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The removal of bromide ions (Br™) from water is critical, as these ions can generate bromate and brominated
disinfection by-products that are toxic, carcinogenic, and corrosive. Previous research has not focused on the
removal of Br~ from water with a heavy presence of chloride ions (Cl7). To address this research gap, we
proposed a defective Zr-based metal-organic framework (MOF) to selectively remove trace Br™ in environments
with high concentrations of Cl”. We demonstrated that the open acidic sites on the secondary building units in a
defective Zr-based MOF-808 (MOF-808-Cl) selectively removed the trace Br~ in the presence of high concen-
tration of Cl™ using varying degrees of electrostatic interactions induced by their own polarizability. The Br™~
removal was performed with the mixed mechanism of ion-exchange and -adsorption, with contributions of
approximately 70% and 30%, respectively. The Br~ was successfully removed when the concentration of CI~ was
100 times higher than that of Br. Our findings demonstrate the potential of MOF-808-Cl for industrial appli-
cations requiring trace ion removal and can provide insights for future research on selective ion removal in a
competitive environment.

treatment, food processing, chemical manufacturing, and semi-
conductor fabrication [17-21]. Particularly in water chlorination, the

1. Introduction

The removal of bromide ions (Br~) from water is emerging as a
critical concern due to its potential for generating bromate and bromi-
nated disinfection by-products, which are toxic, carcinogenic, and cor-
rosive in nature [1-5]. Several processes such as membrane (reverse
osmosis [6], electrodialysis [7]), electrochemical (electrolysis [8],
capacitive deionization [9,10]), and adsorption methods (activated
carbon [11,12], zeolite [13], ion exchange resin [14,15], and coagula-
tion [16]) can be used to remove Br~ from water. Nevertheless, these
methods encounter substantial challenges when deployed in chloride-
dominated contexts, which are prevalent in industries requiring high-
purity salts such as pharmaceuticals, dialysis solutions, water

electrolysis of saltwater can result in bromate formation even with trace
Br~ ions, thus potentially resulting in serious public health risks in
drinking water [22]. The primary challenge in the removal of Br~ from
Cl™ -dominated condition is that the chemical and physical properties of
both ions become less distinct in high concentrations of these competing
ions (Table 1) [23]. Therefore, it is imperative to devise effective
methodologies for differentiating between similar ions, which ulti-
mately facilitate the removal of Br~ from Cl™-rich salt solutions. In this
study, we showed that a defective Zr-based metal-organic framework
(MOF) can selectively remove trace Br~ in high concentrations of CI™
using different degree of electrostatic interaction induced by their own

Abbreviations: MOFs, metal-organic frameworks; DMF, N,N-dimethylformamide; PVB, polyvinyl butyral; SCXRD, Single-Crystal X-ray diffraction; PXRD, Powder
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Table 1
Comparison of Cl and Br.
Cl™ Br
Hydrated radius [107'° m] 0.332 0.330
Tonic radius [107'° m] 0.181 0.198
Polarizability [107° m®] 3.42 4.85

polarizability [24-33]. Specifically, the defective MOF-808-Cl
(Zre(trimesate)z(formate)e(OH)4(p3-O)2C12) was chosen for the trace
Br~ removal, as it has both Lewis and Brgnsted acidic sites on its un-
coordinated sites of secondary building units and Cl™ counter-ions on its
defective sites (Fig. 1) [34-36]. Its structure and counter-ion position
were characterized using single crystal X-ray diffraction and a compo-
sitional analysis. The efficacy of MOF-808-Cl in removing Br~ was
evaluated using ion chromatography (IC). The powder and pelletized
MOF samples were tested for Br~ removal efficiency in both immersion
and penetration systems. We founded that MOF-808-Cl effectively
removed the Br~ in both immersion and penetration conditions,
regardless of it forms. The Br~ removal was performed via the mixed
mechanism of ion-exchange and -adsorption, whose contributions were
calculated to be approximately 70 % and 30 %, respectively. Then, it
was proven that the Br~ was removed in the presence of Cl -dominated
solutions using both powder and pelletized form in conditions of im-
mersion and penetration. The Br~ was successfully removed even when
the concentration of CI~ was 100 times higher than that of Br™.

