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Abstract
This study investigated the feasibility of using montmorillonite and kaolinite to remediate uranium-contaminated ground-
water. The results showed that the two minerals achieved U(VI) removal rates of 78.68% and 69.89%, respectively. The 
maximum saturation adsorption amounts were 3.78 × 10–5 mol g−1 and 3.85 × 10–5 mol g−1, respectively. The Langmuir 
model and pseudo-second-order kinetics can describe the adsorption process of kaolinite on U(VI). The adsorption process 
of montmorillonite on U(VI) was well-fitted by Freundlich, and pseudo-second-order models. Thermodynamic parameters 
indicated that the two minerals' adsorption of U(VI) was a heat-absorbing reaction. The results of SEM–EDS, FT-IR revealed 
that the adsorption of U(VI) by the two minerals was mostly an ion-exchange reaction, and various functional groups were 
involved in the adsorption process. XPS results showed valence changes accompanied by kaolinite adsorption of U(VI). 
Montmorillonite and kaolinite have some differences in the adsorption process of U(VI).
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Introduction

With the continuous development of human society, the 
demand for resources has increased. As the essential source 
material for nuclear industry production, the demand for 
uranium has been increasing, and it has been widely used in 
recent years [1, 2]. The enormous reserves of uranium ore 
in waste rocks and tailings sands release many radionuclides 
and other heavy metals during rainfall drenching, which 
harms the mine site and the surrounding soil and water envi-
ronment [3]. Uranium usually exists in the environment in 
two states, tetravalent U(IV) and hexavalent U(VI). How-
ever, due to the high mobility of U(VI) [4] and the acid and 

alkaline leaching methods used to process uranium [5, 6], 
it is more easily released into the environment than U(IV). 
Due to long-term accumulation, concealment, and the lag-
ging nature of radioactive contamination [7], methods for 
effectively controlling the contaminants found in the ground-
water in and around uranium mines are urgently needed in 
the nuclear industry and environmental management fields.

238U is a naturally occurring isotope of uranium [8] with 
a globally accepted concentration of about 0.3 μg/L [9], and 
the World Health Organization recommends an acceptable 
limit of 15 μg/L for the uranium content in drinking water 
[10]. In addition to the radiological hazards, uranium is also 
chemically toxic. The accumulation of uranium affects the 
environment and causes severe damage to humans, and it 
can be transferred to or enter the human body directly or 
through the food chain [11]. In recent years, various methods 
have been developed for removing, immobilizing, or isolat-
ing the contaminants in groundwater during remediation. 
The three main methods include ex-situ remediation, natural 
attenuation, and in-situ remediation [12]. As one of the most 
promising in situ remediation technologies in recent years, 
permeable reactive grid technology has been widely used in 
the remediation of contaminated groundwater [13], and the 
adsorbent materials most commonly used to remediate the 
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groundwater in uranium mines include iron-based materials, 
cross-linked chitosan, carbonaceous materials, and agricul-
tural wastes [14]. Most of these materials have many prob-
lems and cannot be widely used. Clay minerals are charac-
terized by large specific surface areas, high cation exchange 
capacities, and low costs, and they exhibit efficient adsorp-
tion of heavy metal pollutants in addition to the variable 
charges present on their surfaces; this contributes to the 
adsorption and precipitation of radionuclide uranium ions 
and then controls the migration and enrichment of uranium 
in aqueous solutions [15, 16].

Many scholars have studied clay minerals for use with 
non-radioactive contaminants, complex radionuclides and 
heavy metal contaminants found in contaminated groundwa-
ter such as that at uranium mines. Diwan et al. [17] studied 
the effect of temperature on the removal of U(VI) from the 
aqueous phase by natural dolomite, and the results showed 
that natural dolomite had a significant ability to treat U(VI) 
contaminated water. Kornilovych et al. [18] studied the use 
of three clay minerals loaded with nanosized zero valent 
iron to adsorb U(VI) compounds in the surface and ground-
water. The composite adsorbents exhibited more efficient 
adsorption of uranium from the surface and groundwater. 
Xiong et al. [19] developed a FeSO4-coated magnetic bio-
calcium carbonate material to effectively remove uranium 
and europium from aqueous solutions. Shamshad et al. [20] 
investigated the relationship between the adsorption activity 
of zeolite and the chemical forms of U(VI) and Eu(III) with 
static experiments. Their results showed that adsorption of 
U(VI) and Eu(III) on the zeolite was dominated by surface 
complexation at pHs less than 8; the adsorption capacity 
of the adsorbents were 50.00 mg g−1 and 24.39 mg g−1, 
respectively, indicating that zeolites are ideal materials for 
uranium mine remediation. Agnieszka et al. [21] studied the 
adsorption of U(VI) ions on seafoam and odtma-seafoam 
with static adsorption methods. The results showed that the 
modified seafoam provided more effective adsorption of 
U(VI), and the amount of U(VI) adsorbed by the odtma-
seafoam was 285.6 mg g−1. The amount of U(VI) adsorbed 
by the original seafoam was 142.8 mg g−1.

