
ORIGINAL CONTRIBUTION

Vibration spectroscopic evidence for different interactive modes
of iodide on gibbsite in humic acid mediation

L. Jayarathna1 & M. Makehelwala2 & A. Bandara3 & R. Weerasooriya1

Received: 26 January 2018 /Revised: 24 May 2018 /Accepted: 25 May 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Determination of the fate of iodide and associated species is an important scientific question from environmental and nuclear
energy perspectives. The chemical kinetics of iodide adsorption on gibbsite was examined in the presence of humic acids (HA).
The iodide retention was highest in HA-coated gibbsite (ΓI 15.5 μmol m2−; pH 6.50) and lowest in HA-iodide-gibbsite ternary
systems (ΓI 9.56 μmol m2−; pH 6.50). Both inter- and intralayer OH groups have distinguishable IR manifestations for iodide
retention on gibbsite. In HA-coated gibbsite, the enhanced iodide retention was ascribed to direct bonding with surface Al-sites.
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Introduction

Iodine is a biologically active element that occurs in the envi-
ronment both from lithogentic (127I or I hereafter) and
anthropogentic (129I and 131I) sources. Lithogentic iodine, I,
is nonradioactive, and is essential for human and animal health
for their production of thyroid hormones, and also for the
proper functioning of the thyroid gland. Iodine deficiency that
can lead to severe metabolic disorders is a global public health
issue [1]. However, both 129I and 131I are strongly radioactive
and are these hazardous that often enter the environment from
nuclear power plants [2, 3]. The 129I has a long half-life (t1/2 =
1.6 × 106 year) and possesses highmobility [4]. Irrespective of
its source, iodine dominates in three oxidation states, viz. 0
(elemental I), − 1 (I−), and + 5 (IO3

−). In extremely oxygenat-
ed waters (Eh ~ + 1000 mV), IO3

− may be present in signifi-
cant proportions [5].When the environment is extremely acid-
ic (pH < 3), molecular I2 is formed either from the reduction of

IO3
− or oxidation of I−. Over the entire geochemical domain of

natural waters, the iodide ion (I−) dominates, and it can there-
fore is used as a probe to assess different geochemical pro-
cesses [6]. Iodide showed no hydrophobicity to most of min-
erals; hence, its interactions with geologic substrates are con-
sidered elemental or electrostatic in nature [7]. One of the
essential factors controlling iodide mobility is the ability of
soils, or associative surface-active substrates to retain or re-
lease it. The iodide concentrations in natural soils and waters
are typically very low, i.e., sandy soils, 2.1 and 70 mg kg−1

marine soils; hence, its bioavailability is controlled by
adsorptive/desorptive mechanisms [8].

This work was aimed at determining the adsorption
mechanism/s of iodide onto gibbsite in the presence of natural
organic matter. Gibbsite and humic substances were chosen
due to their ubiquity in nature. Hither to date, the available
literature depletes with respect to iodide adsorption on
gibbsite or analog solids. Therefore, some comparisons were
made with other minerals [9–14]. Iodide showed weak or no
affinity for muscovite, calcite, quartz, montmorillonite, or ka-
olinite [15, 16]. However, illite, allophone, or imogolite
showed high affinity for iodide by reversible physical adsorp-
tion to the pH dependent edge sites and not by irreversible
fixation onto the clay structure [10]. Particularly for clay min-
erals, it is important to realize that iodide retention capacity as
measured by partition coefficients did not follow trends of
theoretical mineral unit charge or surface area values [11].
MacLean et al. (2004) [17] have shown that iodide/bacteria
interactions are electrostatic that depends on pH, solid/
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solution ratio, and ionic strength. The XANES data suggest
that iodide adsorbs to hydrous ferrous oxides without under-
going changes in its hydration state [13]. Dai et al. [12] noted a
strong correlation between iodide sorption capacity and natu-
ral organic matter content in soils without conclusive interpre-
tations. These investigations emphasized the potential role
played by natural organic matter in the retention of iodide by
minerals. Further, the chemical data do not provide sufficient
insight into the exact bonding nature between iodide and
gibbsite [6, 9–11, 18]. In the present work, DRIFT infrared
spectroscopy was used to probe gibbsite and iodide interac-
tions in the presence of humic substances. The IR spectra of
minerals (above the fundamental absorption frequency of the
crystal) included a pattern characteristic for each mineral. In
the region of high frequency (3500–4000 cm−1), the observed
absorption bands characterize the vibration of surface hy-
droxyls, which can be treated as local variations of the admix-
ture atom (H) on the surface. It has also been established that
spectroscopy can give direct data on the vibrations of cation-
oxygen bonds on the surface, i.e., on spectral images of sur-
face vibrations of an inherent nature [19].