Previous studies have shown that MOFs can remove Br~ in aqueous
media [19,25]. However, these approaches have focused on structural
and functional designs of MOFs for removing Br~ solely from Br™-only or
-rich environments. To address this research gap, our study focused on
using the defect sites of MOFs to selectively remove Br~ from Cl -
dominated environments using both vacant-site adsorption and substi-
tutional methods. Moreover, we also sought to determine the removal
mechanisms and kinetics along with a detailed structural analysis to
distinguish our approach those of from previous reports.

2. Methods
2.1. Materials

Zirconium(IV) oxychloride octahydrate (ZrOCl,-8H50), trimesic acid
(H3BTQ), acetic acid, formic acid, N,N-dimethylformamide (DMF), the
bromide standard for IC, the chloride standard for IC, and Sigmacote®
were purchased from Sigma-Aldrich (USA). Acetone, ethyl alcohol
(EtOH), and water (HPLC grade) were purchased from Duksan (Republic
of Korea). Poly(vinyl butyral) (PVB) was purchased from Aladdin (USA).

Defective MOF-808 ...
(MOF-808-Cl) .

....................
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All the reagents were used without further purification except for the
materials used in the IC.

2.2. Material preparation

2.2.1. Synthesis of MOF-808-Cl

MOF-808-Cl was prepared using an aqueous reflux method. In a 250
mL round-bottom flask, zirconium(IV) oxychloride octahydrate (5.9 g,
3.4 mmol) and trimesic acid (1.1 g, 5.2 mmol) were dissolved in
deionized water (14.02 mL). Acetic acid (2.95 mL) was added as a
modulator. The mixture was heated to 97 °C and maintained under
reflux with vigorous stirring for 12 h. Following the reaction, the
resulting white suspension was separated and washed with deionized
water. MOF-808-Cl powder was obtained by drying the product in a
vacuum oven at 75 °C overnight.

2.2.2. Pelletization of MOF-808-Cl

The MOF powder was pelletized using PVB (M.W. 90,000-120,000)
as the binder [37-39]. First, PVB (4.0 g) was dissolved in ethanol via
sonication until a transparent solution was obtained. The MOF-808-Cl
powder (40 g) was added to the PVB solution. The mixture was then
thoroughly blended using a planetary mixer to obtain a homogeneous
white slurry. To ensure an optimal viscosity for extrusion, the slurry was
adjusted through drying in a 60 °C oven or adding more ethanol as
needed. The prepared slurry was extruded into uniform strands and cut
into the desired lengths. These extruded pellets were vacuum-dried at
75 °C overnight to remove any remaining solvent, resulting in well-
formed MOF-808-Cl pellets.

2.2.3. Synthesis of MOF-808-Cl single crystal

To analyze the structure of the MOF-808-Cl using single crystal X-ray
diffraction, it was synthesized as a single crystal. Before the synthesis,
the inner surface of a 20 mL glass vial was treated with Sigmacote®
siliconizing reagent, thoroughly washed with acetone, and dried in an
oven at 100 °C for 1 h. This process was intended to minimize nucleation
during crystal growth. In the prepared vial, zirconium oxychloride
octahydrate (0.032 g, 0.10 mmol) and trimesic acid (0.022 g, 0.10
mmol) were dissolved in 2.0 mL of DMF and 4.0 mL of formic acid. The
mixture was then heated at 100 °C oven for 7 d. After the reaction, the
product was washed with DMF and acetone to yield visible individual
crystals of MOF-808-Cl [40].

