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Phosphorus removal was a crucial aspect in controlling eutrophication problem of water pollution. Zirco-
nium oxide was a suitable adsorbent for phosphate removal due to its good adsorption efficiency, but it
suffered from the separation inconvenience. In this paper, magnetic Fe-Zr binary oxide was synthesized
and used as adsorbent for removing phosphate from aqueous solution. The adsorbent was characterized
by energy dispersive analysis system of X-ray, scanning electron microscopy (SEM), infrared spectrum

';/fy Vrlort(ijS: (IR), X-ray powder diffraction (XRD) analysis and BET surface area measurements. The results showed
Fe’ingebi;ary oxide that kinetic data followed a pseudo-second-order model and equilibrium data were well fitted by the
Adsorption Langmuir model. The maximum adsorption capacity was 13.65 mg P/g at pH 4. The adsorption mecha-
Phosphate nism was mainly derived from ion-exchange of zirconium species and partly originated from magnetite

species of Fe-Zr binary oxide. The main advantages of magnetic Fe-Zr binary oxide adsorbent consisted

in its separation convenience and highly efficient reusability compared to the other adsorbents.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus, as an essential resource and material, is widely used
in the areas of agriculture and industry. However, a large amount
of phosphate promotes the growth of the alga due to its extensive
use. Some algae are toxic, which lead to the disturbance of organ-
isms balance in water. The rapid depletion of dissolved oxygen level
makes the fish and other aquatic life dead when the algae decay.
Therefore, phosphorus has a great impact on the lakes, rivers and
seas which people depend on [1]. It is of significant importance to
control the amounts of phosphorous in water to maintain a green
environment for the forthcoming generation [2].

There are mainly three kinds of methods to remove phosphate
including chemical precipitation, biological treatment, and adsorp-
tion[3]. Chemical precipitation method was first used to resolve the
problem of rich nutritional pollution. It was also applied in treating
industrial wastewater containing high concentration of phosphate.
Moreover, this method could produce high-quality of phosphate
precipitates such as struvite. However, the cost was expensive and
the recovery of phosphorus from chemical sludge was very dif-
ficult [4]. Biological treatment was widely used in the removal
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of organophosphorous chemicals in food and domestic wastewa-
ter. People utilized polyphosphate accumulative organisms (PAOs)
or plants assimilating phosphate to reduce the phosphorous con-
centration. Nevertheless, this method had disadvantages of slow
treatment speed, complex operation process and requiring consid-
erable infrastructure investment. Furthermore, it was unsuitable
for treating wastewater containing high concentration of phos-
phate [5].

Adsorption methodology could overcome the problems existed
in chemical precipitation and biological treatment. Adsorption
method was found to be superior to above techniques for removal of
pollutants from aqueous solution in terms of flexibility and simplic-
ity of design, ease of operation and insensitivity to toxic pollutants.
It also did not result in the formation of harmful substances [6]. It
was well known that the adsorption capacity and efficiency were
greatly dependent on the materials of adsorbents.

Many materials for removal of phosphate were used as adsor-
bents in the literatures including fly ash [7-9], red mud [10-12],
slag[13-15],sand [16,17], aluminum hydroxide [18-20], iron oxide
[21-23], calcium based adsorbents [24,25], niobium oxide [26], cal-
cite [1] and peat [27].

In addition, zirconium oxide was also a suitable adsorbent for
phosphate removal due to its good efficiency of absorption and des-
orption for recycling [28]. Zirconia was one of the ceramic oxides
and was used to adsorb arsenate and phosphate [29,30]. Biswas
et al. reported orange waste gel loaded with zirconium for removal
of phosphorus from water [31]. Liu et al. also reported mesoporous
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ZrO, for phosphate removal [30]. However, both of them suf-
fered from the drawback of separation inconvenience. They could
overcome the drawback described above if the adsorbents were
magnetic. The reason was that they could be easily separated using
magnet and desorbed for reuse [32,33]. To our knowledge, the use
of zirconium oxide with magnetic property as adsorbent for phos-
phate removal was quite rare.

