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Abstract

Speciation of heavy metal ions in geochemical environment is
utmost importance due to its environmental relevance. lodine ex-
ists as iodide and iodate anions and are heavier anions, and they
can be more labile in the absence of humic environments. This
study particularly focusses on iodine speciation in Humic Acid (HA)
environments. First, we have carried out extensive quantum chemi-
cal calculations to understand the structure-function relationship
of iodide and iodate binding in humic acids. We predict that iodide
anion binds through hydrogen bonding and are thus weak in acidic
conditions. lodate anion binds at the macrocyclic pocket of the hu-
mic acid, and is somewhat pH independent. Computed structure of
the complex and binding energies explain the binding affinities of
iodide and iodate with HA and quantum theory of atoms and mol-
ecules QTAIM analysis reveal the nature of forces involved in each
case. To justify our computational claim, sorption experimental
studies are carried out on the uptake of iodine species with humic
acid. The studies are quite encouraging and there is a close agree-
ment between the theoretical and experimental results.
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Introduction

Though heavy ion, iodine species can be dispersed through
air and can be found in different environments such as those
reported in Antarctica and can contaminate the natural habitat
[9]. The oxidation state of iodine varies from —1 to +7 and thus it
exists in various forms in nature at different pHs after getting re-

With diminishing fossil fuel resources, it is vital to increase
the energy production to serve the growing population. Sig-
nificant advances in nuclear technologies make nuclear power
a viable solution to the ongoing energy demands. Nuclear en-
ergy is advantageous in several means such as well-established

technology, harnessing maximum energy through efficient re-
processing and little waste being generated [1]. On the other
hand, nuclear accidents are dangerous and can release several
toxic, radioactive and hazardous nuclear waste that can be
detrimental to the environment. In the last five decades, only
two major nuclear accidents with INES level of 7 have occurred
namely Chernobyl in 1986 and Fukushima in 2011 [2]. In both
accidents, significant amount of radioactive materials such as
Sr%°, Cs*” and 1'*! were released in the environment [3,4]. Ra-
dionuclide iodine, '3, with the half-life of 8 days is one of the
hazardous wastes of fuel reprocessing plant which get released
to the environment during normal plant operation [5]. Due to
its lower half life, it is less important in biological point of view.
On the other hand, 1'*® (half-life = 1.57x107yrs) is a radionuclide
of interest for disposal of high level waste produced by nuclear
fuel reprocessing plant and also found in the seawater offshore
Fukushima [6,7]. On the other hand, radioiodine is indeed ad-
ministered in nuclear medicine such as hyperthyroidism [8].

leased to the environment. The main chemical forms of iodine
are iodide (I'), iodate (I0,) and molecular iodine (1) and it may
also exist in organic iodine form (CH3I). Besides this, iodine is an
essential micronutrient for the production of thyroid hormones
in animals and humans. Radioactive iodine is concentrated in
the thyroid gland can lead to the direct threat to human popula-
tions [10].

Natural Organic Matter (NOM) such as Humic (HA) and Ful-
vic Acids (FA) are known to bind several ions including radio-
nuclides such as uranyl, Cs*, Sr>* and iodide ions [11-15]. With
less oxygen content, HAs are more hydrophobic than FA, there
by binds bulky iodine species better through favorable van der
Waals interactions. Due to the availability of deprotonated
Lewis basic sites, FA binds cationic species strongly in neutral to
alkaline pH medium. It is for these reasons, the mobility of Sr?*
and uranyl ion are controlled by NOM environment, whereas
the bulky Cs* ion is more mobile with varying water concentra-
tion even in the presence of NOM environment [12].
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Stable iodine I'*” and 1'?° are major bi-product of nuclear fis-
sion and undergoes complex geochemical cycling in the envi-
ronment. Only handful reports are available on the speciation
of iodine species with NOM is available [16-18]. In this paper,
we have carried out detailed Density Functional Theory (DFT)
calculations on the structures and binding modes and affinities
of iodide and iodate anions in HA. The computed geometries
and energetics could easily explain the interesting results ob-
tained from the sorption experiments of iodide and iodate with
humic acid as sorbent.

