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Abstract—The potential use of a biosorbent, Cystoseira indica, obtained from the Persian Gulf was investigated for
the removal of Th (IV) ions from aqueous solutions by considering equilibrium, kinetic and thermodynamic aspects.
The FT-IR spectra of unloaded and Th-loaded biomass indicated various functionalities on the biomass surface including
hydroxyl, amide and carboxyl groups, which are responsible for the binding of thorium ions. Th (IV) uptake by C.
indica was pH dependent. An increase in biosorbent dosage up to 1 g/L caused an increase in the Th (IV) percentage
removal. Biosorption process at all studied initial Th (IV) ion concentrations follows the pseudo-second order kinetic
model. The biosorption data could be well described by Redlich-Peterson isotherm in comparison to Langmuir and
Freundlich isotherms. The maximum sorption capacity of Th (IV) by Langmuir isotherm was estimated to be 169.49
mg/g at 45 °C with pH of 3. The thermodynamic parameters indicated the biosorption of Th on the biomass was a feas-
ible, spontaneous and endothermic process. Th sorption capacity remained unaffected or slightly affected (<10% in-
hibition) in the presence of several interfering ions such as uranium (VI), nickel (II) and copper (II). The reusability
of the biomass was also determined after five sorption-desorption cycles.
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INTRODUCTION

Industrial development creates unwanted materials along with
valuable products. For example, water, air and soil pollution is proved
to be seriously damaging to the environment [1,2]. One of these
damaging pollutants is heavy metals such as uranium, thorium, cad-
mium, copper and nickel that are present in wastewaters and indus-
trial effluents [3,4]. The earth’s crust contains considerable amount
of thorium [5,6]. Thorium also exists in the wastewater of nuclear
industry, ore processing and lignite burning. All 12 known isotopes
of thorium are radioactive and their presence in the environment is
hazardous to people’s health [7,8]. Thus, it is vital to investigate
potential sorbent and recovery of thorium from aqueous solutions
with low cost and available sorbent.

Biosorption is an efficient and cost effective method in compari-
son with other conventional methods for heavy metal elimination
such as precipitation, ion exchange resins and membrane-solvent
extraction [9-11]. Anirudhan et al. used a novel composite matrix
(poly (methacrylic acid)-grafted chitosan/bentonite composite matrix)
to adsorb thorium (IV) from water and sea water and concluded
that optimum pH was 5.0. They reported the maximum sorption
capacity of the adsorbent 110.5 mg-g™". They also concluded the
feasibility of repeated uses of this composite after four cycles of
adsorption-desorption experiments [5]. Kuber and Souza studied
the effect of different parameters on batch biosorption of thorium by
Aspergillus fumigatus, a fungal biomass and observed that the opti-
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mum pH was 4 and the maximum uptake was 455 mg-g"' using
Langmuir isotherm [7]. Picardo et al. investigated the continuous
thorium biosorption by the seaweed Sargassum filipendula in a fixed-
bed reactor and reported the critical bed depth 40.0 cm correspond-
ing to 96.5 g biosorbent for complete removal of thorium [4].

Brown algae as a low cost biosorbent has been known to be an
effective biomass for heavy metals removal in comparison with other
types of biomass as reviewed by Davis et al. [12]. Previous investi-
gations show that adsorption of thorium by brown algae as a low-
cost and abundant biosorbent has been rarely ever performed. Our
previous study showed that the uptake capacity of uranium by cal-
cium pretreated Cystoseira indica was greater than raw C. indica
algae. This finding could be due to the exposing of active metal-
binding sites. The other reason may be due to the removal of sur-
face impurities [13]. Therefore, in this work we studied the poten-
tial of sorbent and recovery of Th (IV) ions from aqueous solu-
tions by Ca-pretreated brown algae, C. indica. We evaluated the
effective parameters, e.g., pH, thorium concentration, contact time,
biomass dosage, temperature, sorbent recovery and interfering ions
such as uranium (VI), nickel (II) and copper (II) on thorium bio-
sorption process. Equilibrium isotherm, kinetic and thermodynamic
parameters were also determined and the effective functional groups
that participate in thorium biosorption were characterized using FT-
IR analysis.

