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Abstract This study investigates the potential application of
the polyethyleneimine- (PEI) and amidoxime-modified
Spirulina (Arthrospira) platensis biomasses for the removal
of uranium ion in batch mode using the native biomass as a
control system. The uranium ion adsorption was also charac-
terized by attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectra, zeta potential analysis, and surface
area measurement studies. The effects of pH, biomass amount,
contact time, initial uranium ion concentration, and ionic
strength were evaluated by using native and modified algal
biomass preparations. The uranium ion removal was rapid,
with more than 70 % of total adsorption taking place in
40 min, and equilibrium was established within 60 min.
From the experimental data, it was found that the amount of
adsorption uranium ion on the algal preparations decreased in
the following series: amidoxime-modified algal biomass>
PEI-modified algal biomass>native algal biomass.
Maximum adsorption capacities of amidoxime- and PEI-mod-
ified, and native algal biomasses were found to be 366.8,
279.5, and 194.6 mg/g, respectively, in batchwise studies.
The adsorption rate of U(VI) ion by amidoxime-modified al-
gal biomass was higher than those of the native and PEI-
modified counterparts. The adsorption processes on all the
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algal biomass preparations followed by the Dubinin—
Radushkevitch (D-R) and Temkin isotherms and pseudo-
second-order kinetic models. The thermodynamic parameters
were determined at four different temperatures (i.e., 15, 25,
35, and 45 °C) using the thermodynamics constant of the
Temkin isotherm model. The AH® and AG® values of U(VI)
ion adsorption on algal preparations show endothermic heat of
adsorption; higher temperatures favor the process. The native
and modified algal biomass preparations were regenerated
using 10 mM HNO;. These results show that amidoxime-
modified algal biomass can be a potential candidate for effec-
tive removal of U(VI) ion from aqueous solution.

Keywords Uranium (VI) - Spirulina platensis - Surface
modification - Amidoxime - Polyethyleneimine - Adsorption

Introduction

Uranium is one such heavy metal having both radiochemical
and toxicological effects (Brugge, and Goble 2002; Wang
et al. 2015). It found in the aqueous environment in the
hexavalent form, has biologically dynamic activity and chem-
ical toxicity, leading to potential long-term harm to mamma-
lian reproduction and development with reduced biological
fertility, and abnormal and slow embryonic development
(Gottlieb and Husen 1982). So, seeking a way for cleaning
uranium ion contaminated water effectively and thoroughly
has become an important research topic. In general, heavy
metal ions from wastewater can be removed by physical,
chemical, and biological methods such as adsorption, floccu-
lation, coagulation, precipitation, membrane filtration, and
electrochemical techniques (Erkaya et al. 2014; Kim et al.
2014; Li et al. 2014; Kushwaha and Sudhakar 2013; Zhang
etal. 2013; Ozer et al. 2012; Ghasemi et al. 2011; Bayramoglu
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et al. 2006; Plazinski 2012). Adsorption of uranium ion by
various adsorbents and microorganisms is reported in the lit-
erature (Fryxell et al. 2005; Yuan et al. 2011, 2012; Ding et al.
2012; Khani et al. 2008; Bhat et al. 2008). For example,
Fryxell et al. (2005) have used glycinyl-urea- and
salicylamide-modified MCM-41 silica particles for actinide
(i.e., Th, Np, Am(IIl), Pu(IV), and U(VI)) adsorption, and
the binding is dependent on medium pH. Yuan et al. (2011,
2012) have studied the adsorption of uranium from aqueous
solution on the phosphonate- and dihydroimidazole-
functionalized silica particle, and the maximum adsorption
capacities of the modified silica particles were reported as
303 and 268 mg g ', respectively. The maximum sorption
capacity of the adsorbent for U(VI) ion was found to be
299 mg g ' at pH 4.0. Yang et al. (2013) reported metal—
organic frameworks (MOF-76) as adsorbent for U(VI) re-
moval from aqueous solution. The maximum adsorption
capacity of 298 mg g ' was achieved at pH 3.0.
Additionally, the selectivity of MOF-76 for U(VI) ion over
a series of competing metal ions was also reported. Bai
et al. (2015) prepared different amino group modified met-
al-organic frameworks for removal of radionuclides from
aqueous solutions. The adsorption performances of the ad-
sorbents toward U(VI) ion were studied, and these amine-
modified adsorbents were highly efficient in removal of
U(VI) compared to pristine materials. The adsorption ca-
pacity of diethylenetriamine-grafted materials for U(VI)
was 350 mg g ' at pH 5.5. On the other hand, various
biomasses such as algae, fungi, and unicellular bacteria
were also studied for adsorption or binding of uranium
ion from aqueous solutions (Khani 2011). Among them,
algal species either in living or in chemically modi-
fied form have been employed for the removal of urani-
um ion (Erkaya et al. 2014; Singhal et al. 2013; Lee
et al. 2014; Cecal et al. 2012). The modification of
microbial biomasses with various ligands such as
polyethyleneimine (PEI), amidoxime, and chlorine
dioxide groups improved their adsorption characteris-
tics (Ding et al. 2014; He et al. 2014). For example,
the chlorine dioxide modified microbial biomass
(423 mg g ') demonstrated about 10 % higher uranium
adsorption capacity than its native counterpart (He et al.
2014). The maximum adsorption capacity of the Ca-
pretreated Cystoseira indica alga was 318.15 mg g ' at
pH 4.5 (Ghasemi et al 2011). Algae are naturally abun-
dant and found in all kinds of aquatic environment.
Among algae species, Spirulina platensis is a photosyn-
thetic, filamentous, spiral-shaped, multicellular, and blue-
green microalgae. Its chemical composition includes pro-
teins (55-70 %), carbohydrates (15-25 %), essential fatty
acids (18 %), vitamins, minerals, and pigments like car-
otenes, chlorophyll a, and phycocyanin. Spirulina is the
most important commercial microalgae for the production

of biomass as health food and animal (Ali and Saleh 2012;
Chen 2011; Promya, and Chitmanat 2011).