In this paper, we synthesized magnetic Fe-Zr binary oxide and
used it as adsorbent for removal of phosphate from aqueous solu-
tion. The adsorbent in our work could be easily collected with a high
gradient magnet. The magnetic Fe-Zr binary oxide adsorbent pos-
sessed favorable adsorption capacity for phosphate and exhibited
good regeneration property. Experimental parameters such as the
effect of pH, contact time, ionic strength and effect of other anions
were also investigated.

2. Materials and methods
2.1. Materials

2.1.1. Chemicals

Zirconyl chloride (ZrOCl,-8H,0), ferrous chloride (FeCl,-4H,0),
polyvinyl alcohol (PVA), hydrogen peroxide (H,0,), anhydrous
potassium dihydrogen orthophosphate (KH,PO4), ascorbicacid and
ammonium molybdate were purchased from Shenzhen Nanoport
Company (Shenzhen, China). The standard phosphate solution was
prepared by dissolving KH,PO4 in appropriate amounts of distilled
water and the KH,PO4 should be first dried for 2h at 110°C. The pH
values of solutions were adjusted with NaOH and HCI. All reagents
were of analytical grade. Distilled water was used through all the
experiments, and the experiments were performed twice.

2.1.2. Synthesis of magnetic materials

The synthesis of magnetic Fe-Zr binary oxide was performed
with the modification of the previous literature [34]. First, the
amount of 15 g zirconyl chloride and 90 mL of 0.24 M ferrous chlo-
ride were added into 120 mL 5% PVA solution in a three necked
round bottom flask. Then, the mixture was mechanically stirred
under a 50°C water bath for 10 min followed by the addition of
30 mL 0.24 M H,0,. Subsequently, the amount of 120 mL 3 M NaOH
was quickly injected into the flask. The reaction was continued for
2 h. After the reaction completed, the black product was collected
by magnet and washed to neutral with plenty of water in order to
remove the CI~ and OH~ consisted in the solution. The product was
dried at 80 °C for 18 h. Then, the dried product was transferred into
muffle furnace and kept at 500 °C for 4 h. Finally, the obtained Fe-Zr
binary oxide adsorbent was cooled at room temperature and kept
at desiccator for further use.

2.2. Adsorbent characterization

The sample composition and element contents were analyzed
by energy dispersive analysis system of X-ray (EDAX) using EDX-
GENESIS (EDAX, Ltd., USA). The surface morphology of the prepared
adsorbent was observed by scanning electron microscopy (SEM)
using a JSM-6700F LV microscope. The component of the syn-
thesized magnetic material was characterized by Rigaku TTRIII
X-ray diffraction patterns recorded on a D/max 2550 X-ray diffrac-
tometer (RigaKu, Japan) using Cu ka radiation (A=0.1541nm).
The magnetic properties were measured by magnetization curves
using a HH-50 vibrating sample magnetometer in the condition
of sensitivity 20 mV. The Brunauer-Emmett-Teller (BET) specific
surface area and the pore size distribution were analyzed by nitro-
gen adsorption-desorption measurements through a Monosorb
direct reading specific surface analyzer (Quantachrome Co., USA).

The IR spectra of the magnetic material before and after phos-
phate adsorption were measured by a Fourier transform infrared
spectrometer (FTIR, WQF-410, Beijing Second Optical Instrument
Factory, China). And the zeta potential of Fe-Zr binary oxide sus-
pension was determined by a Zeta Meter 3.0 (Zeta Meter Inc.)
equipped with a microprocessor unit.

2.3. Adsorption experiment

The adsorption experiments of phosphate were performed
according to the batch method. All the Erlenmeyer flasks contain-
ing appropriate amount of adsorbent and phosphate solution were
placed on a constant temperature bath oscillator to vibrate at room
temperature (25 °C). After a period of time, the adsorbent was sep-
arated from the solution using a permanent magnet and the initial
and final phosphate concentrations were determined using the
ammonium molybdate spectrophotometric method.

