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ARTICLE INFO ABSTRACT

Immobilization of iodide (I™) from groundwater and soils is a challenging subject due to the large size and low
charge of I". Clay minerals and (hydr)oxides generally exhibit very low adsorption capacity due to anion ex-
lodide clusion or weak attraction. For the first time, the adsorption of I~ by chrysotile bundles (Chry-B) was in-
Adsorption vestigated and a characteristic mechanism was established by comparing the adsorption of I~ on Chry-B with
S\ng;::fa];:gﬂ:mpme dispersed chrysotile single nanotubes, lizardite and brucite. The adsorption of I” by Chry-B reached equilibrium

with 24 h, and Chry-B exhibited very strong adsorption to I, with a distribution coefficient (K4) of 179.24 mL/g,
which is two orders of magnitude higher than those for previously reported clay minerals. The Langmuir ad-
sorption capacity of Chry-B was 4.13 mg/g. The wedge-shaped nanopores among the neighboring nanotubes in
Chry-B proved to be the primary adsorption sites for I”. The I"™ at end of the wedge sites was strongly bonded by
the nanopores due to the severe superposition of electric potentials from the charged walls of the narrowing
wedges. These results demonstrated that chrysotile bundles were a promising candidate for adsorption of I, and
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that the shape of nanopore geometry was crucial in I~ adsorption.

1. Introduction

Radioactive iodines are the by-products of uranium fission, and they
are abundant in nuclear wastes (Kaplan et al., 2014; Brix et al., 2019).
Radioiodines have been released into soils and the atmosphere during
the course of nuclear weapon tests, nuclear power plant operations, and
nuclear accidents such as those occurred at Three Mile Island in the
USA in 1979, at Chernobyl in Russia in 1986, and at Fukushima in
Japan in 2011. The Fukushima Daiichi accident introduced
1.5 x 107 kg '3 to the environment (Von Hippel, 2011), and after the
accident, '*'I was detected in drinking water in 15 out of the total 47
prefectures in Japan with the highest concentration of 1000 Bq/kg-
water in a village of Fukushima, which is > 3 times higher than the
radioactive iodine index level for the restriction on drinking water in-
take in emergency by Nuclear Safety Commission of Japan (Ikari et al.,
2015). Radioiodines are especially problematic in groundwater at
radiological waste disposal sites, for example, the Hanford Site and the
Savannah River Site (Kaplan et al., 2014). Besides, radioactive iodine
(such as 23] is incessantly used in medical treatment and diagnoses
(Schoelwer et al., 2015), which add them to hospital wastewater.

Health risk associated with the radioiodine, especially '%°I, is a sig-
nificant environmental concern because of its long half-life (16 million
years). It is well known that exposure to even small amounts of
radioactive iodines can lead to an increase in metabolic disorders,
mental retardation, and thyroid cancer in humans (Choung et al.,
2013).

In aqueous environments, iodine exists primarily as the anions io-
dide (I") and iodate (I05 ) depending on redox conditions and pH (Um
et al., 2004). Of these two species, the reduced form, I, is more
common in suboxic to reducing conditions with pH values around 4-10
in natural environment (Fuge, 2013). Many efforts have been centered
on the application of materials to capture I~ from waste water. Dif-
ferent adsorbents, such as porous carbon (Qian et al., 2008), anion
exchange resins (Decamp and Happel, 2013), and Ag, Au or Cu(l)
compounds (Yang et al., 2011; Liu et al., 2016; Mushtaq et al., 2017;
Chen et al., 2018) were studied for the adsorption of I~ from iodide-
bearing water. In a recent paper, the removal of iodine and other
radionuclides by novel nanomaterials was critically reviewed (Wang
et al., 2019a). Among these, the Ag-based adsorbents are very attractive
because of the very strong chemical interaction between I~ and silver
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(Yang et al., 2011; Chen et al., 2018). However, this kind of adsorbents
is expensive and unstable (silver leaching occurs under acidic condi-
tion), which greatly limits their applications in iodide adsorption.

Natural minerals may be potential adsorbents due to their superior
stability and inexpensive availability. A wide variety of minerals have
been examined for I” adsorption, however, most minerals showed little
or no I~ adsorption. Miller et al. (2015) measured I~ distribution
coefficients (K4's) for 7 clay minerals including: kaolinite, ripidolite,
illite, montmorillonite, palygorskite, sepiolite, and a 70/30 illite/
smectite mixed layer, and found the highest K4 value is
1.61 + 0.28 mL/g for kaolinite. Ticknor and Cho (1990) reported no
detectable I~ adsorption on 9 granitic fracture-filling minerals: calcite,
quartz, goethite, hematite, chlorite, kaolinite, gypsum, muscovite and
epidote. Ticknor et al. (1996) reported low I~ Ky values for biotite
(0.7 mL/g) and montmorillonite (1.9 mL/g). Sazarashi et al. (1994)
reported no I~ adsorption to montmorillonite (K4 = 0 mL/g), low I~
adsorption to allophone (K4 = 0.726mL/g) and attapulgite
(Kq = 0.877 mL/g), and a relatively high I~ adsorption to cinnabar,
likely due to cinnabar contain metal ions which can form iodide com-
pounds with low solubility. Kaplan et al. (2000) reported an appreci-
able amount of I~ adsorbed to illite (15.14 = 2.84mL/g), however,
the reason for illite adsorption is unclear and unexplained.

