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AbstractCoating superparamagnetic iron oxide particles, i.e., Fe3O4, as adsorbents have major advantages over bare
adsorbents for water treatment. As a versatile material, zirconium has been extensively studied for phosphate removal.
In this study, the Fe3O4 core was pre-coated with branched polyethyleneimine (PEI) first, and then loaded with zirco-
nium to result in a highly selective adsorbent (i.e., Zr-PEI@Fe3O4) for phosphate with a greatly broadened pH range.
Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), BET surface area, and magnetization
were used to characterize the resulting adsorbent and to explore the underlying adsorption mechanism. The adsorp-
tion performance of Zr-PEI@Fe3O4 toward phosphate was performed by batch experiment. The results showed that
Freundlich model better fit the adsorption isotherms, while the Elovich equation better described the kinetic process.
The maximum adsorption capacity of dephosphorization 32.2 mg·g1 (according to P element) emerged in the condi-
tion of 1.0 g·L1 and pH at 2 with 303 K. The process was spontaneous and endothermic. Zr-PEI@Fe3O4 has the poten-
tial to remove phosphate from solution due to its easy separation and some good adsorption property.
Keywords: Zr-PEI@Fe3O4, Phosphate, Adsorption, Regeneration

INTRODUCTION

Phosphorus (P) is an essential nutrient in the aquatic system.
However, nutrient enrichment could lead to eutrophication of water
bodies, which has become a challenging environmental problem
for many years worldwide. Often, phosphorus is the limiting fac-
tor responsible for eutrophication, as nitrogen fluxes to water bod-
ies are usually relatively large [1]. Therefore, it is important to remove
phosphorus before agricultural, industrial and municipal wastewa-
ters are released. Numerous techniques have been explored and
utilized for phosphorus removal, such as chemical precipitation, ion
exchange, biological uptake, and adsorption; each has its advan-
tages under certain conditions [3-5]. Adsorption has been applied
in real situations and investigated in laboratories extensively for
phosphorus removal because of its relatively low cost, wide avail-
ability, and high adsorption capacity [6,7].

With ever-stricter regulations for phosphorous, considerable work
has been conducted in developing new adsorbents with higher
adsorption capacity, selectivity, and easy regeneration, especially with
low concentration of phosphorous [8]. With its electron configura-
tion and hard Lewis acid properties, zirconium (Zr) has proven to
be a versatile adsorbent for many environmental contaminants, cov-
ering inorganic and organic pollutants [8]. It has been explored for
phosphate removal for almost a century. Superparamagnetic iron
oxide particles, i.e., Fe3O4, as adsorbent support offers obvious advan-
tage over traditional adsorbents on easy adsorbent recovery. There
have been many attempts to modify Fe3O4 with Zr for phosphate
removal using different methods. For example, Zr has been coated

on Fe3O4 directly or through an intermediate layer by several meth-
ods. Modifying Fe3O4 directly with Zr has been done by both sim-
ple coprecipitation and by slow hydrolysis [9]. However, durability
concern might hinder the application of coprecipitation method.
For intermediate layer approach, silica has been the most common
choice for pre-coating Fe3O4 before Zr coating [10,11]. Unfortu-
nately, besides the tedious reaction, strong base might dissolve the
silica layer during sorbent regeneration [12]. Fe3O4 had also been
pre-coated with carbon using a rather complicated method [13].
Polyethyleneimine (PEI) contains abundant amino groups which
provide rich binding sites. Thanks to the dual nature of these amino
groups, PEI has been explored for binding transition metal ions,
such as lead and chromium (VI) ion, or anionic ligands [14,15]. It
can provide rich binding sites for zirconium or other metal ions.
However, because of its solubility, PEI has to be immobilized on
solid support to render the recovery and regeneration. An attempt
had already been made to coat Fe3O4 directly with PEI for phos-
phate removal. However, the pH working range was limited for the
resulting adsorbent. Fe3O4 has also been modified by PEI through
an intermediate layer of chitosan for phosphate removal [16]. Effort
is still needed to improve the reusability of the resulting adsorbent.

