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Exploring the kinetics of actinyl-EDTA reduction by ferrous iron 
using quantum-mechanical calculations 

Sooyeon Kim,a Will M. Benderab and Udo Becker*a 

The reduction of An(VI) (An = U, Np, and Pu) to An(IV) significantly decreases its solubility and mobility. This reaction can be 

hindered by complexation with inorganic (e.g., carbonate) or organic ligands. Ethylenediaminetetraacetic acid (EDTA) is one 

such organic ligand that forms stable complexes with actinides. Therefore, it may enhance the mobility of actinides. 

However, the redox kinetics and mechanisms of actinyl(An(V/VI)O2
+/2+)-EDTA are not well characterized yet and are thus 

studied here using quantum-mechanical calculations. The principle is to approach the actinyl-EDTA and Fe2+ (reductant) in 

small incremental steps and calculate the system energy at each distance. The overall reaction is then delineated into sub-

processes (encounter frequency in bulk solution, formation of outer-sphere complex, transition from outer- to inner-sphere 

complex, and electron transfer), and reaction rates are determined for each sub-process. The formation of outer-sphere 

complexes occurs rapidly in microseconds to seconds over a wide range of actinyl concentrations (pM to µM); in contrast, 

the transition to the inner-sphere complex is relatively slow (milliseconds to a few seconds). Immediate electron transfer to 

form the pentavalent actinide is observed along the reaction path for Np(VI) and Pu(VI), but not for U(VI). Surprisingly, in 

acidic conditions, one of the carboxylic groups gets protonated in EDTA of [UO2(edta)]2- rather than one of the amino groups. 

This process-based series of calculations can be applied to any redox reaction and allows predicting changes to the rate law 

and rate-limiting step in a more fundamental way for different environments. 

1. Introduction 

The release of uranium contaminants from mining, processing 

of uranium ore, or waste disposal from nuclear power plants is 

of concern for human health and the environment.1, 2 How the 

released uranium compounds transport in nature depends 

strongly on their oxidation states;3 U(VI) is several orders of 

magnitude more soluble than U(IV). Thus, the transport of 

uranium contaminants is broadly hindered by the reduction to 

U(IV). Other actinides (An) such as Pu and Np also have low 

solubility under reducing conditions. 

The reduction of actinyls (AnO2
+/2+) is typically hindered by 

complexation with inorganic ligands, such as carbonate,4-6 or 

organic ligands, such as citrate (Cit) or oxalate.7-9 The behavior 

of actinyl carbonate complexes has been investigated broadly 

by experiments5, 10 and computational methods4, 6, 11 due to the 

stability and abundance of these complexes in nature. Thus, it 

is well known that the complexation with carbonate inhibits the 

reduction of actinyls. Morris5 found the electron transfer rate of 

aquo-complexed uranyl to be two orders of magnitude faster 

than that of the tricarbonate complexed uranyl. Bender et al.4 

calculated the reduction rate of tricarbonated actinyls and 

found that electron transfer is unlikely to occur without coupled 

proton transfer from either the reductant or nearby water 

molecules, and the same was observed by Wander et al.6 Citrate 

is an example of the organic ligands that slow down the 

reduction of U(VI). Reduction rates are slow, particularly at 

higher pHs where uranyl forms polymeric complexes with 

citrate, such as [(UO2)6Cit6(OH)10]16-.9 

Ethylenediaminetetraacetic acid (EDTA) is another example of 

organic ligands known to form stable complexes with metal 

ions. EDTA is widely used as a decontamination agent in the 

nuclear industry and agriculture. In the decontamination 

process, EDTA is used to dissolve contaminant films that may 

cover facility surfaces by forming strong complexes with a range 

of metal ions.12 However, due to its low biodegradability, 

concentrations can build up quickly in groundwater and soil if 

released.13, 14 Thus, there is a concern that the released 

actinides complexed with EDTA may be more mobile so that 

they could be transported further away from the original 

source. Wang et al.15 found that EDTA-complexed U(VI) has a 

slower reduction rate than uranyl-hydroxide in experiments 

using bioreduced anthraquinone-2,6-disulfonate. The reduction 

rate trend in their experiments follows the ligand size; the 

smaller the complexed ligand size is, the faster the reaction is. 

It follows then that larger ligands may inhibit electron transfer, 

and EDTA is relatively large compared to hydroxides or 

carbonates.  

However, in nature, microbes can facilitate the reduction of 

U(VI) in EDTA solutions by promoting electron transfer in the 

course of microbial metabolism.16-18 In this situation, EDTA may 

serve as an electron donor or “food” for the microbial reduction 
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mechanism. In some cases, EDTA itself may also function 

directly as an electron donor to reduce U(VI). Light sources, 

especially in the UV range, can reduce uranyl-EDTA through 

photocatalytic reduction. Several previous studies19-21 have 

found that EDTA acts as an electron donor to reduce uranyl. 

Among all these potential mechanisms of uranyl-EDTA 

reduction, we only focus on the effect of EDTA complexation 

itself in this study. 

While hexavalent uranyl is common under ambient conditions, 

Np(V) and Pu(IV) are the dominant species in aqueous solutions, 

but additional aspects need to be considered in the presence of 

complexing agents, e.g., EDTA, such as complexation constants 

and reduction kinetics. In Reed et al.,22 a rapid reduction from 

hexavalent to pentavalent species was observed in the 

presence of EDTA. Further reduction to the tetravalent state 

was observed for Pu, but not for Np in their experiments. Many 

previous studies have reported that Pu(IV) is the dominant 

oxidation state in the very strong Pu-EDTA complexes.23-25 In 

terms of the kinetics, the reaction hurdle in these actinyl-EDTA 

reduction reactions has not yet been found. Thus, a molecular-

level study explaining what inhibits or promotes the reduction 

of actinyls in the presence of the EDTA ligand is crucial. 

Previous computational studies by Bender et al.4, 26, Zarzycki et 

al.27, and Taylor et al.28 have calculated redox kinetics by 

dividing reactions into sub-processes. The sub-processes are 

the encounter frequency in bulk solution (i.e., how often two 

species get close enough, typically < 8-10 Å), the formation of 

an outer-sphere complex (OSC), the transition from outer- to 

inner-sphere complex (ISC), and the transfer of electrons. In this 

context, an OSC is defined as a configuration where the 

hydration spheres of the reductant and oxidant are weakly 

bonded, typically by Coulomb attraction, while remaining 

intact. An ISC may then be formed when water molecules 

between the reactants are expelled from their respective 

hydration shells, such that the two species can be bridged by 

sharing one or more O2-, OH-, or water molecules and contained 

in one larger hydration shell. By breaking down the whole 

process into these four discrete steps, we can calculate the 

kinetics of each step and determine the rate-limiting one under 

specific environmental conditions. For example, Renock et al.29 

found through a similar computational approach that the 

oxidation of realgar (AsS) changes from oxidant dissociation 

being the rate-limiting factor to the actual electron/spin 

transfer at a given pH, thereby explaining the different rate laws 

at different pH and experiments. 

In this study, we investigate the reduction kinetics of actinyl 

species (U, Np, and Pu) complexed with EDTA. This work aims to 

calculate the rate constants and reaction rates for the reduction 

of actinyl-EDTA complexes using quantum-mechanical 

calculations. From the system energy curves obtained as a 

function of the distance between the reactants, we can 

determine the energy barriers for each reaction sub-processes 

and ultimately can calculate reaction rates of those sub-

processes. This helps identifying which of the four sub-

processes (encounter frequency in bulk solution, the formation 

of outer-sphere complex, the transition from outer- to inner-

sphere complex, and transfer of electrons) is the rate-limiting 

step of the actinyl-EDTA reduction. And by comparison with 

rate-determining experiments, we can also test if this approach 

captures the nature of the reaction mechanism correctly. 

2. Methods 

2.1. Quantum mechanical calculations 

Geometry optimizations of the molecular systems, followed by 

electronic structure and vibrational frequency analyses, were 

calculated using the density functional theory (DFT)-based 

Gaussian09 software package. Calculations were performed 

using the B3LYP hybrid functional,30, 31 which has produced 

reliable results in terms of thermodynamic properties and 

geometries for actinide complexes32-35 and for ferrous iron.36 

For example, the calculations of reduction free energies of 

actinide complexes by Arumugam and Burton34 resulted in a 

good agreement with experimental values using B3LYP. 

Therefore, we chose B3LYP in this study but performed a test 

using other density functionals (PBE037 and M06L38) in order to 

quantify the influence of different density functionals on the 

reaction energy barriers. The results of this comparison and 

associated discussion can be found in Table S1 of the 

Supplementary Information. 

The choice of basis set is also crucial but can also significantly 

increase the computational expense if a more rigorous one is 

applied. Thus, we performed a test to see the effect of different 

basis sets on the reaction kinetics of our system (Table S2). The 

Stuttgart relativistic small-core basis set with its corresponding 

pseudopotential sets39, 40 was compared to the Stuttgart 

relativistic large-core basis set and its pseudopotentials.41 

Among the tested basis sets, a combination of LANL2DZ (for H, 

C, O, and N)42, 43 and Stuttgart relativistic small-core basis sets 

(for Fe, U, Np, and Pu)39, 40 with their corresponding 

pseudopotential sets (that include 10 core electrons for Fe and 

60 for the actinides) were used in this study. Calculations using 

small-core ECP in combination with B3LYP by Schreckenbach 

and Shamov44 produced very good reaction energies and 

optimized geometries of uranyl complexes compared to the 

values obtained from the experiments. The same combination 

was used by Bernardo et al.35 and Batista et al.45 for the 

calculation of reaction energies and vibrational frequencies of 

U(VI) complexes, which showed good agreement with 

experimental data. 