One reason for the low adsorption capacity of the aforementioned
minerals to I~ was that the negative surface charge under the experi-
mental conditions tends to repel the anionic I”. However, some oxides
or hydroxides, such as Al-oxide (Muramatsu et al., 1990) or Fe-oxides
(Couture and Seitz, 1983) carrying positive charges at the experimental
conditions, still showed very low I~ adsorption. Yu et al. (1996) com-
pared the adsorption of I~ by ferrihydrite and imogolite with other
common anions, such as chloride, perchlorate, and phosphate, and they
found that the amount of I~ adsorption was about 1% of other anions'
capability. Another reason for the low I~ adsorption is probably due to
its large size and atomic weight. The size and atomic weight of I~ are
1.2 and 3.6 times larger than those of chloride, respectively (Baxter and
Titus, 1940). The large size increases the interaction distance and fur-
ther weakens the attraction between the ion and adsorbent surface. So
it is challenging to capture I~ from aqueous solutions due to its weak
adsorption tendency. Therefore, it is important to find a new adsorbent
for I” adsorption and understand its adsorption mechanism.

Applied Clay Science 183 (2019) 105331

Fig. 1. Photographs and microscopic images of the
studied chrysotile samples: (a) chrysotile block, (b—c)
chrysotile bundles (Chry-B), and (d) dispersed chry-
sotile dominated by single nanotubes (Chry-SNT).
Insets are the Chry-B and Chry-SNT in the KI solu-
tion; Chry-B is sunk at the bottom (c), and the Chry-
SNT is uniformly dispersed in the suspension (d).

Chrysotile is a tubular or fibrous hydrated magnesium silicate be-
longing to the serpentine group. Its idealized chemical formula is
Mg3Si»O5(0OH),. Structurally all the serpentine group minerals contain
a tetrahedral sheet and a brucite-like octahedral sheet (Wicks and Plant,
1979). The structure misfit between the sheet (lateral dimension of the
tetrahedral sheet is smaller than that of the octahedral sheet) causes a
curvature and formation of the nanotube-shaped morphology of chry-
sotile. The individual chrysotile nanotubes were reported to have ap-
parent outer diameters in the range of 10 to 50 nm and inner diameters
in the range of 1 to 10 nm (Sprynskyy et al., 2011). Natural chrysotile
usually occurred in the form of bundles, and the pores among the
neighboring nanotubes have an effective pore size of the same order of
magnitude as the internal pores of the nanotubes (Pundsack, 1961).
Chrysotile has many unique physical and chemical characteristics, such
as incombustibility, chemical stability, physical durability, and me-
chanical flexibility (Wang et al., 2019b). Consequently, chrysotile has
been wildly used in numerous industrial applications, for example,
thermal insulation materials, filtering devices and friction material for
brakes (Pye, 1979). In particular, chrysotile shows good adsorption
properties for some anionic species (Valentim and Joekes, 2006). This is
related to chrysotile with positively charged outer surface in the pH
range of 2-10 due to its point of zero charge (PZC) at pH of 10.8-11.0
(Stumm, 1992; Pokrovsky and Schott, 2004). However, there is cur-
rently no report on the adsorption of I~ by chrysotile.

In the present work, chrysotile, both in the form of bundles and
dispersed single nanotubes, were used for I~ adsorption experiments.
Lizardite, the serpentine group mineral with flat tetrahedral and octa-
hedral sheet, and brucite, with a lattice configuration that is similar to
the Mg-bearing octahedral layers in serpentine minerals, were also
studied for comparison purposes. A characteristic mechanism of I~
interaction with chrysotile bundles was established. The fundamental
information derived from this study is important for the potential use of
chrysotile in I~ adsorption and development of new efficient anion
adsorbents in future.
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2. Materials and methods
2.1. Chemicals and materials

Non-radioactive iodine (*?”I) was used in I~ uptake experiments.
Crystalline potassium iodide (KI) (Fisher Scientific Co., USA) was used
as the source of I". MgSO,4 (AR Grade), NaOH (AR Grade) and 36.7%
HCl were purchased from Fisher Scientific. Deionized water (resistivity,
18.2MQ-cm) was used in all of the experiments. All chemicals were
used as received, without further purification.

The raw chrysotile was from Quebec, Canada, and the sample was
cut from the centers of a chrysotile vein to avoid contamination with
minerals from the wall rock. An intact block of chrysotile is shown in
Fig. 1a. The chrysotile block was torn into small pieces with a tweezer,
and then cut into approximately 2 mm length with a scissor, to produce
the chrysotile bundles (Fig. 1b and c). The obtained chrysotile bundles
were denoted as Chry-B. Mechanically grinding and dispersion of Chry-
B was carried out in the following steps: Chry-B was placed in an agate
mortar and ground for 1 h in an absolute ethanol, and then the ground
sample was placed in ethanol and stirred with a magnetic stirrer for 3 h.
After that, the solid phase in the mixture was filtered and dried. The
dried sample was then placed in a beaker containing distilled water,
dispersed by an ultrasonic shaker for 1h so that the nanotubes in the
bundles were dispersed as much as possible. Then the ultrasonicated
samples were filtered and dried, to produce well-dispersed chrysotile
single nanotubes (Fig. 1d), which were designated by Chry-SNT.