MATERIALS AND METHODS

1. Biomass Preparation
The brown algae (C. indica) samples were collected from the
Persian Gulf on the coast of Qeshm, Iran. The collected samples
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were washed with distilled water and were dried in an oven at 50 °C
to reach a constant weight. The dried algae was ground and sieved
to a particle size of 1-2 mm. 10 g of powdered biomass was treated
with 0.1 M CaCl, solution in 1,000 ml distilled water for 12 h at
agitation rate of 150 rpm. Finally, the treated biomass was dried in
an oven at 50 °C.
2. Analysis of Thorium Concentration

Thorium concentration after batch processes was determined by
inductively coupled plasma spectroscopy (ICP, Varian, Model Lib-
erty 150 AX Turbo). The ICP analysis was performed at wave-
length of 283.730 nm.
3. Biosorption Experiments

All thorium solutions were prepared by diluting stock of 1,000
mg/L thorium obtained from dissolving thorium nitrate pentahy-
drate (Th(NO;),-5H,0, Merck supplied) in distilled water. Uranium
(VI), nickel (IT) and copper (I) solutions were also prepared by dis-
solving their nitrate salts (Merck) in distilled water. The pH of solu-
tions was measured with a pH meter (Metrohm, Model 780) and
adjusted by use of 0.1 N HCI and 0.1 N NaOH solutions during
batch experiments. Experiments were carried out in 250 ml Erlen-
meyer flasks containing 100 ml of solution at the desired pH, tem-
perature, thorium concentration and biomass dosage. An incubator
shaker (INFORS multitron, Switzerland) was used for agitating the
flasks. The amount of thorium uptake q (mg/g) and the percentage
removal were calculated according to the following equations:

(C,-C)V
= ®
C,-C
Percentage removal (%)= ((’—CL)) x100 2

i

where C; and C, (mg/L) are the initial and final concentrations, respec-
tively. V (L) is the volume of thorium solution, and M (g) is the mass
of biomass. Each analysis was repeated three times and the results
given were the average values. The deviation was less than 5%.

RESULT AND DISCUSSION

1. FT-IR Analysis
The FT-IR (Fourier transform infrared) spectroscopy method is
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Fig. 1. FT-IR spectrum of unloaded and Th-loaded biomass.
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auseful tool to characterize the functional groups that participate in
biosorption [14]. Fig. 1 shows the FT-IR spectra of unloaded and
Th-loaded biomass. The strong band at 3,457 cm™ is assigned to
the bound hydroxyl (-OH) or amide (-NH,) groups of the unloaded
C. indica. The peaks at around 1,629 and 1,426 cm™ are due to asym-
metric and symmetric carboxyl (-C=0) stretching groups, and the
peak at 1,042 cm™' can be attributed to C-O stretching groups. The
comparison of unloaded and Th-loaded FT-IR spectra illustrates
that the peaks at 3,457 and 1,629 cm™ are shifted to 3,468 and 1,635
cm™', respectively. These shifts indicate that hydroxyl, amide and
carboxyl functional groups participate in biosorption process and
ion exchange happens between thorium and hydrogen atom of these
functional groups [15]. Similar results were reported for the bio-
sorption of different heavy metals on various species of algae, namely,
biosorption of cadmium and aluminum using red and brown algae,
respectively [15,16], and biosorption of copper by dried biomass
of red, green and brown algae [17].
2. Effect of pH

The carboxylic group is the most abundant acidic functional group
in the cell walls of the brown algae [18]. pH of aqueous solution
has a significant effect on biosorption process of heavy metals and
can affect the metal ion solubility and ionization of functional groups
of the biomass [19]. Fig. 2 shows the effect of pH on the percent-
age removal after 24 h agitation in the initial pH range of 2.0-6.0
and initial thorium concentration of 100 mg/L at temperature of 25 °C
and biomass dosage 1 g/L.. As can be seen, the percentage removal
of thorium increases initially by an increase in pH, and it reaches a
maximum and then decreases as the pH increases. Maximum re-
moval was found to be 98% at pH 3. Minimum percentage removal
(16%) was observed at pH 6. Poor uptake in lower pH may be due
to the competition with the H;O" ions for binding sites. At lower
pH, H,O" concentration is greater than its value in upper pH and
occupies more binding sites [20]. Also, the effect of pH can be at-
tributed to the ionic species that are present at different pH. The major
ionic type at pH 2 is Th*, which is not appropriate to be adsorbed
by biomass binding sites. As the pH increases from 2, the forma-
tion of hydrolyzed species such as Th(OH), and Th(OH);" initiates,
which is suitable for biosorption process. Decrease of biosorption
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Fig. 2. Effect of pH on the percentage removal of thorium by C.
indica brown algae (initial thorium concentration=100 mg/
L, temperature=25 °C, biomass dosage=1 g/L, agitation rate
=150 rpm, contact time=24 h).
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Fig. 3. Effect of biomass dosage on thorium uptake and the per-
centage removal (pH=3, initial thorium concentration=100
mg/L, temperature=25°C, agitation rate=150 rpm, con-
tact time=6 h).