Montmorillonite, a typical 2:1 type silicate mineral, has 
a tetrahedral sheet between two octahedral sheets [22]. The 
Mg2+ ions in the octahedra are replaced by Fe2+, Fe3+, Al3+, 
etc.; this usually involves low-valent metal cations displac-
ing high-valent cations, which generates a negative charge 
on the structural sheet layer, so the interactions of montmo-
rillonite with the other cations in aqueous solution leads to 
the exchange of ions in the original layer with those in solu-
tion. In addition, chemical species can also interact revers-
ibly with the interlayer via intermolecular hydrogen bonds, 
van der Waals forces, and other forces [23, 24]. Kaolinite is 
a typical 1:1 layered silicate mineral consisting of a layer of 
silica-oxygen tetrahedra and a layer of aluminum-oxygen 

octahedra. Its cation exchange capacity originates from dis-
sociation of the hydroxyl groups in the crystal structure and 
the broken bonds at the grain edges, which are relatively low 
in kaolinite. The crystallinities of the grains and minerals 
strongly influence the cation exchange capacity of kaolinite 
[25].

In this paper, montmorillonite and kaolinite were selected 
as the research objects. The objectives of this study were (1) 
to investigate U(VI) adsorption by the two minerals through 
static experiments and to explore the differences in U(VI) 
adsorption by the two minerals, (2) to describe the adsorp-
tion process of U(VI) with a kinetic adsorption model and 
an isothermal adsorption model, and (3) to reveal the mech-
anism for U(VI) adsorption on the two minerals through 
microscopic studies of the interfacial characteristics.

Materials and methods

Materials and reagents

In this study, typical 2:1 clay minerals-montmorillonite and 
1:1 clay minerals-kaolinite were selected as the subjects for 
the experiments, and the clay minerals used in the experi-
ments were all extracted from the Huashuo Ore Processing 
Plant in Hebei Province. The physical phase compositions 
of montmorillonite and kaolinite were analyzed by X-ray 
diffraction, and the spectral peaks for montmorillonite cor-
responded to those in the card 00-12-0232, with 2θ of 7.43°, 
19.59°, 34.33°, 54.25°, 61.365°, etc. These are the character-
istic diffraction peaks of montmorillonite. The spectral peaks 
for kaolinite corresponded to the card 00-058-2005, and a 
semi-quantitative XRD analysis showed that the content of 
kaolinite was about 91.8 wt%.

Uranium trioxide octahydrate U3O8 (China National 
Nuclear Corporation) was used as the starting material. 
Sodium hydroxide (NaOH), hydrochloric acid (HCl), nitric 
acid (HNO3) and sodium chloride (NaCl) were obtained 
from Xilong Chemical Co. All reagents were of analytical 
grade. At the end of the experiment, the centrifuge tube was 
allowed to stand for 10 min, and the supernatant was passed 
through a 0.25 μm aqueous filter tip, and then the U(VI) 
data were measured by Agilent 5100 ICP-OES. In this study, 
SEM–EDS analysis was performed by ZEISS Sigma 300 
from Germany, FT-IR was performed by Thermo Scientific 
Nicolet iS20 from the United States, XPS was performed by 
Thermo Scientific K-Alpha from the United States, and XRD 
was performed by Rigaku Smart Smart K-Alpha from Japan.

Batch adsorption experiments

Experiments designed to determine the effect of solution 
pH on the adsorption of U(VI) by minerals: U(VI) solutions 
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with concentrations of 4.2 × 10–5 mol L−1 and pH values of 
2.0 ± 0.1, 3.0 ± 0.1, 4.0 ± 0.1, 5.0 ± 0.1, 6.0 ± 0.1, 7.0 ± 0.1, 
8.0 ± 0.1, 9.0 ± 0.1, 10.0 ± 0.1 were prepared; adsorbent was 
weighed and added into a plastic tube containing 50 mL of a 
U(VI) solution with one of the above pH values. The sample 
was shaken (220 r min−1) for 24 h and then analyzed. The pH 
of the solution was adjusted by slowly adding a HNO3 stand-
ard solution with a concentration of 0.1 mol L−1 or a NaOH 
standard solution with a concentration of 0.1 mol/L. The 
temperature of the system was maintained at 25 °C ± 0.5 °C.

Experiment on the effect of reaction time on adsorption 
of U(VI) by the minerals. These experiments investigated 
the effect of reaction time on adsorption with four solid con-
centrations: the solution pH was 6.0 ± 0.1, the concentration 
of the U(VI) solution was 4.4 × 10–5 mol L−1, the solid con-
centrations were 0.5 g L−1, 1.0 g L−1, 2.0 g L−1, 3.0 g L−1, 
and the reaction times were 0.17 h, 0.5 h, 1 h, 2 h, 6 h, 12 h, 
15 h, 24 h, 36 h, and 48 h. The pH and system temperature 
were adjusted as above.

Effect of the initial concentration on U(VI) adsorption 
by minerals. These experiments investigated the effect of 
initial concentration on adsorption at three system tem-
peratures. The pH of the configured solution was 6.0 ± 0.1, 
the initial concentrations of the U(VI) solutions were 
1.3 × 10–5 mol L−1, 2.1 × 10–5 mol L−1, 3.0 × 10–5 mol L−1, 
4.2 × 10–5 mol L−1, 6.3 × 10–5 mol L−1, 8.2 × 10–5 mol L−1, 
and 1.3 × 10–4 mol  L−1, the reaction temperatures were 
298.15 K, 308.15 K, and 318.15 K, and the reaction times 
were 24 h. The pH and system temperature were adjusted as 
above. Three parallel samples and one blank sample without 
minerals were set up for each group of experiments.

The adsorption capacities and U(VI) removal rates of 
the minerals are important parameters used in studying the 

adsorption of U(VI) by the minerals, and the calculations 
were performed as shown below:

where Q is the adsorption volume, mol g−1; m is the dosage, 
g; V is the solution volume, L; S is the removal rate, %; C0 is 
the initial concentration of pollutant, mol L−1; and Ct is the 
concentration of the pollutant at time t, mol L−1.

