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This work presents an investigation of the adsorption of the radionuclide of TI-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,
1.0-15.0g/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-
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 AG and AH 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 TI-201
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1. Introduction

There are three fundamental ways for the protection from radi-
ation; the application of the rules of time, distance and shielding.
Radiation causes very serious biological effects. The radiation from
ionised radioactive sources can cause some changes in molecular
level in the cell through which they pass, in similar ways to those
caused by X, gamma, alpha and beta rays. These changes can cause
temporary (curable) or permanent (non-curable) damages depend-
ing upon the type, amount and period of suffered radiation. There
is no cell which has absolute resistance to radiation [1].

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

For the intravenous application in nuclear medicine, the ster-
ilised apyrogenic thallium chloride is prepared from thallium-201
formed by degeneration of Pb-201 radionuclide produced by the
bombardment of TI-203 in cyclotron. TI-201 radionuclide converts
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to Hg-201 as follow:
TI?%! — Hg2%! + gamma ray[135 — 167Kev(12%)]
+X-ray[69 — 83Kev(88%)] t;,, =73.1h (M

The discharge of the radionuclides by patient or of the unused
radioactive substances as a waste to the environment can cause
serious radioactive problems. The precautions to reduce this prob-
lem are to keep the liquid wastes in lead tanks and the solid
wastes in lead chambers until their radioactivity level reduces to
an allowable value to discharge into the environment. This method
is expensive, cumbersome and far away being practical and avoid-
ing the harmful effect of radioactivity [3]. Moreover, this method
cannot provide a complete shielding for radioactivity besides the
tanks or chambers occupy large areas. Finally, the diluted radionu-
clides are left to the environment before their activity is reduced
to a harmless level. In addition to the radioactive contamination, it
causes heavy metal contamination and poisoning because radionu-
clides convert to stable metal ions in their steady states. When
they mix with underground water, their harmful effects become
unavoidable [1]. Therefore, the removal of these ionised radioac-
tive substances from liquid wastes is of vital importance. There are
various ways of removing these ionised species from waste water
such as reverse osmosis, ion exchange, precipitation and coagula-
tion. However, these methods are quite expensive and are not so
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Nomenclature
B resonance field
C concentration of adsorbate in the solution at equi-

librium (mgL-1)
E adsorption free energy (Jmol-1)
Ea activation energy (Jmol-1)
G Gibbs free energy (Jmol—1)
H enthalpy (Jmol-1)
h Planck constant (6.626068 x 10-34]'s)

k kinetic rate constant

K constant related to adsorption capacity (Lg~1)

Kq constant related to adsorption energy (mol? kJ=2)

n constant related to adsorption intensity

q adsorbed amount per amount adsorbent at equilib-
rium (mgg-1)

R regression  coefficient, ideal gas constant
(8314 K- Tmol1)

S entropy (Jmol-1K-1)

T absolute temperature (K)

t time (min)

Subscript

t any time

to initial period

e equilibrium

Greek letters

A change
g Polany potential
v microwave frequency

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

Toremove radioactive species in liquid medium, anion exchange
process was applied, and lodine-131 was removed by the use of
amberlite as ion exchanger [8]. Clinoptilolite, which is a zeolite,
was used to adsorb and successful results were obtained [9]. Cr-51
radionuclide used in nuclear medicine was removed by the use of
water plants such as Eichhornia crassipes, Pista sp., Nymphea alba,
Menhta aquatica, Ephorbia sp. and Lemna minor as adsorbents [10].
Activated carbon was also used for the adsorption of radionuclides
in aqueous medium such as uranium [11] and iodine [12].

The aim of this work is to investigate the adsorption of the
radioactive ions of Thallium-201 from waste water by using the
fibrous tea factory waste as adsorbent and to study the effect of
some experimental parameters on the adsorption yield.

2. Materials and method
2.1. Adsorbent

Solid wastes in large amounts are produced in the factories
which process agricultural products. These wastes, sometimes,
occupy large areas in the operation site of factories, creating some
difficulties in the regular operation of the factories. Approximately,
20,000 tonnes tea waste is produced in the official tea factories in
Turkey. When the private sector is considered, this amount rises to

Table 1

Some properties of waste tea used in experiments

Bulk density (g/cm?) 0.119
Particle size (mm) 0.212-0.150
BET surface area (m?2/g) 0.702

about 30,000 tonnes [13]. The tea factory waste used as adsorbent
was provided from Cumhuriyet tea plant located in Rize in Black
Sea Region of Turkey. There are two types of the tea factory waste
in Cumhuriyet tea plant such as subjacent of sieve and chimney.
The fibrous tea factory waste (FTFW) of the chimney subjacent was
used in this research. The solid waste first was ground and then
sieved to obtain desired particle size fractions.

