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bstract

A type of mesoporous ZrO2 was synthesized and its phosphate removal potential was investigated in this study. The adsorption isotherm, pH
ffect, ionic strength effect and desorption were examined in batch experiments. The adsorption data fitted well to the Langmuir model with which
he maximum P adsorption capacity was estimated to be 29.71 mg P/g. The amount of phosphate adsorbed increased rapidly in the first 5 h and
lowly towards the end of the run, suggesting the possible monolayer coverage of phosphate ions on the surface of the adsorbent. The phosphate
dsorption tended to increase with a decrease of pH and an increase of ionic strength. A phosphate desorbability of approximately 60% was

bserved with 0.5 M NaOH, which indicated a relatively strong bonding between the adsorbed PO4

3− and the sorptive sites on the surface of the
dsorbent. The immobilization of phosphate probably occurs by the mechanisms of ion exchange and physicochemical attraction. Due to its high
dsorption capacity, this type of Zirconium oxide has the potential for application to control phosphorus pollution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of trace amounts of phosphate in treated
astewaters from municipalities and industries can lead to

utrophication of the receiving confined water bodies [1]. So,
he removal of phosphates from wastewater discharges to water
odies is an important component of eutrophication control
trategies [2]. As regulations and standards become increas-
ngly more stringent, from 0.5 to 1.0 mg/L to even less than
.03 mg/L P, even further treatment of the effluent is required to
eet effluent quality standards [3–5].
Among the conventional phosphorus removal methods, sorp-

ion methods using the appropriate solid materials can be
romising at lower phosphate concentrations, which pose a chal-
enge to the use of the traditional flocculation methods [6]. Most
f the studies about phosphate adsorbents have focused on the
hoice of natural and constructed wetland system substrates,
ue to the importance of selecting substrates with the highest P

dsorption capacity to maximize phosphorus removal [7].

Many kinds of materials have the potential to remove
hosphorus from water, and many materials including waste

∗ Corresponding author. Tel.: +86 10 62849171; fax: +86 10 62923541.
E-mail address: huchun@rcees.ac.cn (C. Hu).
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roducts have attracted widespread interest due to their poten-
ial ability for phosphorus remove, including sands [8,9],
y ash [5,10–14], slag [11,14–18], iron oxide tailings [19],
luminum oxide hydroxide [20], Ca-based sorbents [21–24],
lunite [25,26], red mud [27,28], and iron-based compounds
6,29].

Based on the risk of very dilute contaminants in water and
ore stringent standards imposed, it is important to develop

ew kinds of effective adsorbents [6,30]. Hydrous zirconium
xide has remarkable selectivity to phosphoric ions, and also
igh resistance against attacks by acids, alkalis, oxidants and
eductants [31], which means that it has great potential to immo-
ilize phosphate from water. In the present study, a type of
esoporous ZrO2 was synthesized, and its phosphate removal

roperty as a function of pH, contact time and ionic strength was
tudied.

. Materials and methods

.1. Materials
Mesoporous ZrO2 was synthesized via solid-state reac-
ion using a structure-directing method [32]. In this synthesis,
rOCl2·8H2O and NaOH were milled into fine powder,

mailto:huchun@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2007.06.033
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espectively, and mixed at ambient temperature with the assis-
ance of block-copolymer HO(CH2CH2O)X(CH2CH(CH3)O)Y

CH2CH2O)XH (fw = 5800). The mixture was then transferred
nto an autoclave and kept at 383 K for 48 h. Subsequently, the
ompound was washed first with water, and then with ethanol.
fter this, it was dried at 350 ◦C for 3 h before use.
Commercial ZrO2 was also studied as a reference. Standard

hosphate solutions were prepared by dissolving the anhydrous
otassium dihydrogen orthophosphate (KH2PO4) and KNO3 in
ppropriate amounts of distilled water. The pH value of the
O4

3− working solution was adjusted to neutral with diluted
Cl or KOH.