uptake at higher pH, shown in Fig. 2, may be due to the formation of
Thy(OH)S", Thy(OH)!" and Th,(OH){" complexes, which decreases
the free metal ions [5,7,21-23]. Consequently, the optimum pH for
further biosorption studies was selected 3.
3. Effect of Biomass Dosage

The effect of biomass dosage in the range of 0.1-5 g/L. on the
thorium uptake and percentage removal by C. indica at the initial
thorium concentration of 100 mg/L. and temperature of 25 °C is shown
in Fig. 3. The percentage removal largely increased from 20% to
98% as the biomass dosage of C. indica increased from 0.1 g/L to
5 g/L. This could be expected because the higher the biomass dosage
in the solution, the greater the availability of exchangeable sites for
the ions. However, there was only a slight change in the thorium
removal when the biomass dosage was over 1 g/L.. Furthermore,
thorium uptake decreased with the increase of biomass dosage. This
decrease in thorium uptake obviously occurred due to the decrease
in availability of the thorium ions per unit biomass dosage.
4. Biosorption Kinetics

Equilibrium contact time and kinetics data are very important
for designing and controlling of biosorption processes. The kinetic
process of Th (IV) biosorption at different initial Th (IV) concen-
trations was analyzed using the pseudo-first order and pseudo-sec-
ond order kinetic models. These two models and their linear forms
are expressed as:

The pseudo-first order model [24]:
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Fig. 4. Effect of contact time on thorium uptake at different initial
thorium concentrations (pH=3, temperature=25 °C, biom-
ass dosage=1 g/L, agitation rate=150 rpm).
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where q, and g, (mg/g) are the amount of thorium uptake at equi-
librium and time t (mg/g), respectively, k; is the pseudo-first order
rate constant (min') and k, is the pseudo-second order rate con-
stant (g/(mg-min)). Fig. 4 depicts the experimental data and the re-
sults of the second order kinetic model of thorium uptake at differ-
ent initial thorium concentrations at pH 3 and temperature of 25 °C.
Thorium uptake increases with an increase in contact time initially,
and then approaches a maximum thorium uptake and reaches equi-
librium after 6 h. On the other hand, almost 60% and 97% of thorium
are adsorbed in the first 0.5 h and 4 h, respectively, which can be
due to more unoccupied binding sites initially. Equilibrium sorption
capacity according to the experiments and the constants of kinetic
models are presented in Table 1. As can be seen in Table 1, the re-
gression coefficients of the pseudo-second order model are greater

Table 1. The constants of kinetic models for thorium biosorption by C. indica

Initial e experiment Pseudo-first order model Pseudo-second order model
concentration (C)) (mg/g) k; (min™") q. (mg/g) S k; (g/(mg-min)) q. (mg/g) S
50 mg L™ 47.09 0.058 41.16 0.976 0.00112 48.54 0.998
100 mg-L™' 93.58 0.032 85.25 0.983 0.00039 99.01 0.998
150 mg L™ 120.31 0.027 110.90 0.968 0.00024 129.87 0.997

The pseudo-first order model parameters applicable to initial concentrations between 50 and 150 mg/L

K,=0.105+(1.15¢-3) C,—4.2¢-6 C?

Qe prorontn=—21.37+1.435 C,—3.688¢-3 C?

The pseudo-second order model parameters applicable to initial concentrations between 50 and 150 mg/g

k,=8.le-3+(2.488e-4) C,— (1.288e-6) C?

Qe. secondonter=21.54+1.5977 C,—3.922¢-3 C}
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than the pseudo-first order model. Moreover, the theoretical equi-
librium sorption capacities calculated by the pseudo-second order
model have more conformity with the experimental values. Thus,
the pseudo-second order model achieves a better conformity with
the experimental data. In addition, with an increase in the initial thor-
ium concentration, both the first and second order rate constants
decrease; however, the second order equilibrium constant decreases
with a higher rate because of the power of the second order kinetic
model. The constants of kinetic models obtained at different initial
thorium concentrations were fitted quadratic equations and are pre-
sented in Table 1. Note that it is better to employ the model for the
initial concentrations between 50 and 150 mg/L.

