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Abstract

Rubidium (Rb) is a highly priced metal due to its scarcity in ore form. Seawater is a promising
alternate source for recovering Rb. Potassium copper hexacyanoferrate (KCoFC) ion exchange
nanomaterial achieves high selective Rb recovery in seawater, however, high potassium in
seawater impairs its performance. To overcome this drawback, this study manipulated the structure
of KCoFC by grafting zeolitic imidazole frameworks (ZIF) with KCoFC, synthesizing
KCoFC@ZIF. Detail physicochemical characterization analysis showed the successful synthesis
of KCoFC@ZIF. KCoFC@ZIF increased the materials surface area but reduced the pore diameter
and this was influenced by 2-methylimidazole (HMIM) concentration. Reducing HMIM
composition to a ratio of KCoFC:HMIM:Zn 1:12:5 (KCoFC@ZIF(d)) achieved a reasonable
balance in increasing the material surface area by 63% to that of KCoFC while reducing the pore
diameter by only 30%. Rb uptake capacity of KCoFC@ZIF(d) (Langmuir Q.x 1279.35 mg/g),
was 8-folds higher with accelerated kinetics compared to KCoFC (Qpax 143.31 mg/g). In seawater,
both KCoFC and KCoFC@ZIF(d) exhibited about 45% capacity reduction due to the presence of
potassium. Nevertheless, due to KCoFC@ZIF(d)’s high Rb selective capacity, it was still able to
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maintain a relatively high Rb uptake of 236 mg/g in seawater, highlighting its feasible application
for Rb extraction in seawater. KCoFC@ZIF(d) enabled to maintain closely similar peak structure
after five consecutive operative cycles, establishing the materials regenerative efficiency. Overall,
it can be indicated that KCoFC@ZIF’s selective Rb uptake is controlled by KCoFC while grafted
ZIF layer acts as a catalytic layer that increases the surface area and ion dehydration to enhance

Rb diffusion into the core structure of KCoFC.

Keywords
Rubidium; Zeolitic imidazole framework; Nanomaterial; Potassium cobalt hexacyanoferrate;

seawater

Introduction

Rubidium (Rb) is a highly priced metal, which can be used in fiber optics, laser technology and
telecommunication. The high price of Rb (USD 14720/kg), compared to metals in high demand
like lithium (Li, USD 10/kg) [1], is attributed to the rarity of recovering Rb in land mining form.
Land mining does not yield Rb as an element in its pristine form. Instead, it is found as a fraction
of various ores like Iepidolite (KLiAl(AlSi);0,¢(F,OH),), pollucite, muscovite
(KAIL[AISi3040](OH),), zinnwaldite (KAl(Fe,Li)(Si3Al)OoF;), Li mica containing approximately
3.5% Rb,0, and (Cs,Na),Al,Si;01,.2H,0 containing iron, potassium and calcium with
approximately 1.4% Rb,O [2, 3]. Therefore, recovery of Rb requires several intricate steps

involving precipitation, evaporation and crystallization.

The challenges to recovering Rb in land ore form have motivated Rb recovery from alternative
water sources, such as salt lakes, seawater and its related brine [4-7]. Although Rb concentration
is low in seawater (0.18 - 0.20 mg/L), due to the extensive and renewable amount of seawater, the
total amount of Rb in seawater (~2.5 x 10'! tonnes) exceeds that of land ores [4, 8]. Another
attractive aspect of Rb recovery from seawater is that it is comparatively more sustainable than the
environmentally detrimental Rb rock mining, which requires complex mechanical and chemical
processes. Moreover, the recovery of economically valuable Rb from seawater desalination brine
before being directed back to the ocean may provide additional revenue to offset brine treatment