.2. Effect of contact time

The influence of time was assessed by reacting 450 ml of a
hosphate solution (30 mg P/L and 0.01 M KNO3) with 600 mg
esoporous ZrO2 powder for up to 24 h, with the commer-

ial ZrO2 as reference. The flask was covered and immediately
tirred. Several mL of reaction solution was sampled with a
ipettor at various time intervals between 0 and 24 h of adsorp-
ion. The pH level was also measured at the same time. The
ample solution was immediately filtered through a 0.45 �m
embrane filter, and the filtrate was taken for PO4

3− analy-
is. Plots were prepared between the percentages of phosphate
emoved versus time. Finally, the exhausted sorbents were taken
ut for further desorption studies.

.3. Adsorption isotherms

Triplicate 60 mg samples of mesoporous ZrO2 were placed
n 50 mL of 0.01 M KNO3 containing different amounts of

as KH2PO4. Three drops of chloroform were added to
ach tube to inhibit bacteria growth. Seven levels of initial
hosphate concentrations (0, 5, 10, 20, 30, 50, 100, 200 and
00 mg P/L) were used. The experiments were performed using
.01 M KNO3 to adjust the ionic strength, independently of
he amount of KH2PO4 added. The pH value of the PO4

3−
orking solution was adjusted to the equilibrium value by

dding KOH or HNO3 in order to minimize pH variations
ue to the different amounts of KH2PO4 added. The suspen-
ions were continually shaken at room temperature (25 ◦C) and
80 rpm for 24 h to ensure approximate equilibrium. The super-
atant was filtered by a 0.45 �m filter paper and then was
nalyzed for P using a Perkin-Elmer Elan 6000 ICP-OES. The
uantity of adsorbed phosphate (adsorption capacity) was cal-
ulated from the decrease of the phosphate concentration in
olutions.

Then the P sorption data were fitted to the Langmuir equation
hown below:
1

qe

= 1

Q
+ 1

bQ
∗ 1

Ce

(Langmuir isotherm)

Detailed definitions of the variables can be found in the lit-
rature [19]. The exhausted adsorbents were taken out for IR
pectrum determination.
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.4. Effect of pH and ionic strength

To study the influence of pH and ionic strength on the
dsorption capacity, experiments were performed by using four
olutions of 30 mg P/L (0.001, 0.01 and 0.1 M KNO3) reacting
ith 600 mg adsorbent while maintaining the pH at different val-
es between 3 and 11. The flasks were shaken continuously for
4 h to attain equilibrium, after which the residual concentration
f phosphate in the supernatant solutions was determined.

.5. Desorption studies

To evaluate phosphate desorption from the exhausted adsor-
ent, the residual solids retained on the filter paper were
ollected after filtration of the suspension from the above test.
o each flask containing 50 mg of exhausted mesoporous ZrO2,
0 mL of 0.01 M KCl solution with different KOH (0, 0.001,
.01, 0.1 and 0.5 M) was added. The flasks were then shaken for
4 h. The suspension solutions were filtered and analyzed for
hosphate as according to the method described previously. The
uantity of desorbed phosphate was determined by the amount
f phosphate in the solution after the desorption experiment. The
desorbability was defined as the ratio of the desorbed P over

he total P adsorbed by the adsorbent.

.6. Other physicochemical measurements

The solids’ structures were analyzed by X-ray diffraction
XRD) using Cu K� radiation (Rint 2500, Rigaku). Their mor-
hology and microstructures were measured with Scanning
lectronic Microscopy (SEM) technique (S-3000N, Hitachi)
nd BET protocol (BELSORP-mini, BEL Japan). The IR spec-
ra of ZrO2 were taken before and after the adsorption tests on
Nicolt IR-5700 spectrophometer as KBr pellets in the range

f 4000–400 cm−1. The zeta potential of ZrO2 was determined
sing the method of [33].

