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a b s t r a c t

This work presents an investigation of the adsorption of the radionuclide of Tl-201 from waste water
on the fibrous tea factory waste. The experimental parameters were chosen as temperature, pH, stirring
speed, adsorbent dose and nominal particle size in the ranges of 10.0–40.0 ◦C, 2.0–10.0, 300–720 rpm,
1.0–15.0 g/L and 0.15–0.71 mm, respectively. The most effective parameter on the adsorption yield was
found to be pH of the solution. Fourier transforms infrared and electron paramagnetic resonance spec-
eywords:
adionuclide
hallium-201
dsorption
io-sorption

troscopy studies were performed for the characterisation of the adsorption on tea waste. The experimental
data were found to be in good agreement with the isotherm models of Freundlich, Halsey, Handerson and
Dubinin–Radushkevich. Thermodynamic analysis showed that the values of �G and �H are negative. It
was obtained that the adsorption rate can be represented very well by second-order pseudo homogeneous
kinetic model. All the results proved that fibrous tea plant waste makes an excellent adsorbent for Tl-201
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. Introduction

There are three fundamental ways for the protection from radi-
tion; the application of the rules of time, distance and shielding.
adiation causes very serious biological effects. The radiation from

onised radioactive sources can cause some changes in molecular
evel in the cell through which they pass, in similar ways to those
aused by X, gamma, alpha and beta rays. These changes can cause
emporary (curable) or permanent (non-curable) damages depend-
ng upon the type, amount and period of suffered radiation. There
s no cell which has absolute resistance to radiation [1].

In nuclear medicine, the production of some solid or liquid
adioactive wastes is unavoidable; these wastes can have different
hemical structures, activities and concentrations. Liquid radioac-
ive wastes can be classified according to their sources, chemical
ompositions or salt contents [2].

For the intravenous application in nuclear medicine, the ster-
lised apyrogenic thallium chloride is prepared from thallium-201

ormed by degeneration of Pb-201 radionuclide produced by the
ombardment of Tl-203 in cyclotron. Tl-201 radionuclide converts
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o Hg-201 as follow:

l201 → Hg201 + gamma ray[135 − 167Kev(12%)]

+X-ray[69 − 83Kev(88%)] t1/2 = 73.1 h (1)

The discharge of the radionuclides by patient or of the unused
adioactive substances as a waste to the environment can cause
erious radioactive problems. The precautions to reduce this prob-
em are to keep the liquid wastes in lead tanks and the solid
astes in lead chambers until their radioactivity level reduces to

n allowable value to discharge into the environment. This method
s expensive, cumbersome and far away being practical and avoid-
ng the harmful effect of radioactivity [3]. Moreover, this method
annot provide a complete shielding for radioactivity besides the
anks or chambers occupy large areas. Finally, the diluted radionu-
lides are left to the environment before their activity is reduced
o a harmless level. In addition to the radioactive contamination, it
auses heavy metal contamination and poisoning because radionu-
lides convert to stable metal ions in their steady states. When
hey mix with underground water, their harmful effects become

navoidable [1]. Therefore, the removal of these ionised radioac-
ive substances from liquid wastes is of vital importance. There are
arious ways of removing these ionised species from waste water
uch as reverse osmosis, ion exchange, precipitation and coagula-
ion. However, these methods are quite expensive and are not so

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:syapici@atauni.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.07.076
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Nomenclature

Br resonance field
C concentration of adsorbate in the solution at equi-

librium (mg L−1)
E adsorption free energy (J mol−1)
EA activation energy (J mol−1)
G Gibbs free energy (J mol−1)
H enthalpy (J mol−1)
h Planck constant (6.626068 × 10−34 J s)
k kinetic rate constant
K constant related to adsorption capacity (L g−1)
K1 constant related to adsorption energy (mol2 kJ−2)
n constant related to adsorption intensity
q adsorbed amount per amount adsorbent at equilib-

rium (mg g−1)
R regression coefficient, ideal gas constant

(8314 J K−1mol−1)
S entropy (J mol−1 K−1)
T absolute temperature (K)
t time (min)

Subscript
t any time
t0 initial period
e equilibrium

Greek letters
� change
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Table 1
Some properties of waste tea used in experiments
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The experimental parameters were chosen as temperature, pH,
stirring speed, adsorbent dose and nominal particle size. The ranges
of these parameters are given in Table 2. When the effect of one
parameter on the adsorption was investigated, the values of the
ε Polany potential
� microwave frequency

ffective if the waste contains radionuclides in low concentrations
4]. Therefore, after treatment of the liquid waste with one of the
bove methods, the waste still contains poisonous materials. The
se of sorbents for removing radionuclides has some advantages
ver the other methods [5]. Many microorganisms such as spores,
easts, bacteria and sea organisms can adsorb anionic and cationic
pecies in liquid medium [6,7].