Results and discussion

Effect of pH

The active sites on the surfaces of clay minerals are the 
primary sites for adsorption of contaminants by miner-
als. Their protonation-deprotonation reactions, as well as 
the lamellar charges, are affected by the pH of the solu-
tion. At the same time, the pH also determines the forms 
of uranium present in the aqueous solutions, so the pH is 
the main factor affecting the adsorption of uranium on the 
clay minerals. The forms of U(VI) present in aqueous solu-
tions with the different pH values used in the experiments 
were simulated with Visual Minteq 3.1, and the results are 
shown in Fig. 1. Under these experimental conditions, the 
uranium in solution was mainly U(VI). When the solution 
pH was 2.0–3.0, the U(VI) was mainly of the form UO2

2+ 
with a content of more than 99%, and when the pH of the 
solution was greater than 3, U(VI) predominated. The U(VI) 

(1)Q =

(

C0
−Ct

)

× V

m

(2)S =
(C0 − Ct)

C0
× 100%

Fig. 1   XRD patterns for vermiculite, montmorillonite and kaolinite
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species were (UO2)3(OH)5
+ and (UO2)4(OH)7

+ and other 
uranyl groups with OH− ligands. When the solution pH was 
approximately 6.5, the U(VI) in solution was mainly present 
as cationic uranyl ions. The largest proportion was that of 
(UO2)3(OH)5

+ at about 76.8%. When the pH of the solution 
was greater than 7, U(VI) started to form uranyl anions such 
as (UO2)3(OH)7

− and UO2(OH)3
−. The largest percentage of 

uranyl anions, about 92.2%, was observed when the pH was 
increased to 9 (Fig. 2).

The amount of U(VI) adsorbed by kaolinite 
reached its best at pH 7, with an adsorption amount of 
6.02 × 10–5 mol g−1 and a removal rate of 69.89%, as seen 
in Fig.  3A. When the pH was less than 7, the amount 
adsorbed increased gradually with increasing pH. As the 
pH increased, the Zeta potential of the adsorbent surface 
gradually increased and negative charges accumulate on the 
adsorbent surface (Fig. 4). At this time, the uranium species 

in solution were mainly (UO2)3(OH)5
+, (UO2)4(OH)7

+, 
(UO2)3(OH)7

−, and UO2(OH)3
− [26], and the adsorption of 

U(VI) by kaolinite may have involved internal coordination 
or surface precipitation. When the pH continued to increase 
and became alkaline, U(VI) was precipitated as the insoluble 
heavy uranate salt (Na2U2O7) (Fig. 5). The surface precipita-
tion maintained the percent of U(VI) adsorbed on kaolinite 
at a high level [27].

Figure 3B shows that the amount of U(VI) adsorbed on 
montmorillonite reached its best when the pH was 5. The 
adsorption amount was 6.78 × 10–5 mol g−1, the removal rate 
was 78.68%, and the adsorption efficiency increased rapidly 
when the pH was higher than 3 and decreased sharply when 
the pH value was greater than 7, so the best pH range for 
U(VI) adsorption on montmorillonite was 4–7. When the 
pH was less than 4, the degree of montmorillonite surface 
deprotonation was not high, and deprotonation (-H+) was 
difficult, which made the negative charge on the surface low. 
Since the uranyl species in the solution were mainly cationic, 
adsorption of the U(VI) acyl ions by the negative adsorp-
tion sites on the surface of montmorillonite was ineffective, 
and the H+ in the solution exhibited competitive adsorption 
with the uranyl cations, so the adsorption percentages at 
this stage were small; when the pH was increased to 4–7, 
the amount of U(VI) adsorbed on the montmorillonite 
increased, and the uranyl ions in the solution at this time 
were mainly (UO2)3(OH)5

+ and (UO2)4(OH)7
+. This indi-

cated that uranium was mainly adsorbed as (UO2)3(OH)5
+ 

and (UO2)4(OH)7
+ when the pH was 4–7; when the pH was 

greater than 7, the Zeta potential on the surface of the adsor-
bent was elevated due to deprotonation of the oxygen-con-
taining functional groups on the surface, and OH− increases 
the concentration of negative charges on the surface of the 
adsorbent. At this time more montmorillonite sites were 
deprotonated, and uranyl anions were formed in the solution. 
The amount of U(VI) adsorbed by montmorillonite began 

Fig. 2   The forms of U(VI) present in aqueous solutions with different 
pH values

Fig. 3   Relationship between the adsorption capacity of U(VI) and the pH. Note A kaolinite B montmorillonite
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to decline, and many negative charges accumulated on the 
surface (Fig. 5); these repelled the uranyl anions in solution 
leading to a decrease in adsorption [28].