In order to calculate the kinetics of reactions between the 

actinyl-EDTA complex and a reductant (Fe2+), several series of 

geometry optimization calculations were performed to obtain a 

system energy curve as a function of the distance between 

actinide and Fe2+. For all series of calculations, reaction pairs 

(actinyl-EDTA and Fe2+) were put at an initial distance of 

10-12 Å. At this far a distance, the actinyl-EDTA complex and the 

reductant are separated sufficiently, such that there is little 

interaction between them in an aqueous solution. During the 

series of calculations, the reductant ion with its hydration shells 

was moved by 0.25 Å towards the actinide at each step until 

they were closer than the optimized ISC distance (< 4 Å). At 

every step, the distance between actinide and reductant was 
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kept constant with the origin of the system set to be the An 

(An = U, Np, and Pu) atom, and geometry optimization was 

performed on all other atoms in EDTA, reductant, and the 

hydration spheres. The starting electronic configuration for 

each step was taken from the wavefunction of the previous step 

geometry. 

It is well known that ferrous iron has octahedral coordination in 

aqueous water46, 47. However, when it bonds with ligands, such 

as hydroxides, it can change its ground state geometry or spin 

multiplicity. Two hydroxides were added in order to balance the 

charge of Fe2+ to minimize electrostatic attraction between the 

negatively charged actinyl-EDTA complex and the charge of the 

Fe2+ complex. In an actual aqueous system with a complex and 

varying composition of cations and anions, charge 

neutralization would take place in the first or second 

coordination sphere in a similar way, but testing the plethora of 

possible combinations of complexations is beyond the scope of 

this study. Four explicit water molecules in addition to the two 

hydroxides were used for the first hydration shell. Eight more 

water molecules for the second shell were inserted to represent 

a more realistic model (Fe(OH)2(H2O)12) to study the influence 

of breaking through the hydration shells on the overall reaction 

kinetics. Typically, there are twelve or thirteen water molecules 

in the second hydration shell with a range of bond strengths 

(this result, however, depends to a certain degree on the 

timescale of observation and, therefore, on the method).48-50 

However, we only added the necessary number (eight) of 

explicit second-shell water molecules located at the next-

nearest distance outside the first hydration shell of Fe. These 

are also the most strongly bond water molecules of the second 

hydration shell. Of those, the water molecules between the two 

complexes are the most important for determining the kinetics. 

Pre-optimization of the reductant unit moved one of the 

hydroxides to the second hydration shell leaving only one 

hydroxide in the first shell. The resulting Fe(OH)(H2O)5
+ complex 

prefers octahedral coordination with a high-spin state.51 Our 

optimized geometry with a high-spin state agrees well with the 

experimental data for Fe-OH2 distance (~2.15 Å)52, 53. A slightly 

longer distance of Fe-OH (2.0 Å) was obtained compared to the 

literature data (1.83 Å)51, likely due to the addition of the 

second hydration shell. 

Five explicit water molecules were used for the hydration shell 

of actinyl-EDTA to complete coordination in the equatorial 

plane of the actinyl-EDTA complex. Three of them were placed 

in the equatorial plane of the actinide, making the coordination 

number of An in this plane as five, and the remaining two more 

water molecules were placed away from the equatorial plane 

but bonded to the three water molecules in the equatorial 

plane of the An. The Conductor-like Polarizable Continuum 

Model (CPCM)54 was employed to simulate an aqueous 

environment around the explicit water molecules as a dielectric 

fluid. The configuration of uranyl-EDTA with explicit water 

molecules is described in more detail in Section 3.1. 

Depending on the charge of actinyl (+5 or +6), the total system 

charge was set to be -2 or -3. Both ferromagnetic (FM, same spin 

direction on the Fe and An) and anti-ferromagnetic (AFM, 

opposite spin directions) electron configurations were 

calculated for actinides and Fe2+. However, since electron 

transfer was only observed for the AFM electron configuration, 

all the results shown here use the AFM electron configuration. 

In addition, with an AFM configuration, the system maintains its 

overall spin and, therefore, angular momentum during electron 

transfer going from U(VI, 0) + Fe(II, 4) to U(V, 1) + Fe(III, 5). 

This is spin allowed and thus, a kinetically and 

thermodynamically more favorable reaction. Charge and spin 

were analyzed using Bader population analysis on the optimized 

geometry at each step and are described in Section 3.5. 

 

2.2. Calculation of reaction rates 

Energy curves as a function of An-Fe2+ distance were obtained 

from several series of DFT calculations. The general concept is 

that each curve starts with a flat plateau at a far distance 

(approximately 10-12 Å) and transitions to a shallow slope as 

the two reactants begin “feeling” each other by Coulomb 

interactions or long-range polarization effects. At least two 

energy minima along the curve are expected associated with 

outer- and inner-sphere complexes. The energy barrier 

between these two energy minima is the activation energy to 

force the reaction from the outer-sphere complex to the inner-

sphere complex; this activation energy can be conceptualized 

by the effort to “squeeze” the water out between oxidant and 

reductant. Additional energy minima can arise from a barrier for 

electron transfer and/or from the formation and breaking of 

hydration bonds. 
 

Reactant encounter and outer-sphere complex formation. To 

calculate the reaction rates of each sub-process mentioned 

above, we describe here how to determine the reaction rates of 

those sub-processes. In order to form an outer-sphere complex, 

reactants must first encounter in the bulk solution. When the 

two reactants meet each other and gain energy greater than 

one kBT unit (2.48 kJ/mol at 298.15 K) compared to the system 

energy with the infinite separation distance between the two 

reactants, the slope of the energy curve becomes steeper so 

that the two species are close enough to proceed further 

attraction toward the formation of outer-sphere complex. 

While the back reaction into the solution is built into the 

calculation system, typically, the activation energy from the 

outer-sphere complex to the solution is so high that little of this 

back-reaction actually occurs. 

The distance where the system has an energy gain of one kBT 

unit is defined as the reactive radius (Rr), which is used to 

calculate the reaction rate of encounter complex formation. 

Based on collision theory,55 the encounter complex formation 

rate can be calculated using eqn (1). 

  r = πRr
2νNA[X][Y]           (1) 

where Rr is the reactive radius, ν is the geometric mean of the 

diffusion velocities of the reactants, NA is the Avogadro’s 

number, and [X] and [Y] are the concentrations of the reactant 

species. Diffusion coefficients to calculate diffusion velocities 

were taken from the literature: 7.19 × 10-10 m2/s for Fe2+, 

3.22 × 10-10 m2/s for uranyl-EDTA, 1.4 × 10-10 m2/s for neptunyl-

EDTA, and 3.54 × 10-10 m2/s for plutonyl-EDTA.56-60 We assume 
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that different actinyl charge states have no effect on the 

diffusion coefficient because the differences have been shown 

to be minor.4, 61 In systems with [Y] being in great excess of [X] 

(it is likely in natural systems that the iron concentration is much 

higher than the actinyl one), eqn (1) can be simplified to a 

pseudo-first-order rate which depends on the concentration of 

species X (An-EDTA complex). Since the concentrations of the 

actinyl complexes are typically very low (pM to μM range) in 

environmental settings, our model can be considered a pseudo-

first-order reaction. 

 

Inner-sphere complex formation and electron transfer. After 

the formation of an outer-sphere complex, the two reactants 

can proceed to form an inner-sphere complex. As the reactants 

approach each other, other outer-sphere complexes can be 

temporarily formed, assuming different geometries of the first 

coordination and hydration shells (evident as the additional 

local minima in the energy curve), or the inner-sphere complex 

can be formed directly. During the formation of an inner-sphere 

complex, some of the first-coordinated water (or OH-) have to 

be squeezed out of the gap between the reactants, which then 

share bridging H2O, OH-, or O2- molecules between them and 

form a larger hydration shell containing both reactants. In this 

process, energy input is required to push out the water 

molecules between the reactants, which appears as an energy 

barrier between the outer- and inner-sphere complex. The 

reaction rates of transition from outer- to inner-sphere complex 

depend on this energy barrier, as described by the Arrhenius 

equation. 

𝑘𝑟 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                                (2) 

where kr is the rate constant (s-1), A is attempt frequency (s-1), 

Ea is activation energy (J mol-1), R is gas constant (J mol-1 K-1), 

and T is the temperature (298.15 K). Attempt frequencies (A) 

also depend on activation energies and can be calculated 

according to eqn (3).62-64 

𝐴 =
1

√2
√

𝐸𝑎

𝑚𝜆2
                                                                   (3) 

where m is the mass of the moving unit (the reductant including 

its hydration shells in this study), and λ (m) is the distance 

between the two energy minima separated by the activation 

energy barrier. This equation was originally applied for the 

diffusion of atoms in bulk or on the surface of the periodic 

crystal. An alternative way to calculate the attempt frequency is 

to use the curvature of the energy curve near an energy 

minimum; however, this second method tends to rely too much 

on the very local electronic structure about the minimum, and 

therefore, eqn (3) is more convenient in a lot of cases discussed 

here. In addition, Bender et al. verified that attempt frequencies 

calculated using eqn (3) are very similar to the ones calculated 

by the parabolic curve fitting.26 Electron transfer can occur at 

any sub-processes during the redox reaction, typically occurs at 

the outer- or inner-sphere complex stage. A full description of 

the electron transfer rate would be available using Marcus 

theory. However, we will explore it using only the system 

energy curve by analyzing the change of charge and spin density 

of actinides and Fe along the reaction paths, because of the high 

computational cost required for Marcus theory calculations. 

