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Separating I3
− and IO3

− from aqueous solutions is technically challenging due to their very similar charge density. Herein, we
describe the in-situ synthesis of cobalt-based layered double hydroxides (Co-LDHs) by decomposition of zeolite imidazole
framework (ZIF) nanocrystals, whilst modulating the basal spacing in the Co-LDHs through anion intercalation (such as Br−,
NO3

−, and ClO4
−). Co-LDH-NO3

− possesses an optimal basal spacing of ~4.69 Å, which is slightly smaller than the van der
Waals diameter of IO3

− (~4.79 Å), thus enabling selective adsorption of linear I3
− (diameter ~4.22 Å) via ion exchange in the

LDH interlayer. Co-LDH-NO3
− showed ultrafast I3

− uptake kinetics involving strong “host-guest” interaction forces, achieving
high dynamic uptake capacities of 119.94 and 127.18 mg/g in I3

−/IO3
− contaminated groundwater and tap water, respectively, and

~100% separation efficiencies towards I3
− over IO3

−. Co-LDH-Br− with a smaller basal spacing (4.06 Å) exhibited much slower
separation kinetics, and Co-LDH-ClO4

− with a ~5.36 Å basal spacing demonstrated poor separation efficiency under similar
conditions. Ab initiomolecular dynamics (AIMD) simulations were used to visually simulate the ion exchange process, with the
results being consistent with the experimental observations. Furthermore, Co-LDH-NO3

− demonstrated excellent reusability
during dynamic breakthrough tests and I3

−/IO3
− separation cycles due to a “special memory effect” of the 2D interlayer. This

work guides adsorbent design for the efficient removal and separation of iodine species from contaminated water.
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1 Introduction

Iodine is a trace element widely present in natural water
systems. As such, it does not typically pose a threat to human
health and the ecological environment in the natural state [1–
4]. However, human activities, including industrial emis-
sions, agricultural runoff, radioactive iodine production in

nuclear reactors, etc., can all cause iodine contamination in
natural water sources [5–13]. Specifically, iodine that enters
the body in excess through the aqueous environment in-
creases the risk of thyroid abnormalities or acute poisoning
in humans [14–21]. Additionally, high concentrations of io-
dine in natural water can be toxic to aquatic organisms, po-
tentially threatening aquatic ecosystems and biodiversity and
ultimately endangering human health through the food chain
[22–24]. Therefore, effectively controlling and reducing io-
dine pollution in the water and the wider environment is of
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great importance for public health and ecological protection.
Iodine pollutants in water primarily exist in the form of

iodide (I +I I2 3 ) and iodate (IO3
−) [25–27]. The separa-

tion of these two forms of iodine in water is crucial for
accurately assessing the extent of iodine pollution and
identifying its sources, thereby providing more precise in-
formation for environmental monitoring [28,29]. Moreover,
by assessing the toxicity and bioavailability of iodide and
iodate ions, the health status of aquatic ecosystems can be
determined, and potential ecological risks can be predicted/
mitigated [30,31]. Consequentially, high-efficiency separa-
tion of I3

− and IO3
− in water bodies is crucial for iodine

pollution control, thereby reducing iodine hazards to the
environment and human health.
Since IO3

− and I3
− possess the same charge density and

high water solubility, the effective separation of I3
− and IO3

−

from aqueous solution is challenging [32,33]. To date, sor-
bents such as activated carbon [34,35], metal oxides [36],
silver-based nanostructures [37], polymers and cages [38–
42], porous aromatic frameworks (PAFs) [43], metal-organic
frameworks (MOFs) [23,44,45], and covalent organic fra-
meworks (COFs) [46,47] have been reported for the removal
of single iodine species (I3

− or IO3
−) from aqueous solutions.