costs [5].
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Various kinds of inorganic nanomaterials have been evaluated for selective recovery of alkali
metal from brine, such as prussian blue [9], natural zeolite [10], potassium metal hexacyanoferrate
[11, 12], mesoporous silica [13] and titanium silica [14]. In this regard, the high-performance
capacity of potassium metal hexacyanoferrate for maintaining selective Rb recovery over other
major ions in high salinity seawater brine has been well established [5, 11, 12]. In a previous study
using potassium cobalt hexacyanoferrate (KCoFC) nanomaterial, Naidu et al. [11, 12] attributed
the high Rb selective capability to the ion exchange mechanism between Rb that can penetrate the
crystal lattice of KCoFC and displace potassium (K) in the lattice, as these two ions have closely
similar ionic radii. Nevertheless, one of the main drawbacks here is the significant reduction of Rb
sorption in the existence of K because of the ion saturation effect. For example, Naidu et al. [11]
reported a significant reduction in Rb sorption by 65-70% with seawater brine compared to model
Rb solution due to the high presence of K over Rb (Rb: K molar ratio = 1: 7700) in brine. It is
essential to mitigate this limitation to make Rb recovery with KCoFC an economically feasible

option.

Manipulating the structure and surface of KCoFC could potentially enhance and maintain a high
selective capacity for Rb recovery from seawater in the presence of K. Grafting metal-organic
frameworks (MOFs) to KCoFC may offer the potential to manipulate the nanomaterial structure.
This is because nanoporous MOFs offer extremely diverse and flexible structures depending on
the metal ions and organic linkers that are used to coordinate them. In this regard, previous studies
have explored the application of nanomaterial grafting with MOFs for enhancing the recovery of
alkali metals, such as Li and Rb. Park et al. [15] fabricated copper phosphonate MOF-alginate
nanomaterial and attributed its functional groups to attaining higher Li recovery. In another study,
Tian et al. [16] reported the favourable and rapid selectivity of Rb in an aqueous solution by
synthesizing carboxymethyl cellulose Fe;O4 nanomaterial with zeolitic imidazolate frameworks
(ZIF) MOF. Specifically, the usage of ZIF MOFs for enhancing ion transportation in nanomaterials
and nanochannels of membranes has been attributed to its versatile manipulation capacity, stability
and narrow pore size cavities of ZIF (range of 5-10 A) that closely matches that of alkali metals
like Liand Rb [16, 17]. ZIF is in the category of microporous MOF that is composed of zinc metal
clusters with ligands of 2-methylimidazole (HMIM) as binding organic linkers [18-20]. The
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composition of ZIF with a strong 145° binding angle between the organic linker and metal cluster
mimics the same morphology of oxygen and silica in aluminosilicate natural zeolites. Therefore,
in many ways, ZIF shares similar cage-like morphology and structure to natural zeolite with
additional benefits of MOF features, such as significantly high surface area and tunable pore size.
The potential of grafting ZIF with KCoFC (KCoFC@ZIF) to increase its selective adsorption
capacity has not been explored to date. By combining KCoFC with ZIF, it is anticipated that
KCoFC nanomaterial could possess properties with high surface area, ultrahigh porosity through
ordered crystalline pores and tunable pores, structural flexibility and adaptivity. These

characteristics are anticipated to maintain high Rb selectivity in the presence of K.

Hence, this study aims to fabricate a hybrid MOF nanomaterial with ZIF and KCoFC (KCoFC@
ZIF) to increase Rb selective capacity in the presence of K in seawater compared to conventional
KCoFC. Several different synthesis methods were carried out to identify the optimum composition
of KCoFC@ZIF. An in-depth structure and chemical characterizations were carried out to verify
the synthesized nanomaterial. Factors that influence the performance of the produced KCuFC@
ZIF for Rb recovery were examined and a detailed study was carried out on the capacity of
KCoFC@ZIF for selective recovery of Rb from seawater. The performance trend and
characterization analysis of the nanomaterial were used to build an insight into the mechanism of
KCoFC@ZIF towards selective Rb recovery. The feasibility of recovering Rb with KCoFC@ ZIF

was established by multiple reuse/regenerative tests.

