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Abstract
The Pseudomonas monteilii. YL-1 was cultured from deep sea sediment to remove uranium from aqueous solution.

Different influence factors on uranium adsorption efficiency were investigated. The kinetic model of Pseudomonas

monteilii could be described by the pseudo-second-order kinetic model, and the Freundlich isotherm model could fit the

experiment data well, indicating that the adsorption was multilayer adsorption. The adsorption was spontaneous and

endothermic reaction by thermodynamic analysis. The functional groups of Pseudomonas monteilii such as hydroxy,

carboxyl, amino and amide may act with UO2
2? by chemisorption or strong complexation in the process of uranium

adsorption.
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Introduction

With the development of the global nuclear energy industry

and the treatment of decommissioned nuclear facilities, the

harm of low radionuclides to human–environment is

becoming more and more serious [1]. The uranyl ion is the

main form of uranium in aqueous and has great potential to

generate complex organic ligands with high solubility

[2, 3]. These substances can easily be brought into human

ecosystem, and the radioactive and chemical toxicity of

uranyl ions can cause irreversible damage to human due to

easy diffusion solubility [4]. So it is urgent to remove of

uranium (VI) from aqueous system. Several methodologies

of uranium removal processes have been developed, such

as chemical precipitation [5], ultrafiltration [6], extraction

[7], membrane separation [8] and so on. Compared with

those conventional methods, the adsorption has some

advantages of low operation cost, short operation time,

high efficiency at low metal concentration, selectivity of

uranium adsorption, and no secondary pollution [9]. Many

adsorbents can be used for the removal of uranium,

including inorganic adsorbents such as kaolin, illitic soil,

imvite, zeolite et al. and organic adsorbents such as ion

exchange resin. The main adsorption mechanism of those

materials is ion exchange [10]. The other ions existed in

aqueous solution have significant interference on the ura-

nium adsorption and the capacity of those adsorbents is

also limited by ion exchange process. As an economical

and efficient method, bio-adsorption is considered to be an

effective and promising treatment for the removal of ura-

nium in aqueous solution. The bio-adsorbents used for

uranium separation mainly include bacteria, fungi, and

algae [11–13]. Sar Pinaki [14] and Kapoora Anoop [15]

reported that the uranium adsorption amount can be

reached at 541 mg/g and 215 mg/g by using pseudomonas

aeruginosa and aspergillus niger, respectively. However,

the microorganisms used as uranium adsorbents are mainly

come from the land, rare researches about marine

microorganisms are reported [16, 17].

Because of the particularity of the marine environment

(high salt, high pressure, low temperature, less light and so

on) and the function of microorganisms in the ecosystem,
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marine microorganisms have their own special species and

unique metabolic methods, which make marine-derived

adsorbents more beneficial to removal heavy metal ions

[18]. The rich functional groups on the surface of marine-

derived adsorbents can act with uranyl ions by complexa-

tion. In this work, the Pseudomonas monteilii. YL-1 was

obtained from deep sea sediment to remove uranium from

aqueous solution. The adsorption behavior has been studied

in a batch reactor for various adsorption parameters,

including the pH value of the solution, initial uranium

concentration, bacteria concentration and the adsorption

time and the adsorption process has been optimized. The

adsorption kinetics and thermodynamics were investigated

in detail and adsorption mechanism was proposed, pro-

viding another exploration for uranium pollution treatment

with the adsorbent from ocean.

Experimental

Materials and reagents

The required concentration of uranium aqueous solution

was prepared by dissolving a certain amount of

UO2 (NO3)2�6H2O with distilled water. Pseudomonas

monteilii. YL-1 was obtained from the South China Sea

and incubated in a 250 mL Erlenmeyer flask containing

100 mL of liquid medium GPY (glucose 5 g/L, peptone

10 g/L, yeast extract 5 g/L, sea salt 10 g/L) at 30 �C on a

rotary shaker for 24 h in anaerobic conditions. The

mycelium was filtered, collected, dried, and then the bio-

adsorption material was obtained.