2.3. Characterization

The surface morphology and particle size of the MOF-808-CI powder
and pellets were examined using field-emission scanning electron
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Fig. 1. Schematic illustration showing the trace Br~ removal mechanism via both ion-exchange and ion-adsorption within the defective MOF-808 (MOF-808-Cl)
structure. Zr: blue, C: black, O: red, Cl: green, Br: orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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microscopy (JEM-7600F, JEOL) at the Chronic and Metabolic Diseases
Research Center of Sookmyung Women’s University. Powder samples
were dispersed in acetone and deposited onto a silicon wafer on the
holder, whereas pelletized samples were mounted with copper tape to
allow analyses of all sides and cross-sectional views. Scanning electron
microscopy (SEM) imaging was performed in the GB_.LOW mode with a
scan voltage of 3.8 kV.

Powder X-ray diffraction (PXRD) patterns were obtained using a
Bruker (Germany) D8 Advanced (TRIO/TWIN) instrument at 1.6 kW
(40 kV and 40 mA) at the Chronic and Metabolic Diseases Research
Center of Sookmyung Women’s University. X-rays were scanned at
0.02°/min over a 20 range from 3° to 40° using the silicon low back-
ground holders. The pelletized samples were ground into powder prior
to measurement.

Nitrogen adsorption measurements were performed using a
BELSORP-max gas adsorption analyzer (MicrotracBEL Corp.). Both
powder and pellet samples were pretreated via evacuating at 75 °C for
24 h under a dynamic vacuum before analysis. Ultrahigh pure Ny
(99.999 %) was used for the N gas sorption analysis.

An ion chromatography (IC) analysis was performed using a Dionex
ICS-5000 system (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a conductivity cell detector. Separation was performed
using an analytical AS19 column (4 x 250 mm) at a flow rate of 1.0 mL/
min. The mobile phase was generated using an Eluent Generator Car-
tridge (KOH), and the injection volume of samples was set at 25 pL.

Single-crystal diffraction data were obtained using the 2D SMC
beamline at the Pohang Accelerator Laboratory, South Korea. The
diffraction data were collected using a synchrotron radiation source (2D
SMC with a silicon (111) double-crystal monochromator, A = 0.80000 ;\)
on a Rayonix (USA) MX225HS CCD at low temperatures (100(2) K). The
PAL BL2D SMDC program [41] was used for data collection (detector
distance: 66 mm, omega scan; A® = 1°, exposure time: 1 s per frame),
and the HKL3000sm (ver. 703r) [42] software was used for cell refine-
ment, reduction, and absorption correction. The crystal structure was
predicted using direct methods and refined via full-matrix least-squares
refinement using the SHELXL-2019 computer program [43]. The posi-
tions of all non-hydrogen atoms were refined using anisotropic
displacement factors. All hydrogen atoms were placed using a riding
model, and their positions were constrained relative to their parent
atoms using the appropriate HFIX command. The crystallographic data
and refinement results are summarized in Table S1. The supplementary
crystallographic data for this study can be found in CCDC-2382956. The
data can be obtained free of charge from https://www.ccde.cam.ac.
uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033; deposit@ccdc.cam.ac.uk).

2.4. Ion removal experiments

To test the CI~ and Br~ ion removal performance of MOF-808-Cl,
MOF samples were pre-treated in a vacuum oven at 75 °C overnight to
remove any residual moisture and stabilize the samples. Depending on
the experimental conditions, MOF powder or pellet samples were used.
The solvent containing the ions was prepared by diluting 1,000 ppm Cl1~
or Br™ standard solutions for IC. Furthermore, 10 mL of solvent was used
in this study and contained either Br™ or Cl™ ions, or a mixture of both
ions.

