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The adsorption of [UO2(H2O)5]
2+ on the hydroxylated α-SiO2(001) surface was studied by periodic 

density functional theory (DFT) and ab initio molecular dynamics (AIMD) simulation. The effects of pH, 

CO2, the aqua solution and anionic ligands (OH-, NO3
- and Cl-) on the adsorption geometry and stability 

were investigated. The results show that the adsorption of uranyl on the hydroxylated α-SiO2(001) surface 

leads to the formation of inner-sphere complexes, in which the bidentate complex at the double 10 

deprotonated site is most favored. The binding strengths of bidentate and monodentate complexes at the 

same site are similar, and become weaker as the number of protons increases at the adsorption site, 

indicating an enhancement of the adsorption strength at higher pH within a certain range. Strong chemical 

interaction plays an important role in all inner-sphere complexes. The hydrogen bonds are formed 

between uranyl and the hydroxylated surface in all inner- and outer-sphere complexes. The presence of 15 

CO2 weakens the adsorption of uranyl on the surface by forming uranyl carbonate (CO3
2-, HCO3

-) 

complexes. The effect of the anion ligands depends on their charged state and their concentration in 

solutions. The explicit treatment of water environment in the models has slight effect on the adsorption 

configuration. These results are consistent with experimental observations. 

Introduction 20 

The migration of radionuclides in the natural environment has 
raised many concerns in nuclear technology and environmental 
chemistry for their threat to human’s health and ecological 
environment.1 Large amounts of radionuclides come from nuclear 
tests, spent nuclear fuel wastes and leakage at nuclear power 25 

stations.2,3 After dissolved in groundwater, their precipitation and 
adsorption onto minerals is usually regarded as the second barrier 
and a key factor affecting the migration of radionuclides,4 thus 
understanding the interaction between radionuclides and mineral 
surfaces is important for mastering their migration behavior in 30 

environment and the safety assessment of radioactive waste 
repositories. 
 Uranium is the most important nuclide because of its relatively 
high abundance in nature and the central role in the nuclear fuel 
cycle. The uranyl ion (UO2

2+) is the dominant uranium species in 35 

contaminated groundwater systems due to its stability.5 It is linear 
geometrically and has rich coordination chemistry with many 
ligands such as OH-, CO3

2-, NO3
- and Cl- in solutions. These 

uranyl species in solutions may be adsorbed on mineral surfaces, 
which is affected by many factors of the solution environment, 40 

such as the pH, the ionic strength and the presence of CO2,
6-9 and 

has been studied by many groups with advanced experimental 
techniques such as EXAFS, TRLFS and batch experiments.10-18 
However, due to the complexity of these systems and the 
deficiency of experimental techniques, only limited information 45 

at the molecular level is available, and many experimental 
phenomena cannot be well explained.  
 Theoretical calculations offer new paths to study the 

actinide chemistry. 19-30 The First-principles method has proven 
to be a powerful tool and is successfully applied in the study of 50 

actinide adsorption on the mineral surfaces.31-36 As a natural 
geologic material, silica is of great interest due to the abundance 
of silicate minerals in the environment, and its adsorption of 
uranyl has been studied experimentally.6-8, 37-45 However, there 
are few theoretical works to address this subject up to now. It is 55 

thus highly desirable to characterize the adsorption of actinide on 

silica surface. 
 In the soil environment, the silica surface is known to be fully 
hydroxylated and surface silanol groups play a key role in 
sorption processes.46 The pKa values of these surface functional 60 

groups were predicted to be in a wide range of 5.6-11.2 according 
to previous experimental and theoretical works.47, 48 Herein the 
adsorption of [UO2(H2O)5]

2+ from the aqua solution onto 
hydroxylated α-SiO2(001) was studied by periodic DFT 
calculations and AIMD simulations in this work. Issues analyzed 65 

here cover the adsorption configurations, the effects of solvation, 
pH, CO2 and anionic ligands (OH-, NO3

- and Cl-) as well as the 
formation and binding energies. The Bader charge analysis49-

51was also carried out to understand the charge transfer during the 
adsorption process and local density of states (LDOS) analysis 70 

was performed to understand the interaction between the uranyl 
and the surface. 