However, these sorbents typically show an undifferentiated
affinity for both iodine species, making it difficult to effi-
ciently separate the I3

− and IO3
− through adsorption or ion

exchange techniques.
Considering that the van der Waals space diameter of tet-

rahedral IO3
− is ~4.79 Å, while linear I3

− has a minimum
diameter of ~4.22 Å [48,49], we hypothesized a general
approach for the selective adsorption of I3

− while blocking
IO3

− adsorption through the rational design of LDH-based
sorbents with well-defined basal spacings, thus achieving the
efficient separation of I3

−/IO3
− in aqueous solutions. We first

present an ion intercalation synthetic strategy based on the
in-situ decomposition of zeolite imidazole framework (ZIF)
nanocrystals for tuning the basal spacing of cobalt-based
layered double hydroxides (Co-LDHs) (Figure 1a). Co-
LDHs with interlayer Br−, NO3

− and ClO4
− anions (denoted

herein as Co-LDH-Br−, Co-LDH-NO3
−, and Co-LDH-ClO4

−,
respectively) gave basal spacings of ~4.06, ~4.69, and
~5.36 Å, respectively (Figure 1b). The window size of Co-
LDH-Br− and Co-LDH-NO3

− is strictly smaller than the van
der Waals diameter of IO3

−, preventing their penetration into
the interlayer of the LDHs (Figure 1c). Conversely, I3

− can
quickly diffuse into the 2D interlayer of Co-LDH-Br− and
Co-LDH-NO3

−, being adsorbed by displacing Br− and NO3
−.

Moreover, strong “host-guest” interaction forces between the
LDH host layers and I3

− in aqueous solution resulted in ul-
trafast adsorption kinetics, as was confirmed by experimental
and theoretical results. As a result, Co-LDH-NO3

− showed
fast separation kinetics (reaching adsorption equilibrium in
10 s) and high capacity of 119.94 and 127.18 mg/g for I3

− in
contaminated groundwater and tap water, respectively (with
~100% separation efficiency towards I3

−/IO3
−). Co-LDH-Br−

with a smaller window size exhibited slower separation ki-

Figure 1 (Color online) (a) Schematic illustration of the synthesis of Co-LDH-R (R = Br−, NO3
−, and ClO4

−). (b) Anion intercalation strategy is used to tune
the basal spacing in Co-LDH-Br−, Co-LDH-NO3

−, and Co-LDH-ClO4
−. (c) Schematic illustration of the separation of I3

−/IO3
− by Co-LDH-NO3

−.
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netics, requiring 60 min to achieve >99.9% separation effi-
ciency. Co-LDH-ClO4

− possessing a large interlayer channel
of ~5.36 Å demonstrating poor separation efficiency under
similar conditions. Breakthrough tests showed when Co-
LDH-NO3

− is used in packed columns, it can rapidly remove
I3
− from I3

−/IO3
− polluted groundwater and tap water with a

high uptake capacity of 15.3 mg/g (>99.9% separation effi-
ciency) and 17.6 mg/g (>99.9% separation efficiency), re-
spectively. This study offers new vistas for the separation and
capture of iodine species in contaminated water sources and
aqueous solutions.

2 Experimental section

2.1 In-situ synthesis of Co-LDH-R (R = Br−, NO3
−, and

ClO4
−)

In a typical synthesis [50,51], 1 g of ZIF-67 nanocrystals
were ultrasonically dispersed in a mixture of deionized water
(7 mL)/ethanol (100 mL) for 30 min. Then, 4 g of Co(NO3)2·
6H2O was added to the ZIF-67 suspension under constant
stirring conditions. Next, the mixture was refluxed at 90 °C
for 5 h, after which the green product was collected by fil-
tration, and washed several times with ethanol, yielding Co-
LDH-NO3

−. The synthesis of Co-LDH-Br− and Co-LDH-
ClO4

− were similar to that of Co-LDH-NO3
−, except that

Co(NO3)2·6H2O was replaced with Co(ClO4)2·6H2O and
CoBr2·xH2O, respectively.

2.2 I3
− and IO3

− adsorption capacity studies

The I3
− and IO3

− adsorption capacity experiments were car-
ried out at 25 °C. Co-LDH-R (R = Br−, NO3

−, and ClO4
−)

were added into aqueous solutions with I3
− (or IO3

−) con-
centrations ranging from ~10 to ~200 ppm at a fixed ad-
sorbent/liquid ratio of 0.4 g/L. The freshly prepared
dispersions were sonicated and then shaken for 2 h. Subse-
quently, the dispersions were filtered on a 0.22 μm mem-
brane filter to remove the adsorbent. After filtration, the I3

−

and IO3
− concentrations in the filtrate were determined by

UV-Vis spectroscopy at 350 nm and 200 nm, respectively.

