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Abstract A type of Nb2O5·3H2O was synthesized and
its phosphate removal potential was investigated in this
study. The kinetic study, adsorption isotherm, pH effect,
thermodynamic study and desorption were examined in
batch experiments. The kinetic process was described by a
pseudo-second-order rate model very well. The phosphate
adsorption tended to increase with a decrease of pH. The ad-
sorption data fitted well to the Langmuir model with which
the maximum P adsorption capacity was estimated to be
18.36 mg-P g−1. The peak appearing at 1050 cm−1 in IR
spectra after adsorption was attributed to the bending vi-
bration of adsorbed phosphate. The positive values of both
�H ° and �S° suggest an endothermic reaction and increase
in randomness at the solid-liquid interface during the ad-
sorption. �G° values obtained were negative indicating a
spontaneous adsorption process. A phosphate desorbability
of approximately 68% was observed with water at pH 12,
which indicated a relatively strong bonding between the ad-
sorbed phosphate and the sorptive sites on the surface of the
adsorbent. The immobilization of phosphate probably oc-
curs by the mechanisms of ion exchange and physicochem-
ical attraction. Due to its high adsorption capacity, this type
of hydrous niobium oxide has the potential for application
to control phosphorus pollution.
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1 Introduction

Phosphates are used in many consumer products and indus-
trial processes that involve particles of a colloidal nature.
Examples of such applications are as diverse as fertilizes,
detergents, pigment formulation, water treatment and min-
eral processing (Namasivayam and Sangeetha 2004).

Though it is essential nutrient for growth of microorgan-
isms in aquatic environments, concentration in excess of de-
sired limit causes eutrophication of lakes, lagoons, rivers
and sea thereby posing serious concern. The increased nu-
trient concentrations can result in a bloom in phytoplankton
and degradation of water quality due to alterations in nutri-
ent ratios (Das et al. 2006; Ye et al. 2006). Consequently,
the removal of phosphates from surface water is absolutely
necessary to avoid any kind of problems. Wastes containing
phosphate must meet the maximum discharge limits (Kara-
georgiou et al. 2007). In Brazil, these limits are determined
by National Environment Council (Conselho Nacional do
Meio Ambiente, CONAMA). The maximum P concentration
allowed is 0.02 mg L−1 (Rodgher et al. 2005).

In wastewater treatment technology, various techniques
have been used for phosphate removal. Phosphorus removal
techniques fall into three main categories: physical, chem-
ical and biological. Chemical treatments are more effective
for phosphate removal, but there are problems of sludge han-
dling, its disposal and neutralization of the effluent. Phys-
ical methods have proved to be either too expensive, as
in the case of electrodialysis and reverse osmosis, or in-
efficient, removing only 10% of the total phosphorus. En-
hanced biological treatment can remove up to 97% of to-
tal phosphorus, but this process can be highly variable due
operational difficulties (Oguz 2005; Spinelli et al. 2005;
Rodrigues and Silva 2008). Adsorption is one of the tech-
niques that would be comparatively more useful and eco-
nomical for this aim (Karaca et al. 2004; Wang et al. 2007;
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Krishnan and Haridas 2008). The application of low-cost
and easily available materials has been widely used for
phosphate removal. These include layered double hydrox-
ides (Chitrakar et al. 2005), individual and mixed hydrous
oxides (Borggaard et al. 2005; Manna and Ghosh 2007;
Chubar et al. 2005; Harvey and Rhue 2008), metal oxides
(Liu et al. 2008), hybrid materials (Mulinari et al. 2007;
Blaney et al. 2007), red mud (Huang et al. 2008), goethite
(Luengo et al. 2006; Zhong et al. 2007; Nowack and Stone
2006) and steel slag (Xiong et al. 2008). Among these mate-
rials, hydrous metal oxides have a relatively strong affinity
to phosphate (Antelo et al. 2007).

Hydrous niobium oxide has remarkable selectivity to
phosphate ions, and also high resistance against attacks by
acids, alkalis, oxidants and reductants, which mean that it
has great potential to immobilize phosphate from water (An-
telo et al. 2005; Tagliaferro et al. 2005).

