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Anionic radionuclide

The anionic iodine *2°I has a significant contribution to overall long-term dose resulting from the nuclear waste
storage and its immobilization by clay barrier is crucial. Organoclays have been tested as ideal adsorption
materials, being the clay layer charge and the length and type of organic molecules the most relevant parameters
affecting the adsorption. In this work, a family of designed organomicas are explored in term of iodine adsorption
capacity. Their adsorption capacities were always higher than that of the traditional clays and organoclays. C;g-
M4 shows a maximum monolayer adsorption capacity one order of magnitude higher than natural organoclays,
with a free energy typical of physical adsorption and adsorption sites of high affinity. However, its surface is not

homogeneous in terms of stability constant according to the Scatchard adsorption parameters. Hence, this study
can provide a guidance for the design and construction of ultrahigh-capacity iodine adsorbents.

1. Introduction

With the rapidly growing needs of current worldwide energy and the
increasingly serious global warming, nuclear energy is becoming one of
the most prominent and feasible alternative sources to minimize green-
house gas emissions. Among long life elements, only '2°I, 36Cl and 7°Se
are able to migrate significantly from a nuclear repository [1]. Iodine
12917 will make a significant contribution to potential overall long-term
dose resulting from the waste storage [1,2]. Indeed, it is frequently
the limiting radionuclide in the performance assessment of nuclear
waste disposal landfills because it forms water-soluble species such as
iodide and iodate [3]. Therefore, it is urgent to find effective means to
capture and store volatile radionuclide iodine for public and nuclear
safety because is a higher risk to groundwater contamination [4].

Iodine can be found in a variety of oxidation states [5]. Among them,
the iodide anion (I') is the soluble specie found in clayey formations
characterized by a near-neutral pH and low redox potential [6-8]. Thus,
anionic pollutants such as I" are challenging to deal because the majority
of natural minerals are either neutral or have a negative net charge [9].
And to efficiently remove them from aqueous systems, cationic frame-
work materials that exhibit strong targeted host-guest interaction
should be highly desirable [10-13].

Moreover, bentonites have been commonly proposed as host or
backfill materials in the design of spent nuclear fuel and fission products
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repositories, HLRW [14]. Although most of the clay minerals exhibit
excellent retention capabilities for cationic radionuclides, they exhibit
weak interaction with anions due to their negative layer charge [15].
However, their anionic adsorption capacity can be substantially
improved if the inorganic interlayer cations of clay minerals are
exchanged by organic ones, forming organoclays [4,16]. In fact, the
anionic adsorption capacity of organoclay was compared with other
minerals (hydroxides, oxides, sulfides, silicates and organic matter) [17]
and organic matter [18-20] revealing that organoclays are the most
promising candidate materials for the iodide retention in HLRW re-
positories [17]. Even more, in the contaminated water systems, anions
with higher charge densities tan iodine (i.e. NOg, S04%, PO,* or Si05%)
often coexist in huge excess. Consequently, there are various challenges
to be afford such as low adsorption efficiency and selectivity [21]. Sheng
etal. [11] have reported a strategy for building specific types of cationic
adsorbents for a selective anionic radionuclide that consists on building
a hydrophobic cationic cavity that can efficiently recognize the
low-charge anion through hydrophobic hydrogen bond interactions.
The organo-functionalization of a new family of swelling high
charged micas, Na-Mn (n = 2 or 4, layer charge), has attracted much
interest in the adsorption of cationic and neutral contaminant but they
have not been tested for anionic contaminants yet [22,23]. Those syn-
thetic micas have a charge density similar to brittle micas but with a
higher swelling capacity, higher crystallinity and controllable
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composition [24-26]. In this way, those synthetic micas overcome some
limitations, such as colloidal stability [27] and adsorption capacity [28,
29], of the natural clay minerals to be used as adsorbents.

Thus, the objectives of this work are: 1) quantify the iodine
adsorption capacity of a set of as-made and organofunctionalized syn-
thetic micas in comparison with a natural bentonite of reference; and; 2)
a thermodynamical study of the iodine adsorption in the organomica
with the best adsorption capacity.

