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a b s t r a c t

The aim of this research was to test the removal of Ga-67 radionuclides from aqueous solutions by biosorp-
tion onto waste pomace of an olive oil factory (WPOOF). Batch adsorption studies were performed in order
to investigate the temperature, the initial pH of the solution, the stirring speed, the biosorbent dose, and
the nominal particle size of the biosorbent in the experimental work. The most effective parameter was
vailable online 22 July 2009

eywords:
allium-67
iosorption

found to be the initial pH. A high biosorption yield of 98 was obtained. The equilibrium values were fitted
to the isotherm models. The values of �G and �H were calculated to be negative. The adsorption kinetics
calculations showed that the kinetics of the biosorption process fitted well to the pseudo-second order
rate model.

© 2009 Elsevier B.V. All rights reserved.
adionuclide
adioactivity
eavy metal

. Introduction

Global warming and population growth have increased the need
or clean water. The increased use of nuclear materials brings the
eed to avoid their harmful effects on the environment. There
re various ways of removing radionuclides, which are ionized
pecies, from radioactive waste water, such as reverse osmosis,
on exchange, precipitation, and coagulation. However, these meth-
ds are quite expensive and are not so efficient in the case where
he waste contains radionuclides in low concentrations. Therefore,
fter the treatment with one of the above methods, the waste still
ontains poisonous materials [1]. The use of biosorbents for remov-
ng radionuclides has some advantages over the abovementioned

ethods and has been becoming more important [2].
In nuclear medicine, diagnoses and treatments are done by using

adioactive materials. The discharge of radionuclides from patients
r of the unused radioactive substances into the environment can
ause serious radioactive problems and can be deadly. In addition
o radioactive contamination, it causes heavy metal contamination
nd poisoning because radionuclides convert to stable heavy metal

ons when they decay to steady states. When they mix with under-
round water, their harmful effects become unavoidable [3].

The precautions taken to remove harmful effects of these
adioactive materials used in nuclear medicine are neither practical

∗ Corresponding author. Tel.: +90 442 231 6653; fax: +90 442 231 2766.
E-mail address: heroglu@atauni.edu.tr (H. Eroglu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.054
nor suitable. Especially, the method of keeping them in lead cov-
ered rooms is a slow, expensive, and time-consuming method since
it requires a considerable amount of time for radioactive materials
to become stable. It is preferred to remove harmful materials by
using different techniques. Medine, in a study performed in 2003,
preferred to remove radioactive materials by using ion convert-
ers and used Amberlit ion converter resins to remove iodine-131
used in nuclear medicine [4]. Koshima studied the removal of
thallium(III), gallium(III), gold(III), and ferric(III) ions from the
hydrochloride solution by using AmberliteXAD ve Chelex100 resins
[5]. Taner studied the adsorption of Cr-51 used in nuclear medicine
by employing the water plants of Eichhornia crassipes, Pistia sp.,
Nymphaea alba, Mentha aquatica, Euphorbia sp., and Lemna minor as
biosorbents [6]. Activated carbon was also used for removing some
radionuclides from aqueous media, such as uranium [7] and iodine
[8]. Osmanoğlu studied the adsorption of radionuclides (137Cs, 60Co,
90Sr and 110mAg) on zeolites, and Clinoptilolite were shown to have
a high selectivity for 137Cs and 110mAg as sorbent [9].

Gallium citrate is used for the purpose of the visualisation in
nuclear medicine and is converted to zinc after decaying [10,11].

67Ga → 67Zn + �−2 93 keV (%38) + �−3 185 keV (%24)

+�−5 300 keV (%16) + �−6 394 keV (t1/2 = 78.25 h) (1)
The removal of Ga-67 from waste water is important due to both
its radioactivity and conversion to a heavy metal, Zn-67, after losing
its radioactivity. The aim of this work is to investigate the adsorption

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:heroglu@atauni.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.07.054
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Nomenclature

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

librium (mg L−1)
D diffusion coefficient (cm2/s)
E adsorption free energy (J/mol)
Ea activation energy (J/mol)
G Gibbs free energy (J/mol)
H enthalpy (J/mol)
h Planck constant (J s)
K constant related to adsorption capacity (L g−1)
k kinetic rate constant
kD the distribution coefficient
K1 constant related to adsorption energy (mol2 kJ−2)
ki intraparticular diffusion coefficient (mg/g s0.5)
n constant related to adsorption intensity
q adsorbed amount per amount adsorbent at equilib-

rium (mg g−1)
r adsorbent particle radius (cm)
R ideal gas constant (8.314 J K−1 mol−1)
R regression coefficient
ro nominal particle radius of adsorbent (cm)
S entropy (J mol−1 K−1)
T absolute temperature (K)
t time (min)

