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A B S T R A C T   

The behaviors of U(VI) in environmental media around radioactive waste disposal site are important for safety 
assessment of geological repositories. However, the estimation of environmental behaviors of U(VI) in natural 
media was insufficient. This work aimed to determine the adsorption of U(VI) on natural soil surrounding a 
candidate very low-level radioactive waste (VLLW) disposal site in southwest China. Results showed that the 
adsorption process of U(VI) on soils could be well supported by pseudo-second-order kinetic and Freundlich 
model. The adsorption of U(VI) was pH-dependent but temperature-independent. High ionic strength (NaCl) 
strongly affected the adsorption process at low pH (2.0–5.5). CO3

2− remarkably inhibited the U(VI) adsorption, 
while the adsorption of U(VI) was promoted by PO4

3− and SO4
2− . Naturally occurred soil organic matters (SOMs) 

showed high affinity for U(VI), while the presence of additional humic acid (HA) strongly inhibited U(VI) 
adsorption. The occurrence of ferrous iron could result in the reduction of U(VI) at low pH values (pH < 4), 
leading to the promotion of immobilization of U(VI). These findings would provide some guidance for the safety 
assessments of the VLLW disposal as well as the remediation of contaminated soil.   

1. Introduction 

The rapid development of nuclear power industry has caused an 
increasing attention to the treatment of radioactive wastes (Zhang et al., 
2015). For a very low-level radioactive waste (VLLW) disposal site, 
shallow land geological repositories are designed as a multi-barrier 
system to ensure that radionuclides are not released from the site. 
However, over an extended period of time, the repository may be 
damaged by some unpredictable factors (geological activity or climate 
variations, such as earthquakes and landslides). Moreover, groundwater 
may interact with engineered barrier materials, resulting in the invali
dation of barrier materials. Thus, the environmental behaviors of 
potentially released radionuclides in the surrounding natural ecosys
tems have emerged as an important concern in recent years. 

As the dominant radionuclide by mass in radioactive wastes, ura
nium was widely concerned due to its long half-life, high solubility, and 
high chemotoxicity (Xie et al., 2019). In the environment, uranium 
typically occurs as soluble and mobile hexavalent uranium (U(VI)) 
species (Cao et al., 2020). The environmental behaviors of U(VI) are 
mainly controlled by geochemical processes such as adsorption/de
sorption, precipitation/diffusion, and redox reactions (Zhou et al., 
2020). Adsorption plays a particularly important role in the retention 
and transport of U(VI) in natural systems. In recent years, the adsorption 
behaviors of U(VI) have been widely explored on pure minerals 
(muscovite, montmorillonite, calcite, attapulgite, etc.) (Niu et al., 2009, 
2019; Richter et al., 2016; Troyer et al., 2016; Zhou et al., 2020; Dong 
et al., 2014; Kar et al., 2012) and (hydr)oxides (especially on Fe oxy 
(hydr)oxides) (Boland et al., 2014; Roberts et al., 2017; Sani et al., 
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2004). However, less attention has been paid to the reactions between U 
(VI) and natural soils. Compared with simple pure minerals and metal 
oxides, the adsorption behavior of cations on natural soils are generally 
much more complicated but more meaningful. For complicated natural 
soils, the adsorption behaviors of metals are usually controlled by many 
factors such as concentration of these ions between phases, soil com
ponents, organic matters, clay minerals, metal (hydr)oxides), and soil 
properties (the cation exchange capacity (CEC), grain size distribution, 
soil wettability, etc.) (Manojet al., 2020; Liu et al., 2020). For instance, 
naturally occurring organic matters in soils, such as fulvic substances 
(FA) and humic substances (HS), could strongly complexes with soluble 
U(VI), subsequently governing the adsorption/desorption process of U 
(VI) (Barger and Koretsky, 2011; Bordelet et al., 2018). Bednar et al. 
(2007) also found that the sorption of U(VI) in soils collected from 
Vicksburg and Yuma was strongly affected by the content of soil organic 
matters (SOMs). In cases for minerals containing reductive regents such 
as Fe2+, the reduction of U(VI) may become one of the main factors 
controlling the environmental behaviors of U(VI) (Roberts et al., 2017). 
For instance, in a Fe-rich natural soil taken from a hillside spring in 
Iowa, the abiotic reduction and immobilization of U(VI) was observed 
(Lattaet al., 2012). As a consequence, a better elucidation for the be
haviors of uranium in the local geological environment, especially in 
natural soil around disposal site is urgently needed. 