5. Biosorption Isotherms

Two-parameter isotherms of Langmuir and Freundlich and three-
parameter isotherm of Redlich-Peterson were used to fit thorium
biosorption by C. indica. These models were selected for their sim-
plicity and easily interpretable constants.

The Langmuir model assumes that all adsorption points have the
same heat of adsorption and sorption takes place at a specific homo-
geneous surface. This model is described by the following equa-
tion [26]:

A. R. Keshtkar and M. A. Hassani

tion is described by the following equation [28]:
_ KRPCe

e p
1+ agpCL"

©

where K, (L/g) and ¢, (L/mg) are the Redlich-Peterson con-
stants and /5, (0</3,<1) is the Redlich-Peterson model exponent.
Redlich and Peterson incorporated the characteristics of Langmuir
and Freundlich isotherms into a single equation. When f,,=1, the
Redlich-Peterson model converts into the Langmuir isotherm, and
for f3,,~0 this model converts into Henri’s law. Moreover, for a high
metal concentration, this equation can be reduced to the Freundlich
isotherm. This model fits the experimental data accurately in sev-
eral systems, namely, biosorption of Cd (II), Cu (II), Ni (IT) and Zn (1)
ions on brown algae [3], biosorption of Mn (II) by locally isolated
Bacillus species and sewage activated sludge [29] and adsorption
of Th (IV) using poly(methacrylic)-grafted chitosan/bentonite com-
posite matrix [5].

The constants of these models at different temperatures are pre-
sented in Table 2. As it can be seen, maximum biosorption capaci-

Table 2. The isotherm models constants for thorium biosorption

maxD1Ce L
q,= TLC( @) by C. indica
Temperature (°C)
where g, and C, are equilibrium uptake (mg/g) and equilibrium con- Isotherm models 25 35 45
centration (mg/L), q,.. is the maximum biosorption capacity (mg/
), b, is related to the affinity of biosorbent for the sorbate (L/mg). Langmuir constants
Thus, for a good biosorbent, higher g,,,. and more affinity (b,) are Qe (ME/Q) 15873 166.67  169.49
desirable. b, (L/mg) 0.274 0.331 0.663
The Freundlich model is based on a heterogeneous adsorption R? 0.975 0.978 0.932
surface and on the idea that there exist fewer adsorption points for Freundlich constants
the higher heat of adsorption. This isotherm is represented as [27]: K, (L/g) 57.93 63.41 68.94
qe=KpCi/"’ (8) ng 5.06 5.20 5.61
R? 0.849 0.835 0.861
where K- and n;. are related to biosorption capacity and intensity, -
respectively. Redlich-Peterson constants
To improve the data prediction, a three-parameter isotherm model Ker (L/g) 58.16 72.54 13690
was used. Redlich-Peterson is another empirical equation, desig- % (L/mg) 0.47 0.53 112
nated as the “three parameter equation,” which is capable to repre- Prr 0.953 0.963 0.941
sent adsorption equilibria over a wide concentration range. This equa- R’ 0.989 0.987 0.996
Table 3. The thorium sorption capacity by different sorbents
Qe AG’ (kJ/mol) AH° AS’
Sorbent (mge) 25°C  35°C 45°C  (Kmoh (ki(molK) "o
Aspergillus fumigatus 455 - - - Bhainsa and Souza [7]
Polyvinyl alcohol/titanium oxide nanofiber 238.1 -5.654 -6306 -7.622 15.331 0.071 Abbasizadeh et al. [30]
R. arrhizus 97 - - - Gadd et al. [31]
Crystalline tin oxide nanoparticles 6250 -1824 -19.54 - 20.80 0.13 Nilchi et al. [32]
Penicillium chrysogenum 142 - - - Tsezos and Volesky [33]
Aspergillus niger 22 - - -
Peat moss treated with HNO, - -15.196 -15.708 -16.219  0.040 0.051 Humelnicu et al. [34]
Peat moss treated with NaOH - -15.572 -16.096 -16.620  0.034 0.052
Bacillus megaterium 1AM 1166 74 - - - Nakajima and Tsuruta [35]
Micrococcus luteus IAM 1056 77 - - -
Cystoseira indica 16949 2740 2881 3158 3458 0.207 This work