2. Material and methods

2.1 Chemicals

2.1.1 Synthesis of potassium cobalt hexacyanoferrate, KCoFC

Potassium cobalt hexacyanoferrate (KCoFC) was synthesized in the laboratory according to the
procedure mentioned in our prior study [12]. First, 50 mL of 0.5 M potassium ferrocyanide
trihydrate (K4Fe(CN)g3H,O) was stirred with 120 mL of 0.3 M cobalt nitrate hexahydrate
(Co(NO3),-6H,0) for an hour at room temperature (25+£1°C). Then, the mixture was centrifuged
and washed three times with deionized water. Lastly, it was placed overnight in an oven at 115 °C
to obtain dried KCoFC material. All chemicals used in this study were analytical grade and

procured from Merck Chemical Co., Germany.
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2.1.1 Synthesis of KCoFC@ZIF nanomaterial

The prepared KCoFC was ground and sieved to obtain particle size between 0.3 mm to 0.45 mm.
Zinc nitrate hexahydrate (Zn(NOs3),-6H,0) and 2-methylimidazole (HMIM) from Merck Chemical
Co. (Germany) were used to synthesize KCoFC@ZIF nanomaterial using the synthesis protocol
reported by Min et al. [18]. First, a certain amount of HMIM was added to a 250 mL beaker
containing a desired quantity of the synthesized KCoFC with 50 mL ethanol and stirred for 10 min
at room temperature. Then, zinc nitrate hexahydrate was incorporated to the mixture and mixed
for 1 hr. The synthesized KCoFC@ZIF contained a molar ratio of KCoFC: HMIM:
Zn(NO;3),.6H,0 of 1 : 30 : 5. Next, the mixture was centrifuged for 20 min at 8000 rpm to collect
the solid material, which was then washed with ethanol three times, and placed in an oven at 85

°C to dry overnight.

2.1.1.1 Influence of HMIM concentration on KCoFC

In order to study the influence of HMIM on KCOFC, apart from the KCoFC: HMIM:
Zn(NO3),-6H,0 of 1 : 30 : 5 (for simplicity this composition is referred to as KCoFC@ZIF(a)),
several ratios of KCoFC: HMIM: Zn(NO;),-6H20 at different HMIM concentration were
synthesized (Table 1) and evaluated in detail.

Table 1 Synthesis of KCoFC@ZIF with different doping amount HMIM organic functional group

Nanomaterial KCoFC : HMIM : Zn(NOs),.6H,0 KCoFC (mmol) HMIM (mmol) Zn(NO3),.6H,0O

label ratio (mmol)
KCoFC@ZIF(a) 1:30:5 1 30 5
KCoFC@ZIF(b) 1:50:5 1 50
KCoFC@ZIF(c) 1:20:5 1 20 5
KCoFC@ZIF(d) 1:12:5 1 12 5
KCoFC@ZIF(e) 1:8:5 1 8 5

2.1.2 Solutions
RbCl, KCI, CaCl,, MgCl,, and NaCl analytical grade chemicals were purchased from Merck
Chemical Co. (Germany). Stock solutions of 1000 mg/L Rb, K, Ca, Mg, and Na were prepared
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separately by dissolving the chloride salts in Milli-Q water. The solutions for experiments were

prepared from dilution of these stock solutions.

2.2 Characterization methods
The crystalline structures of KCoFC and KCoFC@ZIF materials were characterized by X-Ray
diffractometer (Bruker D8 Discover) using Cu Ka radiation. The powder sample was collected

and scanned at a resolution of 0.04 °/s in the 26 range from 5° to 50°.

The surface morphology of KCoFC and KCoFC@ZIF nanomaterials were investigated using
scanning electron microscopy (SEM, Zeiss Supra 55VP) with an acceleration voltage of 10 kV
both before and after the Rb adsorption process. Samples were thoroughly dried under an active
vacuum for 12 hours to remove all the residual solvent prior to the characterization. The samples
were sputter coated with Au/Pd alloy with 10 nm thickness to suppress the charging on the surface.
Energy dispersive X-ray spectroscopy (EDX) was utilized to investigate the elemental composition
of the nanomaterials using an X-ray detector (Oxford Instruments). Transmission electron
microscopy (TEM, FEI Tecnai G2 20, 200 kV) was performed to resolve the interfacial structure
and elemental composition of the composite particles. Powder samples were dispersed in DI water
followed by shaking in a 1.5 mL Eppendorf tube. Supernatant of the solution was collected by
micropipette and a droplet of the solution was applied on a Formvar supported TEM grid. The
specimen was thoroughly dried in a vacuum oven maintained at 80 °C overnight to remove

moisture.