The present work describes the kinetics, isotherm and
thermodynamics of phosphate adsorption from aqueous so-
lutions onto hydrous niobium oxide (Nb2O5·nH2O) pre-
pared by reverse microemulsion method.

2 Experimental

2.1 Synthesis of hydrous niobium oxide by reverse
microemulsion method

The microemulsion system water/heptane/butanol/cetyltri-
methylammonium bromide (CTAB) was chosen as reaction
medium for carrying out the precipitation of hydrous nio-
bium oxide (Nb2O5·nH2O). Then the CTAB used as sur-
factant (S) and the butanol used as cosurfactant (C) were
mixed with weight ratio 8:1 by magnetically stirring. Two
microemulsions were prepared as follows: ME1—31.28%
(%w) heptane, 58.09% butanol/CTAB (C/S) and 10.63%
NbOF−2

5 /water (1:2, v/v); ME2—31.28% heptane, 58.09%
butanol/CTAB (C/S) and 10.63% NH4OH. All experimen-
tal processes were under magnetic stirring. ME1 was added
dropwise to the ME2 under stirring. Then the two solu-
tions were mixed and magnetically stirred for 3 min at room
temperature. The precipitates were collected by centrifuga-
tion, followed by filtration and repeatedly washed using wa-
ter and ethanol. The Nb2O5·nH2O was dried in an oven
at 50 ◦C until a constant weight was achieved. NbOF−2

5
was prepared by dissolution of metallic niobium in HNO3

(65%)/HF (40%) mixtures (1:3 molar).

2.2 Characterization

Thermogravimetry measurement (TG/DTG) was carried out
with a Shimadzu TGA-50 thermal analyzer from 25 to
800 ◦C at a heating rate of 20 ◦C min−1 in N2 atmosphere.

BET surface area measurement was carried out using
Quantachrome NOVA 1200. The samples were degassed at
50 ◦C for 16 h in vacuum prior to analysis. The nitrogen ad-
sorption was carried out at 77 K.

The IR spectra of hydrous niobium oxide were taken be-
fore and after the adsorption tests on a Perkin Elmer Spec-
trun One spectrophometer as KBr pellets in the range of
4000–500 cm−1.

2.3 Adsorption studies

All adsorption studies were carried out in polyethylene
flasks of 100 mL by subjecting a given dose of hydrous
niobium oxide to a period of shaking with 50 mL of phos-
phate solution on a thermostated orbital shaker. The pH of
phosphate solution was adjusted using dilute HCl and NaOH
solutions by using pH meter. The supernatant solution was
separated from the adsorbent by filtration. Phosphate con-
centration in the supernatant was estimated spectrophoto-
metrically by the molybdenum blue method, monitoring the
absorbance at 880 nm on UV-vis spectrophotometer (Rado-
jevic and Bashkin 1999). The range of detected phosphate
concentration in this method is 1.2 mg L−1. The samples
containing more phosphate than the highest concentration
of detected (1.2 mg L−1) were diluted, and the dilution was
corrected when calculating the result. The adsorption stud-
ies with phosphate synthetic solutions were performed using
the following conditions:

Kinetic study Hydrous niobium oxide dose 2 g L−1; initial
phosphate concentrations 10, 30 and 50 mg L−1; pH 2;
shaking time 0–7 h; T = 25 ◦C.

Effect of pH Hydrous niobium oxide dose 2 g L−1; initial
phosphate concentration 50 mg L−1; pH 2–9; predeter-
mined shaking time value; T = 25 ◦C.

Adsorption isotherms Hydrous niobium oxide dose
2 g L−1; initial phosphate concentrations 10–50 mg L−1;
predetermined pH; predetermined shaking time value; T =
25 ◦C.

Thermodynamic study Hydrous niobium oxide dose
2 g L−1; initial phosphate concentrations 50 mg L−1; pre-
determined pH; predetermined shaking time value; temper-
ature range 25–65 ◦C.