Page 1 of 9 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Computational Details  

All calculations were performed with the Vienna ab initio 
simulation package (VASP).52, 53 The Perdew-Burke-Ernzerhof 
(PBE) functional54 with the generalized gradient approximation 
(GGA) was used to describe the ion-electron interaction and the 5 

core electrons were described by the full-potential projector 
augmented wave (PAW) method55, 56 with an energy cutoff of 
500 eV for the plane-wave expansion. Scalar relativistic effects 
were incorporated into the effective core potentials via explicit 
mass-velocity and Darwin corrections. Geometry optimization 10 

was performed using the conjugate gradient algorithm until the 
forces on all unconstrained atoms were less than 0.02 eV/Å, and 
the spin polarization was considered for all calculations. 
Integrations in the Brillouin zone were performed using k-point 
grid generated with the Monkhorst–Pack grid, centered at the г-15 

point. To evaluate the effect of van de Waals interaction on the 
adsorption and the kinetics of species on the metal surface, 
several key points were checked by an empirical dispersion 
correction using DFT-D3(BJ) method.57,58 
 The optimized primitive unit cell is characterized by the 20 

parameters a=b=5.01 Å, c=5.49 Å and α=β=90°, γ=120°, agreeing 
well with the experimental values.59 The derivation of the 
formation energy (∆Eform) and the calculation of the binding 
energy (∆Ebind) was according to Kremleva’s60 and Pan’s work,31 
respectively. In order to allow long time AIMD simulations, the 25 

energy cutoff was reduced to 300 eV. The AIMD simulations 
with a time step of 1 fs were run with the NVT canonical 
ensemble, and the temperature was kept constant at 298.15 K 
using the Nose–Hoover thermostat.61,62 The information about the 
model and details of computational method are given in the 30 

Supporting Information. 

Results and Discussion 

Uranyl adsorption on the hydroxylated α-SiO2(001).  

Both experimental and theoretical results show that 
[UO2(H2O)5]

2+ is preferentially penta-coordinated in its equatorial 35 

plane.63-66 The uranyl may interact with the hydroxylated α-
SiO2(001) surface via chemical bonding to form inner-sphere 
complexes or via hydrogen bonding in the outer-sphere complex 
(the optimized structure of uranyl and the surface are shown as 
Figure S1, in the Supporting Information). Both cases were 40 

investigated in this work. In inner-sphere complexes, uranyl may 
bind to one (monodentate) or two surface silanol O(OH) sites 
(bidentate) through U with the removal of one or two water 
ligands. 
 The two neighboring surface silanol O(H) sites with an O-O 45 

distance of 2.74 Å may be bonded to the same Si atom or two 
adjacent Si atoms (see Figure S1) and the surface site may be 
deprotonated (SiO) or remain protonated (SiOH) at different pH 
conditions. To address these distinct cases, six bidentate inner-
sphere (SiOO, SiOOH, SiOHOH, SiO-SiO, SiO-SiOH and SiOH-50 

SiOH), two monodentate (SiO and SiOH) and one outer-sphere 
complexes were investigated. For each complex, a few initial 
configurations were studied and the most stable ones were 
reported here with their configurations shown in Figure 1, and the 
key geometrical parameters, formation energies and binding 55 

energies collected in Table 1. 

 Inner-sphere: bidentate complex. Two binding O(H) sites at 

the same Si atom. When [UO2(H2O)5]
2+ adsorbs on the surface to 

form a bidentate complex, two H2O may be exchanged by two 
OH on the same Si atom, which are in the meantime 60 

dehydrogenated to facilitate the formation of a doubly 
deprotonated SiOO complex, as shown in Figure 1a. In this 
complex, [UO2(H2O)3]

2+ locates at the SiOO bridge site with the 
Oyl-U-Oyl axis perpendicular to the plane of Osurf-Si-Osurf. The U 
atom binds to two deprotonated Osurf atoms with the U-Osurf 65 

distances of 2.27 and 2.29 Å, respectively, shorter than those to 
the aqua ligands (around 2.60 Å), indicating the stronger binding 
strength of U-Osurf than U-Owat. The U-Osurf distances were 
determined to be 2.13 and 2.19 Å at AlOO site on the (001) 
surface of kaolinite,67 and 2.21 and 2.23 Å at TiOO site on 70 

TiO2(110).31 The UO2 group adapts itself to interact with the 
closest hydroxyl group via the hydrogen bond with an Oyl-Hsurf 
distance of 1.98 Å. Hydrogen bonds are also formed between two 
H2O molecules close to the surface and the surface silanol Osurf 
with the Hwat-Osurf distance of 1.70 and 1.84 Å, respectively. The 75 

distance of two silanol Osurf atoms at the adsorption site becomes 
shorter after uranyl adsorption (2.47 Å versus 2.74 Å). The U-Si 
distance representing the separation of uranyl and the surface is 
2.97 Å, close to the experimental value of 3.1 Å obtained on the 
silica gel surface.42 80 

 
Figure 1 Optimized adsorption structures of uranyl adsorbed on the 
hydroxylated α-SiO2(001) surface. Inner-sphere: bidentate complex (a) 
SiOO (b) SiOOH (c) SiOHOH (d) SiO-SiO (e) SiO-SiOH (f) SiOHSiOH; 
monodentate complex (g) SiO (h) SiOH. Outer-sphere complex (i). Color 85 

scheme: U(blue), O(red), Si(orange), H (white). 