Experimental Details
Choice of Models

We have taken the Stevenson’s model for HA that satisfies
several structural requirements. The model consists of several
functional groups such as aromatic hydroxo, quinone, sugar, ar-
omatic carboxylic acid and amino acids such as tyrosine that are
key moieties present in HA revealed by several spectroscopic
techniques. We have used this model earlier to understand the
speciation of uranyl in HA environments [12]. With unknown X-
ray structures, we have carried out extensive multi-scale model
simulations to derive a reasonable structure that is used to un-
derstand the speciation of heavy metal ions.

Computational Calculations

Both geometry optimizations and vibrational frequency
computations were carried out using Density Functional Theory
(DFT) [19]. DFT calculations were carried out as implemented
in the TURBOMOLE 7.2 version of ab initio quantum chemis-
try program [20]. Geometry optimizations were performed
with BP86 functional [21,22,33] including Grimme’s D3 disper-
sion correction [23] with Becke-Johnson damping factor (D3-
BJ) [24]. All atoms except | are represented using the def2- SV
(P) basis set [25]. For |, a def2-SV (P) basis set and small core
pseudopotential (Z=28) for core electrons is used. The calcula-
tions are accelerated using a Resolution of Identity (RI) approxi-
mation by incorporating the corresponding auxiliary basis set.
Analytical vibrational frequencies within the harmonic approxi-
mation were computed with the abovementioned basis sets to
confirm proper convergence to well-defined minima. Standard
approximation was used to obtain zero-point vibrational energy
and entropy corrections. We obtained solvation energies using
the optimized gas-phase structures from the COSMO solvation
model with dielectric constant €=80 (water) using the default
radii. Single point calculations were carried out with M06 func-
tional with def2-TZVP basis set for all atoms with def2-ECP for
I. We have earlier used this computational strategy for several
systems and their agreement with experiments have been satis-
factory [26,27]. Chimera 1.12c software [28] is used to plot the
molecular orbitals (iso value of 0.04).

In addition, Quantum Theory of Atoms In Molecules (QTAIM)
assessment of topologies of the electron density in weak bonds
holding the host and guest is used to better understand the
current bonding situation in HA complexes [29,30]. Based on
Bader's theory, QTAIM analysis describes the bonding region
between atoms in terms of topological characteristics of the
electron density (p(r)) and Laplacian of the electron density
(v?p(r)). For instance, the Bond Critical Bond (BCP), which is
represented as a (3,-1) critical point in the QTAIM topography,
denotes a chemical bond between two atoms, while a (3,+1)
critical point (RCP) denotes a ring structure in a molecular sys-
tem. Particularly, p(r) values at the BCPs can be connected to

bond strength. Hybrid B3LYP functional [21,22,31] with the
dispersion correction D3(BJ) has been used to perform QTAIM
calculations. BP86-D3(BJ)/def2-SV(P) optimized geometries are
used to create primary wave function file for AIM calculations.
def2-SVP basis set is used for all atoms. B3LYP- D3(BJ)/def2-SVP
energy gradients are calculated using the nuclear coordinates
generated at BP86-D3(BJ)/def2-SVP level during the single point
calculations using “FORCE” keyword. We have used QTAIM cal-
culations to understand the nature of weak interactions in sev-
eral studies [32-34].

Experimental Setup

The sorption studies were carried out in batch mode [35]. A
known concentration of pure solution of iodide / iodate (5ppm),
maintained at different pH values between 1.0-4.0, was con-
tacted with approximately 0.05g of humic acid for a fixed time
of 30 mins. At the end of equilibration time, the solid was com-
pletely removed by centrifugation and the amount of iodide /
iodate left in solution was analyzed spectrophotometrically us-
ing methylene blue [36]. From these data, the amount taken up
(%) was calculated.