2. Experimental
2.1. Materials

Synthetic swelling high-charge micas, Na-Mn (layer charge, n = 2
and 4), with hydrated Na® in the interlayer space and these micas
functionalized with molecules of dodecylammonium, C;,, and octade-
cylammonium, C;g, (C12-Mn and C;g-Mn, respectively) from the primary
amines (CAS no. 124-22-1, > 99.5% purity and CAS no. 124-30-1, >99%
purity) were synthetized following the methods described by Alba et al.
[20] and Pazos et al. [17], respectively.

As a reference, Febex bentonite, supplied by the Spanish national
nuclear management company, ENRESA, has been used as-received and
after its functionalization was carried out with octadecylammonium
molecules (C;g-Febex) [23].

2.2. Adsorption experiments

Batch adsorption experiments have been carried out in the following
way: 0.25 g of adsorbents was mixed with 25 mL of a KI (CAS no. 7681-
11-0, > 99% purity) solution with a concentration of 30 meq/L. The
system was allowed to equilibrate at 25 °C for 24 h with continuous
stirring at 50 rpm. Subsequently, the solid and liquid phases were
separated by centrifugation at 10,000 rpm at 8 °C for 25 min.

For the adsorption isotherm at room temperature (RT), 0.25 g of C;g-
M4 were dispersed with 25 mL of a KI solution at different concentra-
tions (0.07-30 meq/L, see Table S1). The systems were allowed to
equilibrate for 24 h under continuous stirring at 50 rpm. Subsequently,
the solid and liquid phases were separated by centrifugation at 10,000
rpm at 8 °C for 25 min.

To ensure the stability of the iodine species in the initial solutions
and after adsorption, the pH and electromotive force (Ep) were
measured. These values have been plotted in the Iodine Pourbaix dia-
gram (Fig. S1), showing that the anion I" was always the stable specie in
such conditions.

Finally, the initial solutions and those obtained after adsorption
(after filtering to remove the residual solid if needed) were kept in a
glass bottle in the freezer prior to their characterization.

2.3. Characterization

Electromotive force (Ey) and pH values of the initial solutions and
supernatants were measured at room temperature using a Eutech In-
struments PC 700 pH-meter.

The iodine analysis was carried out by inductively coupled plasma-
mass spectrometry (ICP-MS); the difference of iodine concentration
before (C;) and after sorption (Ceq) reveals the amount of adsorbed
iodine (Cs, mg/kg) [30]:

Vv
G = (Ci - C"‘i)‘;

where the V (L) is the volume of the solution, m is the weight of the mica
(kg), C; (mg/L) and Ceq (mg/L) are the concentration of the iodine in
initial and final solutions, respectively.

The adsorption percentage and the distribution ratio (Kq, L/kg), were
calculated as follows [30]:
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Ci - Cﬂ
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Three mathematical models have been used for the isotherm anal-
ysis: Freundlich, Langmuir and Scatchard isotherm models.

The Freundlich adsorption isotherm is one of the most widely used
mathematical descriptions of multilayer adsorption on a heterogeneous
adsorbent surface [31]. This isotherm gives an expression encompassing
the surface heterogeneity and the exponential distribution of active sites
and their energy. It can be written as follows [32]:

C.Y = KF'Ceq”"

Kg (L/kg) is the Freundlich constant, which is related to adsorption
capacity, and np (dimensionless) is the adsorption intensity. If ng value is
above 1, this implies that sorption process is chemical, but if ng value is
below 1, sorption is favorable for a physical process [33,34]. Values of
0.1 <np <0.45 means that sorption was favorable and highly
non-linear [35].

Langmuir equation shows the monolayer adsorption effect of the
adsorbent and assumes that adsorption takes place at specific sites on the
surface [31]. It is based on the fact that the attraction between molecules
decreases when they move away from the surface. This model is defined
with the formula [31]:

Qmax’K'Ceq
Cy = 2 2 —eq
K-Coy + 1

where Qnax (mg/kg) is the maximum adsorbed concentration corre-
sponding to complete monolayer coverage and K (L/mg) is an equilib-
rium constant related to the adsorption energy.

The essential characteristics of the Langmuir isotherm can be
expressed by the parameter R, (dimensionless) related to the equilib-
rium parameter as follow [34]:

1

Rl=——
T 14 K -G

where Cipax (mg/L) is the maximum initial concentration. Adsorption is
unfavorable if Ry, > 1, it is linear if Ry, = 1, favorable when 0 < R, < 1
and irreversible if R, = 0 [34].

