
S
f

L
C

a

A
R
R
A
A

K
S
N
R
K
T

1

h
[
c
f
(
p
s
a
f
e

a
r
s
a
m
fi

a
n
s

0
d

Journal of Hazardous Materials 170 (2009) 1197–1203

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

orption behavior of nano-TiO2 for the removal of selenium ions
rom aqueous solution

ei Zhang ∗, Na Liu, Lijun Yang, Qing Lin
ollege of Chemistry, Liaoning University, 66 Chongshan Middle Road, Shenyang 110036, People’s Republic of China

r t i c l e i n f o

rticle history:
eceived 26 December 2008
eceived in revised form 19 May 2009
ccepted 20 May 2009
vailable online 27 May 2009

a b s t r a c t

Titanium dioxide nanoparticles were employed for the sorption of selenium ions from aqueous solution.
The process was studied in detail by varying the sorption time, pH, and temperature. The sorption was
found to be fast, and to reach equilibrium basically within 5.0 min. The sorption has been optimized with
respect to the pH, maximum sorption has been achieved from solution of pH 2–6. Sorbed Se(IV) and Se(VI)

−1
eywords:
elenium
ano-TiO2

emoval
inetics

were desorbed with 2.0 mL 0.1 mol L NaOH. The kinetics and thermodynamics of the sorption of Se(IV)
onto Nano-TiO2 have been studied. The kinetic experimental data properly correlate with the second-
order kinetic model (k2 = 0.69 g mg−1 min−1, 293 K). The overall rate process appears to be influenced by
both boundary layer diffusion and intraparticle diffusion. The sorption data could be well interpreted by
the Langmuir sorption isotherm. The mean energy of adsorption (14.46 kJ mol−1) was calculated from the
Dubinin–Radushkevich (D–R) adsorption isotherm at room temperature. The thermodynamic parameters

dete
hermodynamics for the sorption were also

. Introduction

Selenium is an important micronutrient for human and animal
ealth, but at elevated concentrations selenium toxicity is a concern
1]. The removal of selenium from water has an increasing con-
ern because of their involvement in many industries. Selenium is
ound in the effluents in the form of selenate (SeO4

2−) and selenite
SeO3

2−) from thermal power stations, oil refineries and smelting
lants in addition to the industries of glass production, pigments,
olar batteries and semiconductors [2]. Therefore, a convenient
nd simple method with a high adsorption capacity is necessary
or removing different oxidation states of selenium present in the
nvironment.

Physicochemical methods such as chemical precipitation, cat-
lytic reduction and ion exchange have been mainly used for the
emoval of soluble selenium, however, they are costly [3]. Sorption
tudies have been utilized to understand the mobility and bioavail-
bility of selenium in diverse systems, e.g. aluminium oxide [4],
anganese nodules [5], haematite [6], activated carbon [7], modi-

ed rice husk [8], peanut shell [9] and magnetite [10].

Nanoparticles have high adsorption capacity. Besides, the oper-

tion is simple, and the adsorption process rapid. In this paper,
ano-TiO2 sorbent was used to remove selenium from aqueous
olutions for the first time. The study was carried out with the aim

∗ Corresponding author. Tel.: +86 24 62202380; fax: +86 24 62202380.
E-mail address: zhanglei63@126.com (L. Zhang).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.05.098
rmined, and the �H0 and �G0 values indicate exothermic behavior.
© 2009 Published by Elsevier B.V.

to optimize conditions for maximum removal of selenium ions from
aqueous solutions on nano-TiO2 surface in the absence and pres-
ence of various ions. Besides this, the adsorption data was fitted
to various equations to obtain constants related to the equilibrium
and kinetics of the adsorption phenomena.