Materials and methods

MaterialsGibbsite was received fromALCOA, Australia. The
pertinent physicochemical properties of gibbsite and water
interface are shown below [7]. All chemicals were from
Fluka (Switzerland), Sigma (USA), or BDH (UK). De-miner-
alized, distilled water was used to prepare all reagents.

Methods All chemical kinetic experiments of iodide adsorp-
tion on gibbsite were conducted either in distilled water or
NaNO3 at 298 K. The effect of humic acid (HA) on iodide
adsorption by gibbsite was also examined. In one set of ex-
periments, both HA and iodide ions were introduced simulta-
neously, i.e., HA/I-gibbsite. Chemical kinetics of iodide ad-
sorption on gibbsite was determined as a function of pH, io-
dide, and solid content. Relevant experimental details are well
documented [7]; hence, only a brief outline is given below.

Unless otherwise mentioned, for adsorption kinetics, a
batch suspension was prepared with 5 g L−1 of gibbsite or
HA-coated gibbsite. The concentration of the background
electrolyte was adjusted to 0.01Mwith 5MNaNO3. The solid
to solution ratio was kept at 1:100 (w/w) to promote high
percentages of iodide uptake. The gibbsite samples were
pre-equilibrated with NaNO3 for 12 h prior to spiking with
iodide. In all experiments, the pH of the equilibrated suspen-
sion was monitored and adjusted to a desired value using a
Ross Sure-Flow electrode (Orion Research, 81-03). In a typ-
ical kinetic experiment, the batch solution was spiked with
known concentration of iodide in the range 1–10 mM, and
sample aliquots were withdrawn at pre-defined time intervals.

The amount of iodide adsorbed was determined by analyzing
the supernatant, following the solid-liquid separation bymem-
brane filtration through 0.45 μ. An iodide ion selective elec-
trode, (Orion Res., 94-53) was used for iodide activity deter-
mination. Recoveries of spiked analysis were always around
93–96%.

To determine the effect of HA on iodide adsorption by
gibbsite, a separate series of experiments were carried out. A
1000 mg L−1 stock of HAwas prepared by dissolving 1 g HA
(Sigma-Aldrich, USA) in 0.12 M NaOH. To ensure optimal
dispersion, the HA mixture was stirred continuously for 12 h.
Afterwards, the HA suspension was used in two ways: In one
way, a series of 100 mg L−1 HA and 5 mM iodide solutions
were prepared and the pH was matched with the gibbsite sus-
pension to a desired value. Afterwards, the gibbsite suspen-
sion was spiked with HA/I−. The concentrations of iodide and
HA were 5 mM and 100 mg L−1 respectively. Alternatively,
the HA-coated gibbsite was prepared according to following
method. A mass of 2.5 g of gibbsite and 100 mg L−1 stock
solution of HA was mixed in 500 mL 0.01 M NaNO3 and
equilibrated at a desired pH for 12 h. The HA-coated gibbsite
was separated by centrifugation into a vessel containing
500 mL in 0.01 M NaNO3 at the same pH. The chemical
kinetics of iodide adsorption on HA-coated gibbsite was car-
ried out according to the procedures given earlier in this sec-
tion. For Fourier transform infrared analyses, the solid part of
the slurry after filtration was dried in an oven at 40 °C.
Infrared spectra were obtained using a Nicolet 6700 FTIR at
4 cm−1 resolution under DRIFT mode. Prior to spectral anal-
ysis, all samples were well mixed with KBr at 1:100 (w/w)
ratios to a desired dilution.

Results and discussion

Chemical kinetics of iodide adsorption on gibbsite at initial
iodide concentration of 5 mM in 0.01 M NaNO3 and pH 6.50
is shown in Fig. 1. Similar plots were obtained for different
concentrations of initial iodide, i.e., 5–10 mM and gibbsite,
i.e., 5–50 g L−1 (data not shown). In all cases, the experimental
protocols of sample preparation were, A. I-gibbsite: gibbsite
interacted with iodide, B. HA-coated gibbsite: gibbsite was
coated with HA prior to its interaction with iodide, and C.
HA/I-gibbsite: gibbsite was interacted with HA and iodide
simultaneously. Irrespective of the mode of preparation, the
kinetic plots shown in Fig. 1 can be divided into three broad
regions designated as I, II, and III. The iodide adsorption on
gibbsite is initially fast (region I), which has reached an opti-
mum (region II) then decreases to a plateau (region III) indi-
cating that the overall iodide sorption kinetics is complex.