. Results and discussion

.1. Properties of synthesized mesoporous adsorbent

The X-ray diffraction pattern of the commercial and synthe-
ized mesoporous ZrO2 are shown in Fig. 1a and b, respectively.
ccording to the literature [34], the synthesized adsorbent con-

ists mainly of a tetragonal phase with the commercial ZrO2
eing monoclinic. SEM analysis (Fig. 2a and b) proved the
morphous state of these commercial and synthesized ZrO2.
ig. 3b is the N2 adsorption/desorption isotherm. When sub-

ected to N2 gas desorption, the isotherm revealed a hysteretic
ehavior for the synthesized adsorbent. The hysteresis observed
t higher relative pressures (>0.5) suggested the abundance of
esopores in the adsorbent [35]. The BET specific surface area
as 232 m2/g and the pore diameter was ∼3.9 nm. As a refer-
nce, the commercial ZrO2 was also characterized by nitrogen
dsorption/desorption isotherms (Fig. 3a). The results indicated
hat the commercial counterpart was nonporous with the specific
urface area of 8.83 m2/g.
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ig. 1. X-ray diffraction patterns of commercial (a), mesoporous ZrO2 before
reatment (b), mesoporous ZrO2 treated with 5 ppm PO4

3− solution (c) and
esoporous ZrO2 treated with 50 ppm PO4

3− solution (d).

.2. Effect of contact time

Fig. 4 depicts the percentage of phosphate removed versus
ime for both the synthesized adsorbent and the commercial ref-

rence adsorbent. The pH value is also shown in this figure. The
eference powder had a much lower phosphate adsorption poten-
ial than the mesoporous counterpart. For the commercial ZrO2,
he phosphate removal ratio was less than 7% after 24 h, and the

5
r
r
fl

ig. 2. SEM analysis of commercial (a), mesoporous ZrO2 before treatment (b), me
reated with 50 ppm PO4

3− solution (d).
ig. 3. Changes in N2 gas adsorption/desorption isotherm of mesoporous ZrO2.

H stayed constant throughout the whole reaction time. How-
ver, for the mesoporous ZrO2, Fig. 4 shows that the amount
f phosphate adsorbed increased rapidly in the beginning 5 h
nd slowly towards the end of the run. At the time of 5 h, about
4.4% of the phosphate in the solution had been removed. The

emaining 19 h only added about another 4.4% to the phosphate
emoval ratio. The results in Fig. 4 also show that the pH value
uctuation coincides with the amount of phosphate immobi-

soporous ZrO2 treated with 5 ppm PO4
3− solution (c) and mesoporous ZrO2
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ig. 4. Rate of phosphate removal and equilibrated pH from the 450 mL solution
f 30 mg P/L by 0.600 g adsorbents at 25 ◦C (A: synthesized mesoporous ZrO2;
: commercial ZrO2).

ized. The value of pH in the solution increased rapidly from
.60 at the time of 5 min to 10.02 at the time of 5 h, and then
emained constant for the rest of the run time.

.3. Adsorption isotherm

Fig. 5 shows a plot of the phosphate loading on the adsor-
ent against the phosphate equilibrium concentration in the
iquid phase. It was found that the Langmuir equation best
escribed the equilibrium data over the concentration range
sed in this investigation (r2 = 0.965). With this Langmuir equa-
ion, the maximum P adsorption capacity was estimated to be
9.71 mg P/g.

The adsorption isotherm can indicate how the adsorbate
olecules are distributed between the liquid phase and the solid

hase when the adsorption process reaches an equilibrium state

24]. The good fit of the Langmuir equation to the adsorption
sotherm indicates that the precipitation of zirconium phosphate
an be negligible, as the Langmuir equation can only be used

ig. 5. Phosphate adsorption isotherm of mesoporous ZrO2 at 20 ◦C and pH
.7–6.9.
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d
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o describe the adsorption processes without precipitation [9].
lthough the Langmuir Q value might not provide an accurate

stimation of the long-term sorption capacity, it could still be
seful in comparing alternative materials for wastewater treat-
ent [13]. The adsorption capacity of 29.7 mg/g shows that this
esoporous ZrO2 has relatively high potential to be used as a

hosphate adsorbent in treating effluents.

.4. Other physicochemical determinations

X-ray diffraction patterns, SEM analysis of mesoporous ZrO2
efore and after treated with PO4

3− solutions are shown in
igs. 1–3, respectively. It is found from Figs. 1 and 2 that the

reatment with phosphate solution neither changes the crystalline
hase nor leads to any new crystalline phases.