Some properties of the tea factory waste are presented in Table 1.
Prior to the experiments, other soluble contaminants and coloured
components were removed from the waste tea by washing it with
distilled water for a few times until a colourless filtrate of the wash-
ing water was spectrometrically observed at room temperature.
The decolourized and cleaned tea waste was dried at room temper-
ature for a few days, and then used in the adsorption experiments.

2.2. Experimental system

The system shown in Fig. 1 was employed in the adsorption
experiments. In the design of this experimental system, all the nec-
essary safety considerations were taken into account so that the
person who carries out the experiments will expose to radioactiv-
ity at possible minimum level. A 1000-mL jacketed vessel was used
as the adsorption medium. A mechanical mixer was attached to
the system to stir the content of the vessel during the adsorption
process. A circulating bath was employed to keep the adsorption
medium at constant temperature by circulating the cooling/heating
fluid through the jacket. A master flex pump was used to circulate
the aqueous solution through the radiation dosimeter to measure
automatically the radioactivity of the solution. The circulation of
the adsorption solid together with the solution was avoided by
using a suitable filter, which does not adsorb the radioactive sub-
stance, just at the outlet of the solution from the vessel. All the
necessary precautions were taken for an accurate measurement
with the dosimeter. The experimental readings of digital screens
were recorded by a video camera to minimize the involvement of
the researcher with the radioactive medium.

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

1. Radioactivity dosimeter 4. Circulating bath 7. Mechanical stirrer
2. Radioactivity reading chamber 5. Video camera 8. Jacketed adsorption vessel
3. Pump 6. Clock 9. pH meter

10. Filter

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

pH 4.0 6.0 7.0 8.0 10.0
Zeta potential (mV) -41.8 -43.8 —48.9 -56.4 -78.4

other parameters were kept constant at 7.0 for pH, 0.150-0.212 mm
for particle size, 10g/L for adsorbent dose, 20°C for temperature
and 600 rpm for stirring speed.

To determine the surface charge of the tea plant waste, the zeta
potentials of the particles were determined by using a zeta potential
meter at different pH values. This is determined by the measure-
ment of particle velocities in an electrical area. As seen from Table 3,
increasing pH increases the zeta potential of FTFW particles. At neu-
tral conditions, the surface charge has a negative value of —48.9 mV.
Increasing pH of the solution increases the concentrations of OH—;
these OH™ ions increase the negative charge of the surface by neu-
tralising the positive groups on the surface. In the case of decreasing
pH, the increasing H* ions decreases surface negative charge by
affecting the negative groups on the surface. Since TI-201 ion has
an electrical charge of +1, increasing the surface negative charge
increases the bio-sorption yield due to electrical forces.
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2.3. Preparation of radioactive solution

Monrol made TICI solution having 95% radiochemical purity, a
specific activity of 2782 GBq and 0.9% NaCl was used to prepare
the radioactive solution by taking into consideration the produc-
tion date and decaying rate. The solution was provided as fresh as
possible. This solution was added into the aqueous medium having
an adjusted temperature, stirring speed, particle size, adsorbent
dose and an initial pH value to obtain a 500 mL-solution with an
initial radionuclide concentration of approximately 800 w.Ci, which
resembles the average radioactive value of the aqueous waste. Since
to increase the concentration of the radioactive species is not a safe
way due to high radioactivity, the equilibrium was changed by using
different amount of the adsorbent while keeping the initial amount
of the radioactive species at this constant initial value when the
adsorption isotherms were studied.
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Fig. 2. Effect of experimental parameters on adsorption: (a) effect of pH; (b) effect of stirring speed; (c) effect of particle size; (d) effect of temperature.
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Fig. 3. Adsorption of TI-201 at different temperatures and different adsorbent doses: (a) 10°C; (b) 20°C; (c) 30°C; (d) 40°C.