1,2-cyclohexylenediaminetraaceticacid, 5-Sulfosalicylic

acid dihydrate, trolamine, and 5-Br-PADAP and other

reagents were purchased from Aladdin. Those reagents

were of analytical reagent grade.

Adsorption experiments

A series of batch adsorption experiments were carried out

in 250 mL Erlenmeyer flasks containing a certain amount

of uranium solution, the initial pH of solution was adjusted

by adding 0.1 mol/L HCl and NaOH solution. Then the

Pseudomonas monteilii powders were added into uranium

solution, and the flasks were transferred to the thermostat

oscillator shaker for hours at 30 �C. After adsorption,

1.0 mL of sample was taken and centrifuged at 10,000 r/

min for 10 min. And the uranium concentrations of sam-

ples were analyzed using UV-1750 UV/Vis spectropho-

tometer. All the experiments were carried out

independently in triplicate to ensure the reproducibility of

the method. The removal percentage (Y) and adsorption

amount (Q) were calculated according to Eqs. (1) and (2):

Y ¼ ðC0 � CeÞ=C0 � 100% ð1Þ
Q ¼ ðC0 � CeÞ=Cb ð2Þ

where Y is the removal efficiency, Q (mg/g) is the equi-

librium bio-adsorption capacity, C0 and Ce are the initial

and equilibrium solution concentrations (mg/L), and Cb is

the concentrations of Pseudomonas monteilii (g/L).

Detection of uranium

The uranium can react with 5-Br-PADAP to generate

complex compound in the presence of NaF, 1,2-cyclo-

hexylenediaminetraaceticacid, and 5-Sulfosalicylic acid at

pH value around 7.5. The uranium concentrations of

samples were detected by 5-Br-PADAP spectrophotometry

using UV-1750 UV/Vis spectrophotometer at 578 nm. All

the experiments were carried out independently in triplicate

to ensure the reproducibility of the method.

Results and discussion

Effect of initial solution pH and ionic strength

The effect of initial solution pH and ionic strength on

uranium adsorption was examined under the conditions of

initial uranium concentration C0 = 50 mg/L, Pseu-

domonas monteilii powders concentration Cb = 0.3 g/L,

adsorption time t = 60 min. As shown in Fig. 1, the ura-

nium adsorption capacity of Pseudomonas monteilii.YL-1

was strongly affected by the initial pH value and ionic

strength. The sensitive effect of pH and ionic strength on

adsorption indicates that the main mechanisms are attrib-

uted to ion exchange at low pH and surface complexation

[19, 20]. The removal efficiency (Y) and adsorption

capacity (Q) increase with the increase pH to a maximum

value (pH 6.0) and then decrease with further increase of

Fig. 1 Effect of initial solution pH and ionic strength on uranium

adsorption
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pH. The hydrolytic equilibrium equations of uranium in

aqueous solution are shown by following Eqs. (3)–(5).

UO2þ
2 þ H2O$K1

UO2 OHð ÞþþHþ logK1 ¼ � 5:7ð Þ ð3Þ

2UO2þ
2 þ 2H2O$K2

UO2ð Þ2 OHð Þ2þ2 þ2Hþ logK2 ¼ � 5:7ð Þ
ð4Þ

3UO2þ
2 þ 5H2O$K3

UO2ð Þ3 OHð Þþ5 þ5Hþ logK3 ¼ � 16:2ð Þ
ð5Þ

At low pH, uranium exists in solution mainly in the form of

UO2
2?. Because of the smaller ion radius of H?, the active

adsorption sites of the Pseudomonas monteilii. YL-1 sur-

face were occupied by H?, reducing the number of binding

sites for the combination of UO2
2?, thus the uranium

adsorption efficiency was very low [21]. When the pH was

around 6.0, the UO2
2? ions were easily attracted to the

surface of the sorbent as the release of H?. When pH value

is over 6.0, hydrolysis species of uranium and the zero

point of charge may result in the decline of adsorption

removal efficiency and adsorption capacity of uranium

[19, 22]. The slight decrease of uranium adsorption caused

by the increasing ionic strength suggests that the adsorption

of uranium is mainly via ion exchange with H? and Na?

ions to saturate the exchange sites on the surface of

Pseudomonas monteilii [23]. The recommended initial

solution pH is 6.0 with the maximum adsorption removal

efficiency and adsorption capacity of 86.4% and 144 mg/g,

respectively.