 A singly deprotonated SiOOH site may also present as an 
adsorption site for [UO2(H2O)3]

2+ (see Figure 1b), which is closer 
to the deprotonated Osurf with a U-Osurf distance of 2.19 Å and 
farther from the protonated Osurf(H) (3.51 Å). The U-Owat is 90 

longer than the U-Osurf and shorter than the U-Osurf(H). The Oyl-
Hsurf distance is 1.77 Å in this configuration and two Hwat-Osurf 
distances are 1.62 and 1.77 Å, respectively. The U-Si distance 
increases to 3.41 Å and the Osurf-Osurf distance of the adsorption 
site is 2.65 Å. 95 

 If the adsorption site does not deprotonate, the complex with 
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Table 1. Structure parameters (in Å), formation/binding energies (in eV) and the Bader charge (qB in |e|) of surface in the inner-sphere and outer-sphere 
uranyl adsorption complexes on the hydroxylated α-SiO2(001) surface. Q (in |e|) is the charge of the adsorption site.  

Model Q U-Osurf U-Oyl U-Owat Oyl-Hsurf H-Osurf ∆Eform/∆Ebind qB 
SiOO -2 2.27,2.29 1.81,1.83 2.57,2.61,2.59 1.98 1.70,1.84 4.91(-7.63) -1.29 

SiOOH -1 2.19,3.51 1.81,1.83 2.47, 2.49,2.56 1.77 1.62,1.77 1.13(-5.91) -1.17 
SiOHOH 0 2.53,2.70 1.81,1.82 2.48,2.56,2.61 - 1.65,2.69 -2.99(-3.74) -0.97 

SiO-SiO -2 
2.13,2.15 1.83,1.85 2.62,2.69,2.75 1.83 1.86,2.19 4.63(-8.69) -1.21 
2.13,2.14 1.83,1.85 2.61,2.68,2.77 1.80 1.82,2.21 4.30(-9.10) -1.21 

SiO-SiOH -1 2.14,2.49 1.82,1.84 2.61,2.61,2.61 1.82 1.78,1.84 -0.88(-5.93) -1.14 
SiOH-SiOH 0 2.53,2.64 1.82,1.84 2.55,2.56,2.57 1.89 1.69,1.75 -2.86(-4.01) -0.94 

SiO -1 
2.25 1.81,1.81 2.50,2.55, 2.62,2.64  1.57,1.69,1.93 1.19(-6.10) -1.24 
2.24 1.81,1.81 2.48,2.55,2.62,2.63  1.57,1.67,1.90 (-6.85) -1.24 

SiOH 0 2.51 1.81,1.83 2.48,2.59,2.61,2.56  1.63,1.64,2.25 -2.37(-3.91) -1.05 

SiOHOH 0 
 1.82,1.82 2.50,2.52,2.57,2.63, 2.63  1.53,1.70,1.90 -1.05(-1.72) -1.05 
 1.81,1.82 2.48,2.48,2.58,2.62,2.63  1.51,1.68,1.89 (-2.43) -1.05 

The values in italic are obtained with the DFT-D3(BJ) method. 

[UO2(H2O)3]
2+ located at the SiOHOH site is formed, as shown in 

Figure 1c. The configuration is similar to that at the SiOO bridge 5 

site with U-Osurf distances of 2.53 and 2.70 Å, respectively, but 
the UO2 group does not interact with the surface hydroxyl group
 via Oyl in this configuration. The distances of Hwat-Osurf are 1.65 
and 2.69 Å. The U-Si distance is 3.37 Å and the Osurf-Osurf 
distance is 2.54 Å, which is the shortest in the SiOO complex. 10 

 In view of formation energy, the reactions leading to the 
formation of the former two complexes are endothermic by 4.91 
and 1.13 eV, respectively, and that to the latter one is exothermic 
by 2.99 eV, suggesting the formation of the third complex 
(SiOHOH) is thermodynamically more favorable if starting from 15 

the protonated Si(OH)OH adsorption site on the surface, for the 
deprotonation of the surface is much endothermic. The binding 
energies are calculated to be -7.63, -5.91 and -3.74 eV, indicating 
strong interaction between the adsorbate and the surface which 
becomes weaker with the increase of surface H atoms at the 20 

adsorption sites. This can also be seen from the increased U-Si 
and U-Osurf(H) distances.   
 Using Bader’s program, the Bader charge analysis was carried 
out to understand the fluctuation of electrostatic interaction 
during the adsorption process. The intact hydroxylated α-25 

SiO2(001) surface is -2 |e| charged while the uranyl moiety is +2 
|e| charged before interaction. The Bader charge analysis shows 
that the surface remains negatively charged after adsorption, but 
the amount becomes smaller and the values for the three 
adsorption structures are -1.29, -1.17 and -0.97 |e|, respectively, 30 

indicating that the charge-charge interaction between the 
adsorbate and the surface is the strongest in the SiOO 
configuration and the weakest in the SiOHOH configuration. The 
charge transfer in the adsorption process weakens this 
electrostatic interaction.  35 

 Two binding O(H) sites at two adjacent Si atoms. 

