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bstract

A novel sorbent, nano-Al2O3 was employed for the removal of thallium from aqueous solution in batch equilibrium experiments, in order
o investigate its adsorption properties. The removal percentage of thallium by the sorbent increased with increasing pH from 1 to 5. The
dsorption capacities and removal percentage of Tl(III) onto nano-Al2O3 were evaluated as a function of the solution concentration and tem-
erature. Results have been analyzed by the Langmuir, Freundlich adsorption isotherms. Adsorption isothermal data could be well interpreted
y the Langmuir model. The mean energy of adsorption 9.32 kJ mol−1 was calculated from the Dubinin–Radushkevich (D–R) adsorption

sotherm. The kinetic experimental data properly correlated with the second-order kinetic model. The thermodynamic parameters for the
rocess of adsorption have been estimated. The �H0 and �G0 values of thallium(III) adsorption on nano-Al2O3 showed endothermic adsorp-
ion.

2008 Elsevier B.V. All rights reserved.

a
t
i
a
u
t

w
t
u
c
s
i
[

2

eywords: Tl(III); Nano-Al2O3; Adsorption; Kinetics; Thermodynamics

. Introduction

Thallium has been identified to be an environmentally signif-
cant element because of its toxic effects and is commonly found
ith lead, zinc, iron, tellurium and the alkalis. And thallium is
heavy metallic element that exists in the environment mainly

ombined with other element (primarily oxygen, sulfur and the
alogens). Thallium is used as a catalyst, in making alloys, opti-
al lenses, low temperature thermometers, dyes and pigments
n scintillation counters. Thallium is also used as medicines,
odenticides and insecticides [1]. By exploiting and machining
ineral, thallium enters and contaminates environment. There-

ore, it is important to remove the trace amounts of thallium and
trictly controlled for preventing its pollution to humans and
nvironment [2].

At present, it has been reported that thallium can be effec-

ively removed from aqueous solution by iron powder method
3], activated alumina and ion exchange [4], manganese dioxide,
errihydrite adsorption [5], silica gel [6], polyurethane foam [7],
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E-mail address: zhanglei63@126.com (L. Zhang).

2

m
(
u

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.01.005
ctive carbon [8], etc. Besides, John Peter et al. [9] indicated
hat modified Aspergillus niger biomass was also an emerg-
ng and attractive method for the removal of thallium from
queous solutions. In this paper, nano-Al2O3 as sorbent was
sed to remove thallium from aqueous solutions for the first
ime.

The nanometer material is a new functional material [10],
hich has attracted much attention due to its special proper-

ies. Most of atoms on the surface of the nanoparticles are
nsaturated and can easily bind with other atoms. Nanoparti-
les have high adsorption capacity. Besides, the operation is
imple, and the adsorption process rapid. So there is a grow-
ng interest in the application of nanoparticles as sorbents
11].

. Experimental

.1. Apparatus
UV–vis-NIR Cary 5000(VARIAN Co., US) was used to
easure the concentration of Tl3+. A S-3C Model pH meter

Shanghai Precision Scientific Instrument Co., China) was
sed for measuring the pH of solutions. A model KQ-100B

mailto:zhanglei63@126.com
dx.doi.org/10.1016/j.jhazmat.2008.01.005
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The models of adsorption kinetics were correlated with the
solute uptake rate; hence these models are important in water
treatment process design. In this study, for a batch of reactions,
L. Zhang et al. / Journal of Haza

ltrasonic cleaner (Kunshan Ultrasonic Instrument Co., China)
nd a model TDL80-2B centrifugal machine (Shanghai Anting
cientific Instrument Co., China) were used throughout.

.2. Reagents

A stock solution of Tl(III) (1.000 mg mL−1) was prepared by
issolving 1.3030 g of TlNO3 (Beijing NCS Analytical Instru-
ents Co., China) with some doubly distilled water and 2 mL

oncentrated nitric acid, then oxidized by saturated bromine
ater, finally diluted to a 1 L volumetric flask with 0.12 mol L−1

Cl.
All of the other reagents including Triton X-100 solution

1%), Cadion 2B (5.0 × 10−4 mol L−1), ammonia, ammonium
hloride, hydrochloric acid, nitric acid and sodium hydroxide,
ere of analytical grade and obtained from Shanghai Xinzhong
hemical Reagent Co., China. Doubly distilled water was used

hroughout experiments. Nano-Al2O3 (�-Al2O3) that was used
s sorbent in this study was provided from Zhoushanmin-
ri Nanometer Material Co., and its particle size was about
0 nm.