In order to study the overall reaction kinetics encompassing all 

sub-processes, concentration changes of each species over time 

was calculated using a computer code developed at Bender et 

al.26 Both forward and backward reactions of inner-sphere 

complex formation were considered along with the formation 

rate of outer-sphere complexes from the bulk solution 

calculated using eqns (1) − (3). Further information about the 

method used here is described in detail in our previous study.26 

3. Results 

3.1. Actinyl-EDTA speciation 

In order to better understand the actual species that may be 

responsible for controlling the kinetics of complexation and 

potentially specific redox reactions, we start this section by 

evaluating the speciation of protonation and complexation. The 

type of actinyl-EDTA complexation varies as a function of pH. 

This is because EDTA has six pKa values (0, 1.5, 1.99, 2.67, 6.16, 

10.26), the lower four from the protonation of the carboxyl 

functional groups and the two higher ones from the amino 

groups.65-67 
H

6
(edta)2+ ↔ H

5
(edta)+ + H+

        pKa1 = 0   (4) 

H
5
(edta)+ ↔ H

4
(edta) + H+

       pKa2 = 1.5   (5) 

Fig. 1 UO2-EDTA speciation as a function of pH. (a) [UO2
2+]=0.5 mM and [EDTA]=0.5 mM, (b) [UO2

2+]=0.5 mM and [EDTA]=2 mM 
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H
4
(edta) ↔ H

3
(edta)- + H+

       pKa3 = 1.99   (6) 

H
3
(edta)- ↔ H

2
(edta)2- + H+

       pKa4 = 2.67   (7) 

H
2
(edta)2- ↔ H(edta)3- + H+

      pKa5 = 6.16   (8) 

H(edta)3- ↔ edta4- + H+
    pKa6 = 10.26    (9) 

Thus, the dominant species of EDTA (capitalization of EDTA is 

used here to refer to all different protonated forms of EDTA in 

an aqueous solution, and lower-case edta represents 

specifically edta4-) in very basic solutions is edta4-, and at a 

circumneutral pH, it would be Hedta3- (by convention in the 

literature, HEDTA  would represent N-(2-hydroxyethyl)-

ethylenediaminetriacetic acid, which has one hydroxyl group 

instead of a carboxyl group, therefore, Hedta is used in this 

paper to refer to H(edta)3-). Accordingly, the dominant species 

of actinyl-EDTA complex varies with pH. Thus, determination of 

which species would be dominant at the pH ranges of interest 

is crucial when deciding which reactant to evaluate in our 

kinetics calculations. 

The speciation of uranyl-EDTA complexes over a wide pH range 

was calculated using MINTEQ 3.1 (Fig. 1). For uranyl, the most 

dominant form at low pH (3 to 5) is U(VI)O2(Hedta)-, and 

U(VI)O2(edta)2- becomes dominant at pH values > 6. As the 

U/EDTA ratio decreases, the concentration of total dissolved 

aqueous uranyl increases, with the same dominant species at 

different pH ranges; Fig. 1(b) shows a higher total dissolved 

aqueous uranyl species concentration (dotted line) than 

Fig. 1(a). 

Since UO2(edta)2- is the most dominant complex in the pH range 

from 6 to 10, we used this species to calculate the reaction 

kinetics using quantum-mechanical calculations at 

circumneutral pH, which is an environmentally relevant pH 

range. In addition, low pH ranges (2.5-6) were modeled using 

UO2(Hedta)- mimicking the pH conditions in environments such 

as acid mine drainage. The geometry of UO2(edta)2- is not yet 

well characterized, but previous studies65, 68-70 suggest some. 

Due to the linear configuration of actinyl, there are steric 

limitations for the structures of actinyl complexes. Thus, mainly 

the equatorial plane is involved in the complexation with 

ligands. Based on the EXAFS (Extended X-ray Absorption Fine 

Structure) studies using HEDTA, which has a similar structure 

with EDTA, Li et al.69 proposed a tridentate geometry of EDTA 

coordinated by two carboxylates and one N, leaving the other 

two carboxylates and N not coordinated to the neptunyl center. 

Brighli et al.68 proposed a tetradentate geometry by two 

carboxylates and two N such that EDTA wraps the uranyl center 

in the equatorial plane. 

In this study, the geometry proposed by Brighli et al.68 was used 

as a starting point for the calculations. The reason for using this 

geometry is that it resulted in the lowest system energy for the 

UO2(edta)2- complex in our DFT calculations. Since it has been 

reported that uranyl in solution is coordinated to five water 

molecules in its equatorial plane,71, 72 two water molecules were 

included in the equatorial plane of uranyl to make the 

coordination number of uranyl at least five when testing the 

geometry of complexation. Geometry optimizations using the 

two different geometries resulted in 62.5 kJ/mol lower system 

energy for the tetradentate geometry than the tridentate one. 

In this tetradentate geometry, the two carboxylates of EDTA are 

coordinating in the equatorial plane of UO2
2+, and the other two 

carboxylates are free to rotate around the C-N bond. For the 

production run, we added three explicit water molecules 

around the equatorial plane of uranyl, such that the uranyl has 

total coordination of five in its equatorial plane (Fig. 2a). These 

three water molecules are the most tightly bound ones in the 

hydration sphere of the complex, and more loosely bound 

water molecules in the hydration sphere are modeled using two 

extra water molecules and the dielectric fluid (CPCM). Thus, the 

three water molecules in the equatorial plane are the rate-

controlling ones for the kinetics step of dehydration, and 

therefore, they are needed to calculate the formation of outer- 

and inner-sphere complexes with the reductant species. The 

same geometry was used for the reduction of Np and Pu 

complexes (Fig. S1). 

In acidic conditions, as the solution pH decreases, the species 

begin to be protonated. The first protonation site of edta4- is 

one of the two N of EDTA according to the pKa values of EDTA 

(pKa of 6.16 and 10.26). However, when the uranyl is complexed 

with EDTA, Brighli et al.68 proposed that the first protonation 

site is one of the free carboxylates, based on the protonation 

constants of UO2(edta)2-. Test runs in this study using a 

UO2(Hedta)- geometry optimization with protonation on one of 

the N resulted in the transfer of a proton from N to a nearby 

(b)

(a)

Fig. 2 Suggested configuration of (a) UO2(edta)2- and (b) UO2(Hedta)- (with 

protonation visible in the red dotted circle), with three water molecules on the 

equatorial plane of UO2
2+. White-H, gray-C, red-O, orange-N, and yellow-U. The 

dotted gray lines indicate hydrogen bonds. 
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carboxylate (and not to nearby water molecules). The reason 

for this is that N is already coordinated to An (An = U, Np, or Pu) 

with a coordination number of five in the equatorial plane, and 

the strong An-N bond would be hard to break, which is 

necessary for the protonation of N. Fig. 2(b) shows the 

geometry of UO2(Hedta)- suggested and used in this study. 

Moreover, the system energy becomes more stabilized by this 

proton transfer (Fig. 3). 

An energy scan of the proton transfer process (Fig. 3a) was 

performed by moving a proton from N of EDTA to the nearby 

carboxylate. Everything except the distance between H1 and O1 

was allowed to relax, and then the system energy was 

calculated by moving the proton in 0.1 Å steps. The stabilization 

energy due to the proton transfer is about 27 kJ/mol with an 

activation energy barrier of 3.7 kJ/mol. The energy barrier 

increases if the proton is transferred through the water chain 

nearby (when explicit water molecules are included in the 

model) through proton hopping, but it would most likely prefer 

the lowest energy path. Therefore, this proton transfer is not 

kinetically hindered, and it is thermodynamically favorable. The 

position of the proton in Fig. 3(b) is different from Fig. 2(b), but 

if there are water chains nearby, the proton can jump to the 

position shown in Fig. 2(b), which is an energetically even more 

favorable position. 

 

3.2. Reaction energy curves 

The energy curves as a function of distance for the six reactant 

pairs, the oxidants [AnO2(edta)]-2/-3 (An= U, Np, and Pu) and 

reductant (Fe(OH)2(H2O)12), were calculated to derive kinetic 

parameters of the redox reactions of those pairs (Fig. 4). From 

those energy curves, we obtain reactive radii (Rr), activation 

energy barriers (Ea and Ea,back), and distances between the two 

energy minima (λ) (Table 1). The reaction rates and rate 

constants can then be calculated using these parameters. 

Details of the values derived here are discussed in the following 

sections. 

All the curves shown in Fig. 4 have two deep energy wells 

corresponding to inner- and outer-sphere complexes, and there 

can be one or more local minima or energy wells for both the 

inner- or outer-sphere complexes. Some little bumps in the 

energy curves result from forming (curve down) or breaking 

(curve up) hydrogen bonds. 