To remove radioactive species in liquid medium, an ion exchange
rocess was applied, and Iodine-131 was removed by the use of
mberlite as ion exchanger [8]. Clinoptilolite, which is a zeolite,
as used to adsorb and successful results were obtained [9]. Cr-51

adionuclide used in nuclear medicine was removed by the use of
ater plants such as Eichhornia crassipes, Pista sp., Nymphea alba,
enhta aquatica, Ephorbia sp. and Lemna minor as adsorbents [10].
ctivated carbon was also used for the adsorption of radionuclides

n aqueous medium such as uranium [11] and iodine [12].
The aim of this work is to investigate the adsorption of the

adioactive ions of Thallium-201 from waste water by using the
brous tea factory waste as adsorbent and to study the effect of
ome experimental parameters on the adsorption yield.

. Materials and method

.1. Adsorbent

Solid wastes in large amounts are produced in the factories

hich process agricultural products. These wastes, sometimes,

ccupy large areas in the operation site of factories, creating some
ifficulties in the regular operation of the factories. Approximately,
0,000 tonnes tea waste is produced in the official tea factories in
urkey. When the private sector is considered, this amount rises to
ulk density (g/cm3) 0.119
article size (mm) 0.212–0.150
ET surface area (m2/g) 0.702

bout 30,000 tonnes [13]. The tea factory waste used as adsorbent
as provided from Cumhuriyet tea plant located in Rize in Black

ea Region of Turkey. There are two types of the tea factory waste
n Cumhuriyet tea plant such as subjacent of sieve and chimney.
he fibrous tea factory waste (FTFW) of the chimney subjacent was
sed in this research. The solid waste first was ground and then
ieved to obtain desired particle size fractions.

Some properties of the tea factory waste are presented in Table 1.
rior to the experiments, other soluble contaminants and coloured
omponents were removed from the waste tea by washing it with
istilled water for a few times until a colourless filtrate of the wash-

ng water was spectrometrically observed at room temperature.
he decolourized and cleaned tea waste was dried at room temper-
ture for a few days, and then used in the adsorption experiments.

.2. Experimental system

The system shown in Fig. 1 was employed in the adsorption
xperiments. In the design of this experimental system, all the nec-
ssary safety considerations were taken into account so that the
erson who carries out the experiments will expose to radioactiv-

ty at possible minimum level. A 1000-mL jacketed vessel was used
s the adsorption medium. A mechanical mixer was attached to
he system to stir the content of the vessel during the adsorption
rocess. A circulating bath was employed to keep the adsorption
edium at constant temperature by circulating the cooling/heating

uid through the jacket. A master flex pump was used to circulate
he aqueous solution through the radiation dosimeter to measure
utomatically the radioactivity of the solution. The circulation of
he adsorption solid together with the solution was avoided by
sing a suitable filter, which does not adsorb the radioactive sub-
tance, just at the outlet of the solution from the vessel. All the
ecessary precautions were taken for an accurate measurement
ith the dosimeter. The experimental readings of digital screens
ere recorded by a video camera to minimize the involvement of

he researcher with the radioactive medium.
Fig. 1. Experimental system.
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Table 2
Experimental parameters and their range

pH Adsorbent dose (g/L) Stirring speed (rpm) Particle size (mm) Temperature (◦C)

2.0–10.0 1.0–15.0 300–720 0.15–0.71 10.0–40.0

Table 3
Zeta potentials of tea waste at different pH values

p
Z

o
f
a

p
m
m
i
t
I
t
t
p
a
a
i

2

s
t
t
p
a
d
i
r
t

H 4.0 6.0
eta potential (mV) −41.8 −43.8

ther parameters were kept constant at 7.0 for pH, 0.150–0.212 mm
or particle size, 10 g/L for adsorbent dose, 20 ◦C for temperature
nd 600 rpm for stirring speed.

To determine the surface charge of the tea plant waste, the zeta
otentials of the particles were determined by using a zeta potential
eter at different pH values. This is determined by the measure-
ent of particle velocities in an electrical area. As seen from Table 3,

ncreasing pH increases the zeta potential of FTFW particles. At neu-
ral conditions, the surface charge has a negative value of −48.9 mV.
ncreasing pH of the solution increases the concentrations of OH−;
hese OH− ions increase the negative charge of the surface by neu-
ralising the positive groups on the surface. In the case of decreasing

H, the increasing H+ ions decreases surface negative charge by
ffecting the negative groups on the surface. Since Tl-201 ion has
n electrical charge of +1, increasing the surface negative charge
ncreases the bio-sorption yield due to electrical forces.