Lizardite was from Del Puerto Ophiolite nearby Paterson of
California, USA (Evarts, 1977). Brucite was synthesized through addi-
tion of a saturated MgSO, solution to a constantly stirred 1 mol/L (M)
NaOH solution (Li et al., 2014).

2.2. Characterization

X-ray diffraction (XRD) data were collected on a Rigaku Rapid II
instrument (Mo Ka radiation) with a two-dimensional (2D) image-plate
detector in the Department of Geosciences at the University of
Wisconsin-Madison. All the XRD patterns were collected at 50 kV and
50 mA using a 100-um diameter beam collimator. The conventional 26
vs. intensity patterns were produced by converting the 2D images using
the Rigaku's 2DP software.

The low-temperature nitrogen (N,) adsorption-desorption isotherms
were measured using an Autosorb-iQ2-MP gas adsorption analyzer
(Quantachrome, Boynton Beach, FL) at liquid-nitrogen temperature.
Before measurement, the samples were outgassed at 200 or 150 °C
(200 °C for Chry-B and Chry-SNT, 150 °C for lizardite and brucite) for
12 h under vacuum. The total specific surface area of the sample, Sggr,
was calculated from the nitrogen adsorption data using the multiple-
point Brunauer-Emmett-Teller (BET) method, and the total pore vo-
lume, Va1, Was evaluated based on N, uptake at a relative pressure of
approximately 0.99. The pore size distribution curves, nanoporosity
and pore specific surface area were derived from the nonlocal density
functional theory (NLDFT) model (NLDFT-N,-silica at 77 k, based on a
cylindrical pore model).

TEM images were obtained using a Philips CM200-UT microscope
operated at an accelerating of 200 kV in the Materials Science Center at
the University of Wisconsin—-Madison. The specimens were prepared by
the following procedure: the Chry-B and Chry-SNT samples were ul-
trasonically dispersed in ethanol for 5 min, and a droplet of the sample
suspension was then dropped onto a lacy carbon-coated 200-mesh Cu
grid which was left to stand for at least 10 min before being transferred
into the microscope.

2.3. Iodide adsorption and desorption experiments

Batch experiments of I~ adsorption were carried out by shaking
0.1 g dry samples with 20 mL of I” solutions in a 50 mL centrifuge tube
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fitted with a cap at 25 °C. The I~ solution was prepared by dissolving KI
in deionized water. The initial pH and final pH were measured using a
pH meter (Accumet XL20, Fisher Scientific). For the kinetics tests, the
initial concentration of I” in the solution was 0.25 mmol/L (mM), and
the mixture in the centrifuge tubes was strongly shaken at a rate of
150 rpm in a platform shaker. The adsorption time was in the range
from 1 to 48 h. At the end of each time intervals, the suspensions were
centrifuged at 4000 rpm for 10 min, and then the supernatants were
removed with a pipette and refrigerated for I~ concentrations analysis.
A Dionex 1000 Ion Chromatography (IC) with an AS22 guard and
analytical column was used to measure I~ concentrations, with a
5.4 mM Na,CO3/1.68 mM NaHCOj; solution as the eluent.

The experiments for the comparison adsorption of the four samples
(Chry-B, Chry-SNT, lizardite, and brucite) followed a very similar pro-
cedure with the kinetics experiments except for the shaken time is 48 h
as determined from the kinetics experiment (see following). A Chry-B/
pH adsorption experiment was conducted to determine the effect of pH
on the adsorption of I~ by Chry-B. The pH values of the suspensions
were adjusted approximately to 5.0, 7.0, 8.0, and 9.0, respectively by
incrementally adding 0.1 M NaOH or 0.1 M HCl. The NaOH and HCI
were added every 12h until the desired pH was obtained and did not
change > 0.1 pH units during a 48h period. The experiments per-
formed to obtain the adsorption isotherm also followed a very similar
procedure, and the initial concentrations of I in the solutions were 0,
0.05, 0.1, 0.2, 0.5, and 1 mM, respectively. Each adsorption point was
the average of duplicate or triplicate experiments. Blank experiments
confirmed the absence of wall adsorption or I loss to volatilization.

Solid: liquid partitioning coefficients (K4 values, mL/g) were cal-
culated using the following equation:

Kq=(Co— C/(C: x S) ®

where C, and C; (mmol/L, mM) are the concentration of I~ in the re-
action solution before and after adsorption for time t (h), respectively. S
is the solid:solution ratio (g/mL). The amount of I~ adsorbed per unit
mass of the adsorbent at time t (h), q, (mg/g) was calculated as:

g = (Co— C) x M/m 2

where M is the molar mass of I, and m (g) is the amount of adsorbent
in 1L of I” solution.