2.3.1. Effect of contact time

The effect of contact time on each sorption was investigated in
different time intervals ranging from 5 min to 2 days with initial
phosphate concentration of 50 mg P/L. The amount of 0.2 g Fe-Zr
binary oxide was added into 200 mL of KH,PO,4 solution. After the
completion of the reaction, the amount of 1 mL mixture was taken
out from each flask and the magnetic adsorbent was separated
followed by the determination of the residual phosphate concen-
trations. The adsorption kinetic experiments were carried out at pH
4.

2.3.2. Adsorption isotherm

Adsorption experiments were performed in 50 mL glass Erlen-
meyer flasks containing 25 mL of different initial concentrations
from 0 to 100 mg P/L and 1 g/L of Fe-Zr binary oxide at fixed pH 4.0.
The contact time was 24 h.

2.3.3. Effect of pH and ionic strength

To gain further insight into the adsorption process, the influence
of pH and ionic strength were studied as follows. Solutions con-
taining 50 mg P/L of phosphate and known concentrations of NaCl
(0.1 M,0.01 Mand 0.001 M) were adjusted with HCl and NaOH solu-
tions to the desired pH values from 3 to 11. The adsorbent dosage
and reaction time was 1g/L and 24 h, respectively.

2.3.4. Effect of coexisting anion

The effects of nitrate, sulfate, acetic and citrate on the adsorbed
phosphate were investigated. Two kinds of anion concentration
(0.001 M and 0.01 M) were also investigated. The initial phosphate
concentration, pH value and adsorbent dosage were 50mg P/L,
4 and 1g/L, respectively. The other conditions were the same as
mentioned above.

2.3.5. Desorption and reusability

For estimating the regeneration of the Fe-Zr binary oxide adsor-
bent, desorption experiments were conducted using four different
concentrations of NaOH solutions. The Fe-Zr binary oxide adsor-
bent was first saturated with phosphate for 24h and separated
from the solution. Then it was immersed in different NaOH solu-
tions (0.01, 0.1, 0.5 and 1 M) for another 24 h. The initial phosphate
concentration and adsorbent dosage were 50mg P/L and 1g/L,
respectively. The residual phosphate concentrations after adsorp-
tion and after desorption should both be determined to calculate
the desorption percentage. The other conditions were the same as
mentioned above.
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Fig. 1. SEM of the magnetic Fe-Zr binary oxides.
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Fig. 2. EDAX spectrum of the magnetic adsorbents using 15g zirconyl chloride
during synthesis.

Finally, 0.1 M NaOH was chosen to repeat above processes
of adsorption and desorption for investigating the regeneration
capacity of the Fe-Zr binary oxide adsorbent.

3. Results and discussion
3.1. Characterization of synthesized magnetic materials

The SEM image of the Fe-Zr binary oxide was shown in Fig. 1. The
surface of Fe-Zr binary oxide was uneven and rough with abundant
protuberances and lots of pores, which favored the diffusion of the
phosphate to its surface.

X-ray energy dispersive analysis experiments were performed
to characterize magnetic product composition and element con-
tents (see Fig. 2). It was observed that the concentrations of
zirconium and iron elements were 38.96% and 26.62%, respectively.
The Zr/Fe molar ratio was 2.16.