The BET analysis showed that after treated with PO4
3− solu-

ions (5 or 50 ppm), the specific area of mesoporus ZrO2 was
till around 230 m2/g and no significant change was found for
he pore diameter distribution. These results indicated that the
mount of phosphate adsorbed was far less than fulfilling the
ajor pores of the adsorbent.
The results of zeta potential and IR spectra determination are

resented in Figs. 6 and 7, respectively. Fig. 6 shows that the iso-
lectric point was at pH 4.9. Below pH 4.9 the particles acquire
positive charge. Above pH 4.9 the charge of the adsorbent is
egative, and it increases with pH.

In the IR spectrum of mesoporous ZrO2 before adsorp-
ion, a strong and broad band in the 3500–3300 cm−1 region
O H stretching vibration) and a band at 1590 cm−1 (O H
ending vibration) indicated the presence of coordinated water
olecules, with the peak at 1340 cm−1 (O H bending vibration)

ndicating the presence of surface hydroxyl on the metal oxide
urface. It could be seen that after adsorption, the peaks at both
590 and 1340 cm−1 were shifted to a high wavenumber zone

1625 and 1380, respectively) and weakened dramatically. The
ecreasing tendency of these two peaks indicated that most of
he surface hydroxyl groups were replaced by adsorbed PO4

3−.
he peak appearing at 1015 cm−1 was attributed to the bending

ig. 6. Plot of the zeta potential of mesoporous ZrO2 as a function of pH at
.01 M NaCl, 25 ◦C.
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ig. 7. The IR spectra of ZrO2 before and after adsorption, (A: commercial
rO2; B: synthesized mesoporous ZrO2).

ibration of adsorbed PO4
3−. At the same time, a weak shoulder

eak appeared at 1119 cm−1. For the commercial ZrO2, the lack
f any peaks at around 1340 cm−1 indicated that there was no
urface hydroxyl on the metal oxide surface. This accounted for
he fact that the phosphate adsorption on the commercial ZrO2
owder was very low, with no pH changes during the run time.

.5. Effect of pH and ionic strength

As demonstrated by the results obtained from the pH and
onic strength influence test (shown in Fig. 8), the efficiency of
O4

3− removal increased steadily with the decrease of pH. For
he system with 0.001 M KNO3, at pH 10.18, the amount of phos-
hate loaded on the adsorbent was only 11.97 mg P/g. However,
t pH 2.82, this amount reached 23.29 mg P/g, approximately
wice as much as the value at pH 10.18. Fig. 8 also shows the
ffect of ionic strength on the phosphate adsorption. The phos-
hate adsorption was slightly dependent on the ionic strength,

specially in the high pH range.

Electrolytes can form outer-sphere complexes through elec-
rostatic forces [36]. So, if the immobilization of phosphate

ig. 8. Effect of pH and ionic strength on phosphate adsorption on mesoporous
rO2.
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ons occurs through the formation of outer-sphere surface com-
lexes, the removal ratio will decrease with an increase of ionic
trength. For this mesoporous ZrO2, the percentage of phosphate
emoved did not decrease with the increase of ionic strength,
hich indicates that the immobilization of phosphate ions prob-

bly takes place through the formation of inner-sphere surface
omplexes at the water/oxide surface. The pH dependency must
e related to both the amphoteric properties of the ZrO2 sur-
ace and to the polyprotic nature of phosphate. The surface of
rO2 consists mainly of oxygen atoms and hydroxyl groups.

t is primarily the hydroxyl groups that determine the chem-
stry (acid–base characteristics) and the reactivity of such metal
hydro)oxide surfaces [24,37]. The acidic phosphates (H2PO4

−
nd HPO4

2−) are the predominant aqueous species for the pH
ange of 3–9 [12]. At this pH range, phosphate removal probably
ccurs with ion exchange mechanisms of phosphate hydrolysis
roducts (H2PO4

−, HPO4
2−) on the surface of ZrO2 as follows

Eqs. (1) and (2)):

r–OH + H2PO4
− = Zr(H2PO4) + OH− (1)

Zr–OH + HPO4
2− = Zr2(HPO4) + 2OH− (2)

This assumption agrees with the finding based on the IR spec-
ra that most of the surface hydroxyl groups disappear after
dsorption. This also confirms the increase in the pH of the
quilibrium solution accompanied with the immobilization of P.