2.4. FTIR and EPR analysis

Fourier transforms infrared (FTIR) and electron paramagnetic
resonance (EPR) spectroscopy studies were performed for the char-
acterisation of the adsorption mechanism of FTFW. The FTIR spectra
were obtained employing a PerkinElmer Spectrum One FTIR spec-
trometer and the EPR spectra using a Varian E104 EPR spectrometer
with x-band spectrometer at 9.53 GHz with.

3. Results and discussion

TI-201, which is one of the most used radionuclides in nuclear
medicine, was removed from aqueous medium by adsorption using
tea plant wastes as adsorbent. The effects of the chosen parame-
ters on the adsorption process were investigated in a batch process
to determine the process conditions. The results are submitted in
graphs in Fig. 2.

3.1. Effect of pH

To investigate the effect of pH on the adsorption process, the val-
ues of pH were chosen as 2.0, 4.0, 6.0, 7.0, 8.0 and 10.0. The change
of the adsorbed percentage of TI-201 with pH is given in Fig. 2(a)
as a function of the adsorption period. As seen from the figure,
the increasing pH increased adsorption of TI-201 up to pH 7.0, and
after this value almost no change in the adsorption percentage was
observed with increasing pH value. At pH 7.0, approximately 97.8%
of the initial amount of TI-201 was adsorbed in 10 min while only
about 49.4% of Tl-201 was removed at pH 2.0 in the same period.
This can be explained by the increase of the negative charge of the

surface potential of FTFW with increasing pH as shown in Table 3.
The zeta potential of the adsorbent reduces from 0.0 mV at pH 2.0
to —48.9mV at pH 7.0. This causes an increase in the adsorption
of the positively charged TI-201 radionuclide with increasing pH.
Further decrease in the zeta potential up to —78.4 at pH 10.0 does
not cause any increase in the adsorption percentage.

3.2. Effect of stirring speed

For the investigation of the effect of stirring speed on the adsorp-
tion of TI-201, the stirring speed values were chosen as 360, 480,
600 and 720 rpm. The effect of the stirring speed on the adsorp-
tion process is presented in Fig. 2(b) as a function of time. Although
no pronounced effect of the stirring speed was observed, it can
be said that the adsorption percentage slightly increased with the
increase in the stirring speed. In 10 min of the adsorption period,
the adsorption percentage is 97.5% at 720 rpm while it is 93.4% at
320 rpm. This small change can be explained by the decrease of the
liquid film thickness with increasing stirring speed; this results in a
slight increase in the arrival rate of TI-201 ions to the surface of the
adsorbent. The small change also shows that the adsorption rate is
not controlled by diffusion of TI-210 from the film layer around the
particles.

3.3. Effect of adsorbent particle size

To investigate the effect of the adsorbent particle size on the
adsorption process, the particle sizes were taken as the nominal
sizes of 1.40-0.71, 0.71-0.355, 0.355-0.212 and 0.212-0.150 mm.
The 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
15.0 94.7
40 1.0 49.3
15.0 923

adsorption percentage versus time at different particle size values.
No emphasized effect of the particle size was also observed. How-
ever, it can be said that increasing particle size resulted in a small
decrease in the adsorption percentage. For example, for an adsorp-
tion process of 10 min, 97.1% of the initial TI-201 was removed
at a particle size of 0.150-0.212 mm while 93.2% was adsorbed at
the particle size of 0.355-0.710 mm. This can be explained by the
increase in the outer surface area per weight of the solid and the
decrease in the nominal transfer distance into the particle with the
decrease of the particle size.

3.4. Effect of temperature

The effect of the temperature on the adsorption was investi-
gated for the temperatures of 10, 20, 30 and 40 °C. The plot of the
adsorption percentage versus time is given in Fig. 2(d) for different
temperatures. Increasing temperature decreased the adsorption
percentage; the highest removal percentage was obtained at 10°C.
For the adsorption period of 10 min, approximately 97.5% of the ini-
tial TI-201 was removed at 10 °C while 88.7% was adsorbed at 40 °C.
The effect of the temperature on the process is slightly more pro-
nounced than the stirring speed and the particle size and less than
pH. This behaviour can be an indication that the adsorption process
is a physical and exothermic process.