Subscripts
1/2 half-life time
ads adsorbed
e equilibrium
m theoretical capacity
o initial value
t any time
thr theoretical

Greek letters
� change
ˇ the Bohr magnetron
ε Polany potential

o
w
s

2
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o
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d
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p
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The experimental parameters were chosen to be the pH, stir-
ring speed, biosorbent dose, nominal particle size, and temperature.
When the effect of one parameter on the biosorption was investi-
gated, the values of the other parameters were kept constant at
� micro
� the microwave frequency

f the radioactive ions of Ga-67 from waste water by using the solid
aste from olive oil plants as biosorbents and to study the effect of

ome experimental parameters on the adsorption yield.

. Materials and methods

.1. Adsorbent

The olive fruits of Olea europea sativa are used to obtain olive
il by various physical methods. Olive pomace and black liqueur
re obtained as side products. Prina is a residue of olive pomace
erived from the olive oil process, and approximately 60–70 kg of
ry prina with no oil are obtained from 100 kg of pomace [12].

In the present study, prina was obtained from the olive oil
lants around Manisa in the Aegean region of Turkey. Prina was
rst washed by distilled water a few times until the filtered water

ecame clear and then dried at room temperature. Dried prina was
round with a grinder and then sieved to obtain desired nomi-
al particle size fractions. The density, nominal particle size, and
ET surface area of prina were determined to be 0.1510 g/cm3,
.15–0.71 mm, and 0.7902 m2/g, respectively.
Fig. 1. Experimental system.

2.2. Experimental system

The experimental system is shown in Fig. 1. A 1000 mL jacketed
glass vessel was employed as the adsorption medium. A mechan-
ical mixer was used to stir the content of the vessel during the
biosorption process. A circulating bath with a thermostat was
employed to keep the adsorption medium at constant tempera-
ture. A master flex pump circulated the aqueous solution through
the radiation dosimeter to automatically measure the radioactiv-
ity of the solution. The circulation of biosorbent particles together
with the solution was avoided by using a suitable filter, which does
not adsorb the radioactive substance, just at the outlet of the solu-
tion from the vessel. The experimental readings were recorded by
a video camera to minimize the involvement of the researcher with
the radioactive medium.

The radioactivity was performed measured in the unit of Curie
(Ci) by using a radioactivity dose calibrator (Biodex, Atomlab 200
model dose calibrator) used in nuclear medicine applications.
Before carrying out the experiment, all the necessary information
for the calculation of concentration and radioactivity was provided
from the manufacturer. The radioactivity per mass is called specific
activity, which is 10 mCi/�g for Ga-67. By using the specific activ-
ity value, the amount of radionuclide in gram corresponding to the
radioactivity in Ci was determined. The average specific activity of
Ga-67 was 10 mCi/�g.

The electrical potential at the surface of a particle is called zeta
potential. It is determined by measuring the velocity of particles in
an electric field. The results are given in Table 1; the table shows that
increasing pH increases the zeta potential of olive pomace particles.
At neutral conditions, the surface charge has a negative value of
−41.5 with increasing pH, the concentration of OH− increases. This
causes an increase of the negative charge of the surface by neutral-
ising the positive groups on the surface. When pH of the solution is
reduced, the increasing H+ ions decreases surface negative charge
by affecting the negative groups on the surface.
Table 1
Zeta potential of olive pomace at different pH values.

pH 4.0 6.0 7.0 8.0 10.0
Zeta potential (mV) −36.5 −38.6 −41.5 −54.1 −54.7
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Fig. 2. Effect of experimental parameters on biosorption. (a) pH; (

0.0 for the pH, 0.150–0.212 mm for the particle size, 10 g/L for the
dsorbent dose, 20 ◦C for temperature, and 600 rpm for the stirring
peed.

.3. Preparation of radioactive solution

The radionuclide solution of Ga-67 was prepared by taking into
onsideration the specific radioactivity and calibration date of the
ample and by using a dose calibrator. A given amount of the biosor-
ent was added to the solution whose pH level, temperature, and
tirring speed were previously adjusted. The radionuclide concen-

ration of the solution was determined by taking the approximate
verage value of the aqueous waste excreted by patients. It was
ot safe to prepare solutions in higher concentration values due to
he difficulties in working conditions and the harmful effect on the
esearcher caused by high radiation.
ring speed; (c) particle size; (d) temperature; (d) adsorbent doses.

