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Abstract

A novel sorbent, nano-Al,0; was employed for the removal of thallium from aqueous solution in batch equilibrium experiments, in order
to investigate its adsorption properties. The removal percentage of thallium by the sorbent increased with increasing pH from 1 to 5. The
adsorption capacities and removal percentage of TI(III) onto nano-Al,O; were evaluated as a function of the solution concentration and tem-
perature. Results have been analyzed by the Langmuir, Freundlich adsorption isotherms. Adsorption isothermal data could be well interpreted
by the Langmuir model. The mean energy of adsorption 9.32kJmol~! was calculated from the Dubinin—Radushkevich (D-R) adsorption
isotherm. The kinetic experimental data properly correlated with the second-order kinetic model. The thermodynamic parameters for the
process of adsorption have been estimated. The AH® and AG? values of thallium(IIT) adsorption on nano-Al,0; showed endothermic adsorp-

tion.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Thallium has been identified to be an environmentally signif-
icant element because of its toxic effects and is commonly found
with lead, zinc, iron, tellurium and the alkalis. And thallium is
a heavy metallic element that exists in the environment mainly
combined with other element (primarily oxygen, sulfur and the
halogens). Thallium is used as a catalyst, in making alloys, opti-
cal lenses, low temperature thermometers, dyes and pigments
in scintillation counters. Thallium is also used as medicines,
rodenticides and insecticides [1]. By exploiting and machining
mineral, thallium enters and contaminates environment. There-
fore, it is important to remove the trace amounts of thallium and
strictly controlled for preventing its pollution to humans and
environment [2].

At present, it has been reported that thallium can be effec-
tively removed from aqueous solution by iron powder method
[3], activated alumina and ion exchange [4], manganese dioxide,
ferrihydrite adsorption [5], silica gel [6], polyurethane foam [7],
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active carbon [8], etc. Besides, John Peter et al. [9] indicated
that modified Aspergillus niger biomass was also an emerg-
ing and attractive method for the removal of thallium from
aqueous solutions. In this paper, nano-Al,O3 as sorbent was
used to remove thallium from aqueous solutions for the first
time.

The nanometer material is a new functional material [10],
which has attracted much attention due to its special proper-
ties. Most of atoms on the surface of the nanoparticles are
unsaturated and can easily bind with other atoms. Nanoparti-
cles have high adsorption capacity. Besides, the operation is
simple, and the adsorption process rapid. So there is a grow-
ing interest in the application of nanoparticles as sorbents
[11].

2. Experimental
2.1. Apparatus

UV-vis-NIR Cary 5000(VARIAN Co., US) was used to
measure the concentration of TI**. A S-3C Model pH meter

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


mailto:zhanglei63@126.com
dx.doi.org/10.1016/j.jhazmat.2008.01.005

L. Zhang et al. / Journal of Hazardous Materials 157 (2008) 352-357 353

ultrasonic cleaner (Kunshan Ultrasonic Instrument Co., China)
and a model TDL80-2B centrifugal machine (Shanghai Anting
Scientific Instrument Co., China) were used throughout.

2.2. Reagents

A stock solution of TI(IIT) (1.000 mg mL~") was prepared by
dissolving 1.3030 g of TINO3 (Beijing NCS Analytical Instru-
ments Co., China) with some doubly distilled water and 2 mL
concentrated nitric acid, then oxidized by saturated bromine
water, finally diluted to a 1 L volumetric flask with 0.12 mol L}
HCI.

All of the other reagents including Triton X-100 solution
(1%), Cadion 2B (5.0 x 10~*mol L~!), ammonia, ammonium
chloride, 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. Nano-Al, O3 (y-Al>O3) that was used
as sorbent in this study was provided from Zhoushanmin-
gri Nanometer Material Co., and its particle size was about
10 nm.