Effect of reaction time

When the solid concentration was the same, the amounts 
of U(VI) adsorbed by the montmorillonite and kaolinite 
gradually increased with increasing reaction time and finally 
reached equilibrium. The amount of U(VI) adsorbed on both 
minerals on gradually decreased with increased solid con-
centrations. This occurred because during the reaction, the 
concentration of solid increased after reaching adsorption 
saturation, the amount adsorbed was relatively lower, and 
the sample particles used in this study were less than 100 
mesh or 200. Some of the solid particles with small parti-
cle sizes diffused into the liquid phase to produce colloids, 
complexes, and fine particles, which formed complexes or 
bonds with U(VI); the bonds with the small particles were 
difficult to separate from the liquid phase when the solid–liq-
uid separation was carried out, so they remained in the liquid 
phase and exhibited competitive adsorption with U(VI) on 
the solid surface, which decreased the amount adsorbed on 
the solid. When the solid concentration was 0.5 g L−1, the 
adsorption of kaolinite on U(VI) reached equilibrium after 
about 6 h. At this time, the maximum adsorption amount 
was 2.78 × 10–5 mol g−1. The amount of U(VI) adsorbed on 
montmorillonite reached equilibrium at 5.63 × 10–5 mol g−1 
after about 12 h of reaction time. The equilibrium times for 
adsorption of U(VI) on montmorillonite and kaolinite were 
increased when the solid concentration increased, which is 
because the spaces between the solid particles decreased 
after the solid concentration in the system increased, which 

intensified the collisional friction between the particles and 
accelerated the rates of the solid particle reactions with ura-
nium (Figs. 6 and 7). 

Effect of initial concentration

As shown in Fig. 8, the amount of U(VI) adsorbed on both 
montmorillonite and kaolinite increased with increases 
in the initial concentration of U(VI) in the solution, and 
the removal rate of U(VI) was reversed. When there were 
enough adsorption sites on the solid surfaces in the system, 
the increased concentration of U(VI) ions in the system 
filled each adsorption site, so when the initial concentration 
increased, the amount adsorbed also gradually increased, 
but the number of adsorption sites on the solid surface were 
limited. After the adsorption concentration reached a cer-
tain level, the adsorption sites were saturated. Therefore, 
the removal rate gradually decreased with increases in the 
initial concentration. In addition, at higher temperatures, the 
amount U(VI) adsorbed by both minerals at different initial 
concentrations increased, and the adsorption rates increased, 
indicating that the increased temperature promoted adsorp-
tion of the U(VI) on both minerals; the adsorption may be a 
heat-absorbing reaction, or the higher temperature acceler-
ated the diffusion of U(VI) ions outside the solid bound-
ary layer as well as in the pores inside the particles, thus 
contributing to the increased adsorption capacity (Figs. 9, 
10, and 11).

Adsorption isotherms

Isothermal adsorption models are commonly used to 
describe the adsorption process and evaluate the adsorption 
capacity. The commonly used isothermal adsorption mod-
els are the Langmuir, Freundlich, Temkin, and D-R models 
[29].

The Langmuir model assumes that the adsorbent surface 
is homogeneous, the activation energy of each molecule on 
the adsorbent surface is equal, and the adsorption process 
is homogeneous monolayer adsorption. The expressions are 
as follows:

where Ce is the equilibrium concentration of the pollutant, 
mol  L−1; C0 is the initial concentration of the pollutant, 
mol L−1; qe is equilibrium adsorption, mol g−1; qmax is maxi-
mum monolayer coverage, mol g−1; KL is a model constant, 
L mol−1; and RL is an equilibrium parameter. RL = 0 means 

(3)
Ce

qe
=

1

KL + qmax
+

Ce

qmax

(4)RL =
1

1 + KL × C0

Fig. 4   Zeta potential of adsorbents at different pH values
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the adsorption process is irreversible, 0 < RL < 1 means mon-
olayer adsorption dominated, and RL > 1 indicates monolayer 
adsorption was poor (Figs. 12, 13, and 14).

The Freundlich model assumes complex interrelation-
ships among the molecules on the adsorbent surface and 
that the adsorption process is non-homogeneous multilayer 
adsorption [30]. The expression is as follows:

Fig. 5   Interaction of uranium ore with adsorbent
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where qe indicates equilibrium adsorption, mol g−1; KF is a 
model constant; and nF is an empirical parameter. nF values 
between 1 and 10 indicate dominant adsorption.

The Temkin model is similar to the Freundlich isothermal 
adsorption model and assumes that the energy consumed by 
adsorption decreases linearly with adsorption and that the 
heat of adsorption decreases with increasing coverage and 
applies to systems with inhomogeneous adsorbent surfaces 
[31]. The expression is as follows:

(5)ln qe =
1

nF
× lnCe + lnKF

where qc is the adsorption amount, mol g−1; B is a constant 
associated with the heat of adsorption, J mol−1; and KT is the 
equilibrium binding constant, L g−1.

The D-R model is based on microporous filling theory 
with the following expressions:

where β is the activity coefficient, mol2 kJ−2; R is the ideal 
gas constant, J (mol K)−1; T is the absolute temperature, 
K; ε is the Polanyi potential; E is the average free energy, 
kJ mol−1. E < 8 kJ mol−1 indicates that physical adsorption is 
the main mechanism of action; 8 kJ mol−1 < E < 16 kJ mol−1 
indicates that ion-exchange chemisorption is the main mech-
anism of action; E > 16 kJ mol−1 indicates that chemical 
adsorption is the main mechanism of action (Figs. 15, 16 
and 17).