Effect of initial uranium concentration

The initial uranium concentration provides an important

driving force to overcome all mass-transfer resistance of

uranium between the aqueous and solid phase [24]. The

adsorption experiments were finished under the conditions

of Pseudomonas monteilii powders concentration

Cb = 0.3 g/L, adsorption time t = 60 min, pH = 6.0, and

initial uranium concentrations increasing from 5 to

100 mg/L.

The effect of initial concentration of uranium on

adsorption is shown in Fig. 2. The data reveal that the

removal efficiency (Y) decreases with the increasing initial

concentration of uranium, while adsorption capacity

(Q) keeps increasing. The active adsorption sites of

adsorbents are not fully occupied at low initial concentra-

tion of uranium, leading to the low adsorption uptake and

high removal efficiency. With the increasing uranyl ions

around the adsorption sites, more uranyl ions are captured

by adsorbent and saturation of sorbents are obtained,

resulting in the increase of adsorption capacity (Q) and the

decrease of removal efficiency (Y) [25]. On the other hand,

the formation of polymeric uranyl complexes at higher

uranium concentration level leads to steric hindrance

between the polymeric species, thus resulting in the

decrease in removal efficiency. 100 mg/L is the recom-

mended concentration of uranium due to the relatively high

adsorption capacity (267.3 mg/g) and removal efficiency

(80.2%).

Effect of adsorbent concentration

The experiments were carried out by varying the adsorbent

concentration ranging from 0.1 to 0.6 g/L under the con-

ditions of initial uranium concentration C0 = 100 mg/L,

pH = 6.0, adsorption time t = 60 min.

As shown in Fig. 3, the removal efficiency of uranium

increases from 62.9 to 90.8% with the increasing adsorbent

concentration. The adsorption sites on adsorbent increase

due to the augment of adsorbent, leading to the increase of

removal efficiency of uranium. Because of the adsorption

resistance caused by ionic migration [26], the removal

efficiency trends to be stable (Cb[ 0.3 g/L). The
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adsorption capacity decreases from 314.5 to 75.7 mg/g

with the increasing adsorbent concentration. The higher

adsorbent concentration can produce a ‘‘screen’’ effect on

the cell wall, protecting the binding sites, thus resulting in

lower adsorption per unit of adsorbent [27].

Effect of adsorption time

The effect of adsorption time on the removal of uranium

was examined under the conditions of initial uranium

concentration C0 = 100 mg/L, adsorbent concentration

Cb = 0.1 g/L, pH = 6.0. As shown in Fig. 4, the removal

efficiency of uranium and the adsorption capacity shows

the same trend. Because of large amount of vacant adsor-

bent sites and high initial uranium concentration, the

removal efficiency and the adsorption capacity of uranium

increase significantly at the beginning of adsorption pro-

cess. The adsorption efficiency remains unremarkable due

to the gradual saturation of binding sites on the surface of

adsorbent according to the establishment of adsorption–

desorption equilibrium [28] 60 min latter. So the adsorp-

tion time of 60 min was chosen as the suitable adsorption

time.

Adsorption kinetics

The kinetic of adsorption process mainly describes the

potential for large-scale material transport and chemical

reaction rate control steps. Kinetic model equations

describe the quick kinetics of mass-transfer processes both

between fluid phase and solid sorbent phase and in both

phases [29]. Two kinetic models namely Lagergren’s

pseudo-first-order and pseudo-second-order kinetic models

were applied to study the adsorption behaviors of Pseu-

domonas monteilii in this work, the equations are expressed

as following [30]:

dqt

dt
¼ K1 qe � qtð Þor log qe � qtð Þ ¼ � K1t

2:303
þ logqe ð6Þ

dqt

dt
¼ K2 qe � qtð Þ2or 1

qt
¼ 1

K2q2e t
þ 1

qe
ð7Þ

where qt and qe are the amount of the adsorbed uranium

(mg/g) at time t (min) and at equilibrium, K1 (min-1) and

K2 (g/mg/min) are the adsorption rate constant of the

pseudo-first-order Eq. (6) and pseudo-second-order

Eq. (7).