The XRD patterns of the Fe-Zr binary oxide before and after
adsorption tests were demonstrated in Fig. 3. It was observed that
the three strongest peaks (26=30.4°, 50.8° and 60.4°) could be
assigned to zirconia [28], and the reflection (20 =35.6°, 43.2°,57.3°
and 62.9°) could be assigned to magnetite (Fe304) and maghemite
(Fe»03)[35]. These results indicated that the principal components
of magnetic Fe-Zr binary oxide adsorbent were zirconia, magnetite
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Fig. 3. XRD patterns of magnetic Fe-Zr binary oxides before treatment (a) and after
treatment (b).
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Fig. 4. Changes in N, gas adsorption/desorption isotherm of Fe-Zr binary oxide.

and maghemite. Among them, the magnetite and maghemite were
magnetic, which proved that the magnetic material was a com-
posite of Fe oxide and Zr oxide. No obvious change can be found
about Fe-Zr binary oxide before and after phosphate adsorption.
Therefore, it revealed that crystalline phase of Fe-Zr binary oxide
remained unchanged even after phosphate adsorption.

The saturated magnetization of Fe-Zr binary oxide adsorbent
was 6.1 emu/g and the results were shown in Fig. S1. Compared
with the saturated magnetization values (4.36 and 1.97 emu/g)
reported in previous literatures [36,37], the magnetic of Fe-Zr
binary oxide adsorbent was large enough to be collected by the
high gradient magnet.

The BET surface area of Fe-Zr binary oxide adsorbent was
106.2 m2/g (Fig. 4). The hysteresis observed at higher relative pres-
sures (>0.5) indicated that lots of mesopores were present on the
surface of Fe-Zr binary oxide adsorbent [28].

The changes of vibration frequency about adsorbent were deter-
mined by the FTIR spectrometry and the results were shown
in Fig. 5. A strong and broad band in 3600-3100cm~! region
(O-H stretching vibration) should be assigned for the presence of
hydroxyl of coordinate water molecules [38]. Compared with spec-
trum of Fe-Zr binary oxide before phosphate adsorption (Fig. 5(a)),
the peaks of 1618 cm~! (O-H bending vibration) and 1336 cm™!
(O-H bending vibration) after phosphate adsorption (Fig. 5(b))
were weakened dramatically and completely disappeared, respec-
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Fig.5. FTIR of magnetic Fe-Zr binary oxides before treatment (a) and after treatment
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Fig. 6. Plot of zeta potential of magnetic Fe-Zr binary oxides as a function of pH in
0.01 M NaCl at 25°C.

tively. And the new peak appearing at 1014cm~! was attributed
to the bending vibration of adsorbed phosphate accompanied by a
new weaker shoulder peak appearing at 1122 cm~! (Fig. 5(b)) [28].
These results proved that phosphate was successfully adsorbed
on the surface of Fe-Zr binary oxide adsorbent and the hydroxyl
of Fe-Zr binary oxide adsorbent was disappeared simultane-
ously. Therefore, it was suggested that the adsorption mechanism
between Fe-Zr binary oxide adsorbent and the phosphate may
result from the ion exchange between the hydroxyl on the adsor-
bent surface and phosphate in the solution. The bands of 455 and
469 cm~! observed in samples were due to metal oxygen stretch-
ing vibration [38]. It could be assigned to the Fe oxygen stretching
vibration in this magnetic material. And the shift observed for the
samples might be caused by the difference of Fe-Zr binary oxide
adsorbent between before and after phosphate adsorption.

Fig. 6 showed zeta potential of Fe-Zr binary oxide adsorbent in
different pH values ranging from 3 to 11. The results showed that
the isoelectric point of the adsorbent was at pH 3.24. The surface of
adsorbent was positive when pH value was below 3.24. While pH
value was above 3.24, the charge of the magnetic adsorbent was
negative.

3.2. Effect of contact time

In order to further understand the characteristics of the
absorption process, the pseudo-first-order adsorption, pseudo-
second-order, and intra-particle diffusion models were applied to
fit experimental data obtained from batch experiments.

A pseudo-first-order kinetic model is given as following equa-
tion,

kqt
2.303

A pseudo-second-order kinetic model is also analyzed to fit the
data and showing as following equation,

log(ge — qt) =log ge — (A1)

r_1 _t
Qt_kzqg_(k

The intra-particle diffusion model is usually described by the
following equation.