The purpose of this study was to synthesize a Zr-PEI@Fe3O4

adsorbent for phosphate removal with high adsorption capacity
and selectivity using simple traditional procedures. Furthermore, it
can be easily separated from mixtures using magnetic method.
Branched PEI can form an excellent intermediate layer by cross-
link, which in turn provides sufficient surface area for Zr coating.
Fe3O4 was prepared by traditional coprecipitation. The resulting
magnetic nanoparticles were then coated with PEI using a glutar-
aldehyde cross-linking method, and finally coated with Zr using a
simple reaction plus precipitation. To assess its feasibility, adsorp-
tion kinetics, isotherms, and adsorption/desorption cycle of phos-
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phate adsorption by the product were investigated. To better under-
stand the adsorption mechanism and the effect of water chemistry,
the influences of pH, temperature, coexisting anion/ionic strength
on phosphate adsorption were also explored.

MATERIALS AND METHODS

1. Materials
Ferric chloride hexahydrate (FeCl3·6H2O), ferrous chloride tet-

rahydrate (FeCl2·4H2O), ethanol, glutaraldehyde solution (25% w/w),
ammonia solution (25%-28% v/v), sodium chloride, and potassium
dihydrogen phosphate (KH2PO4) were purchased from Sinopharm
Chemical Reagent (Shanghai, China). PEI (branched, MW 10,000)
and zirconium oxychloride octahydrate (ZrOCl2·8H2O) were ob-
tained from Aladdin (Shanghai, China). All chemical reagents were
analytical grade.
2. Preparation of Zr-PEI@Fe3O4

Fe3O4 nanoparticles were prepared by traditional coprecipitation.
6.0 g FeCl3·6H2O and 2.2 g FeCl2·4H2O were dissolved in 200 mL
deionized water. The resulting solution was heated to 60 oC with
mechanical stirring. Then, ammonia solution (25%-28% v/v) was
added dropwise with constant stirring until pH reached 11. After-
wards, the solution was left to cool to room temperature. The Fe3O4

precipitation was collected using a magnet and washed with deion-
ized water and ethanol until pH of the supernatant turned neu-
tral. Then, the product was dried at 80 oC for 12 h.

Although PEI had been immobilized on Fe3O4 using a simple
coprecipitation method, preliminary experiments showed that the
performance of the resulting Zr-PEI@Fe3O4 from coating PEI using
glutaraldehyde cross-linking method was much better than that
using the coprecipitation method, which is understandable since
some of the PEI branches might be imbedded into the particles
during the coprecipitation process. Therefore, PEI@Fe3O4 was pre-
pared by a modified glutaraldehyde cross-linking method [17,18].
5 g Fe3O4 nanoparticles was suspended in 100 mL PEI solution
(30 g·L1) with mechanical stirring for 1 h. Then, 20 mL 5% glu-
taraldehyde solution was added. After continuing to stir for 2 h,
the resulting PEI@Fe3O4 particles were recovered using a magnet
and washed with deionized water and ethanol. Then, the product
was dried at 80 oC for 12 h and weighed.

Zr-PEI@Fe3O4 was prepared by simple reaction and precipita-
tion. 3g ZrOCl2·8H2O was first dissolved in 125mL deionized water
with mechanical stirring at pH range of 1-2. Then, 5 g PEI@Fe3O4

was added and suspended with constant stirring for 1 h. Ammo-
nia solution (25%-28% v/v) was added dropwise until pH of the
solution reached 9. The mixture was then aged for 2 h at room
temperature. Again, the Zr-PEI@Fe3O4 adsorbent was collected using
a magnet and washed with deionized water until pH of the super-
natant turned neutral. Finally, the product was dried at 80 oC for
12 h and weighed.
3. Characterization of the Products

