cl– (ΔN ([Cl(H2O)5]

– → (DETA-
PES-Hn)

+)), the higher absolute value of ΔN
(HSO�

4 → (DETA-PES-Hn)
+) indicates that the interfer-

ential effect of SO2�
4 on phosphate adsorption is more

remarkable than that of Cl–. Values of ΔN between
H2PO

�
4 and [Ca(II)(DETA-PES-H37)]

3+, [Ca(II)(DETA-
PES-H40)]

3+, [Mg(II)(DETA-PES-H37)]
3+, and [Mg(II)

(DETA-PES-H40)]
3+ are –0.2792, –0.2709, –0.2508, and –

0.2311, respectively. Based on this result, it can be
believed that the coexistence of these two cations
results in the enhancement in the phosphate uptake.
Of course, in comparison with that of Mg(II), the more
notably positive effect of Ca(II) on the phosphate
adsorption can be validated.

3.6.3. The adsorption site of phosphate

As indicated by the optimized structure (Fig. 2(c)),
the phosphate molecule can provide five adsorption
sites, namely O1, P2, O3, O4, and O5. In the adsorption
process, phosphate acts as a nucleophile, so f�k will be
suitable for revealing the reactive site of this species.
The calculated f�k of these five sites are 0.324, 0.133,
0.321, –0.073, and 0.072. The atomic charges of them
are –0.849, 1.464, –0.847, –0.662, and –0.662. Compared
with those of other three sites, the more positive f�k

and the more negative atomic charge of O1 and O3

sites suggest that these two sites are applicative for
the interaction with the affinity membrane.

Considering the O1 atom as the attacked site,
the optimized geometries of (DETA-PES-H37)

+-H2PO
�
4 ,

[M(II)(DETA-PES-H37)]
3+-H2PO

�
4 , (DETA-PES-H37)

+-
HSO�

4 , and (DETA-PES-H37)
+-[Cl(H2O)5]

– are shown
in Fig. 12. Herein, the optimized structures of the four
N40-based products were not shown, due to the simi-
larities of them to the aforementioned four structures.
Based on the same reason, the optimized geometry of
phosphate adsorbed by the membrane via the O3 site
is omitted. As demonstrated by Fig. 12, the distances
between O1 (H2PO

�
4 ), Cl ([Cl(H2O)5]

–), O1 (HSO�
4 ),

and H53 ((DETA-PES-H37)
+) are 1.512, 2.194, and 1.499

Å, respectively. In this sense, the electrostatic
attraction interactions between (DETA-PES-H37)

+ and
the three anions are remarkable. Also, strong affinities
of [Ca(II)(DETA-PES-H37)]

3+ and [Mg(II)(DETA-PES-
H37)]

3+ to H2PO
�
4 can be validated, because the bond

lengths of O1—Ca(II) and O1—Mg(II) are 2.362
and 2.012 Å. In addition, the bonding interactions of
(DETA-PES-Hn)

+ with H2PO
�
4 , [Cl(H2O)5]

–, HSO�
4 , and

that of [M(II)(DETA-PES-Hn)]
3+ with H2PO

�
4 are

confirmed, because all distances between the
protonated hydrogen ((DETA-PES-Hn)

+) and O1

(H2PO
�
4 ), O3 (H2PO

�
4 ), Cl ([Cl(H2O)5]

–), O1 or O4

(HSO�
4 ), and that between M(II) ((M(II)(DETA-PES-

Hn)]
3+) and O3 or O1 + O3 (H2PO

�
4 ) are smaller than

3.0 Å.

3.6.4. The adsorption energy and Gibbs free energy of
adsorption

The adsorption energy (ΔEads) and Gibbs free
energy of adsorption (ΔGads) at 298 K were calculated
using Eqs. (10) and (11) [59]. ΔEads indicates the
absorption capability of adsorbent toward adsorbate;
the negative value of ΔGads will reflect the sponta-
neous characteristic of the adsorption process.

DEads ¼
X

EðproductÞ �
X

EðreactantÞ (10)

DGads ¼ DEads þ ð
X

GðproductÞ �
X

GðreactantÞÞ
(11)

where E(X) is the COSMO-corrected total energy of
species (X). G(X) is the computed temperature-cor-
rected free energy of species (X) at 298 K.

The calculated ΔEads and ΔGads of (DETA-PES-
Hn)

+-H2PO
�
4 , [M(II)(DETA-PES-Hn)]

3+-H2PO
�
4 , (DETA-

PES-Hn)
+-HSO�

4 , and (DETA-PES-Hn)
+-[Cl(H2O)5]

–
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complexes are shown in Table 7. ΔEads of (DETA-PES-
Hn)

+-X (X represented as H2PO
�
4 , HSO�

4 , [Cl(H2O)5]
–)

is in the order of H2PO
�
4 > HSO�

4 > [Cl(H2O)5]
–,

indicating that the DETA-PES membrane has a more
notable affinity to phosphate than the coexistent Cl–

and SO2�
4 . Also, it can be concluded that SO2�

4 exerts a
more negative effect on phosphate adsorption than
Cl–. ΔEads of the membrane toward these two
coexistent anions cannot be comparable with that of
phosphate.