3.5. Effect of adsorbent dose

To see the effect of the adsorbent dose on the adsorption pro-
cess some adsorption experiments were carried out at the different
adsorbent dose values of 1.0, 2.5, 5.0, 10.0 and 15.0 g solid/L solution
while keeping the value of the other parameters at their constant
values given in Section 2.2. To study the adsorption isotherms these
experiments were carried out at four different temperatures as
shown in Fig. 3. All the plots for different temperatures showed
similar behaviour; increasing adsorbent dose increased adsorption
percentage. For the adsorption at 20°C the removal percentage of
TI-201 versus the adsorption period is given for different adsorbent
doses as seen in Fig. 3(b). The adsorption increased decreased with
increasing adsorbent dose, and the maximum yield was obtained
at 15 g/L. However, the effect of this parameter diminished with
its increasing value. The removal percentage is 97.0 for 15 g/L, and
80.4 for 1 g/L for an adsorption period of 10 min. The increase in the
adsorption with the increase in the adsorbent dose can be explained
by the increase of the available adsorption area for a constant initial
value of TI-201 concentration.

To see the effect of the temperature and the adsorbent dose
on the adsorption, the adsorption percentages are submitted in
Table 4 for different ratios and temperatures for an adsorption
period of 10 min corresponding to the equilibrium values. As seen
from Table 4, with the increase of the temperature from 10 to 40°C
the adsorption percentage decreased from 85.1% to 49.3% for an
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Fig. 4. Adsorption isotherms.

adsorbent dose of 1.0 while it decreased from 98.4% to 92.3% for
the dose of 15.0.

3.6. Adsorption isotherms

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

Freundlich model:

q=Kcl/n (2)
Halsey model:

Ing = [(%) an} - (%) In {ln (%)} (3)
Henderson model:

Ing = (%)ln[—ln(l _0)- (%) Ink 4)

Dubinin-Radushkevich (D-R) model:

In g =In qm + K €2 (5)

g:ern(ui) (6)
Ce

E = (2K;)™% (7)

where k, n, K, K7 in these equations are constants which are depen-
dent on temperature, adsorbent type and adsorbate.All the above
models are based on that the adsorption is multilayered and the
active sites have heterogeneous energy distribution. Therefore, the
fit of the experimental data to the above models shows that the
adsorption process has a multilayered character and the adsorption
surface is not uniform and possibly has a heterogeneous structure
[14-16]. Statistically these models well represent the experimental
data with R? values higher than 0.9881. The fit of the data with Fre-
undlich isotherm is graphically submitted in Fig. 5. Table 5 shows
that all the values of the constants of all the models given above
exhibited a regular behaviour, continuously increasing or decreas-
ing, with temperature up to 30 °C. However, at 40 °C, they exhibited
just opposite of their regular behaviour which they had up to this
temperature. This can be attributed to possibility that the chemical
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-15 - adsorption starts to play an appreciable role in the process after this
temperature. The high change of K values of Freundlich isotherm
A can also be explained with this attitude of the process.
o 3.7. FTIR and EPR analysis
g FTIR and EPR spectroscopy studies were used to characterize
-12 1 the reaction mechanism of FTFW. These spectra were obtained
using PerkinElmer Spectrum One model FTIR spectrometer, and an
A1 4 x-band EPR spectrometer at 9.53 GHz by Varian E104 EPR spec-
trometer, respectively. The FTIR spectra of FTFW before and after
adsorption are shown in Fig. 6.
-10 T T r T |
-10 -11 12 13 14 -15
liie 3.7.1. Adsorption mechanism determined by FTIR and EPR
analysis
Fig. 5. Fit of data to adsorption isotherm models. Before recording the FTIR spectra of the thallium loading FTFW,

the spectrum of the FTFW alone was recorded in order to determine
the main functional groups of FTFW participate in the thallium
adsorption. The FTIR spectroscopic characteristics from the FTIR