To evaluate the risk assessment of potentially released U(VI), it is 
necessary to illustrate the behavior of U(VI) in surrounding environ
ment. Unfortunately, to the best of our knowledge, there is a lack of 
systematic investigation on U(VI) interaction with natural soil around 
repository site, and the corresponding mechanisms remain unknown. In 
this study, forest soil around the VLLW repository sites in China was 
selected as the adsorbent to estimate the adsorption behavior of U(VI) in 
natural media. Various environmental factors on U(VI) adsorption were 
evaluated. The reaction mechanisms between U(VI) and soil were also 
addressed combining batch experiments and spectroscopic methods. 
The objectives of this study are to shed light on the pre-safety perfor
mance estimation of the VLLW repository and environmental protection. 

2. Materials and methods 

2.1. Materials 

The stock solution of U(VI) with a concentration of 100 mg L− 1 was 
prepared by dissolving UO2(NO3)2•6H2O solids into deionized water, 
the pH value was adjusted to below 3.0. Soil humic acid (C9H9NO6) was 
extracted from Gannan soil (Fan et al., 2009). All chemicals used in this 
study were of analytical grade. 

Surface mineral soil (0–15 cm depth) excluding O horizon was 
collected from a forest near the candidate VLLW disposal site in south
west China. The type of the soil was the sandy soil. The collected samples 
were first passed through a 60-mesh sieve to remove big stones and 
vegetation roots. The samples were then dried, ground and sieved 
through a 200-mesh sieve. 

2.2. Characterization 

The mineralogical characteristics of soil were determined by Powder 
X-ray diffraction (XRD, D/Max-2400, Rigaku). The functional groups 
were measured using Fourier transform infrared spectroscopy (FT-IR, 
Bruker ALPHA). Element information and oxidation states of uranium 
were obtained using X-ray photoelectron spectroscopy (XPS, ESCALAB 
250 equipped with Al Kα monochromatized source). Reference C 1s peak 
was corrected to 284.6 eV. X-ray fluorescence (XRF, Shimadzu XRF- 
1800) was used to analyze the soil elemental composition. The Visual 
MINTEQ 3.1 and PHREEQC were used to obtain the species distribution 
and saturation index, respectively. 

2.3. Adsorption experiment 

Kinetics estimation: 0.6 g L− 1 soil suspension, 0.01 mol L− 1 NaCl 
solution as the background electrolyte, and 0.3 mL 100 mg L− 1 U(VI) 
stock solution was spiked into 10 mL polyethylene centrifuge tube. 
Deionized water was added to maintain the total volume to 6.0 mL. The 
initial pH value was then adjusted with HCl and NaOH solution to 3.3. 
The samples were put in a thermostatic oscillator. Thenafter, the sus
pensions in appropriate time intervals were filtered by 0.22 μm millipore 
filter and the concentration of U(VI) was measured by UV–vis spectro
photometer at wavelength ~652 nm. 

Influence of pH, initial U(VI) concentration, humic acid and tem
perature: batch experiments were conducted under varied pH values, 
initial U(VI) concentrations (1–25 mg L− 1), HA contents (0–50 mg L− 1) 
and temperature (15–65 ◦C) over the pH range of 2–12 in a mixed sus
pension of 0.6 g L− 1 soil and 0.01 mol L− 1 NaCl for 24 h. The subsequent 
steps were the same as aforementioned kinetic estimation section. Note 
that the mentioned pH values in this study were the final pH at reaction 
equilibrium. 

Influence of co-existing ions: batch experiments were conducted 
under varied background electrolyte concentrations (0.001–2.0 mol L− 1 

NaCl) or anions (0.01 mol L− 1 Cl− , CO3
2− , SO4

2− , and PO4
3− ) in the pH 

range of 2–12 in a mixed suspension of 0.6 g L− 1 soil for 24 h. The 
subsequent steps were the same as aforementioned process. 

Adsorption isotherm: batch experiments were conducted under 
varied U(VI) concentrations (0.2–15.0 mg L− 1) in a mixed suspension of 
0.6 g L− 1 soil and 0.01 mol L− 1 NaCl. The pH values during the reaction 
processes were detected and adjusted for several times to maintain a 
final equilibrium pH values to 3.30 ± 0.05. 

