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� Akadémiai Kiadó, Budapest, Hungary 2018

Abstract
Natural palygorskite has a restricted adsorption capacity. The uranium ion removal ability of thermally modified paly-

gorskite (T/Pal) beads from simulated wastewater was evaluated. T/Pal and T/Pal beads were characterized by several

analytical methods. The influence of pH, contact time, temperature, and initial U(VI) concentration on the adsorption of

T/Pal beads was investigated. The adsorption efficiency of U(VI) by T/Pal beads reached 99% within 20 min and the

adsorption capacity was 20.23 mg g-1 at 313 K. The reusability of T/Pal bead was demonstrated by five sorption–

desorption cycles. T/Pal beads are promising, economical adsorbents for the recovery of U(VI), and for radioactive

wastewater decontamination.
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Introduction

Radioactive waste results from the nuclear power, iatrical,

and military schemes as well as industrial activities [1–3].

Radioactive waste poses a serious threat to the environment

and human health [3–5]. U(VI) is the primary heavy metal

contaminant in wastewater and groundwater around dis-

posal sites. The recovery of U(VI) ions from wastewater

attracted great attention due to their long half-life, high

toxicity, and regeneration as an energy resource [1, 5, 6].

Several adsorbents have been employed to recover the

radioactive contaminants from wastewater, including

multilayer titanate nanotubes [7], chelating weak base resin

[8], hydroxide/graphene hybrid material [9], functionalized

magnetic mesoporous silica nanoparticles [10], hematite

[11], chitosan beads [12], biochar [13], and bituminous

shale [14]. However, the above adsorbents, due to complex

manufacturing processes, expensive costs, secondary

pollution and poor persistence, are unsuited to application

in practical engineering.

Palygorskite (Pal) is a natural non-metallic clay mineral

with large superficial area, multiaperture structure and

great cation exchange capacity [15–19]. Hence, Pal has

excellent absorbability of metal ions, such as Cu, Ca, Sb, U

and Th [20–22]. The heat treatment technique can modify

the structure of palygorskite, removing water, hydroxyl

groups, and impurities at different temperatures [3, 23, 24].

The activity of palygorskite was improved [25–27]. Ther-

mally treated palygorskite at different temperatures was

superior to untreated palygorskite in enhancing the wear

resistance of Polytetra fluoroethene (PTFE) [24]. Thermal

treatment methods change the inner surface of the tunnel-

like structure of Pal, improving its surface area to over

300 m2/g, as well as its adsorption capacity [29, 30].

However, the treated palygorskite powders were difficult to

separate from wastewater, and filtration or high-pressure

filter methods would increase costs in practical applica-

tions. Therefore, it is imperative to seek a method to easily

separate palygorskite from wastewater.

Sodium alginate (NaAlg), an anionic natural macro-

molecule, is comprised of b-D-mannuronic (M units) and a-
L-guluronic (G units) by 1–4 linkages [27]. NaAlg, a nat-

ural polysaccharide, is renewable, abundant source, non-

toxic, water-soluble, biodegradable and biocompatible.

Because of these advantages, NaAlg has attracted
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significant attention in the environmental fields. Wang

et al. [28] applied alginate-based Pal foams as efficient

adsorbents for the decontamination of heavy metal-pol-

luted wastewater. Shao et al. [29] utilized engineered

NaAlg-based beads to adsorb toxic metal ions and cationic

dyes. However, the study of the application of sodium

alginate-palygorskite to U(VI) removal is rare.

Herein, the U(VI) adsorption behavior of sodium algi-

nate-thermally treated palygorskite was studied. The pur-

pose of this research was (1) to synthesize sodium alginate-

thermally treated palygorskite beads and to study their

characteristics using SEM (Scanning Electron Micro-

scope), EDS (Energy Disperse Spectroscopy), TEM (En-

ergy Disperse Spectroscopy), XRD (X-Ray Diffraction)

analysis and other physical and chemical analysis methods;

(2) to explore the adsorption theory of U(VI) ion adsorp-

tion by T/Pal beads; (3) to identify the dynamic conditions

of U(VI) ion adsorption on T/Pal beads by simulated

columns.