w
d
o
a

Fig. 2. Effect of experimental parameters on adsorption: (a) effect of pH; (b) ef
7.0 8.0 10.0
−48.9 −56.4 −78.4

.3. Preparation of radioactive solution

Monrol made TlCl solution having 95% radiochemical purity, a
pecific activity of 2782 GBq and 0.9% NaCl was used to prepare
he radioactive solution by taking into consideration the produc-
ion date and decaying rate. The solution was provided as fresh as
ossible. This solution was added into the aqueous medium having
n adjusted temperature, stirring speed, particle size, adsorbent
ose and an initial pH value to obtain a 500 mL-solution with an

nitial radionuclide concentration of approximately 800 �Ci, which
esembles the average radioactive value of the aqueous waste. Since
o increase the concentration of the radioactive species is not a safe

ay due to high radioactivity, the equilibrium was changed by using
ifferent amount of the adsorbent while keeping the initial amount
f the radioactive species at this constant initial value when the
dsorption isotherms were studied.

fect of stirring speed; (c) effect of particle size; (d) effect of temperature.
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Fig. 3. Adsorption of Tl-201 at different temperatures and d

.4. FTIR and EPR analysis

Fourier transforms infrared (FTIR) and electron paramagnetic
esonance (EPR) spectroscopy studies were performed for the char-
cterisation of the adsorption mechanism of FTFW. The FTIR spectra
ere obtained employing a PerkinElmer Spectrum One FTIR spec-

rometer and the EPR spectra using a Varian E104 EPR spectrometer
ith x-band spectrometer at 9.53 GHz with.

. Results and discussion

Tl-201, which is one of the most used radionuclides in nuclear
edicine, was removed from aqueous medium by adsorption using

ea plant wastes as adsorbent. The effects of the chosen parame-
ers on the adsorption process were investigated in a batch process
o determine the process conditions. The results are submitted in
raphs in Fig. 2.

.1. Effect of pH

To investigate the effect of pH on the adsorption process, the val-
es of pH were chosen as 2.0, 4.0, 6.0, 7.0, 8.0 and 10.0. The change
f the adsorbed percentage of Tl-201 with pH is given in Fig. 2(a)
s a function of the adsorption period. As seen from the figure,
he increasing pH increased adsorption of Tl-201 up to pH 7.0, and

fter this value almost no change in the adsorption percentage was
bserved with increasing pH value. At pH 7.0, approximately 97.8%
f the initial amount of Tl-201 was adsorbed in 10 min while only
bout 49.4% of Tl-201 was removed at pH 2.0 in the same period.
his can be explained by the increase of the negative charge of the

a
s
T

nt adsorbent doses: (a) 10 ◦C; (b) 20 ◦C; (c) 30 ◦C; (d) 40 ◦C.

urface potential of FTFW with increasing pH as shown in Table 3.
he zeta potential of the adsorbent reduces from 0.0 mV at pH 2.0
o −48.9 mV at pH 7.0. This causes an increase in the adsorption
f the positively charged Tl-201 radionuclide with increasing pH.
urther decrease in the zeta potential up to −78.4 at pH 10.0 does
ot cause any increase in the adsorption percentage.

.2. Effect of stirring speed

For the investigation of the effect of stirring speed on the adsorp-
ion of Tl-201, the stirring speed values were chosen as 360, 480,
00 and 720 rpm. The effect of the stirring speed on the adsorp-
ion process is presented in Fig. 2(b) as a function of time. Although
o pronounced effect of the stirring speed was observed, it can
e said that the adsorption percentage slightly increased with the

ncrease in the stirring speed. In 10 min of the adsorption period,
he adsorption percentage is 97.5% at 720 rpm while it is 93.4 % at
20 rpm. This small change can be explained by the decrease of the

iquid film thickness with increasing stirring speed; this results in a
light increase in the arrival rate of Tl-201 ions to the surface of the
dsorbent. The small change also shows that the adsorption rate is
ot controlled by diffusion of Tl-210 from the film layer around the
articles.

.3. Effect of adsorbent particle size
To investigate the effect of the adsorbent particle size on the
dsorption process, the particle sizes were taken as the nominal
izes of 1.40–0.71, 0.71–0.355, 0.355–0.212 and 0.212–0.150 mm.
he experimental results are presented in Fig. 2(c) in the plot of the
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Table 4
Adsorption percentage at equilibrium for adsorbent doses of 1 and 15 at different
temperatures

Temperature (◦C) Adsorbent dose (g/L) Adsorption yield (% ads.)

