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ABSTRACT

The attapulgite (ATP) is a good adsorbent of heavy metal ion due to its high surface area, low cost
and environmental compatibility. But the natural ATP has limited adsorption capacity and selec-
tivity. In this study, a cost-effective and ready-generated adsorbent, FeCl,-modified attapulgite
(Fe-ATP), was evaluated to remove uranium ions from simulated wastewater. After prepara-
tion, Fe-ATP was characterized by fourier transform infrared spectroscopy (FTIR), scanning
electron microscope(SEM), energy dispersive X-ray spectroscopy (EDS), transmission electron
microscopy(TEM) analysis. The impacts of pH, contact time, ionic strength, temperature and
initial U(VI) concentration on the adsorption capacity of Fe-ATP beads were examined. The
adsorption kinetics of U(VI) dominated by the pseudo-second order model,and the adsorption
isotherms fitted the Freundlich isotherm. The adsorption mechanism involved chemisorption,
surface complexation and ions exchange. These results indicate that Fe-ATP bead is a cheap and
promising adsorbent for the U(VI) removal and holds potential to be used for radioactive waste-
water treatment.
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1. Introduction

With the rapid development of nuclear industry, the
production of radioactive waste could give rise to serious
pollution in environment [1]. The radioactive water released
into the natural environment could be hazardous to public
health causing detrimental sickness, such as kidney dam-
age, lung insufficiency, muscle cramp, liver damage and
even death [2,3]. Therefore, the highly efficient removal of
radionuclides from aqueous solutions has become an issue
of great concern. The adsorption technology is regarded
to be one of the most extensive and promising methods to
remove radionuclides from aqueous solution, due to the
low cost, simple design, easy operation, and high feasi-
bility [4-7]. Many types of adsorbents have been demon-
strated to have the capacity for U(VI) adsorption, however,
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the adsorption capacities of these adsorbents are not suffi-
ciently high or they are not cost-effective [8-12]. Therefore,
more efficient and cost-effective adsorbents with a high
adsorption capacity are highly needed for U(VI) removal
from wastewater.

ATP is a kind of hydrated octahedral layered magne-
sium aluminum silicate mineral with exchangeable cat-
ions in its framework channels and reactive -OH groups
on its surface. It is a type of natural fibrous silicate clay,
consisting of two double chains of the pyroxene-type
(6i0,)* like amphibole (5i,0,,)* running parallel to the
fibre axis [14]. ATP with high ion exchange capacity and
rich reserve in the world (up to 1.5 hundred million tons)
has been widely used to manage environment in recent
years [13-15]. In the last decade, ATP or modified ATP
has been investigated as an adsorbent in the removal of
organic contaminants, heavy metal ions and radionu-
clides from aqueous solutions by using batch and spec-
troscopy techniques [16-25].
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However, the limited adsorption capacity and easy
coagulation still hinder the application of ATP in envi-
ronmental cleanup. Sodium alginate (SA), as a bountiful
renewable resource, has attracted the attention of scientific
researchers to be prepared as adsorbent for the removal of
U(VI). SA is preferred over other materials because of its
biodegradability, hydrophilicity and abundance in nature
[26-29]. It is expected that nanoscale composite of SA with
ATP could improve the type and amount of hydrophilic
groups, network structure and properties of super adsor-
bents. But few studies combined ATP with SA to adsorb
U(VI) from solution.

Herein, the Fe-ATP, synthesized and granulated with
SA, was used as adsorbent to remove U(VI) ions from waste-
water. The influences of contact time, pH, ionic strength,
temperature and initial U(VI) concentration on U(VI) ions
adsorption were researched. The adsorption mechanism of
U(VI) on Fe-ATP bead was discussed in detail. This work
may lead to the development of cheap and efficient radio-
nuclide adsorbents for the treatment of wastewater and
other radionuclide wastewaters.