Experimental

Materials

Pal was gained from Xuyi, Jiangsu Province, while the

UO2(NO3)2�6H2O and other chemicals were purchased

from Sinopharm Chemical Reagent Beijing Co. Ltd.

(Beijing, China). 1.0 g L-1 of U(VI) stock solution was

produced by solubilizing UO2(NO3)2�6H2O powder in

deionized water.

The synthesis of modified Pal

10 g of palygorskite was pulverized and sieved through a

100 mesh sieve. The pulverized palygorskite was placed in

a 400 mL beaker, with deionized water and 0.3 g of

(NaPO3)6 as dispersants. The mixed solution was stirred for

30 min using a magnetic stirring apparatus (Shanghai

Zhenrong Science Instrument Co. Ltd) and dispersed for

1 h using ultrasonic instrumentation (Hangzhou Farrant

Ultrasonic Technology Co. Ltd.). The solution was cen-

trifuged for 15 min at 3300 r min-1 and dried for 3 h in an

oven (65 �C). The dried palygorskite was pulverized,

sieved through another 100 mesh sieve, and sealed for use.

The purified palygorskite (T/Pal) was calcinated at the

desired temperature (100, 200, 300, 400 �C) in a muffle

furnace and sealed in a hermetic bag for the following

experiments, after cooling. The T/Pal powder was mixed

with sodium alga acid and added dropwise into the CaCl2
solution at a constant velocity to form the T/Pal beads. The

beads were dried for 2 h at 110 �C and stored in sealed

bags until further use.

Batch experiments

A fixed number of beads (0.05 g) was added to vials with

10 mL U(VI) diluted solution (10–100 mg L-1). The vials

were shaken at 150 rpm at 25 �C for a set time(10, 20, 30,

60, 180, 300 min). The supernatant was sampled at a reg-

ular interval and the concentration of U(VI) was measured

by spectrophotometry (WGJ-III, Daji Photoelectric Instru-

ment Co., Ltd, Hangzhou, China) after filtering through

0.45 lm microfiltration membranes. The adsorption effi-

ciency (Adsorption, %) and adsorption capacity (qt,

mg g-1) were obtained from Eqs. (1) and (2), respectively.

qt ¼
V � C0 � Ctð Þ

m
ð1Þ

Adsorption %ð Þ ¼ C0 � Ctð Þ
C0

� 100% ð2Þ

where C0 (mg L-1) is the initial concentration, Ct (mg L-1)

is the residual U(VI) concentration, m (g) is the weight of

the beads, and V (L) is the volume of the adsorption system.

The initial U(VI) concentrations were set to 10, 20, 50,

100 mg L-1, and the pH of reaction solution was set at 2, 3,

4, 5, 7, 9 and 11 to inspect the influence of the initial

concentration and pH on the adsorption of U(VI) ions by

the T/Pal beads. The pH of system was adjusted by NaOH

and HNO3. All experiments were repeated three times.

Characteristics of the sorbent

The modified Pal was characterized by SEM–EDS (Hitachi

S-4800/EX-350, Suzhou, China)and TEM (H-7650, Hita-

chi Company, Japan) to analyze the size and morphology

of the adsorbents in this work. The structure of the modi-

fied Pal was analyzed by XRD (X’ Pert PRO MPD,

PANalytical B. V., Netherlands). The TG–DTA of Pal was

analyzed by thermo gravimetric analyzer (TGA-101,

Nanjing Dazhan Institute of Electromechanical Technol-

ogy, China).

Sorption–desorption experiments

Several sorption–desorption cycles were performed at pH

6. To maintain the same experimental conditions, two

mother liquids were prepared: (1) a fixed concentration of

U(VI) (100 mg L-1) at pH 6. (2) The eluent agent (0.1 M

HCl solution at pH 1). After each desorption procedure, the

T/Pal beads were washed with water to remove the

redundant eluent on the surface of the T/Pal beads. The

efficiency of the elution was determined by calculating the

ratio of desorbed mass to sorbed mass.
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Dynamic column

The glass columns (inner diameter: 2.1 cm) were filled

with the T/Pal beads up to a height of 6.5 cm. The pore

volume of the column was calculated by full water test.