[UO2(H2O)3]
2+ can also bind with two surface silanol O(H) on 

two adjacent Si atoms, i.e., SiO(H)-SiO(H) site. The adsorption 
configurations are similar to that bound with two O atoms on the 
same Si atom and three cases were considered: the doubly 40 

deprotonated SiO-SiO (Figure 1d), the singly deprotonated SiO-
SiOH (Figure 1e), and the doubly protonated SiOH-SiOH (Figure 
1f).  
 In the SiO-SiO adsorption mode, the two U-Osurf and Oyl-Hsurf 

distances are calculated to be 2.13, 2.15 and 1.83 Å, slightly 45 

shorter than that at the SiOO site, while the U-Oyl, U-Owat and H-
Osurf bonds are slightly longer. The shortest U-Si distance is 3.63 
Å. The formation energy is also positive but smaller by 0.28 eV 
and the binding energy is larger by 1.26 eV, indicating stronger 
interaction. When it adsorbs at the SiO-SiOH site, the U-Osurf 50 

distances change to 2.14 and 2.49 Å, with the former one to the 
deprotonated SiO site and the latter to the protonated SiOH site, 
and other bonds U-Oyl (or Owat), Oyl-Hsurf and H-Osurf are slightly 
shorter than those at the SiO-SiO site. The shortest U-Si distance 
is 3.70 Å. The formation energy is -0.88 eV and the binding 55 

energy is -5.93 eV, smaller than that at the doubly deprotonated 
sites. When it adsorbs at the SiOH-SiOH site, the U-Osurf 
distances are 2.64 and 2.53 Å, respectively, longer than that at the 
deprotonated site. The shortest U-Si distance is 4.03 Å. The 
adsorption energy is calculated to be -2.86 eV and the binding 60 

energy is -4.01 eV.  
 Similar to the case at SiO(H)O(H) sites, Bader charge analysis 
was carried out, and the surface was found to remain negatively 
charged after adsorption with the values for the three adsorption 
structures being -1.21, -1.14 and -0.94 |e|, respectively, indicating 65 

that the charge-charge interaction is the strongest in the SiO-SiO 
configuration and the weakest in the SiOHOH configuration.  
 It is clear that both chemical binding and charge-charge 
interaction play important role in the adsorption process. To 
verify the strong chemical binding between the uranyl and the 70 

surface, the local density of states (LDOS) analysis was carried 
out for the bidentate complexes at the SiO(H)-SiO(H) sites and 
the orbital overlapping part below and nearest Fermi level were 
shown in Figure 2a-c. It is clear that both the U(d) and U(f) show 
strong hybridization with the O(p) at the SiO-SiO adsorption site 75 

(Figure 2a), indicating that strong chemical bonds are formed 
between them. At SiO-SiOH site, the Osurf(p) shows stronger 
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Figure 2 Local density of states (LDOS) and charge density of one orientation for uranyl adsorption at the SiO(H)-SiO(H) sites on the hydroxylated α-
SiO2(001) surface. O(p) refers to the p-orbitals of two binding O atoms. Isosurfaces of charge density were calculated at 0.01 e Å3. 

hybridization with the U(f) than Osurf(H)(p), while the 5 

hybridization is not obvious at the SiOH-SiOH site and the 
orbitals are relatively localized, indicating very weak chemical 
bonds. The electron density of one orientation plotted as Figure 
2d-e give clear pictures. The vibrational frequency analysis for 
the adsorption complex at SiO-SiO site shows that the stretching 10 

mode of U-Osurf corresponds to 244 cm-1 and those of three U-
Owat bonds are 233, 221 and 214 cm-1. 
  In summary, from the structure parameters of all 
bidentate complexes, we can see that uranyl binds to the surface 
Osurf through U which remains 5-fold coordinated in its equatorial 15 

 plane in these configurations. In addition to the formation of U-
Osurf coordination bond, uranyl also interacts with the surface 
through two H2O ligands near the surface by forming hydrogen 
bonds. The much more charge the adsorbate and the surface carry 
at SiOO and SiO-SiO sites show the stronger charge-charge 20 

interaction than that at the singly and doubly protonated sites, 
with the latter even weaker, thus uranyl prefers to bind with the 
surface SiO site rather than the SiOH site, as also indicated by 
their stronger binding energy and the shorter distance of U-Osurf