10 1.0 85.1
15.0 98.4

20 1.0 80.4
15.0 97.0

30 1.0 80.3
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15.0 94.7

0 1.0 49.3
15.0 92.3

dsorption percentage versus time at different particle size values.
o emphasized effect of the particle size was also observed. How-
ver, it can be said that increasing particle size resulted in a small
ecrease in the adsorption percentage. For example, for an adsorp-
ion process of 10 min, 97.1% of the initial Tl-201 was removed
t a particle size of 0.150–0.212 mm while 93.2% was adsorbed at
he particle size of 0.355–0.710 mm. This can be explained by the
ncrease in the outer surface area per weight of the solid and the
ecrease in the nominal transfer distance into the particle with the
ecrease of the particle size.

.4. Effect of temperature

The effect of the temperature on the adsorption was investi-
ated for the temperatures of 10, 20, 30 and 40 ◦C. The plot of the
dsorption percentage versus time is given in Fig. 2(d) for different
emperatures. Increasing temperature decreased the adsorption
ercentage; the highest removal percentage was obtained at 10 ◦C.
or the adsorption period of 10 min, approximately 97.5% of the ini-
ial Tl-201 was removed at 10 ◦C while 88.7% was adsorbed at 40 ◦C.
he effect of the temperature on the process is slightly more pro-
ounced than the stirring speed and the particle size and less than
H. This behaviour can be an indication that the adsorption process

s a physical and exothermic process.

.5. Effect of adsorbent dose

To see the effect of the adsorbent dose on the adsorption pro-
ess some adsorption experiments were carried out at the different
dsorbent dose values of 1.0, 2.5, 5.0, 10.0 and 15.0 g solid/L solution
hile keeping the value of the other parameters at their constant

alues given in Section 2.2. To study the adsorption isotherms these
xperiments were carried out at four different temperatures as
hown in Fig. 3. All the plots for different temperatures showed
imilar behaviour; increasing adsorbent dose increased adsorption
ercentage. For the adsorption at 20 ◦C the removal percentage of
l-201 versus the adsorption period is given for different adsorbent
oses as seen in Fig. 3(b). The adsorption increased decreased with

ncreasing adsorbent dose, and the maximum yield was obtained
t 15 g/L. However, the effect of this parameter diminished with
ts increasing value. The removal percentage is 97.0 for 15 g/L, and
0.4 for 1 g/L for an adsorption period of 10 min. The increase in the
dsorption with the increase in the adsorbent dose can be explained
y the increase of the available adsorption area for a constant initial
alue of Tl-201 concentration.

To see the effect of the temperature and the adsorbent dose

n the adsorption, the adsorption percentages are submitted in
able 4 for different ratios and temperatures for an adsorption
eriod of 10 min corresponding to the equilibrium values. As seen
rom Table 4, with the increase of the temperature from 10 to 40 ◦C
he adsorption percentage decreased from 85.1% to 49.3% for an

t
e
i
j
t

Fig. 4. Adsorption isotherms.

dsorbent dose of 1.0 while it decreased from 98.4% to 92.3% for
he dose of 15.0.

.6. Adsorption isotherms

Adsorption isotherms, which are called equilibrium lines, relate
he adsorbed amount on the adsorbent to the non-adsorbed
mount in the fluid bulk at equilibrium for a given temperature.
hese isotherms exhibit different behaviours in a wide variety. The
dsorption isotherms were studied by using the data in Fig. 3(a),
nd the isotherms are given graphically in Fig. 4. The models, which
how good agreement with experimental results, are submitted
elow.

Freundlich model:

= KC1/n (2)

alsey model:

n q =
[(

1
n

)
ln K

]
−

(
1
n

)
ln

[
ln

(
1
C

)]
(3)

enderson model:

n q =
(

1
n

)
ln [− ln (1 − C)] −

(
1
n

)
ln K (4)

ubinin–Radushkevich (D–R) model:

n q = ln qm + K1ε2 (5)

= RT ln
(

1 + 1
Ce

)
(6)

= (2K1)−0.5 (7)

here k, n, K, K1 in these equations are constants which are depen-
ent on temperature, adsorbent type and adsorbate.All the above
odels are based on that the adsorption is multilayered and the

ctive sites have heterogeneous energy distribution. Therefore, the
t of the experimental data to the above models shows that the
dsorption process has a multilayered character and the adsorption
urface is not uniform and possibly has a heterogeneous structure
14–16]. Statistically these models well represent the experimental
ata with R2 values higher than 0.9881. The fit of the data with Fre-
ndlich isotherm is graphically submitted in Fig. 5. Table 5 shows

hat all the values of the constants of all the models given above
xhibited a regular behaviour, continuously increasing or decreas-
ng, with temperature up to 30 ◦C. However, at 40 ◦C, they exhibited
ust opposite of their regular behaviour which they had up to this
emperature. This can be attributed to possibility that the chemical
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Fig. 5. Fit of data to adsorption isotherm models.
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able 5
odel constants and regression coefficients of isotherm models

sotherm model Temperature (◦C)