The purpose of the present study is to evaluate the adsorp-
tion capacity of the native, and chemically modified (i.e., PEI
and amidoxime attached) S. platensis biomass for the removal
of U(IV) ion from aqueous solutions. Attenuated total reflec-
tance Fourier transform infrared (ATR-FTIR) spectroscopy,
Zetasizer analyses, and analytical methods were used to char-
acterize algal biomass preparations and evaluate the possible
binding sites. To evaluate removal mechanism and kinetics,
the effects of the removal parameters such as pH, temperature,
equilibrium time, and effect of initial uranium (VI) concentra-
tions on the removal efficiency were investigated. The equi-
librium and kinetic parameters of the adsorption processes in
defined conditions were determined being useful for under-
standing the mechanisms involved in the removal of U(VI)
ion from aqueous medium.

Materials and methods
Material

Diaminomaleonitrile (DAMN, 98 %), hydroxylamine hydro-
chloride (NH,-OH-HCI), polyethyleneimine, and glutaralde-
hyde were purchased from Sigma-Aldrich Corp., St. Louis,
MO, USA. All reagents were of analytical purity and used
without further purification. All other chemicals were of ana-
lytical grade and were purchased from Merck AG (Darmstadt,
Germany).

Microorganism and media

The microalgae S. platensis was isolated from Mogan Lake in
Ankara. It was grown in the nutrient medium having a com-
mon composition of chemicals: NaHCO;, K,HPO,4, MgSO,,
CaCl,, citric acid, Na,EDTA, Na,COs, trace metal ions solu-
tion, etc. (Chen 2011). This medium is used successfully for
most cyanobacteria. S. platensis inoculated culture flasks were
placed in a climate cabinet at 28 °C. The culture flasks con-
taining algal cell suspension were subjected to continuous

illumination at a light flux: U=6.0x107J cm % s .

Modification of S. platensis cells with PEI and amidoxime

Modification of algal cells was carried out in two sequential
steps: In the first step, algal cell surface was activated with
glutaraldehyde (GA), and in the second step, the PEI and
amidoxime ligands were attached onto GA-activated algal cell
surface. For GA activation, S. platensis cells (about 5.0 g)
were equilibrated in Tris—HCI buffer (25 mL, 50 mM,
pH 8.0) for 2.0 h and activated with glutaraldehyde in the
same Tris—HCI buffer (25 mL, 1.0 vol% glutaraldehyde).
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The glutaraldehyde activation reaction was carried out at
45 °C on water bath shaker for 4 h. After the reaction period,
the GA-activated algal biomasses were collected by filtration
and cleaned by washing sequentially with distilled water, and
acetate buffer (0.1 M, pH 6.0). In order to attach PEI on the
GA-activated algal cells, the following procedure was applied.
The GA-activated algal cells were incubated with PEI solution
(2.0 %) at pH 10 and at 65 °C in a reactor containing wet algal
biomass (about 5 g) and were shaken for 6 h. After this period,
the PEI-attached algal cells were removed from the medium
by filtration and washed with 1.0 M NaCl. It was dried in a
vacuum oven at 45 °C under vacuum for 24 h. The leakage of
the PEI from the algal cells was followed by incubating the
fully wetted algal cells with 10 mL of acetate buffer solution at
pH 5.0 for 24 h at room temperature. The leakage experiments
were carried out at room temperature at a stirring rate of
50 rpm. PEI released after this incubation was measured at
233 nm in the liquid phase spectrophotometrically.

For amidoxime group attachment, the glutaraldehyde-
activated algal biomass (about 5.0 g, dry weight) was trans-
ferred ethanol (150 mL) containing DAMN (1.0 g), and the
reaction was carried out at room temperature for 3.0 h. The
DAMN-incorporated algal cells were collected by filtration
and then modified into amidoxime groups. The modification
reaction was carried out in ethanol/water mixture (90:10, v/v,
150 mL) containing NH,OH-HCI (2.0 g) and K,COs (2.0 g).
The reaction mixture was placed in a round-bottomed flask
and refluxed at 80 °C for 6 h. The amidoxime group generated
algal biomass was collected by filtration and washed with
distilled water and ethanol. The product was dried under re-
duced pressure at 45 °C for 24 h and stored at 4 °C until use.
The schematic presentation of the PEI and amidoxime group
incorporation on the algal biomass is presented in Fig. 1.

Characterization of native and modified algal biomasses

The ATR-FTIR spectra of the native, and PEI- and
amidoxime-functionalized S. platensis biomasses were ob-
tained in the one-bounce ATR mode in a Spectrum 100
FTIR spectrometer (Perkin-Elmer Inc., Norwalk, CT, USA)
equipped with a Universal ATR accessory. Samples were
scanned from 4000 to 400 cm™'. The surface area of the na-
tive, and PEI- and amidoxime-functionalized S. platensis bio-
mass was measured by a surface area apparatus
(Quantachrome Nov. 2200 E, USA.) and calculated using
the Brunauer, Emmett, and Teller (BET) method. The surface
charges of the native, and PEI- and amidoxime-functionalized
S. platensis biomass at different pH values (pH 2.0-11.0) were
measured by a zeta potential analyzer. During the C potential
measurement, 0.1 g of dried biomass was transferred into
100 mL of purified water, and it was mixed about 1.0 h. The
solution pH was adjusted with NaOH or HCI (0.1 M). After
this period, the equilibrium solution pH was recorded, and the
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algal biomass suspension was used to conduct potential mea-
surement with a Zetasizer instrument (NanoZS, Malvern
Instruments Ltd., Malvern, UK). All the ¢ potential measure-
ments were conducted three times, and their average values
were used.

