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In  this  study,  magnetic  zirconium-iron  oxide  nanoparticles  (MZION)  of  different  Fe/Zr  molar  ratios  were
successfully  prepared  using  the  co-precipitation  method,  and  their  performance  for  phosphate  removal
was systematically  evaluated.  The  as-obtained  adsorbents  were  characterized  by X-ray  diffraction  (XRD),
scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  Zeta  potential  analyzer,
Fourier  transform  infrared  spectroscopy  (FT-IR)  and  Brunauer  Emmett  Teller  (BET)  specific  surface  area
analysis. The  effects  of  pH,  ionic  strength,  and  co-existing  ions  (including  Cl−,  SO4

2−,  NO3
− and  HCO3

−)
were  measured  to evaluate  the  adsorption  performance  in  batch  experiments.  The  results  showed  that
decreasing  the  Fe/Zr  molar  ratios  increased  the  specific  surface  area  that was  propitious  to  adsorption  pro-
cess,  but  the adsorption  capacity  enhanced  with  the  decrease  of Fe/Zr  molar  ratios.  Phosphate  adsorption
on  MZION  could  be well  described  by the Freundlich  equilibrium  model  and  pseudo-second-order  kinet-
ics. The  adsorption  of phosphate  was  highly  pH  dependent  and  decreased  with  increasing  pH from  1.5
to  10.0.  The  adsorption  was  slightly  affected  by ionic  strength.  With  the  exception  of HCO3

−,  co-existing

anions  showed  minimum  or no effect  on  their  adsorption  performance.  After  adsorption,  phosphate  on
these  MZION  could  be  easily  desorbed  by  0.1 M  NaOH  solution.  The  phosphate  adsorption  mechanism
of  MZION  followed  the inner-sphere  complexing  mechanism,  and  the  surface  OH  groups  played  a  sig-
nificant  role  in  the phosphate  adsorption.  Additionally,  the  main  advantages  of  MZION  consisted  in its
separation  convenience  and  highly  adsorption  capacity  compared  to  other  adsorbents.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Phosphorus is an essential element that makes significant con-
ribution to energy transport and biomass growth [1]. It is also an
mportant material for agricultural and industrial products. How-
ver, an excessive intake of phosphorus in aquatic environment
eads to an increase in cost associated with water treatment [2],
ccompanying significant eutrophication and water quality prob-

ems in rivers and lakes [3], and the growth of harmful algal blooms

hich may  have an significantly influence on human health from
he production of cyanotoxins [4]. Considering the serious health

∗ Corresponding author at: College of Environmental Science and Engineering,
unan University, Changsha 410082, China.
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E-mail addresses: zhangchang@hnu.edu.cn (C. Zhang), 952157786@qq.com

F. Wang).

ttp://dx.doi.org/10.1016/j.apsusc.2016.11.214
169-4332/© 2016 Elsevier B.V. All rights reserved.
effects of phosphate, efficient techniques are urgently required to
remove phosphate from wastewater.

Till now, several techniques, such as adsorption, chemical pre-
cipitation, ion exchange, biological process, membrane, reverse
osmosis, and constructed wetland, have been developed to remove
phosphate from wastewater [5–12]. Among these approaches, bio-
logical process is widely used in practical application [13], but it
is quite sensitive to operation parameters including temperature
[14], volatile fatty acid, cations, sludge quality and settlement, pH
[15] and influent carbon source [16], resulting in decreased reli-
ability and stability. Chemical precipitation is a costly process to
remove phosphate, requiring the purchasing, transportation, and
treatment of chemical precipitant, and producing a mass of sludge
which needs further disposal [17]. Moreover, chemical precipi-

tation is difficult to effectively remove phosphate at trace level
[18]. Adsorption process is generally considered to be one of the
most promising technologies because of its convenience, simplic-
ity of design and operation, economics, and low-cost sorbents

dx.doi.org/10.1016/j.apsusc.2016.11.214
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.11.214&domain=pdf
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19–22]. Comparatively, adsorption has significant advantages,
specially low concentration phosphate, in removing phosphate
rom wastewater. Adsorbent is a key factor in the adsorption pro-
ess. Over the past decades, a wide range of low-cost adsorbents
ave been examined for phosphate removal, including steel slag
23,24], surfactant modified zeolite [25,26], ferrihydrite [27,28],
ed mud  [29,30], metal (hydro)oxides [31–33]. Although these
dsorbents at nano-size have been demonstrated to be effective
n phosphate adsorption because of their preferred surface prop-
rties and large surface areas [34,35], their large-scale application
as been limited by the way of separation.