2. Materials and methods
2.1. Materials

ATP used in this study was obtained from XuyiCity,
Jiangsu Province, China. The UO,(NO,),-6H,O was pur-
chased from Chushengwei Chemical Co. Ltd. (Wuchang,
China). Uranium stock solution of 1 g L™ was prepared by
dissolving UO,(NO,),-6H,O in deionized water. The FeCl,
was purchased from Fuchen Chemical reagent Co. (Tian-
jin, China). The other reagents were all analytical grade
and purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China).

2.2 Synthesis of Fe-ATP beads

Original ATP was purified according to the previous
method [30] and sieved to 200 British Standard Sieve (BSS)
meshes. Then the purified ATP was mixed with 2 mol L
of FeCl, solution (prepared by the dilute hydrochloric acid)
with the ratio (V ., . uion ML)/ W,1(g)) of 5:1 to exchange
the interlayer cations of ATP with Fe*. The mixture reacted
for 90 min by magnetic stirring (H01-1B, Shanghai Mei
Yingpu Instrument Manufacturing Co., Ltd, Shanghai,
China) and dispersed in an ultrasonic bath (KQ-250DB, Kun
Shan Ultrasonic Instruments Co., Ltd, Kunshan, China) for 1
h at 308 K. The mixtures centrifuged at 3300 rpm for 15 min
(Biofuge primo R, Thermo Sorvall, Shanghai, China). The
precipitate was washed repeatedly to remove the water-sol-
uble particles. The Fe-ATP was aged for 2 h at 353K and
then dried, crushed, and sieved to the particle size of a 100-
mesh screen. The Fe-ATP powder mixed with sodium alga
acid, dropped in the calcium chloride solution at constant

Table 1
The main oxide content of ATP(%)
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velocity to form the beads. The beads dried 2 h under 383 K
and stored in an airtight container until further use.

2.3 Batch experiments

The batch adsorption experiments were carried out by
adding a fixed amount of Fe-ATP beads (0.06 g) to a series
of 250-mL conical flasks filled with 100 mL U(VI) diluted
solution (0.5-10 mg L). The conical flasks were then sealed
and shaken at 200 rpm at 308 K for the required time. Sam-
ples were collected at a given time interval and immediately
analyzed after filtered through 0.45 um Millipore membrane
to remove suspended particles. The concentration of U(VI)
solution was measured by spectrophotometric method
(WGJ-1II, Daji photoelectric instrument co., LTD, Hangzhou,
China) referred to the method of Xiang et al. [31]. The adsorp-
tion percentage (adsorption, %) and adsorption capacity (Q,,
mg g™') could be calculated from Egs. (1) and (2), respectively.

_Vx(G-C) 1)
' m
C,—-C
Adsorption(%) = % x100% @)

0

where C; and C, (mg L) are the initial concentration and
residual concentration of U(VI), respectively, the m(g) is
the mass of the adsorbents, and V (L) is the volume of the
adsorption system.

The initial concentration was set to 0.01, 0.05, 0.1, 0.5,
1.0, 5.0 or 10.0 mg L', while the initial pH was set at 2, 3,
4,5,7,9 or 11 to investigate the effects of these factors on
the adsorption of Fe-ATP beads. The pH of solution was
adjusted by NaOH and HNO,. All experiments were rep-
licated three times.

2.4. Analytical methods

Raw ATP and Fe-ATP were characterized by SEM-EDS
(Hitachi S-4800/EX-350, Suzhou, China) and TEM (Tecnai
G2 20,FEI Company, Hillsboro, USA) to analyze the size
and morphology of the adsorbents in this work. The surface
functional groups were identified by FTIR (Nexus 670, Nico-
let, USA). The structures of ATP and Fe-ATP were analyzed
by XRD(X' Pert PRO MPD, PANalytical B. V., Netherlands).

3. Results and discussions
3.1. Characteristics of the adsorbents

SEM micrographs of raw ATP bead and Fe-ATP bead
are shown in Fig. 1. The SEM images showed that there
were no obvious differences on the surface between the ATP
bead (not shown) and Fe-ATP bead. The surface of Fe-ATP
bead performed irregularly concave-convex and there were
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Fig. 1. SEM of the Fe-ATP bead.