Bisorption of uranium (VI) ion on native and modified
S. platensis biomass

The adsorption of U(VI) ion on the native and modified
algal biomass was investigated in a batch system. Uranium
acetate (UO,(CH5COO),) was used for the preparation of
stock solution (2000 mg/L in Milli-Q water). A range of
U(VI) “UO, " uranyl ion” with different concentrations
was prepared from above stock solution. Adsorption exper-
iments were carried out at 25+2 °C while rotated on an
orbital shaker at 150 rpm for 2.0 h. A known amount of
algal biomass (50 mg) was introduced in a 25-mL medium.
After a predetermined time, the algal biomass was removed
by filtration, and the concentration of the U(VI) ion in the
medium was determined by using a spectrophotometric
method (Bayramoglu, et al. 2006). Briefly, the method
was based on the formation of colored complexes of
U(V]) ion with sodium salicylate in aqueous medium. A
calibration curve was constructed using U(VI) ion stan-
dards. The absorbance of the solution was measured at
468 nm using an UV/Visible spectrophotometer (PG
Instrument Ltd., Model T80+; PRC). For each set of data
reported, standard statistical methods were used to deter-
mine the mean values and standard deviations. The amount
of U(VI) ion adsorbed per unit of algal biomass (mg U(VI)
ion/g dry biomass) was obtained by using the following
equation:

q= (Co=C)V/m (1)

where ¢ is the amount of U(VI) ion adsorbed onto the unit
mass of the algal biomass (mg/g), C, and C are the con-
centrations of the U(VI) ion before and after adsorption
(mg/L), V is the volume of the aqueous phase (L), and m
is the amount of the biomass (g). After adsorption process,
the used algal biomass in each test was dried in a vacuum
oven at 40 °C overnight and the dry weight of the biomass
was used in the calculations.

The effect of pH on the adsorption rate was investigated in
the pH range 2.0-7.0. The medium pH was measured by
Boeco microprocess pH meter, Model BT-600 (Germany),
and the adsorption medium pH was adjusted by using 0.1 M
HCI or NaOH solutions at 25 °C, and not controlled afterward
at 25 °C. To optimize the algal biomass dosage (g/L), batch
experiments were conducted using different amounts of algal
biomass (between 0.4 and 3.6 g) in a 1.0-L solution at pH 5.0
and at 25 °C. To investigate the influence of ionic strength on
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2) Modification of algal cells with amidoxime
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Fig. 1 Chemistry of PEI and amidoxime modification reaction

U(VI) ion removal, sodium chloride was employed as back-
ground electrolyte and varied between 0.0 and 1.0 mol/L.

Desorption and regeneration studies

To carry out the desorption studies, the native and PEI- and/or
amidoxime-modified algal biomass (about 50 mg) was trans-
ferred in 25 mL of HNO; (10 mM) solution. After 2.0-h in-
cubation, the suspension was separated and the leached U(VI)
ion concentration in the supernatant was determined as de-
scribed above. For desorption experiments, the algal biomass
from adsorption experiments was gently washed with distilled
water and transferred in HNO; (10 mM) solutions and rotated
on a shaker at room temperature for 2.0 h. After separation of
samples with filtration, the remaining U(VI) ion concentration
in the supernatant was measured to evaluate the desorption
percentage. The regenerated algal biomass was washed
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—
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Glutaraldehyde activated algal cells

H
/ / HN\/& /\%’N\/\NHQ

‘AU PEI modified algal cells
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Y. NH
&9/\ NHz20H.HCI

thoroughly with phosphate buffer solution (50 mM, pH 6.0)
and then used for the next sorption—desorption cycle.

Results and discussion
Characterization of the native and modified algal biomass

The average specific surface areas of the native, and PEI- and
amidoxime-functionalized algal biomass were measured by
Brunauer-Emmer-Teller (BET) method and were found to be
1.87,2.26, and 2.47 m%/ g for native, and PEI- and amidoxime-
functionalized algal biomass, respectively. PEI and
amidoxime modification caused an increase in specific surface
area, in comparison to the native algal biomass. The chemical
modification appears to provide more surface area for the algal
biomass and would favor higher adsorption capacity for U(VI)
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ion. The increase in the surface area of the modified biomass
can be due to the removal of lipid component of the algal cell
walls during modification reactions.

The spectra of native, and PEI- and amidoxime-modified
S. platensis biomasses were measured by an ATR-FTIR spec-
trometer within the range of 4004000 cm ' wave number
(Fig. 2a—c, respectively). The peaks at 3389, 2917, 1651,
1353, 1031, and 583 cm ! are observed in the spectrum of
the native algal biomass (Fig. 2a). Additionally, the broad
spectrum of native algal biomass between 3500 and
3200 cm ' could be attributed by the overlapping of the —
OH and —NH stretching vibration bands. The bands at 1031
and 1084 cm ™' exhibited correlative characteristic of C—O
stretching vibrations in alcohol and amine groups on the algal
biomass surface. The changes in the functional groups and
surface properties of the algal biomass after PEI and/or
amidoxime modification are also confirmed by ATR-FTIR
spectra (Fig. 2b, c, respectively). ATR-FTIR spectra of the
PEI- and amidoxime-modified S. platensis biomasses confirm
the heterogeneity of the biosorbents and evidence the presence
of different characteristics peaks in agreement with the
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Fig. 2 FTIR spectra of algal biomasses: native (a), PEI-modified (b),
amidoxime-modified (c)
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possible presence of amino, amidoxime, carboxylic, hydroxyl
phosphate, and carbonyl groups. After attachment of PEI via
glutaraldehyde coupling reaction, the spectrum of the PEI-
modified algal biomass exhibits some changes (Fig. 2b). A
broad shifted overlapping peak was observed at 3414 cm™'
due to the incorporation of a large number of amine groups by
the PEL The new peaks at 1462 and 1085 cm " are attributed
to the C—H bending and C—N stretching, respectively. After
incorporation of amidoxime groups (Fig. 3b), the appearance
of new bands at 1647 and 1069 cm " are assigned to C=N and
N-O stretching of oxime groups, respectively. The broad band
between 3600 and 3300 cm ™' are ascribed to the bounded
hydroxyl (-OH) or amine (-NH) groups. FTIR spectra of
native and modified algal biomasses also revealed that the
surface functional groups (such as -COOH, —NH,, and —
OH) on the tested biosorbents are involved in U(VI)
biosorption.