2. Experimental

2.1. Apparatus

UV-Vis-NIR Cary 5000 (VARIAN Co., US) was used to measure
the concentration of selenium. A S-3C Model pH meter (Shanghai
Precision Scientific Instrument Co., China) was used for measuring
the pH of solutions. A model KQ-100B ultrasonic cleaner (Kunshan
Ultrasonic Instrument Co., China) and a model TDL80-2B centrifu-
gal machine (Shanghai Anting Scientific Instrument Co., China)
were used throughout. The nano-TiO2 powders X-ray diffraction
(XRD) patterns were recorded on Siemens D5000 Diffractometer.
The morphology of TiO2 particles was determined by transmission
electron microscopy (TEM, Hitachi 800).

2.2. Reagents
All the other reagents including Arabic gum solution (10%), Mala-
chite green solution (0.05%), potassium iodide (10%), hydrochloric
acid, nitric acid and sodium hydroxide, were of analytical grade
and obtained from Shanghai Xinzhong Chemical Reagent Co.,
China. Doubly distilled water was used throughout experiments.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhanglei63@126.com
dx.doi.org/10.1016/j.jhazmat.2009.05.098
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Table 1
Effect of different sorbents on adsorption behavior.

Sorbents Ads.%

Nano-TiO2 (anatase 10–15 nm) 96.8
Nano-TiO2 (rutile 10–15 nm) 93.0
Nano-Al2O3 (�, 10 nm) 79.3
Nano-SiO2 (20 nm) 0.1

Data indicate that model parameters are statistically significant
(t-test) at 95% confidence level.

size of nano-TiO2 is about 10–15 nm.
The crystal structure of nano-TiO2 was characterized using XRD

for 2� diffraction angles from 20◦ to 80◦ was shown in Fig. 2. The
sharp peaks at 25.29◦, 37.78◦ and 48.20◦ can be attributed to anatase
198 L. Zhang et al. / Journal of Hazar

ano-TiO2 (anatase) that was used as sorbent in this study was
rovided from Zhoushanmingri Nanometer Material Co., China
nd its particle size was about 10–15 nm.

The preparation of a stock solution of Se(IV) (1.000 mg mL−1):
.0000 g of Se (Beijing Xingta Chemical Co., China) was added
nto 50 mL (1 + 1) HNO3 solution, and heating in boiling water
ath to dissolve it, then added 5 mL sulfuric acid. The solution
as heated continuously until the solution become transparent,
nally diluted to a 1 L volumetric flask with doubly distilled water

11].
A 1.000 mg mL−1 Se(VI) standard stock solution was prepared by

issolving 0.2393 g Na2SeO4 in water and diluting to the mark in a
00 mL volumetric flask.

.3. Procedure

.3.1. Determination of Se(IV)
Some volumes of Se(IV) standard solution were put into 25 mL

olumetric flasks, then 1.0 mL 6.0 mol L−1 HCl, 3.0 mL 0.05% Mala-
hite green, 3.0 mL 10% KI and 3.0 mL 10% Arabic gum solution
ere added into the volumetric flasks. Double-distilled water was
ut into the solutions to prepare desired volumes and shaken up.
fter 30 min, absorbency was determined by UV–vis spectrometer
t wavelength of 670 nm with 1 cm quartz cell, and the content of
he Se(IV) was obtained.

.3.2. Determination of Se(VI)
Some of Se(VI) standard solution were transferred into a 10 mL

ube, adding the same volume of 9 mol L−1 hydrochloric acid, heat-
ng it with boiling water bath some time, cooling it, Se(VI) has been
educed to Se(IV). A portion of the solution was measured according
o Section 2.3.1.

.3.3. Adsorption of selenium on nano-TiO2
The sorption experiments were carried out in a series of 50 mL

rlenmeyer flasks containing 0.05 g nano-TiO2 and 10.0 mL of
0.0 mg L−1 selenium solution at pH 5. If necessary, an appro-
riate volume of HCl or NaOH solutions was used to adjust the
H of the solution before the addition of nano-TiO2. After ultra-
onic dispersion for 3 min and static adsorption for 10 min, the
wo phases were separated by centrifuging at 4000 rpm for 5 min.
he concentration of selenium ions was determined by UV-Vis-
IR Cary 5000. The sorption percentage (Ads.%) was calculated
s:

ds.% = C0 − Ce

C0
× 100 (1)

here C0 and Ce are the initial and the final concentration of sele-
ium in solution phase, respectively.