Results and Discussion
Geometric Structures of lodine Species and HA

We have taken solvated iodide and iodate as possible species
of iodine studied here. The optimized species are shown in Fig-
ure 1. Unlike chloride and bromide anions, the solvated struc-
ture of iodide is somewhat different [32]. The solvated struc-
ture of iodide is partially exposed to vacuum due to its bulky
nature of anions. This is not unexpected as for bulky ions such
as iodide a similar trend is also noted for alkali metal ions such
as the solvated structure of Cs* ions [37,38]. For iodate anion,
a planar structure is noted. The major difference between the
iodide and iodates are the charges carried on the iodine moiety
due to the differing oxidation state of the species investigated
here. In iodide, the oxidiation state of iodine is —I that carries
partial negative charge, whereas for iodate anion, the oxidation
of iodine is +VII and thus carries a partial positive charge. These
variations can lead to the different binding modes with HA.

We have optimized the structure of HA (Figure 2a) and the
results reveal several interesting geometric features. We note
the HA has two distinct geometric arrangement denoted as
‘head’ and ‘tail’ part (Figure 2b and 2c) respectively. The cat-
echol and other organic fragments of HA are involved in hy-
drogen bonding with the tyrosine amino acid forming a mac-
rocyclic type head portion that can accommodate guests of
suitable size. The tail portion can bind guest molecules through
favorable electrostatic interactions with the aromatic carboxylic
acids. Partially solvated uranyl and Sr**cations preferably bind
through the carboxylates and through the hydroxyl part of the
HA [12]. We have explored the binding of iodide and iodate in
both the head and tail portion of HA.

Binding of lodide anion to HA

Being a bulky highly polarizable ion, iodide can bind in two
different binding pockets that are carefully chosen denoted as
HA 1 1 and HA_I_2. The optimized structures are shown
in Figure 3. A careful look at the geometric feature of
HA | 1 clearly indicates two different hydrogen bonding in-
teractions are present between the HA and iodide anion. There
exist a hydrogen bonding between the HA and iodide anion by
2.4 A, whereas two hydrogen bonding interactions are present
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between the water molecules and the iodide anion by 2.8 A.

In the second structure, the solvated iodide anion is encap-
sulated inside the head portion of HA denoted as HA_I_2. We
note four to five strongly hydrogen bonded interactions of phe-
nolic and catechol functional groups and water molecules with
iodide anion by 2.6 A. In additionto this, we find several anion-rt
interactions between the aromatic phenyl rings with iodide ion
by 3.5 A. We have quantified the strength of these interactions
through AIM calculations (vide infra). Between the two struc-
tures, HA_I_2 is the most stable structure whose binding energy
is computed to be —2.3 kcal/mol, whereas unfavorable binding
is noted for HA_I_1. These variations clearly suggest that ad-
ditional hydrophobic interactions dictate the binding of bulky
iodide to HA.

Binding of lodate to HA

The iodide binding takes place through hydrogen bonding
between the protons of HA to iodide anion, whereas in iodate,
it is the oxygen atoms ligated to the hepta-valent iodate inter-
acting with the protons of HA. Similar to iodide, we have ex-
plored two different binding site of iodateto HA denoted as
HA_IO,_1 and HA_IO, 2 in Figure 4. The iodate binding at
the peripheral region is interacting strongly through favorable
hydrogen bonding with 1.4 A. In HA_IO,_2 species, a number of
hydrogen bonding interactions are found between the iodate
and HA moieties in less than 2.0 A. In addition to this, several
non-covalent interactions are noticed from AIM calculations
(vide infra). The binding affinity for iodate with HA is —108.5
kcal/mol that indicates that the binding is stronger compared
to binding with iodide anion.