2.4. The FTIR and EPR analyses

The FTIR spectra were obtained and transferred to Microsoft
Excel using the PerkinElmer Spectrum One model FTIR spectrome-
ter.

The EPR spectra were obtained from an x-band EPR spectrome-
ter at 9.53 GHz using the Varian E104 model EPR spectrometer with
modulation of magnetic field of 100 kHz. The microwave frequency
was recorded. To avoid microwave saturation of resonance absorp-
tion curves, the natural and chromium loading EPR signals of the
biomasses were also observed with attention of 23 dB.
3. Results and discussion

The removal of Ga-67 from the aqueous solution was investi-
gated in a batch process. The adsorption values in 120 min were
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by using the data given in Fig. 2(e), and the isotherms are pre-
sented graphically in Fig. 3. The isotherm models were tested to find
which models represent the equilibrium line in Fig. 3. The models,
which give meaningful results, are shown below. Some bends are
noticeable in Fig. 3. When the graph is analyzed, it is seen that the
32 H. Eroglu et al. / Journal of Haza

sed in the calculation since equilibrium was reached in 120 min.
he effects of the chosen parameters on the adsorption process of
a-67 by prina were investigated to determine the process con-
itions in a batch system. The results are shown in Fig. 2. The
quilibrium condition for the process was reached in 120 min;
herefore, the isotherm calculations were performed by using the
iosorption data for a biosorption period of 120 min.

.1. Effect of the pH

The effect of the pH on the adsorption process was investigated
or pH values of 2.0, 4.0, 6.0, 7.0, 8.0, and 10.0. The change of the
dsorbed percentage of Ga-67 with the pH is given in Fig. 2(a)
s a function of the adsorption period. As seen from the figure,
ncreasing the pH increased the adsorption of Ga-67 up to pH
0.0. At pH 10.0, approximately 97% of the initial amount of Ga-
7 was adsorbed after 120 min while only about 27% of Ga-67 was
emoved at pH 2.0 in the same period. This increase with the pH
an be explained by the rise in the negative value of prina’s surface
harge, which is called zeta potential, with pH increases as shown
n Table 1. At pH 10.0, the surface charge has a negative value of
54.7. Increasing the pH increases the concentration of OH−; these
H− ions increase the negative charge of the surface by neutralising

he positive groups on the surface. In the case of a pH decrease, the
ncreasing H+ ions decrease the surface negative charge by affecting
he negative groups on the surface. Since Ga-67 ion has an electrical
harge of +3, increasing the surface negative charge increases the
iosorption yield due to the effect of electrical forces.

.2. Effect of the stirring speed

The effect of the stirring speed on the biosorption of Ga-67 on
rina was studied for the stirring speed values of 360, 480, 600,
nd 720 rpm. The results are given in Fig. 2(b) for different stirring
peed values as a function of time. Increasing the stirring speed
esulted in a small increase in the biosorption yield. In 120 min
f the biosorption period, the biosorption percentage was 98% at
20 rpm, and the yield decreased to 90.3% when the stirring speed
as reduced to 320 rpm. This small change can be attributed to the
ecrease in the liquid film thickness around the biosorbent particle
ith the increase in the stirring speed; it can cause a slight increase

n the arrival rate of Ga-67 ions to the surface of the biosorbent. This
ehaviour indicates that the process is not controlled by the mass
ransfer of Ga-67 through the film layer around the particle.

.3. Effect of the adsorbent particle size

To observe the effect of the nominal biosorbent particle size
n the biosorption, the nominal particle sizes were chosen to
e 1.40–0.71, 0.71–0.355, 0.355–0.212, and 0.212–0.150 mm. The
hange of the biosorption percentage with the nominal particle size
s presented in Fig. 2(c) in the plot of the biosorption percentage as

function of the period. The figure shows that the change in the
article size has an important effect on the process. Decreasing the
article size increases the biosorption rate; for example, for the
iosorption process of 120 min, 97% of the initial amount of Ga-
7 was removed when the particle size was 0.150–0.212 mm, and
he yield was reduced to 57.9% when the nominal particle size was
.710–1.400 mm. This change can be attributed to the increase in
he outer surface area per weight of the solid and the decrease in

he nominal transfer distance into the particle with the decrease
f the particle size. This behaviour with the change in the parti-
le size shows that the diffusion of Ga-67 through the pores in the
iosorbent may be an important step in controlling the rate of the
iosorption process.
Materials 172 (2009) 729–738

3.4. Effect of temperature

The effect of temperature on the adsorption was investigated for
the temperatures of 10, 20, 30, and 40 ◦C. The plot of the adsorption
percentage against time is given in Fig. 2(d) for different tem-
peratures. Increasing the temperature decreased the adsorption
percentage; the highest removal percentage was obtained at 10 ◦C.
For the adsorption period of 120 min, approximately 98% of the ini-
tial amount of Ga-67 was removed at 10 ◦C while 75% was adsorbed
at 40 ◦C. The effect of temperature on the process is slightly more
pronounced than those of the stirring speed and particle size and
less pronounced than that of the pH. This behaviour indicates that
the adsorption process has a physical and exothermic character.