February, 2014
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Fig. 5. Fit of Langmuir, Freundlich and Redlich-Peterson isotherms
for thorium uptake at 25 °C (pH=3, biomass dosage=1 g/
L, agitation rate=150 rpm, contact time=6 h).

ties from the Langmuir isotherm are 158.73, 166.67 and 169.49 mg/
gat 25, 35 and 45 °C, respectively. Also, the three-parameter isotherm
of Redlich-Peterson has the best coincidence with experimental data
(R>>0.987). Moreover, the Langmuir isotherm describes biosorp-
tion data better than the Freundlich isotherm, which can be con-
cluded from the values of /3, (that are close to unity). Table 3 com-
pares thorium sorption capacity using different sorbents with this
study. C. indica has a good biosorption capacity in comparison with
other types of sorbents. As shown in Fig. 5, plots of Redlich-Peterson
isotherms at different temperatures are compared with experimen-
tal data to show good capability of this model to fit isotherm data.
6. Thermodynamic Parameters

Thermodynamic parameters in terms of the Gibbs free energy
change (AG’), the enthalpy change (AH") and the entropy change
(AS”) were calculated to describe thermodynamic behavior of the
biosorption of thorium by C. indica. The Gibbs free energy change
can be calculated from the following equation:

AG’=-RTIn(K,) (10)
where R is the universal gas constant (8.314 J/(mol.K)), T is the

y =-4159.5x + 24,932

10.8 . .
0.0031 0.0032 0.0033 0.0034
UT (K1)

Fig. 6. Plot of In K, vs. 1/T (pH=3, initial thorium concentration
=100 mg/L, biomass dosage=1 g/L, agitation rate=150 rpm,
contact time=6 h).

absolute temperature (K) and K. is the equilibrium constant (L/mol).
The enthalpy and entropy changes were estimated from the slope
and intercept of the plot of In(K,) versus 1/T according to the van’t
Hoff equation (Fig. 6):

In(K,)=AS"/R— AH’/RT (11)

In this study, the thermodynamic parameters have been calculated
using the Langmuir isotherm, i.e., by replacing the equilibrium con-
stant, K. from Egs. (10), (11) by the Langmuir isotherm constant,
b, in the unit of L/mol [1,36]. The values of AG” were found to be
—27.40,-28.81 and —31.58 kJ/mol at 25, 35 and 45 °C, respectively.
The negative values of the Gibbs free energy change show the ther-
modynamically feasible and spontaneous nature of the biosorption
of thorium on C. indica. The increase in AG” along with the rise of
temperature indicates more feasibility of biosorption process at higher
temperature. The value of AH” was calculated to be 34.58 kJ/mol,
which emphasizes that the biosorption of thorium by C. indica is
endothermic and the sorption capacity increases with increasing of
temperature. Calculated value for AH” also indicated basically chemi-
cal adsorption for Th (IV) on C. indica, since the critical value set
for differentiating between physical and chemical mechanisms is
20 kJ/mol [37]. Moreover, the positive value of the entropy change
(0.207 JAmol.K)) indicates an increase in the randomness at the solid-
solution interface during the biosorption process. The values of AG’,
AH’ and AS’ for biosorption of thorium by C. indica are compared
with other adsorbents in Table 3. Biosorption of thorium by differ-
ent adsorbents is feasible, spontaneous and endothermic with increase
in the randomness at the solid-solution interface as it was seen for
C. indica.
7. Effect of Interfering Ions