Desorption experiment: removing 3 mL supernatant from the 
adsorption isotherm samples, then spiked 3 mL 0.01 mol L− 1 NaCl so
lution with the same pH into the remainder. After shaken for another 24 
h, the U(VI) concentration of supernatant was measured the way same to 
the sorption experiment. 

Adsorption of U(VI) on soils with different particles: the soils with 
different particle sizes were obtained using the stepwise screening 
method after dispersing the soil in pure water. Then the soil with particle 
sizes of <300 mesh, 200–300 mesh, 120–200 mesh, 60–120 mesh, 
40–60 mesh were dried under 60 ◦C and ground to pass a 300-mesh 
sieve. The untreated soil and finally obtained soil were labeled as US, 
S1, S2, S3, S4, and S5, respectively. 

Potassium dichromate oxidation method was used to determine the 
content of soil organic matters (SOMs) in those fractions. Detailly, 
certain amount of soil was heated in a mixture of potassium dichromate 
(K2Cr2O7) and sulfuric acid (H2SO4) (10 mL, 0.4 mol L− 1). After diges
tion, oxidation and titrimetion, the organic content of soil was finally 
determined through titrimetion method. All the experiments were con
ducted in duplicate to achieve the averages, the SiO2 powder was used 
for a blank titrimetion. 

The adsorption efficiency (%), the amount of adsorbed U(VI) (q (mg 
g− 1)), and the distribution coefficient (Kd) were obtained by the 
following equations: 

Adsorption% ​ = ​ C0 − Ce

C0
× 100% (1)  

qe =(C0 − Ce) ×
V
m

(2)  

Kd =
C0 − Ce

Ce
×

V
m

(3)  

where C0 (mg L− 1) and Ce (mg L− 1) represents the initial and equilibrium 
concentration of U(VI), V (L) and m (g) are the solution volume and the 
adsorbent mass. All the data were the average of triplicate experiments 
and the standard deviation was plotted as error bars. 
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3. Results and discussion 

3.1. Characterization 

The forest soil mainly consists of 51.92% SiO2, 15.73% Al2O3, 
11.79% Fe2O3, and CaO, P2O5, MgO, Na2O, TiO2, K2O as minor com
ponents (Table S1 in the supplementary materials). The content of soil 
organic matter is 4.25%. The soil organic matters exhibited abundant 
functional groups, including carboxyl, amino, and hydroxyl (Fig. S1 in 
the supplementary materials), which could strongly influence the 
adsorption process of U(VI) on soil. The mineralogical compositions 
determined by XRD (Fig. S2) revealed that the major minerals in the 
forest soil are quartz (Qtz), albite (Ab) and clay minerals (montmoril
lonite (Mnt), mica (Klnt), illite (Ill), vermiculite (Vrm), chlorite (Chl)). 
The surface characteristics of soil was further analyzed using FT-IR 
spectra (Fig. S3). The broad band at 3621 and 1639 cm− 1 could be 
respectively ascribed to the OH stretching vibration (from Si–OH and 
H2O) and OH bending vibration (from H2O). The bands at 917, 525 and 
469 cm− 1 could be attributed to Al–O(OH)–Al, Si–O–Al and Si–O–Si 
bending vibrations. The bands at 1088 and 1033 cm− 1 was the Si–O 
bending vibration (Xu et al., 2008). 

3.2. Batch experiments 

Kinetics estimation. Adsorption kinetics was crucial for simulating 
the migration process of nuclide and understanding the adsorption 
mechanism (Xieet al., 2019; Wang and Guo, 2020). As shown in Fig. 1a, 
the adsorption equilibrium of U(VI) on the forest soil could be reached 
within 6 h and remains stable within 5 days. Three common kinetic 
models, pseudo-first-order, pseudo-second-order and Weber-Morris ki
netic models (intra-particle size diffusion model), were fitted to discuss 
the adsorption process of U(VI) on forest soil. Three kinetics can be 
respectively represented as follows: 

Ln(qe − qt)=Lnqe − k1t (4)  

t
qt
=

1
k2qe

2 +
t

qe
(5)  

qt = kidt1/2 (6)  

where qt and qe (mg g− 1) are the amount of adsorbed U(VI) at time t and 
equilibrium, respectively; k1 (min− 1), k2