Nitrogen adsorption-desorption on KCoFC@ZIF material was investigated using a BET surface
area analyser with nitrogen as the gaseous adsorbate (Micromeritics TriStar II Plus, Australia).
The specific surface area (Sggr) was evaluated by employing the standard Brunauer—Emmett—
Teller (BET) method. The total pore volume (Vi) Was anticipated to be the liquid nitrogen
volume at a relative pressure (P/Py) of about 0.99. The average pore diameter was calculated using

Eq. 1[12]:

D = 4V o1a/SpET (1)
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Fourier transform infrared spectrometry (FT-IR, MIRacle 10, Shimadzu) was employed with a
scan range of 4000 — 600 cm™! to analyze the chemical composition and functional groups of the

synthesized KCoFC and KCoFC@ZIF materials.

Zeta potential analysis was carried out to assess the surface charge of the nanomaterials in a pH
range of 2 to 10 with 1 x10*M NaCl as background electrolyte solution. The zeta potential value

was assessed using a Zetasizer nano instrument (Malvern, UK).

2.3 Batch performance evaluation of nanomaterials for Rb uptake

All experiments were performed following a uniform procedure. First, a known amount of
nanomaterials were weighed and placed into a set of conical glass flasks. Model solutions (100 ml
volume, 5 mg/L Rb unless mentioned otherwise) were then added to flasks. The flasks were shaken
at 120 rpm for 24 h in a shaker at room temperature (24 = 1 °C). The shaking time was set to 24 h
to ensure equilibrium state of Rb uptake. At the end of 24h, solution samples from each flasks
were collected in falcon tubes and filtered through a 1.2 pm syringe membrane filter to remove
the residual particles. The ion concentration in the sample solutions were measured through
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent Technologies,
Inc.).

2.3.1 Influence of pH

The effect of initial pH and zeta potential in the solution on Rb sorption was studied in a pH range
of 2 to 10. The initial pH value of each solution was set by using 0.1 M NaOH and 0.1 M HCI
standards. Next, 0.025 g KCoFC@ZIF were added to each flask and the suspensions were shaken.
The pH values before and after the sorption time were recorded with a pH meter (HQ40d, Hach).

2.3.2 Kinetics study

Rb uptake kinetics experiment was performed in a collection of glass flasks comprising 100 mL
of Rb solution (5.0 mg/L) and pH of 7.0 £ 0.5 with a nanomaterial dosage of 0.05 g/L. The samples
were gathered at various time intervals from 15 min to 24 h and the Rb concentration was measured

after filtering the samples. The Rb uptake at time ¢ (¢,) was calculated using Eq. 2:
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where C, (mg/L) is the initial Rb concentration in the solution, C; is the Rb concentration in the

liquid phase at time #, m is the nanomaterial amount (g) and / is the solution volume (L).

The obtained data were fitted using the pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models as described by Eq. 3 [21] and Eq. 4 [22], respectively:

qr=q. (1-e ") (3)
_ kagit (4)
4dc=17 koq.t

where ¢ (min) is the contact time, ¢, (mg/g) is the Rb uptake per unit mass of nanomaterial at ¢, g,
(mg/g) is the ¢, value at equilibrium state (mg/g), k; (min!) and k, (g/mg-min) are the rate constants

of PFO and PSO expressions, respectively.

2.3.3 Isotherm study

The performance of nanomaterials for Rb uptake was represented by batch isotherm evaluation.
Experiments were conducted using a Rb model solution (100 mL, 5 mg/L) with variable
nanomaterial dosages ranging from 0.01 to 0.25 g/L. An optimum pH was used upon identifying
the optimum pH value. At the equilibrium state, the sorption capacity (g.) was determined by Eq.
S:

_(Go-c)v (5)

GQe=—"

where Cy and C, are the initial and equilibrium concentrations of Rb in the solution (mg/L), m is

the amount of nanomaterial (g) and V is the solution volume (L).
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To investigate the isotherm characteristics of the sorbent, the experimental data was applied to