After adsorption experiments, the solid samples were collected by
centrifugation and sequentially used to conduct the desorption experi-
ments. The solid samples with adsorbed I~ were sequentially exposed
to 20 mL deionized water, shaking on a platform shaker (150 rpm) for 1
to 48 h. At the end of each time intervals, the suspensions were cen-
trifuged and the supernatants were used to determine the I~ con-
centration using the same method as in the adsorption experiments. The
amounts of I~ desorbed from each samples were then calculated based
on the concentration of I” in the desorption solutions, Cq¢) (mM). The
desorption mass percentage (%) was calculated using the equation:

Desorption (%) = [Ca(/(Co — Cp)] X 100 3)

where, Cg (mM) is the concentration of I” in the reaction solution after
adsorption.

3. Results and discussion
3.1. Characterization of samples

The XRD patterns of the raw chrysotile, lizardite and brucite are
illustrated in Fig. 2. The reflection positions of the raw chrysotile match
those reported on an ICDD PDF No.00-043-0662 (Fig. 2), indicating the
raw chrysotile is a clino-chrysotile. The monoclinic nature of the raw
chrysotile is also indicated by the 201 reflection, particularly the 202
reflection at 2.452 A and the 202()) reflection at 2.543 A (Bailey, 1988).
The XRD pattern of the raw chrysotile did not contain any diffraction
for other minerals (Fig. 2a), indicating the raw chrysotile sample was
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Fig. 2. XRD patterns of the (a) raw chrysotile, (b) lizardite and (c) synthetic
brucite.

relatively pure. It can be seen from the XRD pattern from lizardite
(Fig. 2b) that is dominated by lizardite-2M polytype. The most intense
reflection of lizardite-2M occur at the d-values of 7.3 A and 3.65 A,
attributed to the 002 and 004 reflection of lizardite-2M. The synthetic
brucite shows broad XRD reflection (Fig. 2¢), indicating the nanosized
particles and a poorly-ordered nature of the synthetic brucite. The 001
reflection of the brucite exhibits asymmetry, with a shoulder at the low
angle side. This result reflects that the sheet of the synthetic brucite is
pseudo-hexagonal due to local distortion and poorly ordered structure.
A similar XRD pattern of brucite synthesized by MgO hydrolysis in weak
acid at the initial stage was reported by Li et al. (2014).

The chrysotile block exhibits characteristic pale green color
(Fig. 1a), but when it was cut into small bundles, it becomes lighter
(Fig. 1b). Single chrysotile nanotubes were reported to have a white
color (Pasbakhsh and Churchman, 2015). The optical photomicrograph
illustrated the bundles of chrysotile from 10 to 50 um in size (Fig. 1c).
TEM images from the dispersed chrysotile show thinner bundles and
dispersed nanotubes (Fig. 3a—c). The outer diameter of the individual
nanotubes shows a great variation, with a range of 15-40 nm (Fig. 3b).
The chrysotile nanotubes have a cylindrical shape (Fig. 3c), indicating
that the nanotubes are hollow. The diameter of the internal pores
within the nanotubes ranges from 3 to 4 nm as observed from the TEM
images. Fig. 3c shows a chrysotile nanotube with an internal pore
diameter of 3.8 nm, and its fast Fourier transform (FFT) pattern shows
the characteristic lines of streaking that are marked by arrows
(Cattaneo et al., 2012). As natural chrysotile usually occurred in the
form of bundles (Figs. 1c and 3a), the special wedge-shaped nanopores
were formed in the packing space among the neighboring nanotubes in
the bundles (Fig. 3d). Porosity data calculated from the N, adsorption
isotherms, which are of more statistical significance, are given below.

The reason why natural chrysotile occurred in the form of bundles is
complex. Martin and Phillips (1977) reported that the hydrogen
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bonding and Van der Waal's bonding are likely to be the main inter-
tubes binding mechanisms. From a recently reported high-resolution
TEM image of the cross-section of chrysotile prepared by a new method
of ion slicing (Fig. S1, see the Supporting Information), it shows the
bonding between nanotube surface and edge layers from the adjacent
nanotubes (Fig. S1-A), and a continuous layer between two adjacent
nanotubes (Fig. S1-B) (Ohnishi et al., 2010). So we believe that che-
mical bonds exist between the neighboring nanotubes. The possible
bonding patterns of the chemical bonds are schematically illustrated in
the right panels of Fig. S1. Ji et al. (2018) also found the 1:1 type
serpentine minerals can be transformed into 2:1 type smectite via dis-
solution of Mg-octahedral sheets and the inversed tetrahedral sheets
chemically bonded to the adjacent octahedral sheets. Because the area
of contact between adjacent nanotubes is limited (Fig. 3d and Fig. S1),
the resultant inter-tubes binding force is weak. This weak binding force
can also be manifested by the fact that the chrysotile bundles can be
opened further by mechanical (grinding or ultrasonic (Turci et al.,
2012)) or/and chemical (using dispersing reagent such as acetic acid or
aluminum chloride) (Yang et al., 2007) dispersion treatments.