QTAIM Analysis

We have carried out QTAIM electron density calculations to
understand the nature of weak interactions present in HA_I_2
and HA_IO, 2 species. These two species are chosen due to
their favorable binding energies for iodide and iodate at the
head portion of HA is discussed inhere, whereas for the oth-
er two species, HA_I_1 and HA_IO,_1, the results are shown
in ESI. QTAIM electron density p(r) at the BCP is typically
substantial (>0.2 a.u.) and has a negative v’p(r) for covalent
(shared shell) interactions. On the other hand, p(r) is mod-
est (0.10 a.u.) and v?p(r) is positive for ionic, van der Waals,
or hydrogen bond (closed shell) interactions. In Tablel and Ta-
ble S1, we have shown that topological characteristics at the
BCPs between HA and iodide/iodate and their molecular graph
is given in Figure S1-S4. Only significant interactions that have
considerable bond strengths are considered for discussion.

Based on the bond paths and associated BCPs, several non-
covalent interactions are identified. In HA_I_2 species, the sta-
bilization of [I~ (H,0),] in HA is due to thirteen non- bonding
interactions as shown in molecular graph (Figure S1). As dis-
cussed above, solvated I” is stabilized by forming intramolecular
hydrogen bonds from each water molecule. Hydrogen bonds
are more predominant than halogen bonding. Five intermo-
lecular hydrogen bonds are observed in which I~ bound water
molecule forms the strong H-bond (1.87 A) with oxygen in qui-
none group of HA. Therefore this hydrogen-bond has higher
p(r) (0.0307 a.u.) than others. Other weak interactions are also
found as shown in Table 1.

In HA_IO,_2 host-guest complex, eight strong non-bonding
interactions are found as shown in Table 1 (Figure S3). Four
intermolecular hydrogen bonds are observed and these inter-

actions favor the binding of 10, in HA in which iodate bound
oxygen atoms makes strong hydrogen bonds with aromatic
di-hydroxo (1.43A) and hydroxo (1.49A) group present in HA.
Therefore these two H-bonds have higher p(r) (>0.07 a.u.) than
others. The contour plot of v?p(r) of these interaction is shown
in Figure 5. Other weak interactions such as O-+I, Cl and C--:O
also involved as shown in the Table 1.

(a) (@)

Figure 1: Optimized structures of (a) iodide and (b) iodate anion.

) . ©)

Figure 2: Optimized structure of Stevenson Humic acid. (a) Mo-
lecular surface map of HA species, (b) Head portion and (c) Tail
portion is shown in sticks.

Figure 3: Optimized structures of iodide ion in head and in the tail
portion.

) HA_10;_I

Figure 4: Optimized structures of iodate ion in head and in the tail
portion.

Through AIM analysis the nonbonding interactions are iden-
tified. Both lodide and iodate form various non-bonding inter-
actions with host HA. It may also be noted that p(r) values are
higher for the H-bonds formed by iodate than iodide. There-
fore iodates have more affinity to bind with HA than iodide. This
is in line with computed binding energy order. Our electronic
structure calculations reveal that binding of iodide and iodate
species are found mostly at the macrocylic type environment.
Between the two iodine species, iodate binding affinities are
much larger than iodide anion. Further, as the binding is largely
through hydrogen bonding, we believe that pH of the medium
plays a major role. The binding affinity of iodate is extremely
large and the binding is dictated by both hydrogen bonding and
by van der Waals interactions. Further, the macrocyclic cavity
of HA perfectly fits the larger iodate anion compared to iodide.
These variations lead to the stronger binding of iodate to HA,
whereas the iodide anion is loosely bound. Thus, changing the
pH of the HA medium should affect the binding affinities of io-
dide, whereas iodate is less susceptible to pH change resistant.
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Table 1: QTAIM topological parameters (in a.u.), distances (in A) for
iodate and iodide species with HA in HA_IO,_2 and HA_I_2 models.

