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Abstract Ceratophyllum demersum was used to remove

U(VI) from aqueous solution. Effects of various adsorption

parameters such as pH, shaking time, initial U(VI) con-

centration, and temperature were investigated. The opti-

mum pH for U(VI) removal was 5.0. Pseudo-first-order

kinetic model and Langmuir isotherm model could best

describe the adsorption process. The maximum monolayer

adsorption capacity was 140.45 mg/g. Thermodynamic

calculations suggested that the U(VI) adsorption process

was spontaneous and exothermic. The amino, hydroxyl,

and carbonyl groups on the algal surface could contribute

to U(VI) adsorption. The present study suggested that

C. demersum biomass could be an efficient biosorbent to

remove U(VI) contaminants.

Keywords Uranium(VI) � Adsorption � Ceratophyllum
demersum � Isotherm � Kinetics

Introduction

Uranium is a naturally occurring element and is generally

distributed at low levels in many rocks, soils and sea water.

In the past sixty years, uranium has been considered as one

of the world’s most important energy minerals. With the

development of nuclear industry, increasing amounts of

uranium-containing effluent produced annually from vari-

ous nuclear-associated activities, such as uranium explo-

ration and processing, manufacture of nuclear weapons,

generation of nuclear power, and geological disposal of

radioactive waste. Uranium is highly toxic and radioactive

in the nuclear waste, and the bearable daily uptake of

uranium is 0.6 lg/kg of body weight every day prescribed

by World Health Organization (WHO) [1]. Because of its

toxic effect and accumulation tendency throughout the

food chain, contamination of the environment by hexava-

lent uranium(VI) and its health effects on human have been

recently paid much attention.

To this day, some approaches, such as chemical pre-

cipitation [2], electrochemical precipitation [3], microbial

reduction [4], membrane separation [5], solvent extraction

[6], ion exchange [7], have been widely used for the

removal of U(VI) from aqueous solution. But each method

has its own disadvantages, such as high energy consump-

tion, incomplete metal removal, limited tolerance to pH

change, lack of metal selectivity, and production of

harmful sludge requiring further treatment. Therefore, it is

necessary for environmentalists to look for inexpensive and

efficient remediation technology for removal of U(VI)

from wastewater.

Aquatic plants, whatever living and dead, are heavy

metal accumulators. Though floating macrophytes are

considered promising biosorbents, submerged plants have

been preferred for the removal of metals because they are

fully submerged and have the ability to uptake metals

directly from water bodies. In the past decades, biosorption

of U(VI) onto certain algae has become a promising

method for uranium removal. Compared with those con-

ventional approaches, biosorption processes have several
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advantages, such as low operation cost and no nutrient

requirements. The metal biosorption mechanisms involve

cell surface adsorption or precipitation, extracellular

accumulation or precipitation and intracellular accumula-

tion. So far, some experimental studies on U(VI) adsorp-

tion on various algae have been reported [8–11].

Ceratophyllum demersum is a submerged perennial

macrophyte which normally grows with the base of its stem

buried in sandy or silty substrates. It is considered to be a

weed of waterways in many regions of the world because it

is able to spread rapidly and invade a wide range of aquatic

habitats. It also affects boating, fishing and other recre-

ational activities. If C. demersum could be reaped and

further utilized to remove radionuclide pollution, then we

would realize the reclamation of wastes. Although previous

study reported the effect of water hardness on the accu-

mulation of uranium by living C. demersum [12], there was

no literature reporting the use of dead C. demersum bio-

mass for uranium sequestration. The application of dead

biomass in heavy metal uptake is better because there are

no toxicity consideration, no requirement of growth media

and it is easy to remove pollutants from the biomass and

regenerate them.

In the present work, the goal of the experiments was to

examine the ability of dead C. demersum to uptake ura-

nium. The U(VI) biosorption characteristics of C. demer-

sum were investigated regarding contact time, pH,

temperature, and initial U(VI) concentration via a series of

batch tests. The relative adsorption isotherms, kinetics, and

thermodynamics were also discussed.

Experimental

Materials and reagents

C. demersum biomass used in the present study was pur-

chased from Honghu Liangshui Aquatic Plant Co. Ltd.,

Jingzhou, China. The fresh biomass was rinsed thoroughly

with running water to remove silt, sand, diatoms, and other

epiphytic organisms. Then the biomass was dried under

sunlight for three days and subsequently dewatered at

80 �C for 24 h in a drying oven. The dried biomass was

pulverized into fine powder and allowed to pass through an

80 mesh opening size sieve. The treated biomass was

placed in a desiccator for subsequent use in the biosorption

experiments.