In order to investigate the controlling mechanism of the

adsorption process, The plots of log(qe-qt) versus t and 1/qt
versus 1/t are shown in Figs. 5 and 6, and the calculated

results are listed in Table 1. The experiments were carried

out under the conditions of adsorbent concentration

Cb = 0.3 g/L, initial uranium concentration C0 = 50 mg/

L, pH = 6.0.

As shown in Table 1, the correlation coefficients (R2)

for the pseudo-first-order is lower than that of Pseudo-

second-order, indicating that pseudo-second-order kinetic

model can adequately fit the adsorption data better for the

Pseudomonas monteilii adsorbent. And the calculated

value of qe (144.93 mg/g) by the pseudo-second-order is

also approximate to the experimental value (143.5 mg/g).

So Pseudo-second-order model is more suitable to describe

this adsorption process, implying that the adsorption of

uranium is mainly controlled by chemisorption or strong

surface complexation.

Adsorption isotherm

The interaction between adsorption capacity and bond

energy, adsorbent and sorbate can be determined by iso-

therm models. The most commonly used equations are

Langmuir and Freundlich isotherm models. The Langmuir

model can be presented as:
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1

qe
¼ 1

bqmaxCe

þ 1

qmax

ð8Þ

where Ce (mg/L) is the equilibrium concentration of ura-

nium, qe (mg/g) is the amount of uranium adsorbed on the

adsorbent, qmax (mg/g) is the maximum adsorption amount

and b is a constant related to adsorption.The Freundlich

model is usually appropriate for heterogeneous adsorption

and expressed as following:

ln qe ¼ lnK þ lnCe

n
ð9Þ

where K is the Freundlich constant related to the adsorption

capacity and n is a constant which feature the system.

The Langmuir (1/qt versus 1/Ce) and Freundlich (lnqe
versus lnCe) isotherms for the adsorption of uranium were

plotted in Figs. 7 and 8, and a comparison of coefficients

determined for the two adsorption isotherms were listed in

Table 2. The Freundlich model fits the isotherm data with a

higher correlation coefficient (R2) of 0.997, better than the

Langmuir model, indicating that the multilayer adsorption

is the main adsorption process. In the Freundlich isotherm

model, the performance of adsorption is described as

‘‘preferential adsorption’’ when n[ 1 [31], and the calcu-

lated n is 1.6984, indicating that uranium can be easily

adsorbed by Pseudomonas monteilii adsorbent.

Thermodynamic study

Thermodynamic enthalpy (DH0) and entropy (DS0) are

calculated by Van’t Hoff Eq. (8). The values of DG0 under

different temperatures are calculated by Eq. (7).

DG0 ¼ �RT lnK ð10Þ

lnK ¼ �DH0

RT
þ DS0

R
ð11Þ

K ¼ C0 � v� Ce � v
Ce �m

ð12Þ

Where K is the equilibrium constant, DH0, DS0, DG0, and

T are the enthalpy, entropy, Gibbs free energy, and tem-

perature in Kelvin, respectively. R is the gas constant

(8.314 J/mol/K).

Thermodynamic parameters of uranium adsorption are

listed in Table 3. The negative values of DG0 at various

temperatures indicate the spontaneous nature of the

adsorption process. The positive value of DH0 indicates

that the adsorption of uranium was endothermic. The

positive value of DS0 indicates that randomness increase at

the solid-solution interface in the adsorption reaction and
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Table 1 The kinetic parameters of uranium adsorption
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that the influence of entropy was more remarkable than

enthalpy of activation [32].