From K, the thermodynamic parameters of adsorption can be eval-
uated [35]:

AG’ = —R-TInK

where, R is the ideal gas constant (8.314-10’3 kJ/mol-K), T is the tem-
perature (298 K) and K is the equilibrium constant of the Langmuir
equation in L/mol.

Finally, Scatchard adsorption plot analysis is useful to determine
whether adsorption occurs at a single type of site or at several when Cy/
Ceq Vs G; is plotted [34]:

G

eq

= Kn, — KC;

The Scatchard plot gives a measure of the fraction of adsorbate
retained on the solid at different adsorbate concentrations. A break in
the slope of the curve indicates an inhomogeneous surface in terms of
stability constant [36]. A higher constant Kg (L/mg) indicates a more
active site. The constant ng is the number of adsorption sites but must be
interpreted qualitatively. The main interest is to identify the type of sites
and the nature of the type of adsorption [37].

Thermogravimetric analysis, TG, were carried out using a TA (model
STD-Q600) instrument, in Characterization Service (CITIUS, University
of Seville, Spain), with alumina as reference. The temperature was
increased at a constant rate of 10 °C/min. The temperature of each loss
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weight on the TG was determined thorough the derivative TG curve as a
function of temperature (DTG).

X-ray diffraction (XRD) patterns were obtained at the CITIUS X-ray
laboratory (University of Seville, Spain) on a Bruker D8 Advance in-
strument equipped with a Cu K, radiation source operating at 40 kV and
40 mA. Diffractograms were obtained in the 26 range of 3-70° with a
step size of 0.015° and a step time of 0.1 s.

The binding energy of the iodine was analyzed using X-ray photo-
electron spectroscopy at the XPS Service (SCAI, University of Cordoba,
Spain). The XPS spectrometer SPECS mod. PHOIBOS 150 MCD is
equipped with a twin anode (Mg and Al) monochromatized X-ray
source. All scans given in this work were obtained with the Mg source
and binding energies were reference to C (1s) signal at 284.8 eV.

The morphology and elemental composition of the crystalline phases
after the treatments were analyzed by scanning electron microscopy
(SEM/EDX), using a JEOL microscope (JSM 5400 Model) and working at
20 kV, which is installed in the Microscopy Service of ICMS (CSIC-US).
This equipment is connected to an energy dispersive X-ray system (EDX)
(Oxford Link ISIS) which allows chemical analysis of samples using a
detector of Si/Li with a Be window.

3. Results and discussion

3.1. Influence of the framework and interlayer space of swelling high
charge mica on iodine adsorption

Iodine adsorption percentage and derived Kq constant for each
adsorbent system are shown in Table 1, together with the values found
in the literature for similar adsorption systems. Within the same
experimental conditions, iodine adsorption is negligible in raw Febex
bentonite, whereas it is present in the synthetic samples. In these last,
the percentage of adsorption is an order of magnitude higher in Na-M4
than in Na-M2. These results are improved by the clay organo-
functionalization, which increases considerably the amount of adsorbed
iodine in all samples, particularly in C;g-Febex.

Water content in clays before adsorption was calculated from the
weight loss data in the region between 25 °C and 150 °C. Fig. 1a shows
the correlation between adsorption capacity and water content. A drop
in the adsorption capacity (Cs and % ads.) is observed when the water
content increases due to the hydrophilic environment of the interlayer
space that inhibits the iodine adsorption.
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Fig. 1. Iodine adsorption capacity and % CEC of surfactant as a function of: a)
water content; and; b) surfactant content.

Regarding the adsorption of iodine in organoclays, the adsorption
increases when the length of the alkyl chain also increases: Cig-
Mn > C1o-Mn > Na-Mn. Bors et al. [38] observed that the anion
adsorption capacity by organobentonites depends on the organo-
phylicity of the adsorbent system, and hence, the nature of the organic