Desorption The adsorbent that was used for the adsorption
of 50 mg L−1 of phosphate solution was separated from the
solution by filtration and washed gently with water to re-
move any unadsorbed phosphate. Then the spent adsorbent
was mixed with 50 mL of distilled water at pH 5 and 12,
adjusted using dilute HCl and NaOH solutions, and agi-
tated at time intervals not longer than the equilibrium time.
The desorbed phosphate was estimated as before.
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3 Results and discussion

3.1 Thermal analysis and BET measurements

The TG curve (Fig. 1) revealed that the first weight loss
(about 18%) was caused by the desorption of physically ad-
sorbed water (Tagliaferro et al. 2005). The degree of hydra-
tion in the hydrous niobium oxide was determined from the
weight loss between 25 and 800 ◦C. TG data indicated that
the chemical formula of the hydrous niobium oxide prepared
was Nb2O5·3H2O.

The BET specific surface area was 60 m2 g−1 much
smaller than the 166 and 89 m2 g−1 observed on the AlOOH
and α-Al2O3 reported literature data for phosphate removal
(Xiaofang et al. 2007), and 232 m2 g−1 reported for phos-
phate removal onto ZrO2 (Liu et al. 2008).

3.2 Kinetic study

The kinetic curves obtained for the adsorption of phosphate
from aqueous solutions onto hydrous niobium oxide are
shown in Fig. 2. These curves clearly show that the time re-
quired to reach equilibrium depends on the initial phosphate
concentration. For the highest value (50 mg L−1) adsorption
increased sharply at short contact times and slowed gradu-
ally as equilibrium was approached; 5 h of interaction were
needed to attain values above 80% of the phosphate amount
adsorbed at equilibrium. For the middle and lowest concen-
tration (30 and 10 mg L−1), the equilibrium was attained
after 60 and 30 min of interaction, respectively. About 75%
(30 mg L−1) and 99% (10 mg L−1) of the phosphate were
adsorbed after equilibrium.

Up to now, several kinetic models such as the pseudo
first- and second-order equations and intraparticle diffusion
equation are used to examine the controlling mechanism of

Fig. 1 TG/DTG curves of hydrous niobium oxide synthesized

adsorption process (Hameed et al. 2007; Chen et al. 2007).
The linear pseudo first-order equation is given as follows:

log(qe − qt ) = logqe − k1t

2,303
(1)

where qt and qe are the amounts of phosphate adsorbed at
time and at equilibrium (mg g−1), respectively, and k1 is
the rate constant of pseudo first-order adsorption process
(h−1). The slopes and intercepts of plots of log(qe − qt )

versus t (Fig. 3) were used to determine the first-order rate
constant k1 and equilibrium adsorption density qe. A com-
parison of the results with the correlation coefficients is
shown in Table 1. The correlation coefficients for the first-
order kinetic model obtained at all the studied concentra-

Fig. 2 The variation of adsorption capacity with adsorption time
at various initial phosphate concentrations (T = 25 ◦C; adsorbent
dose = 2 g L−1; pH = 2)

Fig. 3 Pseudo-first-order kinetics for adsorption of phosphate onto
Nb2O5·3H2O
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Table 1 Kinetic parameters for
phosphate adsorption onto
Nb2O5·3H2O

C0 First-order-model Second-order-model Intraparticle diffusion

(mg L−1) k1 q1 R2 k2 q2 R2 kin R2

(h−1) (mg g−1) (g mg−1 h−1) (mg g−1) (mg g−1 h−1/2)