Magnetic separation was based on an external magnetic field
o selectively collect the magnetic responsive materials. The addi-
ion of magnetic iron oxide was a conveniently separation method
or removing phosphate from wastewater [36,37], but the main
isadvantages of magnetic iron oxides adsorbent consisted in its
isappointed adsorption capacity [38–40]. Fortunately, zirconium
xide has a strong affinity to phosphate and desorption for recycling
41], but it was suffering from the drawback of separation incon-
enience [41,42]. Thus, zirconium oxide with magnetic property
ay be an attractive adsorbent choice for the removal phosphate

rom the contaminated water. Iron-zirconium oxides have been
eported to be efficient for the removal of arsenic [43], antimony
44], hexavalent chromium [45] and phosphate [12]. Nevertheless,
hosphate removal performance from aqueous solution using mag-
etic zirconium-iron oxide nanoparticle (MZION) both magnetic
eparation and with upper adsorption capacity has been rarely
nvestigated to date.

In this essay, the phosphate removal performance of MZION was
xamined in details by both the equilibrium adsorption isotherm
nd kinetics study. The influences of various experimental condi-
ions, such as ionic strength, co-existing anions and solution pH
n phosphate removal were investigated. Desorption behavior and
heir reuse for phosphate adsorption were explored.

. Material and methods

.1. Chemicals

All chemicals were of analytical grade without further purifi-
ation. Zirconium oxychloride octahydrate (ZrOCl2·8H2O), ferric
ulfate (Fe2(SO4)3), ferrous sulfate (FeSO4·7H2O), and sodium
ydroxide (NaOH) were used as the raw material and purchased

rom Sinopharm Chemical Reagent Co., Ltd., Shanghai, P.R. China.
hosphate stock solution was prepared with deionized water
sing anhydrous potassium dihydrogen orthophosphate (KH2PO4,
inopharm Chemical Reagent Co., Ltd., Shanghai, P.R. China).

.2. Synthesis of MZION

MZION were synthesized with modification of the previous lit-
rature [38]. The adsorbents were prepared with different molar
atios of iron and zirconium, and the molar ratios of iron and zir-
onium were 2:1, 3:1, 6:1, 12:1, named S1, S2, S3, S4, respectively.
riefly, the solution of sodium hydroxide (NaOH, 6 M)  was  drop-
isely added with vigorous mechanic stirring at room temperature

nto a 200 mL  mixture solution of FeSO4·7H2O (0.25 M),  Fe2(SO4)3
0.25 M)  and ZrOCl2·8H2O to obtain a pH of 11. Subsequently, the
esulting precipitates were aged at 90 ◦C for 18 h. After the reac-

ion completed, the products were collected by magnet and then
ashed thoroughly with deionized water. The washed precipitates
ere then oven-dried at 90 ◦C for 8 h. Finally, the adsorbents were
ulverized in a ball mill and kept at desiccator for further use.
ence 396 (2017) 1783–1792

2.3. Characterization analysis

The morphology of MZION was determined by scanning elec-
tron microscopy (FE-SEM S4800, Japan) and transmission electron
microscopy (TEM, FEI Tecnai G20, USA). The X-ray diffraction (XRD)
patterns of MZION were collected by Rigaku D/max-RB diffrac-
tometer with Cu-K� radiation (� = 0.15406 nm,  35 kV, 40 mA).
Specific surface areas were evaluated by the nitrogen adsorption-
desorption isotherms on a Quantachrome Instruments system
via Brunauer- Emmett-Teller (BET) method. Pore size distribution
was calculated by nitrogen desorption isotherm using Barret-
Joymer-Halender (BJH) method. And the zeta potential of MZION
suspension was  determined by a Zeta Meter 3.0 (Zeta Meter Inc.).
The FT-IR spectra of MZION before and after phosphate adsorp-
tion were measured on Fourier transformed infrared spectroscopy
(FT-IR, Nicolet IS10). Magnetic property of MZION was analyzed
by superconducting quantum interference devices magnetometer
(SQUID, MPMS  XL7, Quantum Desing, USA).

2.4. Batch sorption experiments

The batch adsorption experiments were conducted with
2.0 g L−1 MZION for phosphate solution in the 250 mL  Erlenmeyer
flasks at 293 ± 2 K, with 100 mL  of initial phosphate concentrations
ranging from 5 to 100 mg  L−1. The pH values were adjusted by addi-
tion of 0.1 M NaOH and 0.1 M HCl solution, and the contact time
was 24 h. After equilibrium reached, the magnetic adsorbent was
separated from the solution using a magnet and the phosphate
concentrations were analyzed on a UV–vis spectrophotometer
(SHIMADZU, UV-2550) at 880 nm according to the ammonium
molybdate spectrophotometric method [8].