.3. Procedure

The adsorption experiments were carried out in a series of
0 mL Erlenmeyer flasks containing 0.03 g nano-Al2O3 and
0.0 mL of 10.0 mg L−1 thallium solution at pH 4.5. If neces-
ary, an appropriate volume of 0.1 mol/L HCl or NaOH solutions
as used to adjust the pH of the solution after addition of nano-
l2O3. The soild/liquid phases were separated by centrifuging

t 3000 rpm. The adsorption percentage (Ads.%) was calculated
s

ds.% = (Ci − Ca)

Ci
× 100 (1)

here Ci and Ca are the initial and the final concentration of
l(III) in solution phase, respectively.

Adsorption isotherm studies were carried out with dif-
erent initial concentrations of Tl(III) while maintaining
he sorbent dosage at constant level. In order to inspect
ny adsorption of thallium on the container surface, con-
rol experiments were carried out without the sorbent. It
as found that no adsorption occurred on the container
all.
Kinetic experiments were conducted using a known weight of

he sorbent dosage at the range 2–40 ◦C. After regular intervals
f time, suitable aliquots were analyzed for thallium concentra-
ion. The rate constants were calculated using the conventional
ate expression.

The thermodynamic parameters for the process of adsorp-
ion were determined at a particular temperature. This procedure
as repeated at three different temperatures ranging from 2

o 40 ◦C. In this experiment, it was found that Tl(III) ions

ould be desorbed from nano-Al2O3, when the tempera-

ure of the system was more than 40 ◦C. Therefore, all the
emperatures of the procedure were controlled at less than
0 ◦C.

F
3
2
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. Results and discussion

.1. Effect of pH

In this study, knowledge of pH was important because the
H of solution influences the distribution of active sites on the
urface of nano-Al2O3. At the higher pH, the OH− on the sur-
ace of nano-Al2O3 provides the ability of binding cations. The
ecrease of pH leads to the neutralization of surface charge,
nd OH− is displaced from the surface. When the surface of
ano-Al2O3 carries positive charges, it begins to adsorb anions.

Fig. 1 shows the effect of pH on the adsorption of Tl(III)
y nano-Al2O3, which indicates that the recovery of thallium
ncreases with an increase in pH from 1 to 5. The effect of pH on
l(III) adsorption can be explained by the following reasons. The
urface charge is neutral at isoelectric point (IEP), which pHIEP
alue is 9 for nano-Al2O3. The surface of sorbent carries positive
harges at pH value lower than IEP, which enhances electrostatic
orce of attraction with TlCl4− (In the studied system, the main
hemical species of thallium(III) in solutions is TlCl4− [12]).
s a result, the process of sorption takes place more easily in
H 3–4.5, so the adsorption percentage of Tl(III) was higher.
n pH 1–2, there is a balance reaction: H+ + HlC4

− � HTlCl4,
he main chemical species of thallium(III) is HTlCl4 [13,14], so
he adsorption percentage of Tl(III) was lower.

However, at pH >5, with the increase of OH− in solu-
ions Cl− in TlCl4− was gradually replaced by OH−1. And
TlCl2(H2O)3]−, [Tl (H2O)4(OH)2]+, [Tl (H2O)5(OH)]2+ [15]
nd so on, were formed in solutions, which is not favor of
dsorption of thallium(III). Therefore, pH 4.5 was chosen for
dsorption of Tl(III) in the experiment, and the adsorption per-
entage was calculated to be 99.56% at pH 4.5.

.2. Adsorption kinetic model
ig. 1. Effect of pH on the adsorption efficiency of Tl(III) on nano-Al2O3;
0 mg of nano-Al2O3; CTl(III) 10.0 mg L−1; static time 10 min; temperature
0 ± 0.1 ◦C.
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Table 1
Kinetic parameters for Tl(III) adsorption on nano-Al2O3 at the different temperatures

T (K) k1 (min−1) q1 (mg g−1) r1 k2 (g mg−1 min−1) q2 (mg g−1) r2

275 1.53 0.87 0.992 7.23 3.07 0.999
2 6 11.89 3.09 0.998
3 9 20.22 3.15 0.999

I dence level.
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to describe how solutes interact with the sorbent. The Langmuir
and Freundlich models are often used to describe equilibrium
sorption isotherms. The most widely used Langmuir equation,
93 3.80 1.58 0.96
13 1.60 1.32 0.98

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

he adsorption dynamics was followed by conducting the adsorp-
ion of Tl(III) on nano-Al2O3 at optimized pH and the sorbent
osage.

Experiments were performed in order to investigate the kinet-
cs of thallium removal by nano-Al2O3.