The R2 value for kaolinite with the Langmuir predic-
tion model was high, and the maximum amount of U(VI) 
adsorbed was 3.58 × 10–5  mol  g−1. Compared with the 
maximum adsorption amount predicted by D-R model, the 
prediction of the Langmuir model was closer to the actual 
experimental data, which indicated that adsorption of the 
U(VI) on kaolinite was more consistent with the Langmuir 

(6)qc = B lnKT + B lnCe

(7)ln qc = ln qm − ��2

(8)� = RTln

(

1 +
1

ce

)

(9)E =
1

√

2�

Fig. 6   Relationship between the U(VI) adsorption capacity and the adsorbent concentration. Note A kaolinite B montmorillonite

Fig. 7   Relationship between the U(VI) adsorption capacity and the 
reaction time. Note A Background solution; pH = 6.0 ± 0.1; adsorbent 
concentration = 0.5 g L−1
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model. The reaction mainly involved homogeneous mon-
olayer adsorption. The amount adsorbed was related to the 
number of active sites on the surface of the kaolinite. The 
fitted E values for the kaolinite D-R model ranged from 8.0 
to 16.0 kJ mol−1, indicating that adsorption of the U(VI) on 
kaolinite was mainly an ion-exchange reaction occurring at 
the kaolinite edge surface sites (Tables 1, 2, and 3).  

The R2 values for montmorillonite with the Freundlich 
and D-R prediction models were 0.97184 and 0.96001, 
respectively, which were better than that of the Langmuir 
prediction model, proving that adsorption of the U(VI) on 
montmorillonite mainly occurred via multilayer inhomoge-
neous adsorption or pore diffusion adsorption. The sepa-
ration coefficients RL calculated with Langmuir model for 

the adsorption of U(VI) on montmorillonite were greater 
than 0. According to the Langmuir model equation, when 
0 < RL < 1, adsorption is favorable, and the adsorption pro-
cess is irreversible when RL = 0. Therefore, the adsorption 
of U(VI) on montmorillonite was favorable and montmoril-
lonite can be used as an adsorbent of U(VI). n is the fitting 
parameter used in the Freundlich model to characterize the 
equivalent adsorption strength, and when n is between 1 and 
10, adsorption is favorable. The n value for montmorillon-
ite was between 1 and 10, which indicated that adsorption 
of U(VI) on montmorillonite was favorable. The E values 
for U(VI) adsorption on montmorillonite ranged from 8.0 
to 16.0 kJ mol−1, and the adsorption mode was mainly ion 
exchange.

Fig. 8   Relationship between the U(VI) adsorption capacity and initial concentration. Note A kaolinite B montmorillonite

Fig. 9   Relationship between the U(VI) adsorption rate and initial concentration. Note A kaolinite B montmorillonite
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Adsorption kinetics

Adsorption kinetic models can describe the rates for adsorp-
tion of radionuclides and heavy metals on mineral surfaces and 
describe the migration rates and mechanisms for the radionu-
clides and heavy metals [32].

The pseudo-first-order kinetic model assumes that adsorp-
tion is controlled by diffusion and is commonly used to 
estimate the mass transfer coefficient. The expression is as 
follows:

(10)log (qe − qt) = log qe −
(

k1

2.303

)

t

where qe is the amount adsorbed at equilibrium, mol g−1; 
qt is the amount adsorbed at time t, mol g−1; and k1 is the 
adsorption rate constant, h−1.

The pseudo-second-order kinetic model assumes that 
the adsorption rate is proportional to the number of surface 
active sites. The expression is as follows:

where k2 is the adsorption rate constant, g (mol h)−1.
The two-constant kinetic model, also known as Freun-

dlich's revised formal model, considers electrostatic grav-
ity as the main reason for rapid diffusion of the adsorbed 
mass, and the adsorption process is influenced by the 

(11)
t

qt
=

1

k
2
× qe

+
t

qe

Fig. 10   Isothermal adsorption curves for U(VI) adsorption by the clay minerals. Note A Langmuir model; B Freundlich model; C Temkin 
model; D D-R model
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decrease in free energy and the increase in entropy [33]. 
The model can be expressed as follows:

where a is the reaction constant, mol  g−1, and k is the 
adsorption constant, mol g−1.

The Elovich kinetic model is applicable to chemically-
dominated non-homogeneous diffusive adsorption processes, 
in which adsorption is influenced by diffusion within the liquid 
and on the surface, and adsorption can be accomplished by 
surface activation, de-activation and adsorption at the active 
site [34]. The expression for the model is as follows:

(12)q
t = e�+k ln t

(13)q
t =

1

�
ln(��) +

1

�
lnt

where α is the initial adsorption rate, mol min−1 g−1, and β 
is the resolution constant, g mol−1.

The adsorption of U(VI) on kaolinite was more con-
sistent with the pseudo-second-order kinetic model. The 
correlation coefficient R2 was above 0.999, indicating that 
chemisorption mainly controlled the rate of U(VI) adsorp-
tion on kaolinite. The correlation coefficient R2 for U(VI) 
and kaolinite in the fit to the pseudo-first-order kinetic 
model was 0.86585, indicating that the rate of U(VI) 
adsorption on kaolinite was influenced by diffusion. The 
correlation between the adsorption of U(VI) on kaolinite 
via the double constant model and Elovitch model was 
not obvious. This indicated that, in the process of U(VI) 
adsorption on kaolinite, chemical effects had more influ-
ence on the adsorption process than diffusion [35].