− 1 (g⋅(mg⋅min)− 1), and kid (d =
1, 2, 3; mg g− 1 min− 1/2) represent the rate constants of first-order, 
second-order, and intra-particle diffusion kinetics. The fitting results 
are displayed in Table 1. The pseudo-second-order kinetic model (Eq. 
(5)) fitted better for the kinetic data (R2 = 0.999), indicating that the 
adsorption of U(VI) on forest soil was mainly affected by the soil content 
and U(VI) concentration (Ho and McKay, 2000). Subsequently, 
Weber-Morris model (Eq. (6)) was applied to further evaluate the 
mass-transfer mechanisms (Fig. 1b). The adsorption process of U(VI) on 
forest soil could be divided into three stages with decreasing slopes: (1) 
the external diffusion (film diffusion) of U(VI) through solution to the 
solid-liquid interface of soil particles with steep slope; (2) the gradual 
adsorption stage attributed to intra-particle diffusion (pore diffusion) 
with gentle slope (Alkanet al., 2007; Kumar et al., 2015); and (3) the 

Fig. 1. The adsorption of U(VI) on soil. Effect of contact time (a); Weber-Morris kinetic model (b); Effect of solid-to-liquid ratio (c); Effect of pH and initial U(VI) 
concentration (d). s/l = 0.6 g L− 1, C(NaCl) = 0.01 mol L− 1, T = 25 ◦C. 

Table 1 
Parameters of kinetic models for the U(VI) adsorption onto soil.  

Models Parameters R2 

Pseudo-first-order k1 = 2.15 × 10− 3 min− 1 0.909 
qe = 0.97 mg g− 1 

Pseudo-second-order k2 = 0.015 g⋅(mg⋅min)− 1 0.999 
qe = 3.97 mg g− 1 

Weber-Morris intra-particle size diffusion ki1 = 0.380 mg g-1 min− 1/2 1.000 
ki2 = 0.127 mg g-1 min− 1/2 0.850 
ki3 = 0.002 mg g-1⋅min− 1/2 0.719  
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final equilibrium stage (or reach a plateau) with a negligible slope. In 
addition, the diffusion rate constants for these three segments are ki1 >

ki2 > ki3 (Table 1). 
Soil dose. As shown in Fig. 1c, U(VI) adsorption on soil increased 

with the increase in adsorbent amount. The increased adsorption ca
pacity could be attributed by the increased number of available 
adsorption sites of soil (Vijayaet al., 2008; Wu et al., 2010). The rela
tionship between the distribute efficient (Kd) and soil content (solid to 
liquid, s/l) is exhibited in Fig. 1c (blue line). In theory, the Kd value is 
negligibly affected by the low solid content. In this study, Kd value 
showed a certain increasing trend with increasing soil content. Identical 
results were derived by Fan et al. (2009), where the increased Kd value 
was caused by the locally high concentration of Ni(II) to form surface 
precipitate or macromolecular colloid when increasing content of atta
pulgite. Therefore, it is speculated in this study that there are other in
teractions (such as redox or complex) that promote the enrichment of U 
(VI) on the solid surface. 

pH and the concentration of U(VI). Generally, the protonation/ 
deprotonation of the solid surface groups and the cations species 
strongly depends on the solution pH, which play key roles in the 
adsorption of cations (Carnal and Stoll, 2011; Liu et al., 2013). Fig. 1d 
shows the influence of pH on the adsorption of U(VI) on forest soil with 
initial U(VI) concentrations range from 1.0 to 25.0 mg L− 1. In the acid 
range, the adsorption of U(VI) with low concentration increased rapidly 
from 0 to 100%. It could be ascribed to the decreased repulsion between 
UO2

2+ and positively charged surface when increasing pH values. 
Another point to note is that the adsorption of U(VI) under low pH range 
(2.0–4.0) in this study was significantly higher than that under similar 

conditions (Barger and Koretsky, 2011; Guo et al., 2009; Kumar et al., 
2015; Sachs and Bernhard, 2008; Zhao et al., 2012). Interestingly, when 
the initial concentration of U(VI) increased to > 15.0 mg L− 1, two 
obvious peaks at pH ~3.9 and pH ~5.9 was observed. The adsorption of 
U(VI) showed an obvious decrease at pH > 3.9, while it was hardly 
affected at pH < 4.0. Typically, for the adsorption of cations on oxides or 
pure minerals (Erden and Donat, 2017; Wang et al., 2019; Zhou et al., 
2020), the adsorption of metal ions could be inhibited over the whole pH 
range at higher initial concentrations. Therefore, it is considered that at 
pH < 4, at least one strong reaction (redox and/or strong complexation) 
between U(VI) and soil was involved. Under alkaline conditions, U(VI) 
could form anionic complexes with dissolved CO3

2− , which would inhibit 
the adsorption of U(VI) on soil due to the electrostatic repulsion (Wang 
et al., 2019). 