Zeta potential studies

PEI and amidoxime are well-known ligands for their metal
chelation properties due to the presence of amine groups and
are used for modification of biomass surface to increase their
adsorption capacities (Bayramoglu et al. 2012; Liu et al.
2011). The modification protocols are schematically presented
in Fig. 3. To investigate the change of S. platensis biomass
surface charge before and after the surface modification pro-
tocols, the zeta potentials as a function of solution pH were
measured using native, and PEI- and amidoxime-modified
algal biomasses. The change in the zeta potential values of
the native, and both modified algal biomass as a function of
suspension medium pH is presented in Fig. 3. As observed in
this figure, the zeta potential values for all the studied algal
biomass decrease with increasing solution pH. The zero zeta
potential point value for native algal biomass was found to be
at around pH 4.0; on the other hand, the zero potential values
for PEI- and amidoxime-modified algal biomass were

40 A —C— Native biomass
—— PE| modified biomass

30 A —8— Amidoxime modified biomass
—~ 20 1
>
E
s 10 1
T
2
2 o .
o]
E 12

=10 A

-20 A

-30 -

pH

Fig. 3 pH versus zeta potential plots for the native, PEI and amidoxime
modified algal preparations



Environ Sci Pollut Res (2015) 22:17998-18010

18003

observed at pH 10.5 and 10.0, respectively. The positive
charge density on the PEI- and amidoxime-modified biomass
surface significantly decreased with increasing medium pH
due to the deprotonation of the amine groups on the ligand
molecules. The zeta potential values were studied at pH values
between 2.0 and 11.0 with the native and modified algal bio-
mass preparations. The charge density in this pH range
changed from —26.7 to 6.9 mV for native algal biomass. On
the other hand, PEI- and amidoxime-modified algal prepara-
tions were changed from —13.6 to 33.2 and —16.8 to 21.4 mV,
respectively. Thus, the medium pH is an important parameter
to control on the adsorption of uranyl ion, since it determines
the ionization state of the functional groups on the sorbent, as
well as the degree of ionization state and speciation of the
uranium ion. The zero zeta potential values of the native,
and PEI- and amidoxime-modified algal biomass in our study
are in accordance with the other studies.

Effect of algal biomass dosage on U(VI) ion adsorption

The effect of algal biomass dosage in the range of 0.4-3.6 g/L
on the U(VI) ion removal by the native, and PEI- and
amidoxime-modified algal biomass in the initial metal con-
centration of 1000 mg L™ and temperature of 25 °C at
pH 5.0 is presented in Fig. 4. As seen in this figure, increasing
the algal biomass dosage from 0.4 to 2.0 g/L results in signif-
icant increase in U(VI) ion removal. At algal biomass dosages
>2.0 g/L, the incremental U(VI) ion removal becomes less
significant as the amount of U(VI) ion left in solution becomes
very low. At algal biomass dose increase, the availability of
functional groups and surface area of the biomass increase in
the adsorption medium and, thus, provide higher adsorption
sites for percent removal of U(VI) ion. It should be noted that
with the increased amount of biosorbent, the relative amount
of U(V]) ion biosorbed (mg/g) decreased. Therefore, 2.0 g/L

100 - —o-Native
—A—- PEI modified
- Amidoxime modified
80 A
g
o 60 A
£
[0}
14
= 40
20 A
oL T T T T T T
0 06 12 18 24 3 3,6

Sorbent dosage / solution (g/L)

Fig. 4 Effect of adsorbent dosage on the U(VI) ion adsorption capacity
of the native, PEI and amidoxime modified algal preparations

of algal biomass was used in further U(VI) ion removal
studies.

Effect of pH

Initial pH plays an important role in the adsorption of uranium
ion from the aqueous medium. It influences both the specia-
tion of uranium ion in the aqueous medium, and the binding
sites present on the surface of algal biomass preparations
(Rippka et al. 1979; Bayramoglu and Arica 2009). Many
functional groups present on the algal biomass preparation,
such as amine, hydroxyl, carboxyl, and phosphate. They not
only were involved in the ion exchange of the uranium ion but
also disturbed the combining force between functional groups
on algal biomass surface and uranium ion in the medium
(Donat et al. 2009; Bayramoglu and Arica 2011). The effect
of pH on the adsorption process was studied at pH values
ranging from 2.0 to 7.0. The results are shown in Fig. 5. As
seen in this figure, the maximum uranium ion adsorption was
observed at pH 5.0 for all the studied algal biomass prepara-
tions. The adsorption profile (mg U(VI) ion/g algal biomass)
of the experimental at a uranium concentration (1000 mg/L)
for 60 min was in the order of amidoxime-modified>PEI-
modified>native biomass. The enhancement in U(VI) ion ad-
sorption capacity upon attachment of PEI and amidoxime
could be due to the algal biomass surface become enriched
with amino, imino, and hydroxyl groups. The reason for max-
imum adsorption of uranium ion at pH 5.0 could be due to the
presence of ligands like carboxyl, amino, imine and phosphate
groups on the surface of the biomass, preparations which have
pK, values in the range of 4.0-7.0 (Bayramoglu and Arica
2009; Akar et al. 2013). Further increase in pH may result in
precipitation of U(VI) in the form of hydroxide complex
whereas lowering the pH may result in excess acetate ions in
the medium which prevents the adsorption of U(VI) ion. This
finding was also confirmed by the zeta potential studies at

400 1

—O— Native

350 {1 —2— PElmodified /

—%— Amidoxime modified

300 4

250 4

200 -

150

100 A

Adsorbed U(VI) ion (mg/biomass)

50 -
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Fig. 5 Effect of pH on the U(VI) adsorption on the native, PEI and
amidoxime modified algal preparations
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different pH values (Fig. 3). According to these results, the
amine groups (-NH—-, -N=, —-NH,) on the PEI- and
amidoxime-modified biomass surface were protonated at pH
below 10.5 and 10.0, respectively. On the other hand, the
carboxyl group of the native biomass was protanated at
around pH 4.0. As U(VI) ion existed as cationic at pH 5.0,
the electrostatic attraction played an important role in the ad-
sorption process at pH 5.0 with native algal biomass. As indi-
cated above, the pH of solution can affect both the relative
distribution of U(VI) species in solution and the surface prop-
erties of the tested biosorbents (i.e., native, and PEI-and
amidoxime-modified). According to the relative distribution
of U(VI) species in solutions, it can be found that UO,"* was
the dominant species at around pH 5.0. It is thought that the
amine and amidoxime groups can act as ligand systems for
adsorption of uranyl cations. Thus, the complexation and elec-
trostatic interactions between functional groups of the biomass
preparations and U(VI) ion lead to a maximum adsorption
capacity at around pH 5.0. In the literature, the best pH for
uranium adsorption on the algal biomass preparations is re-
ported to be between 4.0 and 5.0. For example, the optimal pH
for adsorption of uranium ion by Cystoseira indica was at
pH 4.0 (Ghasemi et al. 2011), at pH 4.5 for Catenella repens,
a red alga (Bhat et al. 2008), and at pH 4.5 for
Chlamydomonas reinhardtii (Erkaya et al. 2014). As optimum
pH for adsorption process was found to be 5.0, all the follow-
ing experiments were carried out at this pH.