A stock solution of U(VI) (1000 mg/L) was prepared by

dissolving 1.1792 g of U3O8 in a mixture of HCl and H2O2

[13]. U3O8 was courtesy of the School of Nuclear

Resources and Nuclear Fuel Engineering of the University

of South China. The other required concentrations

(50–300 mg/L) were obtained by diluting the

aforementioned standard U(VI) stock solution with dis-

tilled water. All other chemical reagents were analytical

grade, commercially available, and used as received

without any further treatment.

Uranium adsorption experiments

Generally, 0.14 g of adsorbents were added to a series of

250 mL stoppered conical flasks containing 100 mL of

uranium solution with the desired initial U(VI) concentra-

tions (50–300 mg/L). The pH of the solutions was adjusted

when required by adding HCl (1.0 or 0.1 M) or NaOH (1.0

or 0.1 M) and by using a pH meter. Then, these flasks were

shaken on a reciprocal rotary shaker at 140 r/min for

specified durations at the desired temperatures (298–

318 K). Supernatant samples were collected at suit-

able time intervals, centrifuged at 50009g for 5 min, and

analyzed for residual U(VI) concentrations by using the

standard method described by the method described as

[14]. The U(VI) removal efficiency (Ad%) and U(VI)

adsorption capacity (Q) can be determined according to the

following equations:

Ad% ¼ C0 � Ct

C0

� 100; ð1Þ

Qt ¼
ðC0 � CtÞ � V

W
; ð2Þ

Qe ¼
ðC0 � CeÞ � V

W
; ð3Þ

where Ad% is the U(VI) removal efficiency; Qe and Qt are

the U(VI) adsorption capacity (mg/g) at equilibrium and at

time t (min), respectively; C0, Ct, and Ce are the initial

U(VI) concentration, liquid-phase U(VI) concentration at

time t, and equilibrium U(VI) concentration (mg/L),

respectively; V is the volume of the aqueous solution (L);

and W is the mass of the adsorbent (g). All the experiments

were conducted in triplicate, and the arithmetic mean val-

ues of the calculations were recorded. Blank experiments

were conducted to ensure that no adsorption occurred on

the walls of the glassware.

Adsorption kinetics fitting

Kinetic models are usually employed to describe the rate-

determining step of the adsorption process. Two commonly

used kinetic models, namely, pseudo-first-order and

pseudo-second-order models, were selected to analyze the

kinetic data and to understand the rate-determining step of

U(VI) adsorption onto C. demersum biomass.

The pseudo-first-order equation is a simple kinetic

model describing the kinetic process of liquid–solid phase
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sorption [15], and its linear formula can be written as

follows:

lnðQe � QtÞ ¼ lnQe � k1t; ð4Þ

where k1 is the rate constant of the pseudo-first-order

sorption (min-1). Evidently, k1 can be calculated from the

slope of the plot of ln(Qe - Qt) versus t.

The pseudo-second-order model based on the adsorption

equilibrium capacity can be expressed in the following

linear form [16]:

t

Qt

¼ t

Qe

þ 1

k2Q2
e

; ð5Þ

where k2 is the rate constant of pseudo-second-order

adsorption [g/(mg min)]. Evidently, Qe and k2 can be

determined experimentally by plotting t/Qt versus t and

further linear regression analysis.

Adsorption isotherm fitting

Three extensively used adsorption isotherm models,

namely, Langmuir, Freundlich, and Temkin, were selected

to correlate the experimental data and to describe the

adsorption isotherms exactly. The deviation between

experimentally observed and theoretically calculated data

can be described by the square of the correlation coefficient

(R2).

The Langmuir model is based on the assumptions of

adsorption homogeneity, such as uniformly energetic

adsorption sites, monolayer surface coating, and no inter-

actions among adsorbate molecules in neighboring sites

[17]. The linear Langmuir equation can be written as

follows:

Ce

Qe

¼ 1

Qmax

Ce þ
1

bQmax

; ð6Þ

where Qmax is the maximum possible amount of metals

adsorbed per unit of weight of adsorbent (mg/g) and b is a

constant associated with the affinity of binding sites for

metals (L/mg). Qmax and b can be determined from the plot

of Ce/Qe versus Ce. Based on further analysis of the

Langmuir equation, the Langmuir adsorption isotherm can

be described by using an equilibrium parameter (RL) cal-

culated by using the following equation:

RL ¼ 1

1 þ b� C0

; ð7Þ

where the RL value indicates whether the adsorption pro-

cess is irreversible (RL = 0), favorable (0\RL\ 1), lin-

ear (RL = 1), or unfavorable (RL[ 1).