Fig. 2. TEM of the ATP(a) and Fe-ATP(b).

rather abundant of folds and pores to provide more chances
for ionic sorption during the adsorption process.

In order to study the variation on structures of the ATP
and Fe-ATP, TEM analysis was further employed in this
research. Fig. 2 shows the TEM images of ATP and Fe-ATP.
The nano-structures of ATP and Fe-ATP were observed.
Some rods were densely overlapped and randomly ori-
ented, and the morphology resembled rod fibres. It is clear
that the loading of Fe*" ions were on the surface of active
sites of Fe-ATP.

The elemental compositions of the materials were
obtained with EDS analysis, and the spectra are shown in
Fig. 3. The results showed that C, Ca, Si, O, Mg, Al and
K were the major elements of adsorbent beads. However,
U uniquely presented in the EDS spectra of Fe-ATP after
U(VI) adsorption, which indicated that the U(VI) ions had
been adsorbed onto the Fe-ATP bead.

One important characteristic of adsorbent is the surface
functional groups, which is largely characterized by the

FTIR spectroscopy method [32]. Fig. 4 shows the FTIR spec-
tra of the ATP, Fe-ATP and Fe-ATP after U(VI) adsorption.
The absorption bands appearing at 3405 cm™ is attributed
to the stretching of the O-H associated to zeolitic water of
the clay mineral [33]. The band centered at 1637.46 cm™ was
assigned to the bending deformation of the zeolitic water
molecules [34,42]. The band at 3553 cm~!were attributed to
the vibrations of hydroxyl groups M-OH (M = Al, Al-Mg,
Al-Fe*, Mg, Fe*) [36-42]. The peak at 1430 cm™ was the
characteristic peak of carbonate ion. The characteristic peak
of 5i-O was splited into two peaks at 1031 cm™ and 981 cm™
respectively, which illustrated that there were two connec-
tion modes of Si-O in the ATP [43]. The band at 914 cm™
was attributed to M-OH deformation [44]. The peaks at 510
cm™and 476 cm™ were the specific adsorption peak of ATP.
The band at 880 cm™ was attributed to the vibrational mode
of Al-Fe-OH [45]. These data were fundamental to confirm
the ATP structure. Fig. 4 showed that after Fe-modified
the characteristic peaks at 476 cm™ disappeared. Due to
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Fig. 3. EDS spectra of ATP bead (a), Fe-ATP bead (b) and after U (VI) adsorption (c).

the unity of Fe** and carbonate ion the peak at 1430 cm™
disappeared or weakened. The peak at 903 cm™ presented,
which also belonged to the stretching vibration of uranyl
ions [46].

As shown in Fig. 5, the XRD pattern of ATP changed
weakly after it was modified by ferric chloride. The
characteristic diffraction peaks of ATP were found, and
the strong diffraction peaks at 26 = 8.49°, 13.90°, 19.85°,
28.03° and 35.32° could be ascribed to (110), (200), (040),
(400) and (161) (PDF No. 00-021-0550) respectively, indi-
cating the highly layer chain structure of ATP [46]. The
peak (200) had the interplanar distance of d = 6.30 nm
which was attributed to the basal plane of ATP structure
[47,48]. The intergrowth-minerals of montmorillonite
(50.19°) and quartz (26.6°) was also found in the ATP. The
peaks at 2 =18.20°, 39.06° and 42.50°might be assigned to
Fe-ATP composites.

3.2. Effect of contact time on U(VI) adsorption

The impacts of contact time on the U(VI) adsorption are
depicted in Fig.6. The initial U(VI) adsorption rate of Fe-ATP
bead was more rapid compared to those of ATP bead, with
more than 75% adsorption was achieved within 30 min. Such a
rapid adsorption was probably attributed to the surface physi-
cal adsorption and chemical reactive adsorption as an immedi-
ate interaction between U(VI) ions and the reactive groups on
the adsorbent surface [49]. With the adsorption sites approach-
ing saturated, the U(VI) adsorption capacity of 8.19 mg g™ was
achieved after reaching adsorption equilibrium at 8.0 h.