According to the literature [29], when the pH is below the
soelectric point, the surface hydroxyl is protonated (Eq. (3))
nd positively charged. Then the electrostatic attraction between
he negative phosphate anions and the positive protonated ZrO2
urface will occur (Eq. (4) and (5)).

r–OH + H+ = Zr–OH2
+ (3)

r–OH+
2 + H2PO4

− = (Zr–OH2)+(H2PO4)− (4)

Zr − OH2
+ + HPO4

2− = (Zr–OH2)2
+(HPO4)2− (5)

Fig. 8 shows that the more acidic the solution, the more P
ould be removed, which indicated that the physicochemical

dsorption due to Coulombic attraction was the predominant
rocess of P removal. In the lower pH range, Coulombic attrac-
ion can readily occur in conjunction with specific chemical
dsorption due to an exchange reaction [20]. However, with
n increase of pH, the protonated surface sites will continue
o decrease. The phosphate removal was lower at higher pH val-
es probably because of stronger competition with hydroxide
ons on the adsorbent surface [18], and the increased repul-
ion between the more negatively charged PO4

3− species and
egatively charged surface sites [19].

Fig. 8 shows that the immobilization of phosphate was
lightly enhanced by an increase of ionic strength. This phe-
omenon is similar to the findings using other metal oxides
38,39]. Two consequences of the increase of ionic strength can
ccount for this enhancement.
First, the H+ in the Zr–OH hydroxyl on the adsorbent surface
an be replaced with K+ from the electrolyte solution KNO3
Eq. (6)). Since K+ is adsorbed with the equivalent release of

+, the increase in the concentration of H+ tends to decrease the
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Fig. 9. The ratio of phosphate desorbed from used mesoporous ZrO2.

Hf (pH at final time). This was confirmed by the lower pHf that
esulted from the high electrolyte concentrations in the solution
Fig. 8).

r–OH + K+ = Zr–OK + H+ (6)

Some of the equivalent H+ released can then be adsorbed to
he other Zr–OH hydroxyl on the adsorbent surface (Eq. (3)). The
rotonated ZrO2 surface will inevitably promote the phosphate
dsorption capability (Fig. 8).

Second, electrolytes such as the iron oxides [40], and struvite
30] may influence the surface charges directly. The electric
harge of the particles in their suspensions plays an important
ole in the particle–particle interactions, which will in turn affect
hosphate adsorption on the adsorbent surface.

.6. Desorption studies

According to the results of desorption studies (Fig. 9), the
mount of the desorbed P increased with the increase of alka-
inity. When no NaOH was added, the solution of 0.01 M KCl
nly extracted 0.13% phosphate immobilized on the adsorbent
urface. If the alkalinity reached 0.1 M, more than 60% could
e liberated into the liquid. Much higher alkalinity (0.5 M) did
ot lead to a corresponding higher desorption ratio than at 0.1 M
aOH (Fig. 9).
The results of these desorption studies indicate that the P

dsorption on the ZrO2 is not completely reversible and the
onding between the tailings particles and adsorbed PO4

3− is
robably strong. It is relatively difficult for the adsorbed PO4

3−
o be desorbed from the ZrO2. The implication of these results
s that this mesoporous ZrO2 has the potential to be used as an
dsorbent for phosphate removal from wastewater.

. Conclusion
The data for the adsorption of phosphate onto mesoporous
rO2 fit the Langmuir model well. The immobilization of phos-
hate was slightly enhanced by an increase of ionic strength.
he immobilization of phosphate probably occurs by the mech-

[

[

aterials 151 (2008) 616–622 621

nisms of ion exchange and physicochemical attraction. The
esults of this study showed that this mesoporous ZrO2 has a
uch better phosphate removal capability than the commercial

eference. Due to its high capability, this type of zirconium oxide
as the potential to control phosphorus pollution, and the mech-
nisms deduced here may help to further modify of this material
o improve the phosphate removal potential.
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