The sorption kinetics may be described by the pseudo-first-
rder Lagergren rate model. The equation is as follows [16]:

n(q1 − qt) = ln q1 − k1t (2)

here q1 and qt are the amounts of Tl(III) adsorbed on the sor-
ent (mg g−1) at equilibrium and at time t, respectively, and
1 is the rate constant of the first-order adsorption (min−1). The
traight-line plots of ln (q1 − qt) against t were used to determine
he rate constant, k1 and correlation coefficient, r1 values of the
l(III) under different concentration range were calculated from

hese plots.
The Ho’s pseudo-second-order model may also describe the

inetics of sorption of thallium on nano-Al2O3. Thus, the kinetic
ate law can be rewritten as follows [17]:

t

qt

= 1

k2q
2
2

+ t

q2
(3)

here k2 is the rate constant of second-order adsorption
g mg−1 min−1). The straight-line plots of t/qt against t have
een tested to obtain rate parameters and it suggests the appli-
ability of this kinetic model to fit the experimental data.

The validity of both kinetic models is checked. The results of
he kinetic parameters for Tl(III) adsorption are listed in Table 1.
ased on the correlation coefficients, the adsorption of Tl(III) is
est described by the pseudo-second-order equation.

It was possible to calculate the activation energy for adsorp-
ion employing Arrhenius equation for the rate constant [18]
ased on the result in Table 1. 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
bsolute temperature (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 vs. 1000/T (Fig. 2) and the estimated Ea for Tl(III) adsorption
n nano-Al2O3 was 19.02 kJ mol−1.

F
(
w

ig. 2. Plot of ln k vs. 1000/T (the points correspond to 275, 293, 313 K); 30 mg
f nano-Al2O3; CTl(III) 10.0 mg L−1; pH 4.5.

.3. Adsorption isotherm and adsorption capacity

The equilibrium adsorption of Tl(III) on nano-Al2O3 as a
unction of the initial concentration of Tl(III) is shown in Fig. 3.
here was a gradual increase of adsorption for Tl(III) ions until

he equilibrium was attained. Adsorption isotherm is important
ig. 3. Isotherm of Tl(III) adsorption on nano-Al2O3 at different temperatures
275, 293, 313 K); 30 mg of nano-Al2O3; the initial Tl(III) concentration range
as 1.0∼35.0 mg L−1; static time 10 min; pH 4.5.
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ig. 4. Langmuir adsorption isotherm at different temperatures (275, 293,
13 K); 30 mg of nano-Al2O3; the initial Tl(III) concentration range was
.0–10.0 mg L−1; static time 10 min; pH 4.5.

hich is valid for monolayer sorption on a surface with a finite
umber of identical sites, is given by:

Ce

qe
= Ce

qmax
+ Kads

qmax
(6)

here qmax is the maximum adsorption at monolayer (mg g−1),
e is the equilibrium concentration of Tl(III), qe is the amount
f Tl(III) adsorbed per unit weight of nano-Al2O3 at equilib-
ium concentration (mg g−1) and Kads is the Langmuir constant
elated to the affinity of binding sites (mg L−1). A linearized plot
f Ce/qe against Ce gives qmax and Kads (Fig. 4).

The widely used empirical Freundlich equation based on
orption on a heterogeneous surface is given by:

g qe = lg KF + 1

n
· lg Ce (7)

here KF and n are Freundlich constants indicating sorption
apacity (mg g−1) and intensity, respectively. KF and n can be
etermined from linear plot of lg qe against lg Ce (Fig. 5).

The calculated results of the Langmuir and Freundlich
sotherm constants are given in Table 2. Fig. 4 shows that
he adsorption of Tl(III) on nano-Al2O3 was correlated well
R > 0.99) with the Langmuir equation as compared to Fre-

ndlich equation under the concentration range studied. The
aximum adsorption capacity of thallium ions on nano-Al2O3
as 4.44 mg g−1, 5.78 mg g−1, and 6.28 mg g−1 at 2 ◦C, 20 ◦C

nd 40 ◦C, respectively.

o
c
T
T

able 2
angmuir and Freundlich isotherm constants and correlation coefficients at the differ

(K) Langmuir

qmax (mg g− 1) Kads (mg L−1)

75 4.44 6.61
93 5.78 7.72
13 6.28 7.75

ndicates that model parameters are statistically significant (t-test) at 95% confidence
ig. 5. Freundich adsorption isotherm at different temperatures (275, 293,
13 K); 30 mg of nano-Al2O3; the initial Tl(III) concentration range was
.0–10.0 mg L−1; static time 10 min; pH 4.5.