The Freundlich isotherm may be suitable for nonideal

uptake onto heterogeneous surfaces involving multilayer

adsorption [18]. The linear Freundlich equation can be

expressed as follows:

lnQe ¼ lnKF þ
1

n
lnCe; ð8Þ

where KF is the Freundlich constant depicting the adsorp-

tion capacity of the adsorbent ((mg/g)(L/mg)1/n) and n is

the Freundlich exponent depicting adsorption intensity

(dimensionless). KF and n can be determinded from the plot

of lnQe versus lnCe.

The Temkin model assumes a linear decrease in heat of

adsorption along with surface coverage [19], and its linear

form is written as follows:

Qe ¼ a lnKT þ a lnCe; ð9Þ

where KT is an equilibrium parameter corresponding to the

maximum binding energy (L/g) and a is a dimensionless

constant related to the temperature and adsorption system.

The Temkin isotherm considers the interaction between

adsorbent and adsorbate and is based on the assumption

that the free energy of adsorption is a function of the sur-

face coverage.

Thermodynamic parameters of biosorption

The thermodynamic parameters could be determined by

using the equilibrium constant or distribution coefficient,

Kd, which depends on temperature. The change in free

energy (DG0), enthalpy (DH0), and entropy (DS0) related to

the adsorption process can be calculated by using the fol-

lowing three equations [20]:

DG ¼ �RT lnKd; ð10Þ

Kd ¼ Qe

Ce

; ð11Þ

lnKd ¼ DS0

R
� DH0

RT
; ð12Þ

where R is the universal gas constant (8.314 J mol-1 K-1)

and T (K) is the absolute temperature. According to

Eq. (12), the parameters DH0 and DS0 can be calculated

from the slope and intercept of the plot of lnKd against 1/T.

Characterization methods

The sample of C. demersum (0.14 g) with exposure to

100 mL of 150 mg/L U(VI) solution at pH 5.0 for 1 h was

centrifuged (50009g, 5 min) to remove all supernatants.

Then the precipitation was further dehydrated by vacuum

freeze drying. The samples before and after U(VI)

biosorption were characterized using the following two

instrumental analyses. FTIR spectroscopy was determined

by a NICOLET iS10 (Thermo Scientific) within
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500–4000 cm-1 and by using KBr pellets. The surface

morphology of C. demersum surface was determined by

SEM (Model S-4800 Hitachi, Tokyo, Japan). The samples

were gold coated before SEM observation. XPS (Thermo

ESCALAB 250, USA) with a monochromatic Al Ka X-ray

beam (energy = 1486.5 eV and power = 150 W) was

adopted to determine the elementary composition and rel-

ative uranium content on the surface of C. demersum. The

XPS spectra were recorded in the fixed analyzer trans-

mission mode with a pass energy of 20 eV and a step size

of 0.1 eV and obtained at 8 9 109 Pa.

Results and discussion

Contact time dependence of U(VI) adsorption

and kinetics study

Figure 1 gives the time course profiles of U(VI) uptake at

three different temperatures. Notably, a considerable

amount of U(VI) was quickly adsorbed in the first 60 min.

Subsequently, the U(VI) adsorption slightly slowed down

and eventually reached equilibrium within 120 min for

each examined temperature. The rapid U(VI) adsorption at

the beginning could be due to the greater concentration

gradient and more available sites for adsorption. After

some time, the residual vacant surface sites could be hard

to occupy due to repulsive forces between the solute

molecules of the solid and bulk phase. Therefore, a contact

time of 120 min was adopted for the subsequent experi-

ments to ensure that adsorption equilibrium was reached.

The kinetic parameters for pseudo-first-order and

pseudo-second-order models at three different temperatures

are given in Table 1. Evidently, the theoretical Qe values

calculated from the pseudo-second-order kinetic model

were not close to the experimental values and the R2 values

were lower than 0.99 (Table 1), indicating that the U(VI)

uptake could not follow the pseudo-second-order model.