2.3 I3
− and IO3

− adsorption kinetics studies

The adsorption kinetics experiments for Co-LDH-R (R =
Br−, NO3

−, and ClO4
−) were carried out in a mixed solution

containing ~10 ppm I3
− and ~10 ppm IO3

− at a fixed ad-
sorbent/liquid ratio of 0.4 g/L at 25 °C. Aliquots were col-
lected at regular time intervals while constantly stirring the
dispersion. The dispersions were filtered on a 0.22 μm
membrane filter to remove the adsorbent. After filtration, the
I3
− and IO3

− concentrations in the filtrate were determined by
UV-Vis spectroscopy at 350 and 200 nm, respectively.

The I3
− or IO3

− removal efficiency (R/%) of each adsorbent
was determined using the following equation:

R C C
C= × 100% (1)t0

0

where C0 (mg/L) and Ct (mg/L) are the concentrations of I3
−

or IO3
− before and after adsorption, respectively.

The separation efficiency (SE/%) for I3
− and IO3

− of each
adsorbent was determined using the following equation:

SE
C C

C(%) = × 100% (2)t t,1 ,2

0,1

where ΔCt,1 (mg/L) and ΔCt,2 (mg/L) are the concentration
change value of I3

− and IO3
−, C0,1 is the initial concentration

of I3
−.

Other experimental details are provided in the Supporting
Information online.

3 Results and discussion

3.1 In-situ synthesis of Co-LDH-R (R = Br−, NO3
−, and

ClO4
−) and characterization

Figure 1a shows the in-situ synthetic strategy used to prepare
the Co-LDH-R (R = Br−, NO3

−, and ClO4
−) adsorbents. In-

itially, ZIF-67 nanocrystals were synthesized at room tem-
perature using cobalt ions as the metallic node and 2-methyl
imidazole as the organic linker (Figure S1, Supporting In-
formation online). Scanning electron microscopy (SEM)
revealed a uniform dodecahedral morphology with an aver-
age particle size of ~500 nm (Figure S2). Subsequently, the
ZIF-67 nanocrystals were refluxed in the presence of
Co(NO3)2·6H2O in a mixed deionized water/ethanol solution at
90 °C for 5 h, yielding a green powder denoted as Co-LDH-
NO3

− (Figure S3). This process incorporates Co3+ in the LDH
nanosheets and NO3

− anions in the LDH interlayers. Powder
X-ray diffraction (PXRD) revealed the complete dis-
appearance of ZIF-67 and the formation of a hydrotalcite-
like LDH phase [PDF#48−0601] (Figure 2a). The diffraction
peaks at 2θ values of 10.35°, 19.82°, 33.89°, and 60.01° were
readily indexed to (003), (006), (101), and (110) reflections
of an LDH phase. The calculated (003) crystal plane spacing
and the host crystallographic thickness of Co-LDH-NO3

−

were ~8.53 and ~3.84 Å, respectively, according to Bragg’s
equation and Materials Studio simulations (Table S1, Figure
S4, Supporting Information online). The basal spacing of
Co-LDH-NO3

− was thus determined to be ~4.69 Å, with the
NO3

− inserted between the 2D sheets (Figure 2b). The SEM
image of the Co-LDH-NO3

− exhibited a typical ruffled sheet
morphology (Figure 2c). Transmission electron microscopy
(TEM) further confirmed the sheet-like morphology of Co-
LDH-NO3

− (Figure 2d). The corresponding energy dis-
persive X-ray spectroscopy (EDS) mapping images showed
a uniform distribution of Co, O, and N through the na-
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nosheets (Figure 2e). High-resolution transmission electron
microscopy (HRTEM) imaging revealed lattice spacings of
0.26 and 0.16 nm for Co-LDH-NO3

− (Figure 2f), corre-
sponding to the selected area electron diffraction (SAED)
pattern rings (Figure 2g) that could be indexed to the (101)
and (110) planes of hydrotalcite-like LDH (PDF#48-0601),
consistent with the PXRD results (Figure 2a).
The in-situ synthetic method was further extended to

prepare Co-LDH-Br− and Co-LDH-ClO4
− under similar ap-

proaches, by replacing Co(NO3)2·6H2O with Co(ClO4)2·
6H2O and CoBr2·xH2O, respectively (Figure 1a and Figure
S4). PXRD revealed that the (003), (006), (101), and (110)
plane reflections of Co-LDH-Br− shifted to higher 2θ values
compared to Co-LDH-NO3