10 20
Constants and regr. coefficient Constants and regr. coeffic

reundlich n = 0.871 n = 0.721
K = 34.74 K = 268.27
R2 = 0.9900 R2 = 0.9850

alsey n = 0.0625 n = 0.0567
K = 6.38 K = 6.63
R2 = 0.9881 R2 = 0.99

enderson n = 0.871 n = 0.747
K = 0.0455 K = 0.0153
R2 = 0.9900 R2 = 0.985

–R K1 = 7 × 10−9 K1 = 8 × 10−9

qm = 0.0127 qm = 0.034
E = 23904.6 E = 22360.6
R2 = 0.9895 R2 = 0.9870

Fig. 6. FTIR spectra of waste tea b
Materials 163 (2009) 607–617

dsorption starts to play an appreciable role in the process after this
emperature. The high change of K values of Freundlich isotherm
an also be explained with this attitude of the process.

.7. FTIR and EPR analysis

FTIR and EPR spectroscopy studies were used to characterize
he reaction mechanism of FTFW. These spectra were obtained
sing PerkinElmer Spectrum One model FTIR spectrometer, and an
-band EPR spectrometer at 9.53 GHz by Varian E104 EPR spec-
rometer, respectively. The FTIR spectra of FTFW before and after
dsorption are shown in Fig. 6.

.7.1. Adsorption mechanism determined by FTIR and EPR

nalysis

Before recording the FTIR spectra of the thallium loading FTFW,
he spectrum of the FTFW alone was recorded in order to determine
he main functional groups of FTFW participate in the thallium
dsorption. The FTIR spectroscopic characteristics from the FTIR

30 40
ient Constants and regr. coefficient Constants and regr. coefficient

n = 0.519 n = 0.9
K = 444,631 K = 3.82
R2 = 0.9965 R2 = 0.9936

n = 0.0411 n = 0.0717
K = 7.91 K = 1.62
R2 = 0.9963 R2 = 0.9925

n = 0.519 n = 0.896
K = 0.00118 K = 0.301
R2 = 0.9965 R2 = 0.9936

K1 = 10 × 10−9 K1 = 7 × 10−9

qm = 1.147 qm = 0.00382
E = 20,000 E = 23904.4
R2 = 0.9976 R2 = 0.9904

efore and after adsorption.



H. Eroğlu et al. / Journal of Hazardous Materials 163 (2009) 607–617 613

Table 6
FTIR spectral characteristics of tea factory waste before and after adsorption

IR peak Frequency (cm−1) Assignment

Before adsorption After adsorption Differences

1 3573 3603 +30 Bonded OH groups
2 3508 3517 +9 Bonded OH groups
3 3437 3439 +2 Bonded OH groups
4 3325 3285 −40 Bonded OH groups
5 3204 3201 −3 N H stretching
6 2967 2969 +2 Aliphatic C H group
7 2917 2917 0 Aliphatic C H group
8 2850 2847 −3 Aliphatic C H group
9 1731 1730 −1 C O stretching

10 1654 1658 −4 C O stretching
11 1628 1628 0 C O stretching
12 1598 1584 −14 Secondary amine group
13 1514 1511 −3 Secondary amine group
14 1450 1449 −1 Symmetric bending of CH3

15 1368 1365 −3 Symmetric bending of CH3

16 1318 1315 −3 Symmetric bending of CH3

17 1241 1232 −9 SO3 stretching
18 1157 1156 −1 C O stretching of ether groups
19 1048 1046 −2 C O stretching
20 890 887 −3 Aromatic CH stretching
21 809 818 +9 Aromatic –CH stretching
22 697 712 +15 CN stretching
23 558 547 −11 C C group
24 454 439
25 430 422
26 401 Disappeared

Table 7
Values of �G at different temperatures
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EPR spectroscopy to obtain structural information about the metal
emperature (K) 283 293 303 313
G (J/mol) −8636.0 −7575.0 −6469.3 −5377.9

pectra in Fig. 6 are shown in Table 6. This figure shows that FTFW
epresents complex adsorption band characteristics including the
6 adsorption bands, indicating the complex nature of the bio-
orbent.