The correlation coefficients for fits of the data to 
the kinetic models for the adsorption of U(VI) on 

Fig. 11   Kinetic model curves for U(VI) adsorption by the clay minerals. Note A pseudo-first-order kinetic model; B pseudo-second-order kinetic 
model; C two-constant kinetic model; D Elovitch model
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montmorillonite were 0.99774 for the pseudo-first-order 
model, 0.99974 for the pseudo-second-order model, 
0.8469 for the two-constant kinetic model, and 0.93436 
for the Elovitch model. The correlation coefficients for the 
fits of the pseudo-first-order kinetic model and the pseudo-
second-order kinetic model were both greater than 0.99, 
indicating that the adsorption of U(VI) on montmorillon-
ite involved both chemisorption and physical adsorption. 
However, the comparison showed that the correlation 
coefficient R2 for the fit to the pseudo-second-order model 
was more significant than those of the other three models, 
and the theoretical value of the equilibrium adsorption 
capacity (5.73 × 10−5 mol g−1) is closer to the practical 
(5.63 × 10−5 mol g−1), indicating that adsorption of U(VI) 
on montmorillonite mainly occurred via multilayer chem-
isorption. The free energy for adsorption was independent 
of surface coverage, and the adsorption process was also 
affected by diffusion.

Thermodynamic adsorption

The thermodynamic model of adsorption is mainly used to 
describe the thermodynamic properties of the adsorption 
process and provide insight into the mechanism of tem-
perature effects on the water–rock. The mechanism for the 
temperature effects on adsorption reactions occurring at 
the water–rock interface can be understood, and the ease of 
adsorption can be determined from changes in the entropy 
and enthalpy during the reaction at a specific temperature 
[36]. The Van't Hoff equation is commonly used to solve for 
the thermodynamic parameters in the following expressions:

where ∆G0 (J mol−1) is the Gibbs free energy, ∆H0 (J mol−1) 
is the enthalpy change for the reaction in the standard state, 
∆S0 (J  mol−1  K−1) is the entropy change of the reaction 
in the standard state, R is the thermodynamic constant 
R = 8.314 J mol−1 K−1, and Kd is the equilibrium constant.

The thermodynamic fitting results show that the enthalp-
ies for adsorption of U(VI) on the kaolinite surface were 
all positive, indicating that the adsorptions of U(VI) on 
kaolinite were all heat-absorbing processes; in addition, 
for adsorption of U(VI) on kaolinite, ΔH decreased with 
increases in the initial concentration of U(VI), indicating 
that the adsorption of U(VI) on kaolinite was depend-
ent on temperature. During the adsorption processes, ΔS 
was always greater than 0. For reaction systems involving 
solid–liquid exchange, U(VI) loses some of its degrees of 
freedom when it is exchanged from the liquid phase, which 
has a high degree of freedom, to the solid–liquid system, 
and is then confined by the mineral surface, thus limiting 
the active space of U(VI) and leading to a change in ΔS. 
When the initial concentration of U(VI) was low, ΔG was 
negative, and the value was more negative at higher tem-
peratures. When the adsorption of U(VI) on kaolinite was a 
spontaneous reaction, the energy of this spontaneous reac-
tion was positively correlated with temperature; as the initial 
concentration of U(VI) was increased, ΔG became positive, 

(14)ΔG
0 = −RT lnKd

(15)ΔG
0 = ΔH

0 −TΔ S
0

(16)ln Kd =
Δ S0

R
−

ΔH0

RT

Fig. 12   Thermodynamic model fits for U(VI) adsorption by kaolinite Fig. 13   Thermodynamic model curves for U(VI) adsorption on mont-
morillonite
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Fig. 14   SEM–EDS diagram for 
U(VI) adsorption on the clay 
minerals. Note A kaolinite B 
montmorillonite (Background 
solution pH: 6.0 ± 0.1)
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and the positive values were less with higher temperatures, 
indicating that when the initial concentration was increased, 
the adsorption of kaolinite on U(VI) required heating and 
was not a spontaneous reaction [37].

As shown in Table 4, ΔH was positive for the adsorption 
of U(VI) on montmorillonite, indicating that the adsorp-
tion of U(VI) on montmorillonite was a heat-absorbing 
reaction, and the increased temperature enhanced adsorp-
tion. The ΔS was positive during the adsorption of U(VI) 
on montmorillonite, indicating that the surface structure 
of the montmorillonite changed during the adsorption 
process, and adsorption might be controlled by the inner 
ligand reaction [38]. The Gibbs free energy ΔG was less 
than 0 for the adsorption of U(VI) on montmorillonite with 

different initial concentrations of U(VI), and the value of 
ΔG was smaller higher temperatures, indicating that the 
process of U(VI) adsorption on montmorillonite was spon-
taneous [39].

SEM–EDS analyses

There was no noticeable change on the surface of kaolin-
ite after the adsorption of U(VI). The surface was enriched 
with a small amount of uranium with a relative content 
of about 1.77%, and the relative contents of O, Si, Al and 
other elements in the structure were slightly reduced after 
adsorption. It is inferred that adsorption of the U(VI) on 
kaolinite involve the base surface sites and side surface sites; 
the adsorption reaction with the base surface sites is an ion 
exchange process, and the adsorption reaction with the side 
surface sites is a surface complexation reaction [40].

The surface morphology of montmorillonite did not 
change significantly after the adsorption of U(VI), except 
that the overall profile of the montmorillonite was blurred 
after adsorption of U(VI), and a scan of the montmoril-
lonite surface revealed that a large amount of uranium was 
gathered on the surface; the relative content was 3.67%. In 
contrast, the relative contents of Si, Al and the other ele-
ments had decreased after adsorption, and the adsorption of 
U(VI) on montmorillonite may also involve an ion exchange 
process.