Table 1. Calculated parameters for the kinetics calculation from the reactions between 

[AnO2(edta)]2-/3- and Fe(OH)2(H2O)12 using the CPCM solvation model. Reactive radii (Rr), 

activation energy barriers (forward Ea and backward Ea,back), and distances between the 

two energy minima (λ) are listed. ISC 1 and ISC 2 for NpO2(edta)2- are consecutive steps 

as shown in Figs. 4(c). 

Actinyls 
Reactive 

radius (Å) 

Activation energies 

(kJ/mol) 
λ (Å, distance 

between  

energy minima) Ea Ea,back 

UO2
2+ 8.6 60.5 49.7 2.75 

UO2
+ 7.9 56.1 70.0 1.75 

NpO2
2+ 8.2 

71.4 143.0 2.25 (ISC 1) 

33.1 34.7 
0.75  

(ISC 2, w/ ET) 

NpO2
+ 9.5 50.5 63.7 2.5 

PuO2
2+ 8.3 67.4 80 1.25  

PuO2
+ 7.7 49.2 52.2 1.75 

 

Those small energy bumps due to changes in hydration bonding 

are formed randomly depending on the surrounding water 

geometries, so we went forward and backward along the 

reaction path to increase the number of the modeled water 

geometries to average out those effects. In addition, we 

calculated the hydrogen bond contributions of the system to 

eliminate the fluctuation of the energy curve due to the 

hydrogen bond, especially at the An-Fe distance below 6 Å, 

where hydrogen bond formation and breaking plays the most 

significant role. Hydrogen bond contributions were 
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Fig. 3 (a) System energy scan along a proton transfer path from N to the nearby 

carboxylate O. The starting geometry of UO2(Hedta)- is (b) a proton (H1) on one 

of the N, and then the proton moves over to O1 by 0.01 Å every step. The final 

geometry is (c) H1 bonded to O1. White-H, gray-C, red-O, orange-N, and yellow-

U. The dotted gray lines indicate hydrogen bonds.
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approximated using variable ɛrelative that changes from 1 (no 

water between molecules) to 78.5 (in bulk), and then summed 

up the energy contribution of all hydrogen bonds. By comparing 

hydrogen bond contributions at each data point, original system 

energies were corrected for random changes in hydrogen bond 

energies in a particular reaction path. In Fig. 4(a), both the 

original curve (orange line) and the hydrogen bond corrected 

one (black line) are plotted to show how this hydrogen bond 

correction changes the original curve. For the rest of the curves, 

only hydrogen bond corrected curves are plotted. In an actual 

system, both complexes would find a reaction path that is not 

additionally aggravated by the breaking of hydrogen bonds, and 

thus, would follow more the “smoothed” curve shown, e.g., in 

Fig. 4(a). 

Proton transfer also occurs between the hydroxides and water 

molecules when the atoms rearrange as the reactants approach 

each other. This stabilizes the system energy and contributes to 

making local minima in the energy curves. For example, at one 
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Fig. 4 Calculated energy curves for the actinyl-EDTA complexes with Fe(OH)2(H2O)12 as a function of distance: (a) UO2(edta)2-, (b) UO2(edta)3-, (c) NpO2(edta)2-, (d) NpO2(edta)3-

, (e) PuO2(edta)2-, and (f) PuO2(edta)3- complex. The system energy is normalized such that the system is set to zero energy (i.e., E(r=)=0) when the two reactants are separated 

and stay as independent aqueous species in bulk solution (An-Fe distances > 9.5 Å). The orange solid line in (a) is the normalized system energy obtained from the DFT 

calculations, and black solid lines are hydrogen bond corrected values. Only hydrogen bond corrected lines are shown for the rest of the species. The dotted lines are corrected 

energy including spin−orbit coupling (SOC). Only (c) and (e), which show the transition from hexavalent to pentavalent actiny ls, are corrected by the SOC effect; details are 

discussed in Section 3.5. In (b), (d), and (f), closed square dots are tetravalent actinyls ISC energy without SOC effect, and open squares are with SOC effect. Estimated dashed 

lines are added, however without further information about the actual height of the activation barrier, for completion of the energy curve from OSC minimum of 

An(V)O2(edta)3- to ISC minimum of An(IV)edta complex (blue - without SOC, red - with SOC).
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of the local minima of the Np6+-Fe2+ curve at a distance of 3.75 Å 

(Fig. 4c), three proton transfer events are observed as 

coordinating water molecules rearrange. As a result of this, the 

system energy at this distance drops from -120 kJ/mol 

to -174 kJ/mol. The change in Fe coordination number (starting 

at 6, but typically changing to 5 or 4) contributes significantly to 

the energy gain when the two reactants approach each other. 

All energy curves show more stable inner-sphere complexes 

than outer-sphere ones except for UO2(edta)2- (Fig. 4). ISC 

formation for UO2(edta)2- with Fe2+ is thermodynamically not 

favorable. However, the energy difference between the inner- 

and outer-sphere uranyl-EDTA complexes is small (< 11 kJ/mol). 

When comparing hexavalent to pentavalent species, uranyl-

EDTA reactions with Fe2+ as a reductant show similar normalized 

energy well depths for UO2
+ and UO2

2+. However, reaction 

curves for hexavalent Np and Pu have deep energy wells, but 

not for the pentavalent ones. This indicates NpO2
2+ and PuO2

2+ 

show significantly stabilized inner-sphere complexes. For these 

two cases, electron transfer occurs along the reaction path, so 

the actinides of the inner-sphere complexes were in reduced 

forms of each reactant (Np5+ and Pu5+). For those actinyls to be 

reduced in the course of their reaction pathways, spin-orbit 

coupling (SOC) was considered and shown as dotted lines in Fig. 

4 (c and e). For heavy elements with higher nuclear charges, 

spin-orbit interactions have a strong impact on chemical 

bonding and reactivity. The SOC for 5f orbitals of actinyls has 

been reported in previous studies.73-75 Here, we used the values 

calculated by Vallet et al.74 

For pentavalent actinides, no further reduction to tetravalent 

actinides was observed unless the geometry towards a 

tetrahedral bonding environment of the tetravalent actinide ion 

was manually and significantly rearranged. We calculated the 

energies for the optimized ISC geometries of An4+-edta2- (An = 

U, Np, and Pu) with Fe3+ by rearranging the atoms manually, 

with and without SOC (square dots in Fig. 4(b, d, and f). An 

estimated line (dashed lines) is added in Figs. 4(b), (d), and (f) 

for the completion of the energy curve, by connecting the 

An(V)-EDTA OSC minima to their ISC with reduced actinyl forms, 

An4+-edta2- with Fe3+. The actual paths for these reductions 

involve not only rearrangements of the ligands around the An 

centers but also proton transfers through the solution; thus, 

these paths are too complex to be evaluated here. More details 

will be discussed in the following sections. 

 

3.3. Outer-sphere complex formation from aqueous bulk-solution 

species due to collision 

From the series of energy calculations with decreasing distance 

between reactants by small increments (< 0.25 Å), there is a 

distance at which the system energy is one kBT unit (2.48 kJ/mol 

at 298.15 K) below the energy plateau where both reactants are 

completely separated in solution. This distance is defined as 

reactive radius (Rr) and is used to calculate the reaction rates of 

outer-sphere complex formation from the aqueous species in 

bulk solutions using eqn (1). Because the formation of hydrogen 

bonds between the water molecules around [AnO2-EDTA]2-/3- 

and Fe(OH)2(H2O)12 lowers the system energy, different explicit 

water geometries around the reactants result in different Rr 

values. In addition, these distances vary between the different 

actinyl species and their oxidation states, having a range of 7.7-

9.5 Å (Table 1).  

Both uranyl-EDTA and plutonyl-EDTA show shorter Rr for the 

reduced form. The water molecules and EDTA bound to actinide 

centers are more tightly bonded to hexavalent actinides (U6+, 

Pu6+) than pentavalent actinides (U5+, Pu5+). This tighter bonding 

probably makes the distance between the two reactant units 

longer and result in a longer Rr. The distance of U-Owater (O is 

from the nearest water in the equatorial plane) is 2.45 Å for 

UO2
2+ and 2.54 Å for UO2

+ when the two reactants are 

completely separated. In the same manner, the distance 

between Pu and Owater is 2.43 Å for PuO2
2+ and 2.55 Å for PuO2

+. 

Neptunyl-EDTA shows a different pattern with longer reactive 

radii for Np5+ than Np6+. This is due to the orientation of the 

water shell around the reactants when they approach each 

other, which affects the formation of hydrogen bonds between 

the two reactants. [NpO2(edta)]3- forms one hydrogen bond 

with the reductant unit at 9.0 Å and another one at 7.75 Å (Fig. 

4d). In contrast, [NpO2(edta)]2- forms two hydrogen bonds at 

8.0 Å (Fig. 4c), which drops the system energy significantly. 

Consequently, the amount of system energy gains due to 

hydrogen bond formation for the two different oxidation states 

of Np are similar (~60 kJ/mol) at ~7.75 Å of Np-Fe distance. The 

distance between Np and Owater is 2.43 Å for NpO2
2+, and 2.57 Å 

for NpO2
+ when the two reactants are completely separated, 

which is the same trend with U and Pu. 