Adsorption isotherm studies were carried out with different
nitial concentrations of selenium while maintaining the sorbent
osage at constant level. In order to inspect any adsorption of sele-
ium on the container surface, control experiments were carried
ut without the sorbent. It was found that no adsorption occurred
n the container wall.

Kinetic experiments were conducted using a known weight of
he sorbent dosage in the range of 273–313 K. After regular intervals
f time, suitable aliquots were analyzed for selenium concentra-
ion. The rate constants were calculated using the conventional rate

xpression.

The thermodynamic parameters for the process of adsorption
ere determined at a particular temperature. This procedure was

epeated at three different temperatures ranging from 273 K to
13 K.
Fig. 1. TEM micrographs of nano-TiO2 powders.

3. Results and discussion

3.1. Selection of sorbent

The effect of different sorbents on the adsorption behavior for
selenium in aqueous solution was studied and shown in Table 1. It
was found that the nano-TiO2 (anatase) was the best sorbent.

3.2. Characterization of nanometer TiO2

The TEM image of nano-TiO2 is shown in Fig. 1. The TEM image
shows dense microstructure and granular grain. The average grain
Fig. 2. XRD pattern of nano-TiO2 powders.
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ig. 3. Effect of pH on the adsorption efficiency of Se(IV) and Se(VI) on nano-TiO2;
0 mg nano-TiO2; CSe(IV): 20.0 mg L−1, CSe(VI): 20.0 mg L−1; temperature 20 ± 0.1 ◦C.

iO2 according to the standard pattern of anatase TiO2. It can be
oncluded that nano-TiO2 existed as anatase structure.

.3. Effect of pH

We applied 10 mL of 20.0 mg L−1 of Se(IV) or Se(VI) to test the
orption of selenium onto nano-TiO2 at different pH values. The
esults show (Fig. 3) that both selenite and selenate species adsorb
nto nano-TiO2, but the affinity for Se(VI) is generally smaller than
or Se(IV). A removal percentage (>96%) was found for Se(IV) in the
H range of 2–6, and for Se(VI), only about 76% was removed from
he testing solution. As the solution pH increases (pH > 6) Se(IV) and
e(VI) sorption decreases, with the lowest uptake occurring at pH
2.

This phenomenon is consistent to the pKa values of selenious
nd selenic acids. Se(IV) species in aqueous solution include sele-
ious acid (H2SeO3), biselenite (HSeO3

−) and selenite (SeO3
2−).

etween pH 3.5 and 9.0, biselenite is the predominant ion in water.
bove pH 9.0 selenite species dominates and as pH decreases
elow pH 3.5 [12], selenious acid dominates. The pKa of selenic
cid is 1.92, selenate (SeO4

2−) is the dominant species when
H > 1.9 [13]. Therefore, biselenite (HSeO3

−) and selenate (SeO4
2−)

as the dominant species when pH ranges from 2 to 6, selenite
SeO3

2−) and selenate (SeO4
2−) are predominant ions in the alka-

ine medium.
The surface charge of the nano-TiO2 is neutral at isoelectric

oint (IEP) [14], which pHIEP value is 6.8 for nano-TiO2. The sur-
ace of sorbent carries positive charges at pH value lower than IEP,

hich enhances electrostatic force of attraction with biselenite and

elenate ions. At higher pHIEP, there exists electrostatic repulsion
etween the negative charged of the sorbent, selenite and sele-
ate anions would result in a release of the adsorbed selenium.
herefore, the highest adsorption was obtained in the pH range
f 2–6, pH 5 was chosen for the sorption of selenium ions in the
xperiment.

able 2
inetic parameters for Se(IV) adsorption on nano-TiO2 at the different temperatures.