Several heavy metal ions may be present in wastewater or indus-
trial waste liquids. Thus, thorium biosorption in the presence of in-
terfering ions such as U (VI), Ni (I) and Cu (II) was investigated.
For this purpose, binary solutions containing constant thorium con-
centration 100 mg/L and different interfering ion concentrations in
the range of 10-100 mg/L were made. Fig. 7 shows that thorium
biosorption has not changed considerably in the presence of nickel
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Fig. 7. Effect of interfering ions on thorium uptake (pH=3, initial
thorium concentration=100 mg/L, temperature=25 °C, bio-
mass dosage=1 g/L, agitation rate=150 rpm, contact time
=6 h).
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and copper and has reduced lightly at higher concentration of ura-
nium. The order of inhibition by these interfering ions was Ni (II)
<Cu (ID<U (VI). However, the highest concentration of uranium
(100 mg/L) decreases only 10% of thorium biosorption capacity.
In the absence of U (VI) ions, the thorium sorption capacity was
93.58 mg/g. When the concentration of uranium increased from 0
to 100 mg/L, the thorium sorption capacity decreased to 84.97 mg/g.
This low inhibitory effect of competitive U (VI) ions on the thorium
sorption capacity is in agreement with Sar and D’souza’s work. They
investigated the effect of several interfering ions on biosorption of
thorium (IV) by a Pseudomonas biomass, and observed that tho-
rium binding remained unaffected or slightly affected (<20% inhi-
bition) in the presence of other interfering ions such as U (IV), Cd (I),
Ni (IT), Co (1), Pb (IT) and Cu (IT) [38]. These observations can be
due to the conditions of the experiments, which is optimum for tho-
rium biosorption. The pH of experiments is 3, while the optimum
pH of uranium, nickel and copper biosorption by different brown
algae is between 4 to 6 [1,3,12].
8. Regeneration of Biomass

Regeneration of the biomass for repeated use is an important issue
for improvement of economic aspect of biosorption processes. For
this purpose, 0.1 g of loaded thorium biomass was treated with 100
mL of 1 M CaCl, solution for 3 h at temperature 25 °C and with
agitation rate of 150 rpm, and the treated biomass was used for bio-
sorption process again. Fig. 8 shows equilibrium sorption capacity
of thorium after five steps of sorption-desorption process. The sorp-
tion capacity of thorium by C. indica decreased from 93.58 mg/g
in the first step to 82.37 (88%), and 74.87 (80%) mg/g after two
and five steps of the sorption-desorption process, respectively. There-
fore, C. indica could be reused several times without a significant
decrease in biosorption capacity.

CONCLUSION

This paper focused on the characteristics of batch biosorption of
thorium by Ca-pretreated brown algae (Cystoseira indica). The im-
pact of effective design parameters including pH, biomass dosage,
contact time, temperature and interfering ions was investigated. It

100

90

q (mg/g)

70 A

60 4

50

0 1 2 3 4 5 6
Number of cycles

Fig. 8. Thorium equilibrium sorption capacity at five stages of sorp-
tion-desorption process (pH=3, initial thorium concentra-
tion=100 mg/L, temperature=25°C, biomass dosage=1 g/
L, agitation rate=150 rpm, contact time=6 h).
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could be found from FT-IR analysis that hydroxyl, amide and car-
boxyl functional groups involved in thorium biosorption and ion
exchange mechanism had a vital role in biosorption process. Maxi-
mum thorium uptake was observed at pH 3. The biosorption pro-
cess was reached equilibrium at 6 h, and the pseudo-second order
kinetic model fitted the experimental data (R*>>0.995) better than
the pseudo-first order model (R*>0.985). The parameters of kinetic
models were also presented as quadratic equations for estimation
of sorption capacity in the initial concentrations between 50 and 150
mg/L. The three-parameter isotherm of Redlich-Peterson could de-
scribe accurately the equilibrium sorption data (R*>0.987). The maxi-
mum sorption capacity was calculated to be 169.49 mg/g from Lang-
muir isotherm at 45 °C. Estimation of thermodynamic parameters
in terms of AG’, AH" and AS’ showed feasible, spontaneous and
endothermic nature of thorium biosorption and increase in the ran-
domness at the solid-solution interface. Biosorption process in the
presence of nickel (II), copper (IT) and uranium (V) ions illustrated
that thorium uptake is not changed by nickel and copper and is de-
creased to 90% of initial sorption capacity at higher amount of ura-
nium. It could be seen from regeneration processes that C. indica
could be reused several times. The uptake capacity decreased to
80% of nitial sorption capacity after five steps of sorption-desorption.