2.3. Procedure

The adsorption experiments were carried out in a series of
50mL Erlenmeyer flasks containing 0.03 g nano-Al,O3; and
10.0mL of 10.0mgL~! thallium solution at pH 4.5. If neces-
sary, an appropriate volume of 0.1 mol/L HCI or NaOH solutions
was used to adjust the pH of the solution after addition of nano-
Al>O3. The soild/liquid phases were separated by centrifuging
at 3000 rpm. The adsorption percentage (Ads.%) was calculated
as

(Ci—Ca)

i

Ads. % = x 100 €))]
where C; and C, are the initial and the final concentration of
TI(III) in solution phase, respectively.

Adsorption isotherm studies were carried out with dif-
ferent initial concentrations of TI(III) while maintaining
the sorbent dosage at constant level. In order to inspect
any adsorption of thallium on the container surface, con-
trol experiments were carried out without the sorbent. It
was found that no adsorption occurred on the container
wall.

Kinetic experiments were conducted using a known weight of
the sorbent dosage at the range 2—40 °C. After regular intervals
of time, suitable aliquots were analyzed for thallium concentra-
tion. The rate constants were calculated using the conventional
rate expression.

The thermodynamic parameters for the process of adsorp-
tion were determined at a particular temperature. This procedure
was repeated at three different temperatures ranging from 2
to 40°C. In this experiment, it was found that TI(III) ions
would be desorbed from nano-Al,O3, when the tempera-
ture of the system was more than 40 °C. Therefore, all the
temperatures of the procedure were controlled at less than
40°C.

3. Results and discussion
3.1. Effect of pH

In this study, knowledge of pH was important because the
pH of solution influences the distribution of active sites on the
surface of nano-Al,O3. At the higher pH, the OH™ on the sur-
face of nano-Al, O3 provides the ability of binding cations. The
decrease of pH leads to the neutralization of surface charge,
and OH™ is displaced from the surface. When the surface of
nano-Al, O3 carries positive charges, it begins to adsorb anions.

Fig. 1 shows the effect of pH on the adsorption of TI(III)
by nano-Al,Oj3, which indicates that the recovery of thallium
increases with an increase in pH from 1 to 5. The effect of pH on
TI(IIT) adsorption can be explained by the following reasons. The
surface charge is neutral at isoelectric point (IEP), which pHigp
value is 9 for nano-Al,O3. The surface of sorbent carries positive
charges at pH value lower than IEP, which enhances electrostatic
force of attraction with TICl;~ (In the studied system, the main
chemical species of thallium(IIl) in solutions is TICl4~ [12]).
As a result, the process of sorption takes place more easily in
pH 3-4.5, so the adsorption percentage of TI(III) was higher.
In pH 1-2, there is a balance reaction: H* + HIC4~ & HTICly,
the main chemical species of thallium(III) is HTICl,4 [13,14], so
the adsorption percentage of TI(III) was lower.

However, at pH >5, with the increase of OH™ in solu-
tions Cl1~ in TICl;~ was gradually replaced by OH™!'. And
[TICI2(H20)3]7, [T1 (H20)4(OH)2]*, [T1 (H20)5(OH)]** [15]
and so on, were formed in solutions, which is not favor of
adsorption of thallium(IIl). Therefore, pH 4.5 was chosen for
adsorption of TI(III) in the experiment, and the adsorption per-
centage was calculated to be 99.56% at pH 4.5.