Effect of ionic strength

Another important parameter which affects the U(VI) adsorp-
tion is medium ionic strength. Ionic strength of the adsorption
medium was changed between 0.0 and 1.0 mol/L by adding a
known amount of NaCl solution. As presented in Fig. 6, the
adsorbed amount of U(VI) ion decreased with increasing ionic

400 —Oo—Native
—— PEI modified
- Amidoxime modified

300

200 ¢

100 4

Adsorbed mg U(VI) ion /g biomass

0 T T T T |
0 0.2 0.4 0.6 0.8 1

NaCl (mol/L)

Fig. 6 Effect of ionic strength on the U(VI) adsorption on the native, PEI
and amidoxime modified algal preparations
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strength (Bai et al. 2013). U(VI) ion adsorption capacities of
the native, and PEI- and amidoxime-modified algal biomass
decreased by about 42, 59, and 64 % when the NaCl concen-
tration in the adsorption medium was 1.0 mol/L. A decrease
observed in the adsorption capacity of algal biomass prepara-
tions for U(VI) ion may be attributed to the electrostatic at-
traction forces between the algal cell surface and uranium ion
(Bayramoglu et al. 2009). It should be noted that when the
medium ionic strength is increased, repulsive electrostatic in-
teraction between U(VI) ion and functional groups on the
algal cell surface becomes dominant. Thus, hydrogen bonding
and van der Waals interactions between the biosorbents and
uranyl ion could be hidden. Similar results are reported by
other researchers (Bayramoglu et al. 2006; Gharieb et al.
2014).

Effect of initial uranium ion concentration on adsorption

The initial concentration provides an important driving force to
overcome all mass transfer resistance of uranium ion between the
aqueous and solid phases. Hence, a higher initial concentration
of uranium ion will increase the adsorption rate. Figure 7 shows
the effect of equilibrium concentration of U(VI) ions on the
adsorption capacity of the native, and PEI- and amidoxime-
modified biomass preparations. The adsorption values increased
with increasing equilibrium concentration of U(VI) ion, and a
saturation value was achieved at U(VI) ion concentration of
around 1000 mg/L, which represents saturation of the active
binding sites on the algal biomass preparations. It should be
noted that increasing initial U(VI) ion concentration increased
the number of collisions between U(VI) ion and the adsorbent,
which enhanced the adsorption process. The adsorption of U(VI)
ion onto the native, and PEI- and amidoxime-modified algal
biomasses was about 194.6,279.5, and 366.8 mg/g dry biomass,
respectively. It should be noted that significant improvements
were observed with the PEI- and amidoxime-modified
biosorbents in the adsorption of U(VI) ions, comparing to native
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Fig. 7 Effect of equilibrium U(VI) ion concentration on the adsorption
capacity of the native, PEl and amidoxime modified algal preparations
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algal biomass, indicating that the incorporation of amine groups
on the surface of algal biomass is beneficial to adsorption capac-
ity. In general, the adsorption process involves mainly on cell
surface sequestration. Upon modification, the surface area of
algal cell was increased between 1.87- and 1.32-fold and resulted
enhancement in the U(VI) adsorption capacity for both modified
algal preparations. Bai et al. (2015) prepared chromium-based
metal-organic framework (MOF) and its amino derivatives. The
amine-functionalized MOFs are much more efficient in U(VI)
adsorption compared to bare MOF. And, the adsorbability of
amine-functionalized MOFs follows the order of
diethylenetriamine>ethanediamine>NH,. Therefore, both PEI-
and amidoxime-modified biosorbents could be potentially used
for removing U(VI) ion from aqueous solutions.

The equilibrium data for the removal of U(VI) ion using
biosorbents into various isotherm models results in a suitable
model that can be used for the design of an adsorption process.
In the present study, different isotherm models were applied to
describe interactions between the U(VI) ion and algal biomass
preparations. Modeling of the experimental isotherm data has
been done using the Langmuir (Langmuir 1919), Freundlich
(Freundlich 1906), D-R (Dubinin and Radushkevich 1947),
and Temkin isotherms (Temkin and Pyzhev 1940). The
Langmuir model can be described by the following linearized
equation:

Ce/qe = (l/qmax)ce + (l/qmaxb) (2)

where gnax 1s the maximum adsorption capacity (mg/g), C. is the
equilibrium U(VI) ion concentration in solution (mg/L), and b is
the Langmiur constant.

The Freundlich, D-R, and Temkin isotherms are represent-
ed as linearized in Egs. 3, 4, and 5, respectively:

In g, = (I/n)in Co+1In Kg (3)
In g.=1In g, — K E? (4)
4. = qr In Kr + g1 In C. (5)

where KF is the Freundlich constant, and » is the Freundlich
exponent. 1/n is a measure of the surface heterogeneity rang-
ing between 0 and 1, becoming more heterogeneous as its
value gets closer to zero.

In Eq. (4), ¢n, is the theoretical monolayer adsorption ca-
pacity (mg/g), K is the constant of the sorption energy (mol*/
J?), which is related to the average energy of adsorption per
mole of the biosorbate as it is transferred to the surface of the
solid from infinite distance in the solution, and ¢ is Polanyi
potential [e=RT In (1+1/ C,), where T'is the solution temper-
ature (K) and R is the gas constant and is equal to 8.314 J/mol-
K. The value of mean free energy of adsorption, £ (kJ/mol),
can be calculated from D-R parameter K [E=(—2K) "*]. In
Eq. (5), K1 (L/mg) is the equilibrium binding constant corre-
sponding to the maximum binding energy, and ¢t (mg U(VI)/

g algal biomass) is the differential surface capacity for uranyl
ion adsorption per unit binding energy.