When the reactants reach their reactive radii, they start to 

interact in an energetically favorable way. In the course of our 

series of calculations, as the actinyl-EDTA complex and 

reductant get closer, they start forming an outer-sphere 

complex. The reaction rate for the formation of the outer-

sphere complex can be calculated using collision theory, as 

mentioned in the Methods section eqn (1).  

Since aqueous Fe complexes are much more common in the 

environment than actinyls, we set reductant concentrations to 

be 1000 times higher than the concentration of actinyl-EDTA 

species in our calculations. With significantly higher 

concentrations of reductants, all actinyl-EDTA will react to form 

outer- or inner-sphere complexes eventually. Most of the 

aqueous actinyl-EDTA complexes were consumed very rapidly 

with 1 μM or 1 nM of actinyl-EDTA complex (in a few micro-

seconds). However, with a very low concentration of 

actinyl-EDTA (1 pM), it would take a few seconds for all the 

aqueous species to be consumed because of the low probability 

of collision.  

The half-life time (t1/2) of aqueous actinyl-EDTA (i.e., the time at 

which half the actinyl complex has already collided with the 

reductant species) is a good indicator for how fast those 

reactions occur. Since one of our reactants is more highly 

concentrated and thus does not get significantly consumed 

during the reaction, the reaction can be considered a pseudo-

first-order reaction as mentioned in the Methods section, and 

t1/2 can be calculated using eqn (10). 

t1/2 = (ln 2) / (πRr
2νNA[Y])            (10) 
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where t1/2 is in seconds, using Y as a species with a higher 

concentration. With a longer reactive radius, it takes less time 

to collide and react with the reductant, and the reaction rate is 

faster. Thus, [UO2(edta)]2- has a shorter t1/2 than [UO2(edta)]3- 

due to its longer reactive radius (Table 2). With the same U:Fe 

ratio, t1/2 decreases with the increase of reactant 

concentrations, as shown in Table 2, because, with higher 

concentration, there is a higher probability of collision. 

Increasing the U:Fe ratio also increases the initial collision rate 

for a given Fe concentration and leads to a faster reduction of 

the actinide. For example, with the same 1 mM Fe2+ 

concentration, 1μM of [UO2(edta)]2- results in a 1000 times 

higher initial collision rate than 1 nM solution. However, t1/2 

does not change unless the Fe2+ concentration changes. 

Table 2 Half-lives (t1/2, time at which half of the actinyl complexes has collided with 

reductant) of aqueous actinyl-EDTA complexes in solutions with aqueous Fe2+ as a 

reductant. Reductant Fe2+ is 1000 times more concentrated in solutions than actinyl, for 

all different actinyl concentrations. 

[actinyl-EDTA] 1 μM 1 nM 1 pM 

[reductant Fe2+] 1 mM 1 μM 1 nM 

UO2
2+ 415 ns 415 µs 415 ms 

UO2
+ 486 ns 486 µs 486 ms 

NpO2
2+ 682 ns 682 µs 682 ms 

NpO2
+ 515 ns 515 µs 515 ms 

PuO2
2+ 424 ns 424 µs  424 ms 

PuO2
+ 484 ns 484 µs 484 ms 

 

3.4. The transition from outer- to inner-sphere complex 

Energy curves show plateaus with little changes in geometry or 

electron configurations when the two reactants are separated 

by a distance of over ~10 Å. As they approach each other step 

by step, hydrogen bonds are formed between the water 

molecules in the hydration shells of actinyl-EDTA and the 

reductant. The energy gain from the formation of these 

hydrogen bonds makes the energy curve steeper with a 

downhill slope towards shorter separations, and the 

actinyl-EDTA complex starts to tilt toward the reductant. Thus, 

the AnO2
+/2+ axis is not perpendicular anymore to the An-Fe 

connection. This tilting occurs because of the negatively 

charged oxygen of AnO2
+/2+ being attracted by hydrogen from 

the approaching water molecules around the reductant.  

The OSC energy minima of actinyl-EDTA and reductant Fe2+ 

appear at a distance of An-Fe around 5.25-6.75 Å (Fig. 4). The 

uphill energy slopes start from these distances towards the 

OSC-ISC activation energy barriers before going down towards 

the local energy minima of the ISCs. The activation energy 

barrier for the transition from OSC to ISC results from the 

relocation of water, which was located in between actinyl-EDTA 

and reductant, but then, this water has to be squeezed out by 

the incoming reductant. There are breaking and formation of 

new bonds between the axial O (Oax) of actinyl or water 

molecules of the actinyl-EDTA first hydration shell and the 

water molecules from Fe2(OH)2(H2O)12. These rearrangements 

of bonds cause energy changes to go uphill and downhill, shown 

as activation energy barriers in the energy curves. When the 

complexes form ISCs, Fe2+ forms a new bond with Oax. Since Fe2+ 

is positively charged, it tends to bond to Oax of actinyl, instead 

of directly bonding to the actinide ions. Tilting of actinyl-EDTA 

along the reaction path promotes the formation of Fe2+-Oax 

bonds. 

The calculated activation energies required to transform OSC to 

ISC range from 49 to 71 kJ/mol for the different actinyl species 

(Table 1). They are relatively smaller than those of actinyl 

tricarbonate complexes ([AnO2(CO3)3]5-/4-) determined by 

Bender et al.4 (however, note that study 4 did not allow for the 

axial tilt, which may contribute to their activation energies 

being somewhat higher). Generally, hexavalent actinides have a 

higher activation energy barrier to transform OSC to ISC 

compared to the pentavalent actinides, similar to the actinyl 

tricarbonate complex system. 

Experimental76 and computational73 values for the U-Oax 

distances are 1.76 Å for the uranyl aquo complex. However, 

complexation with ligands in the equatorial plane of the uranyl 

destabilizes U-Oax bond, so the bond becomes weaker and 

longer.77 For this reason, we obtain 1.81 Å U-Oax distance for the 

uranyl-EDTA complex when uranyl is in the bulk aqueous state. 

The formation of an inner-sphere complex has little effect on 

this bond length; the U-Oax bond length becomes 1.82 Å at the 

energy minimum of the ISC. 

In contrast, the An-Oax distance changes for Np6+ and Pu6+ case. 

For [NpO2(edta)]2-, the Np-Oax distance is 1.79 Å in the bulk 

solution, which is ~0.3 Å longer than the aquo-complex Np-Oax 

distance (Fig. 5). This distance becomes 1.83 Å when it forms an 

1.79 Å

Np

(a)

(b)

1.93 Å

1.83 Å

Np

Fig. 5 Geometries of the central portion of outer- and inner-sphere complexes 

between [NpO2(edta)]2- and Fe(OH)2(H2O)12. (a) Outer-sphere complex with Np-

Fe distance of 6.0 Å, and (b) inner-sphere complex with Np-Fe distance of 3.0 Å. 

White-H, gray-C, red-O, orange-N, blue-Np, and pink-Fe. Dotted gray lines 

represent hydrogen bonds.
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ISC accompanied by electron transfer (at Np-Fe distance = 3 Å). 

[PuO2(edta)]2- also shows an increased Pu-Oax distance when it 

forms an OSC accompanied by an electron transfer (from 1.78 Å 

to 1.83 Å). The increased An-Oax distance (~0.05 Å) could be 

evidence of the reduction of Np and Pu from a hexavalent to a 

pentavalent species,
 and will be discussed in more detail in 

Section 3.5. In addition, when Oax is directly bonded to Fe2+ at a 

very close distance between An-Fe in the inner-sphere complex 

stage, it shows even longer An-Oax distances (1.93 Å for Np6+, 

1.92 Å for Pu6+) due to the strong interaction with Fe2+; at that 

point, it is both an axial actinyl O atom as well as a bridging one 

bonded to Fe. 

 

3.5. Charge and spin population analysis 

In order to quantify the actual electron transfer between the 

two reactants, population analysis was used to calculate the 

charge and spin of individual atoms. Gaussian09 uses the 

Mulliken population analysis method as a default. Mulliken 

population analysis78, 79 is a computationally straightforward 

and longstanding method, so it is easy to be incorporated in 

many software packages and most widely used. The drawback 

of this method is that it depends strongly on the basis sets used 

and is not reliable for large atomic bases. In contrast, the Bader 

method (Atoms In Molecules method)80 uses topological 

properties of the electron density, with each Bader volume 

boundary about a given atom defined as where the Laplacian 

(second derivative) of the electron density equals zero. After 

this ionic volume has been determined, charge and spin density 

can then be integrated over this volume to obtain the charge 

and spin of each individual atom. Even though this method can 

be computationally expensive, it is less dependent on basis sets 

and is more reliable with larger basis sets.81, 82 In this study, the 

Bader method is used to estimate charge and spin populations. 

Population analysis using the Bader method shows the evidence 

of the reduction of actinyls with hexavalent actinides by Fe2+ as 

a reductant. For the reaction of [NpO2(edta)]2- with the Fe2+ (Fig. 

6b), the system energy has two deep energy wells at distances 

where the reactants form ISC (ISC 1 at Np-Fe distance = 3.75 Å) 

and electron transfer occurs (ISC 2 at Np-Fe distance = 3 Å). 