 

than U-Osurf(H) as well as the U-Si distance. The negative binding 25 

energy indicates the strong binding interaction between the uranyl 
and the surface. Overall, both chemical binding and charge-
charge interactions play important role in the adsorption process. 
 The binding interaction decreases as the number of protons at 
the adsorption sites implies that the adsorption of uranyl is 30 

weaker under acidic condition and the interaction is enhanced as 
pH increases in a certain range involving surface site 
deprotonation, while the pH dependence is minor under alkaline 
pH conditions since the surface deprotonation is complete and the 
surface site doesn’t change anymore, in constant with the results 35 

in experiment.6, 7, 38-40 Meanwhile, at high pH, the coordinating 
H2O ligands may be replaced by OH-, which may weaken the 
interaction between surface sites and uranyl species and will be 
discussed in latter section.  
 Note that, according to the formation energy, the deprotonation 40 

of the adsorption site needs more energy than released by the 
binding process for the formation of the complexes, indicating 
that under acidic and low temperature condition, it is highly 

possible to form the uranyl-silica complex with the adsorption 
sites protonated rather than deprotonated although uranyl prefers 45 

to bind with SiO than SiOH on the surface. 
 Inner-sphere: monodentate complex. When [UO2(H2O)5]

2+ 
adsorbs on the surface forming monodentate complex, as shown 
Figure 1g-h, one coordinated H2O is replaced by the Osurf(H) at 
the adsorption site which may deprotonate or remain protonated 50 

during the adsorption process. In the former case, i.e. at the SiO 
site, the U-Osurf distance is calculated to be 2.25 Å, and both U-
Oyl bonds are 1.81 Å. The four H2O molecules are still in the first 
coordination shell with the U-Owat distances around 2.60 Å. The 
hydrogen bonds are formed between two H2O ligands closer to 55 

the surface and the surface O, with three Hwat-Osurf distances of 
1.57, 1.69 and 1.93 Å. The adsorption configuration at the SiOH 
site is similar to that at the SiO site, with the U-Osurf distance 
slightly longer (2.51 Å). The shortest U-Si distance for the two 
configurations is 3.51 and 3.82 Å, respectively. The formation 60 

energy for the former one is endothermic by 1.19 eV, while 
exothermic by 2.37 eV for the latter one. The binding energies 
are -6.14 and -3.91 eV, respectively. The Bader charge analysis 
show that the surface was negatively charged after adsorption and 
the values for the two adsorption modes are -1.24 and -1.05 |e|, 65 

respectively.  
 Same conclusion can be obtained from the results for the 
monodentate complexes as that of the bidentate complexes: the 
attractive interaction is exist between uranyl and the surface; 
uranyl prefers to interact with SiO than SiOH group on the 70 

surface and the latter one is more favored in thermodynamics at 
acid condition; the charge-charge interaction between adsorbate 
and the surface is stronger in the complex at the SiO site than that 
at the SiOH site. However, the less exothermicity for the 
monodentate complex at the SiOH site than for the bidentate 75 

complex at the protonated sites (SiOHOH and SiOH-SiOH) 
indicates that the latter one is more favorable thermodynamically 
under the same pH condition.  
 All results of the inner-sphere complexes discussed above 
show that, under basic condition, the bidentate complex is more 80 

preferred concerning the much stronger binding energy for the 
SiO-SiO and SiOO complexes (-8.69 and -7.63 eV). The binding 
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energies for the complexes at single deprotonated sites, i.e., SiO, 
SiO-SiOH and SiOOH are similar (-6.14, -5.93 and -5.09 eV), 
which is also the case for the complexes at the protonated sites, 
i.e., SiOH, SiOH-SiOH and SiOHOH (-3.91, -4.01 and -3.35 eV), 
indicating that the stability of the bidentate and monodentate 5 

adsorption complex of uranyl are similar under certain acidic 
condition where adsorption sites may present in the above-
mentioned form and the binding strength become stronger as pH 
increases. The structure parameters, Bader charge and LDOS 
analyses also support these conclusions. In addition, both the 10 

adsorption on the deprotonated and protonated sites show strong 
chemical bonding and charge-charge interaction, suggesting that 
the adsorption process is not a simple ion-exchange process, in 
consistent with the experimental conclusion drawn based on the 
fact of the slow sorption rate of U(VI) on silica and the 15 

insensitivity to ionic strength of aqueous solutions.7 
 Outer-sphere complex. Uranyl can also adsorb on the surface 
via the H2O ligands forming the outer-sphere complex. In this 
complex, the hydrogen bonds are formed between the two H2O 
ligands near the surface and the surface O atoms with the Hwat-20 