All the experiments were carried out in triplicate and the aver-
age value was  used in this paper. The equilibrium adsorption
capacity (Qe, mg  L−1) and re-adsorption efficiency for phosphate
were calculated by the following equation [46]:

Qe = (Co − Ce) × volume of the solution
mass of adsorbent

Removal efficiency = (C0 − Ce)
C0

× 100%

where Qe is the amount of phosphate adsorbed on the magnetic
adsorbent (mg  g−1), C0 and Ce are the phosphate concentration in
solution before and after adsorption (mg  L−1).

The adsorption kinetics was  conducted with the initial phos-
phate concentration of 50 mg  L−1 at pH = 4 ± 0.2 by allowing the
reaction between the adsorbent and solution at various time inter-
vals. Phosphate adsorption amount was  calculated according to the
following equation:

Qt = (C0 − Ct) × volume of the solution
mass of adsorbent

where Qt is the adsorpiton amount at time t (mg g−1), C0 is the
initial concentration of phosphate solution (mg L−1), Ct is the con-
centration of phosphate at time t (mg  L−1).

The effects of co-existing anions (Cl−, SO4
2−, NO3

−, HCO3
−) on

phosphate adsorption were also investigated. The initial concen-
trations of co-existing anions were 0, 15, 30, 50, 100, 150 mg  L−1,
respectively. The initial concentration of phosphate was  fixed at
30 mg  L−1.

The regeneration and recyclability experiments of the MZION
were performed by NaOH aqueous solution according to Su et al.,

[41]. NaOH aqueous solution was used as desorption solution. The
initial phosphate concentration was 30 mg  L−1 and the contact time
was 24 h. After being separated by magnet, MZION were desorbed
with NaOH solution. The desorbed nanoparticles were washed
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Fig. 1. SEM images of S1 (A, B), S2 (C, D), S3 (E, F), and S4 (G, H), respectively.

horoughly with deionized water and dried at 90 ◦C for 8 h before
hey were used for phosphate adsorption again.

.5. Effect of solution pH and ionic strength

The influence of pH of the initial solution and ionic strength on
he uptake of phosphate was studied. The initial phosphate con-
entration was 40 mg  L−1, the solution pH was adjusted from 1.5 to
0.0, the concentrations of NaNO3 were 0, 0.01, 0.1 M,  respectively.
00 mL  of phosphate solution was magnetic separately with 0.2 g
f MZION in a series of 250 mL  Erlenmeyer flasks at 293 K, and the
ontact time was 24 h.

. Results and discussion

.1. Characterization of MZION

As displayed in the SEM image (Fig. 1), the morphological char-
cteristics of MZION were investigated in S1–S4, respectively. It can
e clearly seen from Fig. 1 that the particles were agglomerated
ith nanoparticles, leading to a rough surface and a porous struc-

ure. The surface of particles became more and more rough with

e/Zr molar ratios decreased, indicating that Fe/Zr molar ratios had
n important effect on surface roughness.

XRD patterns of the original powders were shown in Fig. 2. These
uggested that the samples were a clear amorphous structure and
Fig. 2. XRD patterns of different molar ratios samples.

similar to the magnetic Fe-Zr binary oxide reported by Long et al.,
[36]. The XRD patterns of the synthesized materials were in good
agreement with that of standard �-Fe2O3 (maghemite, JCPDS card
#39-1346) and Fe3O4 (magnetite, JCPDS card #65-3107). Peaks at
30.2◦, 35.6◦, 43.2◦ and 62.7◦ represented ZrO2 (zirconium oxide,
PDF#37-1413) were found. These results revealed that the prin-
cipal components of magnetic adsorbents were zirconium oxide,
maghemite and magnetite. Among them, the maghemite and mag-
netite were magnetic, which proved that the magnetic synthesized
material was  a composite of zirconium oxide and iron oxides.

TEM images in Fig. 3 directly demonstrated that MZION were
quasi-spherical in shape with size of 10–50 nm,  which was smaller
than the magnetic Fe3O4@C@ZrO2 (from 500 to700 nm)  reported by
Wang et al., [37] and had no obvious relationship with Fe/Zr molar
ratios. From Fig. 3, each of the particles has a dark center surrounded
by the pale skirt, suggesting the condensed inner magnetic cores
and the less compact outer mesoporous shell [47], and the pale skirt
scope enlarged with Fe/Zr molar ratios decreasing.