50 0.72 9.21 0.99 0.24 18.10 1.00 5.94 0.95

30 3.64 8.77 0.98 0.43 12.68 1.00 12.85 0.97

10 8.62 4.72 0.98 4.96 4.77 0.99 1.22 0.87

Fig. 4 Pseudo-second-order kinetics for adsorption of phosphate onto Nb2O5·3H2O

tions were lower than obtained for the second-order kinetic
model. It was also observed in the present work that qe val-
ues computed from the Lagergren plots deviated consider-
ably from the experimental qe values. This indicates that
pseudo first-order equation might not be sufficient to de-
scribe the mechanism of phosphate-hydrous niobium ox-
ide interactions. The linear pseudo second-order equation is
given as follows:

t

qt

= 1

k2q2
e

+ t

qt

(2)

where k2 is the pseudo second-order rate constant
(g mg−1 h−1). The slopes of the plots tq−1

t versus t give
the value of qe, and from the intercept k2 can be cal-
culated. The plot of tq−1

t versus t (Fig. 4) yields very
good straight lines for different initial phosphate concen-
trations. Table 1 lists the computed results obtained from
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the second-order equation. The correlation coefficients for
the second-order kinetic equation were higher for all con-
centrations. The calculated qe values also agree very well
with the experimental data. These indicate that the ad-
sorption system studied belongs to the second order ki-
netic model. The pseudo second-order rate constant de-
creased from 4.96 to 0.24 g mg−1 h−1 when the phos-
phate initial concentration increased from 10 to 50 mg L−1.
Similar kinetic results have also been reported by Özacar
(2006).

The variation in the amount of adsorption with time at
different initial phosphate ion concentrations can be used
to evaluate the role of diffusion in the adsorption process.
The intraparticle diffusion rate constant (kdif) is given by
the equation:

qt = kdift
0,5 (3)

where kdif is intraparticular diffusion rate constant
(mg g−1 h−1/2). Such plots may present a multilinearity, in-
dicating that two or more steps take place. The first, sharper
portion is attributed to the diffusion of adsorbate through the
solution to the external surface of adsorbent or the boundary
layer diffusion of solute molecules or ions. The second por-
tion describes the gradual adsorption stage, where intraparti-
cle diffusion is rate limiting. The third portion is attributed
to the final equilibrium stage where intraparticle diffusion
starts to slow down due to extremely low adsorbate concen-
trations in the solution (Lorenc-Grabowska and Gryglewicz
2005). Figure 5 shows a plot of the linearized form of the
intraparticle diffusion model at all concentrations studied. It
can be seen that the plots are not linear over the whole time
range, implying that more than one process affects the phos-
phate adsorption. The rate parameters, kdif, together with the
correlation coefficients are also listed in Table 1.

Fig. 5 Intraparticle diffusion kinetics for adsorption of phosphate onto
Nb2O5·3H2O

The pseudo second-order kinetic model provides the best
correlation for all of the adsorption process.

3.3 Effect of pH

The pH of the aqueous solution is an important variable,
which influences the adsorption of both anions and cations
at the solid–liquid interface. The anion exchange capacity
is strongly governed by the pH of the solution and by the
surface chemistry of the solids. The effect of pH on phos-
phate adsorption onto the hydrous niobium oxide is shown
in Fig. 6. It is found that while the adsorbed amount of phos-
phate increased from 2.2 to 17.2 mg-P g−1 with a decrease
in pH from 9 to 2. The results showed that the phosphate ad-
sorption is strongly pH dependent. The value of zero point
charge (PZC) of hydrous niobium oxide reported in the lit-
erature was close to 3.5 (Inoue et al. 1988). The pH depen-
dency is both related to the amphoteric properties of the hy-
drous niobium oxide surface and to the polyprotic nature
of phosphate. Phosphate can exist in different ionic species
such as monovalent H2PO−

4 , divalent HPO2−
4 , and trivalent

PO3−
4 ions, depending on the pH of the solution (pK1 =

2.15, pK2 = 7.20, pK3 = 12.33) (Chitrakar et al. 2006).
The pH dependence of the uptake is likely attributable to
the fact that a lower pH causes the hydrous niobium ox-
ide surface to carry a more positive charge, and thus would
more significantly attract the negatively charged monovalent
H2PO−

4 ions in solution, which indicated that the physic-
ochemical adsorption due to Coulombic attraction was the
predominant process of P removal. In the lower pH range,
Coulombic attraction can readily occur in conjunction with
specific chemical adsorption due to an exchange reaction
(Liu et al. 2008). When pH of the solution increases, the
surface becomes negatively charged and the adsorption ca-
pacity for phosphate decreases. Because negatively charged

Fig. 6 Effect of solution pH on the adsorption of phosphate onto
Nb2O5·3H2O (C0 = 50 mg L−1; T = 25 ◦C; adsorbent dose =
2 g L−1; t = 5 h)
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surface sites on the adsorbent unfavors of phosphate due to
the electrostatic repulsion. Therefore, maximum phosphate
adsorption occurred at pH 2. The similar pH dependence of
the anion adsorption is generally observed in trivalent and
tetravalent metal hydroxides (Chitrakar et al. 2006).