(K) k1 (min−1) q1 (mg g−1) r1

273 0.67 5.61 0.992
93 0.54 5.36 0.965

313 0.77 5.07 0.992

ata indicate that model parameters are statistically significant (t-test) at 95% confidence
aterials 170 (2009) 1197–1203 1199

3.4. Desorption studies

It is found from Fig. 3 that the adsorption of anions at pH > 12
could be negligible. For this reason, the solutions of various con-
centration NaOH were studied for the elution of retained selenium
ions from nano-TiO2. The effect of eluent volume on the desorption
of analytes was also studied at the optimum concentration of the
eluent (2.0 mL, 0.1 mol L−1 NaOH), it was found that with 2.0 mL
0.1 mol L−1 NaOH elution percentage (>95%) could be obtained
within 5 min. Therefore, the volume of 2.0 mL 0.1 mol L−1 NaOH was
used to desorb selenium ions.

3.5. Adsorption kinetic model

Se(IV) and Se(VI) are the most common inorganic forms of sele-
nium. For humans and most other mammals, selenite (SeO3

2−) are
more toxic than selenate (SeO4

2−). Hence, adsorption behavior of
Se(IV) was primarily investigated in this paper.

The kinetics of the sorption of Se(IV) onto-TiO2 was investigated
by agitating 10 mL of solution containing 30.0 mg L−1 Se(IV), pH 5
with 50 mg of onto-TiO2 in the range of 0–5.0 min. The sorption
percentage was obtained by determining the amount of selenium
remained in the solution. In this experiment, it was verified that the
sorption equilibrium was attained near to 5.0 min. It is well recog-
nized that the characteristic of sorbent surface is a critical factor
that affect the sorption rate parameters and that film resistance
plays an important role in the overall transport of the solute. In
order to quantify the changes in the sorption of Se(IV) with time,
an appropriate kinetic model would be required. Therefore the dif-
ferent kinetic models were tested.

The sorption kinetics may be described by the pseudo-first-
order Lagergren rate model. The equation is as follows [15]:

lg(q1 − qt) = lg q1 − k1t

2.303
(2)

where q1 and qt are the amounts of Se(IV) adsorbed on the sorbent
(mg g−1) at equilibrium and at time t, respectively, and k1 is the
rate constant of the first-order adsorption (min−1). The straight-
line plots of lg(q1 − qt) against t were used to determine the rate
constant, k1 and correlation coefficient, r1 values of the Se(IV) under
different concentration range were calculated from these plots.

A pseudo-second-order [15] model may also describe the kinet-
ics of sorption of selenium on nano-TiO2, the equation may be
expressed as follows:

t

qt
= 1

k2q2
2

+ t

q2
(3)

where k2 is the rate constant of the second-order adsorption
(g mg−1 min−1). The straight-line plots of t/qt against t have been
tested to obtain rate parameters.

The batch kinetic data were fitted to both the above models. Both
models adequately described the kinetic data at 95% confidence
level. The results of the kinetic parameters for Se(IV) adsorption

are listed in Table 2. Based on the correlation coefficients, the
adsorption of Se(IV) is best described by the pseudo-second-order
equation.

It was possible to calculate the activation energy for adsorption
employing Arrhenius equation for the rate constant based on the

k2 (g mg−1 min−1) q2 (mg g−1) r2

0.33 6.00 0.999
0.69 5.46 0.999
1.12 5.20 0.999

level.
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3.6. Adsorption isotherm and adsorption capacity

The equilibrium adsorption amount of Se(IV) on nano-TiO2 as
a function of the equilibrium concentration of Se(IV) is shown in
ig. 4. Plots of Rt versus t for the adsorption of selenium ions on nano-TiO2 at
ifferent temperatures.

esult in Table 2. Arrhenius equation is as follows:

= A exp
(−Ea

RT

)
(4)

here A is the frequency factor (min−1), Ea the activation energy
kJ mol−1), R is the ideal gas constant (J mol−1 K−1), T the absolute
emperature (K).