−, whilst the same reflection for
Co-LDH-ClO4

− were shifted to lower 2θ values compared to
Co-LDH-NO3

−, suggesting that the basal spacing become
smaller and larger, respectively. The basal spacings for Co-
LDH-Br− and Co-LDH-ClO4

− were theoretically calculated
to be 4.06 and 5.36 Å, respectively (Table S1, Figures S4–
S6). SEM and TEM images revealed the expected nanosheet
morphologies for Co-LDH-Br− and Co-LDH-ClO4

− (Figure
2h, j, Figure S7). HRTEM images for Co-LDH-Br− showed
lattice spacings of 0.33 and 0.16 nm corresponding to the

PXRD (006) and (110) planes, respectively. Lattice fringes
for Co-LDH-ClO4

− at 0.26 and 0.22 nm matched the (101)
(~33.89°) and (0010) planes (~39.1°), respectively. Excellent
accord was found between the experimental and theoretically
calculated crystallographic data (Figure 2a, i, k, Table S1).
To further study the cobalt valence state in Co-LDH-R (R

= Br−, NO3
−, and ClO4

−), X-ray photoelectron spectroscopy
(XPS) measurements were carried out. The XPS spectra of
Co-LDH-NO3

−, Co-LDH-Br−, and Co-LDH-ClO4
− showed

the presence of C/N/O/Co, C/O/Co/Br, and C/O/Co/Cl, re-
spectively, consistent with their EDSmapping results (Figure
3a). The Co 2p spectra showed three sets of peaks (each in a
2:1 area ratio) associated with Co3+ (2p3/2 = 780.5 eV, 2p1/2 =
796.3 eV), Co2+ (2p3/2 = 781.6 eV, 2p1/2 = 797.4 eV) and
cobalt “shake-up” satellites (2p3/2 = 785.2 eV, 2p1/2 =
803.2 eV (Figure 3b) [52–54]. These results revealed the
coexistence of Co2+ and Co3+ in the three Co-LDH-R sam-
ples, as expected for LDH materials which have divalent and
trivalent cation sites. Thermogravimetric analysis (TGA)
was used to determine the water content in Co-LDH-R (R =
Br−, NO3

−, and ClO4
−) [55–57]. All three samples lost in-

terlayer water below 200 °C, allowing the number of water
molecules per unit cell for Co-LDH-NO3

−, Co-LDH-Br−, and

Figure 2 (Color online) (a) PXRD patterns of Co-LDH-Br−, Co-LDH-NO3
−, and Co-LDH-ClO4

−. (b) The crystal structure of Co-LDH-NO3
−. (c) SEM

image of Co-LDH-NO3
−. (d) TEM image of Co-LDH-NO3

−. (e) HAADF-STEM and corresponding EDS images of Co-LDH-NO3
−. (f, g) HRTEM image and

SAED pattern of Co-LDH-NO3
−. (h, i) TEM and HRTEM images of Co-LDH-Br−. (j, k) TEM and HRTEM images of Co-LDH-ClO4

−.
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Co-LDH-ClO4
− to be calculated as 4.3, 4.6, and 4.0, re-

spectively (Figure S8). On the basis of XPS and TGA results,
a probable general formula for the Co-LDH-R samples (R =
Br−, NO3

−, and ClO4
−) could be proposed: Co2+0.68Co

3+
0.32

(OH)2·(R
−)0.32·xH2O.