The relationships of pH versus surface zeta potential (�) for
the magnetic absorbents were presented in Fig. 4. The point of
zero charge (PZC) was  significant in adsorption process because,
given the anionic character of phosphate, surface charge of MZION
can play an important role in terms of electrostatic interactions
between the adsorbent and adsorbate. When the solution pH is
below the PZC, the magnetic adsorbents will have a positive charge,
promoting electrostatic attraction of the negatively charged phos-
phate ion. From Fig. 4, it was clearly showed that the zeta potential
of all samples deceased with increasing pH due to the addition OH−.
Within different pH values ranging from 2 to 10, the PZC of S1–S4
were in the range of 8–9, which were higher than that of many
other zirconium–iron binary oxides sorbent [12,36], and was  in
favor of the adsorption of phosphate from aqueous solution. The
point of zero charge (PZC) of iron oxides was reported to around
6.1 [48], and higher PZC of MZION than that of iron oxides can be
attributed to the deposition of ZrO2 on MZION surface, which was
in accordance with the results of previously reported [37,49].

The specific surface area and total pore volume of MZION were
measured by nitrogen adsorption-desorption analysis, and the cor-
responding curves were shown in Fig. 5. The inset graph showed
that the pore-size distribution of adsorbents (S1–S4) were in the
range of 2–30 nm.

The data of specific surface area, average pore radius and pore
volume of MIZON was listed in Table 1. According to the specific

surface area analysis in Table 1, MIZON had larger surface area
than other reported Zr-Fe binary oxides [44,45]. It can be seen that
with an increase in Zr content, the specific surface area of MZION
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Fig. 3. TEM images of S1 (A–C), S2 (D–F), S3 (G–I) and S4 (J–L).

Table 1
Structure and pore properties of the magnetic adsorbents.

S4 S3 S2 S1

Specific surface area (m2/g) 124.36 150.34 213.50 282.02
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−1
Average pore radius (nm) 4.14 3.56 2.69 2.20
Pore  volume (cm3/g) 0.20 0.20 0.19 0.20

mproved. On the contrary, the average pore radius decreased
radually and the pore volume almost didn’t change with Zr con-
ent increasing. For S1, the specific surface area was as high as
82.02 m2/g, while S3 was only 124.36 m2/g. The increment of sur-
ace area might be ascribed to a decrease of average pore radius
from 4.14 to 2.20 nm), which was caused by the increase of Zr con-
ent in the magnetic adsorbents. with the Zr content increasing, the
aturation magnetization of MZION decreased. It is suggested that
ower saturation magnetization may  have the effect to disperse iron
xides and zirconium oxides more uniformly, and resulted in sig-
ificant enhancement of specific surface area. These results were
onsistent with SEM images, showing that the adsorbent morphol-
gy can be altered via the change of Fe/Zr molar ratio. Generally,
orbent with a smaller pore radius and larger pore volume pos-
esses a superior surface area.

The Fourier-trans-formed infrared (FT-IR) spectra of S2 before
nd after phosphate adsorption were presented in Fig. 6. Before
dsorption, the MZION was taken out from desiccator with-
ut further cleaning and was measured on Fourier transformed
nfrared spectroscopy. After adsorption, phosphate-loaded MZION
as collected by magnet from aqueous solution, and then washed
horoughly with deionized water until the pH of washing water
ear to neutral. The washed precipitates were then oven-dried
t 90 ◦C for 8 h. Finally, the phosphate-loaded MZION was mea-
Fig. 4. Surface zeta potentials of S1–S4 as a function of pH.

sured on Fourier transformed infrared spectroscopy. The FT-IR data
showed that the same major bands were found after and before
adsorption. Without the phosphate adsorption, the FT-IR spectra of
MZION had a strong bending (1638 cm−1) vibrations of physically
adsorbed H2O and stretching (3363 cm−1) vibration of hydroxyl
groups [41], which indicated that MZION had a high adsorption
ability to hydroxyl groups and H2O existed on their surface. And

the peak appearing at 1338 cm was  attributed to the deforma-
tion vibration of Zr-OH [42]. After phosphate adsorption, the FT-IR
spectrum of MZION obviously changed. The peak of physically
adsorbed H2O and hydroxyl groups greatly narrowed, and the Zr-
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Fig. 5. N2 adsorption-desorption isotherms of S1–S4. The inset is the corresponding pore-size distribution.
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Fig. 6. FT-IR spectra of S2 after adsorption and before adsorption.