3.3. Effect of pH and ionic strength on U (V1) adsorption

The pH of the aqueous solution is an important param-
eter for the adsorption of metal ions. It can affect the surface
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Fig. 4. FT-IR spectra for ATP and Fe-ATP before and after U(VI)
adsorption.
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Fig. 5. The XRD patterns of ATP and Fe-ATP.

charge, the metal speciation and surface metal binding sites.
The influences of pH on U(VI) adsorption by the adsorbent
areillustrated in Fig. 7. The adsorption of U(VI) on ATP bead
was strongly affected by pH and ionic strength. Adsorption
of U(VI) increased quickly at pH 2-5, reached the maximum
sorption at pH 67, and then decreased with increasing pH
at pH > 7. The reason was that at lower pH value, the H* of
solution would be rich and combined with -NH, to form
-NH,*, which reduced the activity of adsorption site. So the
competition between H,O*and UO,* limited the adsorp-
tion efficiency of U(VI) ions [50]. The (UO,),(OH), anions
increased at pH > 8. These anions were known for their low
sorption affinity and easily formed clath rate with CO> or
HCO,, so the amount of U(VI) adsorption decreased [51].
Therefore, the subsequent experiments was set at pH 5.5.

The influences of ionic strength on the U(VI) adsorption
performance are shown in Fig. 8. The adsorption of U(VI)
was the highest in 0.001 M NaCl solution, and the lowest
in 0.5 M NaCl solution. These results suggested that ion
exchange contributed to the adsorption of U(VI) by ATP
bead and Fe-ATP bead from solution. The adsorption of
U(VI) by ATP bead and Fe-ATP bead was mainly via ion
exchange with hydrogen and sodium ions that saturated
the exchange sites [52-54].
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Fig. 6. The effect of contact time on adsorption of U(VI) on ATP
bead and Fe-ATP bead (C: 5 mg L; m: 0.06 g; T: 308K; 200 rpm).
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Fig. 7. The effect of pH on adsorption of U(VI) on ATP bead and
Fe-ATP bead (C: 5 mg L™; m: 0.06 g; T: 308K; 200 rpm).

The pH and ionic strength affected the adsorption of
U(VI) on ATP bead and Fe-ATP bead obviously, which sug-
gested that the adsorption of U(VI) was dominated by sur-
face complexation and ions exchange [55-57].

3.4. Effect of initial U(VI) concentration on U(V1) adsorption

The initial concentration provides an important driv-
ing force to overcome all mass transfer resistance of metal
ions between the aqueous and solid phases [58]. Fig. 9
illustrated the influence of initial U(VI) concentration on
the U(VI) adsorption. With increase of initial U(VI) con-
centration from 0.01 to 10.0 mg L', the adsorption capac-
ity of U(VI) on ATP bead and Fe-ATP bead increased
rapidly. The sharp increase in adsorption capacity at a
high U(VI) concentration was due to the increased con-
centration gradient at the solid-liquid interface [59]. Due
to the depletion of active sites on the surface of ATP bead
and Fe-ATP bead, the adsorption reached equilibrium.
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Fig. 8. The effect of ionic strength on adsorption of U(VI) on ATP
bead and Fe-ATP bead (C: 5 mg L; m: 0.06 g; T: 308K; 200 rpm).
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Fig. 9. The effect of Initial U(VI) concentration on adsorption of
U(VI) on ATP bead and Fe-ATP bead (C: 5 mg L™; m: 0.06 g; T:
308K; 200 rpm).

And the adsorption capacity of U(VI) on Fe-ATP bead
was higher than that of U(VI) on ATP bead.

3.5. Effect of temperature on U(VI) adsorption

As seen from Fig. 10, the adsorption increased with
the rise of temperature, indicating that the adsorption
process of U(VI) on ATP bead and Fe-ATP bead was
endothermic. According to the ambient temperature, the
experimental temperature was controlled at around 308
Kin all experiments (except this experiment). In compar-
ison with the raw ATP bead and Fe-ATP bead, the Fe-ATP
bead had better adsorption capacity, which indicated the
modification by FeCl, enhanced adsorption ability of
uranium ions.

