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Abstract The sorption of U(VI) from aqueous solution

on MX-80 bentonite was studied as a function of contact

time, pH, ionic strength, solid contents, humic acid (HA),

fulvic acid (FA) and temperature under ambient condi-

tions using batch technique. The results indicate that

sorption of U(VI) on MX-80 bentonite is strongly

dependent on pH and ionic strength. The removal of

U(VI) to MX-80 bentonite is rather quick and the kinetic

sorption data is simulated well by a pseudo-second-order

rate equation. The presence of HA enhances the sorption

of U(VI) on MX-80 bentonite obviously, but the influence

of FA on U(VI) sorption is not obvious. The thermody-

namic parameters (DH0, DS0, and DG0) for the sorption of

U(VI) calculated from temperature dependent sorption

suggest that the sorption reaction is endothermic and

spontaneous.
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Introduction

Isotopes of actinide elements are of great importance in the

geological disposal of radioactive wastes because of their

longevity [1, 2]. Uranium is one representative actinide

element which has fundamental importance in nuclear fuel

cycle, where it starts as a source and ends up as a final waste

component. Uranium released into the environment is pre-

dominantly in the hexavalent form as mobile, aqueous

uranyl ion (UO2þ
2 ) under standard environmental conditions

[1, 3, 4]. Therefore, uranium is a subject of great concern as

a potentially hazardous pollutant to the environment.

Sorption of U(VI) from aqueous solution has been

studied extensively [1, 5–7], and the results indicated that

sorption of U(VI) was mainly dominated by ion exchange

and surface complexation. Although the sorption of U(VI)

on various oxides and minerals has been studied exten-

sively, investigations on the sorption of U(VI) on MX-80

bentonite are still scarce, especially the influence of soil

humic acid (HA) and fulvic acid (FA) on the sorption of

U(VI) on MX-80 bentonite.

Bentonite, which has large specific surface area, high ion-

exchange capacity, and sorption affinity for organic and

inorganic ions, is considered as the main candidate in the

decontamination and treatment of heavy metal ions [8, 9],

and as the best backfill material in the disposal of radioactive

nuclear wastes [10–12]. This paper is an extension of pre-

vious studies in our group [9, 11, 13], where the sorption of

Co(II), Pb(II) and Th(IV) on MX-80 bentonite were inves-

tigated. The main purpose of this work is to investigate the

influence of contact time, pH, ionic strength, HA, FA and

temperature on the sorption of U(VI) on MX-80 bentonite.

Thermodynamic parameters (i.e., DH0, DS0, DG0) are cal-

culated from the temperature dependent sorption isotherms,

and the sorption mechanism is also discussed in detail.
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Experimental

Materials

The sample of MX-80 bentonite was derived from SUBA-

TECH laboratory (France) as a gift and well characterized

[14, 15]. It consists of montmorillonite whose stoichio-

metric formula is (Si3.96Al0.04)(Al1.52Mg0.26Fe0.17
III )Na0.18

Ca0.11O10(OH)2. The main minerals are quartz, feldspar,

calcite (CaCO3, (Ca, Fe)CO3), siderite and pyrite. The

sample used in the experiments was milled and passed

through the 200-mesh screen.

U(VI) stock solution was prepared by dissolving uranyl

nitrate hexahydrate (UO2(NO3)2�6H2O) in double distilled

water. Soil HA and FA were extracted from the soil of

Hua-Jia county (Gansu, China), and had been characterized

in detail [16].

All chemicals used in the experiments were purchased in

analytical purity and used without any purification. Double

distilled water was used in the experiments.