.4. Thermodynamic studies

The experiments were carried out at 275, 293 and 313 K for
ifferent concentrations, respectively. The values of �H0 were
alculated from the slopes and intercepts of linear regression of
n C vs. 1/T using the Clausius-Clapeyron equation [19,20]

n C = �H0

RT
+ D (8)

here C is the equilibrium concentration of Tl(III) in solution
mg/L) and D is the intercept of the plot of ln C vs. 1/T. �H0

as assumed to be constant for a constant surface coverage.
To calculate the values of the other parameters (�G0, �S0)

he following equations were used:

C = CBe

CAe
(9)

G0 = −RT ln KC (10)

S0 = (�H0 − �G0)

T
(11)

here CBe and CAe are the equilibrium concentrations of Tl(III)

n the sorbent and solution, respectively, KC is the equilibrium
onstant, �S0 is standard entropy, �G0 is standard free energy.
able 3 represents the estimated thermodynamic parameters for
l(III) adsorption.

ent temperatures

Freundich

R KF (mg g−1) n R

0.992 0.56 1.23 0.919
0.997 0.65 1.20 0.961
0.998 0.69 1.16 0.985

level.
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Table 3
Thermodynamic parameters for the adsorption of Tl(III) on nano-Al2O3

T (K) 275 293 313

Kc 1.21 1.48 1.64
�G0 (kJ mol−1) −0.44 −0.96 −1.29
�H0 (kJ mol−1) 6.47
� 0 −1 −1
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Table 4
D–R isotherm constants and correlation coefficients at the different temperatures

T (K) K (mol2 kJ−2) qm (mmol g−1) E (kJ mol−1) r

275 −0.0065 0.44 8.80 0.999
293 −0.0058 0.54 9.32 0.999
3

I
fi

c

E

w
a
r
a
e

g
t
A
l
o
t
a

4

t
T
i

S (kJ mol K ) 0.0251 0.0254 0.0258

ndicates that model parameters are statistically significant (t-test) at 95% con-
dence level.

It can be seen from Table 3 that positive �H0 indicates that
he adsorption reaction of Tl(III) on nano-Al2O3 is endothermic.
he free energy values for all the systems are negative, and
ecrease in the value of �G0 with increase of temperature shows
hat the reaction is easier at high temperature. Metal ions in
queous media are hydrated. When the ions get absorbed on the
orbent surface, water molecules previously bonded to the metal
on get released and dispersed in the solution; the results in an
ncrease in the entropy [21].

.5. The type of adsorption process

The D–R isotherm is more general than the Langmuir
sotherm, because it does not assume a homogeneous surface
r constant sorption potential [22]. The D–R equation is

e = qm exp(−Kε2) (12)

he linear form of Eq. (12) is

n qe = ln qm − Kε2 (13)

he ε can be calculated from the equation(
1

)

= RT ln 1 +

Ce
(14)

The values of qm and K were deduced by plotting ln qe vs.
2 (Eq. (13), Fig. 6). The mean energy of adsorption (E) can be

ig. 6. D–R adsorption isotherm for Tl(III) adsorption on nano-Al2O3 at dif-
erent temperatures (275, 293, 313 K); 30 mg of nano-Al2O3; the initial Tl(III)
oncentration range was 1.0–10.0 mg L−1; static time 10 min; pH 4.5.

i
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s
T
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A
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R

13 −0.0052 0.70 9.77 0.999

ndicates that model parameters are statistically significant (t-test) at 95% con-
dence level.

alculated from the equation

= (−2K)−1/2 (15)

here Ce is the equilibrium solution concentration, qe is the
mount of Tl(III) adsorbed at the equilibrium, qm is the theo-
etical saturation capacity, ε is the Polanyi potential, E is the
dsorption energy, K is a constant related to the adsorption
nergy.

The calculated results of the D–R isotherm constants are
iven in Table 4. The magnitude of the mean energy of adsorp-
ion (E) is often used to estimate the type of adsorption process.
ccord to the experimental results, the value of E was calcu-

ated to be 9.32 kJ mol−1, which was within the energy range
f ion-exchange reactions, 8–16 kJ mol−1 [23]. Therefore, the
ype of the adsorption of thallium on nano-Al2O3 is a chemical
dsorption.

. Conclusion

The experimental results indicate that nano-Al2O3 is an effec-
ive sorbent for the adsorption of Tl(III) from aqueous solutions.
he percentage of Tl(III) removal from solution by nano-Al2O3

s close to 100% at pH 4.5. For all studied systems of kinet-
cs, the pseudo-second-order model provides better correlation
f the adsorption data than the pseudo-first-order model; this
uggests that the rate-limiting step may be chemical sorption.
he adsorption isotherms could be well fitted by the Langmuir
nd D–R adsorption isotherm equation. The thermodynamic
arameters �G0, �H0 and �S0 are calculated, and the pos-
tive values of enthalpy confirm the endothermic nature of
dsorption.
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