As noted in region II, out of the three experimental proto-
cols employed: HA-coated gibbsite showed an enhancement
of iodide retention (Kd 4.06 at pH 4.01), whereas it was
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minimal on HA/I-gibbsite (Kd 0.37 at pH 4.00). Exact reason-
ing for this observation is not yet predicted. It appears that HA
preferably interacts with gibbsite sites forming favorable con-
ditions for subsequent adsorption of iodide. However, when
HA and iodide coexist, HA competes with iodide for same
gibbsite sites, which results in a reduction of iodide adsorption.
The crystallographic site density of gibbsite is 8.10 μmol m2−

[20]. Even at its optimal adsorption, iodide covers only a small
fraction of the total sites (0.28 μmol m2−), which results a
surface with largely unsaturated sites. The amount of surface
sites, used in a given equilibrium is frequently much less than
its total amount. For example, at the end of the first 5 min, after
approaching the optimal conditions (region II), the iodide
adsorbed was 16 μmol m2− on the HA-coated gibbsite,
14 μmol m2− on gibbsite, and 9 μmol m2− on HA/I-gibbsite,
which accounted for 3.1, 2.6, and 2.5% of the total iodide
adsorbed. The iodide adsorption density on gibbsite samples

follows the order ΓHA−coated
I ≥Γ I−gib

I ≥Γ−gib
I within the first

40 min.
The kinetic data for iodide adsorption by gibbsite can be

interpreted considering two site types: reversible site type des-
ignated as ≡AlORH, where iodide adsorption occurred rapidly,
and quasi- or irreversible sites designated as ≡AlOIH, where
iodide adsorption is comparatively slow. The irreversibility of
iodide adsorption on gibbsite believes to involve a complex
reaction series. When iodide and gibbsite are interacted, the
initial adsorption believed to occur rapidly onto ≡AlORH (re-
gion I). As time evolved, the iodide adsorption onto ≡AlOIH
sites also becomes appreciable. Both of these processes de-
plete iodide activity in solution offsetting equilibrium, which
was restored releasing surface bound iodide preferably from
≡AlORH sites. As shown in Fig. 1, this results in a depression

in time evolved iodide adsorption curves. Afterwards, iodide
adsorption density maintains an almost a constant value,
which implies comparatively strong affinity sites, i.e.,
≡AlOIH for iodide adsorption.

The initial rate of iodide adsorption was calculated from the
data shown in the region I (Fig. 1). At a given pH, the initial
kinetics of iodide adsorption on gibbsite is pseudo first order
with respect to both iodide and surface site concentration and
the initial rate constants are given in Table 1. The initial rate
constants are empirical; they do not directly correspond to any
elementary reaction steps implicitly; however, they do reflect
a composite effect of several reactions. The exact identifica-
tion of each of these microscopic steps involved is not possi-
ble with the data shown. Nevertheless, a partial understanding
of the adsorption mechanism is possible from these data via
kinetic modeling. The time dependent ΓI data were modeled
with a nonlinear optimization algorithm according to the sim-
ple kinetic model given in Table 1. The optimized rate con-
stants are also shown in the same table. In all cases, e.g.,
gibbsite/iodide, HA-coated gibbsite/iodide, and HA/I-
gibbsite, this model seems to be valid. This implies that the
iodide adsorption on gibbsite always occurred through
≡AlORH and ≡AlOIH sites irrespective of the sample treat-
ment methods of gibbsite. These conclusions are reinforced by
spectroscopic data as discussed below.

IR spectroscopy

In order to probe the spectral evidence for iodide and gibbsite/
HA-coated gibbsite interactions, IR data were collected in
400–4000 cm−1 range, and the results obtained are shown in
Fig. 1a–d and support documents.