H deformation peak disappeared. These observations suggested
hat the replacement of physically adsorbed H2O and hydroxyl
roups occurred during the phosphate adsorption. Additionally, a
road and intensive peak appeared at 1037 cm−1, which could be
ssigned to the asymmetry vibration of P O bond, and suggested
hat the surface hydroxyl groups were replaced by the adsorbed
hosphate [41]. The peak at 872 cm−1 was corresponded to the
e OH vibration [38]. The FT-IR results indicated that the Zr OH
roups played a key role in phosphate adsorption on MZION.

MPMS  was used to determine the magnetic properties of dif-
erent MZION at room temperature. Magnetic hysteresis curves of
1–S4 were shown in Fig. 7. All samples exhibited superparam-

gnetic because no magnetic hysteresis loops was observed. The
aturation magnetization (Ms) values of as-obtained adsorbents
ere 21.3 emu/g for S1, 44.8 emu/g for S2, 45.4 emu/g for S3 and

2.2 emu/g for S4, respectively, indicating the higher Ms  of S4 than
Fig. 7. Magnetization curves of S1–S4 at 300 K. Inset: the enlarged hyteresis loops
with a scale ranging from −5000 to 5000 Oe.

that of S3, S2 and S1. With the Fe/Zr molar ratios increasing, the
saturation magnetization of MZION increased. However, the sat-
uration magnetization of all samples was  sufficient for magnetic
separation in the adsorption studies [50].

3.2. Equilibrium adsorption isotherms study

The equilibrium adsorption isotherms of phosphate onto MZION
were evaluated by varying the initial phosphate concentrations. In
this study, Freundlich isotherm model was used to estimate the
adsorption capacity of MZION for phosphate. The equation of Fre-

undlich model is represented as following Eq. (1) [51].

qe = KFC
1
n
e (1)
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Fig. 8. Linearized Freundlich isotherm for phosphate adsorption by magnetic
zirconium-iron oxide nanoparticle at 293 K.

Table 2
Freundlich isotherm parameters for adsorption of phosphate by magnetic
adsorbents.

Adsorbents KF (mg  g−1) n R2

S1 2.59 4.34 0.9945
S2  2.51 4.11 0.9454
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in the adsorption process [56,57]. The rate q for intra-particle dif-

T
P

T
K

N

S3  2.28 4.66 0.9648
S4  2.16 4.87 0.9088

here qe (mg  g−1) is the amount of phosphate adsorbed (equi-
ibrium adsorption capacity) at equilibrium, Ce (mg  L−1) is the
quilibrium concentration of phosphate in the aqueous solution,
/n is the Freundlich constant related to the adsorption intensity
nd KF is the Freundlich constant related to the adsorption capacity.

Phosphate adsorption on as-obtained zirconium-iron oxides fit-
ed well with the Freundlich isotherm model (Fig. 8), suggesting a

ultilayer adsorption process. Table 2 summarized the Freundlich
sotherm model parameters and their correlation coefficients. The
quilibrium adsorption capacity of S1 for phosphate increased to
1.3 mg  g−1 that slightly higher than 19.0 mg  g−1, 14.9 mg  g−1 and
1.7 mg  g−1 of S2–S4, respectively. And the sorption on the basis of
er specific surface area of S1–S4 were 0.0755, 0.0889, 0.099 and
.094 mg  m2, respectively. It was noticed that the content of zir-

onium of S1 was  higher than S2–S4. Therefore, the adsorption of
hosphate was mainly attributed to zirconium oxide, which was in
greement with the reported by Long et al. [36]. Moreover, MZION

able 3
hosphate adsorption capacity of magnetic adsorbents reported in the literature.

Adsorbent magnetite Magnetic iron oxide magnetite

Adsorption capacity (mg  P g−1) 3.2 5.03 5.2 

Refs.  [39] [38] [52] 

able 4
inetic parameters of phosphate adsorption to magnetic adsorbents based on the pseudo

Adsorbents qe,exp
m (mg  g−1) Pseudo first- order 

K1 (min−1) qe1
n (mg  g−1) 

S1 17.4 1.2 × 10−3 2.0 

S2  16.9 9.6 × 10−4 2.3 

S3  13.8 8.4 × 10−4 2.4 

S4  10.4 8.0 × 10−4 2.1 

ote: qe,exp
m is experimental values. qe1

n, qe2
n are calculated values.
ence 396 (2017) 1783–1792

possessed a considerable adsorption capacity, compared to other
magnetic adsorbents in literature, as shown in Table 3.