3.2. Adsorption kinetic model
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,
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Fig. 1. Effect of pH on the adsorption efficiency of TI(III) on nano-Al,O3;
30mg of nano-Al;O3; Cryqmy 10.0mg L~!; static time 10 min; temperature
20+0.1°C.
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Table 1
Kinetic parameters for TI(III) adsorption on nano-Al, O3 at the different temperatures
T (K) ki (min~1) qi (mgg™") r kz (gmg~' min~1) q2 (mgg™") r
275 1.53 0.87 0.992 7.23 3.07 0.999
293 3.80 1.58 0.966 11.89 3.09 0.998
313 1.60 1.32 0.989 20.22 3.15 0.999
Indicates that model parameters are statistically significant (z-test) at 95% confidence level.
the adsorption dynamics was followed by conducting the adsorp-
tion of TI(III) on nano-Al,O3 at optimized pH and the sorbent 3.01
dosage.
Experiments were performed in order to investigate the kinet- 281
ics of thallium removal by nano-Al,O3.
The sorption kinetics may be described by the pseudo-first- 2.6
order Lagergren rate model. The equation is as follows [16]: v
£ 244
In(g; — g1) =In g1 — kyt 2
2.2
where g and ¢, are the amounts of TI(II) adsorbed on the sor-
bent (mgg—!) at equilibrium and at time ¢, respectively, and 204
ky is the rate constant of the first-order adsorption (min~!). The
straight-line plots of In (g1 — ¢;) against f were used to determine -
. . s T T T T T T 1
the rate constant, k1 and correlation coefficient, r| values of the 32 3.3 3.4 3.5 36 37
TI(IIT) under different concentration range were calculated from 1000/T

these plots.

The Ho’s pseudo-second-order model may also describe the
kinetics of sorption of thallium on nano-Al,O3. Thus, the kinetic
rate law can be rewritten as follows [17]:

t . 1 i t 3)
dr kzq% q92

where kp is the rate constant of second-order adsorption
(gmg~ ! min~!). The straight-line plots of #/g; against ¢ have
been tested to obtain rate parameters and it suggests the appli-
cability of this kinetic model to fit the experimental data.

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

It was possible to calculate the activation energy for adsorp-
tion employing Arrhenius equation for the rate constant [18]
based on the result in Table 1. Arrhenius equation is as follows:

E,
k=A-exp <_RT) )

where A is the frequency factor (min~!), E, the activation energy
(kY mol™!), R is the ideal gas constant (J mol L K1), T the
absolute temperature (K).

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

Ink=InA La 5
viema- () 5

Thus, E, could be obtained from the slope of the line plotting
In kvs. 1000/T (Fig. 2) and the estimated E, for T1(IIT) adsorption
on nano-Al,03 was 19.02kJ mol~!.

Fig. 2. Plot of Ink vs. 1000/T (the points correspond to 275, 293, 313 K); 30 mg
of nano-Al,03; Cyauny 10.0mgL~!; pH 4.5.

3.3. Adsorption isotherm and adsorption capacity

The equilibrium adsorption of TI(III) on nano-Al,O3 as a
function of the initial concentration of TI(III) is shown in Fig. 3.
There was a gradual increase of adsorption for TI(III) ions until
the equilibrium was attained. Adsorption isotherm is important
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,
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Fig. 3. Isotherm of TI(III) adsorption on nano-Al,O3 at different temperatures
(275, 293, 313 K); 30 mg of nano-Al,O3; the initial TI(III) concentration range
was 1.0~35.0mg L~ !; static time 10 min; pH4.5.
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Fig. 4. Langmuir adsorption isotherm at different temperatures (275, 293,
313K); 30mg of nano-Al,O3; the initial TI(IIT) concentration range was
1.0-10.0 mg L~!; static time 10 min; pH4.5.

which is valid for monolayer sorption on a surface with a finite
number of identical sites, is given by:
% _ Ce + Kads (©6)

qe dmax dmax

where gmax is the maximum adsorption at monolayer (mg g~ 1),
C. is the equilibrium concentration of TI(III), g, is the amount
of TI(IIT) adsorbed per unit weight of nano-Al,O3 at equilib-
rium concentration (mg g_l) and K,gs is the Langmuir constant
related to the affinity of binding sites (mg L™"). A linearized plot
of Ce/qe against C, gives gmax and Kygs (Fig. 4).