Table 1
Adsorption parameters of synthetic micas, natural clay minerals, active carbon and viscogel.
Sorbent Adsorption conditions Adsorption parameters Ref.
sample %CEC surf" C; (meq/L) L/S" (mL/g) t (days) % ads Kq (L/kg)
Na-M2 0 30 100 1 1.7 £0.2 1.7 £ 0.2 This work
Na-M4 0 14.7 £ 0.8 16.5+ 1.5
Febex 0 0.2+0.2 0.3+0.2
Cyo-M2 90 20.3 £3.7 24.6 £5.3
Cig-M2 125 30.2+0.9 42.3 £0.1
Ci2-M4 85 151 +238 17.6 £ 2.6
Cis-M4 95 25.7£1.4 37.8£0.8
Cig-Febex 130 17.2+ 3.5 20.8 +£ 3.2
HDPy-MX80 150 1000 5 28 - 400.0 [42]
C16-MX80 200 10 20 21 1.5 - [43]
HDTMA-MX80 200 50.0 -
HDPy-MX80 200 60.0 -
Active carbon - 10 100 2 15.0 18.0 [17]
HDPy-MX80 - 30.0 42.0
Hydrotalcite - 14.0 16.0
HDPy-Bentonite - - - 33.0 49.0
Viscogel B4 - 17.0 21.0
Bentonite: HDPy-Bentonite (4:1) 20 4 100 2 0 0 [40]
Bentonite: HDPy-Bentonite (1:1) 50 3.3 3.5
Bentonite: HDPy-Bentonite (0:1) 100 24.4 30.0

@ 9 CEC satisfied by the surfactant.
b KI solution volume/sorbent mass.
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agents may play an important role. This fact is corroborated with our
results: clays organophylicty increases with the alkyl chain [39] as well
as iodine adsorption does. Moreover, the dependence of iodine adsorp-
tion on the nature of clays has already been observed by Dultz and Bors
[16], who compared the adsorption of MX80 with the adsorption of
vermiculites. In this research when all clays are organofunctionalized
with octadecylammonium, the adsorption capacity of synthetic micas is
higher than Febex bentonite and quite similar between both micas:
C18-M2 > C18-M4 > > Cqg-Febex.

Rao and Sivachidambaram [40] detected two iodine adsorption
mechanisms in organoclays. Firstly, iodine is adsorbed by coulombic
interactions to the cationic head groups and the alkyl chain of the sur-
factant (primary adsorption sites). Secondly, it is adsorbed by ion ex-
change reaction with Cl° together with excess alkylammonium
molecules that form ionic pairs with Cl” (secondary adsorption sites).
Dultz and Bors [16] observed that ionic force are effective at lower
alkylammonium ions, HDPy ™", loading, and van der Waals forces operate
when alkylammonium ions are taken up in excess of the cation exchange
capacity (CEC) and the existence of HDPyBr ion pair being assumed.
Therefore, iodine adsorption increases when the amount of surfactant
exceeds the CEC of the clay minerals because both adsorption mecha-
nisms are operative.

The adsorption parameters (Cs, % ads. and Kq) have been represented
as a function of the amount of surfactant loading (S, meq/kg), Fig. 1b,
with a non-linear variation observed. The plots can be fitted using
polynomial equations and the statistical parameters of the fit are sum-
marized in Table S2:

%ads. = —470.017 4 0.466-S — 1.085-107*.5>
Cy = —2.167-10° 4 2077.50-S — 0.4724.-5>

K, = —891.137+0.8586-S — 1.947-107*.5>

Below the CEC, a linear increase is observed with the amount of CEC
satisfied, which is due to an increase in organophilia [41,42] and a
maximum adsorption is obtained at ca. 145% CEC. Thus, the CEC
satisfied by the surfactant is the key factor for the adsorption efficiency
but not the absolute surfactant amount.

Table 1 shows a comparison of the adsorption capacity obtained in
this research with the values found for micas and other adsorbents. As
far as we know, there is only one study carried out with a natural clay
without organofunctionalization. It is the hydrotalcite case, a layered
silicate with positive charged surface. Comparing our results, the iodine
adsorption of Na-M4 was similar than hydrotalcite, despite mica is not
the ideal target for an anionic adsorption. Active carbon, a very prom-
ising adsorption agent [17], is also compared, leaving the same
adsorption capacity than Na-M4, viscogel B4 and hydrotalcite and the
adsorption capacity of organomicas is higher (Table 1). More examples
for iodine adsorption can be found in organoclays. Alkylamonium ions
have been tested in MX80 bentonite, particularly Cjs. Ci2-Mn and
C18-Mn show an adsorption percentage one order of magnitude higher
than C;4-MX80, although the contact time was considerable shorter (1
days vs 21 day, respectively) [43]. However, when other organic mol-
ecules are used for the organofunctionalization, a different behavior is
observed. The adsorption capacity of C;3-Mn and Cig-Mn is slightly
lower than MX80 bentonite functionalized with hexadecyl-
trimethylammonium (HDTMA-MX80) and with hexadecylpyridine
(HDPy-MX80) [43], but two factors must be taken into account that
influence this behavior:

e Lower initial concentrations, ten times longer contact times and
higher % CEC satisfied by surfactant in MX80 [43].