For the immersion tests, the MOF samples were soaked in each sol-
vent in cylindrical tubes for 2 h or as specified. After the immersion, the
supernatant was centrifuged to separate the MOF. For the penetration
test, the MOF samples were packed into a 12 mL syringe fitted with a
0.22 pym PTEFE filter, and the solvent was passed through and collected.
After both processes, the remaining solution was filtered through a 0.22
um PTFE filter before and after the final ion concentration analysis. The
ion removal efficiency of MOF-808-Cl was calculated by comparing the
remaining ion concentration with the initial concentration using ion
chromatography. This value was calculated wusing the
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following equation:

C—C
Removal Efficiency(%) = e :

x 100 (€]

i

where C; is the initial ion concentration (ppm) and C is the residual ion
concentration for each run. For Cl~, C; was determined by subtracting
the baseline concentration C; (the concentration of counter ion leached
into water) from the concentration measured after the experiment.
Furthermore, for the sequential immersion test, the MOF was
immersed in the solvent and centrifuged, and the supernatant was
collected after each sequence, with the unexposed MOF added for sub-
sequent sequences. For the sequential test of penetration, a syringe with
a 0.22 um PTFE filter containing MOF was used to inject the solvent,
with the filtrate collected and an unexposed MOF filter assembly used
for subsequent sequences. After each sequence, the remaining ion con-
centration was measured, and the ion removal efficiency of MOF-808-Cl
was calculated through a comparison with the initial concentration.

3. Results and discussion
3.1. Characterization

MOF-808-Cl was synthesized using zirconium(IV) oxychloride octa-
hydrate and trimesic acid in water under reflux. After washing with
water and drying in the vacuum oven, the resulting MOF-808-Cl, ob-
tained as a white powder, was shaped into pellets using PVB as a binder.
PVB was dissolved in ethanol, and the MOF powder was added and
mixed to form a white slurry. The slurry was then extruded into uniform
strands and cut into pellets.

The morphology of the MOF-808-Cl powder and pellets were
analyzed using SEM. As shown in the SEM images (Fig. 2a), the MOF-
808-Cl particles were ca. 6.5 pm in diameter and octahedrally-shaped
with eight facets. No side-products or organic residues were observed.
After the extrusion process, the pellets were cylindrical with a diameter
of approximately 2.5 mm and a height of approximately 2-3 mm (Fig. 2b
and Fig. S1). The morphology of each MOF-808-Cl particle was main-
tained after pellet formation. Both the particles in the powder and pellet
forms exhibited a similar size and morphology (Fig. S2).

The crystallinities of the MOF-808-Cl powder and pellets were
evaluated using PXRD. The PXRD patterns of the MOF-808-Cl powder
exhibited sharp, high-intensity peaks that aligned with the simulated
pattern of MOF-808. The peaks at 4.35°, 8.33°, and 8.70° corresponded
to the (111), (311), and (222) facets of the MOF-808 structure, respec-
tively. These results confirmed the successful synthesis of MOF-808-Cl
with high crystallinity and a structure consistent with MOF-808. The
PXRD pattern of the resulting MOF-808-Cl pellets retained identical
peak positions and intensities, indicating that the PVB binder used
during pelletization did not affect the crystal structure of MOF-808-Cl
(Fig. 2c). This observation confirmed that the extrusion process did
not induce any loss of crystallinity. Additionally, the pellets exhibited
stability in water without disassembling particles and losing crystallinity
(Figs. S3 and S4). This dynamic occurred because both MOF-808-Cl and
the PVB binder are not soluble in water and have a stable chemical
structure. Therefore, MOF-808-Cl pellets can be used for robust func-
tions in water.