The Langmuir constants ¢, and b for U(VI) ion adsorption
on the algal biomass preparations were determined from the
slope and intercept of the linear plot of specific sorption (C¢/q.)
against the equilibrium concentration (C,) and are presented in
Table 1. The maximum adsorption capacities (¢max) for the na-
tive, and PEI- and amidoxime-modified algal biomass prepara-
tions were determined from the slope to be 114.9, 434.8, and
370.4 mg/g and the Langmuir constants were extracted from
the intercept to be 2.61x107*, 2.58x10°, and 2.81x102 L/
mg, respectively. The maximum adsorption capacities (¢max)
for the native, and PEI-modified algal biomass preparations were
not fitted well with experimental capacity. And also, correlation
coefficient (R?) was low between 0.141 and 0.663 for the native
and PEI-modified algal biomass preparations (Table 1), indicat-
ing that the Langmuir adsorption model cannot be applied in
these algal biomass preparations. However, a high Langmuir
constant, b (i.e., K,), value for amidoxime-modified algal bio-
mass indicates a high affinity, and also the Langmuir constant
Gmax represents the monolayer saturation at equilibrium when the
surface is fully covered with uranyl ion and assists in the expla-
nation of adsorption performance. These results show that the
adsorption of uranyl ion on amidoxime-modified algal biomass
obeys only the Langmuir model.

Table 1  Isotherm model parameters for the adsorption of uranyl ions
from aqueous solution onto the native and modified algal preparations

Isotherm models Biomass
Native  PEIl-modified =~ Amidoxime-modified
Langmuir
Ge, exp (MZ/Q) 1946 2795 366.8
Gmax (Mg/g) 1149 434.8 3704
bx10° (L/mg) 0.261 2.580 28.10
R 0.141  0.663 0.998
Freundlich
Ky 0316 2391 1991
n 1.01 1.27 1.99
R? 0.947 0.868 0.836
D-R
Gm (Mg/g) 121.6 2703 330.4
Kx10° mol*/?)  29.0 14.1 0.74
E (kJ/mol) 0.041 0.058 0.259
R? 0.956 0.997 0.994
Temkin
qr (mg/g) 52.8 71.2 64.3
Kx10* (L/mg)  3.80 9.28 66.3
)is 0.976 0981 0.942
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The Freundlich model is an empirical equation assuming
heterogeneous adsorptive energies on the adsorbent surface.
The K and n values can be evaluated from the intercept and
the slope of the linear plot of experimental data of In ¢, versus
In C.. For U(VI) ion, the measured K values of the studied
algal preparations showed an easy adsorption. The value of n
proposes the favorability of the adsorption systems.
According to the theory, n>1 represents favorable adsorption
conditions (Table 1). In addition, the » values of native and
PEI-modified algal biomass were lower than those of
amidoxime-modified biomass, meaning that the slope (1/n)
of the Freundlich plots was steeper and the capacity of sorbent
was more susceptible to the modification techniques.

Calculated isotherm parameters in D-R, and Temkin equa-
tions are consistent with the experimental ¢, values for adsorp-
tion of U(VI) ions. When R* values are considered, it was seen
that the D-R isotherm and Temkin isotherm models were also
well fitted to the experimental data. From the linear plot of D-R
model for the native, and PEI- and amidoxime-modified algal
biomass preparations, ¢,,, was determined to be 121.6,270.3, and
330.4 mg/g; the mean free energy 0.041, 0.58, and 0.259 kJ/mol,
respectively, indicating a physiosorption process; and the corre-
lation coefficient, R*, higher than that of Freundlich for all the
studied algal biomass preparations. If the £ value is below 8 kJ/
mol, physical sorption is considered to occur, and in the ranges
from 8 to 16 kJ/mol, chemical sorption occurs. In this adsorption
system, the magnitude of energy of adsorption (£) in the D-R
isotherm is around 0.041-0.259 kJ/mol which indicated physical
adsorption and useful for the assessment of the adsorption mech-
anism. As a result, the D-R and Temkin sorption models seem to
provide the best fit with the experimental data and predict values
for the adsorption of uranyl ions from aqueous solution on native
and PEI-modified algal biomass, whereas for amidoxime-
modified algal biomass, all tested sorption models, i.e.,
Langmuir, D-R, and Temkin isotherms, except Freundlich, fit
quite well with the experimental data (correlation coefficient
R*>0.942). This was very suitable for describing the adsorption
equilibrium of uranyl ions from aqueous solution on amidoxime-
modified algal biomass.

Thermodynamic parameters

The effect of temperature on the adsorption of U(VI) was inves-
tigated at four different temperatures (i.e., 15, 25, 35, and 45 °C),
at pH 5.0. The adsorption of U(VI) ion on the native, and PEI-
and amidoxime-modified algal biomass was found to increase
with the increase in temperature, indicating that the process is
endothermic in nature (Table 2). The reason for an increase in
U(V]) ion adsorption on the algal biomass preparations at high
temperatures could be attributed to increase on probability of
interaction between U(VI) ion and functional groups on algal
biomass surface because of an increase in the energy of the
system. Both physical and chemical adsorptions may occur on

@ Springer

the surface at the same time; a layer of molecules may be phys-
ically adsorbed on top of an underlying chemisorbed layer. The
same surface can display physisorption at one temperature and
chemisorption at a higher temperature. Activation energy is an
important parameter in a thermodynamic study as it determines
the temperature dependence of the reaction rate. The activation
energy (£,) for the adsorption of an adsorbate onto an adsorbent
surface in an adsorption process can be determined from exper-
imental measurements of the adsorption rate constant at different
temperatures according to the Arrhenius equation. The activation
energy (E,) values for the native, and PEI- and amidoxime-
modified algal biomass preparations were determined as —10.2,
—13.9, and —4.98 kJ/mol, respectively (Table 2). In physical
adsorption, the equilibrium is usually rapidly attained and easily
reversible, because the energy requirements are small. The acti-
vation energy for physical adsorption is usually no more than
4.2 kJ/mol, since the forces involved in physical adsorption are
weak.

In order to further support the assertion that physical ad-
sorption is the predominant mechanism, the values of sticking
probability (S*) were estimated from the experimental data.
The values of activation energy (£,) and sticking probability
(S*) were calculated from the experimental data throughout
the temperature range from 288 to 318 K by calculating the
surface coverage at various temperatures, presented in
Table 2. They were calculated using modified Arrhenius-
type equation related to surface coverage (0) as follows
(Horsfall and Spiff 2005):

9 = 1-(Ce/Co) (6)
In(1-6) = In S* +E,/RT (7)

The values of E, and S* were calculated from slope and
intercept of the plot of In(1—0) versus 1/7 (Table 2). The value
of $* which was very close to zero confirmed the dominance
of physisorption mechanism (Horsfall and Spiff 2005).
Positive value of E, supports the endothermic nature of the
adsorption process. This is in accordance with the positive
values of AH. The results as shown in Table 2 indicate that
the probability of U(VI) ion to stick to the biomass surface is
very high as 0<S*<1 for U(VI) ion from aqueous solution.