The saturated magnetization and BET surface area of the bare
Fe3O4, PEI@Fe3O4 and Zr-PEI@Fe3O4 particles were determined
with a hysteresis loop analyzer (PPMS DynaCool, Quantum Design,
USA) and a Micromeritics ASAP 2020 (Micromeritics Instrument,
USA), respectively. The surface morphology of the particles was

analyzed by scanning electron microscopy (SEM) (Su8020, Tian-
mei Scientific Instrument, China). The chemical composition on
Zr-PEI@Fe3O4 particle surface before and after phosphate adsorp-
tion was determined by X-ray photoelectron spectroscopy (XPS)
(Escalab 250Xi, Thermo Fisher , UK).
4. Adsorption Experiment

Adsorption of phosphate on Zr-PEI@Fe3O4 was investigated by
batch experiment in 20 mL glass sample vials. Typically, 10 mg Zr-
PEI@Fe3O4 was added into 10 mL phosphate solution with vari-
ous concentrations (5-50mg·L1). After the capped vials were shaken
at 120 rpm and 30 oC for a certain period of time, the adsorbents
was separated using a magnet, and the phosphate concentration of
the solution was determined by the molybdenum-blue method
[18]. Effects of pH (2-12), temperature (20, 30, 40 oC), and the coex-
isting ion/ionic strength (0-0.20 mol·L1 NaCl and Na2SO4) on the
adsorption performance were also investigated. The amount of
unit adsorption capacity and removal efficiency was calculated by
Eq. (1) and (2), respectively.

(1)

(2)

where V is the solution volume in L, C0 and Ce are the initial and
final phosphate concentration in the solution in mg·L1 (according
to P, following same), respectively, m is the weight of Zr-PEI@Fe3O4,
0.010 g. qe is the amount of phosphate adsorbed at equilibrium in
mg·g1, R (%) represents the removal efficiency, respectively. All
the experiments were performed in duplicate and the mean val-
ues were reported.
5. Desorption and Regeneration Experiments

Desorption of adsorbed phosphate from Zr-PEI@Fe3O4 was also
investigated by batch experiment and this can make the process
more economical and useful [19,20]. A typical adsorption/desorp-
tion cycle was conducted as follows: after a vial containing 10 mg
Zr-PEI@Fe3O4 and 10 mL phosphate solution at 50 mg·L1 was
shaken at 120 rpm and 30 oC for 8 h, the adsorbents were separated
using a magnet, and the phosphate concentration of the resulting
solution was determined. The amount of phosphate adsorbed could
be calculated subsequently. Then, the collected adsorbents were
rinsed with deionized water three times and dried at 80 oC for 12 h.
To recover the adsorbed phosphate, 10mL of 1mol·L1 NaOH solu-
tion and the dried adsorbents was mixed by shaking at 120 rpm
and 30 oC for 12h. Afterwards, the adsorbents were collected, rinsed,
and dried again for the next adsorption/desorption cycle. The phos-
phate concentration in the resulting NaOH solution was deter-
mined and used to calculate the amount of recovered/desorbed
phosphate. All the experiments were performed in duplicate and
the mean values were recorded.

RESULTS AND DISCUSSION

1. Characterization of Materials
1-1. SEM, Magnetic Property and Surface Area of Materials

The determined structural parameters of the adsorbent prod-

qe  
V C0   Ce 

m
-------------------------

R  
C0   Ce

C0
---------------- 100%
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ucts are listed in Table 1. The hysteresis curves of magnetic Fe3O4

nanoparticles, PEI@Fe3O4 nanoparticles and Zr-PEI@Fe3O4 are
shown in Fig. 1. The hysteresis curves of Fe3O4, PEI@Fe3O4, and
Zr-PEI@Fe3O4 particles confirmed the superparamagnetism of the
products. The saturated magnetization value of Fe3O4, PEI@Fe3O4,
and Zr-PEI@Fe3O4 particles was 67.9, 59.9, and 39.9emu·g1, respec-
tively, which reflected a deceasing magnetization after each coat-
ing. Meanwhile, the results showed that PEI coating increased the
BET surface areas of particles, which might facilitate the Zr load-
ing and phosphate adsorption process [21]. Unfortunately, the Zr
coating decreased the BET surface areas of the particles, which
might have been caused by aggregated ZrO2 particles blocking some
of the PEI network. The Zr content was estimated as ZrO2 by the
weight difference before and after Zr loading. Zr was loaded onto

Table 1. Structural parameters of the synthesized products
Product Surface area (m2·g1) Saturated magnetization (emu·g1) ZrO2 (wt%)
Fe3O4 75.3 67.9 -
PEI@Fe3O4 91.0 59.9 -
Zr-PEI@Fe3O4 61.2 39.9 14.6

Fig. 1.The hysteresis curves of Fe3O4, PEI@Fe3O4 and Zr-PEI@Fe3O4.