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

1
lgqe=ngF+;~lgCe 7

where K and n are Freundlich constants indicating sorption
capacity (mgg~') and intensity, respectively. Kg and n can be
determined from linear plot of 1g g. against Ig C, (Fig. 5).

The calculated results of the Langmuir and Freundlich
isotherm constants are given in Table 2. Fig. 4 shows that
the adsorption of TI(III) on nano-Al,O3 was correlated well
(R>0.99) with the Langmuir equation as compared to Fre-
undlich equation under the concentration range studied. The
maximum adsorption capacity of thallium ions on nano-Al,O3
was 4.44mgg!, 578 mgg~!, and 6.28 mgg~! at 2°C, 20°C
and 40 °C, respectively.
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Fig. 5. Freundich adsorption isotherm at different temperatures (275, 293,
313K); 30mg of nano-Al;O3; the initial TI(III) concentration range was
1.0-10.0 mg L~ !; static time 10 min; pH4.5.

3.4. Thermodynamic studies

The experiments were carried out at 275, 293 and 313 K for
different concentrations, respectively. The values of AH" were
calculated from the slopes and intercepts of linear regression of
In C vs. 1/T using the Clausius-Clapeyron equation [19,20]

In C AHY D 8
nC=—n + ®
where C is the equilibrium concentration of TI(IIT) in solution
(mg/L) and D is the intercept of the plot of In C vs. 1/T. AH"
was assumed to be constant for a constant surface coverage.

To calculate the values of the other parameters (AG?, AS?)
the following equations were used:

CBe
Kc = )
CAe
AG" = —RT In K¢ (10)
AH® — AG®
ASY = (AH —AGDH (11)

T

where Cge and Ca. are the equilibrium concentrations of TI(III)
on the sorbent and solution, respectively, Kc is the equilibrium
constant, AS? is standard entropy, AGY is standard free energy.
Table 3 represents the estimated thermodynamic parameters for
TI(III) adsorption.

Table 2
Langmuir and Freundlich isotherm constants and correlation coefficients at the different temperatures
T (K) Langmuir Freundich

dmax (mgg™ ") Kags (mgL™") R Kr (mgg™") n R
275 4.44 6.61 0.992 0.56 1.23 0.919
293 5.78 7.72 0.997 0.65 1.20 0.961
313 6.28 7.75 0.998 0.69 1.16 0.985

Indicates that model parameters are statistically significant (z-test) at 95% confidence level.
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Table 3
Thermodynamic parameters for the adsorption of TI(III) on nano-Al, O3

Table 4
D-R isotherm constants and correlation coefficients at the different temperatures

T (K) 275 293 313 T (K) K (mol2kI~2) gm (mmol g~!) E (kJmol~™1) r

K. 1.21 1.48 1.64 275 —0.0065 0.44 8.80 0.999
AG® (kI mol~!) —0.44 —0.96 —1.29 293 —0.0058 0.54 9.32 0.999
AH® (kI mol™1) 6.47 313 —0.0052 0.70 9.77 0.999

AS? (kITmol~' K~1) 0.0251 0.0254 0.0258

Indicates that model parameters are statistically significant (#-test) at 95% con-
fidence level.

It can be seen from Table 3 that positive AH? indicates that
the adsorption reaction of TI(III) on nano-Al, O3 is endothermic.
The free energy values for all the systems are negative, and
decrease in the value of AG® with increase of temperature shows
that the reaction is easier at high temperature. Metal ions in
aqueous media are hydrated. When the ions get absorbed on the
sorbent surface, water molecules previously bonded to the metal
ion get released and dispersed in the solution; the results in an
increase in the entropy [21].

3.5. The type of adsorption process

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

ge = qmexp(—Ke?) (12)
The linear form of Eq. (12) is
In ge = In g — Ke? (13)

The ¢ can be calculated from the equation

e=RT In (1 + cl> (14)

(&

The values of gy, and K were deduced by plotting In g vs.
2 (Eq. (13), Fig. 6). The mean energy of adsorption (E) can be
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Fig. 6. D-R adsorption isotherm for TI(III) adsorption on nano-Al,O3 at dif-
ferent temperatures (275, 293, 313 K); 30 mg of nano-Al,Os; the initial TI(III)
concentration range was 1.0-10.0 mg L~!; static time 10 min; pH 4.5.