Fig. 4 show the low-temperature N, adsorption-desorption iso-
therms and the pore size distribution curves. The isotherms for Chry-B
and Chry-SNT can both be classified as type IV with H3 hysteresis loops
(Fig. 4A-a and A-c), according to the IUPAC classification (Gregg et al.,
1982). This type of isotherm is a typical characteristic of mesoporous
structures. A sharper increase was observed near the low pressure re-
gion in the adsorption isotherm of Chry-SNT (Fig. 4A-c) compared with
that of Chry-B (Fig. 4A-a), indicating that larger pores or, more likely,
liberated nanotubes were contributing to the nitrogen adsorption in
Chry-SNT. The larger pores are formed by the randomly stacking of the
well-dispersed nanotubes. As shown by Fig. 4A-b and A-d, lizardite and
brucite also show type IV isotherms, indicating mesopore existence in
the samples.

The pore size distribution of Chry-B is bimodal, with pore popula-
tions centered at 3.7 and 4.3nm (Fig. 4B-e), which are owing to the
internal pores within the nanotubes (Fig. 3c) and the wedge-shaped
nanopores formed by the packing of the nanotubes in the bundles
(Fig. 3d and Fig. S1). As shown by Fig. 4B-g, the pore populations
centered at 3.7 nm still exist in Chry-SNT, implying these pores mainly
attribute to the internal pores within the nanotubes, which is consistent
with the TEM results. But the left boundary of the peak at 3.7 nm in
Chry-SNT shows a small shift towards the large pore size side (Fig. 4B-
g) compared with the peak at 3.7 nm in Chry-B (Fig. 4B-e). This result
indicated that the wedge-shaped nanopores also contributed to the pore
populations centered at 3.7nm in Chry-B (Fig. 4B-e), and that the
wedge-shaped nanopores have a more broad pore size range than the
internal pores within the nanotubes. It is noteworthy that the size at the
very end of the wedge-shaped nanopores will be extremely small, and
this small size can not be reflected from the pore size distribution data.
This is because an equivalent cylindrical pore (Fig. 3d) was used to
calculate the pore size in the pore size distribution analysis. The pore
populations centered at 4.8 nm and the insignificant populations in a
wide range from 6 to 40 nm (Fig. 4B—g) are ascribed to the void space
between the well-dispersed nanotubes in Chry-SNT. The pore size dis-
tributions of lizardite and brucite show obvious mesoporous distribu-
tion in Fig. 4B-f and B-h, which are formed via packing of lizardite
particles and brucite nano-crystals, respectively.

The specific surface area of Chry-B is 16.4 m?/g (Table 1), which
agrees with the literature value for Canadian chrysotile from Quebec
(16.7 m?/g) (Morgan, 1997). Olson et al. (2008) also reported that the
specific surface area of naturally occurring chrysotile generally ranges
from 10 to 20 m?/g. After the dispersion treatment, the specific surface
area of Chry-SNT increased to 41.6 m?/g, which is approximately 2.5
times higher than the specific surface area of the chrysotile in the
bundle form (Chry-B). This significant increase in the specific surface
area was attributed to the liberation of individual nanotubes, indicating
Chry-SNT is dominated by single chrysotile nanotubes. The specific
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shown in Table 1, the specific surface area and pore volume of
pores < 3.7 nm in Chry-B are larger than those in Chry-SNT, due to
more wedge-shaped nanopores existed in Chry-B. The specific surface
areas and porous parameters of lizardite and brucite are summarized in

surface area of Chry-SNT is slightly smaller than that of chemically
dispersed chrysotile (50 m?/g) (Naumann and Dresher, 1966), probably
due to incompleted disaggregation of chrysotile bundles and a minor
portion of chrysotile nanotubes still existed in the form of bundles. As

Table 1
Specific surface area values and porous parameters of samples.

Pore surface area (mz/g)

Nanoporosity (cc/g)

Sample Sper (m*/g) Viotal (cc/g)

< 3.7nm < 6nm < 10nm < 3.7nm < 6nm < 10nm
Chry-B 16.4 0.023 2.7 11.5 13.3 0.0024 0.012 0.016
Chry-SNT 41.6 0.092 1.7 16.1 22.3 0.0015 0.019 0.030
Lizardite 23.2 0.052 0 7.1 14.6 0 0.0088 0.023
Brucite 89.9 0.037 0 0 39.4 0 0 0.080
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on pseudo-second-order kinetic model), pH = 7.
Table 1.