Co-existing ions. The impact of ionic strength on the adsorption of U 
(VI) on soil was studied by varying the concentrations of NaCl from 
0.001 to 2.0 mol L− 1. Under acid condition (pH < 4) (Fig. 2a and b), the 
increase of NaCl concentration up to 1.0 mol L− 1 led to a weakly 
decrease in U(VI) adsorption, which could be attributed to the slight 
competitive adsorption of Na+ for active sites. Interestingly, an obvious 
increase in the adsorption of U(VI) in the presence of 2.0 mol L− 1 NaCl 
was observed, and it was inconsistent with most sorption systems (Sheng 
et al., 2015; Sihn et al., 2016; Tan et al., 2018). It was known that soil 
properties including pH and ionic strength of the water phase directly 
determine organic matter solubility (Chantigny, 2003). Therefore, in the 
acid condition (pH ~3.3), some SOMs component (such as fulvic acid) 
could be easily dissolved into solution. When further increasing NaCl 
concentration to 2.0 mol L− 1, the adsorption of soluble SOMs on soil was 

Fig. 2. Influence of environmental factors on the adsorption of U(VI) on soil. Effect of ionic strength under different pH values (a) and under pH ~3.3 (b); Effect of 
coexisting anions (c); Effect of HA (d). C(UO2

2+) = 5 mg L− 1, s/l = 0.6 g L− 1, T = 25 ◦C. 
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enhanced, resulting in the increased U(VI) adsorption. Similar results 
was reported by Li et al. (2011) that in the presence of humic substance, 
the sorption of Eu(III) on iron oxides was enhanced when Na+ concen
tration was above 0.05 mol L− 1. While in the absence of HA, the sorption 
ability gradually decreased with increasing ionic strength from 0 to 0.2 
mol L− 1. 

Given the complex environment conditions, anions were also ubiq
uitous in the environment that can form strong complexes with target 
metal ions and highly affect the physical and chemical behavior of metal 
ions (Zhang et al., 2018). Fig. 2c shows the effect of common electrolyte 
anions (Cl− , CO3

2− , SO4
2− , PO4

3− ) on the adsorption of U(VI) on soil. The 
presence of CO3

2− decreased U(VI) adsorption under alkaline condition. 
Visual Minteq program was further used to predict the concentrations 
and distributions of U(VI) species. As shown in Fig. S4d, UO2(CO3)2

2−

and UO2(CO3)3
4− would form under alkaline condition in the presence of 

CO3
2− , which are difficult to be adsorbed to the negatively charged 

surface of soil due to the repulsion. At whole pH range, the uptake 
enhancement in the presence of PO4

3− can be attributed to the strong 
surface complexation between phosphate and UO2

2+ (Fig. S4). Similar 
observations have been previously reported that the adsorption of U(VI) 
on goethite was promoted in the presence of phosphate by the formation 
of ternary “adsorbent-anion-metal ion” complex (Cheng et al., 2004). 
The presence of SO4

2− has a negligible influence on U(VI) adsorption 
when pH < 7. It may be due to the weak affinity between SO4

2− and soil 
(Van Der Weijden et al., 1997). Moreover, although complexes of SO4

2−

with U(VI) (e.g. UO2SO4 and UO2(SO4)2
2− ) were formed (as shown in 

Fig. S4b), due to the occurrence of the strong interactions of U(VI) with 
the soil surface, the formed complexes may be insufficient to bring any 
change. While at pH > 7, the presence of SO4

2− increased U(VI) 
adsorption (Fig. 2c). It is known that in the presence of SO4

2− , the 
salting-out effect of CO2 is much stronger than that in Cl− solution (Yan 
and Chen, 2010). Therefore, the CO2 solubility to form CO3

2− was 
decreased in the presence of SO4

2− , thus to inhibit the formation of U 
(VI)-carbonate complex and improved the adsorption of U(VI). 