Fig. 2. SEM images of PEI@Fe3O4 (a) and Zr-PEI@Fe3O4 (b).

various supports by either chemical reaction or simple precipita-
tion in the literature [22]. Considering the abundant amino groups
and complicated multilayer/branch structure of PEI network, it
could take a long time for chemical reaction between Zr and PEI
to reach equilibrium, which might subsequently lead to slow phos-
phate adsorption. Therefore, chemical reaction and precipitation
were combined into a simple and efficient process in this study.
After Zr(IV) react with PEI network for 1 h, ammonia solution was
added to quickly immobilize more Zr onto the PEI branch/net-
work.

The SEM images of PEI@Fe3O4, and Zr-PEI@Fe3O4 particles
are shown in Fig. 2. It was obvious that both products were com-
posed of small particles of irregular shape and different sizes.
1-2. XPS Analysis

The adsorption mechanism was further explored through chemi-
cal composition of Zr-PEI@Fe3O4 before and after phosphate ad-
sorption using XPS. Fig. 3 shows a new peak at 132.2 eV in wide
scan XPS spectrum of Zr-PEI@Fe3O4 after phosphate adsorption,
which corresponds to P 2p peak with 1.8 eV less than the P 2p
peak at 134 eV of standard KH2PO4, indicating a strong interac-
tion between Zr and P bonding after the adsorption of phosphate
on Zr-PEI@Fe3O4 [22,23]. The Zr 3d XPS spectra show noticeable
changes before and after phosphate adsorption (Fig. 4(a) and 4(b)).
Two peaks at 181.18 and 183.65 eV before phosphate adsorption
shifted to 181.34 and 183.72 eV after phosphate adsorption [24],
indicating possible electron transfer in the valence band and the
formation of Zr-O-P inner-sphere binding, which was also ob-
served in previous studies. The O 1s XPS spectra also show con-
siderable changes before and after phosphate adsorption (Fig. 4(c)
and 4(d)). The three peaks at 529.0, 530.6, and 531.8 eV were cor-
responding to O2 (e.g. Zr-O), OH/O-P binding, and H2O (adsorbed
water), respectively, before phosphate adsorption shifted to 529.8,
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531.1, and 532.6 eV after phosphate adsorption [25]. The fraction
of the OH/O-P component increased from 23.6% to 31.7%, while
the O2 and H2O components decreased from 58.5% and 17.9%
to 55.7% and 12.5%, respectively. Similar findings have also been

Fig. 3. Wide scan XPS spectra of Zr-PEI@Fe3O4 before and after
phosphate adsorption.

Fig. 4. High-resolution Zr 3d and O1s XPS before and after adsorption of phosphate.

observed in previous studies, which might indicate the formation
of O-P bonding on Zr-PEI@Fe3O4 [26].

XPS spectra analysis confirms that the strong complexation be-
tween Zr and phosphate plays an important role in phosphate ad-
sorption on Zr-PEI@Fe3O4, in line with previous studies [27,28].
Meanwhile, experimental results also show that electrostatic inter-
action and ion exchange contribute to the adsorption process. Based
on the rapid phosphate removal by Zr-PEI@Fe3O4 at low phos-
phate concentration, the sufficient surface area of the ZrO2 on the
out-layer of the PEI network provides abundant binding sites for
phosphate at low concentration.
2. Adsorption Study
2-1. Effect of pH and Coexisting Anions on Adsorption