Eq. (4) can be converted into Eq. (5) by taking logarithm

n k = ln A − Ea

RT
(5)

Thus, Ea could be obtained from the slope of the line plotting
n k versus 1000/T and the estimated Ea for Se(IV) adsorption on
ano-TiO2 was 21.96 kJ mol−1.

In order to ascertain the rate-controlling step, following equa-
ions of film and particle diffusion were applied to the adsorption
inetic data [16].

For film diffusion

dt = −ln(1 − F) (6)

For intraparticle diffusion

t = −ln(1 − F) − 0.4977 (7)

here F = qt/qe; qt and qe are the amounts of selenium ions adsorbed
n nano-TiO2 (mg g−1) at time t (min) and at equilibrium time (min),
espectively; Rd is the rate constant for film diffusion; B = �2Di/r2 (Di
s the inter-diffusion coefficient and r is the particle radius). Plots
f −ln(1 − F) and Bt versus time, t, according to Eqs. (6) and (7), are
hown in Figs. 4 and 5, respectively. Straight lines were obtained
hen −ln(1 − F) was plotted against t (Fig. 4) which did not pass

hrough the origins. This indicates that film diffusion is not limiting
tep of the overall adsorption process kinetics. Fig. 5 indicates that
traight lines were obtained on plotting Bt versus t which nearly
asses through the origins. This shows that intraparticle diffusion
ay be the rate-controlling step [17].

Adsorption kinetic data was further processed to confirm
hether intraparticle diffusion is the rate limiting and to find out

he rate parameter for intraparticle diffusion. For such purpose
orris–Weber equation:

= K t1/2 + I (8)
t d

The parameter Kd is the rate constant for intraparticle diffusion.
alues of I give an idea about the thickness of the boundary layer,

.e., the larger the intercept, the greater is the boundary layer effect
18]. Plots of amount of selenium ions adsorbed against square roots
Fig. 5. Plots of Bt versus t for the adsorption of selenium ions on nano-TiO2 at
different temperatures.

of time, are shown in Fig. 6. This figure indicates that two distinct
regions were observed, an initial linear portion which is due to the
boundary layer diffusion effects and a second linear portion which
is due to the intraparticle diffusion [17]. It was also observed that
the lines do not pass through the origin, indicating that there is
a boundary layer resistance and the magnitude of the intercepts
are proportional to the extent of the boundary layer thickness. The
change in the intercepts of the plots suggests that the mechanism
of the adsorption of selenium ions on nano-TiO2 is predominantly
diffusion, and the intraparticle diffusion played a significant role
in rate determining, but it was not the only main rate determining
step through out the adsorption. Both intraparticle and boundary
layer diffusion seem significant in the rate-controlling step. The
intraparticle diffusion and boundary layer diffusion rates for sele-
nium ions adsorption on nano-TiO2 at different temperatures were
calculated and their calculated values are given in Table 3.
Fig. 6. Morris–Weber plots for kinetic modelling of Se(IV) adsorbed onto nano-TiO2

at different temperatures.
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Table 3
Calculated parameters for Se(IV) adsorption on nano-TiO2 at different temperatures.

T (K) Initial linear portion Second linear portion

Kd1 (mg g−1 min−1/2) I1 r1 Kd2 (mg g−1 min−1/2) I2 r2

273 2.600 1.134 0.999 0.770 3.764 0.990
2 .981

.973
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93 2.084 2.004 0
313 1.559 2.699 0

ata indicate that model parameters are statistically significant (t-test) at 95% confi

ig. 7. The adsorption for Se(IV) ions increased until the saturation
as attained. Adsorption isotherm is important to describe how

olutes interact with the sorbent.
The Langmuir model is often used to describe equilibrium sorp-

ion isotherms:

Ce

qe
= Ce

qm
+ 1

bqm
(9)

here qm is the maximum adsorption at monolayer (mg g−1), Ce is
he equilibrium concentration of Se(IV), qe is the amount of Se(IV)
dsorbed per unit weight of nano-TiO2 at equilibrium concentration
mg g−1) and b is the Langmuir constant related to the affinity of
inding sites (L mg−1).