(A.2)

e = kpt9° +C (A3)

where ge and g; is the amounts of phosphate adsorbed on per unit
Fe-Zr binary oxide at equilibrium and at time ¢, respectively (mg
P/g), kq is the pseudo-first-order rate constant for the adsorption
process and can be obtained from the plots of log(ge — q¢) against
t, ky is the pseudo-second-order rate constant for the adsorption
process and can be obtained from the plots of t/q; against t, kp is
the intra-particle diffusion rate constant and can be obtained from
the slope of straight-line portions of plot of g; against t1/2, and C is
a constant gained from the intercept of plot of q¢ against t!/2.

As shown in Fig. 7(a), the amounts of phosphate on the adsor-
bent were measured in different contact time. The result showed
that the process of adsorption kinetics took place in two opposite
steps: a rather fast uptake of the phosphate occurs and about 86%
of phosphates were adsorbed within the first 2 h. The first step was
followed by a slow stage until the equilibrium state was reached.
It was observed that the phosphate adsorption almost reached
equilibrium after 24 h. Therefore, the equilibrium time of 24 h was
chosen for further experiment.

The results of linear forms of pseudo-first-order, pseudo-
second-order and intra-particle diffusion kinetic models on the
experiment data were presented in Fig. 7(b), (c) and (d), respec-
tively. The value of correlation coefficient (R=0.9993) was far closer
to 1 than the values of pseudo-first-order and intra-particle dif-
fusion kinetic models (the correlation coefficient values of which
were 0.9452 and 0.9636, respectively). Therefore, the pseudo-
second-order model was fitted well with our experiment data
indicating that the rate-limiting step for removal phosphate by
Fe-Zr binary oxide adsorbent may be the chemical adsorption [39].

The adsorption process was essentially divided into two or more
steps: the first step was the external surface adsorption or instanta-
neous adsorption stage. The second step was the gradual adsorption
stage, where the adsorption rate was limited by intra-particle dif-
fusion. In some cases, the third step was the final equilibrium stage
when the intra-particle diffusion started to shut down [40]. The
linear of Q. against t1/2 in Fig. 7(d) showed that adsorption process
was obviously divided into three steps. The first linear step (before
2h) was a very fast stage. The reason may be that the phosphate
was quickly transported to the surface of adsorbent under the con-
centration gradient force. The second linear step (from 2 h to 24 h)
was the gradual adsorption process where intra-particle diffusion
started to limit the rate of adsorption. The third linear step (after
24 h) was the equilibrium stage, where the adsorption sites of the
adsorbent surface were saturated and the intra-particle diffusion
of adsorption was shut down. Therefore, the magnetic material in
our work could be used to adsorb phosphate if the adsorption time
was less than 2 h.
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Fig. 7. The influence of contact time on the amount of phosphate absorption by magnetic Fe-Zr binary oxides (a), the pseudo-first-order kinetic model (b), the pseudo-
second-order kinetic model (c), and intra-particle diffusion plots for phosphate adsorption onto magnetic Fe-Zr binary oxides (d).

3.3. Adsorption isotherm

Langmuir and Freundlich models were used to describe the
adsorption capacity of Fe-Zr binary oxide for phosphate. Langmuir
model was appropriate for monolayer adsorption onto the surface
of adsorbent. All the adsorption sites were equal and the number
of identical sites limited the adsorption capacity. It can be shown
as below.

Ce Ce 1
Ge  Gmax * Kigmax (B.1)

According to Freundlich model, it was often applicable to
describe the models of multilayer absorption onto the surface of
heterogeneous sites with different bond energy. The equation of
Freundlich model is given as following.

log ge =log K+ % log Ce (B.2)
where ge and gmax is the amount and the maximum amount of
adsorbed phosphate per unit weight of adsorbent (mg P/g), respec-
tively, Ce is the residual concentration of adsorbate in bulk solution
(mg P/L), Ki is a constant determined by plotting Ce/ge versus Ce,
K and 1/n are the constants related to adsorption of adsorbent and
intensity of the adsorption, respectively.