However, for all temperatures, the R2 values for pseudo-

first-order kinetic model were found to be greater than

those of pseudo-second-order model and the calculated Qe

values derived from pseudo-first-order kinetic model were

much closer to the experimental data. According to the

results, the adsorption of U(VI) onto C. demersum could be

described by the pseudo-first-order kinetic model. The

result differed from biosorption of U(VI) with Dictyopteris

polypodioides brown alga [11] and Catenella repens red

alga [8], which followed pseudo-second-order kinetics.

pH dependence of U(VI) adsorption

The pH is an important parameter for the metal adsorption

because it controls the charge of the adsorbent surface as

well as the existence in various forms of the adsorbate in

solution. In this study, the adsorption experiments were

carried out in the initial pH range of 2.0–7.0 (Fig. 2). It is

evident that the U(VI) adsorption capacity increased with

the increase of pH value, and achieved a maximum at pH

5.0. Generally speaking, the surface charge of C. demersum

could be modified with the change of solution pH. At very

acidic pH, uncomplexed uranyl (UO2
2?) was dominant

[21], and the adsorption sites of C. demersum became

positively charged due to the protonation reaction,

exhibiting the cationic character. The repelling force

between the cationic surface and uranyl cations was unfa-

vorable to U(VI) biosorption, resulting in the low U(VI)

removal efficiency. Along with the increase of pH, the

functional groups on the surface of C. demersum are pro-

gressively deprotonated, forming a negative charge state.

The attractive forces between the anionic surface sites and

cationic uranyl ions promoted the U(VI) removal.

However, the U(VI) adsorption capacity turns to

decrease with the increased pH value beyond 5.0. It can be

explained that with the increase of the concentration of

hydroxyl, most of U(VI) would form highly negative

charged complexes with OH- and CO3
2- (came from the
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Fig. 1 a Effect of time on U(VI) adsorption onto C. demersum and

pseudo-first-order kinetic fit; b plot of pseudo-second-order kinetic fit

(temperature = 298 K; pH = 5.0; U(VI) concentration = 180 mg/L;

C. demersum dosage = 1.4 g/L (w/v); solution volume = 100 mL)
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dissolution of CO2 in air) such as (UO2)2CO3(OH)3
-,

UO2(CO3)2
2-, UO2(CO3)3

4- [22]. The repulsion between the

anionic surface and negative charged uranyl complexes led

to the decrease of U(VI) removal. According to the above

discussion, the optimum pH value is 5.0.

Influence of initial U(VI) concentration

and adsorption isotherm study

Figure 3 shows the experimental results of adsorption of

U(VI) onto C. demersum at various concentrations. The

adsorption capacity of adsorbent increased from 33.09 to

131.23 mg/g when the initial concentration of U(VI)

increased from 50 to 300 mg/L (Fig. 3a), which could be

interpreted that the initial concentration gradients give an

important driving force to overcome the mass transfer

resistance of uranium between the aqueous and solid phase.

Adsorption isotherm provides the most critical information

on how the adsorbate molecules distribute between the

liquid phase and solid phase while adsorption process

reaches equilibrium. The adsorption data over the initial

U(VI) concentration range mentioned above were fitted

with three isotherm models including Freundlich, Lang-

muir and Temkin models in order to explain the adsorption

mechanism (Fig. 3b–d). The corresponding isotherm

parameters and R2 values are summarized in Table 2.

Based on the analysis of the R2 values of the above three

models, it is found that the adsorption onto C. demersum

could be best characterized by the Langmuir model and the

monolayer maximum capacity was 140.45 mg/g. Our result

is similar to the previous study on the biosorption of U(VI)

by Padina sp. algae biomass [9] and brown alga Cystoseira

indica [23], both of which can be described by Langmuir

model. By comparison with other biosorbents, the maxi-

mum U(VI) biosorption capacity of C. demersum

(140.45 mg/g) is higher than 6.789 mg/g of ethylenedi-

amine-modified biomass of Aspergillus niger [24],

29.412 mg/g of tea waste [25], 94.30 mg/g of magnetic

Schiff base (ferroferric oxide/schiff base composite) [18]

and 125 mg/g of oxine functionalized magnetic Fe3O4

particles [26]. In addition, RL values were between 0 and 1

for all the studied U(VI) concentrations, which revealed

that C. demersum was a favorable biosorbent for U(VI).

Adsorption thermodynamics study

The thermodynamic parameters were derived from the

experimental results obtained at various temperatures but

fixed initial U(VI) concentration of 180 mg/L. The values

of DH0 and DS0 calculated from the slope and intercept of

lnKd against 1/T were -23.64 kJ/mol and -69.91 J/mol/K,

respectively (Fig. 4). The negative DS0 value can be

explained by the increased degree of orderliness, reflecting

the higher affinity of the C. demersum surface for U(VI).