3.2 Physical and chemical properties of Co-LDH-R (R
= Br−, NO3

−, and ClO4
−)

N2 adsorption-desorption isotherms were collected at 77 K to
determine the porosity of Co-LDH-R (R = Br−, NO3

−, and
ClO4

−) (Figure 3c). The Brunauer-Emmett-Teller (BET)
surface areas of Co-LDH-NO3

−, Co-LDH-Br−, and Co-LDH-
ClO4

− were determined to be 68.6, 69.1, and 73.4 m2/g, re-
spectively. Water contact angle experiments were next con-
ducted to probe the surface wettability of Co-LDH-R (R =
Br−, NO3

−, and ClO4
−). Water contact angles were 39.0°,

38.2°, and 24.4° for Co-LDH-NO3
−, Co-LDH-Br−, and Co-

LDH-ClO4
−, respectively, suggesting considerable hydro-

philicity and easy dispersibility in aqueous solutions (Figure
3d).
In view of the above structural and physical properties, we

hypothesized that the in-situ synthesized LDH sorbents
should offer vastly differing properties for separating I3

− and
IO3

− anions from aqueous solutions. As a proof-of-concept,
we carried out I3

−/IO3
− sorption and separation experiments

to evaluate the selective adsorption abilities of the Co-LDH-
R (R = Br−, NO3

−, and ClO4
−) adsorbents. Our experimental

findings below fully validate our hypothesis.

3.3 I3
− and IO3

− adsorption and separation perfor-
mance

In preliminary experiments, we determined that an ad-
sorbent-to-liquid ratio of 0.4 g/L was suitable for each Co-
LDH-R (R = Br−, NO3

−, and ClO4
−) sample and used this

ratio in subsequent studies (Figure S9). Equilibrium ad-
sorption data were collected with I3

− or IO3
− concentrations

ranging from ~10 to ~200 ppm to determine the adsorption
capacity of each Co-LDH-R in aqueous solutions (Figure 4a,
b). Co-LDH-NO3

− and Co-LDH-Br− showed excellent cap-
ture capacities of 150.73 and 139.57 mg/g for I3

−, respec-
tively, and relatively low capture capacities of 27.56 and
16.52 mg/g for IO3

−. However, Co-LDH-ClO4
− with a larger

window size showed high capture capacities of 165.75 and
123.8 mg/g for I3

− and IO3
−, respectively. Next, the adsorp-

tion kinetics of Co-LDH-R were determined in a mixed
I3
− (~10 ppm)/IO3

− (~10 ppm) solution. As expected, Co-
LDH-NO3

− and Co-LDH-ClO4
− demonstrated superfast I3

−

adsorption kinetics with removal ratios of >99.9% in 30 s
(Figure 4c). In comparison, Co-LDH-Br− showed relatively
slow I3

− adsorption kinetics under the same conditions
(Figure 4c). This is due to Co-LDH-Br− having the smallest
basal spacing among the three Co-LDH-R samples. Notably,
Co-LDH-NO3

− and Co-LDH-Br− did not adsorb IO3
− in the

mixed solution, whilst the adsorption ratio of Co-LDH-ClO4

was 44% for IO3
− in the I3

−/IO3
− mixture after 60 min (Figure

4c). The separation efficiency of I3
− over IO3

− reached
~100% in 10 s for Co-LDH-NO3

− (Figure 4d). Co-LDH-Br−

Figure 3 (Color online) (a) XPS survey spectra for Co-LDH-Br−, Co-LDH-NO3
−, and Co-LDH-ClO4

−. (b) Co 2p XPS spectra for Co-LDH-NO3
−, Co-LDH-

Br−, and Co-LDH-ClO4
−. (c) N2 sorption isotherms for Co-LDH-NO3

−, Co-LDH-Br−, and Co-LDH-ClO4
−. (d) Contact angles for a water droplet on pressed

pellets of Co-LDH-NO3
−, Co-LDH-Br−, and Co-LDH-ClO4

−.
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also showed ~100% separation efficiency but required
60 min. The highest separation efficiency for Co-LDH-
ClO4

− was 58.9% in 5 min, which decreased with increasing
equilibrium time. The selective I3

− adsorption abilities of Co-
LDH-NO3

− in the presence of various competing anions such
as IO3

−, Cl−, SO4
2−, and ReO4

− were determined under high
ionic strength conditions (Figure 4e). The relative I3