3.7. Kinetic of uranium

One practical requirement for removal of uranium in
aqueous solution is that the kinetics of reactions must be
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Fig. 10. The effect of temperature on adsorption of U(VI) on ATP
bead and Fe-ATP bead (C: 5 mg L; m: 0.06 g; T: 308K; 200 rpm).

fast. A slow reaction rate would require a prohibitively thick
barrier to extend the contaminant’s residence time [60,61].

Three kinetic models, including pseudo-first-order,
pseudo-second-order and intra-particle diffusion mod-
els, were conducted to fit the experimental data of U(VI)
adsorption on Fe-ATP. Linear mathematical expressions of
these models are given in Egs. (3)-(5):

In(g,, —g,)=Ing,, —k;t (3)

i: 1 +L (4)

q kzqezz Ge2

g, =kt +C ®)

where the g, and g, (mg g™') are the amounts of the uranium
ions adsorbed at t time (min) and equilibrium, respectively,
and k, (min™) is the pseudo-first-order rate constant of the
equation. k, (g mg™* min™) is the second-order rate con-
stant. K, (mg g' h™"?) is the rate constant for the intraparti-
cle transport. The C is the adsorption constant. Pseudo-first
and pseudo-second order models are macroscopic kinetic
models commonly used for describing adsorption process
[62,63]. The resistance of intra-particle diffusion is rate-de-
termining step. If a straight line (passing through the point
of origin) is obtained, therefore, adsorption of the U(VI) ions
onto the Fe-ATP bead follows a diffusion mechanism [64].

The plots of the pseudo second-order model and
intra-particle diffusion kinetics model for the above equa-
tions are shown in Fig. 11 and Fig. 12, and the kinetic
parameters were calculated from the linear equation as
shown in Table 2. Based on the obtained correlation coeffi-
cients (R?), the experimental data were best fitted well with
the pseudo second-order model since the R? values for ATP
bead and Fe-ATP bead were 0.9999 and 0.9957, respectively.
The pseudo-first order equation for the sorption of liquid
solid system based on solid capacity did not fit well (plot
not shown).

According to the pseudo-second-order model, the
adsorption processes could be considered as the rate-lim-
iting step and the chemisorption involving valence forces
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through the sharing or exchange of electrons between
adsorbent and adsorbate could be deemed to one of the
adsorption mechanisms [56,64]. The equilibrium adsorp-
tion amounts and rates could also be calculated by the men-
tioned models, it could be clearly seen that the equilibrium
adsorption amount for ATP bead and Fe-ATP bead were
6.14 and 8.22 mg g, respectively. The results were quite
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Fig. 11. Pseudo-second-order kinetic plot for the adsorption of
U(VI) on ATP bead and Fe-ATP bead.
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Fig. 12. Intra-particle diffusion kinetics model on adsorption of
U(VI) on ATP bead and Fe-ATP bead.

Table 2
Parameters of kinetic model for the adsorption of U(VI) on beads
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agreement with the experimental data. There was no deny-
ing that the Fe-ATP took the advantages in immobilization
of uranium from aqueous solution. More importantly, the
adsorption rate for Fe-ATP bead was 0.5381 g mg™' min™,
which was much greater than ATP bead. It could be con-
cluded that the immobilization of U(VI) onto Fe-ATP bead
took the both preferable capacity and adsorption rate, lead-
ing to the advantage in practical application of Fe-ATP bead
for immobilization of uranium.