Bader charge and spin populations for both Np and Fe show 

significant and well-defined changes at the ISC 2 energy 

minimum. The Np spin changes from -1 to -2, which means a 

reduction from Np6+ to Np5+ with an opposite spin direction to 

Fe (anti-ferromagnetic configuration). The Fe spin increases 

accordingly due to oxidation, indicating a change from ferrous 

(4) to ferric iron (5). Thus, when the aqueous ferrous iron 

complex approaches the hexavalent neptunyl one, the total 

spin and charge densities are preserved; in other words, the 

reaction preserves the angular momentum of the spin, which 

makes such a reaction kinetically more favorable than a spin-

forbidden one. Atomic charges are not as sensitive to oxidation 

state changes as spin change (i.e., it does typically not change in 

full integer increments), but they still change when electron 

transfer occurs. 

For the reaction of [PuO2(edta)]2- with Fe2+ (Fig. 6c), electron 

transfer occurs at the OSC energy minimum, where the spin of 

Pu6+ changes by one (from -2 to -3) to become Pu5+ and the spin 

of Fe2+ increases accordingly. The system energy significantly 

decreases to about -184 kJ/mol when electron transfer occurs, 

and before that, there is a small energy bump of about 

15.7 kJ/mol. This energy bump is required to transfer an 

electron from Fe2+ to Pu6+. Similarly, [NpO2(edta)]2- has an 

energy barrier of 33 kJ/mol from ISC 1 to ISC 2. Therefore, one-

electron reductions of [PuO2(edta)]2- and [NpO2(edta)]2- happen 

with a relatively low activation energy barrier. The normalized 

system energies at the inner-sphere complexes energy minima 

with reduced actinyls are about -203.5 kJ/mol for Np6+ 
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Fig. 6 Bader charge and spin population of An and Fe as a function of An-Fe 

distance for the reaction of [AnO2(edta)]2- with a reductant, Fe2+: (a) An=U, (b) 

An=Np, and (c) An=Pu. Normalized system energy (black line, SOC considered) 

shows where the spin and charge population change occurs. The shaded area 

shows where the [AnO2(edta)]2- complex is reduced by the reductant. No 

spontaneous electron transfer was observed for U. For Np, it occurs at the inner-

sphere complex minimum, and for Pu, at the outer-sphere complex minimum. 

Golden line – U, blue line – Np, green line – Pu, and red line – Fe. Spin populations 

are in solid lines, and charge densities are in dotted lines. 
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and -196.3 kJ/mol for Pu6+ with SOC. Both cases show very 

stable reduced pentavalent complexes, relative to the 

corresponding hexavalent ones, after reduction. In contrast, no 

spontaneous electron transfer is observed for [UO2(edta)]2- 

along its reaction path (Fig. 6a). For Np and Pu, which showed 

reduction of actinides during the reaction paths, spin density 

changes and potential spin contamination are discussed in 

Table S3 of the Supplementary Information. 

 

3.6. Formation of An(IV)-EDTA complex 

For the potential reduction of pentavalent actinide ions in 

[AnO2(edta)]3- by Fe2+ from solution, with the corresponding 

energy curves shown in Figs. 4(b), (d), and (f), the population 

analysis for all three reaction pairs (U, Np, Pu with Fe) does not 

indicate any spontaneous electron transfer, despite all of them 

form stable ISCs with the reductant. The most likely explanation 

for this is that for An5+ in AnO2
+ getting reduced to An4+, 

significant geometry rearrangements are required. Because U4+ 

has a coordination number of 8-9,83 e.g., with a tetrahedral 

environment of four OH- and completing a distorted cube with 

a complementary tetrahedral environment of four additional 

H2O molecules or ligands from EDTA, thus abandoning the linear 

geometry with O atoms. This makes it hard to transfer an 

electron to reduce U5+ to U4+ in our calculation setup that tends 

to preserve the linear actinyl structure. Nonetheless, we 

manually rearranged the ISC geometry of [AnO2(edta)]3- with 

Fe2+ as a reductant to make An(IV)-EDTA complexes in order to 

see the thermodynamic favorability of the reduction from 

An(V)-EDTA to An(IV)-EDTA. From the optimized ISC geometry 

of [AnO2(edta)]3-, we first turned the uranyl Oax atoms into 

hydroxide ligands in an approximate tetrahedral environment. 

We then added two more OH- ligands by rearranging water 

molecules from the hydration sphere. The total number of 

atoms was kept the same for the two systems. 

Several geometries were tested with the charge and spin 

configuration of U4+ and Fe3+, and the geometry shown in Fig. 7 

was found to be the most stable for this system. U4+ ended up 

with eight-fold coordination with six O and two N. U-O distances 

are 2.33-2.42 Å for five O, even the ones in carboxylic groups of 

EDTA, and 2.19 Å with a free OH- (this distance is comparable to 

the calculated U-O distance in U(OH)4). U-N distances are 

~2.8 Å. Compared to the U-O distances in uraninite (~2.368 Å), 

four of the coordinated O in our calculated U4+ geometry have 

shorter distances while the other two O and the two N show 

longer distances than U-O in uraninite. The reason for those 

longer distances than in the uraninite environment is probably 

due to the steric strains of the EDTA. Moreover, the system 

energy of the configuration shown in Fig. 7 is higher than that 

of the ISC energy minimum of [UO2(edta)]3- (by 22.5 kJ/mol) 

with the same number of atoms of each type, which means 

greater stability of EDTA complexing UO2
+ than U4+. Thus, it is 

thermodynamically uphill to transfer an electron from Fe2+ to 

U5+ unless spin-orbit coupling is considered; if it is, the reaction 

becomes slightly favorable (-6.5 kJ/mol).  

In the case of Pu4+, the system becomes more stable 

(G = -50.2kJ/mol without SOC, and -59.0 kJ/mol with SOC) than 

that of PuO2
+. Thus, the reduction of PuO2

+-EDTA is highly 

favorable, which agrees well with the previous experiments.22, 

23 The Pu(IV)-EDTA complex structure was constructed in the 

same manner as U4+, and the final optimized geometry shows 

the same coordination as U4+. Pu-O distances are 2.32-2.33 Å, 

except the one with free OH- (2.20 Å). Pu-N distances are 

shorter than the U4+ result, which are 2.72 Å and 2.76 Å (Fig. 

7b). 

For Np4+, the system energy was slightly more stable than that 

of NpO2
+ (-5.1 kJ/mol without SOC, and -18.5 kJ/mol with SOC). 

Since there is little difference in the system energy between 

Np4+ and Np5+, unless there is enough energy input to overcome 

the activation energy barrier for atomic rearrangement and 

proton transfer, the formation of tetravalent Np complexed by 

EDTA would be slow. This is in agreement with experiments by 

Reed et al.22 who showed that Np5+ is the predominant species 

in Np-EDTA solution. The kinetic reaction path, however, is not 

easy to reconstruct, and the related activation energy barrier 

for the rearrangement of atoms and molecules is difficult to 

quantify. This is not only because the geometry of the 

immediate coordination environment of the actinide ion 

changes, but also significant proton hopping would be involved. 

This is done “by hand” in this study, but requires proton hopping 

back and forth between functional groups and adjacent water 

molecules.  

 

(a)

2.37 Å

2.19 Å

2.36 Å

2.42 Å

2.77 Å

2.79 Å

2.33Å

2.33 Å

U

(b)

2.33 Å2.20 Å

2.33 Å

2.32 Å

2.76 Å

2.72 Å

2.32 Å

2.33 Å

Pu

Fig. 7 (a) U4+-EDTA and (b) Pu4+-EDTA complex geometries using the same 

number of atoms with [UO2(edta)]3- dnd [PuO2(edta)]3- system. U and Pu are 

in eight-fold coordination with EDTA and the water molecules around them. 

White-H, gray-C, red-O, orange-N, yellow-U, green-Pu, and pink-Fe. The 

dotted gray lines indicate hydrogen bonds.
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3.7. Reaction modeling 

A computational code developed by Bender et al.26 was used to 

see how the concentrations of each species evolve over time. 

Using the calculated values for Rr, Ea,  (distance between two 

energy minima in the energy curve), and the initial reactant 

concentrations, the program calculates the reaction rate 

constants, initial collision rates, and half-life time (time at which 

half the concentration of this species is lost due to reactions) of 

each complex. The concentration changes of each species over 

time are calculated using eqns (1) through (3). Because the 

reaction rate is related to the concentrations of each 

intermediate complex at a given time, the program calculates 

the reactant concentrations iteratively for every time step. 

These time increments have to be chosen to be orders of 

magnitude smaller than the half time to capture the progression 

into the different species correctly. The calculated attempt 

frequencies for all six reaction pairs were in the range of 

7.62×1011 to 2.07×1012 s-1, and the graphs showing the time-

resolved development of species concentrations are shown in 

Fig. 8. 

With 1 μM of actinyl-EDTA and 1 mM of reductant, all species 

showed rapid OSC formations in a few nanoseconds (ns) similar 

to Fig. 8(a). As shown in Table 1, pentavalent actinide reactions 

have lower activation energies than those of hexavalent 

actinides for the transition from OSC to ISC. Thus, the transition 

from OSC to ISC for pentavalent species is faster than for 

hexavalent ones. After a few milliseconds (ms), the 

accumulation of ISC is observed for UO2
+, NpO2

+, and PuO2
+. This 

is not the case for hexavalent actinides which require a 

significantly longer time (on the order of a few hundred ms to a 

few seconds) to be converted to an ISC.  