3.3. Adsorption kinetics

To understand the adsorption mechanism of phosphate on
MZION, a kinetic investigation was conducted. Generally, an
adsorption kinetic model provides valuable insights into the mech-
anism of sorption process [54]. In this study, kinetic data for
phosphate adsorption onto MZION were fitted using different mod-
els.

Firstly, the pseudo-first-order kinetic equation and Ho’s lin-
earized pseudo-second-order [55] reaction rate models were
conducted to describe the kinetic process. The mathematical forms
of the two  models are expressed as Eqs. (2) and (3), respectively.

ln (qe − qt) = lnqe − k1t (2)

t
qt

= 1
k2qe

2
+ 1

qe
t (3)

where qe(mg  g−1) and qt(mg g−1) are the amount of phosphate
adsorbed per unit mass of adsorbent at equilibrium and at any time
t, k1(min−1) and k2 (g mg−1 min−1) are the equilibrium rate con-
stants for pseudo-first-order and pseudo-second-order adsorption
respectively, and t is the shaking time (min).

Results shown in Fig. 9a indicated that the amount of adsorbed
phosphate increased with t and the adsorption process reached
closely equilibrium state after 1000 min. The kinetic parameters
data from pseudo-first-order model (Fig. 9b) and pseudo-second-
order model (Fig. 9c) were listed in Table 4. The correlation
coefficients (R2) calculated from the pseudo-first-order kinetic
model were 0.891–0.993, which were obviously lower than those
of the correlation coefficient (R2) obtained from pseudo-second-
order kinetic model (0.995–0.999). Also, the experimental data of
equilibrium adsorption capacity (qe,exp (mg  g−1)) (S1 17.4, S2 16.9,
S3 13.8, S4 10.4) were more closer to calculated data based on
pseudo-second-order model (S1 17.6, S2 17.1, S3 14.0, S4 10.5) than
pseudo-first-order model (S1 2.0, S2 2.3, S3 2.4, S4 2.1), respectively.
The results from Table 4 suggested that the pseudo-first-order
model was not applicable, which indicated that the mechanism of
phosphate adsorption was chemisorption rather than physisorp-
tion for the pseudo-second-order model assuming a monolayer
adsorption system.

As many reported literature put, intra-particle diffusion model
was used to evaluate the rate-determining steps and mechanism
t

fusion was expressed as Eq. (4) [8]:

qt = kpt1/2 + C (4)

 Magnetic Fe3O4@C@ZrO2 Magnetic Fe-Zr binary oxide MZION

13.99 13.65 21.3
[53] [36] This study

-first second order and pseudo-second order model.

Pseudo second-order

R2 K2 (g (mg−1 min−1)) qe2
n (mg g−1) R2

0.891 2.431 × 10−3 17.6 0.999
0.976 1.405 × 10−3 17.1 0.998
0.993 9.52 × 10−4 14.0 0.995
0.953 1.274 × 10−3 10.5 0.996
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Fig. 9. (a) Adsorption kinetics of phosphate onto magnetic zirconium-iron oxide nanoparticle and (b) fitting with pseudo-first-order model; (c) pseudo-second-order model;
(d)  intra-particle diffusion model.

Table 5
Kinetic parameters of phosphate adsorption to magnetic adsorbents based on the intra-particle diffusion model.

Adsorbents Kp,1 (mg  (g−1 min−0.5)) C (mg  g−1) R2 Kp,2 (mg  (g−1 min−0.5)) C (mg  g−1) R2 Kp,3 (mg  (g−1 min−0.5)) C (mg  g−1) R2

S1 0.63 7.7 0.916 0.19 12.2 0.934 0.02 16.6 0.994
10.4 0.971 0.06 14.0 0.904
5.7 0.994 0.09 9.5 0.918
4.2 0.934 0.05 7.6 0.998
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Table 6
Thermodynamic parameters for phosphate adsorption onto magnetic adsorbents.