3.5. Effect of the adsorbent dose

The effect of the adsorbent dose on the biosorption was studied
by carrying out some experiments at different adsorbent doses of
1.0, 2.5, 5.0, 10.0, and 15.0 g solid/L solutions while the values of the
other parameters were kept at 10.0 pH, 0.150–0.212 mm particle
size, 600 rpm stirring speed, and 10 ◦C temperature. The results
are shown in Fig. 2(e). As seen from this figure, the biosorption
percentage increased with increasing the adsorbent dose, and the
maximum yield was obtained at 15 g/L. However, the increases
were smaller with increasing values of the dose. The removal
percentage was 98 for 15 g/L and 40.5 for 1 g/L for an adsorption
period of 120 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 the Ga-67
concentration.

3.6. Adsorption isotherms

The adsorption isotherm, which is also called the equilibrium
line, represents the relation between the adsorbed amount per
mass of the adsorbent and the non-adsorbed amount per volume of
fluid at equilibrium for a given temperature. The isotherms exhibit
various behaviours depending upon the characteristics of the adsor-
bent and adsorbate, and the adsorption mechanism. In the present
work, the equilibrium lines were obtained by changing the biosor-
bent dose instead of changing the initial concentration of Ga-67
since increasing the concentration of the radionuclide is not safe
due to the high radioactivity that causes harmful effect on the
environment and workers. The adsorption isotherms were studied
Fig. 3. Adsorption isotherm.
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Fig. 4. (a) Fit of data to Freundlich

end point of the isotherm can be attributed to the completion
f the first adsorbed layer. Consequently, when the concentra-
ion increases, the number of levels increases unlimitedly: that
s, additional adsorptions occur with the proceeding biosorption
13,14]. Therefore, it can be expressed that the process is multilay-
red adsorption. Other isotherm models also support multilayered
dsorption, and the data for those are given in Fig. 4.

The statistical analysis showed that the isotherm models of Fre-
ndlich, Halsey, Henderson, D–R and Smith fitted well the isotherm
ata for the present work, and the Langmuir model did not. The fit
f the data to the Freundlich, Halsey, Henderson, D–R, and Smith

sotherms indicates that the active sites on the biosorbent surface
ave a heterogeneous structure that consists of adsorption sites of
arious species; it also indicates that the adsorption is multilay-
red [15–18]. The model equations, the values of the constants in
hese equations, and the squares of the regression coefficients of
he above models are given in Table 2.

In the Freundlich isotherm, K having a small value and n
eing greater than one strengthen the conclusion that multilay-
red adsorption occurs. In Freundlich, Halsey, Henderson, D–R,

nd Smith isotherms, a high regression coefficient also shows that
ultilayered adsorption occurs. Furthermore, it indicates the pos-

ibility of the existence of heteroporosis.
In the D–R isotherm, the E value gives information about the

iosorption mechanism regarding if it is physical adsorption or

able 2
odel constants and regression coefficients of isotherm models.

sotherms Model equation Equation no. Value R2

reundlich q = KC1/n (2)
n 1.89 0.90
K 0.00817

alsey ln q = [(1/n) ln K] −
(1/n) ln[ln(1/C)]

(3)

n 0.163 0.91
K 0.515

enderson ln q = (1/n) ln[ln(1 −
C)] − (1/n) ln K

(4)

n 1.89 0.91
K 8690.5

mith q = Wb − W ln(1 − C) (5)
W 0.9327 0.90
Wb 6 × 10−6

–R ln q = ln qm − K1ε2 (6)
qm [ε = RT ln(1 + 1/C)] 3.836 × 10−4 0.90
K 4 × 10−9

E E = (2K1)−0.5 (7) 11.18
and (b) fit of data to Smith model.

not. The numerical values of E calculated from the Eq. (8) is
11.18 kJ mol−1. The mean free energy of the biosorption of Ga-67
on olive pomace, E, characterises a physical adsorption and the
predominance of van der Waals forces [19].