Osurf distances of 1.90, 1.70 and 1.53 Å. Both the two U-Oyl 
bonds are 1.82 Å long. The five H2O ligands coordinated to U 
atom remain in the equatorial plane of uranyl with the U-Owat 
distance of about 2.60 Å. The formation and binding energy of 
the outer-sphere complex are close, -1.05 eV versus -1.72 eV, 25 

implying that the deformation in the adsorption process is small. 
The much smaller binding energy than that of the inner-sphere 
complex indicates that the interaction between uranyl and the 
surface is much weaker in the outer-sphere complex, thus less 
preferred. Even though, the negative formation energy shows that 30 

the formation of outer-sphere complex is also feasible 
thermodynamically.  
 The Bader charge analysis shows that the surface was 
negatively charged after adsorption with a value of -1.05 |e|, 
smaller than the value of -2 |e| for the intact surface, indicating 35 

that the charge transfer between the adsorbate and the surface 
during adsorption weakens the charge-charge interaction between 
uranyl and the surface. In addition, the Bader charge is very close 
to that for the inner-sphere complexes, although the binding 
energy is much smaller for that only hydrogen bonding 40 

interaction is built in the outer-sphere complex, suggesting that 
the charge-charge interaction plays an equal role in all adsorption 
complexes at the same site, and the chemical bonding is 
important in the inner-sphere complexes. 

In addition, we checked some representative case with the 45 

DFT-D3(BJ) method and the results are given in Table 1. It is 
found that the dispersion correction has slight effect of on the 
adsorption structures and Bader charge, while play important role 
on the forming and binding energies. 
 The effect of CO2. Previous studies show that the adsorption 50 

of uranyl on mineral is sensitive to the atmospheric partial 
pressure of CO2 (PCO2) because of the formation of uranyl 
carbonate species under natural environment conditions.37 As 
described in the Supporting Information, the  [UO2(H2O)(CO3)]

0 
and [UO2(H2O)(HCO3)]

+ complexes at the SiO(H)-SiOH sites 55 

were chosen as the model systems to study the influence of CO2 
on the adsorption of uranyl on hydroxylated α-SiO2(001) and the 
optimized geometries are shown as Figure 3a-c.  

 The adsorption of [UO2(H2O)(HCO3)]
+ at the SiOSiOH site 

(Figure 3a) shows strongest interaction among the three 60 

complexes. The U-Osurf bonds are 2.18 and 2.52 Å, and the Oyl-
Hsurf distance is 1.83 Å, similar to the adsorption [UO2(H2O)3]

2+ 
at the same site, but slightly longer. The distances between U 
atom and the two binding O atom of HCO3

- (2.48 and 2.45 Å) are 
much smaller than that with the O atom of the H2O ligand (2.54 65 

Å), indicating the much stronger binding between UO2
2+ and 

HCO3
-. The order of distances U-Osurf<U-Ocarb<U-Osurf(H) to 

some extent reflects the binding strength. Bader charge analysis 
shows that a charge transfer happens from the surface to the 
adsorbate, and the surface becomes less negatively charged with a 70 

value of -0.57 |e|, while the adsorbate less positively charged, 
which is much smaller than that for [UO2(H2O)3]

2+ at the same 
site (-1.14 |e|). The binding energy is also much smaller, -4.93 eV 
versus -5.93 eV.   

Figure 3 Optimized structure with key geometric parameters (in Å) of 75 

uranyl species adsorbed at the SiO(H)-SiOH sites of hydroxylated α-
SiO2(001). Color scheme: U(blue), O(red), Si(orange), H (white), C(grey), 

P(navy) Cl(green). 

 The adsorption configuration of [UO2(H2O)(HCO3)]
+ at the 

SiOHSiOH site (Figure 3b) is similar to that at the SiOSiOH site 80 

with the longer U-Osurf and Oyl-Hsurf distance of 2.53, 2.48 and 
2.03 Å, indicating the weaker interaction. The U-Owat distance 
and the distances between U atom and the two binding O atom of 
HCO3

- is lightly shorter, 2.53, 2.44 and 2.41 Å, respectively, 
indicating the stronger interaction between uranyl and the ligands. 85 

The U-Ocarb distance is also smaller than U-Osurf(H) in this 
configuration. Bader charge analysis shows that the surface is 
slightly negatively charged while the adsorbate is positively 
charged with a value of -0.46 |e|, which is much smaller than that 
for [UO2(H2O)3]

2+ at the same site (-0.94 |e|). The binding energy 90 

is also much smaller, -3.11 eV versus -4.01 eV. The adsorption of 
[UO2(H2O)(HCO3)]

+ at the SiOHSiOH site is smaller than that at 
the SiOHSiO site and the case is the same as that for 
[UO2(H2O)3]

2+.  
 The adsorption of [UO2(H2O)(CO3)]

0 at the SiOHSiOH site is 95 

in the similar configuration (Figure 3c), but the structure 
parameters are different. The U-Osurf bonds are 2.58 and 2.61 Å, 
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much longer than those in other complexes at the same site. The 
U-Oyl bond and U-Owat bond change slightly longer than 
[UO2(H2O)(HCO3)]

+ at the same site and the distances between U 
atom and the two binding O atom of CO3

2- become smaller and 
much shorter than that of U-Osurf(H), indicating the much 5 

stronger binding between UO2
2+ and CO3

2-. Bader charge analysis 
shows that the surface is slightly positively charged while the 
adsorbate is negatively charged with a value of -0.10 |e|, which is 
much smaller than that for [UO2(H2O)(HCO3)]