The permanent porosity of the MOF-808-Cl was verified by
measuring nitrogen gas sorption isotherms (Fig. 2d). The Bru-
nauer-Emmett-Teller (BET) surface areas of MOF-808-Cl powder and
pellets were 1464.3 and 1080.5 m?/g, respectively. (Table S2). The
amount of Ny sorption and BET surface area of the pellet samples were
lower than those of the powder samples. This difference occurred
because the PVB binder attached to the surface of the crystals or occu-
pied part of the pores in MOF-808-Cl. However, the average pore size of
the pellets was similar to that of the powder, indicating that the function
of the MOF-808-Cl micropores was expected to be similar in the pellets.
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Fig. 2. Characterization of MOF-808-Cl. (a) SEM image of MOF-808-Cl powder. (b) Standard and SEM images of MOF-808-Cl pellet. (c) PXRD patterns of MOF-808-
Cl powder and pellet. (d) N, adsorption isotherms at 77 K for MOF-808-Cl powder and pellet. (e) Crystal structure of MOF-808-Cl that resulted from its single crystal
X-ray diffraction. Zr: blue, C: black, O: red, Cl: green, Br: orange. (f) Concentration of Cl~ within the MOF structure after washing MOF-808-Cl. (g) Amount of C1~
released per mol of MOF-808-Cl with MOF concentration in water. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

3.2. Presence of Cl” in MOF-808-Cl

Counter-ions exist in the defective MOF-808 structure to balance the
charge on the secondary building units [44-46]. A single crystal of MOF-
808-Cl was prepared to be 40 ym in diameter and analyzed to determine
its structure and compositions (Fig. S5). A single-crystal structure
analysis suggested that vacant sites existed in the MOF due to occupancy
refinement. Although most oxygen atoms had full occupancy, the p3-0
atom had a smaller occupancy because of the defect sites in the MOF,
resulting in the chemical formula [Zry(trimesate), /3(formate)2(OH)2(u3-
0)2/3] @3+ (Table S1). Owing to the vacant sites (or defect sites) of the
13-0 atom in the MOF, other counter-ions were expected to be present in
the MOF to render the MOF charge-neutral. As ZrOCl, was used as a
metal source of the MOF, the Cl™ present in the MOF was expected to be
a counter-ion. The presence of Cl~ was confirmed by the IC experiment,
and 2/3 of the Cl™ ion was added to the chemical formula to compensate
for the charge balance of the framework. This addition resulted in the
chemical formula of [ng(trimesate)2/3(formate)2(0H)2(p3-0)2/3(312/3],
where the occupancy of the detection sites and Cl~ ions were refined,
and the number of atoms were confirmed. In addition, the molar ratios

of Zr** and CI™ (2.7:1), which was quantitatively analyzed by ICP-OES
and IC, respectively, matched the ratio of the chemical formula calcu-
lated from its X-ray crystal structure (3:1). In the crystal structure, the
Cl™ was identified in the tetrahedral cage of the MOF on the symmet-
rically generated four sites with a partial occupancy (0.16) (Fig. 2e).
Despite the limited space in the tetrahedral cage for the movement of
Cl", the aperture and inner cavity size (3.50 and 6.3 10\) allowed the
accommodation and exchange of Cl~ with the other ions, considering
the size of the hydrated Cl™ ion (3.32 10%).

After the synthesis of the MOF-808-Cl, the excess Cl™ ions existed in
the pores and was washed out using ion diffusion in water. The super-
natant water containing the as-synthesized MOF-808-Cl powder had a
high concentration of C1™ (Fig. 2f). However, the amount of Cl™ released
from the MOF-808-Cl powder remained similar even after repeated
washing processes (Table S3). This result indicates that some Cl™
counter-ions bound to the MOF-808-Cl structure within the pore could
be exchanged with water molecules, achieving ionic equilibrium with its
surrounding media. This dynamic was also proved by the number of C1~
ions released per mole of MOF increasing as the concentration of MOF-
808-Cl in the water decreased (Fig. 2g). MOF-808-Cl particles should
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release elevated amounts of Cl~ ions when their concentration is low to
ensure ionic equilibrium in a certain amount of water. These results
indicate that the sites previously occupied by Cl™ in the structure can be
vacated in aqueous environments and that the CI™ remaining in the
structure can provide potential sites for ion exchange with other anions.