Langmuir’s isotherm model was also analyzed, but it was not
commented on since the regression coefficient was found to be low.
However, it is meaningful that the data do not agree with this model
because this model is used to explain single-layered adsorption.

As a result, it can be concluded that the adsorption process has
a multilayered character, and the adsorption surface is not uniform
and possibly has a heterogeneous structure.

3.7. Thermodynamic analysis

Thermodynamic parameters can be calculated using the follow-
ing equations [20]. The distribution constant can be written as:

kD = Cads

Cnon−ads
. (8)

The well known Gibbs free energy change can be expressed as:

�G = −RT ln kD. (9)

�G is related to the enthalpy and entropy change as follows:

�G = �H − T�S. (10)

The values of �G calculated using Eqs. (9) and (10) are given in
Table 3. The plot of �G against T should give a straight line, as shown
in Fig. 5. The values of �H and �S can be obtained from the intercept
and the slope of the line, respectively. For this biosorption process,
�H was found to be −68 542 J/mol, and �S to be −206.6 J/mol.

The negative values of �G show that the biosorption is a spon-
taneous process. The negative value of �H shows that the process
has an exothermic character; therefore, increasing the tempera-
ture decreases the adsorption yield. The negative values of �S are
due to the adsorbed ions that gain more ordered positions on the
biosorbent surface compared to their situation in the solution.
3.8. Adsorption kinetics

An adsorption rate expression is necessary in order to design
a fast and effective process [21]. Several models can be used to

Table 3
Values of �G at different temperatures.

Temperature (K) 283 293 303 313
�G (J/mol) −9181 −8489 −6775 −2866
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The increase of the biosorption yield with the increase in the
Fig. 5. Plot of �G vs. T.

xpress the mechanism of solute sorption onto a sorbent. Adsorp-
ion is a physiochemical process that involves the mass transfer of
solute from the fluid phase to the adsorbent surface. The study

f adsorption kinetics describes the solute uptake rate. In order
o examine the controlling mechanisms of the adsorption process,
uch as the chemical reaction, intra-pore diffusion, and mass trans-
er through fluid film, several kinetic models are used to test the
xperimental data. From a system design point of view, the analy-
is of adsorption rates using different kinetic equations is important

or practical operations [22–23].

In the present work, the parameters, which have considerable
ffects on the biosorption, were the initial pH of the solution and
iosorption dose. The effect of the pH can be explained by the dif-

Fig. 6. Agreement of experimental data with pseudo-second order kinetic mo
Materials 172 (2009) 729–738

ference between the electrical charge of the adsorbed species and
the surface charge: that is, the electrical force. The temperature,
particle size, and stirring speed were less effective on the process.
The important effect of the particle size shows that the diffusion
of Ga-67 through the pores in the biosorbent may be an important
step in controlling the rate of the biosorption process. The small
effect of the stirring speed indicates that the diffusion through the
film layer around the biosorbent particle is not a controlling step.
Therefore, the process may not be controlled by only one of the
mechanisms of diffusion through the film layer, surface sorption,
or diffusion through the pores; the mechanism that governs the
process can probably be a combination of all these mechanisms.
However, after the kinetic models were examined, it was deter-
mined that the biosorption fitted the pseudo-second order kinetic
model. For an adsorption process, which fits the pseudo-second
order kinetic model, the integrated equation can be given as follows
[20,24]:
(

t

qt

)
= 1

(kq2
e )

+
(

1
qe

)
t (11)

h = kq2
e (12)

where h is the initial adsorption rate. The plot of t against t/qt should
give a straight line if the process fits the pseudo-second order rate
model. The experimental data showed an excellent agreement with
this kinetic model as shown in Fig. 6(a) for different pH values and in
Fig. 6(b) for different temperatures. Table 4 also shows the excellent
agreement between the experimental and calculated values. The R2

values for the fit of the data to the kinetic model are very high, which
are between 0.98 and 1.0.
negative surface charge of prina and the decrease in temperature
can also prove that the biosorption is of mainly physical character.
The activation energy value for the process can show if the process
is governed by a physical or chemical mechanism. The Arrhenius

del. (a) Temperature; (b) pH values; (c) stirring speed; (d) particle size.
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Table 4
Fit of experimental data with pseudo-second order kinetic model for experimental parameters.