IR spectrum of HA

As shown in Fig. 2, the IR spectrum of HA is featureless in the
wavelength range 400–4000 cm−1. The stacking of HA mol-
ecules themselves favor H-bonding without leaving any OH
moieties to the interface as such the spectrum will not exhibit
any bands due to isolated OH groups. However, the broad
band around 1630 cm−1 is due to H-O-H bending resulting
from strong H-bonding (positions not shown in figure). The
bands due to C-H 1, 4 substitutions appear at 798, 822, and
837 cm−1 in HA. Bands at 2852, 2919, and 2964 cm−1 are
ascribed to methyl C-H stretching in HA. A broad band ap-
pears at 3440 cm−1 in HA for H bonded OH stretching and
small bands at 3695, 3756, and 3841 cm−1 in HA are due to
primary, secondary, and tertiary OH stretching respectively.

In HA-coated gibbsite, the IR spectrum showed distinct
features. A broad band at 756 cm−1 indicates HA and gibbsite
interactions; the bands at 802 and 827 cm−1 appeared due to
band-overlapping. The bands over 3670 cm−1 disappeared

Fig. 1 Iodide adsorption density in 0.01 M NaNO3 as a function of
reaction time. Symbols represent data: lines represent modeled data
using reactions given in Table 1. pH ~ 6.50. Similar data were obtained
at pH 4 and 6 (data not given). Initial iodide = 25 mM, pH 6.50 T = 298 K
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with the shift in some other bands when compared to the
spectrum of bare gibbsite. These changes can be ascribed to
HA interactions with gibbsite occurring via H-bonding and
also probably due to some chelating with aluminum ions on
gibbsite. Bands that appear at 633, 642, and 663 cm−1 are for -
C≡H bending in humic acid. The bands at 702, 725, and
752 cm−1 are due to mono-substitution of aromatic rings in
HA. In the HA/gibbsite sample, the broad band at 756 cm−1

indicates interactions between HA and gibbsite. Further in the
HA/gibbsite spectrum, the band at 642 cm−1 disappears
completely and the band at 633 cm−1 is shifted to 636 cm−1.
In the presence of iodide in the system, there is no major
change in the spectrum; however, the bands at 636 and
756 cm−1 shift to a lower frequency region 629 and
752 cm−1, respectively.

Investigations of the IR spectra of oxides in 3000–
4000 cm−1 region above fundamental frequencies can yield
direct information on surface hydroxyl groups and their

nonhomogeneity. A reason for the appearance of several
bands due to free hydroxyl groups is the capability of iden-
tifies the oxygen atom of OH groups in different chemical
nature. Hence, their number should exert a decisive influence
on the vibration frequency [19]. The DRIFT spectra of
gibbsite showed fine resolutions between 3465 and
3397 cm−1 when compared to their transmission spectral
counterparts [21]. Due to enhanced sensitivity, all subsequent
spectra were taken under DRIFT mode. The wave number
region of the characteristic OH stretching vibrations (3000–
4000 cm−1) is shown in Figs. 3 and 4 for I-gibbsite, HA-
coated gibbsite, and HA/I-gibbsite.

In agreement with previous data [21, 22], for gibbsite spec-
tral trace of OH stretching region is totally resolved into seven
bands, viz. 3293, 3378, 3396, 3430, 3465, 3525, and
3118 cm−1 (support documents, Fig. 1a). The bands at 3618,
3525, and 3465 cm−1 are linked with OH stretching modes.
The bands at 3465, 3378, and 3396 cm−1 are related with H-
bonds between layers, and the bands at 3618 and 3525 cm−1

correspond to long H-bonds within the same plane. The OH-
OH in plane separations larger than 3.36 nm probably involve

Table 1 Proposed reaction
stoichiometries of iodide
adsorption by gibbsite used in
kinetic modeling

Chemical kinetic modeling data

Parameter/reaction Rate constant, min−1

Gibbsite Gibbsite HA-coated gibbsite

I− HA+ I− I−

2 ≡AlIOH+ I−→ 2[≡AlIOH-I] 6.4E-9 1.1E-8 2.1E-8

≡AlROH + I−→ ≡AlROH..I− 1.5E-5 8.5E-5 5.5E-5

≡AlROH..I−→ ≡AlROH+ I− 5.0E-3 5.0E-2 2.0E-2

Initial rate method data

d[I]initial/dt = k[gibbsite]I
m[I−]I

n

Different iodide loading

d[I]initial/dt = k’[I−]I
n

Rate constant (m mol L−1/min) 3.42E-2 4.19E-2 4.36E-2

Different gibbsite loading

d[I]initial/dt = k^[gibbsite]I
m

Rate constant (m mol L−1/min) − 4.25E0 2.48E0 5.87E-1

Partition coefficients, Kd (pH)