Fig. 5 shows the effect of solution pH on phosphate adsorption
by Zr-PEI@Fe3O4 at the initial concentration of 50 mg·L1. As pH
value increases from 2 to 12, phosphate adsorption decreases from
34.9 mg·g1 to 11.3 mg·g1. This trend has been well documented
and could be easily explained with electrostatic interaction mecha-
nism [29]. With lower pH, more hydroxyl groups at the surface of
Zr-PEI@Fe3O4 particles become protonated and carry positive
charges, which facilitates the adsorption of the negative charged
phosphate ions [30]. With the ongoing of pH, Zr-PEI@Fe3O4 had
little effect on phosphorus removal, indicating that the electrostatic
attraction interaction was unlikely to be the main mechanism of
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phosphate adsorption. As described elsewhere, the surface charge
of the adsorbent has a certain effect on phosphate adsorption, but
it does not rely on static electricity entirely [31]. In this pH, ion ex-
change may play a leading role in phosphate adsorption. The main
mechanism of action of zirconium oxide on phosphate adsorption
was anion coordination exchange, which means the complex for-
mation generated with phosphate in water [32], the adsorption was
optimal as the solution pH=2 within the pH range tested. Consid-
ering the practical application and the utilization of the adsorbent,
the pH of the solution was chosen to be 6.0 and used for subse-
quent studies.

Selectivity is an essential attribute for a competent adsorbent.
Therefore, the effect of competitive common anions on phosphate
adsorption by Zr-PEI@Fe3O4 was investigated. Fig. 6 shows that at
pH=6, chloride ion and sulfate ion have a slight negative effect, and
sulfate had a greater effect on adsorption than chloride ion. This
may be caused by the electrostatic adsorption of phosphate by Zr-
PEI@Fe3O4. However, when the anion concentration was increased,
there was little effect on the adsorption, probably because an inter-

nal layer complex was formed between Zr-PEI@Fe3O4 and the
phosphate. Compared with pH 6, when the solution pH is 3, with
the increase of ion concentration, the adsorption capacity of Zr-
PEI@Fe3O4 on phosphate ions decreases significantly and the influ-
ence of sulfate ions is greater, which indicates that Zr-PEI@Fe3O4

has an inhibitory effect on the adsorption of phosphorus under
acidic conditions. With the increasing of pH value, the inhibition
of Zr-PEI@Fe3O4 adsorption capacity was very limited. In gen-
eral, Zr-PEI@Fe3O4 had good ion selectivity. In following study,
solution pH was adjusted to 6.0 as pH of the practical wastewater
is often near neutral.
2-2. Adsorption Isotherm Analysis

The adsorption isotherm indicates that the distribution of the
adsorbate molecules between the liquid phase and the solid phase
was obtained by changing the initial concentration of P (5-50 mg·
L1) at a given pH and temperature [33,34]. The results are pre-
sented in Fig. 7, which clearly shows that the adsorption capacity
increased with increasing temperature and this indicated that the
adsorption of phosphate by Zr-PEI@Fe3O4 was endothermic. At
the same temperature, values of qe became larger with the increase
of equilibrium concentration, up to near little of change of qe at
higher range of concentration. It was also observed that there was
still some adsorption quantity at lower equilibrium. So it can be
implied that the equilibrium concentration is near zero when ini-
tial concentration is lower than 2 mg·L1 (value of qe is to 2.0 mg·
g1 and the equilibrium time is only 3 min at 303 K). This showed
that there was some competitive and advantage in removal of
lower phosphate concentration from solution.

The experimental data were fitted and analyzed using the Fre-
undlich model and Langmuir model (expressions listed in Table
2). The model fitted the experimental data to the adsorption iso-
therms and isotherms constants as shown in Fig. 7 and Table 3,
respectively. The data had a high correlation determined coefficient
(R2) with the Freundlich model. The adsorption of phosphate was
more inclined towards the Freundlich model which belonged to
the multiphase multi-molecular layer adsorption process. More-
over, it can be seen from the data fitted by the Freundlich model

Fig. 5. Effect of pH on phosphate adsorption.
Fig. 7. Adsorption isotherms of phosphate adsorption onto Zr-

PEI@Fe3O4 (pH=6.0).