As seen in Table 7, 13 significant band decreases of the func-
ional groups on the bio-sorbent were detected at the bands of
325, 3196, 2917, 1731, 1588, 1514, 1450, 1368, 1157, 1048, 809,
58 and 454 cm−1. The spectral analysis before and after thallium
dsorption indicated that especially the bonded OH groups, sec-
ndary amine group, N H stretching, amine group, C O stretching,
liphatic C–H group, symmetric bending of CH3, C O stretching of
ther groups, C C and amine group were especially involved in
hallium adsorption [17,18]. The 13 adsorption bands participating
n the bio-sorption indicated that FTFW is an excellent bio-sorbent
or the removal of thallium and thus the adsorption time is very fast.

he different functional groups have a high affinity towards Tl Cl
o that they can complex the metal ions [19]. These properties of
he FTFW can also make this material suitable for continuous flow
reatment systems [20].

b
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t
i

Fig. 7. XRF spectra of waste
−15 Amine group
−8 Amine group
Unknown Amine group

EPR spectroscopy is a technique applicable only to the sys-
ems with net electron spin angular momentum(S); nevertheless, a
espectable number of systems fulfil this condition. These include
ree radicals in the solid, liquid or gaseous states, some point defects
localized crystal imperfections) in solids, bio-radicals, systems in
he triplet state (two unpaired electrons), systems with three or

ore unpaired electrons, most transition-metal ions and rare-earth
ons [21]. The flipping of spins induced in a paramagnetic sys-
em embedded in a static magnetic field by the absorption of the
lectromagnetic radiation is the physical principle behind the EPR
echnique. For a system with a spin S = 1/2, e.g. a free electron or a
adical, there are two energy levels corresponding to the spin par-
llel and non-parallel to the static magnetic field and the possible
alues of Ms are +1/2 and −1/2. The latter has the character of having
owest energy [22].

EPR can be applied to the investigation of metal-charged
iomasses. For this aim, the main information provided by this
echnique are the chemical identity, valence states and relative con-
entration of the metals involved in the bio-sorption processes [23].
n the early researches, the adsorption data were combined with
inding and estimate of adsorption mechanism [22–25]. By the
nalysis of the EPR spectra, it is also possible to get an insight about
he local environment of the transition metal ion in the biomass,
.e. the site symmetry and the electronic density at neighbouring

tea after adsorption.



6 rdous Materials 163 (2009) 607–617

n
t
b
l
a
t
b
S
s
p
i
r

o
t
o
b
l
x
fi
s
s
r
o
c
c

g

i
E
S
c
E
(
a
3

(
3
fi
r
fi
b
v
i

Fig. 8. EPR spectra of FTFW were measured at room temperature (25 ± 2 ◦C) with a
microwave frequency of 9.535 GHz.
14 H. Eroğlu et al. / Journal of Haza

uclei [22]. In this research, in order to compare the natural and
hallium binding FTFW and estimate mechanism of thallium ion
io-sorption, the EPR spectra were taken from the alone and thal-

ium loading. The EPR spectra before and after adsorption by FTFW
re shown in Fig. 8. It was shown in this figure that these spectra are
wo typical EPR signals belonging to Mn2+ and SO3

− ion spectra. The
io-sorption of thallium by FTFW is investigated by using Mn2+ and
O3

− spectra. These findings were confirmed with XRF analysis. As
een in Fig. 7, XRF analysis indicated that some of determining com-
onents of the FTFW are carbon, oxygen, manganese and sulphur

n the amounts of 57.458%, 37.281%, 0.0731% and 0.1652% (w/w),
espectively.

By comparing the natural and thallium loaded EPR signal, it was
bserved that the amplitude of EPR signals decreased after adsorp-
ion. The broad EPR lines stem from strong dipolar interactions
f their unpaired magnetic moments. The capture of thallium by
iomasses is also observed by using EPR spectroscopy to study thal-

ium adsorption on FTFW samples, which were measured using an
-band (9.535 GHz) EPR spectrometer with modulation of magnetic
eld of 100 kHz. The microwave frequency was recorded, and EPR
pectra were measured with attention of 10 dB to avoid microwave
aturation of resonance absorption curves. EPR studies were car-
ied out via Mn2+ and SO3

− spectra since natural FTFW represents
nly these spectra before adsorption. With S = 5/2 (in the high-spin
ase), I = 5/2 for Mn2+ with 100% natural abundance. g-Factor was
alculated from resonance conditions as seen in follows:

= h�

ˇBr
(8)

Seven lines were observed in these resonance absorption curves
n Fig. 8. Mn2+ ion is responsible for six of these EPR components.
PR lines resolved hyperfine structures are characteristics of Mn2+.
O3

− ion is responsible for a very intense resonance line in band
entred, I = 1/2 for SO3

− ion with natural abundance (>97.7%) [31].
PR spectra at about 3555 G (g = 1.916), 3445 G (g = 1.977), 3375 G
g =2.018), 3340 G (g = 2.039), 3230 G (g = 2.109), 3145 G (g = 2.166)
nd 3075 G (g = 2.215). Hyperfine splitting constants are 125, 65,
0, 110, 90 and 60 G, respectively. Average g value is 2.062.