Table 5
Model constants and regression coefficients of isotherm models
Isotherm model Temperature (°C)
10 20 30 40
Constants and regr. coefficient Constants and regr. coefficient Constants and regr. coefficient Constants and regr. coefficient
Freundlich n=0.871 n=0.721 n=0.519 n=09
K=34.74 K=268.27 K=444,631 K=3.82
R?=0.9900 R?=0.9850 R?=0.9965 R?=0.9936
Halsey n=0.0625 n=0.0567 n=0.0411 n=0.0717
K=6.38 K=6.63 K=791 K=1.62
R?=0.9881 R?>=0.99 R?>=0.9963 R?>=0.9925
Henderson n=0.871 n=0.747 n=0.519 n=0.896
K=0.0455 K=0.0153 K=0.00118 K=0.301
R?=0.9900 R?>=0.985 R?=0.9965 R?=0.9936
D-R K1=7x107° K1=8x107° K1=10x10"° Ki=7x10?
qm =0.0127 (m =0.034 qm = 1147 qm =0.00382
E=23904.6 E=22360.6 E=20,000 E=23904.4
R?=0.9895 R?>=0.9870 R?>=0.9976 R?=0.9904
160 1 N g 3 = 2 S %§ g 2 8 8 After adsorption
S 5 > g < -
= /
N\
120 4 \
N\
[ 4 ~_
o -
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£
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Fig. 6. FTIR spectra of waste tea before and after adsorption.
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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=O0 stretching
10 1654 1658 -4 C=0 stretching
11 1628 1628 0 C=0 stretching
12 1598 1584 -14 Secondary amine group
13 1514 1511 -3 Secondary amine group
14 1450 1449 -1 Symmetric bending of CHs
15 1368 1365 -3 Symmetric bending of CHs
16 1318 1315 -3 Symmetric bending of CHs
17 1241 1232 -9 —S03 stretching
18 1157 1156 -1 C=0 stretching of ether groups
19 1048 1046 -2 C=O0 stretching
20 890 887 -3 Aromatic —CH stretching
21 809 818 +9 Aromatic —-CH stretching
22 697 712 +15 —CN stretching
23 558 547 -1 —C—C—group
24 454 439 -15 Amine group
25 430 422 -8 Amine group
26 401 Disappeared Unknown Amine group
Table 7 ) EPR spectroscopy is a technique applicable only to the sys-
Values of AG at different temperatures tems with net electron spin angular momentum(S); nevertheless, a
Temperature (K) 283 293 303 313 respectable number of systems fulfil this condition. These include
AG (J/mol) —8636.0 —7575.0 —6469.3 —5377.9 free radicals in the solid, liquid or gaseous states, some point defects

spectra in Fig. 6 are shown in Table 6. This figure shows that FTFW
represents complex adsorption band characteristics including the
26 adsorption bands, indicating the complex nature of the bio-
sorbent.

As seen in Table 7, 13 significant band decreases of the func-
tional groups on the bio-sorbent were detected at the bands of
3325, 3196, 2917, 1731, 1588, 1514, 1450, 1368, 1157, 1048, 809,
558 and 454 cm~!. The spectral analysis before and after thallium
adsorption indicated that especially the bonded —OH groups, sec-
ondary amine group, N—H stretching, amine group, C=0 stretching,
aliphatic C-H group, symmetric bending of CH3, C—O stretching of
ether groups, —C—C— and amine group were especially involved in
thallium adsorption [17,18]. The 13 adsorption bands participating
in the bio-sorption indicated that FTFW is an excellent bio-sorbent
for the removal of thallium and thus the adsorption time is very fast.
The different functional groups have a high affinity towards TI—Cl
so that they can complex the metal ions [19]. These properties of
the FTFW can also make this material suitable for continuous flow
treatment systems [20].

(localized crystal imperfections) in solids, bio-radicals, systems in
the triplet state (two unpaired electrons), systems with three or
more unpaired electrons, most transition-metal ions and rare-earth
ions [21]. The flipping of spins induced in a paramagnetic sys-
tem embedded in a static magnetic field by the absorption of the
electromagnetic radiation is the physical principle behind the EPR
technique. For a system with a spin S=1/2, e.g. a free electron or a
radical, there are two energy levels corresponding to the spin par-
allel and non-parallel to the static magnetic field and the possible
values of M are +1/2 and —1/2. The latter has the character of having
lowest energy [22].

EPR can be applied to the investigation of metal-charged
biomasses. For this aim, the main information provided by this
technique are the chemical identity, valence states and relative con-
centration of the metals involved in the bio-sorption processes [23].
In the early researches, the adsorption data were combined with
EPR spectroscopy to obtain structural information about the metal
binding and estimate of adsorption mechanism [22-25]. By the
analysis of the EPR spectra, it is also possible to get an insight about
the local environment of the transition metal ion in the biomass,
i.e. the site symmetry and the electronic density at neighbouring
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Fig. 7. XRF spectra of waste tea after adsorption.
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nuclei [22]. In this research, in order to compare the natural and
thallium binding FTFW and estimate mechanism of thallium ion
bio-sorption, the EPR spectra were taken from the alone and thal-
lium loading. The EPR spectra before and after adsorption by FTFW
are shown in Fig. 8. It was shown in this figure that these spectra are
two typical EPR signals belonging to Mn2* and SO3 ~ ion spectra. The
bio-sorption of thallium by FTFW is investigated by using Mn%* and
SO3~ spectra. These findings were confirmed with XRF analysis. As
seenin Fig. 7, XRF analysis indicated that some of determining com-
ponents of the FTFW are carbon, oxygen, manganese and sulphur
in the amounts of 57.458%, 37.281%, 0.0731% and 0.1652% (w/w),
respectively.