Influence of humic substance. The adsorption and migration of U 
(VI) could be strongly influenced by naturally occurring organic matters 
that widely distributed in the environment (Dubeet al., 2001; Chen 
et al., 2007). Given the large specific surface area, complex structure and 
various functional groups (Zhang et al., 2020), organic matters could 
affect the environmental behavior of metal ions by: (1) redox with metal 
ion by reduction groups; (2) change the surface morphology and 
exposed active sites of sorbents through surface interaction; (3) change 
the chemical speciation of metal ions due to the strong complexing 
ability. The pH-dependence of U(VI) adsorption on soil in the absence 
and presence of humic acid (HA) is shown in Fig. 2d. The presence of HA 
has almost no effect on U(VI) adsorption at low pH value (pH 2.0–3.5), 
while inhibiting U(VI) adsorption at pH > 3.5. Generally, the presence of 
HA is reported to promote the adsorption of metal ions at low pH due to 
the formation of ternary metal–HA–sorbents (Fan et al., 2014). There
fore, the HA-independence at low pH in this study supports the previous 
speculation that U(VI) adsorbed on soil dominantly via some strong 
interactions, which were hardly disturbed by other factors. As the pH 
value increases, most HA molecules remaining in solution tend to form 
soluble U-HA complexes with U(VI), inhibiting the adsorption of U(VI) 
(Wang et al., 2019; Zhao et al., 2012). 

Effect of temperature on U(VI) adsorption. Temperature is one of 
the main factors affecting the adsorption process of metal ions (Al-anber 
et al., 2011; Soliman et al., 2020; Ten Hulscher et al., 1996; Uddin et al., 
2017; Fan et al., 2012; Tertre et al., 2006; Yang et al., 2010). In most 
chemical adsorption systems, higher temperature will promote the 
adsorption of metal ions. Dynamically, increasing the temperature could 
increase the diffusion rate of adsorbent particles across the solid–liquid 
interface and in the internal pores (Wang et al., 2005). It may be related 
to accelerating some slower adsorption steps or blocking some processes 
such as molecular aggregation, ion pairing and complex formation 
(Johnson, 1990). Thermodynamically, higher temperature can boost the 

hydrolysis of metal ion and reduce the electrostatic repulsion between 
adsorbent and adsorbate, making the adsorption reactions easier to 
happen (Alkanet al., 2007; Sharma and Tomar, 2011). In this study, the 
effect of temperature (15, 25, 45, and 65 ◦C) on the adsorption of U(VI) 
on soil was conducted by varying pH values from ~2 to ~12 (Fig. 3a). 
Contrary to what is usually observed, temperature had no significant 
impact on the U(VI) adsorption. The result further confirmed the above 
deduction that the adsorption of U(VI) under this condition was 
controlled by some interactions which weakly depended on 
temperature. 

Adsorption isotherm. Adsorption isotherm can help describe the 
distribution information of metal ions between the liquid phase and the 
solid phase (Foo and Hameed, 2010). As is illustrated in Fig. 3b, the 
adsorption of U(VI) on soil gradually increased at 0.2–12.0 mg L− 1 U(VI) 
concentrations, then suddenly increased when U(VI) concentration 
reached to 15 mg L− 1. Generally, the sharp increase in adsorption is 
mainly attributed to the hydrolysis of U(VI) with high concentration to 
form precipitates (Bai et al., 2015). But in this study, the concentration 
of U(VI) and pH value is too low (~3.3) for U(VI) to form surface pre
cipitates (as supported by the negative saturation index from Fig. S5). As 
discussed above, the sharp increase may be relevant to other strong 
interaction, which controlled the adsorption process at low pH values. 