FT‑IR analyses

After adsorption of U(VI) by the kaolinite, the posi-
tions of the spectral peak in the low-frequency region 
(1300 cm−1–400 cm−1) changed. This region contains the 
characteristic Si–O stretching and bending vibrational bands 
of the clay minerals. The intensity of the spectral peak at 
1036.01 cm−1 was enhanced. The peak at 1084.15 cm−1 was 
shifted to 1104.91 cm−1 for the inner Si–O bonding surface 
[41]. The stretching vibrations in this region indicated that 
the U(VI) ions underwent ion exchange or complexation 
reactions with the basal surface sites in the silica-oxygen 
skeleton of kaolinite, resulting in the adsorption of U(VI) 
ions.

The positions of the three absorption peaks located 
near 3683.02 cm−1, 2920 cm−1 and 2853.84 cm−1 in the 
high frequency region did not change significantly after 
adsorption of the U(VI) by montmorillonite, and the water 
bending vibration at 3415.04 cm−1 was an overtone of the 
water molecule bending vibration at 1647.68 cm−1 in the 
middle frequency region [42]. The absorption band near 
3415.04 cm−1 was shifted to 3499.09 cm−1, the peak shape 
was narrowed and the intensity increased, indicating that 
the water molecules entered the interlayer domain of mont-
morillonite during the adsorption process and generated 

Fig. 15   FT-IR spectra for U(VI) adsorbed on the clay minerals. Note 
A kaolinite B montmorillonite (Background solution pH: 6.0 ± 0.1)
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strong water absorption peaks; the bending vibration 
of water molecules at 1647.68  cm−1 in the middle fre-
quency region was shifted by 10 cm−1 and the intensity 
increased, further indicating that the water molecules 
entered the interlayer domain of montmorillonite. Addi-
tionally, the water molecule vibration near 3499.09 cm−1 
was driven to increase. The water vibrational band near 
3499.09 cm−1 was enhanced, and the faint spectral peak 
near 1375.59 cm−1 is an overtone of the water bending 
vibration at 1647.68 cm−1; the Si–O stretching vibrational 
peaks at 1009.26 cm−1 ~ 1076.14 cm−1 for the silica-oxy-
gen skeleton showed no noticeable changes. The Al–O and 

Si–O absorption peaks appeared near 626.97 cm−1 in the 
low-frequency region and corresponded to outer absorp-
tion peaks or bending vibrational peaks for Al–O–M and 
Si–O–M, suggesting that complexation reactions occurred 
during the adsorption of U(VI) on montmorillonite [43].

XPS analysis

Multiple U 4f peaks were observed in the binding energy 
range 375.00  eV–400.00  eV after U(VI) adsorption on 
kaolinite, indicating that the uranium was immobilized on 
kaolinite. The peaks at binding energies of 381.080 eV and 

Fig. 16   XPS data for kaolinite after adsorption of U(VI). Note Background solution pH: 6.0 ± 0.1

Fig. 17   XPS diagram for Montmorillonite after adsorption of U(VI). Note Background solution pH: 6.0 ± 0.1
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392.300 eV were for U(IV) species. The peaks at binding 
energies of 382.490 eV and 393.020 eV were for U(VI) 
species of uranium [44], indicating some of the U(VI) was 

adsorbed as U(VI) on the kaolinite and some underwent 
reduction during the adsorption process to produce U(IV) 
on the kaolinite surface [45].

Table 1   Isothermal adsorption 
model fitting parameters for 
U(VI) adsorption by the clay 
minerals

The significance of the italicized values in this Table 1 is crucial to the conclusion of the adsorption behav-
ior after fitting the adsorption isotherms and kinetic models

Isothermal adsorption model Fitting parameters Clay minerals

Kaolinite Montmorillonite

Langmuir model R2 0.99125 0.91321
KL 5.75E+04 9.29E+04
Qm 3.58E−05 6.57E−05
RLmax 0.5665 0.4471
RLmin 0.1228 0.0797

Freundlich model KF 1.37E−03 1.08E−02
n 2.1790 1.92734
R2 0.96222 0.97184

Temkin model KT 5.03E+05 3.93E+05
R2 0.98349 0.86985

D-R model Qm 1.72E−04 6.34E−04
E 1.26E+04 1.14E+04
R2 0.97465 0.96001

Table 2   Kinetic model fitting 
parameters for U(VI) adsorption 
by the clay minerals

The significance of the italicized values in this Table 2 is crucial to the conclusion of the adsorption behav-
ior after fitting the adsorption isotherms and kinetic models

Kinetic model Fitting parameters Clay minerals

Kaolinite Montmorillonite

Pseudo-first-order kinetic model qe 2.18E−05 5.61E−05
k1 7.26E−02 8.64E−01
R2 0.86585 0.99774

Pseudo-second-order kinetic model qe 3.09E−05 5.73E−05
K2  − 13.6689 1.2575
R2 0.99977 0.99974

two-constant kinetic model k 0.05415 0.2025
R2 0.7584 0.8469

Elovitch model α 18.12 2.25E−4
β 8.79E+05 1.13E+05
R2 0.78812 0.93436

Table 3   Thermodynamic model 
fitting parameters for U(VI) 
adsorption by kaolinite