By comparing the natural and thallium loaded EPR signal, it was
observed that the amplitude of EPR signals decreased after adsorp-
tion. The broad EPR lines stem from strong dipolar interactions
of their unpaired magnetic moments. The capture of thallium by
biomasses is also observed by using EPR spectroscopy to study thal-
lium adsorption on FTFW samples, which were measured using an
x-band (9.535 GHz) EPR spectrometer with modulation of magnetic
field of 100 kHz. The microwave frequency was recorded, and EPR
spectra were measured with attention of 10 dB to avoid microwave
saturation of resonance absorption curves. EPR studies were car-
ried out via MnZ* and SO3~ spectra since natural FTFW represents
only these spectra before adsorption. With S=5/2 (in the high-spin
case), I=5/2 for MnZ* with 100% natural abundance. g-Factor was
calculated from resonance conditions as seen in follows:

_h
~ PBr

Seven lines were observed in these resonance absorption curves
in Fig. 8. Mn2"* ion is responsible for six of these EPR components.
EPR lines resolved hyperfine structures are characteristics of Mn2*.
SO5~ ion is responsible for a very intense resonance line in band
centred, I=1/2 for SO3~ ion with natural abundance (>97.7%) [31].
EPR spectra at about 3555G (g=1.916), 3445G (g=1.977), 3375G
(g=2.018), 3340G (g=2.039), 3230G (g=2.109), 3145G (g=2.166)
and 3075G (g=2.215). Hyperfine splitting constants are 125, 65,
30, 110, 90 and 60 G, respectively. Average g value is 2.062.

It can be seen from Fig. 8 in the TICl-tea after adsorption 3565 G
(g=1.910), 3445G (g=1.997), 3365 G (g=2.024), 3335 G (g=2.042),
3250G (g=2.096), 3160 G (g=2.155) and 3065 G (g=2.222). Hyper-
fine splitting constants are 120, 85, 35, 80, 95 and 100G,
respectively. Average g value is 2.063. The g-value close to 2 con-
firms that the free radicals or transition metal ions do have g=2,
but there are also systems which show marked deviations from this
value [21]. Considerable changes of EPR spectra of Mn2* and SOz~
ion were observed after adsorption. Remarkable TI-Cl dependences
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Fig. 8. EPR spectra of FTFW were measured at room temperature (25 +2°C) with a
microwave frequency of 9.535 GHz.
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Fig.9. AG versus T plot.

of the line width and line intensity in EPR spectra of Mn%* and SOz~
ion were observed. Some of Mn2* and SO3~ ions are bounded after
adsorption because line intensities decrease. These results indi-
cated that the bio-sorption processes may be carried out partially
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Fig. 10. Agreement of experimental data with pseudo second-order kinetic model.
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Table 8
Values of experimental and theoretical g, kinetic constants and statistical R?
Parameters Gexp x 10° (mgg1) Qe x 106 (mgg™1) kx 105 (mgg 2 min') hx10° (mgg ' min~1) R?
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
6 1.7504 1.7464 8.703 2.6665 0.9998
7 1.9031 1.8987 15.118 5.4755 1
8 1.9963 1.9978 10.243 4.0821 0.9999
10 2.0995 2.1042 97.677 4.3055 0.9998

via chemi-sorption involving valence forces through sharing or
exchange of electrons between FTFW and TI-Cl [26]. This occurrence
was confirmed FTIR analysis as seen in Table 7. The fast bio-sorption
kinetics observed is typical for bio-sorption of metals involving no
energy-mediated reactions, where metal removal from solution is
due to physicochemical interactions between biomass and metal
solution [27].