As demonstrated in Fig. 8, the experimental data were fitted
better with Langmuir model (R=0.9856) compared with the Fre-
undlich model (R=0.9799). The calculated maximum adsorption
capacity was 13.65mg P/g which was much higher than those
adsorbents had been reported, such as iron oxide tailing (12.6 mg
P/g)[21], peat (8.91 mg P/g) [27], La doped vesuvianite (6.7 mg P/g)
[41], Fe-Mn binary oxide (11.7 mg P/g) [42] and MgMn layered dou-
ble hydroxides (7.3 mg P/g) [43]. Moreover, the adsorption capacity
of Fe-Zr binary oxide toward phosphate in this work was compa-
rable to that of other adsorbents such as Fe-EDA-SAMMS (14.2 mg
P/g) [3], hydrous niobium oxide (15 mg P/g) [26] and La/Al pillared
montmorillonite (13.0 mg P/g) [44]. [t was noticed that the adsorp-
tion capacity was negligible when the pure iron oxide without the
component of zirconium was used as adsorbent in our experiments.
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Fig. 8. Adsorption isotherm for phosphate on magnetic Fe-Zr binary oxides at pH
4.

Therefore, the adsorption of phosphate was mainly contributed to
zirconium oxide.

The capacity of Fe-Zr binary oxide adsorbent was much worse
than that of mesoporous ZrO, (29.7 mg P/g) [28]. This phenomenon
was partly caused by the lower proportion of ZrO, in our magnetic
material than the pure one.

The Zr/Fe molar ratio of the magnetic adsorbent is important for
phosphate removal. The Zr/Fe molar ratios of adsorbents prepared
using different amounts of zirconyl chloride ranging from 6g to
24 g during synthesis were analyzed by EDAX spectra (see Fig. S2).
The saturated magnetization curves of adsorbents containing dif-
ferent Zr/Fe molar ratios were shown in Fig. S1. The Zr/Fe molar
ratios of adsorbents in the starting before synthesis and in the final
product were listed in Table 1 along with their adsorption capacities
and saturated magnetization data. Obviously, the Zr/Fe molar ratios
increased with the increase of zirconyl chloride amounts during
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Table 1

The Zr/Fe molar ratios, adsorption capacities and saturation magnetization of adsorbents prepared using different amounts of ZrOCl, during synthesis.

Amounts of ZrOCl, Zr[Fe mole ratio in the Zr[Fe molar ratio in Adsorption Saturated magnetization
added (g) starting product capacity (mg P/g) (emu/g)
0.00 0.00 0.00 1.16 41.99
6.00 0.86:1 0.52:1 10.21 16.45
9.00 1.30:1 0.86:1 11.70 14.93
15.00 2.16:1 1.46:1 13.65 6.10
21.00 3.02:1 1.79:1 14.64 413
24.00 3.45:1 2.16:1 14.95 1.02
20 When the pH is lower than the isoelectric point
18 1 2
. & Zr-OH + H* = Zr-OH2+ (3)
D 16 v
o
2 14- $ Zr-OH2* + HyPO,~ = (Zr-OH, )+ (H,P04)~ (4)
= & o
3 1 vy . 2Zr—OH?* + HPO42~ = (Zr-OH, )2+ (HPO, 2~ (5)
GE) 104 X &
o 8. v * Obviously, the concentration of hydroxyl ions promoted the
E > opposite reactions described above leading to the decrease of
2 64 v phosphate adsorption at higher pH solution. Therefore, adsorption
§_ 44 reaction was much favorable at lower pH than at higher pH value.
* 0.001M NaCl It was observed that the adsorption capacity could reach 17.87 mg
o] © 0.01MNaCI P/ - . ’
v 0.1M NaCl g at pH 3. As a result, the Fe-Zr binary oxide could be well used
0 - i i i i to adsorb phosphate in the acidic environment.
0 2 4 6 8 10 12 Noticeably, we found that the final pH of solution was higher

pH

Fig. 9. Effect of pH and ionic strength on phosphate absorption by magnetic Fe-Zr
binary oxides.