Adsorbents Temp.(K) �G(kJ mol−1) �H(kJ mol−1) �S(kJmol−1 K−1)

S1 293 −0.878 9.147 0.034
303 −1.220
313 −1.563

S2 293 −0.804 6.607 0.025
303 −1.057
313 −1.310

S3 293 −0.250 4.716 0.016
303 −0.420
313 −0.589

S4 293 0.357 3.940 0.012
S2  0.56 7.0 0.945 0.19 

S3  0.35 4.6 0.905 0.23 

S4  0.37 2.3 0.975 0.18 

here kp (mg  g−1 min−0.5) is the intra-particle diffusion rate con-
tant, qt is the amount of phosphate adsorbed per unit mass of
dsorbent (mg  g−1) at time t, and C is related to the thickness of
he boundary layer. It can be seen from Fig. 9d that the plot of qt

ersus t0.5 for phosphate by MZION were multi-linear. The kinetic
arameters of intra-particle diffusion of different magnetic adsor-
ents were listed in Table 5, which displayed that the adsorption
ates were in the order of kp,1 > kp,2 > kp,3 for all the sorbents and
ndicated that three or more steps occurred during the adsorp-
ion process. Firstly, the adsorption processes underwent a fast
dsorption stage (kp,1), and the subsequent plateau till equilibrium
kp,2). Phosphate entered into the mesopore of adsorbents and was
dsorbed by its interior surface after reaching saturation of exterior
urface. As the decrease of the solute concentration, the adsorption
rocess of phosphate finally reached the equilibrium stage (kp,3).

The adsorption thermodynamics was performed at three dif-
erent temperatures (293, 303 and 313 K). The thermodynamic
arameters can be determined by the following equations [58]:

G0 = �H0 − T�S0 (5)

G0 = −RTlnKd (6)

�S0 �H0 aq

ln (Kd) =

R
−

RT
;  Kd = e

Ce
(7)

here �S0, �H0, �G0, R and T are entropy change (J mol−1),
nthalpy change (J mol−1), Gibbs free energy (J mol−1), universal
303 0.235
313 0.113

gas constant (8.314 J (mol K) −1), and temperature (K), respectively.
Kd is the equilibrium constant, and a is the adsorbent dose (g L−1).
The values of �H0 and �S0were calculated by plotting ln(Kd)
versus 1/T using Eq. (7) and the value of �G0 was determined from
Eq. (5).

The calculated thermodynamic parameters were presented in
Table 6. The positive �H0 and negative �G0 for S1–S3 indicated the
adsorption processes was endothermic and spontaneous. However,

positive �G0 had also been observed for phosphate adsorption
onto S2, suggesting differences between the studied adsorption.
The obtained positive �S0 implied that the randomness increased
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strength if phosphate formed outer-sphere surface complexes.
Fig. 10. Effect of pH and ionic strength on phosphate adsorption by S2.

t the interface between solution and solid during the adsorption
rocess.

.4. Influence of pH and ionic strength on phosphate adsorption

The effect of pH on phosphate adsorption to MZION was  pre-
ented in Fig. 10. The results indicated that pH was  a significant
arameter on the process of adsorption. Increasing pH from 1.5
o 10 led to a monotonically decreased phosphate adsorption effi-

iency from 99.75% to 41.06%, which could be attributed to the
ompetition between the phosphate ions and hydroxyl groups on
he surface of the adsorbent [36]. The adsorption process based on

Fig. 11. Effect of co-existing anions on phosphate adsorpt
ence 396 (2017) 1783–1792

the ion-exchange mechanism was  reported as follows (Eqs. (8) and
(9)) [59]:

Zr-OH + H2PO4
− = Zr(H2PO4) + OH− (8)

2Zr-OH + HPO4
2− = Zr2(H2PO4) + 2OH− (9)

Besides, the protonation of sorbent surface at high acidity was
favorable for phosphate adsorption, as inferred from Eqs. (10)–(12):

Zr-OH + H+ = Zr-OH2
+ (10)

Zr-OH2
+ + H2PO4

− = (Zr-OH2)+(H2PO4)− (11)

2Zr-OH2
+ + HPO4

2− = (Zr-OH2)2
+(HPO4)2− (12)

Hence, higher pH led to the deprotonation of adsorbent, invok-
ing electrostatic repulsive interaction between anionic phosphate
and negatively charged Zr OH groups, and resulting in reduced
phosphate adsorption.

The ionic strength effect on adsorption behavior can be used
as an indicator for identifying the adsorption mechanism [60].
Fig. 10 showed that the phosphate sorption slightly enhanced with
the increase of the solution ionic strength. It meant that MZION
could be used as adsorbents to adsorb phosphate from high salinity
wastewater. Consistently, similar observations for the phosphate
adsorption on different adsorbents had been reported previously
[12,59]. As reported by Su et al., [41], the adsorption of phosphate
would either not change or increase with the increase of ionic
strength if phosphate formed inner-sphere complexes, while the
adsorption of phosphate would decrease with the increase of ionic
Therefore, the results in this study indicated that the adsorption
of phosphate on MZION followed the inner-sphere complex mech-
anism.

ion by magnetic zirconium-iron oxide nanoparticle.
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ig. 12. Desorption of phosphate from phosphate-loaded S2 by NaOH solutions with
ifferent pH values.