With higher reactant concentrations, the formation of OSC 

becomes faster because of the increased probability of reactant 

collision. Similarly, a lower initial reactant concentration 

decreases the OSC formation rate. Still, rate constants for the 

transition from OSC to ISC remain the same (the rate constant 

for this transition does not depend on reactant concentrations, 

but on the Ea and attempt frequency). Thus, we can see some 

accumulation of OSC along with the accumulation of ISC over 

our calculated time scale with 1 nM of AnO2(edta)3- and 1 μM of 

reductant (Fig. 8b and d). Since the reaction constant for UO2
+ 

is smaller than for NpO2
+, UO2

+ takes a longer time to reach 95% 

of ISC (20 ms) in solution than NpO2
+ (4 ms) (Table 3). Reactions 

between 1 pM of AnO2(edta)3- and 1 nM of reductant take three 

to four seconds until most of the reactants are converted to ISC 

configurations due to the very slow collision rate. Table 3 

summarizes how long it takes for 50% and 95% of reactants to form 

ISCs for concentrations of [AnO2(edta)]2-/3- = 1 nM and 

[Fe2+] = 1 μM. While dehydration of Np(VI) and Pu(VI)-EDTA 

complexes is slower than for the respective U(VI) complex, the final 

electron transfer is faster for the higher actinides. 

Table 3 Time spent to 50% and 95% of reactants form ISC in [AnO2(edta)]2-/3- = 1 nM, 

[Fe2+] = 1 μM solutions. (Units in ms.) 

 50% 95%  

UO2
2+ 37 159 

UO2
+ 4 20 

NpO2
2+ 2271 9779 

NpO2
+ 1.4 4 

PuO2
2+ 256 1103 

PuO2
+ 0.9 2.6 

 

3.8. Actinyl-EDTA reduction at low pH 
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Fig. 8 Concentration changes of AnO2(edta)3- species over time in the reaction with a reductant Fe2+. (a) [UO2(edta)]3- = 1 μM, [Fe2+] = 1 mM, (b) [UO2(edta)]3- = 1 nM, [Fe2+] = 

1 μM, and (c) [UO2(edta)]3- = 1 pM, [Fe2+] = 1 nM, and (d) [NpO2(edta)]3- = 1 nM, [Fe2+] = 1 µM. AnO2(edta)3- in bulk solution – blue, OSC – orange, and ISC – green solid line.
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The reduction of uranyl-EDTA complex with iron at low pH was 

calculated to see the pH effect on the reaction process. As 

discussed in Section 3.1, [UO2(Hedta)]- are the most abundant 

species at pH 3 to 5. The reactive radii of these complexes 

during the reaction path with aqueous Fe are ~8.72 Å for 

hexavalent U and ~7.89 Å for pentavalent U, which are similar 

to those calculated for neutral conditions (Fig. 9a and b). It is 

likely that changes in the size of uranyl-EDTA complexes due to 

changes in the protonation of EDTA are marginal. However, the 

calculated activation energy for the reaction of [UO2(Hedta)]- 

with Fe2+ is higher than for the reaction in circumneutral pH 

conditions. The forward reaction activation energies (Ea from 

OSC to ISC) are 87.9 kJ/mol for UO2
2+ and 108.0 kJ/mol for UO2

+. 

Ea,back (from ISC to OSC) values are 88.6 kJ/mol for UO2
2+ and 

122.3 kJ/mol for UO2
+. Thus, the reaction is expected to be 

much slower at low pH, where the calculated reaction constants 

are several orders of magnitude smaller than the ones at 

circumneutral pH conditions. 

The reaction curves of [UO2(Hedta)]- that show the evolution of 

the reactant concentrations over time resulted in longer 

reaction times for the transition to OSC to ISC compared to the 

ones at neutral conditions. In neutral conditions, it takes 1.9 s 

to 95% of the reactants ([UO2(edta)]2- = 1 pM, [Fe2+] = 1 nM) to 

become ISC, whereas ~2.3 hr in acidic conditions. The reason for 

this longer reaction time is higher activation energy from OSC 

to ISC. Since the formation rate of OSC is related to the reactive 

radius and the reactant concentrations, both acidic and neutral 

conditions have similar reaction times; it takes less than 3 

seconds to consume >99% of the aqueous species and form 

OSC. The same was observed for [UO2(Hedta)]2- because it has 

an even shorter reactive radius. 

The U-Fe distances at the OSC and ISC minima are the same for 

the two different pH conditions. However, unlike in neutral pH 

conditions, both UO2
2+ and UO2

+ show more stable system 

energies for ISC than OSC. Geometries of OSC and ISC for 

[UO2(Hedta)]- are shown in Fig. 9(c) and (d). The U-Oax distance 

is 1.82 Å when the reactants are in OSC, and little difference is 

observed when an ISC is formed. Since there was no immediate 

electron transfer during the reaction path, the U-Oax distance 

stayed almost the same, like in the [UO2(edta)]2- system. 

4. Discussion 

The redox mechanism and kinetics of EDTA-complexed actinyl 

reduction (An = U, Np, and Pu) by ferrous iron were calculated 

in this study. Even though not all oxidation states of An-EDTA 

calculated here are common in the environment (e.g., Np(VI) 

and Pu(VI) are not), we calculated all six combinations for 

completeness and to explain the mechanism of experimental 

phenomena about why and why not certain species easily 

change their oxidation state to a more energetically favorable 

one and how dehydration kinetics depends on actinide species 

and oxidation state. The system-energy curves obtained using 

quantum-mechanical calculations were used to obtain attempt 

frequencies and activation energies along the reaction paths. 

These reaction paths are characterized by major reaction steps, 

such as the reductant getting close enough for the complex to 

feel interactions, the formation of an outer- and inner-sphere 

complex, and finally, the actual electron transfer.  
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Fig. 9 System energy curve for the reaction of Fe(OH)2(H2O)12
0 with (a) [UO2(Hedta)]- and (b) [UO2(Hedta)]2- in acidic solution. And optimized geometries of [UO2(Hedta)]- 

reacted with Fe2+ reductant in acidic solution at U-Fe distance of (c) 6.0 Å (OSC), and (d) 4.25 Å (ISC). White-H, gray-C, red-O, orange-N, yellow-U, and pink-Fe. The dotted gray 

lines indicate hydrogen bonds.
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In our series of calculations, spontaneous electron transfer 

occurs for Np and Pu, but not for U. We tested several sets of 

step-wise calculations starting from a far distance (10~12 Å) for 

each pair of reactants. Each trial produces slightly different 

kinetic parameters due to the random geometries of water that 

lead to different formations of hydrogen bonds and reactant 

trajectories. Still, we obtained similar kinetic parameters for 

each set. Repeated calculations with even more different 

reaction paths would produce more statistically significant 

values but at a high computational cost. An additional way, 

however also highly computationally-expensive, to quantify the 

influence of random hydrogen bond formation and breaking is 

distance-controlled quantum-mechanical molecular 

dynamics.84-86 

There are two possible ways of enhancing the mobility of 

actinides in solution by organic ligands; (1) forming a complex 

increases the solubility, and (2) complexation decreases the 

reduction rate of actinides. Process (1) reduces the 

concentration of free actinyl in solution, thereby decreasing the 

ion activity product for the potential precipitation of UO2 

(uraninite, in case there is reduction) or oxidized precipitates 

such as uranophane ([Ca(UO2)2(SiO3OH)2]·5(H2O)), betafite 

((Ca,U)2(Ti,Nb,Ta)2O6(OH)), studtite ([(UO2)O2(H2O)2]·2(H2O)), 

metastudtite ([(UO2)O2(H2O)2]), or their Np and Pu equivalents. 

The idea behind the process (2) is that the complex hinders the 

electron transfer from a reductant towards the actinyl ion.  

In the case of neptunyl and plutonyl, Reed et al.22 observed a 

rapid reduction of Np(VI)O2
2+ to Np(V)O2

+ and Pu(VI)O2
2+ to 

Pu(V)O2
+ in low ionic-strength media with EDTA. Further 

reduction to the tetravalent actinide is hardly observed for 

neptunyl, but for plutonyl in this EDTA solution. Our calculations 

agree well with this experiment, showing immediate electron 

transfer (change of Bader spin by ~1) when the reactants 

(AnO2(edta)2- and Fe2+ with An = Np and Pu) form an OSC or ISC. 

In the result of Bender et al.,26 which calculated the reduction 

of free PuO2
2+ (aquo-complexed) in the solution with ferrous 

iron, a one-electron transfer occurred with an activation energy 

(OSC → ISC) of 45.7 kJ/mol. This value is lower than our 

calculated value of ISC formation activation energy for 

Pu(VI)O2(edta)2- with Fe2+. The attempt frequency (A) of aquo-

complexed plutonyl is three times bigger than that of EDTA-

complexed one, and the resulting rate constant calculated using 

A and Ea is four orders of magnitude higher for the aquo-

complexed plutonyl. Thus, complexation with EDTA is not 

prohibiting but significantly slowing down the reduction of 

Pu(VI)O2(edta)2- in solution with ferrous iron. EDTA does not 

entirely shut down reduction because it is not completely 

‘wrapping up’ the uranyl ion but rather leaves one side open for 

reductive attack be ferrous iron. 