Considering the intra particle diffusion model, the
R? for the ATP bead and Fe-ATP bead were ranged from
0.9028 to 0.9984. The adsorption of U(VI) on ATP bead and
Fe-ATP also could be fitted by the intra particle diffusion
model. But the lines did not pass through the point of
origin from Fig. 12. In this study, the adsorption of U(VI)
onto the solid adsorbents did not only follow a diffusion
mechanism [64]. This deviation from the origin or near sat-
uration might be due to the difference in the rate of mass
transfer between the initial and final stages of adsorption,
being consistent with pseudo-second order model. In
addition, such deviation from the origin indicated that the
pore diffusion was not the rate-limiting step [65]. These
results indicated that intra particle diffusion and film dif-
fusion were both the rate-limiting steps for U(VI) diffusion
on the Fe-ATP bead [66,67].

3.8. Equilibrium adsorption

The initial concentration is one of the important driv-
ing forces to overcome the mass transfer resistance of
U(VI) ions between the aqueous solution and solid phase.
The effect of initial U(VI) concentration on adsorption was
investigated at 308 K and is shown in Fig. 9. The adsorption
capacity increased to 14.47 mg g™ when the initial concen-
tration increased to 10 mg L™, while the adsorption capacity
for ATP was 8.56 mg g™'. The Langmuir equation and Fre-
undlich equation [68,69] were shown in Egs. (6) and (7) to
describe the adsorption isotherms.

C_1.,% (©)
9. ab 9

1
logg, =logK, + ;log C, @)

where C, is the equilibrium concentration (mg L), g,is
the equilibrium U (VI) adsorption capacity (mg g™), g,is

Pseudo-first-order

Pseudo-second-order

q, k (mg g min™/?) R}? q, k (mg g™ min™/?) R}?
ATP 0.3766 0.2052 0.8964 6.1402 0.3208 0.9999
Fe-ATP 0.2756 0.2523 0.7707 8.2236 0.5381 0.9957
Intra-particle diffusion
k, (mg g* min™/?) C, R} k, (mg g* min™/?) C, R}?
ATP 4.7274 0.0922 0.9984 0.3894 4.6287 0.9028
Fe-ATP 5.7258 0.9199 0.9828 0.8512 5.0042 0.9097
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Fig.13. Freundlich isotherm of U(VI) adsorption on ATP bead
and Fe-ATP bead.

Table 3
The constants and correlation coefficients for theadsorption of
U(VI) on beads

Langmuir Freundlich
q, b r? k n T2
(mgg’) (Lmg?

ATP -1.791 —2.2952 09072 23882 1.099 0.9790

Fe-ATP 160.77 0.0846 0.6498 2.7626 11363 0.9135

the saturated monolayer adsorption capacity (mg g™). b
is the Langmuir constant (L mg™"), and relates to adsorp-
tion capacity and rate of adsorption. K; is the Freundlich
constant, relating to the adsorption capacity [(mg g™)
(L mg™)"/"]. n represents the adsorption intensity. The
Freundlich model is suitable for the non-ideal adsorp-
tion on the heterogeneous surfaces as well as multilayer
adsorption.

The detailed parameters calculated from the two
models were shown in Table 3. Clearly, the Freundlich
model fitted the experimental data better than Langmuir
model for ATP bead and Fe-ATP bead. These results
indicated that the adsorption of U(VI) onto ATP bead
and Fe-ATP bead was homogeneity as well as multilayer
adsorption [70]. Fe-ATP bead could be an economic
adsorbent for the practical and large-scale application in
immobilization of uranium.

4. Conclusion

Sodium alginate coated Fe-ATP bead were applied to
remove U(VI) ions from the solutions. The result of this
study showed that the adsorbent of Fe-ATP bead exhib-
ited higher adsorption capacity compared to raw ATP.
The adsorption performance of Fe-ATP bead was strongly
affected by environmental conditions, such as pH, ionic
strength, contact time, temperature and initial uranium
concentration. The maximum capacity of the Fe-ATP bead
was observed at pH 5-7. The adsorption datawell fitted by

the pseudo-second order equation and Freundlich model
isotherms. The adsorption of U(VI) ions onto Fe-ATP was
homogeneity as well as multilayer adsorption. Taking into
account the low-cost and high adsorption capacity, Fe-ATP
bead could be considered as potential adsorbent for the
removal of uranium from wastewater.
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