The thermodynamic parameters of process, such as enthal-
py change (AH®), entropy change (AS®), and Gibbs free en-
ergy change (AG®) of U(VI) adsorption on the native and both
modified algal preparations can be calculated by using the
following equations:

K. = ~AH°/ RT + AS°/R (8)

AG® = AH® —T AS° (9)

where K, (=¢q./C,) obtained from ¢./C., is the equilibrium con-
stant in molar unit, and 7'is the temperature (K). The values of



Environ Sci Pollut Res (2015) 22:17998-18010 18007
Table 2 Thermodynamic ]
parameters for the adsorption of Biomass sample Temp. AG® AH° AS° E, §*
uranyl ions from aqueous solution X) (kJ/mol) (kJ/mol) (kJ/mol K) (kJ/mol) (J K/mol)
onto the native and modified algal
preparations Native 288 —-10.1 18.9 0.101 431 0.128
298 —-11.1
308 -12.0
318 -13.2
PEI-modified 288 -11.3 31.7 0.149 8.24 0.022
298 -12.8
308 —14.2
318 -15.7
Amidoxime-modified 288 -13.2 26.4 0.137 6.31 0.040
298 —-14.6
308 -16.0
318 -17.4

AH® and AS° were calculated from slope and intercept of
van’t Hoff plot of In K, versus 1/7 (data not shown here).

The AH® and AS° values for the native, and both the PEI-
and amidoxime-modified algal biomass preparations were de-
termined as 18.9, 31.7, and 26.4 kJ/mol and 0.101, 0.149, and
0.137 J/mol K, respectively, while the AG® values were
—11.1, —12.8, and —14.6 kJ/mol at 298 K (Table 2). The
amount of U(VI) ion adsorbed increased for the native, and
PEI- and amidoxime-modified algal biomass preparations
from 171.8 to 261.4, from 224.1 to 368.2, and from 329.4 to
426.9 mg/g, respectively, when the temperature was increased
from 15 to 45 °C (Table 2). The positive value of AH° showed
that U(VI) ion adsorption was endothermic and the magnitude
of AH® implies that the nature of adsorption was also physical
in nature, involving electrostatic and/or hydrophobic interac-
tions. The positive values of entropy AS° indicate the in-
creased randomness at the solid-solution interface during the
adsorption of U(VI) ion on the active sites of the algal prepa-
rations. Also, a positive entropy value represented a degree of
freedom of the adsorbed species. The negative values of AG®
indicate the spontaneous nature of adsorption between 288
and 318 K. The magnitude of AG® increased from —10.1 to
—13.2,-11.3to—15.7,and —13.2 to —17.4 kJ/mol with increas-
ing temperature from 288 to 318 K for U(VI) ion from aque-
ous solution by the native, and PEI- and amidoxime-modified
algal biomass preparation, respectively. Generally, the AG®
value is in the range of 0 to —20 kJ/mol and —80 to —400 kJ/
mol for physical and chemical sorption, respectively. The
values of AG®° of the adsorption process altered when the
temperature increased from 288 to 318 K; it can be deduced
that the adsorption of U(VI) ion on the algal biomass prepa-
rations is controlled by physical sorption. The adsorption is
spontaneous and endothermic in nature. The increase in ran-
domness at the solid/liquid interface during the adsorption of
U(VI) ion on algal biomasses and no remarkable change on
entropy occur.

Adsorption time and Kinetics

Figure 8 shows the time-dependent adsorption of U(VI) ions
on the native, and PEI- and amidoxime-modified algal bio-
masses which were obtained by monitoring the decrease of the
U(VI) ion concentration in the medium. The adsorption ca-
pacity of the algal biomass preparations increased with in-
creasing contact time, and a larger amount of uranium was
removed by algal biomass preparation within the first
40 min of contact time. Equilibrium was established in
60 min. After this equilibrium period, no significant increase
in the quantity of adsorbed U(VI) ions was observed with
increase in contact time; thus, it was characterized as the op-
timum contact time. The equilibrium amount of adsorbed
U(VI]) ions is much lower for the native algal biomass surface
as compared with both modified algal biomasses (i.e., PEI-
and amidoxime-modified). The adsorption quantities reach to
equilibrium at about 60 min with absorption quantity of about
194.6, 279.5, and 366.8 mg U(VI)/g for native, and PEI- and
amidoxime-modified algal biomass, respectively. This
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Fig. 8 Effect of contact time on the U(VI) adsorption on the native, PEI
and amidoxime modified algal preparations
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Fig. 9 Second-order kinetic plots for adsorption of U(VI) ion on the
native, PEI and amidoxime modified algal biomass preparations

observed contact time is very short, and amidoxime-modified
fungal biomass is expected to be promising for the recovery of
uranium from aqueous medium.

Kinetic models have been studied to analyze the effect of
several experimental conditions such as adsorbent weight, ini-
tial metal concentration, percentage additive used, and pH, on
the rate of reactions and the yield. The kinetic models ad-
dressed are pseudo-first-order, and pseudo-second-order, and
they have been applied to examine the rate-controlling mech-
anism of the adsorption process (Ho and McKay 1998).

The pseudo-first-order rate equation is given as

log(q.~ q,) = logg.—(k1/2.303)t (10)

where ¢, (mg/g) is the amount of metal ion adsorbed at equi-
librium, and ¢, (mg/g) is the amount of adsorbed metal ion
adsorbed at time ¢ where k; is the first-order adsorption rate

constant (min_'). The plot of log(g.—g;) versus ¢ gives a
straight line and the pseudo-first-order rate constant can be
calculate from the slope value.