Parameters q × 106 (mg g−1) k (mg g−1 min−1) h × 106 (mg g−1 min−1) R2 q(thr) × 106 (mg g−1)

Temperature (◦C)
10 8.8 18,174.6 1.5171 0.996 9.1364
20 8.42 36,558.5 2.7523 0.999 8.6767
30 10.483 21,639 2.4844 0.998 10.715
40 7.035 49,056.6 2.5345 0.999 7.1879

pH
2 2.673 41,058.4 0.3334 0.990 2.8493
4 4.577 45,690.3 1 0.994 4.6783
6 5.225 34,484.9 1 0.989 5.385
7 7.73 18,313.7 1.1368 0.989 7.879
8 7.177 34,656.2 1.8926 0.998 7.390
10 8.42 36,558.5 2.7523 0.999 8.6767

Stirring speed (rpm)
360 7.567 15,116.2 1 0.988 8.1335
480 9.033 23,710.4 2.1099 0.999 9.4334
600 8.42 36,558.5 2.7523 0.999 8.6767
720 10.27 43,416.2 4.7566 0.999 10.467

Particle size (mm)

e

k

l

o
c
i
i
[
b
e

H
u
h
s
t

1.400–0.710 5.234 5,123
0.710–0.355 8.686 10,849.3
0.355–0.212 9.39 13,344.8
0.212–0.150 8.42 36,558.5

quation is expressed in the following form:

= A e−Ea/RT (13)

nk = lnA − Ea

R

1
T

(14)

The activation energy can be calculated graphically from the plot
f ln k against 1/T, as shown in Fig. 7. The activation energy was cal-
ulated to be 18.105 kJ/mol; this low value confirms that the process
s not governed by the surface chemical reaction. This value lies
n the range of 8–22 kJ/mol K for the diffusion-controlled process
20,24]. However, it is still thought that the process is not governed
y the diffusion through the film layer around the particle since no
ffect of the stirring speed was observed.

In conclusion, for the biosorption mechanism, the Freundlich,

alsey, Henderson, and Smith isotherm regression coefficient val-
es (R2) > 0.9 imply that the surface of prina is made up of
eterogeneous and multilayered biosorption patches. All of the
tudied ranges, the standard Gibbs free energy (�G) values, and
he �H parameter were found to be negative and indicated the

Fig. 7. Plot of ln K vs. 1/T.
0.2 0.859 6.2482
1 0.987 9.6006
1.3098 0.996 9.9071
2.7523 0.999 8.6767

thermodynamically feasible, spontaneous, and exothermic nature
of the biosorption. The negative �S value implies a stable arrange-
ment of gallium on the prina biomass surface and that the adsorbed
complex of gallium on prina is in a more ordered form [25,26].

3.9. Adsorption mechanism of Ga-67 adsorbed in prina

Generally, there are three consecutive main transition steps in
any adsorption process. These are film diffusion, intraparticle or
pore diffusion, and sorption to inside regions. In adsorption, the last
one can be ignored since it is the fastest one among the three steps.
The slower of the film diffusion step and the pore diffusion step
can be declared as the one that controls the process [22]. Accord-
ing to Weber and Morris [27], if the controlling step of adsorption
is the intraparticle step, then the adsorbent of qt varies with the
square root of the adsorption period. Hence, the adsorption rate is
measured as a function of the square root of time by determining
the absorption capacity of the absorbent. The Weber and Morris
equation is given as follows [27]:

qt = ki

√
t + Z. (15)

The diffusion coefficient depends heavily on surface properties
of the absorbent. The diffusion coefficient for adsorption can be
calculated as follows [28,29]:

f
(

qt

qe

)
= −log

[
1 −

(
qt

qe

)]
= �2Dt

2.3r2
o

. (16)

By taking the pseudo-second order model into consideration
[27]:

t1/2 = 1
k · qe

. (17)

If calculated by placing the halving time into the equation, t1/2
is found as:

t1/2 = 0.030r2
0

D
. (18)
Graphs related to intraparticle diffusion are analyzed, and it is
observed that the graphs fit the mechanism (Table 5 and Fig. 8). And
related calculations are shown in Table 5.

When graphs related to intraparticle diffusion are analyzed, it
is seen that the regression coefficients are high, which leads to the
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Table 5
The calculations of intraparticle model.

Parameters t1/2 (min) ki × 108 (mg/g s0.5) D × 1013 (m2/s) R2

Temperature (◦C)
10 6.25 10 6.550 0.904
20 3.25 8 12.606 0.788
30 4.41 10 9.289 0.845
40 2.90 6 14.133 0.802

pH
2 9.11 3 4.494 0.937
4 5.90 5 8.564 0.903
6 8.10 6 7.379 0.954
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Table 6
FTIR spectral characteristics of WPOOF before and after adsorption.