The U(VI) solution (10 mg L-1) was delivered by a peri-

staltic pump (0.016 L h-1) at 25 �C in the up-flow mode.

After dynamic adsorption experiments, the saturated col-

umn was washed downwards using the eluent solution.

The breakthrough curve represents the behavior of

U(VI) adsorption onto the sorbents; it is plotted as the ratio

of effluent concentration to inlet concentration (Ct/C0) as a

function of the experimental time t (the influent/pore vol-

ume of the column, called pore volume, PV).

Results and discussions

Pal characteristics

The characterization of the T/Pal beads is shown in Fig. 1.

As can be seen from Fig. 1a, b, a rod-like shape,

200–1000 nm long was observed. Compared with natural

Pal, the rod structure of the T/Pal was clearer. At high

temperatures, low-stability impurities are eliminated from

the structure, making the angles of the outline of T/Pal

clearer [31, 32]. According to the crystal structure of Pal,

water exists in five states in Pal, which increase in stability

in the following order: surface adsorption water, zeolitic

water, adsorption water, crystal water and bound water

[19, 33]. Figure 1c shows the TG (Thermogravimetry) and

DTA (Differential Thermal Analysis) curves for Pal in an

inert environment with a temperature of 20–800 �C. The
zeolitic water existed in the voids of the Pal structure and

the water adsorbed on the outer surfaces was totally

removed above 200 �C, resulting in a mass loss of 9.1%.

From 230 �C to 481 �C, the crystal water was desorbed.

Due to the crystal water desorption, the Pal structure folds.

There is one endothermic peak at about 450–500 �C for

Pal. In the high-temperature region ([ 600 �C) an

endothermic effect (at about 800 �C) is immediately fol-

lowed by an exothermic maximum. According to the XRD

results (Fig. 1d), at 400 �C, the characteristic diffraction

peaks (110), (200), (040), (400) and (161) of Pal were

weakened. The higher temperature ([ 400 �C) treatment

would make the structure of Pal collapse, and lose amount

of adsorption sites, while the lower temperature(\ 400 �C)
treatment would not thoroughly clean the impurities in the

channel of Pal. Moreover, the adsorption of U(VI) ions by

T/Pal treated at 400 �C was best (Fig. S1). Thus, 400 �C
was the optimum processing temperature.

Figure 2 showed that the inner diameter of the T/Pal

bead was about 1.53–2.35 mm, and the surface of the bead

was irregular and flocculent. The surface of the T/Pal bead

Fig. 1 The characterization of

T/Pal (a and b TEM of Pal and

T/Pal; c TG–DTA results;

d XRD patterns)
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was slightly changed before and after the adsorption of

U(VI) ions (Fig. 2a and b). Comparing Fig. 2e and f, it is

clear that the EDS results show that U(VI) ions exactly

adsorbed onto the T/Pal beads.

Impacts of contact time

Figure 3a showed that the initial U(VI) adsorption rate

onto T/Pal was more rapid at 313 K, and within 10 min the

adsorption efficiency of U(VI) ions reached 90%,

Fig. 2 The SEM and EDS

images of T/Pal beads (a, c and

e represent the data of the T/Pal
beads before adsorption; b,
d and f represent the data of the
T/Pal beads after adsorption.

The red box represents the

location of the energy spectrum

tests). (Color figure online)
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evidencing the rapid adsorption capacity of T/Pal.

Although it was hypothesized that the adsorption of U(VI)

ions by T/Pal beads was endothermal, the adsorption effi-

ciency at 278 K remained close to 100%. The rapid

adsorption was ascribed to the external physical adsorption

and chemical adsorption between the U(VI) ions and the

active groups on the T/Pal beads [34, 35,36]. In Fig. 3b the

U(VI) adsorption onto the T/Pal beads was a little slower,

but within 20 min the adsorption efficiency reached 99%.

Due to the greater surface area of the T/Pal powder, there

were more contact opportunities with U(VI) ions compared

to T/Pal beads. The adsorption of U(VI) ions onto the T/Pal

beads was also a rapid process.