Indicates that model parameters are statistically significant (s-test) at 95% con-
fidence level.

calculated from the equation
E=(-2K)"'/? (15)

where C. is the equilibrium solution concentration, g. is the
amount of TI(II) adsorbed at the equilibrium, gy, is the theo-
retical saturation capacity, ¢ is the Polanyi potential, E is the
adsorption energy, K is a constant related to the adsorption
energy.

The calculated results of the D-R isotherm constants are
given in Table 4. The magnitude of the mean energy of adsorp-
tion (E) is often used to estimate the type of adsorption process.
Accord to the experimental results, the value of E was calcu-
lated to be 9.32kJ mol~!, which was within the energy range
of ion-exchange reactions, 8-16 kI mol~! [23]. Therefore, the
type of the adsorption of thallium on nano-Al,O3 is a chemical
adsorption.

4. Conclusion

The experimental results indicate that nano-Al, O3 is an effec-
tive sorbent for the adsorption of TI(III) from aqueous solutions.
The percentage of TI(III) removal from solution by nano-Al,O3
is close to 100% at pH 4.5. For all studied systems of kinet-
ics, the pseudo-second-order model provides better correlation
of the adsorption data than the pseudo-first-order model; this
suggests that the rate-limiting step may be chemical sorption.
The adsorption isotherms could be well fitted by the Langmuir
and D-R adsorption isotherm equation. The thermodynamic
parameters AGP, AH® and AS° are calculated, and the pos-
itive values of enthalpy confirm the endothermic nature of
adsorption.

Acknowledgements

The authors greatly acknowledge the Education Department
of Liaoning Province Science Foundation (No. 20060363) of
China for financial support. The authors also thank our col-
leagues and other students participating in this work.

References

[1] C.H. Lan, T.S. Lin, Acute toxicity of trivalent thallium compounds to
Daphnia magna, Ecotox. Environ. Safe 61 (2005) 432-435.

[2] A.L. John Peter, T. Viraraghavan, Thallium: a review of public health and
environmental concerns, Environ. Int. 31 (4) (2005) 493-501.

[3] E. Kikuchi, K. Itoh, A. Fujishima, T. Yonezawa, T. Kimura, Removal of
thallium from wastewater by using the iron metal and hydrogen peroxide,
Chem. Lett. 2 (1990) 253-254.



L. Zhang et al. / Journal of Hazardous Materials 157 (2008) 352-357 357

[4] USEPA  (Environmental Protection Agency), Technical Fact-
sheet on: Thallium, Available from: http://www.epa.gov/safewater
/dwh/tioc/thallium.html, 2002.

[5] L.G. Twidwell, C.W. Beam, Potential Technologies for removing thallium
from mine and process wastewater: an abbreviated annotation of literature,
Eur. J. Miner. Process. Environ. Protect. 2 (2002) 1-10.

[6] M.A.A. Akl, LM.M. Kenawy, R.R. Lasheen, Organically modified silica
gel and flame atomic absorption spectrometry: employment for separation
and preconcentration of nine trace heavy metals for their determination in
natural aqueous systems, J. Microchem. 78 (2004) 134-156.

[7] X.A. Cao, Y.H. Chen, Spectrophotometric determination of trace thal-
lium with Cadion 2B using polyurethane foam as an adsorption-separating
material, J. Instrum. Anal. 19 (2000) 11-14.

[8] C.X. Yang, Y.H. Chen, FAAS determination of thallium in environmen-
tal sample after its separation by adsorption on active carbon, Phys. Test.
Chem. Anal. (Part B Chem. Anal.) 40 (2004) 66-68.