IR peak Frequency (cm−1) Assignment

Before ads. After ads. Differences

1 3568 3604 −36 Bonded –OH groups
2 3511 3513 +2 Bonded –OH groups
3 3438 3438 0 Bonded –OH groups
4 3323 3286 −37 –NH2 and –OH groups stretching
5 3188 3188 0 N–H stretching
6 2928 2927 −1 Aliphatic C–H group
7 1735 1728 −7 C O stretching
8 1654 1661 +7 C O stretching
9 1627 1627 0 C O stretching

10 1595 1562 −33 Secondary amine group
11 1516 1508 −8 Secondary amine group
12 1455 1446 −9 Symmetric bending of CH3

13 1420 1410 −10 Symmetric bending of CH3

14 1378 1368 −10 Symmetric bending of CH3

15 1317 1316 −1 Symmetric bending of CH3

16 1268 1260 −8 –SO3 stretching
17 1160 1155 −5 C–O stretching of ether groups
18 1048 1045 −3 C O stretching
19 893 893 0 Aromatic –CH stretching
20 812 812 0 Aromatic –CH stretching
21 779 778 −1 Aromatic –CH stretching
22 672 668 −4 –CN stretching
7 7.07 8 5.797 0.965
8 4.03 7 10.186 0.852
10 3.24 8 12.606 0.788

onclusion that adsorption is a result of either pore diffusion or
ntraparticle diffusion. Looking at the data, the shortening of the
dsorption time with increases in temperature and the pH level, as
upported by other analysis results, strengthens the belief of phys-
cal adsorption. The increase in the diffusion coefficient with the
ncrease in temperature is already expected. Since increased dif-
usion with the increase in temperature results in the increased
ctivity of the metal to be adsorbed, the increase in the amount of
he material that can hold on to the surface of the metal supports
he event described. Again, the increase in the pH and diffusion
oefficients shows that diffusion can occur more easily. This belief
s supported by the increase in the adsorption efficiency with the
ncrease in the pH in this study. Aggravated ionized power with the
ncreasing negativeness of surface loads increases diffusion, and as a
esult of this, the adsorption efficiency gets higher. Here ki decreases
ith temperature whereas it increases with the pH. Taking all of this

nto account, we can see that either pore or intraparticle diffusion
s realized all around the surface.

.10. The FTIR and EPR results

In order to determine the main functional groups of WPOOF
articipate in Ga-67 radionuclide adsorption, it has recorded the
atural and Cr(VI) loaded WPOOF. The FTIR spectra before and after
dsorption are shown in Fig. 9.

Compared with the FTIR spectra before and after adsorption,
here were clear band shifts and intensity decrease at fifteen bands.
hese bands are the functional groups of WPOOF participate in Ga-

7 biosorption which are shown in Table 6.

For the determination of the functional groups acting in biosorp-
ion, the FTIR spectra of the adsorbents were taken before and after
dsorption. The decaying FTIR spectrum corresponding to a certain
roup is an indication that the group played a role in the adsorption.

Fig. 8. Plots of qt vs. t1/2 for different pH
23 558 550 −8 –C–C– group
24 456 446 −10 Amine groups
25 431 Unappeared Unknown Amine groups

The comparison of the spectra taken before and after adsorption
shows that two spectra are very similar. However, the magnitudes
of the peaks belonging to OH and NH2 groups at 3568, 3323 and
1595 cm−1 diminish. This change is an indication that oxygen and
nitrogen atoms containing electron couple interacts with radionu-
clide Ga by forming complexes [25–30].

Electron paramagnetic resonance (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 concentration of the metals involved in
the biosorption processes [31]. In the early researches, the adsorp-
tion data were combined with EPR spectroscopy to obtain structural
information about the metal binding and estimate of adsorption
mechanism [32–36]. In order to investigate the natural and Ga-67
loading WPOOF and estimate Ga-67 ion biosorption mechanism,
the EPR spectra were taken from the alone and Ga-67 loading
biosorbent. The EPR spectra before and after adsorption of WPOOF

are shown in Fig. 10.