Impacts of pH

The pH of the water could influence the surface charge of

the adsorbent, the form of the metal, and the external

sorption sites. Figure 4 indicates the influence of pH on

U(VI) ion adsorption by T/Pal beads. The sorption of

U(VI) ions on T/Pal was strongly influenced by pH of

water (Fig. 4). The adsorption efficiency increased rapidly

from pH 1 to pH 7, reaching the maximum at pH 7, and

then declined with further increases in pH. However, the

T/Pal beads were able to buffer the solution pH better than

the powder. The adsorption rate of these beads reached

more than 90% at pH 4, possibly due to the electrostatic

attraction between the U(VI) ions and the electronegative

groups (-COO- and -SO3
-) on the T/Pal beads. The

T/Pal beads were able to adapt to a broad pH range, and

maintained a high adsorption rate and stability during the

treatment of U(VI) polluted environments [31].

The adsorption of U(VI) ions onto the T/Pal beads could

be explained by electrostatic binding. The scatter model of

U(VI) ions in water was counted by Visual MINTEQ ver.

3.0 (Fig. 5a); the main species of U(VI) ions at pH\ 4.0

was UO2
2?, whereas the hydrated U(VI) ion forms, such as

UO2(OH)3
-, UO2(OH)4

2-, appeared during pH 5.0–8.0.

When the pH exceeded 8.0, more electronegative forms,

such as (UO2)3(OH)7
-, occurred. The isoelectric point of

T/Pal was 7.26, while the net surface charge of the T/Pal

beads was positive at pH\ 5.0. Due to the repulsion

between the surface of the T/Pal beads and UO2
2?, the

adsorption of U(VI) onto the T/Pal beads became negative

with the decline of UO2
2?. The most rapid adsorption

between U(VI) and T/Pal beads was at 5.0\ pH\ 7.26,

due to the attraction between the positively charged T/Pal

surface sites and the electronegative U(VI) ions. Never-

theless, at pH[ 7.26, adsorption declined due to the

repulsion between the electronegative T/Pal adsorption

sites and the negatively charged U(VI) forms. These anions

Fig. 3 The impact of contact time on U(VI) ion sorption by a T/Pal and b T/Pal beads

Fig. 4 Impacts of pH on U(VI) ion adsorption by T/Pal and T/Pal

beads
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were known for their low sorption affinity and their affinity

for forming clathrates with CO3
2- or HCO3

-, so the U(VI)

adsorption remained high.

Adsorption kinetics

Kinetic models [37, 38, 39, 40] (pseudo-first-order,

pseudo-second-order and intra-particle diffusion models)

were applied to fit the actual data of U(VI) ion sorption

onto T/Pal beads. The expressions used are shown in

Eqs. (3)–(5):

lnðqe1 � qtÞ ¼ ln qe1 � k1t ð3Þ
t

qt
¼ 1

k2q
2
e2

þ t

qe2
ð4Þ

qt ¼ kit
1=2 þ C ð5Þ

where qt (mg g-1) is the U(VI) adsorption capacity at time

t (min), qe (mg g-1) is the U(VI) adsorption capacity when

the adsorption reaches equilibrium, k1 (h-1) is the rate

constant of the pseudo-first-order model, k2 (g mg-1 h-1)

is the rate constant of the second-order model. ki
(mg g-1 h-0.5) is the rate constant of the intraparticle

transport model, and C is a constant. The pseudo-first and

pseudo-second order models are macroscopic models, and

are usually applied to describe the adsorption process

[41, 42]. The construction of intra-particle diffusion is the

rate-determining step [39].

The plots of the pseudo-first-order model, pseudo-sec-

ond-order model and intra-particle diffusion kinetics model

for the above equations are shown in Fig. 6, and the

parameters used in the linear equations are given in

Table 1. As can be seen from the correlation coefficients

(R2), the adsorption process was best described by the

pseudo second-order model.