The widely used empirical Freundlich equation based on sorp-
ion on a heterogeneous surface is given by:

g qe = lg KF + 1
n

lg Ce (10)

here KF and n are Freundlich constants indicating sorption capac-
ty (mg g−1) and intensity, respectively.

The Langmuir, Freundlich isotherm constants were determined
rom the plots of Ce/qe against Ce, lg qe versus lg Ce, respectively, at
73 K, 293 K and 313 K.

The isotherm constants for the isotherms studied, and the
orrelation coefficients with the experimental data are listed in
able 4. Langmuir and Freundlich isotherm model were statisti-
ally significant at a 95% confidence level. It is found that the
dsorption of selenium on nano-TiO2 were correlated well (r > 0.99)

ith the Langmuir equation as compared to the Freundlich equa-

ion (r > 0.90) under the concentration range studied. Therefore,
angmuir isotherm fitting is better than Freundlich isotherm in
ll conditions according to the correlation coefficients r. The
aximum adsorption capacity of selenium ions on nano-TiO2 is

ig. 7. Isotherm of Se (IV) adsorption on nano-TiO2 at different temperatures (273 K,
93 K and 313 K); 50 mg of nano-TiO2; the initial Se(IV) concentration range was
0.0–54.0 mg L−1; pH 5.
0.376 4.357 0.932
0.284 4.405 0.987

level.

8.46 mg g−1, 7.71 mg g−1, and 7.30 mg g−1 at 273 K, 293 K and 313 K,
respectively.

The essential features of a Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equilib-
rium parameter, RL that is used to predict if an adsorption system
is “favourable” or “unfavourable” [19]. The separation factor, RL is
defined by:

RL = 1
1 + bC0

(11)

where C0 is the initial Se(IV) concentration (mg mL−1) and b is the
Langmuir adsorption equilibrium constant (L mg−1). Table 4 lists
the calculated results. Based on the effect of separation factor on
isotherm shape, the RL values are in the range of 0–1, which indi-
cates that the adsorption of Se(IV) on nano-TiO2 are favourable.

The Dubinin–Radushkevich (D–R) [20] isotherm was also tested
in its linearized form:

ln qe = ln qm − Kε2 (12)

where qe and qm have the same meaning as above, K is the parame-
ter related to the adsorption energy. Polanyi defines the adsorption
potential (ε) as the free energy change required moving a molecule
from bulk solution to the adsorption space. The Polanyi potential
varies with the solution concentration according to:

ε = RT ln
(

1 + 1
Ce

)
(13)

where R is equal to ideal gas constant and T is the temperature (K).

A straight line was obtained on plotting ln qe versus ε2 (shown in
Fig. 8), indicating that Se(IV) adsorption also obeys the D–R equa-
tion. From the slope of the plot, a value of qm (0.243 mmol g−1,
293 K) has been evaluated for Se(IV). The adsorption energy for

Fig. 8. D–R adsorption isotherm for Se(IV) adsorption on nano-TiO2 at different
temperatures (273 K, 293 K and 313 K); 50 mg of nano-TiO2; the initial Se(IV) con-
centration range was 10.0–54.0 mg L−1; pH 5.
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Table 4
Langmuir Freundlich and D–R isotherm constants and correlation coefficients at the different temperatures.

T (K) Langmuir Freundlich D–R

qm (mg g−1) b (L mg−1) r RL KF (mg g−1) n r qm (mg g−1) E (kJ mol−1) r

273 8.46 1.36 0.999 0.013–0.068 4.37 3.48 0.978 19.19 15.43 0.999
2 3.72
3 3.24
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93 7.71 0.98 0.998 0.020–0.093
13 7.30 0.72 0.995 0.027–0.123

ata indicate that model parameters are statistically significant (t-test) at 95% confi

e(IV) adsorption can be calculated by:

= (−2K)−1/2 (14)

The value of the adsorption energy was evaluated as
4.46 kJ mol−1, indicating that the value lies within the energy
ange of ion-exchange reaction, i.e., 8–16 kJ mol−1 [21].