Sorption procedures

All sorption experiments were carried out under ambient

conditions by using batch technique. The stock suspension

of MX-80 bentonite and NaClO4 were pre-equilibrated for

24 h, then U(VI) stock solution and HA/FA were added in

MX-80 bentonite suspension to achieve the desired con-

centrations of different components. The volume of the

solution was 10 mL and the amount of the solid was 0.5 g/L

for each experimental data. The pH values of the solution

were adjusted by adding negligible volumes of 0.1 or

0.01 M HClO4 or NaOH. After the suspensions were shaken

for 24 h, the solid and liquid phases were separated by

centrifugation at 18,000 rpm for 20 min at controlled

temperature same to that in the experiments. The concen-

tration of U(VI) was analyzed by spectrophotometry at

wavelength 650 nm by using U Arsenazo-III complex. The

amount of U(VI) sorbed on MX-80 bentonite was calcu-

lated from the difference between initial and equilibrium

concentrations.

All experimental data were the average of duplicate or

triplicate determinations. The relative errors of the data

were about 5%.

Results and discussion

Effect of contact time

Sorption of U(VI) on MX-80 bentonite as a function of

contact time is shown in Fig. 1. Sorption of U(VI) on MX-80

bentonite is rapid over the first 1 h of contact time, then the

sorption remains constant with increasing time. The quick

sorption of U(VI) on MX-80 bentonite suggests that it is

dominated by chemical sorption/surface complexation

rather than physical sorption. The result also suggests that

1 h is enough to achieve the equilibrium of U(VI) sorption.

In the following experiments, the shaking time is fixed for

24 h to make sure that equilibrium is achieved.

To analyze the sorption rate of U(VI) on MX-80 ben-

tonite, a pseudo-second-order rate equation is used to

simulate the kinetic sorption [17, 18].

t

qt
¼ 1

2K 0q2
e

þ t

qe
ð1Þ

where qt (mg g-1) is the amount of U(VI) sorbed on the

solid surface at time t (h), and qe (mg g-1) is the equilib-

rium sorption capacity. K0 (g mg-1 h-1) is the pseudo-

second-order rate constant of sorption. The qe and K0 values

calculated from the slope and intercept of plot of t/qt vs.

t are 37.369 mg g-1 and 0.178 g mg-1 h-1 under our

experimental conditions.

Influence of pH and ionic strength

Figure 2 shows the sorption of U(VI) on MX-80 bentonite

as a function of pH in 0.001, 0.01 and 0.1 M NaClO4

solutions. The sorption percent (%) of U(VI) is calculated

by the following equation:

Sorption ð%Þ ¼ C0 � Ceq

C0

� 100% ð2Þ

where C0 (mol/L) is the initial concentration of U(VI)

in suspension, and Ceq (mol/L) is the equilibrium concen-

tration of U(VI) in supernatant after centrifugation. The
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Fig. 1 Sorption of U(VI) on MX-80 bentonite as a function of contact

time. pH = 6.1 ± 0.1, T = 303 K, m/V = 0.5 g/L, C[U(VI)]initial =

8.33 9 10-5mol/L, I = 0.01 mol/L NaClO4
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results show that sorption of U(VI) on MX-80 bentonite is

strongly dependent on pH values, and also dependent on

ionic strength. The strong pH and ionic strength dependent

sorption suggests that sorption of U(VI) is dominated by ion

exchange and surface complexation [19, 20]. Generally,

surface complexation mechanism is pH dependent, whereas

ion exchange mechanism is ionic strength dependent

[19–21]. At I = 0.01 M NaClO4, one can see that the

sorption of U(VI) increases with increasing pH values at

pH \ 6, reaches the highest sorption at pH 6–7, and then

decreases with increasing pH. The sorption of U(VI) is

mainly attributed to the functional groups on MX-80 ben-

tonite surfaces. At pH \ 5.5, the sorption curves are shifted

to the left at low NaClO4 concentration, whereas at

pH [ 5.5, the sorption percent is the highest in 0.1 M

NaClO4 solution and is the lowest in 0.001 M NaClO4

solution. Kowal-Fouchard et al. [22] studied the sorption of

U(VI) on Na-montmorillonite, alumina and silica using

laser-induced fluorescence spectroscopy (LIFS) and X-ray

photoelectron spectroscopy (XPS), and deduced that the

sorption of U(VI) on clay and oxides was mainly domi-

nated by ion exchange or outer-sphere complexation at

low pH values, and by inner-sphere complexation at high

pH values.