3.3. Ion removal performance in solutions containing Br~ or Cl~

The ion removal performance of MOF-808-Cl was tested by
immersing and penetrating the MOF powder and pellet in an aqueous
solution containing either Br~ or Cl™. For the penetration measure-
ments, each powder and pellet sample were packed into cylindrical
tubes, and an aqueous solution was introduced to flow throughout the
samples. Specific concentrations of Br~ and Cl~ were prepared by
diluting a 1,000-ppm standard solution for IC and measured by IC before
and after MOF-808-Cl treatment.

We compared the ion removal performance of MOF-808-Cl for Br™~
and Cl". The ion removal efficiency of immersion was evaluated in
aqueous solutions containing only Br™ at initial concentrations of 1, 10,
and 20 ppm or only Cl™ at 20 ppm. The MOF powder was immersed in
10 mL solution and removed after 2 h, and the remaining ion concen-
tration was measured and compared with the initial concentration.
When the amount of MOF-808-Cl was less than 50 mg, the Br~ the
removal efficiency with the MOF amount increased sharply; however,
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90
80
70
60
50
40-
30
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above 50 mg, the slope of the increase flattened (Fig. 3a). The Br~
removal efficiency for the initial concentrations of 1 ppm was low (72.4
%), and was similar for higher initial concentrations (83.5 and 82.9 %
for initial Br~ concentrations of 10 and 20 ppm, respectively, with 50 mg
of MOF-808-Cl). However, the Cl™ removal efficiency with 50 mg of
MOF-808-Cl was lower than the Br~ removal efficiency (82.9 %),
reaching only 28.4 % for an initial concentration of 20 ppm. We spec-
ulated that the higher removal efficiency of Br~ occurred because it
utilized both vacant site adsorptive and substitutional removal mecha-
nisms. For the vacant site adsorption, the Zr-oxide units with a positive
charge interacted initially with hydroxyl ions upon contact with water
and subsequently exchanged with Br™ and Cl™ ions. However, only Br™
could also be removed substitutionally with existing Cl~ inside of MOF-
808-Cl pores using its higher polarizability (Table 1) [23,24,26]. To
determine the time required for sufficient Br~ removal, we tested its
removal efficiency for varying immersion times in the 20 ppm Br~ so-
lution. MOF-808-Cl powder (50 mg) was immersed for 1, 3, 5, 10, 30,
60, and 120 min, and the Br~ concentration was measured after
removing the MOF. Within 1 min, the Br~ removal efficiency was 87.1 %
and then remained constant, indicating that its removal rate is suitable
for use in a flowing MOF filter system (Fig. 3b).

We analyzed the ion-exchange ratio between Cl~ and Br™ to under-
stand the Br~ removal mechanism of MOF-808-Cl. This analysis was
performed by comparing the initial and final concentrations across all
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Fig. 3. Ion removal performance of MOF-808-Cl in solutions containing either Br~ or Cl™. (a) Br™ removal efficiency of MOF powder (25, 50, 75, 100, 200, and 300
mg) in Br™-only solutions (C;s: 1, 10, and 20 ppm; immersion system) and Cl~ removal efficiency of MOF powder in Cl -only solutions (C;¢;: 20 ppm; immersion
system). (b) Br~ removal efficiency of MOF powder in Br -only solutions (contact time: 1, 3, 5, 10, 30, 60, and 120 min; C;5: 20 ppm; immersion system). (c)
Sequential tests for Br~ removal efficiency of MOF powder and pellet in Br™-only solutions (C;p,: 20 ppm; immersion system). (d) Sequential tests for Br~ removal
efficiency of MOF powder and pellet in Br™-only solutions (C;g-: 20 ppm; penetration system).
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measurement points, as shown in Fig. 3b. On average, the Br~ concen-
tration decreased by 17.87 ppm, whereas the Cl~ concentration
increased by 5.56 ppm (Table S4). Regarding the number of ions, every
one Cl™ ion was released with the removal of 1.43 Br~ ions. Approxi-
mately 70 % of the Br~ was removed by the substitutional mechanism of
defective sites, whereas the adsorption mechanism of vacant sites
removed the remaining 30 %.