synthesis followed by the increase of adsorption capacities toward
phosphate and the decrease of saturated magnetization. The rea-
son that adsorption capacities increased with the increase of Zr/Fe
molar ratios was attributed to the increased zirconium species in
Fe-Zr binary oxide adsorbents. Nevertheless, saturated magneti-
zation of Fe-Zr binary oxide adsorbents decreased as a result of
the decreased proportion of magnetic species in adsorbents. It was
found that the prepared adsorbents exhibited very low or even
negligible magnetic properties when the Zr/Fe molar ratios were
greater than 3.02:1 in the starting. Therefore, the Zr/Fe molar ratio
0f 3.02:1 in the starting was selected to prepare Fe-Zr binary oxide
adsorbent. Additionally, the Zr/Fe molar ratio in Fe-Zr binary oxide
products was lower compared to that in the starting indicating part
of zirconyl chloride failure to form Fe-Zr binary oxide.

Noticeably, the adsorption capacity of Fe-Zr binary oxide adsor-
bent toward phosphate was 1.16 mg P/g in the absence of zirconyl
chloride during synthesis. It revealed that the phosphate adsorption
was partly derived from magnetite species in Fe-Zr binary oxide
adsorbent.

3.4. Effect of pH and ionic strength

The effects of pH and ionic strength on phosphate adsorption
were shown in Fig. 9. The results indicated that the pH was a sig-
nificant parameter controlling the process of adsorption, while the
ionic strength had a little influence. The phosphate uptake obvi-
ously increased with the decrease of pH, which should be attributed
to the competition between hydroxyl ions and the phosphate ions
onthe surface of the adsorbent [28]. It was reported that the adsorp-
tion process was based on the ion-exchange mechanism as follows:

Zr-OH + H;P04~ = Zr(H;P04) + OH™ (1)
2Zr-OH + HPO4%~ = Zry(HPO,4) + 20H~ (2)

after the adsorption process (shown in Table 2), which indicated
that hydroxyl ion released into the final solution after uptake phos-
phate onto the surface of Fe-Zr binary oxide adsorbent. Therefore,
combining IR data and adsorption resultin the absence of zirconium
species described above, we could confirm that the adsorption
essence toward phosphate was mainly derived from ion-exchange
mechanism of zirconium species and partly originated from mag-
netite species in Fe-Zr binary oxide adsorbent.

When the pH was below the isoelectric point (pH=3.24), the
protonated process occurred and the surface of materials was the
positive charge leading to static electricity force between posi-
tive material and negative phosphate ions. Therefore, the reason
that the much higher capacity at pH 3 was observed in contrast
to pH 4 was due to the electrostatic force besides interaction of
ion-exchange.

Simultaneously, it had a little influence on the removal of phos-
phate by Fe-Zr binary oxide with different concentrations of ionic
strength shown in Fig. 9. It meant that Fe-Zr binary oxide could be
used as adsorbent to remove phosphate from high salinity wastew-
ater.

3.5. Effects of coexisting anion

Natural water and wastewater always contained lots of coex-
isting anions, which could potentially compete with phosphate
for the adsorption sites. Thus, the interferences of coexisting
anions, including nitrate, sulfate, citrate and acetic were studied.
The results (shown in Table 2) demonstrated that the amount of
adsorbed phosphate decreased in the presence of nitrate, sulfate
and citrate. The interference of citrate on phosphate adsorption was
much more obvious than that of nitrate and sulfate. This may be due
to the competition between the phosphate and hydroxyl groups
of citrate. However, the amount of adsorbed phosphate increased
in the presence of acetic which may be caused by the lower final
pH of sodium acetic solution. It was described above that lower
pH favored phosphate adsorption. Furthermore, the interferences
were much more obvious at the higher concentrations of coexisting
anions compared with that at the lower concentrations.
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Table 2

Effects of coexisting anions on phosphate removal by magnetic Fe-Zr binary oxides at initial pH 4.