3.2. Performance of samples for iodide adsorption and desorption

To establish the equilibrium time for adsorption and know the ki-
netics of the adsorption process, I~ adsorption on Chry-B was in-
vestigated as a function of adsorption time. As shown in Fig. 5a, the Kg
values increase with the adsorption time, and the adsorption of I~ by
Chry-B reaches equilibrium within 24 h. The cause for these K4 values
increases with adsorption time in the early stage may be attributed to
diffusion limitations of the I~ to the adsorption sites. The extended
adsorption time would allow I~ to diffuse into the pore structures,
thereby permitting I~ to come into contact with additional adsorption
sites. From Fig. 4B, we knew that Chry-B had the smallest pore size, so it
could be expected that Chry-B would take the longest time to reach the
adsorption equilibrium. A period of 48 h was used as the adsorption
time for the following experiments to ensure that adsorption equili-
brium was reached. The Pseudo-second-order kinetic model demon-
strates the optimal one for quantitatively describing the kinetic data for
I~ adsorption on Chry-B, compared with several commonly used kinetic
models, such as Pseudo-first-order model, Weber and Morris model, and
Simplified Elovich model (Largitte and Pasquier, 2016). The linear form
of the kinetics curve, t/q, (h-g/mg) versus t (h) (Fig. 5b), was fitted
using the pseudo-second-order rate equation with the following ex-
pression (Zhang and Jaroniec, 2017):

t/q = 1/(kq?) + t/q, [€))

where g, (mg/g) is the amount of I~ adsorbed per unit mass of the
adsorbent at time t (h), k (g/mgh) is the pseudo-second-rate constant of
adsorption, and ¢, (mg/g) is the equilibrium adsorption capacity. The
fitting results are shown in Table 2.

The results of the comparison adsorption of the four samples are
illustrated in Fig. 6a. The iodide-K4 values for Chry-B, Chry-SNT, li-
zardite, and brucite are 179.24 + 13.99, 30.03 *= 14.51,
18.77 = 15.37, and 2.02 *+ 1.55mL/g, respectively. The K4 value for
Chry-B is 6.0 times higher than that for Chry-SNT dominated by single
chrysotile nanotubes, and is significantly higher than those for lizardite
and brucite (Fig. 6a). As the K4 value is related to the initial con-
centration of 1™, the previous works with the same or similar initial

Table 2
Kinetics constants and langmuir equation parameters for iodide sorption on
chrysotile bundles (Chry-B).

Kinetics constants Langmuir parameters

k (g/mgh) 0.96 b (L/mmol) 18.40
q. (mg/g) 2.99 Qm (mg/g) 4.13
R? 0.999 R? 0.993

concentrations of I~ was chosen to compare the K4 values with those in
this study. The comparison of the K, for Chry-B with those for 7 clay
minerals including: kaolinite, ripidolite, illite, montmorillonite, paly-
gorskite, sepiolite, and a 70/30 illite/smectite mixed layer (with the
highest K4 value of 1.61 mL/g for kaolinite) measured by Miller et al.
(2015) revealed the K4 for Chry-B is two orders of magnitude higher
than those of previously studied clay minerals. This result indicated
Chry-B exhibited very strong adsorption to I". The K4 value for lizardite
is low but seems larger than those for calcite, chlorite, quartz, and
vermiculite (all had K, value < 1 mL/g) (Kaplan et al., 2000). Given the
large standard deviation value of the K4 value for lizardite, the ability of
I~ adsorption by lizardite may be similar to those by the reported mi-
nerals. The Ky value for brucite is also low, similar to the value for
goethite (0.4 = 2.9mL/g) (Ticknor et al., 1996).

The specific surface area normalized Ky values, K4 were calculated
by normalizing to the specific surface area (Table 1) by dividing the
traditional K4 values. As shown in Fig. 6a, the K4 value of Chry-B re-
mained significantly greater than those of the other three samples. The
Kg.s value of Chry-B is 10.9 + 0.85mL/m? which is 15.6 times larger
than that of Chry-SNT (0.7 * 0.35mL/m?), indicating the wedge-
shaped nanopores in Chry-B enhance the interaction between chrysotile
nanotubes and I™. Both Ky and K, results revealed that Chry-B ex-
hibited the strongest adsorption for I, and the wedge-shaped nano-
pores in Chry-B were the primary adsorption site for I". The K, of Chry-
SNT is slightly greater than those of other minerals reported in the
literature (Ticknor et al., 1996; Kaplan et al., 2000), attributed to the
incomplete disaggregation and small portion of wedge-shaped nano-
pores existed in Chry-SNT.

Fig. 6b shows the adsorption isotherms of I~ on Chry-B. The
Langmuir adsorption isotherm model demonstrates the best fit for
quantitatively describing the adsorption data compared with several
commonly used fitting models, such as the Freundlich and Redlich-
Peterson models (Limousin et al., 2007). The Langmuir model is de-
scribed by the following equation (Liu et al., 2012; Yuan et al., 2013):

Qe = QmbCe/(1 + bCe) ()

where Q. (mg/g) is the amount of adsorbed 1™ at equilibrium con-
centration C, (mM), Q,, (mg/g) and b are the Langmuir adsorption
capacity and Langmuir constant, respectively. The adsorption coeffi-
cients computed from Eq. (5) are summarized in Table 2. The Langmuir
adsorption capacity of Chry-B is 4.13mg/g (Table 2), which is three
orders of magnitude higher than those of natural soil samples (Dai
et al., 2009), one order of magnitude higher than that of ferrihydrite
(Yu et al., 1996), and around the same order of magnitude of black
carbon (Choung et al., 2013). What is more, to the best of our knowl-
edge, the chrysotile bundles (Chry-B) exhibits the greatest adsorption
capacity (Kq or ¢, value), compared with all the clay minerals even
(hydr)oxides reported in the literature (Couture and Seitz, 1983;
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Fig. 6. (a) Iodide-K4 and iodide-Kq.s values for different samples under neutral conditions, pH = 7.0 = 0.2 (for brucite, pH = 10 was used for the sample stability
(Pokrovsky and Schott, 2004)); (b) adsorption isotherm of I~ on Chry-B; (c) percentage of I~ desorption by sequential extraction of pre-adsorbed samples by
deionized water for 1 h and 48 h; and (d) effect of pH and ionic strength on the I™ adsorption on Chry-B. Triangles: I = 0.01 M; circles: I = 0.1 M, which are 40 and