A sequential test was also conducted to demonstrate complete
removal in repeated immersion processes with both powder and pellet
samples. Each MOF-808-Cl powder (1 g) and pellet (1 g) sample was
tested in separate batches by immersing them in Br~ 20 ppm solutions
for 2 h. The Br™ removal efficiency was then determined by comparing
the initial and final concentrations after each sequence. After three
steps, the Br™ removal efficiency was 100 % for both powder and pellet
samples (Fig. 3c). The Br™ removal efficiency for each step decreased
with the sequential process (Table S5), which aligned with the results
observed for the lower initial concentrations in Fig. 3a. Furthermore, the
particle density of the pellet was controlled by applying pressure in
pelletizing process to investigate the effect of packing density on the Br™
removal efficiency. The results in Table S6 showed that the higher
packing density of the pellet has the lower efficiency. The pellets having
the packing density higher than 1 g/cm® showed the similar removal
efficiency. A penetrating sequential test was performed to evaluate the
Br~ removal performance under practical conditions where fluids
flowed through the materials. Each powder (50 mg) and pellet (1.0 g)
sample of MOF-808-Cl was packed into a syringe and passed through a
20 ppm Br~ solution. The existing solution was then introduced into
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60 °
50- ﬁ

40

30
20
104
0

Removal efficiency of Br™ (%)

—@— powder in Cl 100 ppm + Br x ppm (immersion)
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(c) 100
90-
80-
704
60-
50-
401
304

20
10 —@— powder in Cl 100 ppm + Br 20 ppm (immersion)
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Removal efficiency of Br™ (%)

2 3
Number of sequence

-
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another syringe filled with the MOF samples that had not been exposed
to the solution. After each sequence, the Br~ concentration in the filtered
solution was compared with the initial concentration. For the powder
samples, the Br™ removal efficiencies were 91.2, 98.1, and 98.4 % in the
first, second, and third steps, respectively. However, the pellets exhibi-
ted lower efficiencies of 30.1, 39.1, and 64.3 % (Fig. 3d). The low effi-
ciency for the pellets likely resulted from the void inter-pellet space,
which did not provide sufficient contact opportunities for Br~ ions. Even
though a smaller amount of powder (50 mg) was used compared with
larger amounts of pellets (1.0 g), the flow resistance during penetration
was much lower for the pellets, resulting in a faster solution passage.
Consequently, the opportunities for adequate contact between Br~ and
the pellet surface were insufficient, thereby limiting the removal effi-
ciency. This issue must be addressed when optimizing the pellet size and
packing density in future processes. Additionally, the sequential tests
focused on determining the number of processes needed for complete
Br~ removal. To enhance reusability of the MOF-808-Cl, future studies
should explore regeneration methods, such as mild chemical treatments
or controlled thermal processes, to preserve the MOF-808-Cl’s structural
and functional integrity for practical applications.

3.4. Selective Br~ removal performance in Cl™-dominated solution

To investigate whether Br™ could be effectively removed from Cl -
dominated solutions, the solutions containing Cl~ (100 ppm) and Br—
(20 ppm or lower) were prepared. This was achieved by preparing in-
dividual solutions of Cl~ (200 ppm) and Br~ (40 ppm or lower) and

(b) 100
—~ 904
80+
70
60
SOI.‘H Y
40
30+
20+
10+ —@— powder in C1 100 ppm + Br 20 ppm (immersion)

0 ‘ T T T T T
0 20 40 60 80 100 120
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Removal efficiency of Br™ (%

(d) 100

~ 901
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10 —@— powder in C| 100 ppm + Br 20 ppm (penetration)
—@— npelletin CI 100 ppm + Br 20 ppm (penetration)
0 T T T
1 2 3