It can be seen from Fig. 8 in the TlCl-tea after adsorption 3565 G
g = 1.910), 3445 G (g = 1.997), 3365 G (g = 2.024), 3335 G (g = 2.042),
250 G (g = 2.096), 3160 G (g = 2.155) and 3065 G (g = 2.222). Hyper-
ne splitting constants are 120, 85, 35, 80, 95 and 100 G,

espectively. Average g value is 2.063. The g-value close to 2 con-
rms that the free radicals or transition metal ions do have g = 2,
ut there are also systems which show marked deviations from this
alue [21]. Considerable changes of EPR spectra of Mn2+ and SO3

−

on were observed after adsorption. Remarkable Tl-Cl dependences

o
i
a
c

Fig. 10. Agreement of experimental data wit
Fig. 9. �G versus T plot.
f the line width and line intensity in EPR spectra of Mn2+ and SO3
−

on were observed. Some of Mn2+ and SO3
− ions are bounded after

dsorption because line intensities decrease. These results indi-
ated that the bio-sorption processes may be carried out partially

h pseudo second-order kinetic model.
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Table 8
Values of experimental and theoretical q, kinetic constants and statistical R2

Parameters qexp × 106 (mg g−1) qthr × 106 (mg g−1) k × 10−6 (mg g−2 min−1) h × 105 (mg g−1 min−1) R2

Temperature (◦C) 10 1.9661 1.9654 11.026 4.2622 0.9999
20 1.9031 1.8987 15.118 5.4755 1
30 1.6375 1.6359 13.201 3.5398 0.9999
40 1.6293 1.623 18.801 4.9910 1

pH 2 1.0612 1.0633 58.563 6.5950 1
4 1.6428 1.6402 16.307 4.4010 1
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tion [29]. Although this value lies in the range of 8–22 kJ/mol K
for diffusion-controlled process, it is still thought that the process
is governed by combined effect of different mechanisms since no
emphasized effect of stirring speed, which is a clear indication of
diffusion-controlled process, was observed.
6 1.7504 1.7464
7 1.9031 1.8987
8 1.9963 1.9978

10 2.0995 2.1042

ia chemi-sorption involving valence forces through sharing or
xchange of electrons between FTFW and Tl-Cl [26]. This occurrence
as confirmed FTIR analysis as seen in Table 7. The fast bio-sorption

inetics observed is typical for bio-sorption of metals involving no
nergy-mediated reactions, where metal removal from solution is
ue to physicochemical interactions between biomass and metal
olution [27].

.8. Thermodynamic analysis

For adsorption process, Gibbs free energy can be written as fol-
ow:

G = −RT ln k (9)

here k = (q/C)eq

The following relation, which relates Gibbs free energy change
o the enthalpy and entropy change, can also be written:

G = �H − T�S (10)

Using the experimental data together with (Eq. (9)), the calcu-
ated values of �G at different temperatures are given in Table 7.
rom the plot of �G versus T shown in Fig. 9, �H and �S were
alculated [28]. The values were found to be �H = −39,516 J/mol
nd �S = −108.8 J/mol K. The negative values of �G show that the
dsorption process can proceed spontaneously. The negative value
f �H confirms that this adsorption process is exothermic character
nd increasing temperature affects inversely the process.

.9. Adsorption kinetics

The models for the adsorption kinetics are related to the removal
atio of the adsorbate. Therefore, these models are important in the
lanning of the recovery process by adsorption. When one studies
he behaviour of the adsorption with the change of the parameters,
ubmitted before in Fig. 2(a)–(d), it can be seen that the adsorption
s a rapid process, and the most effective parameter is the initial
H of the solution, which is related to the surface charge, and then
he adsorption dose. There are no pronounced effect of tempera-
ure, stirring speed and particle size. Therefore, the process cannot
e controlled specially only one of the mechanisms of diffusion
hrough film layer, surface sorption or diffusion through the pores.
o the conclusion in the preceding section is confirmed; the mech-
nism which governs the process is probably a combination of all
hese mechanisms. However, the kinetic models were tested and
t was found that the process fitted to the pseudo second-order
inetic model. For an adsorption process which fits to the pseudo

econd-order kinetic model the equation can be given as follows
29]:

dqt

dt

)
= k(q − qt)

2 (11)
8.703 2.6665 0.9998
15.118 5.4755 1
10.243 4.0821 0.9999
97.677 4.3055 0.9998

The integration and rearrangement of this equation between the
oundary conditions gives the following relation:

t

qt
= 1

kq2
+ +

(
1
q

)
t (12)

here h = kq2 is the initial adsorption rate. The plot of t versus t/qt

hould give a straight line if the process fits to the pseudo second-
rder rate model. The experimental data showed a good agreement
ith pseudo second-order model as shown in Fig. 10(a) for dif-

erent temperatures and in Fig. 10(b) for different pH values. The
2 values for these plots are very high, which are between 0.9998
nd 1.0. Table 8 also shows the excellent agreement between the
xperimental and calculated values.