− re-
moval efficiency was 98.8%, 97.7%, 97.4%, 97.1%, and
90.0% at IO3

−/I3
− molar ratios of 1:1, 10:1, 100:1, 500:1, and

1,000:1, respectively. Further studies revealed Co-LDH-
NO3

− also showed excellent selectivity separation efficiency
for I3

− and IO3
− in the presence of high concentrations of

other anions (such as Cl−, SO4
2−, ReO4

−), even when the
other anions were in a 1,000-fold concentration relative to I3

−

(Figure 4e). Next, the I3
−/IO3

− separation performance of Co-
LDH-NO3

− was investigated at pH values ranging from 4 to
12 (Figure 4f). The I3

− removal efficiency of Co-LDH-NO3
−

remained at ~100% at pH values between 4 and 12, sug-
gesting excellent selectivity under acidic and basic condi-
tions. The high adsorption capacity, fast kinetics, and high

selectivity of Co-LDH-NO3
− towards I3

− over IO3
− under

various conditions prompted us to further study the dynamic
separation of I3

−/IO3
− from contaminated water sources using

Co-LDH-NO3
− packed columns.

Iodine (including 127I, 129I, and 131I) contamination is
generally present in the form of I3

− and IO3
− in groundwater,

where it poses a serious threat to animals and humans. En-
couraged by the excellent static adsorption and separation
performance of Co-LDH-NO3

−, dynamic I3
−/IO3

− separation
breakthrough experiments using spiked groundwater and tap
water were conducted to simulate the treatment of con-
taminated water sources. Initially, adsorption kinetics of I3

−

and IO3
− uptake on Co-LDH-NO3

− in contaminated
groundwater and tap water were studied at 25 °C. As ex-
pected, Co-LDH-NO3

− exhibited fast I3
− uptake kinetics,

reaching adsorption equilibrium within 5 min in con-
taminated groundwater and tap water (Figure 4g). No IO3

−

adsorption was observed, suggesting extremely fast separa-
tion efficiencies in contaminated groundwater and tap water.
Equilibrium adsorption results demonstrated that Co-LDH-

Figure 4 (Color online) (a) Equilibrium adsorption isotherms for I3
− on Co-LDH-NO3

−, Co-LDH-Br−, and Co-LDH-ClO4
− in I3

−/IO3
− aqueous solutions. (b)

Equilibrium adsorption isotherms for of IO3
− on Co-LDH-NO3

−, Co-LDH-Br−, and Co-LDH-ClO4
− in I3

−/IO3
− aqueous solutions. (c) I3

− and IO3
− adsorption

kinetics on Co-LDH-NO3
−, Co-LDH-Br−, and Co-LDH-ClO4

− in a solution containing both I3
− (~10 ppm) and IO3

− (~10 ppm). (d) The calculated SE I3
−/IO3

−

for Co-LDH-NO3
−, Co-LDH-Br−, and Co-LDH-ClO4

−. (e) Effect of possible competing anions on I3
− uptake by Co-LDH-NO3

−. (f) Effect of initial pH on the
removal of I3

− by Co-LDH-NO3
−. (g) I3

− and IO3
− adsorption kinetics on Co-LDH-NO3

− in tap water and groundwater containing both I3
− (~10 ppm) and IO3

−

(~10 ppm). (h, i) Experimental column breakthrough curves for separation of I3
−/IO3

− in groundwater and tap water in an absorber bed packed with Co-LDH-
NO3

−. The experimental data in Figure a‒g was obtained by averaging three parallel measurements.
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NO3
− showed excellent uptake capacities of 119.94 and

127.18 mg/g for I3
− in I3

−/IO3
− contaminated groundwater

and tap water, respectively, and very low capture capacities
of IO3

− (Figure S10). Co-LDH-NO3
− further showed out-

standing separation performance and good durability in
contaminated groundwater and tap water, with separation
efficiencies maintained at ~100% after five cycles (Figure
S11). This good performance is attributed to the “special
memory effect” shown by LDHs during the cyclic separation
of I3

− and IO3
− (Figure S12), that is, the interlayer channel

will contract/enlarge slightly as necessary during adsorption-
desorption cycles [58,59]. After the cycling tests, SEM
images showed that Co-LDH-NO3

− retained its initial mor-
phology and crystal structure, implying excellent structural
stability (Figure S13). Next, we examined the dynamic se-
paration performance for IO3

− and I3
− of Co-LDH-NO3

−

through breakthrough experiments (Figure 4h, i). As shown
in Figure 4h, Co-LDH-NO3