Fig. 6. Effect of coexisting anions on phosphate adsorption.
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Table 2. Several common adsorption models
Models Nonlinear form Symbol description

Isotherm model

Langmuir qm (mg·g1) is monolayer theoretical saturated adsorption amount;
KL (L·mg1) is constant associated with binding energy.

Freundlich KF and 1/n are temperature dependent constants.
Kinetic model

Pseudo-second-order kinetic model k2 (g·mg1·min1) is a quasi-secondary rate constant.

Elovich equation A and B are constants.

qe  
qmKLce

1 KLce
-----------------

qe  KFce
1/n

qt  
k2qe

2t
1  k2qet
------------------

qt  A  B tln

Table 3. Fitting results of adsorption isotherm models
Langmuir
T/K KL/(L·mg1) qe(exp)/(mg·g1) qm(theo)/(mg·g1) R2 SSE
293 0.111±0.024 14.5 11.8±0.9 0.962 2.46
303 0.145±0.035 15.0 13.5±1.1 0.955 4.17
313 0.147±0.036 16.4 14.7±1.2 0.955 5.09
Freundlich
T/K KF 1/n R2 SSE
293 2.17±0.15 0.434±0.024 0.987 0.833
303 2.91±0.07 0.410±0.009 0.998 0.201
313 3.18±0.08 0.413±0.009 0.998 0.240

Note: SSE=(qqc)2, q and qc are the experimental value and calculated value according to the model, respectively.

Table 4. Fitting results of adsorption kinetic models
Elovich equation

T/K C0/(mg·L1) A B R2 SSE

293
15 2.90±0.17 1.31±0.08 0.969 0.6490
30 3.37±0.34 1.54±0.07 0.980 0.5790
50 10.3±0.20 0.789±0.05 0.963 0.2830

303
15 4.32±0.19 0.967±0.042 0.983 0.1910
30 5.67±0.30 3.37±0.34 0.974 0.4420
50 10.4±0.20 1.01±0.04 0.986 0.1710

313
15 04.40±0.126 1.039±0.027 0.994 0.0802
30 5.69±0.30 1.17±0.06 0.973 0.4470
50 10.7±0.30 1.01±0.05 0.974 0.3160

Pseudo-second-order kinetic model
T/K C0/(mg·L1) qe(exp)/(mg·g1) qe(theo)/(mg·g1) k2/(g·mg1·min1) R2 SSE

293
15 10.2 10.0±0.1 6.17E-2±0.01E-2 0.913 94.9
30 12.4 12.0±0.4 0.0084±0.0018 0.863 3.92
50 15.0 14.6±0.2 0.0271±0.0048 0.832 1.26

303
15 10.4 10.1±0.1 0.0165±0.0021 0.936 0.714
30 12.3 12.1±0.0 0.929E-2±0.015E-2 0.878 106
50 16.0 15.7±0.2 0.0194±0.0028 0.897 1.26

313
15 10.6 10.1±0.2 0.0154±0.0031 0.849 1.94
30 12.6 12.5±0.2 0.0138±0.0023 0.888 1.85
50 16.5 16.2±0.2 0.0195±0.0025 0.911 1.09
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that 1/n between 0 and 0.5 indicates that Zr-PEI@Fe3O4 has a bet-
ter adsorption effect on phosphate.
2-3. Adsorption Kinetics Analysis

Adsorption rate is an important property of adsorbents. The
adsorption performance of PEI@Fe3O4 and Zr-PEI@Fe3O4 toward
phosphate was studied experimentally, which proved that Zr-
PEI@Fe3O4 has good adsorption performance. The adsorption kinet-
ics of phosphate on Zr-PEI@Fe3O4 as a function of temperature is
shown in Fig. 8. At different temperatures, the initial phosphate

concentration was 50mg·L1, the adsorption process mainly included
rapid growth in 100min, increased in 100-250min slowly and equi-
librium in 360 min. This phenomenon means that there were suf-
ficient adsorption sites on the surface of the adsorbent, and the
adsorption speed was faster; as the active sites on the adsorbent
decreased, the relative binding active sites decrease and the adsorp-
tion rate became slower [35]. The adsorption quantity was 16.0
mg·g1 at 303 K.