400 times higher than the concentration of I~ (0.25 mM) in the solution.

Muramatsu et al., 1990; Ticknor and Cho, 1990; Sazarashi et al., 1994;
Ticknor et al., 1996; Yu et al., 1996; Kaplan et al., 2000; Miller et al.,
2015).

The results of desorption experiments of pre-adsorbed I~ are shown
in Fig. 6¢. A minor portion of the pre-adsorbed I~ (6.9%) was desorbed
from the Chry-B after exposure to deionized water for 1 h, probably due
to the release of weak-bonded I~ on the external surface of Chry-B. In
contrast, 31.0% and 100% of pre-adsorbed I~ was mobilized from
Chry-SNT and brucite, respectively, after exposure to deionized water
for 1 h. Extending the time of desorption of I to 48 h resulted in 19.8%
more of I release, a total of 26.7% of I~ was released from Chry-B, and
in contrast, totally 88.8% of the pre-adsorbed I~ was released from
Chry-SNT (Fig. 6¢). This result indicated that Chry-B exhibited the
strongest attraction to I”, compared to Chry-SNT and brucite, the re-
maining 73.3% of I in Chry-B and 11.2% of I in Chry-SNT appearing
strongly bonded in the wedge-shaped nanopores. These strongly ad-
sorbed iodide anions may be at the very end of the wedge-shaped sites
(see following Fig. 7a).

The Chry-B/pH experiment was conducted to evaluate the extent
that I” adsorption to chrysotile bundles was pH dependent. As the pH
of the system decreased below 9, the amount of I~ adsorbed to Chry-B
increased appreciably (Fig. 6d). Considering that the PZC of chrysotile
is higher than pH 10 (Stumm, 1992; Pokrovsky and Schott, 2004), the
decreasing pH resulted in a greater extent of protonation of surface
hydroxyl groups (coordinated to magnesium, > Mg-OH) and thus more
positive charges on the chrysotile surface. The influence of pH on the
adsorption capacity suggests that the electrostatic attraction between
I~ and > Mg-OH" surface charges constitutes an important driving
force of the adsorption process. At pH approximately 5, a decrease of
the amount of I~ adsorption was observed (Fig. 6d), likely due to the
removal of positively charged > Mg-OH™" sites in the outer brucite
sheet by dissolution and accompanying exposure of underlying > Si-O~

sites on the surface (Bales and Morgan, 1985).

The results of ionic strength dependence experiments showed that
pronounced decrease in the adsorption capacity of I~ were observed as
the increase of ionic strength (Fig. 6d). A common reason to account for
such a depressed adsorption capacity is that an increased ionic strength
can lower the electric potential of the charged surface, compress the
electric double layer (Wang et al., 2002), and thus weaken the elec-
trostatic attraction between I~ and charged chrysotile surface.
Sheppard et al. (1995) reported that C1~ can compete with I™ in the
adsorption process, which may be another reason attributed to the
decrease in the adsorption capacity. It is noteworthy that when the
concentration of C1~ is 0.01 M, which is 40 times higher than that of I~
in the solution, the K4 value of Chry-B is as high as 43.48 mL/g
(Fig. 6d). This result again indicates that the Chry-B has strong at-
traction to I”. Based on the perception that out-sphere complexes
(compared with inner-sphere complexes) are much susceptible to the
introduction of an electrolyte solution during adsorption (Hayes et al.,
1987), it can be inferred that out-sphere surface complexation is the
dominant mechanism for I~ adsorption on chrysotile bundles.

3.3. Adsorption mechanisms and implications

From the results of adsorption experiments, chrysotile bundles
(Chry-B) exhibited the highest adsorption capacity to I, the electro-
static attraction between I~ and > Mg-OH™* surface charges constitutes
an important driving force of the adsorption process, and out-sphere
surface complexation is the dominant mechanism for I~ adsorption on
Chry-B. However, individual chrysotile nanotubes and brucite with the
same surface group (> Mg-OH), and lizardite with flat tetrahedral and
octahedral sheets, all show low adsorption capacity to I~ (Fig. 6a). A
special mechanism related to the adsorption by the wedge-shaped na-
nopores in Chry-B was inferred as follows. The wedge-shaped
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Fig. 7. Schematic presentation for the related mechanism of adsorption of I": (a) on chrysotile bundles; (b) on chrysotile single nanotube and brucite. Labeled I and IT
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surface of chrysotile single nanotubes or on the flat surfaces of brucite (lizardite with a flat surface of octahedral sheet is similar to brucite).