+ at the same site. 
The binding energy is also much smaller, -1.88 eV versus -3.11 10 

eV. The binding strength at SiOHSiOH site follows the order: 
[UO2(H2O)(CO3)]

0 < [UO2(H2O)(HCO3)]
+ <[UO2(H2O)3]

2+. 
 It is clear that, the Bader charge and binding energy for the 
adsorption of carbonate complex at the same site are much 
smaller than [UO2(H2O)3]

2+, suggesting that the presence of CO2 15 

weakens the adsorption of uranyl on the surface of silica via the 
formation of carbonate complex which agrees with the 
experimental observations.37 Thus, carbonate species are 
expected to play an important role in the migration behavior of 
radionuclides due to their high concentration in groundwater and 20 

their strong complexation ability towards uranyl. The negative 
effect on the adsorption may because the present of CO3

2- (HCO3
-) 

makes the uranyl species less positively (or neutral) charged, 
which is hard to adsorb on the less negatively (or neutral) charged 
sorbent surface. All the results show that the more positive charge 25 

on uranyl and the negative charge on the surface site, the stronger 
the interaction is, which can also be seen from Pan’s results.31 
 Effect of other anionic ligands. The influence of other 
anionic ligands in addition to carbonate species on the adsorption 
of uranyl on minerals have also been studied experimentally.41 

30 

Here, we focused on the effect of three types of most concerned 
anions, i.e. OH-, NO3

- and Cl-, using the electro-neutral model 
mentioned above. The most preferential configurations are shown 
as Figure 3d-3f. The binding energy is calculated to be 4.99, -
5.10 and 5.09 eV, respectively. The Bader charge analysis shows 35 

a charge transfer of -0.46 |e|, -.0.38 and -0.43 from the surface to 
the adsorbate in the three configurations, respectively. To 
investigate the effect of anion concentration on the adsorption, 
the complexes with two H2O ligands replaced by two OH- or Cl- 
were studied and the most stable ones are shown as Figure 3g and 40 

3h. The binding energy for the two configurations is 1.30 and 
1.41 eV, respectively. The Bader charge transferred from the 
surface to the adsorbate is calculated to be 0.03 and 0.06 |e|, 
respectively.  
 In Figure 4, the calculated binding energies for all studied 45 

uranyl complexes are present. It is clear that, as the charge of the 
surface and/or adsorbate decreases, the Ebind value becomes 
smaller: the positively +2 charged complex [UO2(H2O)3]

2+ at the 
negatively -2 charged doubly deprotonated site shows the 
strongest binding interaction, and the binding strength becomes 50 

weaker for the positive +1 charged adsorbates 
[UO2(H2O)(HCO3)]

+, [UO2(H2O)(NO3)]
+, [UO2(H2O)2(OH)]+, 

[UO2(H2O)2(Cl)]+ at the same singly deprotonated site which is 
negatively -1 charged. The neutral complexes [UO2(H2O)(CO3)]

0, 
[UO2(H2O)(OH)2]

0 and [UO2(H2O)(Cl)2]
0 are found to bind to the 55 

neutral surface site most weakly. The charge of the surface 
changes with pH, while the charge of adsorbate is related to the 
charge of ligands. The more negative charge the ligands carry, the 

less positively charged the adsorbate, which leads to the weaker 
binding interaction. These results indicate that the charged nature 60 

plays important role in the adsorption process and the effect of 
different ligands depends on their charged state and concentration 
in solutions. This means that the influence of OH- and carbonate 
species is important in groundwater, while the effect of other 
anions with much smaller concentration is negligible. 65 

Figure 4 Calculated binding energies of uranyl species. The amount of 
charge of the surface site and adsorbate are denoted as Q and Q'. 

Uranyl adsorption on the solvated α-SiO2(001) surface.  

Uranyl adsorption on the hydroxylated α-SiO2(001) with an 

isolated water monolayer adsorption. To investigate how aqua 70 

solution may affect the adsorption of uranyl on the hydroxylated 
α-SiO2(001) surface, we constructed models with an isolated 
water monolayer adsorbed on the surface according to Yang’s68 
and Martorell’s work67 as described in the Supporting 
Information. The optimized configurations are shown in Figure 75 