− can effectively capture I3
− from

I3
−/IO3

− spiked groundwater under 1 mL/min column elution
conditions, reaching equilibrium after ~40 min, while the
IO3

− was rapidly eluted through the column. The calculated
dynamic adsorption capacity for I3

− reached 15.3 mg/g. The
breakthrough time for I3

− in tap water using Co-LDH-NO3
−

was approximately ~60 min, with the equilibrium dynamic
capacity being 17.6 mg/g (Figure 4i). The lower equilibrium
dynamic capacity in groundwater is due to the higher ionic
strength and more complex composition of groundwater
compared to tap water. Notably, the anion exchange process
was completely reversible, with the adsorbed I3

− being easily
eluted using 30 ppm NaNO3 solutions with negligible sub-
sequent changes in I3

− uptake. The total column sorption
capacity remained unchanged for all four runs of adsorption/
elution (Figure S14). These results revealed that Co-LDH-
NO3

− could efficiently capture I3
− to yield pure IO3

− solutions
under dynamic conditions. The long breakthrough time, high
dynamic capacity, and reusability suggest that Co-LDH-
NO3

− is a very promising adsorbent for use in packed col-
umns to capture and separate iodide from contaminated
water sources.

3.4 Mechanism studies

After demonstrating the excellent IO3
− and I3

− separation
performance, the I3

− and IO3
− separation mechanism was

investigated using experimental approaches and theoretical
calculations. The XPS spectra of used Co-LDH-NO3

−

showed the disappearance of the N signal for interlayer ni-
trate, together with the appearance of I signals, indicating
complete anionic exchange replacement of NO3

− by I3
−

(Figure 5a). The I 3d XPS spectrum showed peaks at 618.8
and 630.3 eV in the 3:2 area ratio, corresponding to the
I 3d5/2 and I 3d3/2 peaks, respectively, of I3

− (Figure 5b)
[60,61]. No IO3

− signals were detected. XPS analysis of Co-

LDH-ClO4
− after the adsorption experiments in I3

−/IO3
−

showed peaks due to I3
− and IO3

− species (the latter having I
3d5/2 = 624.0 eV and I 3d3/2 = 635.5 eV) [62], indicating both
I3
− and IO3

− were adsorbed in the interlayer of Co-LDH-
ClO4

−, consistent with the aforementioned adsorption results
(Figure 5c). Compared with the Co 2p XPS spectra for the
initial Co-LDH-NO3

− material, the Co 2p3/2 and Co 2p1/2
signals were shifted to lower binding energy by 0.7 eV after
the adsorption I3

− (Figure 5d), which is attributed to the
transfer of electron density from I3

− to Co, suggesting the
strong interaction between the LDH host and I3

− guest. Si-
milar results were obtained for Co-LDH-Br− and Co-LDH-
ClO4

− after I3
−/IO3

− adsorption studies, further confirming
strong “host-guest” interaction forces between the LDHs and
I3
−/IO3

− (Figures S15 and S16).
Subsequently, we investigated the ion exchange behavior

between interlayer anions of the LDHs and I3
− ions in solu-

tion using ab initio molecule dynamics (AIMD) simulations.
The ion exchange of interlayer NO3

− by I3
− was visualized

through the simulations. As shown in Figure 5e, after im-
mersion in an aqueous solution containing I3

− and IO3
− anion,

the interlayer region (8.53 Å) of Co-LDH-NO3
− contains I3

−,
NO3

−, and H2O molecules, with no uptake of the larger sized
IO3

− (Figure 5e, 0 ps). I3
− in the interlayer of Co-LDH-NO3

−

migrates toward the positively charged LDHs host layers,
subsequently, electrostatic interactions between I3

− and LDH
host layers are formed (as was seen by XPS). After ~3.0 ps,
the exchange process between NO3

− and I3
− reaches equili-

brium. The NO3
− gradually moved away from the LDH host

and entered the surrounding solution. The distance between
the I3

− ions and the LDH host layer is ~4.86 Å. However, the
distance between I3

− and NO3
− is 14.0 Å, confirming that the

ion exchange process is complete (Figure 5e, f). The ions
exchange processes of I3