4.699 (3.20) 0.368 (3.20) 4.060 (4.91)

0.676 (5.35) 0.308 (5.30) 0.170 (7.20)

0.419 (8.50) 0.243 (8.50) 0.130 (8.12)

The iodide gibbsite complex shown under Scheme 1 was used to model reaction (1), whereas reaction (2) was
used to model the surface complexes under Scheme 2. The surface Scheme 3 was not taken into account
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no interactions, hence occur in isolation [23, 24]. After
interacting gibbsite with iodide, the 3293 cm−1 band shifts to
3310 cm−1; a new band appears at 3213 cm−1 and the band at
3465 cm−1 is broadened (Fig. 3a). As shown below, these
observations clearly indicate interactions of gibbsite and io-
dide affecting OH stretching modes. Further, the correspond-
ing surface sites are treated reversible, e.g., ≡AlORH.
Additionally, four new bands at 3670, 3708, 3730, and
3749 cm−1 appear which are assigned to isolated hydroxyls
that are free upon iodide loading. The ionic radii of iodide and
interlayer distance of the gibbsite are comparable. As shown
below, the iodide can be bound to interlayer hydroxyl sites via
H-bonding. Due to the size of iodide, its movement to inter-
layer region is a slow process, and these sites are treated as
irreversible, e.g., ≡AlOIH.

The HA is a cross-link polymeric moiety, which has sites
for H-bonding. The hydrophobic nature of HA repels it from
aqueous phase to interface, which facilitate H-bonding. The
disappearance of IR bands (i.e., 3670, 3708, 3730, and
3749 cm−1), shifts of others (3293 to 3282 cm−1), and splitting
of yet others (3465 into 3459 and 3479 cm−1) reflect intense
H-bond formation with HA and the presence of free ≡AlOIH
sites. The bands in the 3670–3750 cm−1 region disappear
completely (Fig. 3b). This implies that the H-bonding is not
perturbed upon HA addition. As shown in Fig. 4a when
gibbsite is interacted with HA and iodide simultaneously

(i.e., HA/I-gibbsite), the band splitting at 3465 cm−1 disap-
pears completely. Bands corresponding to isolated hydroxyls
appear weak and the band at 3293 cm−1 shifts to 3282 cm−1.
Apart from these differences, the spectral traces of I-gibbsite
and HA/I-gibbsite look alike exhibiting similar bonding as in
Scheme 1 when HA-coated gibbsite is reacted with iodide
(Fig. 4b); however, several significant spectral changes were
observed. The band at 3465 cm−1 has shifted to 3444 cm−1. A
negative intensity appeared at 3413 cm−1. This is ascribed to
conversion of OH ➔ H2O by iodide as shown below
(Scheme 3). The bands corresponds to the OH−1

(3413 cm−1) is completely disappeared forming H2O resulting
of a sharp apparent reversal of negative intensity. Iodide ion
seems interact with the vacant site. This results as an apparent
reversal of relative intensity often misinterpreted as negative
peak. To facilitate this dehydroxylation step, the presence of

Fig. 3 Diffuse reflectance IR spectra in 3000–4000 cm−1 range. a
Gibbsite adsorbed by I−; b gibbsite adsorbed by humic acid

Fig. 2 Diffuse reflectance IR spectra in 400–4000 cm−1 of gibbsite,
humic acid, humic acid-coated gibbite, and gibbsite, humic acid, iodide
system
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solid bound HA and iodide ions is essential. The FTIR data
were fitted for better peak resolving. The fitting requires in-
clusion of a peak at 3413 cm−1 with negative intensity because

of negative peak in the data that cannot be accepted with the
nature of data we have. Further, the intensity of the band at
3619 cm−1 increases significantly. These features are promi-
nent in the spectral traces of iodide adsorption on HA-coated
gibbsite Table 2.

Conclusions

Chemical kinetics of iodide adsorption on gibbsite samples
treated differently was modeled assuming two surface site
types: ≡AlORH and ≡AlOIH. In HA-coated gibbsite, the io-
dide retention has enhanced to some extent. The iodide reten-
tion was highest in HA-coated gibbsite and lowest in HA-
iodide-gibbsite ternary systems. Both inter- and intralayer
OH groups have distinguishable IR manifestations for iodide
retention on gibbsite. Iodide formed surface complexes via H-
bonding with terminal or interlayer surface OH groups. In
HA-coated gibbsite, the enhanced iodide retention by direct
bonding with surface Al-sites.
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