As the sorption of U(VI) to the T/Pal beads was best

described by the pseudo-second-order model, one of the

adsorption mechanisms was likely exchange of electrons

between the adsorbent and adsorbate [40], and the rate-

controlling step of U(VI) ion sorption onto the T/Pal beads

was chemisorption, rather than mass transport. The

adsorption capacity and rates could also be calculated by

Eqs. (3)–(5); the adsorption capacity of the U(VI) ions

obtained by the pseudo-second-order kinetic equation was

in total agreement with the experimental data. More

importantly, the adsorption of U(VI) ions onto the T/Pal

beads was rapid. The adsorption rate was up to

10.23 g mg-1 h-1 at an initial concentration of

100 mg L-1. The adsorption of U(VI) ions onto the T/Pal

beads took advantage of a preferable adsorption capacity

and adsorption rate.

The qt versus t
1/2 plot would pass through the origin if

intra-particle diffusion was the only rate-controlling step.

As shown in Fig. 6c, the plots were not linear and were

comprised of two stages. The adsorption rate was rapid

during stage I and up to 34.52 g mg-1 h-0.5 at an initial

concentration 100 mg L-1. The first stage was ascribed to

the diffusion of U(VI) ions from the solution to the surface

of the T/Pal beads, while the second stage was due to the

intra-particle diffusion of U(VI) ions into the interior of the

T/Pal beads.

Equilibrium adsorption

The sorption isotherms of U(VI) ions onto T/Pal beads at

278, 288, 298 and 313 K are shown in Fig. 7. The

adsorption capacity is the highest at 313 K and the lowest

Fig. 5 The impacts of pH on the metal forms (a) and the surface charges of T/Pal (b)
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Fig. 6 Kinetic plots (a Pseudo-first-order kinetic; b Pseudo-second-order kinetic; c Intra-particle diffusion kinetics)

Table 1 Parameters of kinetic

equation for the adsorption of

U(VI) ions on T/Pal beads

Initial concentration Pseudo-first-order Pseudo-second-order

qe qe1 k (h-1) R2 qe2 k (mg g-1 h-1) R2

100 mg L-1 19.94 0.07 0.14 0.8227 19.93 10.23 0.9999

50 mg L-1 9.93 0.10 0.16 0.9307 9.94 6.80 0.9999

20 mg L-1 3.94 0.09 0.13 0.9420 3.94 6.70 0.9999

10 mg L-1 1.99 0.13 0.17 0.9763 2.00 5.42 0.9999

k1 (mg g-1 h-0.5) C1 R1
2 k2 (mg g-1 h-0.5) C2 R2

2

Intra-particle diffusion

100 mg L-1 34.52 - 3.71 0.9420 0.010 19.87 0.6372

50 mg L-1 13.58 0.05 0.8834 0.014 9.85 0.6268

20 mg L-1 5.95 - 0.07 0.7742 0.012 3.86 0.8039

10 mg L-1 2.60 0.10 0.9558 0.016 1.90 0.7818
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at 278 K, meaning U(VI) ions adsorption onto T/Pal beads

is endothermic.

The Langmuir and Freundlich equations [45, 46], which

describe the adsorption process, are shown in Eqs. (6) and

(7).

Ce

qe
¼ 1

q0b
þ Ce

q0
ð6Þ

log qe ¼ logKf þ
1

n
logCe ð7Þ

where Ce is the U(VI) ion concentration at equilibrium (mg

L-1), qe is the U(VI) adsorption capacity (mg g-1) at

equilibrium, q0 is the saturated monolayer adsorption

capacity (mg g-1), b is the Langmuir constant (L mg-1), Kf

is the Freundlich constant, relates to the adsorption

capacity [(mg g-1) (L mg-1)1/n]. Finally, n represents the

intensity of adsorption. It is more suitable to describe

multilayer adsorption and non-ideal adsorption on hetero-

geneous surfaces of adsorbents by the Freundlich model.

The parameters obtained from the two equilibrium models

are shown in Table 2.

Column adsorption of U(VI)

The Thomas model equation is usually applied to depict the

theoretical property of the adsorbent column performance,

due to its uncomplicated and fairly precise method in

predicting breakthrough curves. The model expression is

shown in the following equation [43]:

Ct

C0

¼ 1

1þ exp½KTðqTm� C0VÞ=Q�
ð8Þ

where KT is the rate constant (L h-1 mg-1), m is the weight

of the sorbent (g), Q is the flow rate (L h-1), Ct is the

concentration at t (mg g-1), and qT is the adsorption

capacity (mg g-1).