It was shown in this figure that these spectra are two typical EPR
signals belonging to Mn2+ and Fe3+ ion spectra. The biosorption
of gallium by WPOOF is investigated by using Mn2+ and Fe3+ ion
spectra. With S = 5/2(in the high spin case), I = 5/2 for Mn2+ with

(a) and temperature values (b).
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Fig. 9. FTIR spectra of WPO

00% natural abundance, g-Factor was calculated from resonance
onditions as follows:

= hv
ˇBr

(19)

The seven lines were observed in these resonance absorption
urves in Fig. 10. The broad EPR lines stem from strong dipolar
nteractions of their unpaired magnetic moments. It can be seen
rom this figure, the amplitude of some EPR signal decreased and
ome of them increased after adsorption. While the bands cen-
ered at 3056 G (g = 2.229), 3132.5 G (g = 2.170), 3256 G (g = 2.092)

ere decreased and disappeared, the amplitude of free radical band

entered at 3400 G (g = 2.003) was increased after biosorption. The
and centered at 3400 G (g = 2.003) belonging to Fe3+ free radicals
nd the amplitude of it enlarge as about two times. This occurrence
ndicated that the Fe3+ free radical intensities increase after adsorp-

ig. 10. EPR spectra for the natural and gallium loaded WPOOF were measured at
oom temperature (25 ± 2 ◦C) with a microwave frequency of 9.53 GHz.
fore and after adsorption.

tion. The other EPR bands belonging to Mn2+ ion spectra and all of
them were lost after adsorption. These occurrences indicate that
the Ga-67 radionuclide can be coordinating with the active sites of
the adsorbent causing the pairing of the electrons. The g-value of
free radical close to 2 confirms that the free-radical is an organic
free-radical and the fast biosorption kinetics observed is typical
for biosorption of metals involving no energy-mediated reactions,
where metal removal from solution is due to physicochemical inter-
actions between biomass and metal solution [37,38].

4. Conclusion

In this study, Ga-67 radionuclides were adsorbed from liquid
wastes by using a biosorbent. Prina was used as the biosorbent and
the following results were obtained:

• Prina had very promising results as an adsorbent. Adsorption was
stabilized in 120 min and the adsorption rate was high.

• The most effective parameters were the pH, temperature, the par-
ticle size, and the adsorbent ratio. It was also determined that the
stirring speed did not have much effect on the adsorption.

• Ideal adsorption conditions were determined as 600 rpm stirring
speed, 0.150–0.212 mm particle size, 20 ◦C temperature, 10 pH,
and 10 g/L solid/fluid rate. Low stirring speed and low tempera-
ture values can be preferred due to economic reasons.

• In ideal adsorption conditions, the initial radioactive concentra-
tion was chosen as 500 �Ci, and 97% of Ga-67 was adsorbed.

• Adsorption is characterized as exothermic, multilayered, hetero-
geneous, and physical.

• The experimental data exhibited a good agreement with the
isotherm models of Freundlich, Halsey, Henderson, D–R, and
Smith.
• Standard free Gibbs energy (�G) and �H parameters were taken
into account, and bioadsorption is believed to have exothermic
character and to be natural.

• The kinetics of adsorption was seen to fit a pseudo-second order
reaction model.
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The mechanism of adsorption was believed to be either pore dif-
fusion or intraparticle diffusion.

The Turkish government has ruled that the limit for Ga-67 is
�Ci with the sixth and ninth provisions of the regulation num-
ered 15.01.2000/23934 that relate to radioactive materials that do
ot require special processes and with the tenth provision of the
hird section of the regulation that regulates the restrictions and
imitations on dumping radioactive materials to the environment.
usinesses are required to follow these provisions, and they are
atched very closely.

Considering that the average weekly usage of Ga-67 in nuclear
edical centers in Turkey is 8000–24,000 �Ci, we can easily esti-
ate that it is necessary to wait around 10–22 weeks before

umping the radioactive waste of even one week of usage to the
nvironment. These types of establishments have weekly accumu-
ated wastes, and since the method of having the wastes in lead
anks is both expensive and slow, this method is difficult to apply
f the regulation code is followed. Furthermore, since Ga-67 turns
nto Zn-67 and becomes hazardous pollutants in this form, it is clear
hat they cannot be dumped in the environment. The following
roposals can be considered:

Removing radioactive materials using adsorption is believed to
protect the environment from harmful effects of radiation.
Since a radioactive material also turns into a harmful metal in
stable states, additional protection from this harmful effect is
needed.
Elimination of this heavy metal or its radioactive state, which is
dumped to the environment, by using adsorbents or storing in
lead tanks, seems economically not possible. It is clearly seen that
80% of Ga-67 in 1 m3 of liquid waste can be adsorbed by using
1.5 kg of an adsorbent.
Optimum conditions can be established by analyzing this
absorbent among other adsorbents.
It is believed that important economical benefits will be gained
since the adsorbent, which is a waste matter itself, and the mate-
rials it adsorbs will not be dumped to the environment in their
harmful form and they can be recycled with further suitable pro-
cesses.
More effective and suitable projects can be generated for radiation
research centers or establishments.
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