Matrix Final pH Amount of phosphate Matrix Final pH Amount of phosphate
removed (mg P/g) removed (mg P/g)
Phosphate only 6.54 12.39
+0.01 M sodium nitrate 6.33 10.98 +0.001 M sodium nitrate 6.47 12.04
+0.01 M sodium sulfate 6.18 11.03 +0.001 M sodium sulfate 6.47 11.08
+0.01 M sodium citrate 4.05 7.23 +0.001 M sodium citrate 4.69 9.36
+0.01 M sodium acetic 4.10 13.66 +0.001 M sodium acetic 4.85 12.64
Table3 ) ) ) ] ) (1) The adsorbent possessed arough surface and many mesoporous
The desorption of phosphate from magnetic Fe-Zr binary oxides with NaOH solution. pores. Its speciﬁc surface area and pHzpc was 106.2 m2/g and
NaOH concentration (M) 0.01 0.1 0.5 1 3.24, respectively.
Desorbed percentage (%) 54.3 72.8 73.7 74.5 (2) The kinetic data were well fitted with pseudo second-order
model. The adsorption isotherm described by Langmuir model
12 was better than Freundlich model. The maximum adsorption

-
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L
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0 T T T T T T
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Fig. 10. Reusability of magnetic Fe-Zr binary oxides regenerated by 0.1 M NaOH.

3.6. Desorption and reusability

Due to the adsorption capacities decreased with the increase of
pH, different concentrations of NaOH solution were used to investi-
gate the desorption process. The results were listed in Table 3. It was
discovered that the desorbed phosphate increased with the increas-
ing concentration of NaOH. The phosphate desorption percentages
were 54.3%, 72.8%, 73.7% and 74.5%, when the concentrations of
NaOH solution were 0.01M, 0.1M, 0.5M and 1M, respectively.
Therefore, 0.1 M NaOH solution was selected as an eluent to desorb
phosphate from the surface of Fe-Zr binary oxide adsorbent.

The adsorption-regeneration cycles were carried out five times.
The relationship between cycle number and adsorption capacity
was shown in Fig. 10. The value of cycle 0 was assigned to the
adsorption capacity of the original Fe-Zr binary oxide. In general,
the adsorption capacity decreased with the increase of the cycle
number. The amount of decrease for the first regeneration cycle was
about 83% of the original adsorption capacity. Moreover, when the
fifth cycle was over, the adsorption capacity could also reach 66.7%
of the original one. It sufficiently displayed the good regeneration
results for the magnetic Fe-Zr binary oxide.

4. Conclusion

The results suggested that the magnetic Fe-Zr binary oxide
could be successfully applied for adsorbing phosphate and control-
ling the phosphorous pollution in aqueous solution. The effects of
contact time, initial phosphate ions concentrations, pH and ionic
strength on the adsorption process were discussed. The conclusions
were showing as follows:

capacity was 13.65 mg P/g at pH 4.

(3) Phosphate adsorption capacity decreased with the increase of
pH ranging from 3 to 11. The adsorption mechanism was due
to the ion exchange between hydroxyl and phosphate.

(4) The magnetic Fe-Zr binary oxide adsorbent could be regen-
erated using 0.1 M NaOH solution as eluant. The adsorption
capacity was able to reach up to 66.7% of the original adsorption
capacity after the fifth cycle.

(5) The magnetic Fe-Zr binary oxide adsorbent with saturation
magnetization of 6.1 emu/g could be easily separated with a
high gradient magnet. Therefore, it could be a potential material
for the phosphate removal.
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