3.4 Adsorption isotherms

Adsorption isotherms are mathematical models that describe
the distribution of the adsorbate species among liquid and
adsorbent, based on a set of assumptions that are mainly
related to the heterogeneity/homogeneity of adsorbents, the
type of coverage, and possibility of interaction between the
adsorbate species. The Langmuir model assumes that there
is no interaction between the adsorbate molecules and the
adsorption is localized in a monolayer (Sodré et al. 2001;
Gomri et al. 2006; Limousin et al. 2007). The Freundlich
isotherm model is an empirical relationship describing the
adsorption of solutes from a liquid to a solid surface, and
assumes that different sites with several adsorption energies
are involved (Deliyanni et al. 2007). The Freundlich adsorp-
tion model is expressed by

qe = KC
1/n
e (4)

where KF and 1/n are the Freundlich constants.
The Langmuir adsorption model is expressed by

qe = Q0bCe/(1 + bCe) (5)

where Q0 (mg-P g−1) is the maximum adsorption capacity
and b is the binding constant which is relate to the heat of
adsorption.

The result of the phosphate adsorption isotherm experi-
ments are shown in Fig. 7. The phosphate adsorption capac-
ity increased with the phosphate equilibrium concentration

Fig. 7 Phosphate adsorption isotherm (pH = 2; T = 25 ◦C; adsorbent
dose = 2 g L−1; t = 5 h)

increasing from 0 to 18 mg-P L−1. Two typical isotherms
(Freundlich and Langmuir) were used for fitting the ex-
perimental data. The Freundlich and Langmuir constants
are presented in Table 2. From Table 2, higher correlation
coefficients indicate that the Langmuir model fits the ad-
sorption data better than the Freundlich model. The maxi-
mum uptake of phosphate on hydrous niobium oxide was
18.36 mg-P g−1 smaller than the 30 mg-P g−1 observed on
the ZrO2 reported literature data (Liu et al. 2008), and sim-
ilar than 14 and 9 mg-P g−1 reported for phosphate removal
onto AlOOH and α-Al2O3 (Xiaofang et al. 2007). Phos-
phate removal onto Nb2O5·3H2O is low as compared to
ZrO2 due to smaller specific surface area and affinity of the
anions for the exchange sites.

3.5 IR

In the IR spectrum of hydrous niobium oxide before ad-
sorption (Fig. 8), a strong and broad band in the 3500–
3300 cm−1 region (O–H stretching vibration) and a band at
1625 cm−1 (O–H bending vibration) indicated the presence
of coordinated water molecules, with the peak at 1380 cm−1

(O–H bending vibration) indicating the presence of surface
hydroxyl on the metal oxide surface. It could be seen that
after adsorption, the peak at 1380 cm−1 weakened dramat-
ically. The decreasing tendency of this peak indicated that
most of the surface hydroxyl groups were replaced by ad-
sorbed phosphate. The peak appearing at 1050 cm−1 was

Table 2 Langmuir, Freundlich isotherm constants for adsorption of
phosphate onto Nb2O5·3H2O

Langmuir isotherm model Freundlich isotherm model

Q0 (mg-P g−1) b (L mg−1) R2 KF 1/n R2

18.36 4.71 0.99 8.56 0.24 0.91

Fig. 8 The IR spectra of Nb2O5·3H2O before and after adsorption
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Fig. 9 Plot of lnKc vs. T −1 for phosphate adsorption onto
Nb2O5·3H2O (pH = 2; C0 = 50 mg L−1; adsorbent dose = 2 g L−1;
t = 5 h)

attributed to the bending vibration of adsorbed phosphate
(Liu et al. 2008).