REFERENCES

1. H. Pahlavanzadeh, A. R. Keshtkar, J. Safdari and 7. Abadi, J. Haz-
ard. Mater., 175, 304 (2010).
2. D. Humelnicu, G Drochioiu and K. Popa, J. Radioanal and Nucl
Ch., 260(2), 291 (2004).
3.Y. Liu, Q. Cao, F. Luo and J. Chen, J. Hazard Mater., 163, 931
(2009).
4. M. C. Picardo, A.C.d. M. Ferreira and A. C. A. d. Costa, Biore-
sour: Technol., 100, 208 (2009).
5. T. S. Anirudhan, S. Rijith and A. R. Tharun, Colloids Surf. A., 368,
13 (2010).
6. N. Manikandan, C. S. S. Prasath and S. Prakash, Indian J. Geo-Mar
Sci., 40(1), 121 (2009).
7. K. C. Bhainsa and S. F. D’Souza, J. Hazard. Mater., 165, 670 (2009).
8. L. E. Macaskie, Crit. Rev. Biotechnol., 11,41 (1991).
9. F.J. Alguacil, M. Alonso, F. Lopez and A. Lopez-Delgado, Chemo-
sphere, 72, 684 (2008).
10.Y. Mao, H. Hu and Y. Yan, J. Environ. Sci., 23(7), 1104 (2011).
11. M. M. Matlock, B. S. Howerton and D. A. Atwood, Water Res., 36,
4757 (2002).
12. T. A. Davis, B. Volesky and A. Mucci, Water Res., 37,4311 (2003).
13. M. Ghasemi, A. R. Keshtkar, R. Dabbagh and S. J. Safdari, J. Haz-
ard. Mater., 189, 141 (2011).
14. B. Volesky, BV Sorbex, Inc.,Canada (2003).
15. A. Sar1 and M. Tuzen, J. Hazard. Mater., 171, 973 (2009).
16. A. Sar1 and M. Tuzen, J. Hazard. Mater., 157, 448 (2008).
17. V. Murphy, H. Hughes and P. McLoughlin, Water Res., 41, 731
(2007).
18. E. Percival and R. McDowell, London, UK: Academic Press (1967).
19. C. Gok and S. Aytas, J. Hazard. Mater., 168, 369 (2009).
20. J. T. Matheickal, Q. M. Yu and G M. Woodburm, Water Res., 33,
335 (1999).
21. C. F. Baes and R.E. Mesmer, The hydrolysis of cations, Wiley New



Biosorption of thorium from aqueous solution by Ca-pretreated brown algae Cystoseira indica 295

York, 68 (1976).

22. M. Tsezos and B. Volesky, Biotechnol. Bioeng., 24, 955 (1982).

23. L. Cromieres, V. Moulin, B. Fourest, R. Guillaumont and E. Gif-
faut, Radiochim. Acta, 82,249 (1998).

24. M. V. Subbaiah, Y. Vijaya, A. S. Reddy, G Yuvaraja and A. Krish-
naiah, Desalination, 276(1),310 (2011).

25.Y. S. Ho and G. McKay, Process. Biochem., 34,451 (1999).

26. 1. Langmuir, J. Am. Chem. Soc., 40, 1361 (1918).

27. H. J. Freundlich, Phys. Chem., 57,358 (1906).

28. J. Febrianto, A. N. Kosasih, J. Sunarso, Y.-H. Ju, N. Indraswati and
S. Ismadji, J. Hazard. Mater., 162, 616 (2009).

29. H. A. Hasan, S.R. S. Abdullah, N. T. Kofli and S. K. Kamarudin,
J. Environ. Sci., 111, 34 (2012).

30. S. Abbasi-Zadeh, A. R. Keshtkar and M. A. Mousavian, Chem. Eng.
J.,220, 161 (2013).

31. G M. Gadd, C. White and L. de Rome, In: Biohydrometallurgy: pro-
ceedings of the international symposium, Warwick 1987 (Norris PR,
Kelly DP) Science and Technology Letters, Kew, Surrey, 421 (1988).

32. A. Nilchi, T. S. Dehaghan and S. R. Garmarodi, Desalination, 11374
(2012).

33. M. Tsezos and B. Volesky, Biotechnol. Bioeng., 23, 583 (1981).

34. D. Humelnicu, L. Bulgariu and M. Macoveanu, J. Hazard. Mater.,
174(1), 782 (2010).

35. A. Nakajima and T. J. Tsuruta, Radioanal Nucl. Chem., 260, 13
(2004).

36.Y. Liu, Colloids Surf. A.,274, 34 (2006).

37. S. Yalcin, S. Sezer and R. Apak, Environ. Sci. Pollut. Res., 19,3118
(2012).

38. P. Sar and S. F. D’souza, Biotechnol. Lett., 24,239 (2002).

Korean J. Chem. Eng.(Vol. 31, No. 2)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