3.8. Thermodynamic analysis

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

AG=—-RT Ink (9)

where k=(q/C)eq
The following relation, which relates Gibbs free energy change
to the enthalpy and entropy change, can also be written:

AG = AH — TAS (10)

Using the experimental data together with (Eq. (9)), the calcu-
lated values of AG at different temperatures are given in Table 7.
From the plot of AG versus T shown in Fig. 9, AH and AS were
calculated [28]. The values were found to be AH=-39,516]/mol
and AS=-108.8]/mol K. The negative values of AG show that the
adsorption process can proceed spontaneously. The negative value
of AH confirms that this adsorption process is exothermic character
and increasing temperature affects inversely the process.

3.9. Adsorption kinetics

The models for the adsorption kinetics are related to the removal
ratio of the adsorbate. Therefore, these models are important in the
planning of the recovery process by adsorption. When one studies
the behaviour of the adsorption with the change of the parameters,
submitted before in Fig. 2(a)-(d), it can be seen that the adsorption
is a rapid process, and the most effective parameter is the initial
pH of the solution, which is related to the surface charge, and then
the adsorption dose. There are no pronounced effect of tempera-
ture, stirring speed and particle size. Therefore, the process cannot
be controlled specially only one of the mechanisms of diffusion
through film layer, surface sorption or diffusion through the pores.
So the conclusion in the preceding section is confirmed; the mech-
anism which governs the process is probably a combination of all
these mechanisms. However, the kinetic models were tested and
it was found that the process fitted to the pseudo second-order
kinetic model. For an adsorption process which fits to the pseudo
second-order kinetic model the equation can be given as follows
[29]:

(5 =ka-af ()

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

t 1 1

where h=kqg? is the initial adsorption rate. The plot of t versus t/q;
should give a straight line if the process fits to the pseudo second-
order rate model. The experimental data showed a good agreement
with pseudo second-order model as shown in Fig. 10(a) for dif-
ferent temperatures and in Fig. 10(b) for different pH values. The
R? values for these plots are very high, which are between 0.9998
and 1.0. Table 8 also shows the excellent agreement between the
experimental and calculated values.

Fast adsorption rate and the increase of the adsorption percent-
age with increasing negative surface charge of FTFW and decreasing
temperature can also be a clue that this adsorption process has
mainly physical character. The activation energy can also show
whether the process is governed by physical or chemical mecha-
nism. Arrhenius equation is expressed in the following form:

_EA
k = ko exp (ﬁ) (13)
where k is rate constant, kg Arrhenius constant and E, is the acti-
vation energy. The activation energy can be calculated graphically
from the plot of Ink versus 1/T, as shown in Fig. 11. The activation
energy was found to be 10.823 kJ/mol; this low value also confirms
that the process is not certainly governed by surface chemical reac-
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.
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Fig. 11. Ink 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
isotherm regression coefficient values (R?)>0.98 implies that the
surface of FTFW is made up of heterogeneous and multilayer bio-
sorption patches. For all the ranges studied here, the standard Gibbs
free energy (AG°)values and the AH° parameter which were found
out negative indicated thermodynamically feasible, spontaneous
and exothermic nature of the bio-sorption. The negative AS° value
implies a stable arrangement of thallium on FTFW biomass sur-
face and the adsorbed complex of thallium on FTFW is in a more
ordered form [30,31]. The FTIR adsorption bands indicated that the
13 adsorption bands participating in bio-sorption are more than
other bio-sorbents. EPR studies indicated that the bio-sorption is
due to physicochemical interactions between biomass and metal
solution.

4. Conclusion

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

e 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 TI-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 AG shows that the adsorption process can pro-

ceed spontaneously, and the negative value of AH confirms that

this adsorption process is of exothermic character.

e [t 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
method for handling the radioactive liquid wastes. In the present
application, the waste is kept in the closed lead tanks for between
8 and 10 weeks until it decays to the allowable minimum radiation
limit to discharge to the environment. According to the regulations
of The Republic of Turkey, the allowed concentration for discharg-
ing TI-201 is about 4 |.Ci. However, since TI-201 converts Hg, which
is one of the most poisonous heavy metals, dumping the waste after
even after reaching to allowable radiation limit is still harmful. It is
possible to adsorb approximately 98% of TI-201 in 1 m3 liquid waste
onto 15 kg adsorbent in 10 min, which corresponds to almost allow-
able limits for discharging to the environments. The solid waste
with adsorbed radionuclide can be easily and practically stored in
small lead cans until the radiation decays to the harmless level, and
then the adsorbed metal can be recovered using a suitable method.

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