Adsorption mechanism

The scanning electron microscope (SEM) with energy

dispersive spectroscopy (EDS) images for Pseudomonas

monteilii before and after adsorption were shown in Fig. 9a

and b, respectively. Compared with the EDS spectra of that

in Fig. 9a, it is obviously that uranium is adsorbed on the

Pseudomonas monteilii according to the appearance of

EDS spectra peak of U in Fig. 9b. The transmission

electron microscopy (TEM) images of Pseudomonas

monteilii before and after adsorption were shown in Fig. 9c

and d, respectively. The cell wall and inclusion of Pseu-

domonas monteilii were smooth and compact before the

uranium adsorption. While the surface of the cell became

rough due to the uranium bound to the functional groups

after adsorption. Moreover, the inclusion of cell became

incompact due to the enhanced permeability caused by the

uranium adsorption on the cell wall.

The FTIR spectra were usually illustrated to identify the

functional groups [33]. As shown in Fig. 10a, the broad

and strong band around 3280 cm-1 should be attributed to

Table 2 The isotherm

parameters of uranium

adsorption

Langmuir model Freundlich model

b/(L�mg-1) qmax/(mg�g-1) R2 K/(mg�g-1)/(mg�L-1)1/n n R2

0.8786 125.63 0.934 44.542 1.6984 0.997

Table 3 The thermodynamic

parameters of uranium

adsorption

T/K K DG0/(kJ�mol-1) DH0/(kJ�mol-1) DS0/(J�mol-1�K-1) R2

303 13.485 - 6.554 4.765 37.360 0.999

313 14.390 - 6.939

323 15.209 - 7.310

Fig. 9 The scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS) images of Pseudomonas monteilii before (a) and
after (b) adsorption. The transmission electron microscopy (TEM) images of Pseudomonas monteilii before (c) and after (d) adsorption

248 Journal of Radioanalytical and Nuclear Chemistry (2018) 315:243–250

123



the stretching vibration of O–H and N–H groups, the peak

at 2927 cm-1 are in accordance with symmetric or asym-

metric C–H stretching vibration. The peak at 1654 cm-1 is

due to –C=O stretching vibration and the peaks at 1540 and

1236 cm-1 are respectively assigned to N–H in-plane

bending vibration of secondary amide and tertiary amide.

The peak at 1076 cm-1 is due to the stretching vibration of

C–O and C–N in Pseudomonas monteilii adsorbent. As

shown in Fig. 10b, the FTIR spectrum of the adsorbent

after uranium adsorption displays some changes. The

adsorption of uranium is confirmed by the appearance of

peak at 836 cm-1, which is designated to the stretching

vibration of UO2
2?. Moreover, compared with the FTIR

spectra of adsorbent before uranium adsorption, some peak

sites are shifted from 3280 to 3302 cm-1, 1654 to

1655 cm-1, 1540 to 1537 cm-1, 1076 to 1046 cm-1, and

the appearance of 2426 cm-1 is designated to the stretch-

ing vibration of N–H, indicating uranyl ions are bind to

hydroxyl, amine, imino, and carbonyl groups on the mod-

ified sorbents surface by chemisorption or strong surface

complexation.

Conclusions

The removal efficiency of 80.2% and adsorption capacity

of 267.3 mg/g can be obtained under the conditions of pH

of 6.0, initial uranium concentration of 100 mg/L, Pseu-

domonas monteilii powders concentration of 0.3 g/L,

adsorption time of 60 min. Pseudo-second-order model is

more suitable to describe this adsorption kinetic with a high

correlation coefficients (R2 = 0.999), and the Freundlich

model fits the isotherm data well in adsorption process,

implying that the adsorption of uranium is a multilayer

adsorption process mainly controlled by chemisorption or

strong complexation. And thermodynamic study shows that

the adsorption process is spontaneous and endothermic in

nature. The SEM–EDS images reveal that uranium can be

adsorbed to Pseudomonas monteilii. The surface and

inclusion of Pseudomonas monteilii became rough and

incompact after the adsorption. The result of FTIR spectra

also shows that uranyl ions can be adsorbed on the surface

due to the appearance of peak at 836 cm-1, which is des-

ignated to the stretching vibration of UO2
2?, and the

functional groups on the surface of Pseudomonas monteilii

interacting with uranium are mainly hydroxyl groups,

carboxyl groups, amino groups and amide groups.
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