To illustrate the variation and relationship of pH, Ceq,

and q, the experimental data in Fig. 2 are plotted as three

dimensional plots of q, Ceq and pH (Fig. 3). On the pH-q

plane, the sorption curves of U(VI) are quite similar to the

results shown in Fig. 2; On the pH-Ceq plane, the con-

centration of U(VI) remained in solution decreases with

increasing pH at pH 2–6, and increases with increasing pH

at pH [ 7. The projections on the pH-Ceq plane are just the

inverted images of the projections on the pH-q plane; On

the Ceq–q plane, all the data lies in a straight line. This is

due to the same initial concentration of U(VI) (C0) and

same solid content (m/V) for each experimental point. The

following equation can describe the relationship of Ceq–q:

V � C0 ¼ m � qþ V � Ceq ð3Þ

Eq. 3 can be rearranged as:

q ¼ C0

V

m
� Ceq

V

m
ð4Þ

where V (mL) is the volume and m (g) is the mass of

bentonite. Thereby, the experimental data of Ceq–q lies in a

straight line with slope (-V/m) and intercept (C0 V/m). The

slope and the intercept calculated from Ceq–q line are -2

and 1.67 9 10-4, which are quite in agreement with the

values of m/V = 0.5 g/L and C0 = 8.33 9 10-5 mol/L.

The 3-D plots show that all the data of Ceq–q lies in a

straight line with slope (-V/m) and intercept (C0�V/m) at

same initial concentration and same solid content [23].

Effect of solid content

Sorption percent (%) and distribution coefficient (Kd) of

U(VI) on MX-80 bentonite as a function of solid content is

shown in Fig. 4. The Kd value (mL/g) is calculated using

the following equation:

Kd ¼
C0 � Ceq

Ceq

� V

m
ð5Þ

At m/V \ 0.9 g/L, the removal of U(VI) from solution

increases obviously with increasing solid content. The

sorption percent of U(VI) is constant with increasing solid

content at m/V [ 0.9 g/L. It is well known that the amount

of functional groups at MX-80 bentonite surfaces increases

with increasing solid content. Thereby, more surface sites

are available for the binding of U(VI). As can be seen from
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Fig. 2 Effect of pH and ionic strength on the sorption of U(VI) on

MX-80 bentonite. T = 303 K, m/V = 0.5 g/L, C[U(VI)]initial = 8.33 9

10-5mol/L
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Fig. 3 3-D relationship of Ceq, q and pH of U(VI) sorption on

MX-80 bentonite. T = 303 K, m/V = 0.5 g/L, C[U(VI)]initial = 8.33 9

10-5mol/L
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Fig. 4, the Kd values are constant with increasing solid

content, which is consistent with the physicochemical

properties of Kd values, i.e., the Kd value is independent of

solid content and solution concentration when both of them

are low. The result is very similar with the sorption of

Pb(II) on Na-rectorite [19] and sorption of Co(II) and

Th(IV) on MX-80 bentonite [11, 13].

Effect of humic acid and fulvic acid

Figures 5 and 6 show pH dependency of U(VI) sorption on

MX-80 bentonite in the absence and presence of HA/FA,

respectively. The influence of HA on the sorption of U(VI)

to HA-bentonite hybrids is much stronger than that of FA

at low pH values at the same HA and FA concentrations. At

pH \ 6.5, the presence of HA enhances U(VI) sorption

obviously, whereas FA has little influence on U(VI) sorp-

tion. At pH [ 6.5, the presence of HA and FA decreases

U(VI) sorption with increasing pH. Humic substances (HS)

can be considered as a ‘‘bridge’’ to form U-HS-bentonite

complexes on bentonite surface at low pH values [16, 20].