In order to better understand the interaction mechanisms between 
uranium and soil, four thermodynamic models (Langmuir, Freundlich, 
Langmuir-Freundlich and Dubinin–Radushkevich (D–R) models) were 
adopted to fit the experimental data (excluding the sudden rise data). 
The equations are expressed as follows: 

Langmuir ​ model: ​ qe =
qmaxKLCe

1 + KLCe
(7)  

Freundlich ​ model: ​ qe =Kf C
1
n
e (8)  

Langmuir − Freundlich ​ model: ​ qe =
qmaxbC

1
n
e

1 + bC
1
n
e

(9)  

D − R ​ model: ​ qe = qmax exp( − Kε2) (10)  

ε= − RTlg(1+ 1 /Ce) (11)  

where qmax (mg g− 1), the adsorption capacity at equilibrium; KL (L 
mg− 1), the Langmuir constant; KF and n, the Freundlich constants; b, 
Langmuir-Freundlich model; K, the D-R constant; ε, the Polanyi poten
tial; T (K), the temperature; R, the gas constant (8.31 J mol− 1 K− 1). 
According to the fitting results in Fig. 3b and Table 2, U(VI) adsorption 
on soil was in accordance with the Freundlich model, indicating that 
complex interaction mechanisms are possibly involved in the adsorption 
process. 

Fig. 4a exhibited the adsorption and desorption isotherms of U(VI) 
on soil. The desorption isotherm deviated obviously from adsorption 
isotherm (sorption-desorption hysteresis), especially at high U(VI) 
concentration, illustrating the irreversible process. The irreversible 
tendency was possibly due to the strong interaction that is not easily 
desorbed from soil surface. It has been reported that strong complexa
tion between organic matters and metal ions could promote the sorption 
irreversibly (Li et al., 2016). U(VI) sorption to Fe/Mn oxides was also 
confirmed to be irreversible and is not affected by high salinity (Rout 
et al., 2015). In addition, some processes involving U(VI) reduction or 
the formation of (surface) U(IV) precipitation would also affect the 
sorption reversibility (Missanaet al., 2004). 

3.3. Mechanisms for U(VI) interaction with soil 

As discussed above, some strong interactions might involve in the 
adsorption process between U(VI) and soil. To elucidate the reaction 
mechanisms between U(VI) and the forest soil, U(VI) adsorption on soil 
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particles with different size was conducted. As shown in Fig. 4b, the 
adsorption of U(VI) was obviously influenced by the soil particles with 
different size. At acid condition, U(VI) adsorption on S1, S2 and S3 is 
almost the same as that on untreated soil (US), and was inhibited on S4 
and S5. When pH > 7, U(VI) adsorption on soil followed the sequence of 
S5 < S4 < S1 ≈ US < S2 ≈ S3. It is worth to note that the formation of U 
(VI)-carbonate complexes would lead to the low adsorption of U(VI) on 
most minerals at alkaline conditions (Li et al., 2014; Tournassat et al., 
2018). In this study, the high adsorption of U(VI) at high pH values was 
expected to derive from the occurrence of SOMs. As shown in Fig. 4c, the 
measured SOMs content followed the sequence of S3 > S2 > S1 > S4 >
S5, which have a positive correlation with U(VI) adsorption (R = 0.982, 
P < 0.05). The reaction between U(VI) and soil surface at alkaline 
condition strongly relied on the content of SOMs in soil, high SOM 
concentration could increase U(VI) adsorption by forming strong com
plex with U(VI). This also supports the above result that high concen
tration of background electrolyte would enhance the adsorption of U(VI) 
due to the re-adsorption of soluble SOMs at acid condition. It should be 
noted that the adsorption percentage of U(VI) onto S4 and S5 increased 
again at pH > 9.0 (Fig. 4b). Similar adsorption trends were reported by 
Fan et al. (2014) and Kenney et al. (2017). The SOMs content for S4 
(2.46%) and S5 (0.74%) was too low and should not be the dominate 
factor controlling the adsorption of U(VI) in alkaline conditions. The 
increase in U(VI) adsorption again above pH 9.0 onto S4 and S5 may be 
attributed to the formation of uranate-type minerals (e.g. Na2U2O7) on 
the surface of soils. However, under acid condition, US (4.25%) and S1 
(4.04%) with relatively low SOMs content showed similar adsorption 
trends with that of S2 (5.13%) and S3 (6.59%). This indicates that the 
adsorption ability was not directly related to SOMs content at low pH 
values. Under acidic conditions, U(VI) typically have strong affinity to 
various minerals in soil, and SOMs should not be the only factor con
trolling the adsorption of U(VI) (Shi et al., 2019). 