At 303 K, the adsorption quantity of PEI@Fe3O4 toward phos-
phate was 14.0 mg·g1 (at pH 6.0). Furthermore, adsorption quan-
tity of phosphate onto PEI@Fe3O4 significantly decreased if there
was higher concentration of existing common salts. So it was valu-
able to explore the adsorption property of Zr-PEI@Fe3O4 for removal
of phosphate from solution.

To study the adsorption kinetics in-depth, the two kinetic equa-
tions (expressions listed in Table 2) of the Elovich equation and
pseudo-second-order kinetic model were selected and nonlinear
regression analysis was applied to fit the experimental data [36,37].
The fitting curve and fitting parameters are shown in Fig. 8 and
Table 4, respectively. The values of qe(theo) from Pseudo-second-order
kinetic model were close to values of qe(exp) from experiments and
this indicated that the pseudo-second-order kinetic model was used
to predict the equilibrium adsorption amount. But the values of R2

were lower, which was not suitable for describing the whole kinetic
process of phosphate adsorption onto Zr-PEI@Fe3O4. The Elovich
equation model had a higher R2 value (>0.96) and a lower SSE
value. The parameter A increased with the increase of the initial
concentration which indicated that the adsorption process con-
tains heterogeneous chemical adsorption and ion exchange.
2-4. Adsorption Thermodynamic Parameters

The adsorption process was accompanied by the characteristics
of endothermic, exothermic, adsorption force and system changes.
The mechanism of adsorption reaction can be inferred from the
perspective of energy change, so it can be passed by Gibbs free energy
(G), enthalpy change (H), and entropy change (S) [38]. Analyti-
cal calculations were performed with the following formula [39]:

Kc=Cad, e/Ce (3)

G=RTlnKc (4)

G=HTS (5)

where Kc is the adsorption equilibrium constant, Cad, e (mg·L1)
and Ce (mg·L1) are the concentration of the adsorbate on the
adsorbent and the concentration of the adsorbate in the solution
when the adsorption is balanced. G represents the Gibbs free energy;
R (8.314 J·mol1·K1) denotes the gas constant; T (K) expresses the
absolute temperature;

For the actual system, in addition to considering the possibility
of reaction, the reaction rate should also be considered. It can be
expressed by activation energy. The apparent activation energy can
be obtained by bringing the most consistent kinetic adsorption
model parameters into the Arrhenius equation:

(6)

where k is the adsorption rate constant, Ea (kJ·mol1) represents

k    
Ea

RT
-------   Alnln

Fig. 8. Adsorption kinetics of phosphate adsorption onto Zr-
PEI@Fe3O4 (pH=6.0).
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the apparent activation energy of the reaction, R (8.314 J·mol1·K1)
denotes the gas constant, T (K) expresses the absolute tempera-
ture, and A is the temperature influence factor.

According to Eqs. (3)-(6), the relevant thermodynamic parame-
ters for phosphorus adsorption are calculated and shown in Table 5.

It proved that G was less than zero, drastically suggesting that
the driving force of adsorption was greater and the adsorption capac-
ity was higher [40]. H was greater than zero, S was 38.5 J·mol1·
K1, and the absolute value of G increased with increasing tem-
perature. The adsorption process for phosphate was a spontaneous
endothermic reaction from Table 5. The size of the activation energy
can judge the difficulty of the adsorption reaction, and the smaller
the value the easier the adsorption reaction occurs. From the table,
Ea was 29.9 kJ·mol1, indicating that the reaction was easy to pro-
ceed, Ea is between 5 and 40, which indicates that the adsorption
process is physical adsorption.
2-5. Desorption of Adsorbed Phosphate and Regeneration of Used
Adsorbent