The negative charged HA can be easily sorbed on the

positive charged MX-80 bentonite surface at low pH val-

ues. The strong complexation ability of U(VI) ions with

surface sorbed HA results in the increasing sorption of

U(VI) on MX-80 bentonite. However, the presence of HA

and FA decreases U(VI) sorption on bentonite at high pH

values. The surface charge of MX-80 bentonite becomes

progressively negative at high pH values. At high pH

values, the negative charged FA and HA resist adsorption

on the negative surface charged bentonite due to electro-

static repulsion [20]. The fraction of FA or HA remained in

solution increases with increasing pH values, and soluble

FA/HA-U(VI) complexes are formed in solution and

thereby reduce U(VI) sorption at high pH values. At high

pH values, as the concentration of HA and FA increase, the

sorption percentage of U(VI) on bentonite decrease, which

indicates the formation of soluble HA/FA-U(VI) com-

plexes in solution. It may be concluded that the effects of

HS on U(VI) sorption to clay are influenced by many

parameters such as the nature of the solid particles, the

nature of HS and pH [24].

Effect of temperature

Sorption isotherms of U(VI) on MX-80 bentonite at 303,

323, and 333 K are shown in Fig. 7. The sorption isotherm
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Fig. 4 Variation of sorption percent (%) and distribution coefficient

(Kd) of U(VI) on MX-80 bentonite as a function of solid content.

pH = 5.9 ± 0.1, T = 303 K, I = 0.01 mol/L NaClO4, C[U(VI)]initial =

8.33 9 10-5mol/L
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Fig. 5 Effect of pH on the sorption of U(VI) on MX-80 bentonite in

the presence of HA. T = 303 K, m/V = 0.5 g/L, I = 0.01 mol/L

NaClO4, C[U(VI)]initial = 8.33 9 10-5mol/L
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is the highest at T = 333 K and is the lowest at

T = 303 K, i.e., sorption of U(VI) on MX-80 bentonite is

favored at higher temperatures. This result indicates that

the sorption reaction is an endothermic process. In order to

get a better understanding of the sorption mechanism, the

Langmuir, Freundlich and D–R models are adopted to

simulate the sorption isotherms at the three temperatures.

Langmuir sorption isotherm is widely used for modeling

the monolayer coverage of sorption surface and assumes

that sorption occurs onto a surface containing a finite

number of identical sites [25, 26]. The linear form is:

Ceq

q
¼ 1

bqmax

þ Ceq

qmax

ð6Þ

where Ceq is the equilibrium concentration of U(VI) in

supernatant after centrifugation (mol/L); q is the amount of

U(VI) adsorbed on bentonite after equilibrium (mol/g);

qmax is the maximum amount of U(VI) at complete

monolayer coverage (mol/g), and b is a binding constant

related to the heat of sorption (L/mol).

Freundlich isotherm model is a semi-empirical equation

describing the sorption onto heterogeneity surface [25, 26]:

Logq ¼ LogkF þ nLogCeq ð7Þ

where kF (L/g) represents the sorption capacity when metal

ion equilibrium concentration equals to 1, and n represents

the degree of dependence of sorption with equilibrium

concentration.

The D–R isotherm is more general than the Langmuir

isotherm, because it does not assume a homogeneous

surface or constant sorption potential [25, 26]. Its linear

form is:
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Fig. 7 Sorption isotherms of U(VI) on MX-80 bentonite at different

temperatures. pH = 5.6 ± 0.1, m/V = 0.5 g/L, I = 0.01 mol/L
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Fig. 8 Langmuir (a), Freundlich (b) and D–R (c) isotherms for

U(VI) sorption on MX-80 bentonite at three different tempera-

tures. pH = 5.6 ± 0.1, m/V = 0.5 g/L, I = 0.01 mol/L NaClO4,

C[U(VI)]initial = 6.67 9 10-5-1.83 9 10-4 mol/L
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ln q ¼ ln qmax�b e2 ð8Þ

where b is the activity coefficient relates to mean sorption

energy (mol2/kJ2), and e is the Polanyi potential, which is

equal to:

e ¼ RT ln 1þ 1

Ceq

� �
ð9Þ

where R is the ideal gas constant (8.3145 J mol-1 K-1),

and T is the absolute temperature in Kelvin (K).