As mentioned above, natural reductive ions may also strongly affect 
the environmental behaviors of U(VI) by reducing U(VI) to immobile U 
(IV). The Fe 2p3/2 spectrum of soil depicted in Fig. 5a can be fitted into 
four peaks centered at 709.6, 711.5, 713.0 and 715.7 eV, which was 
respectively assigned to Fe(II)–O, Fe(III)–O, Fe(III)–F, and Fe(II)–O 
satellite peak (He et al., 2017; Yang et al., 2018). The results directly 
indicate that a certain amount of Fe(II) exists in the soil and may be 
involved in the redox reactions. The high-resolution U 4f spectra of 
samples after reaction with soil under pH ~2.5 was illustrated in Fig. 5b. 
Compared with standard U(VI) refer, with binding energy (B.E.) of 382.4 
and 393.3 eV, external peaks at 380.6 and 391.6 eV could be ascribed to 
U(IV) phase (Wang et al., 2019, 2020; Li et al., 2019). The calculated 
atom% of U(IV) and U(VI) was 65.8% and 34.2%, respectively, indi
cating the partial reduction of U(VI) occurred at the soil-U interface at 
low pH value. The strong reductive immobilization was responsible for 
enhanced U(VI) adsorption at low pH values. In contrast, at a higher pH 
value (~4.7), U(VI) reduction disappeared (Fig. 5b), which may be due 
to the negligible dissolution of Fe2+ from soil. 

To verify the role of SOMs and Fe2+ on U(VI) adsorption, soil was 
further treated under high temperatures (400 and 600 ◦C) to remove 
such reductive iron and SOMs components. As illustrated in Fig. 4d, the 
removal of Fe2+ and SOMs caused an obvious decrease in the U(VI) 
adsorption compared to the raw soil. After removing Fe(II) and SOMs, 
the adsorption of U(VI) was mainly controlled by the interaction on the 
surface soil minerals. The results further proved the promoted effect of 
SOMs and reductive iron on U(VI) immobilization in natural soil. 

4. Conclusions 

Adsorption behavior and interface interaction mechanisms of U(VI) 
on natural soil near VLLW disposal site were investigated comprehen
sively by batch experiments and spectroscopic techniques. The adsorp
tion process of U(VI) on soil fitted the pseudo-second-order kinetic and 
Freundlich model well. The occurrence of SOMs in soil caused a strong 
complexation with U(VI). At relatively low pH values (<4.0), U(VI) 
could be reductively immobilized by Fe(II) in soil. Both strong 
complexation and reduction play a major contribution for promoting the 
adsorption of U(VI) on natural soil, and made the adsorption negligibly 
affected by temperature and ionic strength. While at particularly high 
Na+ concentration, the adsorption was enhanced at low pH due to the 
re-adsorbed soluble organic matters on soil surface. It is expected to 
provide some performance assessments of geological disposal sites 
containing very low-level nuclear wastes. 

Fig. 3. Thermodynamics estimation on the adsorption of U(VI) on soil. Effect of temperature (a); The adsorption isotherm (b). s/l = 0.6 g L− 1, C(NaCl) = 0.01 
mol L− 1. 

Table 2 
Parameters of isotherm models for the U(VI) adsorption onto soil.  

Models Parameters AIC 

Langmuir KL = 0.232 L mg− 1 0.829 
qmax = 15.08 mg g− 1 

Freundlich Kf = 2.939 mg1− n g− 1 Ln 0.420 
n = 1.591 

Langmuir- Freundlich qmax = 35.389 mg g− 1 0.490 
b = 0.091 L mg− 1 

n = 1.350 
D-R qmax = 8.383 mg g− 1 4.810 

K = 4.153 × 10− 7 mol2 J− 2 

Note: AIC = 2k-2ln(L); L = -(n/2) × ln(2 × pi)-(n/2) × ln(sse/n)-n/2. 
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Fig. 4. The desorption of U(VI) (a); The adsorption of U(VI) on soil with different particle size (b); The correlation between U(VI) adsorption and SOMs content at pH 
~8.0 (c); The adsorption of U(VI) on soil treated under different temperatures (d). C(UO2

2+) = 5 mg L− 1, s/l = 0.6 g L− 1, C(NaCl) = 0.01 mol L− 1, T = 25 ◦C. 

Fig. 5. Fe 2p (a) and U 4f (b) XPS spectra of U(VI) adsorbed soil. C(UO2
2+) = 25 mg L− 1, s/l = 0.6 g L− 1, T = 25 ◦C, C(NaCl) = 0.01 mol L− 1.  
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