C0
mol L−1

ΔH
J mol−1

ΔS
J mol−1 K−1

ΔG/J mol−1 R2

298.15 K 308.15 K 318.15 K

1.26 × 10–5 2.13E+04 74.26  − 1.31E+03  − 2.06E+03  − 2.80E+03 0.9684
2.15 × 10–5 1.79E+04 61.58  − 5.03E+02  − 1.12E+03  − 1.73E+03 0.9748
3.00 × 10–5 1.63E+04 54.66  − 4.40E+01  − 5.91E+02  − 1.14E+03 0.9939
4.21 × 10–5 1.31E+04 41.38 7.89E+02 3.76E+02  − 3.82E+01 0.9644
6.35 × 10–5 8.27E+03 23.31 1.31E+03 1.08E+03 8.49E+02 0.9596
8.22 × 10–5 1.20E+04 33.13 2.09E+03 1.76E+03 1.43E+03 0.9999
1.27 × 10–4 5.97E+03 10.45 2.86E+03 2.75E+03 2.65E+03 0.9889
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Montmorillonite contains Al, Si, O, Mg and other ele-
ments. Based on the XPS data, it was obvious that sev-
eral U 4f peaks appeared in the binding energy range 
375.00 eV–400.00 eV after the adsorption of U(VI) by 
montmorillonite, which indicated that the montmoril-
lonite adsorbed U(VI). Fitting analyses of the curves 
revealed peaks for the U 4f7/3 state with binding energies 
of 381.953 eV and 382.840 eV and peaks for the U 4f5/3 
state with binding energies of 393.070 eV, which corre-
sponded to U(VI) species; this indicated that the U(VI) 
species adsorbed on montmorillonite had not undergone 
valence changes and were U(VI) complexes [46].

Conclusions

Many studies have shown that modified clay materials 
have good adsorption and removal efficiencies with vari-
ous pollutants (Table 5). However, there are still gaps in 
the research on adsorption and removal of pollutants with 
natural clay minerals. In this study, the differences in the 
adsorption behaviors and adsorption mechanisms for natural 
montmorillonite and kaolinite with simulated uranium-con-
taminated groundwater were investigated to provide theoreti-
cal support for the feasibility of clay mineral remediation of 
groundwater pollutants in uranium mines.

The optimal pH ranges for U(VI) adsorption by mont-
morillonite and kaolinite were 4–7, 7–10, respectively. 
The adsorption U(VI) on montmorillonite was more effi-
cient than that on kaolinite. The adsorption rates of the two 

minerals increased with increasing solid concentrations, and 
the amount of U(VI) adsorbed increased with higher initial 
concentrations and temperatures. In addition, the processes 
for adsorption of U(VI) on montmorillonite and kaolinite 
were controlled by chemical and physical effects. The spon-
taneous adsorption of U(VI) on the surface of montmoril-
lonite was positively correlated with the temperature. The 
adsorption of low concentration U(VI) on kaolinite surface 
is a spontaneous reaction process, and the adsorption of 
high. The adsorption of dilute U(VI) on the kaolinite surface 
was a spontaneous process, and the adsorption of concen-
trated U(VI) on the kaolinite surface required heating.

The processes involved in adsorption of U(VI) on mont-
morillonite were mainly multilayer non-homogeneous 
adsorption or pore diffusion adsorption, and the adsorption 
of U(VI) on kaolinite occurred mainly via homogeneous 
monolayer adsorption. Both adsorption methods were ion 
exchange reactions. The SEM–EDS, FT-IR, and XPS results 
showed that the adsorption of U(VI) on montmorillonite and 
kaolinite occurred via ion-exchange reactions in the inter-
layer domain, base surface, and side surface, but also might 
have involved complexation reactions with active sites such 
as ≡SOH and ≡SO− on the base surface or side surface; 
the adsorbed species were immobilized as ≡SOUO2

2+ or 
≡SOUO2OH, etc. [51]. U(VI) did not undergo valence 
change during adsorption on montmorillonite, and during 
adsorption on kaolinite, U(VI) was reduced to U(IV). Over-
all, this study shows that there is a differential adsorption 
of U(VI) by natural montmorillonite and kaolinite for and 

Table 4   Thermodynamic 
model fitting parameters for 
montmorillonite adsorption of 
U(VI)

C0
mol L−1

ΔH
J mol−1

ΔS
J mol−1 K−1

ΔG/J mol−1 R2

298.15 K 308.15 K 318.15 K

1.26 × 10–5 1.16E+05 4.00E+02  − 3.50E+03  − 7.50E+03  − 1.15E+04 0.9669
2.15 × 10–5 7.71E+04 2.68E+02  − 2.78E+03  − 5.46E+03  − 8.13E+03 0.9727
3.00 × 10–5 6.61E+04 2.27E+02  − 1.49E+03  − 3.76E+03  − 6.02E+03 0.9972
4.21 × 10–5 4.22E+04 1.47E+02  − 1.63E+03  − 3.10E+03  − 4.57E+03 0.9315
6.35 × 10–5 4.31E+04 1.47E+02  − 7.99E+02  − 2.27E+03  − 3.74E+03 0.9949
8.22 × 10–5 2.25E+04 7.75E+01  − 6.44E+02  − 1.42E+03  − 2.20E+03 0.9984
1.27 × 10–4 9.73E+03 3.36E+01  − 2.81E+02  − 6.17E+02  − 9.53E+02 0.8908

Table 5   Progress in the studies 
of U(VI) adsorption by clay 
minerals [47–50]

Adsorbent material Maximum saturated 
adsorption capacity

Maximum 
adsorption rate 
(%)

1 Montmorillonite 2.612 mg g−1 85
2 Kaolinite-based composite 6.56 × 10−5 mol g−1 70
3 Kaolinite titanium hydroxide composite 161.5 mg g−1 16.5
4 Kaolinite and illite – 96
This study Montmorillonite and kaolinite 6.78 × 10–5 mol g−1 78.68
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that both have good potential as adsorbents for contaminated 
groundwater from uranium mines.
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