The negative DH0 value indicated an exothermic nature of

the sorption process. Besides, enthalpy rather than entropy

appeared to be the driving force of biosorption from the

thermodynamic viewpoint. Furthermore, the DG0 values at

different temperatures were calculated and shown in

Table 3. The negative DG0 values indicated that the

adsorption reaction was spontaneous. The DG0 value

becomes less negative with increasing temperature, which

implied that the biosorption process is more favorable at

lower temperatures. Hence, the biosorption of U(VI) by C.

demersum was an entropically unfavorable, enthalpy

driven spontaneous process and exothermic in nature.

Table 1 Kinetic parameters of U(VI) adsorption onto C. demersum

Temperature Qe, exp (mg/g) Pseudo-first-order Pseudo-second-order

k1 (min-1) Qe1 (mg/g) R2 k2 (g mg-1 min-1) Q e2 (mg/g) R2

298 K 104.38 0.0411 103.14 0.9904 118.98 4.41 9 10-4 0.9821

308 K 98.51 0.0375 98.28 0.9958 114.95 3.97 9 10-4 0.9885

318 K 90.36 0.0242 91.34 0.9897 112.84 2.29 9 10-4 0.9835
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Fig. 2 Effect of pH on U(VI) adsorption onto C. demersum,

(temperature = 298 K; contact time = 120 min; U(VI) concentra-

tion = 180 mg/L; C. demersum dosage = 1.4 g/L (w/v); solution

volume = 100 mL)
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FTIR analysis of C. demersum

The FTIR spectra of C. demersum before and after U(VI)

adsorption are given in Fig. 5. As for the FTIR spectrum of

raw C. demersum without contacting U(VI), the weak

absorption shoulder appearing around 3290.93 cm-1 might

correspond to the O–H and N–H stretching vibrations and

implied that the surface of C. demersum was rich in

hydroxyl (–OH) and amino (–NH2) groups. The peak

detected at 2919.70 could be related to the C–H stretching

vibration of methylene (–CH2–) which serve as the struc-

tural components of the alga. The peak at 1631.97 cm-1

could be attributed to the carbonyl (C=O) stretching

vibration. The intensive peak at 1023.05 cm-1 could be

assigned to the C–OH stretching vibration.

As for the FTIR spectrum of the alga sample with

exposure to U(VI), the peak position observed at

0 50 100 150 200 250 300 350
0

40

80

120

160

Q
e

C0

(a)

0 20 40 60 80 100 120

0

40

80

120

160
(b)

Q
e

Ce

0 20 40 60 80 100 120 140

40

80

120

160
(c)

Q
e

Ce
1 2 3 4 5

0

40

80

120

160
(d)

Q
e

lnCe

Fig. 3 a Effect of initial U(VI)

concentration on the U(VI)

adsorption capacity; b plot of

Langmuir adsorption isotherm;

c plot of Freundlich adsorption

isotherm; d plot of Temkin

adsorption isotherm

(temperature = 25�C; contact

time = 120 min; pH = 5.0; C.

demersum dosage = 1.4 g/L

(w/v); U(VI)

concentration = 50–300 mg/L;

solution volume = 100 mL)

Table 2 Isotherm parameters for the adsorption of U(VI) onto

C. demersum

Model Parameter Value

Langmuir Qmax (mg/g) 140.45

b 0.0828

R2 0.9928

RL 0.0195–0.0387

Freundlich KF (mg(1 - n) g L-1) 24.31

n 2.6476

R2 0.9035

Temkin KT 1.0043

a 27.95

R2 0.9613

3.2x10-3 3.2x10-3 3.3x10-3 3.3x10-3 3.4x10-3
0.4

0.6

0.8

1.0

1.2

ln
Kd

1/T (K−1)

Fig. 4 Plot of lnKd against 1/T for the calculation of the thermody-

namic parameters

Table 3 Thermodynamic parameters for adsorption onto C.

demersum

DH0 (kJ mol-1) DS0 (J mol-1 K-1) DG0 (kJ mol-1)

298 K 308 K 318 K

-23.64 -69.91 -2.79 -2.11 -1.41
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2918.70 cm-1 remained nearly unchanged, which indi-

cated that methylene contributed little to U(VI) adsorption.