In the presence of Ca(II) or Mg(II), three adsorp-
tion models involving M(II)-O1, M(II)-O3, and M(II)-
O1 + O3 can be considered. ΔEads of [M(II)(DETA-PES-

Hn)]
3+ toward phosphate via these three models lines

in the order of M(II)-O1 > M(II)-O3 > M(II)-O1 + O3.
Hence, the affinity of [M(II)(DETA-PES-Hn)]

3+ toward
phosphate via the model of M(II)-O1 is the most
remarkable. When the O1 atom of phosphate is
applied as the adsorption site, ΔEads of (DETA-PES-
Hn)

+ and [M(II)(DETA-PES-Hn)]
3+ toward phosphate

follows the order: [Ca(II)(DETA-PES-H37)]
3+ > [Ca(II)

(DETA-PES-H40)]
3+ > [Mg(II)(DETA-PES-H37)]

3+ > [Mg
(II)(DETA-PES-H40)]

3+ > (DETA-PES-H37)
+ > (DETA-

PES-H40)
+, which is in accordance with experimental

analyses. The enhancing effect of Ca(II) on the phos-
phate uptake is larger than that of Mg(II). Thus, based

Fig. 12. Optimized structures of phosphate, SO2�
4 , and Cl– adsorbed by DETA-PES-Hþ

37, and that of phosphate adsorbed
by M(II)(DETA-PES-Hþ

37) with the atoms numbering scheme adopted in this study: atom types are denoted by sequence
number as follows: (a) (DETA-PES-H37)

+-H2PO
�
4 (6, 7, 45, 46, 53—hydrogen; 1, 3–5—oxygen; 34, 37, 40—nitrogen; 2–phos-

phorus), (b) (DETA-PES-H37)
+-HSO�

4 (45, 46, 53—hydrogen), (c) (DETA-PES-H37)
+-[Cl(H2O)5]

– (45, 46, 53—hydrogen),
and (d) [M(II)(DETA-PES-H37)]

3+-H2PO
�
4 (M(II) represents as Ca(II) or Mg(II)).
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on this fact, after loading metal ions, the performance
in phosphate uptake of the DETA-PES affinity mem-
brane will be enhanced.

4. Conclusions

The fabricated DETA-PES membrane was
employed to remove phosphate from the solutions.
Batch adsorption experiments and DFT calculations
were applied to evaluate the characteristics of phos-
phate adsorption by the membrane. In addition, influ-
ences of the coexistent Cl–, SO2�

4 , Ca(II), and Mg(II) on
phosphate uptake of the membrane were revealed.
The conclusions are shown as follows:

(1) Results of DFT simulation are in accordance
with the experiment data, indicating that DFT
molecular simulation is competent for evaluat-
ing the adsorption process between DETA-PES
affinity membrane and phosphate.

(2) The coexistent SO2�
4 exhibits a much more

negative influence on phosphate uptake than
Cl–. Also, the positive influence of Ca(II) on
phosphate adsorption is more remarkable than
that of Mg(II).

(3) The coexistence of the four ions does not alter
the nature of the membrane toward phosphate.
Lagergren second-order model is competent
for describing the adsorption kinetic of the

membrane, and the adsorption isotherms can
be well described by Langmuir model. The
adsorption of phosphate onto the membrane is
a spontaneous, endothermic process. The
chemisorption interaction between the mem-
brane and phosphate plays an important role
in the uptake of this pollutant.

(4) The affinity of the protonated DETA-PES mem-
brane to phosphate is stronger than that to Cl–

and SO2�
4 , due to the maximum charge transfer

between phosphate and the (DETA-PES-Hn)
+

chain, and the more negative adsorption
energy and Gibbs free energy of adsorption for
the formed (DETA-PES-Hn)

+-H2PO
�
4 complex.

(5) The coexistent Ca(II) and Mg(II) can be
coordinated by the affinity membrane. The
large amount of charge transfer, the noticeably
negative adsorption energy and Gibbs free
energy of adsorption for the [M(II)(DETA-PES-
Hn)]

3þ-H2PO
�
4 complexes, suggests that the Ca

(II)-, and Mg(II)-loaded affinity membrane is
more suitable for the removal of phosphate
than that without loading these two metals.
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Table 7
Calculated adsorption energies and adsorbing Gibbs free energies of (DETA-PES-Hn)

+ interacting with H2PO
�
4 , Cl

–, SO2�
4 ,

and that of [M(II)(DETA-PES-Hn)]
3+ interacting with H2PO

�
4

Species

H2PO
�
4 Cl– SO2�

4

Site
ΔEads

(kJ/mol)
ΔGads

(kJ/mol)
ΔEads

(kJ/mol)
ΔGads

(kJ/mol)
ΔEads

(kJ/mol)
ΔGads

(kJ/mol)

(DETA-PES-H37)
+ O1 –20.78 –5.92 –6.05 –12.72 –16.24 –2.93

O3 –20.85 –7.47
(DETA-PES-H40)

+ O1 –15.29 –3.10 –0.23 –5.88 –11.10 –4.77
O3 –15.79 –4.26

[Ca(II)(DETA-PES-H37)]
3+ O1 –22.05 –18.86 – – – –

O3 –20.03 –13.42
O1 + O3 –13.84 –22.37

[Ca(II)(DETA-PES-H40)]
3+ O1 –22.58 –16.20 – – – –

O3 –18.98 –14.99
O1 + O3 –13.80 –21.52

[Mg(II)(DETA-PES-H37)]
3+ O1 –21.17 –18.79 – – – –

O3 –19.71 –19.04
O1 + O3 –7.8 –20.04

[Mg(II)(DETA-PES-H40)]
3+ O1 –20.84 –16.72 – – – –

O3 –17.24 –15.45
O1 + O3 –6.63 –11.21
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