The pseudo-second-order equation is given as

tlgo= (1/K x q.) + (t/q.) (11)

where k, is the second-order adsorption rate constant
(g mg ' min ') and ¢, is the adsorption capacity calculated
by the pseudo-second-order kinetic model (mg/g). The con-
stant &, is used to calculate the initial sorption rate “4” (mg/
(g min)), at t—0 by using h=kyq.. The application of the
pseudo-second-order kinetics by plotting #/g, versus ¢ yields
the second-order rate constant k, (Fig. 9).

Pseudo-first-order model given by Lagergren is rendered the
rate of occupation of the adsorption sites to be proportional to
the number of unoccupied sites. Pseudo-second-order kinetic
model assumed the chemical reaction mechanisms, and the
adsorption rate is controlled by chemical adsorption through
sharing or exchange of electrons between the sorbrate and
biosorbent. Therefore, the adsorption behavior belonging to
the pseudo-second-order kinetic model is a chemical process.

The calculated rate constants of both kinetic models are
listed in Table 3. As seen in this table, the correlation coeffi-
cients (R%) obtained from the pseudo-second-order model
were found to be higher than 0.989, making them larger than
those of the pseudo-first-order model (or the other applied
models). The results obtained from the pseudo-second-order
model were the best for describing the kinetics of U(VI) ion
adsorption (Fig. 9 and Table 3); the calculated values of ad-
sorption capacities (g a) obtained from the pseudo-second-
order model agreed with the corresponding experimental ad-
sorption capacities (e cxp)- Since, the amidoxime-modified

Table 3  Kinetic parameters for the adsorption of uranium ions from aqueous solution onto the native and modified algal preparations

Biomass sample Temp.(K) e exp (ME/2) First-order kinetic Second-order kinetic
kix10" e ca R kyx 107 de, cal hx10? R
(min")  (mg/g) (¢/mg min)  (mg/g)  (mg/g min)
Native 288 171.8 1.27 2042 0.926 1.61 221.7 3.57 0.991
298 194.6 1.01 1072 0.953 1.44 250.1 3.60 0.989
308 2283 0.92 1109 0.960 1.21 294.9 3.51 0.984
318 2614 0.95 1259 0.957 1.09 3333 3.63 0.902
PEI-modified 288 224.1 0.914 630.9 0.989 3.18 256 8.14 0.991
298 279.5 0.944 758.6 0.982 2.54 3125 7.94 0.996
308 332.6 0.980 891.3 0.982 2.05 378.8 7.77 0.995
318 368.2 0.921 993.2 0.980 1.86 413.2 7.69 0.989
Amidoxime-modified 288 329.4 1.02 630.9 0.963 425 352.1 14.9 0.997
298 366.8 1.09 691.8 0.963 4.02 384.6 15.5 0.999
308 381.7 0.96 676.1 0.957 3.86 400.3 15.4 0.998
318 426.9 1.14 7943 0.969 3.46 454.0 15.8 0.994
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algal biomass has a very high equilibrium adsorption capacity
q., and the adsorption rates for all the studied algal prepara-
tions are very fast and the equilibrium times short. The ad-
sorption capacities of the U(VI) ion at 30 min for almost all the
initial concentrations reached more than 70 % of the calculat-
ed equilibrium adsorption capacities. It should be noted that
short equilibrium time coupled with high adsorption capacity
indicated a high degree of affinity between the U(VI) and
amidoxime-modified algal biomass. The results indicated that
the adsorption of investigated U(V]) ions from aqueous solu-
tion on native and modified algal biomass followed the
pseudo-second-order model well (Table 3).

Desorption and reusability studies

To be useful in metal ion recycling processes, metal ions
should be easily desorbed under suitable conditions.
Desorption of U(VI) ion from the algal biomass preparations
was performed in a batch system. The final U(VI) ion concen-
trations in the aqueous phases were determined as described
above. When HNO;s is used as the elution agent, the coordi-
nation of chelated U(VI) ions is disrupted and subsequently
U(VI]) ion are released from the adsorbent surface into the
desorption medium. The desorption time was found to be
around 60 min. Desorption ratio was at least 94 % for the
studied algal biomass preparations.

In order to determine the reusability of the adsorbed U(VI)
by the native, and PEI- and amidoxime-modified algal bio-
mass preparations, consecutive adsorption—desorption cycles
were repeated eight times by using the same algal biomass
preparations. The adsorption capacity is stable during five
cycles of use, and a reduction in U(VI) adsorption capacities
was observed after six cycles. In other words, these algal
preparations can be used up to five adsorption/desorption cy-
cles without significant reduction in their U(VI) adsorption
capacities.

Conclusion

In this study, native, and PEI- and amidoxime-modified algal
biomass preparations were used for removal of U(VI) ion
from aqueous solutions. The PEI and amidoxime ligands were
successfully attached on the algal biomass surface via glutar-
aldehyde coupling reaction. High-density amine groups are
created on the algal cell surface after PEI and amidoxime
ligand attachment, and these ligand molecules can provide
many active adsorption sites for uranium ion, thus achieving
high sorption capacities. Thus, the interaction between the
amine groups and the uranium ion played an important role
in the adsorption process, which was verified by FTIR analy-
sis and zeta potential studies. Additionally, different important
parameters such as pH, ionic strength, biosorbent dosage,

temperature, time, and initial metal ion concentration were
investigated in order to evaluate the optimum condition for
the U(VI) ion adsorption process. Some results were given
as follows: The adsorption of U(VI) ion was sensitive to me-
dium pH, and the maximum adsorption was obtained at acidic
pH 5.0 for all the studied algal biomass preparation. A higher
U(VI) ion adsorption capacity was obtained amidoxime mod-
ified algal biomass preparation may be due to the changes in
adsorptive characteristics of the algal cell surface as a result of
amidoxime ligand attachment. The adsorption capacities, and
the theoretical monolayer sorption capacity, of the native, and
PEI- and amidoxime-modified algal biomass preparations
from D-R isotherm model equation were found to be 121.6,
270.3, and 330.4 mg U(VI)/g dry biomass, respectively. The
adsorption isotherms for the native, and PEI- and amidoxime-
modified algal preparations were described well by the D-R
equations. The adsorption of U(VI) ion on the algal prepara-
tions seems to be followed the second-order kinetic equations.
Thermodynamic parameters were also evaluated for the algal
biomass preparations and revealed that the adsorption of ura-
nium ion is endothermic in nature and spontaneous.
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