S2 and the key geometric parameters are collected in Table S1.  
 It is found that uranyl remains penta-coordinated in its 
equatorial plane and the parameters are similar as that on the 
hydroxylated surface, while small difference is also observed due 
to the interaction with surrounding H2O molecules. In the 80 

adsorption configuration of [UO2(H2O)3]
2+ at the SiOHOH site, 

the Oyl atom does not form hydrogen bond with the surface SiOH 
group but with the solvent H2O molecules around it instead. 
When it adsorbs at the SiOH-SiOH site, one water ligand turns 
around with one of its H atoms getting closer to U while the O 85 

atom moving farther. For other configurations, the U-Osurf 
distances become shorter and the U-Oyl bonds become longer, 
while the distances between U and aqua ligands change slightly. 
These similar results obtained with two models indicate that, the 
explicit treatment of water environment has slight effect on the 90 

adsorption configurations. 
  AIMD modeling of the adsorption uranyl on the 

hydroxylated α-SiO2(001) in aqua solution. To evaluate the 
finite temperature effect and test the above models on the 
adsorption configuration of uranyl on the interface between 95 

hydroxylated α-SiO2(001) and aqua solution, AIMD simulations 
were carried out at 298.15 K for the most favored configuration 
of uranyl adsorption at the SiO-SiO site.  
 It is found that the uranium on the water-silica interface 
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remains penta-coordinated in its equatorial plane, similar to that 
at the SiO-SiO site on the hydroxylated α-SiO2(001) surface 
without aqua solution. Different from the adsorption 
configuration on the hydroxylated α-SiO2(001) surface with a 
water monolayer, the aqua solution around does not affect the 5 

orientations of water ligands of uranyl, indicating that the model 
without aqua solution employed here can reasonably mimic the 
adsorption of uranyl on the solvated hydroxylated silica surface 
in geometry, even better than the model with a water monolayer. 
The final structure of the equilibration run, i.e. the starting 10 

geometry of the production run, and the fluctuation of U-Osurf and 
U-Owat distances during AIMD simulations are monitored and 
plotted in Figure 5. It is clear that the U-Osurf distances are around 
2.2 Å and the U-Owat distances are around 2.6 Å. Both of which 
are similar to the corresponding values without aqua solution, 15 

indicating that the DFT results obtained on the hydroxylated α-
SiO2(001) without aqua can reasonably reflect the behavior of 
uranyl on the water-silica interface. 

Figure 5 The adsorption configuration of uranyl on the hydroxylated α-
SiO2(001) surface with aqua solution (left) and key bond lengths as a 20 

function of simulation time during AIMD simulations. 

Conclusion 

In this work, the adsorption of [UO2(H2O)5]
2+ on the 

hydroxylated α-SiO2(001) surface and the effect of other anion 
ligands were studied by periodic DFT calculations, and the 25 

solution effect is modeled by adding a monolayer of water or a 
water box on the silica surface subject to geometrical 
optimization or AIMD. The results show that, the adsorption of 
uranyl prefers to form inner-sphere complexes. The binding 
interaction between the adsorbate and the surface is the strongest 30 

in the bidentate complex at the doubly deprotonated site and it is 
similar for the monodentate and bidentate complexes on the 
singly deprotonated site. The case is the same for the doubly 
protonated site, but the binding interaction becomes weaker as the 
increase of protons at the adsorption site. These results suggest 35 

that the adsorption of uranyl on the hydroxylated α-SiO2(001) 
surface becomes stronger as pH increases in a certain range 
which facilitates the deprotonation of the surface site, and the pH 
dependence diminishes under alkaline pH conditions since the 
highly deprotonated surface site is no longer sensitive to the 40 

variation of basicity of the environment. 
 The adsorption process is not a simple ion-exchange or 
electrostatic adsorption process based on the fact that strong 
chemical interaction plays important role in all these inner-sphere 
complexes and the hydrogen bonds are also formed between the 45 

uranyl and the hydroxylated surface. The formation of outer-

sphere complex by only building hydrogen bonds is also possible 
thermodynamically, but the binding interaction is much weaker. 
The Bader charge analysis shows that the charge-charge 
interaction between the uranyl and the surface is weakened by the 50 

charge transfer in the adsorption process and it is relatively 
stronger for the adsorption complex at the deprotonated site.  
 The presence of CO2 weakens the adsorption of uranyl on the 
surface by forming uranyl carbonate and the complex with CO3

2- 
is much weaker than that with HCO3

- at the same adsorption site. 55 

The charged nature plays important roles in the adsorption 
process and the influence of the anion ligands such as OH-, NO3

- 

and Cl- in addition to the carbonate ions depends on their charged 
state and their concentration in solutions. These results are 
consistent with the experimental observations. [6-8, 37-41] 60 

 When the uranyl adsorbs on the surface covered by a 
monolayer of water, the coordination mode and geometry 
parameters have little change, while the orientation of the water 
ligands changes slightly due to the interaction of water molecules 
around. The AIMD simulation employed the water-silica model 65 

at 295.15 K show that the aqua solution has little effect on the 
adsorption configuration which is the similar to the DFT results 
without aqua solution. These results indicate that handling of the 
aqua solution has slight effect on the adsorption configuration 
and the model systems without solution employed here can 70 

reasonably reflect the adsorption of uranyl on the interface of 
water-silica. 
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