e Alkyltrimethylammonium and alkylpyridine confer a more organo-
philic character than alkyl ammonium chains, which favors the
adsorption of anions [38].
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The adsorption sites of iodine have been analyzed by XPS in the re-
gion of I 3ds/5 signal (Fig. S2) and the fit parameters of the X-Mn peaks
have been analyzed, Table 2. In all the samples, the main signal appears
at ca. 619 eV which is characteristic of I' combined with alkali metals
and, thus, may be due to I adsorbed in the interlayer space as ionic pair
with Na®, Kt or R-NH3" [44]. Additionally, a second minority signal
(10% of the total signal) appears at a binding energy of ca. 620 eV in the
organomicas. This additional signal has been described as I' associated
with methyl groups [45] and could be due to iodides adsorbed on the
alkyl chain of the surfactant.

KI adsorption in Na-Mn provokes a slight increase in the basal
spacing, as shown by XRD analysis (Fig. 2) whereas the adsorption in
Febex produces a minor decrease in this distance (Fig. S3). This is mainly
due to the cation exchange reaction that is produced during the
adsorption. Na™ and Na*/Ca?* are the interlayer cations in Na-Mn and
Febex, respectively. In the adsorption process, hydrated Na®t ions are
replaced by hydrated K*, and consequently, in Na-Mn, a higher basal
space is observed in XRD due to the higher K™ hydration capacity
compared to Na* [46]. In Febex there is no change in the basal space
because it is governed by the higher hydration capacity of Ca%* [46].

No change in the basal distance in organoclays is observed (Fig. 2),
due to their large interlayer space (4.90 and 3.6 nm for C1g-Mn and Cjo-
Mn, respectively), that does not change when iodine is adsorbed.

The SEM imagines (Figs. S4 and S5) reveal that the adsorption pro-
cess does not modify the laminar morphology of the clays. However, the
EDX spectra of the raw bentonite, Fig. S4a, and Na-Mn, Fig. 3a, before
and after adsorption reveals changes in the chemical composition of the
layers. The Na K, line decreases and the K K, line appears due to the
exchange of Na* by K*, as observed by XRD. In the case of organoclays,
the I'L, line is observed and the intensity of this line is in good agreement
with the ICP-MS data. In addition, the K K, line is observed in the
organoclays, which agrees with the XPS data that confirm the presence
of iodine adsorbed as an ionic pair of K*.

3.2. Adsorption isotherm of C1g-M4

As observed above, Na-M4 showed a higher adsorption capacity than
Na-M2, and Mica-4 functionalized with octadeylammonium (C;g-M4)
was a better adsorbent than the as-made one (Na-M4) and it function-
alized with dodecylammonium (Cj2-M4). Therefore, the adsorption
isotherm experiment was carried out in C;g-M4.

Adsorption isotherm is an important analysis when characterizing
clays chemical retention. Giles et al. [47] classified adsorption isotherms
based on their initial slopes and curvatures. However, the best way to
identify the isotherm class and subgroup is to plot i) the distribution
coefficient (Kq) vs. the amount of solute adsorbed into the solid phase
(Gs), and, ii) log K4 vs log Cs. C1g-M4 KI adsorption isotherm, Fig. 4a,
matches L-type with a plateau, even though the adsorption limit has not
been completely reached [48]. However, the plot of K4 vs Cs and logKq vs
logC;, Fig. 4b and c respectively, indicates a S2-type isotherm [47]. This
type of isotherm has two causes. Firstly, solute-solute attractive forces at
the surface cause cooperative adsorption which leads to the S-shape
[47]. Secondly, the sorption of a solute may be inhibited by a competing
reaction within the solution, such as a complexation reaction with a

Table 2
XPS I 3ds/5 peaks analysis.