Four out of five trials of the PuO2(edta)2- reaction series, and 

two out of four trials of the NpO2(edta)2- series showed electron 

transfer with relatively small energy barriers (< 35 kJ/mol). This 

indicates that electron transfer is not the rate-controlling step 

for these two species. We also calculated the thermodynamic 

stability of the Pu(IV) complex, which showed lower system 

energy than that of Pu(V) explaining the experimental 

phenomena of Pu4+-EDTA formation in Reed et al.22 However, 

Pu4+-EDTA is a stable and soluble complex; thus, even if a Pu-

EDTA complex is reduced, it still enhances Pu migration in the 

subsurface and groundwater.58 Np(V)O2(edta)3-, which is the 

dominant species of Np in EDTA solution, is also highly soluble,65 

thus promoting Np migration.  

It is well known that EDTA enhances the mobility of uranyl by 

forming soluble and stable complexes.16, 87, 88 In addition, a 

reduced reduction rate can further uranyl transport in aqueous 

environments. Although many previous studies have 

determined the formation constants of U-EDTA,68, 89, 90 there is 

a lack of redox kinetics data. Our calculated result of 60.5 kJ/mol 

of activation energy for the ISC formation of U(VI)O2(edta)2- by 

aqueous ferrous iron is lower than that of NpO2(edta)2- or 

PuO2(edta)2- (Table 1). Even though most of the U-EDTA with a 

significantly higher concentration of Fe2+ forms ISC in a second, 

immediate electron transfer was not observed for the uranyl-

EDTA, but for Np- and Pu-EDTA. In this study, we calculated how 

easily ISC can be formed but not really about electron transfer. 

We would have to quantify the kinetics of electron transfer, 

such as using Marcus theory, which is beyond the scope of this 

study. 

Often in nature, microbes facilitate the reduction of free-uranyl 

and uranyl-EDTA.16, 17, 87 Suzuki et al. observed the dissolved U 

fraction after 21 hours of incubation with microbes (Shewanella 

putrefaciens) decreased to about 9% due to the significant 

reduction of U(VI) to U(IV).16 Sheng et al. obtained no 

measurable U(VI) reduction without microbes in solution, but 

observed U(IV) precipitates with Shewanella oneidensis MR-1.17 

Adding EDTA to this solution decreased reductive precipitation 

significantly; however, more reduction occurred at higher EDTA 

concentrations. Their proposed mechanism is that EDTA 

facilitates U reduction by removing U4+ in the form of U4+-EDTA 

from the cell surface, so the reduction site of the bacterial cell 

can be free for further reduction.  

The photocatalytic reduction can also facilitate the reduction of 

uranyl-EDTA.19-21 Under UV light, Chen et al. observed the 

reduction of U(VI) on the catalyst surface, such as TiO2 or 

Pt/TiO2, with EDTA serving as the electron donor.19 Kim et al. 

reported the effect of organic ligands (oxalate, acetate, 

hydroquinone, and EDTA) in the photochemical reduction of 

uranyl. With these organic ligands as electron donors, U(VI) (as 

uranyl) reduction to U(V) and U(IV) was observed, particularly 

in combination with UV light and a TiO2 photocatalyst.20 Proton-

coupled electron transfer helps reduce U as well, as shown in 

some prior works for plutonyl aquo-complexes26 and uranyl-

tricarbonate ones 4, 6. 

However, both UO2
2+-EDTA and U4+-EDTA are soluble,16, 87, 91 so 

regardless of the U oxidation state, EDTA complexation can 

enhance the migration of U to some degree. Thus, in terms of 

environmental remediation, EDTA can be of concern because it 

forms a stable and soluble complex with actinyls and enhances 

their mobility. In terms of a decontamination-cleaning agent, 

EDTA is efficient due to its ability to form strong soluble 

complexes and to reduce Np and Pu rapidly. However, EDTA in 

the mixed secondary waste is problematic after its use, because 

removal of EDTA is not easy and EDTA complexes are not readily 
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degradable by conventional biological treatment processes.13, 

92, 93 

Calculations of [UO2(Hedta)]-/2- reduction give clues on how 

uranyl-EDTA reduction kinetics would change in lower pH 

ranges (i.e., acidic condition). The calculated reaction rate 

constant from OSC to ISC is ~104 times higher in neutral 

conditions. This agrees well with the experimental observation 

by Wang et al.15 that neutral pH conditions result in faster 

reduction rates than acidic ones. They obtained the maximum 

apparent reaction rate constant at pH 7.4, and it was close to 

zero at pH lower than 4. Since the effect of pH conditions is 

considerable, it could possibly be used to control the reduction 

rates in radioactive waste treatment or other industrial settings.  

The geometries of uranyl-EDTA are not well defined yet, so we 

suggested a tetra-dentate geometry of [UO2(Hedta)]- as shown 

in Fig. 2(b) based on our DFT calculation result. When we 

compare the pKa values of the carboxyl group and amino group, 

it is expected that the amino groups get protonated before the 

carboxyl groups with decreasing pH. However, our calculations 

on the uranyl-EDTA complex show proton transfer from N to 

Ocarboxyl such that the uranyl can stay five-coordinated in the 

equatorial plane, and the resulting geometry with protonated 

carboxyl has lower system energy. We made the same 

observation of carboxyl protonation for calculations on 

Ca(edta)2-. DFT calculations started from a stable 6-coordinated 

Ca structure, a proton initially attached to an amine N of EDTA 

was observed moving to one of the carboxyl groups by proton 

transfer through the nearby water chains. The resulting 

Ca(Hedta)- structure (with a protonated carboxylate) was 

energetically more stable than the starting geometry (with a 

protonated N). It is likely the protonation of N obstructs the 6-

coordinated stabilized Ca geometry, thus becoming less 

favorable. The Fe(II)Hedta(H2O)- structure reported by Mizuta 

et al.94 using single crystal XRD analysis also has a protonated 

carboxylate, not an amino group. The same was observed for 

Mn(II) and Cd(II) complexes.95, 96  

By using the parameters in Table 2, we generated time 

evolution graphs of the reactant concentrations. From these 

graphs, we were able to estimate the time scales of the 

reactions (An(VI/V)-EDTA with Fe2+) in different initial 

concentrations and predict which stage (bulk, OSC, or ISC) is 

dominant and how it changes over time. Calculated t1/2 from 

bulk solution species to OSC is a few hundred ms, and it will take 

a few seconds to transform all the aqueous species into OSC, 

using concentrations of 1 pM of [AnO2(edta)]2-/3- and 1 nM of 

Fe2+. This time scale decreases even more, if reactant 

concentrations are higher due to the higher possibility of 

collision between the two reactants. Thus, by adjusting the 

initial concentration, the overall reaction time scale can be 

sufficiently long and measurable experimentally. Still, solution 

pH, surface adsorption, and microbial activities might change 

the reaction rates in natural environments. 

5. Conclusions 

The calculations in this study present detailed reaction kinetics 

data for the reduction of actinyl-EDTA complexes by Fe2+. EDTA 

is a widespread chemical used in industry and agriculture, 

therefore it is important to understand its effect on the fate of 

potential contaminants in both thermodynamic and kinetic 

perspectives. Our results show that EDTA complexation does 

not prohibit the reduction of neptunyl-EDTA and plutonyl-EDTA 

in the presence of ferrous iron, with relatively low ISC formation 

activation energies and immediate electron transfer after the 

formation of OSC or ISC. We find that the electron is transferred 

mainly from iron and it is not EDTA that functions as the major 

electron donor. For these reactions, electron transfer is not 

found to be the rate-limiting step. Since the formation of OSC 

from aqueous species by collisions of reactants is relatively fast 

compared to other sub-steps (OSC to ISC, and electron transfer), 

it appears that OSC to ISC transition is the rate-limiting step for 

these reactions.  

In contrast to Np and Pu, no immediate electron transfer was 

observed for uranyl-EDTA calculation. However, the activation 

energy for the ISC formation is lower than Np and Pu 

(< 60.5 kJ/mol), and a lower activation energy increases the 

likelihood of electron transfer. Thus, there is more to be 

explored for uranyl-EDTA, such as the effect of UV light-induced 

or mineral surface- and microbe-catalyzed electron transfer, in 

addition to our calculation result. When in acidic conditions, the 

energy barrier for the ISC formation increases, meaning the 

reaction becomes much slower. And at this low pH conditions, 

microbial reduction would be mostly prohibited, making the 

reduction even harder. 

This series of calculations was performed for a homogeneous 

solution, but mineral surfaces can facilitate the redox reaction 

of actinyls in nature; the same would be true for other catalytic 

reactions, for example, in separation operations. It is well 

known that hematite, goethite,97 magnetite,98 and also sulfides, 

such as pyrite,99-101 provide surfaces for uranium adsorption and 

catalyze the reduction of U by Fe2+. The addition of mineral 

surfaces to our approach could be performed in the future. Also, 

modeling the microbial activity by adding enzymes with other 

organic electron sources (e.g., citrate or hydroquinone) can be 

performed using computational approaches. Our method can 

also readily be applied to other organic ligands, such as citric 

acid, oxalic acid, or NTA (nitrilotriacetic acid),8, 16, 87 to better 

understand their effect on actinyl transport in the environment. 
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