Number of sequence

Removal efficiency of Br™ (%

Fig. 4. Br removal performance of MOF-808-Cl in Cl -dominated solutions. (a) Br~ removal efficiency of MOF powder at various initial Br~ concentrations (C;z,: 1,
3, 5, 10, and 20 ppm; C; ¢;: 100 ppm; immersion system). (b) Br~ removal efficiency of MOF powder in various process time (contact time: 1, 3, 5, 10, 30, 60, and 120
min; Cjp-: 20 ppm; Ci¢: 100 ppm; immersion system). (c) Sequential tests for Br~ removal efficiency of MOF powder and pellets (C;p,: 20 ppm; Cj¢: 100 ppm;
immersion system). (d) Sequential tests for Br~ removal efficiency of MOF powder and pellets (C;: 20 ppm; C;: 100 ppm; penetration system).
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mixing them. The Br~ removal performance was also tested by
immersing and penetrating MOF-808-Cl powder and pellet samples in
the mixed solution, following the same procedure outlined in Section
3.3.

The CI™ (200 ppm) and Br™ (2, 6, 10, 20, and 40 ppm) solutions were
mixed to make 1, 3, 5, 10, and 20 ppm of Br™ in the solution containing
100 ppm of Cl™. The Br™ removal efficiencies of the 50 mg of powder
sample were 44.1, 53.2, 57.8, 60.2, and 61.0 % for the initial concen-
trations of 1, 3, 5, 10, and 20 ppm Br™ in the presence of 100 ppm CI,
respectively (Fig. 4a). These results indicate that Br~ was successfully
removed selectively even in the presence of Cl -dominated solutions.
The removal efficiency of Br~ was lower (61.0 % at 20 ppm Br™)
compared to that when only Br~ was present (Fig. 3a); this difference
likely occurred because Br~ can only be removed by the substitution
mechanism in the dominated presence of Cl”. Some Cl~ was also
removed from the solution probably using the ion-adsorption mecha-
nism. To determine the time required for Br~ removal in a Cl”-domi-
nated solution, we assessed Br~ removal efficiency over different
immersion times in a solution containing both C1~ (100 ppm) and Br™~
(20 ppm). MOF-808-Cl powder (50 mg) was immersed for 1, 3, 5, 10, 30,
60, and 120 min, and Br~ concentration was measured after MOF was
removed. The Br™ removal efficiency was 59.1 % within 1 min and then
remained similar (Fig. 4b). This result suggests that the required time for
Br~ removal remained similar with the Br~ only condition (Fig. 3b),
even under Cl -dominated conditions. In addition, we performed a
sequential test with the powder and pellet forms of MOF-808-Cl. In the
immersion-type measurements, the removal efficiencies reached 100 %
for the powder and 98.3 % for the pellets after three sequences (Fig. 4c).
In the penetration measurement, the Br~ removal efficiencies were 94.6
and 61.1 % for powder and pellet samples, respectively, after the third
step (Fig. 4d). Despite the dominant presence of Cl~, the Br~ removal
using the MOF-808-Cl were successful, and their kinetic and sequential
performances were comparable to those observed when only Br~ was
present.

4. Conclusions

This study demonstrated the selective removal of bromide ions (Br™)
from chloride ions (Cl™)-dominated solutions using the defect sites of
MOF-808-Cl. Structural analysis confirmed the presence of Cl™ in defect
sites of MOF-808-Cl, and subsequent experiments with both powder and
pellet forms indicated a preferential removal of Br~ over Cl™ in aqueous
environments. The removal mechanism was identified as a combination
of vacant-site adsorption (30 %) and substitutional removal (70 %)
leveraging the differences in polarizability between the two ions.
Notably, effective Br~ removal occurred even in conditions where the
concentration of CI~ was 100 times greater than that of Br—. These
findings highlight the potential of MOF-808-Cl as an effective material
for the selective extraction of Br~ from complex ionic solutions, thereby
facilitating further advancements in water treatment technologies.
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