The sorption isotherms with model simulation are

shown in Fig. 8a–c, respectively. The relative parameters

calculated from the three models are listed in Table 1.

From the correlation coefficients, one can see that the

Langmuir model fits the experimental data better than

Freundlich and D–R models, which suggests that the

sorption of U(VI) on MX-80 bentonite is almost complete

monolayer coverage.

Thermodynamic study

The thermodynamic parameters (DG0, DS0 and DH0) for

U(VI) sorption on MX-80 bentonite can be determined

from the temperature dependence.

The Gibbs free energy change (DG0) is calculated by the

following equation [9, 18]:

DG0 ¼ �RT ln K0 ð10Þ

where K0 is the sorption equilibrium constant obtaining by

plotting ln Kd vs. Ceq and extrapolating Ceq to zero [27].

Standard entropy change (DS0) and average standard

enthalpy change (DH0) are calculated by using the fol-

lowing equations [26, 27]:

oDG0

oT

� �
P

¼ �DS0 ð11Þ

DH0 ¼ DG0 þ TDS0 ð12Þ

The values obtained from Eqs. 10–12 are listed in

Table 2. The positive value of DH0 indicates that the

sorption is an endothermic process. One possible expla-

nation to this positive entropy is that energy is needed to

destroy the hydration sheath of U(VI) solved well in

water before its sorption onto bentonite. Thereby, the

sorption process is favored at higher temperature [18].

The DG0 value accompanied by positive DS0 value is

negative as expected for a spontaneous process. The value

of DG0 becomes more negative with increasing tempera-

ture, indicating more efficient sorption at higher

temperature.

Conclusions

From the results of U(VI) sorption on MX-80 bentonite

under our experimental conditions, the following conclu-

sions can be drawn:

(1) Sorption of U(VI) on MX-80 bentonite is strongly

dependent on pH and ionic strength. The sorption is

mainly dominated by surface complexation and ion

exchange.

(2) The thermodynamic data calculated from the temper-

ature dependent sorption isotherms indicate that the

sorption of U(VI) on MX-80 bentonite is endothermic

and spontaneous.

(3) The experimental data of U(VI) sorption on MX-80

bentonite are fitted well by Langmuir model. The

sorption of U(VI) on MX-80 bentonite is monolayer

coverage.

(4) At low pH values, the presence of HA enhances the

sorption of U(VI) on MX-80 bentonite, but the

presence of FA does not affect the uptake of U(VI)

obviously. At high pH values, the presence of FA/HA

reduces the sorption of U(VI) on MX-80 bentonite

because of the formation of soluble FA/HA-U(VI)

complexes in solution.

Table 1 The parameters for Langmuir, Freundlich and D–R isotherms at different temperatures

Langmuir Freundlich D–R

T(K) q max(mol/g) b(L/mol) R KF(L/g) n R b(mol2/kJ2) q max(mol/g) R

303 1.36 9 10-4 4.53 9 104 0.993 7.38 9 10-4 0.208 0.980 1.62 9 10-4 2.60 9 10-4 0.975

323 1.45 9 10-4 7.73 9 104 0.997 5.57 9 10-4 0.161 0.964 1.26 9 10-4 2.75 9 10-4 0.959

333 1.68 9 10-4 1.21 9 105 0.998 4.40 9 10-4 0.115 0.958 1.00 9 10-4 2.96 9 10-4 0.957

Table 2 Values of thermodynamic parameters for the sorption of

U(VI) on MX-80 bentonite

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

303 -20.06 89.10 6.95

323 -21.66 89.10 11.60

333 -22.78 89.10 12.11
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(5) All the experimental data of Ceq–q lies in a straight

line with the slope (-V/m) and intercept (C0�V/m) if

the initial concentration of U(VI) and solid content

are same for all the experimental data.
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