Sample Region I (CH3I) Region II (I)

BE (eV) % BE (eV) %
Na-M2 - - 619.1 100
Ci2-M2 620.7 16.2 618.6 83.8
Ci5-M2 620.8 8.3 618.7 91.7
Na-M4 - - 619.2 100
Ci12-M4 620.3 12.5 618.2 87.6

Ci15-M4 620.3 11.7 618.2 88.3
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Fig. 2. XRD patterns of X-Mn (n = 2, left, and n = 4, right) before (red line) and
after KI adsorption (black line): a) Na-Mn; b) C;»-Mn: and; c¢) Cyg-Mn. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

ligand [47]. The S-class isotherm occurs less frequently but is usually
observed in the adsorption of surfactants [47].

The evolution of the partition constant, K4, with the amount of iodine
adsorbed and with the initial iodine concentration (Fig. 4b) consists of
two segments:

e At initial concentration below ca. 50 ppm (Cs < 5000 mg/kg), Ky
increases with concentration, with the maximum value at an initial
concentration of 50 ppm (C;5-M4-C).

e At initial concentration above ca. 50 ppm (Cs > 5000 mg/kg), Kq
decreases exponentially as the amount of iodine adsorbed increases,
indicating adsorption predominantly at non-specific sites [49].

This evolution indicates that at low concentrations, iodine is first
adsorbed at specific sites and, once saturated begins to prevail adsorp-
tion at non-specific sites.

The adsorption isotherm, Fig. 4a, exhibits a maximum adsorption
value of ca. 1.10-10° mg/kg = 1587.7 meq/kg that is below the amount
of octadecylammonium adsorbed, 2088.9 meq/kg. The isotherm has
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been adjusted to three different mathematical models and fit parameters
are shown in Table 3 and the statistical parameters of the fits in Table S3.

Using Freundlich model, the experimental data were fitted to a single
adsorption site whose Kg is high and indicating that the sites are of high
affinity [50]. Moreover, ng value is between 0.1 and 0.5 indicating a
good adsorption capacity. These data are compared with those obtained
from isotherms in natural clays [37,40], Table 3. It is observed that
C18-M4 exhibits a higher Ky value than natural montmorillonites and
those modified with long chain polymers and, consequently, C1g-M4 has
a higher iodine adsorption affinity [37]. Moreover, its K is higher than
Kg of bentonites modified with hexadecylpyridinium cations,
HDPy-bentonite. This is a remarkable fact because HDPy confers a more
organofilic character to bentonite than alkylammonium does to mica
and consequently, a higher anion adsorption capacity should be ex-
pected in HDPy-bentonite [38].

The maximum adsorption capacity of the monolayer, Qmax, obtained
by the Langmuir adjustment, is also an order of magnitude higher than
that of HDPy-bentonite [40]; its equilibrium constant was associated
with adsorption energy is lower.

The equilibrium parameter Ry, shows that the adsorption in C1g-M4 is
favorable as corroborated by the free energy value, calculated from K, of
—14.88 kJ/mol, consistent with an electrostatic interaction and physical
adsorption [51].

Finally, the Scatchard fit shows a break in the slope of the curve,
indicating an inhomogeneous surface in terms of stability constant. The
strongest adsorption (Site I) is due to iodine adsorption on the hydro-
phobic part of the octadecylammonium chain and adsorbate-adsorbate
adsorption and the weaker adsorption (Site II) could be due to adsorp-
tion in the hydrophilic part [37].

Krishna et al. [37] observed up to three iodine adsorption sites have
been observed in organoclays:

e Site I: in the oleic chain

e Site II: in the ethylene oxide groups

e Site III: adsorbate-adsorbate interaction, which occurs when the
surface is saturated.

Being Ky(IIT) >K(I) > K(ID).

The evolution of the interlayer spacing has been followed by XRD,
Fig. 5, and no change is observed in this distance because the gallery size
in C;g-M4 is large enough to accommodate iodine ions without dis-
rupting the interlayer space. However, XRD diagrams from higher initial
concentrations samples exhibit reflections due to KI at high angles
(marked with asterisks).