It was important to apply the continuous fixed system

to measure the feasibility of the adsorbent [44]. The

adsorption columns were frequently used to evaluate the

adsorption efficiency in almost real-world conditions [45].

Figure 8 shows the sorption and desorption of the col-

umns, in which the experimental data fitted well to the

Thomas model equation (Fig. 8a) (R2 = 0.9983). The

estimated qT was 1.97 mg g-1, which was close to the

actual measured value (1.89 mg g-1) (Table 3). The elu-

tion of the columns revealed that the U(VI) ions could be

recovered from the loaded T/Pal beads. Figure 8b showed

that only 0.12 L of eluent was required to regenerate the

adsorption column, which indicated the feasibility of

using T/Pal beads as sorbent to recover U(VI) ions from

industrial wastewater.

A good sorbent must be recyclable to be used in large-

scale applications. The reusability of T/Pal beads was

demonstrated by five sorption–desorption cycles. The

results are shown in Table 4. The sorption rate of U(VI)

tends to decrease after repeated cycles, but it remained

higher than 80% after 5 cycles.

The comparison with other adsorbents

As can be seen from Table 5, the adsorption capacity of

U(VI) on T/Pal beads was higher than that of some geo-

logical sorbents (Hematite, Dunite, Clinoptilolite, Kaolin)

[11, 46–48], while lower than that of some high polymer

material adsorbents (Magnetic mesoporous silica

nanoparticles, Superparamagnetic polymer microspheres

and Multilayer titanate nanotubes) [7, 10, 49]. However,

these high polymer material adsorbents are unsuited to

application in practical engineering, due to the complex

Fig. 7 Freundlich isotherm of U(VI) adsorption onto T/Pal beads

Table 2 Equilibrium adsorption

parameters
Temperature Langmuir Freundlich

qm(mg g-1) R2 Kf (mg g-1) (L mg-1)1/n n R2

278 K 19.856 0.8971 17.30 1.09 0.9110

288 K 19.862 0.8644 19.62 1.19 0.8721

298 K 19.939 0.7233 29.93 0.84 0.8293

313 K 20.230 0.9211 40.39 1.02 0.9250
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manufacturing processes, expensive costs, secondary pol-

lution and so on. Thus, T/Pal beads can be as a promising

candidate for the recovery of U(VI) from aqueous solution

due to its low-cost, sustainable, and efficient features.

Conclusion

The T/Pal beads prepared in this study have the good

mechanical properties and showed desirable U(VI)

adsorption abilities. The large sorption capacity, good

Fig. 8 The results of adsorption column (a the breakthrough curve; b the elution curve)

Table 3 Adsorption column

parameters using T/Pal beads
qexp (mg g-1) Experimental Thomas parameters

Sorption efficiency (%) qBP PV qT (mg g-1) KT (L h-1 mg-1) R2

1.89 78 1.4 275 1.97 6.5 9 10-2 0.9983

Table 4 The sorption and desorption parameters

1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle

Sorption

efficiency (%)

Elution

(%)

Sorption

efficiency (%)

Elution

(%)

Sorption

efficiency (%)

Elution

(%)

Sorption

efficiency (%)

Elution

(%)

Sorption

efficiency (%)

Elution

(%)

96.9 82.3 95.3 86.7 92.7 90.3 90.3 91.2 86.4 95.3

Table 5 The comparison of

adsorption capacity of U(VI)

with other adsorbents

Adsorbents qmax (mg g-1) References

T/Pal beads 20.23 This work

Hematite 5.59 [11]

Dunite 16.66 [46]

Clinoptilolite 8.09 [47]

Kaolin 4.76 [48]

Magnetic mesoporous silica nanoparticles 133.00 [10]

Superparamagnetic polymer microspheres 200.50 [49]

Multilayer titanate nanotubes 300.00 [7]
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regeneration property and recyclability can decrease the

treatment cost of U(VI) polluted water. T/Pal beads will be

an excellent adsorbent for the recovery of U(VI) ions

during the treatment of radioactive wastewater and nuclear

waste management.
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