3.6 Thermodynamic study

The thermodynamic parameters such as change in standard
free energy (�G◦), enthalpy (�H ◦) and entropy (�S◦)
were determined by using the following equations:

lnKc = �S◦

R
− �H ◦

RT
(6)

�G◦ = �H ◦ − T �S◦ (7)

where R (8.314 J/mol K) is the gas constant, T (K) the ab-
solute temperature and Kc (mL/g) is the standard thermo-
dynamic equilibrium constant defined by qe/Ce . By plot-
ting a graph of ln kc versus T −1 (Fig. 9) the values �H ◦
and �S◦ can be estimated from the slopes and intercepts
(Hameed et al. 2007). The adsorption of phosphate in-
creases with the increase of temperature (Fig. 9) is posi-
tive. Table 3 shows the negative values of �G◦ and posi-
tive �H ◦ obtained indicated that the phosphate adsorption
process is a spontaneous and an endothermic (Unuabonah
et al. 2007). The �H ◦ value is found to be less than
40 kJ mol−1 which indicates the adsorption of phosphate
onto hydrous niobium oxide is physisorption (Du et al. 2008;
Ren et al. 2008). The decrease in �G◦ with the increase
of temperature indicated more efficient adsorption at higher
temperature. The positive value of �S◦ suggests increased
randomness at the solid/solution interface occur in the in-
ternal structure of the phosphate adsorption onto hydrous
niobium oxide (Unuabonah et al. 2007).

Table 3 Thermodynamic parameters for phosphate adsorption onto
Nb2O5·3H2O

T (K) �G◦ (kJ mol−1) �H ◦ (kJ mol−1) �S◦ (J mol−1 K−1)

298 −17.70 22.30 134.25

308 −19.05

318 −20.39

328 −21.73

338 −23.07

3.7 Desorption

Repeated availability is an important factor for an advanced
adsorbent. Such adsorbent not only possesses higher adsorp-
tion capability, but also shows better desorption property,
which will significantly reduce overall cost for adsorbent.
According to the results of desorption studies, the amount
of the desorbed P increased with the increase of pH. When
pH value is 5 only extracted 11% phosphate immobilized
on the adsorbent. If pH reached 12, 68% could be liber-
ated into the liquid. The results of these desorption stud-
ies indicate that the P adsorption on the hydrous niobium
is not completely reversible and phosphate can be desorbed
from the surface of hydrous niobium oxide by adjusting
the pH values of the solution. Effects of pH and desorp-
tion studies show that chemisorptions, physisorptions and
ion-exchange mechanisms are operative in the adsorption
process. Chemisorption involves niobium–phosphate com-
plex formation. Only the phosphate ions that are adsorbed by
physisorption and ion exchange are desorbed and the phos-
phate ions that are removed by complex formation are not
desorbed (Namasivayam and Sangeetha 2004).

4 Conclusion

The kinetic process was described by a pseudo-second-
order rate model very well. The phosphate adsorption onto
Nb2O5·3H2O tended to increase with a decrease of pH.
The adsorption data fitted well to the Langmuir model with
which the maximum P adsorption capacity was estimated
to be 18.36 mg-P g−1. The peak appearing at 1050 cm−1

in IR spectra after adsorption was attributed to the bend-
ing vibration of adsorbed phosphate. The positive values of
both �H ◦ and �S◦ suggest an endothermic reaction and in-
crease in randomness at the solid-liquid interface during the
adsorption. �G◦ values obtained were negative indicating a
spontaneous adsorption process. A phosphate desorbability
of approximately 68% was observed with water at pH 12,
which indicated a relatively strong bonding between the ad-
sorbed phosphate and the sorptive sites on the surface of the
adsorbent. The adsorption of phosphate probably occurs by
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the mechanisms of ion exchange and physicochemical at-
traction. Due to its high adsorption capacity, this type of
hydrous niobium oxide has the potential for application to
control phosphorus pollution.
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