[9]1 A.L. John Peter, T. Viraraghavan, Removal of thallium from aqueous
solutions by modified Aspergillus niger biomass, Bioresourc. Technol. 99
(2008) 618-625.

[10] P. Liang, Y.C. Qin, B. Hu, C.X. Li, T.Y. Peng, Z.C. Jiang, Study of the
adsorption behavior of heavy metal ions on nanometer-size titanium dioxide
with ICP-AES, J. Anal. Chem. 368 (2000) 638-640.

[11] E. Maria Claesson, Albert P. Philipse, Thiol-functionalized silica colloids,
grains, and membranes for irreversible adsorption of metal(oxide) nanopar-
ticles, Colloids Surf. A: Physicochem. Eng. Asp. 297 (1-3) (2007) 46-54.

[12] Nguyen Huu Chung, Jun Nishimoto, Osamu Kato, Masaaki Tabata, Selec-
tive extraction of thallium in the presence of gallium, indium, bismuth
and antimony by salting-out of an aqueous mixture of 2-propanol, J. Anal.
Chim. Acta 477 (2003) 243-249.

[13] Yuko Hasegawa, Toshiaki Shimada, Masaru Niitsu, Solvent extrac-
tion of 3B group metal ions from hydrochloric acid with tri-
octylphosphine oxide, J. Inorg. Nucl. Chem. 42 (1980) 1487-
1489.

[14] A.S. Reddy, M.L.P. Reddy, Solvent extraction separation of T1/I/from
T1/II/with sulphoxides, J. Radionanal. Nucl. Chem. 94 (1985) 259-264.

[15] F. Albert Cotton, F.R.S. Ceoffrey Wilkinson, Advanced Inorganic Chem-
istry, a Comprehensive Text, People Education Press, 1981, pp. 352-359.

[16] S. Lagergren, About the theory of so-called adsorption of soluble sub-
stances, Kungliga Svenska Vetenskapsakademiens Handlinger 24 (1898)
1-39.

[17] Y.S.Ho, G. McKay, A comparison of chemisorption kinetic models applied
to pollutant removal on various sorbents, Trans. IchemE 76 (B) (1998)
332-340.

[18] J.A. Kilner, B.C.H. Steele, Nonstoichimetric Oxides, Academic Press, New
York, 1981, pp. 233.

[19] C.P. Huang, W.P. Cheng, Thermodynamic parameters of iron-cyanide
adsorption onto g-Al,03, J. Colloid. Interf. Sci. 188 (1997) 270-274.

[20] G. Bereket, A.Z. Aroguz, M.Z. Ozel, Removal of Pb(Il), Cd(II), Cu(Il)
and Zn(II) from aqueous solutions by adsorption on bentonite, J. Colloid.
Interf. Sci. 187 (1997) 338-343.

[21] K. Ayben, B. Binay, Thermodynamic and kinetic investigations of uranium
adsorption on amberlite IR-118H resin, J. Appl. Radiat. Isotopes 58 (2003)
155-160.

[22] S. Aksoyoglu, Sorption of U(VI) on granite, J. Radioanal. Nucl. Chem. 134
(1989) 393-403.

[23] W. Riemam, H. Walton, Ion-Exchange in Analytical Chemistry, Interna-
tional Series of Monographs in Analytical Chemistry, vol. 38, Pergamon
Press, Oxford, 1970.


http://www.epa.gov/safewater/dwh/tioc/thallium.html
http://www.epa.gov/safewater/dwh/tioc/thallium.html

	Studies on the capability and behavior of adsorption of thallium on nano-Al2O3
	Introduction
	Experimental
	Apparatus
	Reagents
	Procedure

	Results and discussion
	Effect of pH
	Adsorption kinetic model
	Adsorption isotherm and adsorption capacity
	Thermodynamic studies
	The type of adsorption process

	Conclusion
	Acknowledgements
	References