Regeneration of exhausted adsorbent is the critical consider-
ation in the utilization of adsorbent because of cost-effectiveness
and concerns of secondary pollution [41-45]. To evaluate the reus-
ability of the Zr-PEI@Fe3O4 adsorbent, five phosphate adsorption/
desorption cycles were conducted. Thanks to the considerable phos-
phate adsorption capacity of Zr-PEI@Fe3O4 at high pH, such as
11.3 mg g at pH 12, only a very strong base solution might be able
to effectively release the adsorbed phosphate from the adsorbent.
1 mol·L1 NaOH solution was used as the desorption solution. The
phosphate adsorption capacity remains 80% of the original value
after five cycles and the phosphate recovery remains above 70%.
2-6. Comparison of Adsorption Capacity with other Adsorbents
Toward Phosphate

Comparison of adsorption capacity with other adsorbent can
be performed and this can show the advantage of Zr-PEI@Fe3O4.
Of course, other factors, such as cost, reuse and effect of common
ions also affect the application of adsorbents. Table 6 shows the
comparison of phosphate adsorption capacity of Zr-PEI@Fe3O4

and other adsorbents. Obviously, the adsorption capacity of Zr-
PEI@Fe3O4 is greater than that of traditional adsorbent and has a
certain practical application prospect.
2-7. Adsorption Mechanism

The functional group of PEI contained a large amount of amino
groups and more adsorption sites were obtained by binding zirco-
nium on the surface of PEI. The surface of adsorbent is positively
charged under acidic conditions. Due to the electrostatic interac-
tion, the phosphate was adsorbed as negative ions. When the pH
value increased, the positive charge on the surface of Zr-PEI@Fe3O4

decreased gradually, the electrostatic attraction to phosphate de-
creased. There was still a certain amount of adsorption, indicating
that the surface charge of the adsorbent has a certain influence on
phosphate adsorption but it does not completely rely on static elec-
tricity. The main mechanism of action was to form a complex be-
tween ZrO2+ and phosphate on surface of adsorbents, also includ-
ing attraction [49,50]. The mechanism diagram is shown in Fig. 9.

CONCLUSIONS

Via a simple procedure with glutaraldehyde cross-linking and
precipitation, PEI and Zr were coated on Fe3O4 to produce a selec-
tive adsorbent for phosphate removal. There was high adsorption
capacity of Zr-PEI@Fe3O4 toward phosphate. The adsorption of
phosphate by Zr-PEI@Fe3O4 involves physical adsorption and het-
erogeneous chemisorption. The adsorption process is more inclined
to the Freundlich isothermal model. The double constant model
and Elovich equation model can be used to describe the multi-

Table 5. Thermodynamic parameters

Ea/(kJ·mol1) H/(kJ·mol1) S/(J·mol1·K1)
G/(kJ·mol1)

293 K 303 K 313 K
29.9 134 38.5 9.33 11.7 12.0

Table 6. Comparison of adsorption quantity of phosphate onto var-
ious adsorbents

Adsorbent qe (mg·g1) Reference
Zirconia-modified carbon nanotubes 10.6 [23]
La-modified macroporous chelating resin 26.1 [35]
Fe-IDA-magnetic peanut husk 33.7 [42]
Fe3O4@La-Ce composite 56.8 [44]
Zirconia-functionalized graphite oxide 16.4 [46]
Hydrous Zirconium oxide 53.6 [47]
Fe-modified macroporous chelating resin 10.9 [48]
Zr-PEI@Fe3O4 29.8 This study

Fig. 9. Plausible mechanism for the adsorption of phosphate over
Zr-PEI@Fe3O4.
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phase and multi-molecular layer adsorption process. The adsorp-
tion process was spontaneous and endothermic from the thermo-
dynamic analysis. The spent adsorbent could be regenerated using
NaOH solution and the adsorption capacity could remain 80%
after five adsorption/desorption cycles. In this study, PEI provided
a large surface area for Zr coating. Fast adsorption of phosphate
and reusability of Zr-PEI@Fe3O4 make the adsorbent a potential
candidate for phosphate removal.
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