Fast adsorption rate and the increase of the adsorption percent-
ge with increasing negative surface charge of FTFW and decreasing
emperature can also be a clue that this adsorption process has

ainly physical character. The activation energy can also show
hether the process is governed by physical or chemical mecha-
ism. Arrhenius equation is expressed in the following form:

= k0 exp
(−EA

RT

)
(13)

here k is rate constant, k0 Arrhenius constant and EA is the acti-
ation energy. The activation energy can be calculated graphically
rom the plot of ln k versus 1/T, as shown in Fig. 11. The activation
nergy was found to be 10.823 kJ/mol; this low value also confirms
hat the process is not certainly governed by surface chemical reac-
Fig. 11. ln k versus 1/T plot for evaluation of activation energy.
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As a result, the Freundlich, the Halsey, the Henderson and D–R
sotherm regression coefficient values (R2) > 0.98 implies that the
urface of FTFW is made up of heterogeneous and multilayer bio-
orption patches. For all the ranges studied here, the standard Gibbs
ree energy (�G◦) values and the �H◦ parameter which were found
ut negative indicated thermodynamically feasible, spontaneous
nd exothermic nature of the bio-sorption. The negative �S◦ value
mplies a stable arrangement of thallium on FTFW biomass sur-
ace and the adsorbed complex of thallium on FTFW is in a more
rdered form [30,31]. The FTIR adsorption bands indicated that the
3 adsorption bands participating in bio-sorption are more than
ther bio-sorbents. EPR studies indicated that the bio-sorption is
ue to physicochemical interactions between biomass and metal
olution.

. Conclusion

In this work a radionuclide of Tl-201 in a liquid waste was
dsorbed on a bio-sorbent which is a solid waste from a tea factory.
he results for the adsorption Tl-201 on FTFW showed that:

FTFW is an excellent adsorbent and it provides a rapid adsorption
process. The process reached to equilibrium in about 10 min, and
approximately 98% of Tl-201 in the solution was adsorbed.
The most effective parameter was found to be pH of the solution
and then adsorption dose. Increasing temperature had a small
decreasing effect on the adsorption yield and stirring speed had
a slight increasing effect.
It was determined that the best laboratory conditions for the
adsorption process are 7.0 for pH, 0.150–0.212 mm for particle
size, 15 g/L for adsorbent dose, 10 ◦C for temperature and 600 rpm
for stirring speed. Lower stirring speeds and ambient tempera-
ture can be preferred for economical reasons.
FTIR and EPR results indicated that the bio-sorption mechanism
of thallium ions onto FTFW have a complex nature with more
than one or even two mechanisms, exhibiting a complex mecha-
nism having 13 adsorption band involved in bio-sorption, and has
mainly physical character. The good agreement of the experimen-
tal equilibrium values with the isotherm models of Freundlich,
Halsey, Handerson and D–R confirmed heterogeneous and mul-
tilayer bio-sorption patches.
Negative values of �G shows that the adsorption process can pro-
ceed spontaneously, and the negative value of �H confirms that
this adsorption process is of exothermic character.
It was also concluded that the process rate is controlled by a
combination of different mechanisms, and the rate of the pro-
cess can be represented very well by the pseudo second-order
kinetic model.

This process can eliminate the expensive and cumbersome
ethod for handling the radioactive liquid wastes. In the present

pplication, the waste is kept in the closed lead tanks for between
and 10 weeks until it decays to the allowable minimum radiation

imit to discharge to the environment. According to the regulations
f The Republic of Turkey, the allowed concentration for discharg-
ng Tl-201 is about 4 �Ci. However, since Tl-201 converts Hg, which
s one of the most poisonous heavy metals, dumping the waste after
ven after reaching to allowable radiation limit is still harmful. It is
ossible to adsorb approximately 98% of Tl-201 in 1 m3 liquid waste

nto 15 kg adsorbent in 10 min, which corresponds to almost allow-
ble limits for discharging to the environments. The solid waste
ith adsorbed radionuclide can be easily and practically stored in

mall lead cans until the radiation decays to the harmless level, and
hen the adsorbed metal can be recovered using a suitable method.

[

[

Materials 163 (2009) 607–617

or more practical application, further study is being planned to
arry out the process in a packed bed composed of cylindrical lead
artridges filled with FTFW.
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