The analysis of the EDX spectra before and after adsorption has

M3 Al
o Si
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F Cl K | | ¢
o oM el M i
cy 9 MI Al g
cl p N
L
M
0 9 Wi
Na Al K
F
c K N M a
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Fig. 3. EDX spectra of X-Mn (n = 2, left, and n = 4, right) before (red line) and after KI adsorption (black line): a) Na-Mn; b) C;,-Mn: and; c¢) C;g-Mn. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Iodine adsorption isotherm of C;g-M4.
allowed obtaining the ratio between interlayer cations and anions and

magnesium in the framework, Fig. 6. The amount of adsorbed iodine (I/
Mg ratio), Fig. 6a, increases with increasing initial concentration (C;g-

Journal of Environmental Chemical Engineering 9 (2021) 106577

M4-A vs C1g-M4-K). At the lowest initial concentration (C;g-M4-A), the
amount of Cl" (Cl/Mg ratio) remains constant. As previously reported,
the K4 value was high due to iodine associated with the alkylammonium
chain. At the maximum initial concentration (C;3-M4-K), the Cl" (Cl/Mg
ratio) decreases almost by half, inferring that there is also an ionic ex-
change between I' and Cl" compatible with a drop in K4 values (Fig. 4).

At the highest initial concentration, an increase of (Na+K/Mg ratio),
Fig. 6b, is observed and is compatible with the appearance of the KI
reflections in the XRD pattern (Fig. 5).

4. Conclusions

Synthetic micas are good adsorbents for iodide anions, increasing
their adsorption capacity when functionalized with alkylammonium
cations. Their adsorption capacity was always higher than that of pre-
vious natural clays.

In organomicas, iodine adsorption increases as the length of the alkyl
chain does: Cj;g-Mn > Cj3-Mn > Na-Mn. When micas are organo-
functionalized with octadecylammonium, the iodine adsorption capac-
ity is independently of the mica layer charge.

In sodium micas, a cationic exchange of Na* by K* occurs, leaving
the adsorbed iodide as a counterion of Na™ and/or K™. In organomicas, a
part of the adsorbed iodide is associated with the remaining K* and/or
Na™ and other part is associated with the alkyl chain of the surfactant.

The KI adsorption isotherm on Cjg-M4 shows that the adsorption
sites are of high affinity and this organomica exhibits a good adsorption
capacity. Furthermore, its maximum monolayer adsorption capacity,

4.92 nm
J \ |

8 20 22 24 26 28280 32 34 36 38 40

Fig. 5. XRD patterns of C13-M4 before (a) and after (b-1; from C;g-M4-A to C;g-
M4-K, see Table S1) KI adsorption. *=KI (PDF 00-01-554).

Table 3
Fit parameters of the C;g-M4 iodine adsorption isotherm compared with the data previously obtained in other natural clay minerals.
Conditions  Sorbents Fit Parameters Ref.
Freundlich Langmuir Scatchard
RT, 24 h C1g-M4 Kp = 6.21-10° L/kg np K = 3.15-10"% L/mg Quax = 1.10-10° K (I) = 1.05 L/mg n, (I) = 1.56-10* mg/kg K, (II) = 2.47-10~>  This
=0.33 mg/kg R, = 0.08 L/mg ng (ID) = 1.22:10° mg/kg work
RT, 48 h HDPy- Kp = 2.61-10° L/kg ng K =2.97-10"% L/mg Qpay = 1.44-10* [40]
Bentonite =0.23 mg/kg Ry, = 0.03
RT, 0.5h Mont Kp = 1.38:10 7% L/kg ng Ks (D = 2.7-107° L/mg n, (I) = 2.34-10* mg/kg K (1) = [37]
=0.34 5.3-107* L/mg n, (I) = 5.61-10* mg/kg
TWEESO0- Kr = 5.80-10 " L/kg ng K () = 1.1:1073 L/mg n, (I) = 6.53-10° mg/kg K, (II) =
Mont =0.75 3.3-107* L/mg n, (ID) = 1.14-10° mg/kg
PEG300- Kp = 4.56-10 % L/kg ng Ks = 2.2:10* L/mg ng = 2.78-10° mg/kg
Mont =0.20
Mont=montmorillonite.
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Fig. 6. Relative intensity of EDX signals of C;5-M4 after KI adsorption for the
lowest and highest initial concentration of the isotherm (see Table S1).

Qmax is an order of magnitude higher than that of HDPy-bentonite, with
a free energy typical of physical adsorption. However, its surface is not
homogeneous in terms of stability constant. There is a stronger
adsorption site (Site I) due to adsorption in the hydrophobic part of the
octadecylammonium chain and adsorbate-adsorbate adsorption and a
weaker adsorption (Site II) due to adsorption in the hydrophilic part, in
agreement with the EDX spectra.
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