.5. Co-existing anion effect on phosphate adsorption by MZION

Adsorption selectivity was a significant factor influencing
emoval effectiveness. Highly selective adsorbents to remove or
eparate heavy metals from aqueous systems had been reported
61,62]. Wastewater always contains numerous aqueous con-
tituents, which might compete for sorption sites and may  largely
ffect the phosphate removal performance on adsorbents. Here,
he effect of the commonly occurring anions (including Cl−, SO4

2−,
O3

− and HCO3
−) on phosphate removal by MZION was investi-

ated, and the results were illustrated in Fig. 11.
For Cl−, SO4

2−, NO3
−, no obvious decrease in phosphate removal

atio was observed when their concentrations increased from 0 to
50 mg  L−1. The results suggested that these three anions have no
ignificant influence in the process of phosphate adsorption. How-
ver, the co-existing HCO3

− restrained the phosphate adsorption.
aking S2 as an example, the phosphate removal ratio reduced from
3.38% to 78.83%, when the concentrations of HCO3

− increased
rom 0 to 150 mg  L−1. This inhibition may  be due to the strong
ompetition for the adsorption sites on the adsorbent between
he HCO3

− and phosphate. Consequently, the uptake of phosphate
radually decreased as HCO3

− concentration increased. In addition,
ith the increase of Fe/Zr molar ratios, the competitions between
CO3

− and phosphate were more obvious. As illustrated above, the
nfluence of HCO3

− of phosphate removal on the MZION should be
urther investigated in the next study.

.6. Desorption of phosphate from MZION and their reuse

Phosphate desorption tests were conducted using spent adsor-
ents to evaluate the possibility of adsorbent regeneration.
esorbability was defined as the ratio of phosphate desorbed
ver the total phosphate adsorbed by the adsorbents [8]. Thus,
hosphate desorbability can manifest the degree of phosphate des-
rption from the adsorbents. The phosphate adsorbed on MZION
ould be desorbed with NaOH solution, and the results with NaOH
olutions of different concentrations were showed in Fig. 12.

From Fig. 12, the phosphate desorbed percent ranged from
.16% to 87.79%, with the concentration of NaOH solution increased
rom 0 M to 0.5 M.  Results indicated that 0.1 M (pH13) NaOH solu-

ion could desorbed the preloaded phosphate on MZION with
he efficiency higher than 85%. However, the further enhance of
aOH concentration to 0.5 M (pH 13.7) had not significantly effect
n increasing the phosphate desorption. The spent MZION were

[
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reused for phosphate removal, which showed that they could main-
tain about 60%–70% of its original phosphate removal capability
after re-adsorption for two cycles. Additionally, the adsorbent could
be effectively separated by an external magnetic field. Thus, the
recovered MZION could be reutilized for phosphate adsorption
from wastewater, which may  significantly cut down the operation
cost.

4. Conclusions

MZION synthesized from a simple and low-cost co-precipitation
process displayed an effective phosphate removal performance in
aqueous solution in terms of both the adsorption capacity and
separation convenience. The adsorption capacity on phosphate
of S1 was  determined at 21.3 mg  g−1 at pH 4, which was  higher
than many reported magnetic adsorbents. As Fe/Zr molar ratios
increase, the adsorption capacity decreased, and that of S2–S4
were 19.0, 14.9 and 11.7 mg  g−1 at pH 4, respectively. The kinetic
results showed that phosphate sorption onto MZION followed a
pseudo-second-order kinetic model, suggesting its chemisorption.
The adsorption mechanism of phosphate onto MZION was  deter-
mined to follow the inner-sphere complexing mechanism, and the
hydroxyl groups on the adsorbent surface played a major role in the
phosphate removal. Its phosphate adsorption capacities decreased
with decreasing pH. Higher point of zero charge makes the mag-
netic adsorbents also have remarkable adsorption ability, and the
adsorbents maintained about 60%–70% of its original phosphate
removal capability after two cycles. With the exception of HCO3

−,
commonly co-existing substances had little or no effect on phos-
phate removal. Thus, the needs for cost-feasible treatment for
phosphate can be considered. The next studies should be addressed
to investigate the competing mechanism between phosphate and
HCO3

− onto the MZION.
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