In contrast, the peaks at 3290.93, 1631.97 and

1023.05 cm-1 shifted to 3288.52, 1629.55 and

1019.67 cm-1, respectively. Meanwhile, the peak intensity

of these peaks also varied significantly after U(VI)

biosorption. In summary, the changes of peak position and

intensity demonstrated that there were strong coordination

interactions between U(VI) ions and hydroxyl, amino and

carbonyl functional groups on the algal surface, which

could play a big role in the U(VI) biosorption. Biosorption

included adsorption (accumulation of substances at the

surface or interface) as well as absorption (penetration of

atoms or molecules of one phase forming a solution with a

second phase). Both living and dead biomasses have metal

biosorption ability in which ligands are involved. The algal

matrix contains various complex structural polysaccha-

rides. Biosorption is ascribed mainly to the algal cell wall,

where electrostatic attraction and coordination both serve

important functions [27]. Gunther et al. [28] reported that

the uptake of uranium by Chlorella regularis is dependent

not only on the physical adsorption on the cell surface, but

also on the electrostatic attraction and chemical adsorption

of uranyl ions through complex formation with cellular

ligands. Their results are very similar to ours.

4000 3500 3000 2500 2000 1500 1000 500
76

80

84

88

92

96

100

 before U(VI) adsorption
 after U(VI) adsorption

29
18

.7
0

32
90

.9
3

32
88

.5
2

29
18

.7
3

16
31

.9
7

16
29

.5
5

10
23

.0
5Tr

an
sm

itt
an

ce
 (%

)

Wavelength (cm-1)

10
19

.6
7

Fig. 5 FTIR spectra of C. demersum: a before U(VI) adsorption;

b after U(VI) adsorption

Fig. 6 SEM micrographs of C. demersum: a before U(VI) adsorp-

tion, magnification 9500; b after U(VI) adsorption, magnification

9500
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Fig. 7 XPS analysis of C. demersum: a before U(VI) adsorption;

b after U(VI) adsorption)
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SEM analysis of C. demersum

The morphologies of C. demersum before and after expo-

sure to U(VI) were characterized via SEM observation

(Fig. 6). Notably, the surface of raw C. demersum was

rough and irregular, and many depressions could be clearly

observed (Fig. 6a). Because the diameter of the U(VI) ion

was picometer-scale (ca. 92 pm), these micrometer-scale

concaves on the algal surface could hold substantial uranyl

ions. In contrast, after exposure to U(VI), the surface of C.

demersum became relatively regular and assumed a

specific texture with many bending stripe ribbons arranged

side by side. By comparing Fig. 6a with b, it was found that

C. demersum could change its own surface structure to

promote U(VI) binding.

XPS analysis of C. Demersum

To identify the interaction mechanism between U(VI) and

C. demersum, the wide-scan survey XPS spectra and U4f

narrow-scan XPS spectra for the alga before as well as after

U(VI) uptake were recorded (Fig. 7). Besides, the atomic

concentrations of relevant chemical elements in the C.

demersum sample with and without exposure to U(VI)

were also analyzed (Table 4). Obviously, C. demersum

contained three major nonmetal elements (C, O, and N),

three minor nonmetal elements (Si and P), and three major

metal elements (Ca, Fe and Mn) (Fig. 7; Table 4). Besides,

U element was not detected in the structural constituents of

C. demersum.

However, the uranium signal was clearly found after

U(VI) biosorption. The primary U4f peaks ascribed to

U(VI) lay in 382.38 eV (4f7/2) and 393.08 eV (4f5/2)

(Fig. 7b). The two binding energy values could be

associated with the bond between U(VI) ion and hydro-

xyl and amino functional groups [20, 29]. In particular,

the atomic concentrations of Fe, Ca, Mn and Mg fell

under the limit of detection along with the adsorption of

uranium onto the algal surface, indicating that ion

exchange between uranium and these metals (Fe, Ca, Mn

and Mg) could occur. From the XPS and FTIR analyses,

two possible biosorption mechanisms, coordination and

electrostatic attraction, might be involved in the

biosorption process.

Conclusions

In this study, the use of C. demersum in the effective

removal of U(VI) was revealed and new insights into the

binding mechanism were gained. Some parameters such as

contact time, solution pH, and metal concentration, were

also investigated. The alga had a maximum U(VI) removal

at pH 5.0. The adsorption process could be characterized

by the pseudo-first-order kinetic model, and the adsorption

isotherm fitted very well to the Langmuir equation. The

FIIR and XPS analyses showed that the adsorption of

U(VI) onto the C. demersum was mainly through coordi-

nation and electrostatic attraction. The regeneration and

reuse of the biosorbent and fixed-bed column adsorption

required further study.
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