.7. Thermodynamic studies

The experiments were carried out at 273 K, 293 K and 313 K for
ifferent concentrations The values of �H0 were calculated from
he slopes and intercepts of linear regression of ln C vesus 1/T using
he Clausius–Clapeyron equation [22]:

n C = �H

RT
+ D (15)

here C is the equilibrium concentration of Se(IV) in solution
mg L−1) at constant amount of sorbed Se(IV) and D is the inter-
ept of the plot of ln C versus 1/T. �H0 was assumed to be constant
or a constant surface coverage.

To calculate the values of the other parameters (�G0, �S0) the
ollowing equations were used:

C = CBe

CAe
(16)

G0 = −RT ln KC (17)

S0 = �H0 − �G0

T
(18)

here CBe and CAe are the equilibrium concentrations of Se(IV) on
he sorbent and solution, respectively, KC is the equilibrium con-
tant, �S0 is standard entropy, �G0 is standard free energy.

The values of �H0, �S0 and �G0 were given in Table 5. The
egative values of �H0 and �G0 show exothermic and spontaneous
ature of sorption.

.8. Sorption and recovery of selenium from water samples

The applicability of the proposed method for the quantitative

ollection and recovery of Se(IV) from natural water and indus-
rial waste water samples. Good recoveries (95–105%) were reached
or the analyzed samples. These data proved that the method is
ossible to achieve excellent accuracy.

able 5
hermodynamic parameters for the adsorption of Se(IV) on nano-TiO2.

(K) 273 290 313

c 7.08 4.59 3.31
G0 (kJ mol−1) −4.44 −3.71 −3.12
H0 (kJ mol−1) −11.20
S0 (J mol−1 K−1) −24.76 −25.56 −25.83

ata indicate that model parameters are statistically significant (t-test) at 95% con-
dence level.
3.38 0.983 18.87 14.46 0.998
3.24 0.954 18.79 13.74 0.996

level.

3.9. Interference study

5 mL of 40 �g/mL selenium and 5 mL of each interfering ion solu-
tions were added into a 50 mL Erlenmeyer flask. The concentration
of foreign ions were chosen to be close or higher to their contents in
natural waters. The influence of common anions and cations on the
sorption was investigated. The results indicated that no interference
were observed when Na+ (100 mg), K+ (80 mg), Ca2+ (4 mg), Mg2+

(4 mg), Mn2+ (5 mg), Ni2+ (5 mg), Co2+ (1 mg), Zn2+ (0.5 mg), Cr3+

(250 (g), ReO4
− (4.5 mg), Mo7O24

6− (0.1 mg), NO3
− (400 mg), Cl−

(100 mg), Br− (8 mg), SO4
2− (25 mg), WO4

2− (4 mg), SCN− (4 mg)
were added.

4. Conclusion

In this paper, the adsorption behavior of selenium on nano-TiO2
was investigated. The main advantages of the procedure are ease
and simple, and can rapidly attain phase equilibration. Besides,
nano-TiO2 as sorbents have high adsorption capacity. The experi-
mental results indicate that nano-TiO2 can effectively remove Se(IV)
in aqueous solution in the range of pH 2–6. The percentage of Se(IV)
removal by nano-TiO2 is more than 96%. The kinetics of sorption fol-
lows a pseudo-second-order. The overall rate process appears to be
influenced by both boundary layer diffusion and intraparticle diffu-
sion. The adsorption isotherms could be well fitted by the Langmuir
adsorption isotherm equations. The temperature variation has been
used to evaluate the values of �H0, �S0 and �G0. The negatives val-
ues of �H0 and �G0 show exothermic and spontaneous nature of
sorption.
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