nanopores in Chry-B are the primary adsorption site for I”. As the
equivalent diameter of the wedge-shaped nanopores in Chry-B has a
broad distribution, with a peak at approximately 4.3 nm (Fig. 4B-e),
and the diameter of iodide with an aqueous hydration shell is only
approximately 0.72nm (Kiipper et al., 2008), it is easy for the I” to
enter the wedge-shaped nanopores. There may be two types of adsorbed
1™ ions at the wedge-shaped nanopores: one is the weakly bonded I in
the central region of the nanopores (Labeled as II in Fig. 7a). This type
of I” can be exposed to electrostatic attraction from either side of the
wedge-shaped nanopores. As the large size and atomic weight and the
low charge of 1™, the one-side attraction is not enough to fix I, and
this kind of I™ is removable. Once the weakly bonded I~ inside the
wedge-shaped nanopores move to the end of the wedge sites, they will
be strongly bonded (the other kind of I, Labeled I in Fig. 7a). This is
because of the severe superposition of electric potentials from the
charged walls of the narrowing nanopores at the end of the wedge site,
resulting in a strong electrostatic attraction. In addition, it is well
known that the properties of water in nanopores are different from
those of bulk water (Levinger, 2002). In this study, the surface tension,
density, and dielectric constant of water in the wedge-shaped nano-
pores could be expected to decrease significantly (Wang, 2014; Knight
et al., 2018), because of the small size of the wedge-shaped nanopores

especially at the end of the wedge site. It is possible that changes in
water properties could increase the propensity of I to lose its hydra-
tion sphere and form strong inner-sphere complexes with the surface of
the wedge-shaped nanopore. However, some spectroscopic works (such
as X-ray absorption spectroscopic) should be done in the future work to
confirm this assumption. As for Chry-SNT, brucite and lizardite, al-
though there are significant nanopores present in the samples (Fig. 4),
all samples show low adsorption to I~ (Fig. 6a). This is because the
nanopores are formed by the packing of nanotubes or particles in Chry-
SNT, brucite and lizardite, this kind of nanopores may change when
they are in solution, and they are not rigid pores. So the external surface
adsorption is the major mechanism for chrysotile single nanotubes,
brucite and lizardite (Fig. 7b), and this kind of adsorption is not strong
enough to bond 1™, due to iodide's large size and low charge. These
results indicated the wedged-shaped nanopores in the chrysotile bun-
dles, as well as the shape of nanopore geometry, are crucial in I~ ad-
sorption process.

Nanopores are ubiquitous in natural environmental media including
minerals, rocks, soils, sediments, and organism (Wang et al., 2003;
Wang, 2014). It has become a consensus that nanopores play sub-
stantial roles in the treatment of environmental pollutants (Wang et al.,
2002; Jung et al., 2012, 2016, 2019; Yu et al., 2015; Deng et al., 2017;
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Wei et al.,, 2019) and other geosciences issues such as chemical
weathering (Hochella and Banfield, 1995), element migration and en-
richment (Cheng et al.,, 2012), and storage and transport of un-
conventional oil and gas (Bernard et al., 2012). For the first time, we
found that chrysotile bundles with wedge-shaped nanopores exhibited a
surprisingly large capacity of I adsorption and the pore shape of the
adsorbent is a crucial parameter in I~ adsorption process. More atten-
tion should be paid to the role of pore shape regarding the im-
mobilization or retardation of I~ as well as other anions. The current
study also gives insight into the potential application of chrysotile on
the adsorption of radioactive iodide in natural and engineered en-
vironments.

4. Conclusions

In this study, the adsorption of I~ from water by chrysotile was
investigated for the first time. Chrysotile bundles (Chry-B) with wedge-
shaped nanopores exhibited very strong adsorption to 1™, with a dis-
tribution coefficient (Ky) of 179.24 mL/g, which is two orders of mag-
nitude higher than those for previously reported clay minerals (Miller
et al., 2015). The adsorption isotherm of I~ fitted well with Langmuir
isotherm and the Langmuir adsorption capacity of Chry-B was 4.13 mg/
g, which is three orders of magnitude higher than those of natural soil
samples (Dai et al., 2009) and one order of magnitude higher than that
of ferrihydrite (Yu et al., 1996). The wedge-shaped nanopores among
the neighboring nanotubes in Chry-B proved to be the primary ad-
sorption sites for I~ by comparing the adsorption of Chry-B with those
of dispersed chrysotile single nanotubes, lizardite and brucite. The se-
vere superposition of electric potentials from the narrowing charged
walls of the wedges constituted a key mechanism in I~ adsorption
process, which significantly strengthened the electrostatic interaction
between I~ and wedge surface > Mg-OH. These results demonstrated
that the shape of nanopore geometry was crucial in I~ adsorption, and
that chrysotile with significant reserves worldwide had the potential to
be an inexpensive and efficient adsorbent for the radioactive iodide
removal. What is more, this study also provided new insight to develop
new anion adsorbents with wedge-shaped nanopores.
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