− replacing Br− in the interlayer of
Co-LDH-Br− and I3

−/IO3
− replacing ClO4

− in the interlayer of
Co-LDH-ClO4

− were similar to those discussed above except
that Co-LDH-ClO4

− adsorbed both I3
− and IO3

− (Figure 5g, h,
Figures S17 and S18). The ion exchange equilibrium times
are 3.3 and 4.0 ps for Co-LDH-Br− and Co-LDH-ClO4

−, re-
spectively, slower than that of Co-LDH-NO3

− (3.0 ps).
Moreover, Co-LDH-NO3

− possesses the shortest Co-LDH-
NO3

−···I3
− distance of 4.86 Å, indicating a stronger host-

guest interaction. Distances for Co-LDH-Br−···I3
− and Co-

LDH-ClO4
−···I3

− were 5.01 and 10.74 Å, respectively. Taken
together, Co-LDH-NO3

− showed the fastest separation ki-
netics for I3

−/IO3
− from the AIMD simulations, consistent

with the experimental results.
On the basis of the above results, we verified that our

strategy for achieving efficient separation of I3
− and IO3

−

from aqueous solution by tuning the LDH basal spacing to
allow selective anion (I3

−) intercalation. Since Co-LDH-
NO3

− possessed a layer spacing that perfectly matched the I3
−

size and excluded the larger IO3
−, as well as strong “host-
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guest” interaction forces between LDH and I3
−, it showed

extremely fast separation rates and very high selectivity
under various conditions. It is worth mentioning that the
interlayer spacing of Co-LDH-NO3

− can be self-adjusted to
the optimal value within a certain range to accommodate I3

−

whilst maintaining a strong binding affinity. Co-LDH-Br−

with a smaller window size exhibited slower kinetics for the
separation of I3

− and IO3
−. Co-LDH-ClO4

− with larger layer
spacing showed poor I3

−/IO3
− separation efficiency. More-

over, the preparation of Co-LDH-NO3
− could be easily

scaled to 10.1 g in the laboratory (Figure S19), suggesting
the potential for even larger-scale (kg or t scale) production
and application.

4 Conclusions

In this work, a family of cobalt-based layered double hy-
droxides was rationally designed for the separation of I3

−/

IO3
− in aqueous solutions. A Co-LDH-NO3

− adsorbent with
interlayer nitrate ions had an optimal interlayer spacing of
~4.69 Å, allowing selective removal of I3

− from aqueous
solutions by anion exchange (I3

− replacing interlayer NO3
−).

Owing to the strong “host (LDH)-guest (I3
−)” interaction

forces, Co-LDH-NO3
− exhibited super-fast and ~100% I3

−/
IO3

− separation efficiency under various conditions (IO3
−

being larger could not be accommodated in the Co-LDH-
NO3

− interlayer). Co-LDH-NO3
− showed excellent perfor-

mance for the dynamic separation of I3
−/IO3

− from con-
taminated groundwater and tap water. Moreover, the
excellent separation properties of Co-LDH-NO3

− for I3
−/

IO3
−, together with ease of large-scale preparation, suggest

the feasibility of Co-LDH-NO3
− for practical use. Taken

together, our strategy of achieving rapid separation of I3
−/

IO3
− by tuning the basal spacing in LDH materials provides a

new platform for the management of iodine pollutants in
water sources, whilst offering an approach for the separation
and extraction of other anionic contaminants in water.

Figure 5 (Color online) (a) XPS survey spectra for Co-LDH-NO3
−, Co-LDH-Br−, and Co-LDH-ClO4

− after I3
−/IO3

− separation studies. (b, c) I 3d XPS
spectra for Co-LDH-NO3

− and Co-LDH-ClO4
− after I3

−/IO3
− separation studies. (d) Co 2p XPS spectrum for Co-LDH-NO3

− after I3
−/IO3

− separation studies.
(e) Selected snapshots from the molecular dynamics simulation showing the anion exchange process (I3

−) on Co-LDH-NO3
− in aqueous solutions. Time

evolution of the distance between the Co-LDH-NO3
−···I3

− and NO3
−···I3

− (f), Co-LDH-Br−···I3
− and Br−···I3

− (g), Co-LDH-ClO4
−···I3

− and ClO4
−···I3

− (h).
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