S. No. Bond distance ‘ p(r) ‘ V2p(r)
HA_I_2
1. O-H---0 1.87 0.0307 0.1004
2. O-H---0 2.11 0.0192 0.0614
3. C-H--0 2.24 0.0166 0.0405
4. O-H---0 2.41 0.0112 0.0417
5. l---H 2.52 0.0216 0.0369
6. l---H 2.59 0.0200 0.0362
7. l--H 2.63 0.0168 0.0329
8. l---H 2.79 0.0126 0.0266
9. l---H 2.87 0.0118 0.0260
10. C-H--0 2.92 0.0041 0.0159
11. C--0 3.08 0.0069 0.0269
12. C-l 3.40 0.0118 0.0340
13. C-l 3.52 0.0095 0.0241
14. C-l 3.75 0.0062 0.0167
15. Ol 3.92 0.0038 0.0115
HA_IO, 2
1. O-H---0 1.43 0.0912 0.1162
2. O-H---0 1.49 0.0731 0.1595
3. N-H---0 2.06 0.0208 0.0597
4. C-H--0 2.29 0.0154 0.0407
5. C---0 2.84 0.0119 0.0443
6. C--0 2.88 0.0108 0.0412
7. Ol 2.96 0.0181 0.0591
8. C-l 3.36 0.0119 0.0326

Figure 5: The Laplacian of electron density explaining the H-bonds
(a.1.43A,b.1.49 A)in HA_IO, 2.

100

—=— lodate
—e— lodide

75

Amount taken up (%)

T T T T T T T
10 15 2o 25 2D 35 a0

Figure 6: Sorption of iodide and iodate with HA in different pH.

We will see that our experimental studies clearly support our
modeling studies (vide infra)

Experimental Proof

In this study, all the experimental parameters like initial
concentration, equilibration time andsorbent amount were
constant while varying the pH of the solution in range of 1-4.

This approach could help to get an understanding of the sorp-
tion mechanism of iodine species to HA. An increase in pH is
seen to reduce the sorption efficiency of humic acid for both io-
dide and iodate as shown in Figure 6. For instance, the sorption
of iodate and iodide are more than 90% and 70% at pH~1 to 1.5,
whereas at pH=4, the sorption decreases to 75% and 40% re-
spectively. This is attributed to the fact that with increasing pH,
the surface charge of humic acid becomes more negative mak-
ing it less suited for sorption of anionic species. Hence there
is a decrease in the sorption of both iodide and iodate anions.
However it is seen that the decrease is more drastic in the case
of iodide as compared to iodate. This could be attributed to the
fact that iodide sorption is weak as indicated from its binding
energies, while iodate sorption is strongest with HA.

Conclusions

The speciation of iodide and iodate in geochemical environ-
ments are extremely challenging but mandatory to investigate
due to its environmental importance. In this work, we have
carried out the geo-speciation of two important iodine species
namely iodide and iodate anions. Both ions are mono-anionic,
whose oxidation states are —l and +VII for iodide and iodate ions
respectively. In addition, the size of the iodate ions is much larg-
er compared to iodide ions.

The differential binding of iodide and iodate to HA be jointly
investigated with detailed electronic structure calculations and
experimental sorption studies. Our studies clearly reveal that
iodate binding to HA is stronger compared to that of iodide ion
in line with the our experimental sorption studies and those of
earlier studies by Humphrey et al. [39] Further, we report that
iodate binding is less susceptible on pH variations, whereas io-
dide binding is more sensitive to pH of HA. Our modelling stud-
ies explain the less susceptibility to pH variations in iodate bind-
ing is due to its strong binding in the macrocyclic cavity of HA.
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Supplementary Figures

Figure S4: QTAIM molecular graph of HA_IO,_1. (a) side vide (b)
front view

Figure S1: QTAIM molecular graph of HA_I_2. (a) side vide (b)
front view

Supplementary Table

Table S1: QTAIM topological parameters of HA_I_1 and HA_IO, 1 (in

a.u.).
S. No. ‘ Bond ‘ distance ‘ p(r) ‘ V2p(r)
HA_I_1
1. H--l 2.416 ‘ 0.0261 ‘ 0.0395
HA_IO, 1
1. H--0 1.375 0.1039 0.0589
2. Ol 3.265 0.0092 0.0336

Figure S2: QTAIM molecular graph of HA_I_1. (a) side vide (b)
front view

Figure S3: QTAIM molecular graph of HA_IO,_2. (a) side view (b)
front view
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