Langmuir [23] (Eq. (6) and Freundlich [24] (Eq. (7) empirical equations:

K1-Gmax-C, (6)
=11 K.C,
qe = KrC'["q. 7

where g, (mg/g) is the Rb uptake capacity at equilibrium, K ((mg/g)/(mg/L)"") is Freundlich
capacity factor; K; (L/mg) is Langmuir constant, g,,,, (mg/g) is the maximum Rb uptake capacity
of the nanomaterial at equilibrium, //n is Freundlich intensity parameter, and C, (mg/L) is the

equilibrium concentration of Rb in aqueous solution (mg/L).

2.4 Selective Rb uptake from seawater

The performance and selectivity of the synthesized KCoFC and ZIF grafted KCoFC towards Rb
uptake over other major cations present in seawater were investigated using actual seawater
solution. The seawater characteristics and major cations are shown in Table 2. For direct
comparison with the model Rb solution and reasonable ICP-MS ion measurement of the sample,

the seawater was spiked with 5 mg/L of Rb.

Table 2 Composition of seawater

Parameter Value
Total dissolved solids (mg/L) 35000
pH 7.1
Inorganic cations (mg/L)

Ca 416.8
Mg 1357.3
Na 11837.6
K 373.6
Rb 0.2

2.5 Regeneration and reuse
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To investigate the reuse potential of the saturated materials, a series of regeneration tests were
conducted. Firstly, batch adsorptions were carried out with Rb model solution and 0.1 g/L dose of
KCoFC and KCoFC@ZIF nanomaterials. After the adsorption process reached an equilibrium
state (24 h), the solid materials were filtered through 0.45 um filter paper, and, dried at room
temperature. In the following stage, batch desorption process was carried out in which, the
exhausted sorbents were mixed with 50 mL of 1.0 M KCIl for 30 min stirring. Thereafter, the
materials were filtered and dried at 50 °C until the constant mass to obtain the regenerated material.
The process of adsorption-desorption was repeated for five consecutive cycles. The Rb
concentration in the liquid phase after each adsorption test was determined and compared between
the original and the regenerated sorbents to establish the regenerative performance of KCoFC and

KCoFC@ZIF nanomaterials.

10
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3. Results and discussion

3.1 Synthesis of metal-organic framework ZIF with KCoFC

Metal-organic framework ZIF with KCoFC was synthesized in the lab, by a step-by—step method
as illustrated and described in Figure 1. First, neat potassium cobalt hexacyanoferrate
(K;[CoFe(CN)g], KCoFC) particles were synthesized by mixing the precursors, i.e., potassium
ferrocyanide trihydrate, and cobalt nitrate hexahydrate in DI water. The resulting product appeared
as a dark brown colored powder (Figure 1). ZIF crystals were synthesized by a facile in situ
synthesis method in an ambient aqueous condition ([18]). The neat KCoFC particles were well
dispersed in an aqueous solution of a certain concentration of HMIM. Stirring the KCoFC/HMIM
mixture for 10 mins promoted the association of the imidazole group on the surface of KCoFC
particles. Subsequently, a certain amount of zinc nitrate was added and the solution was stirred for
1 h to form KCoFC@ZIF composite particles. Typically, the crystallization of the ZIF occurs fast
and the structure and porosity of the crystals are stable by 50-60 mins of the synthesis time [25].
Hence, we terminated the ZIF synthesis reaction at 60 mins. Therefore the mixed material was
centrifuged and washed with ethanol to removal the unreacted precursors and free-standing ZIF
particles. The final product of the composite particles showed closely similar physical appearance
to the neat KCoFC (Figure 1). Previous studies report successful in-situ growth of the ZIF crystals
on polar substrates such as graphene oxide sheets or layered double hydroxides [26, 27]. Given
the highly polar nature of the KCoFC surface, the in situ growth of ZIF crystal on KCoFC is

expected to be feasible and warrants chemical stability in ambient conditions.

11



283

284
285

286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

Washing and Sieved to 0.3
centrifuging -0.45 mm
with DI water particle size
Co(NO,), 6H,0 for three times
Oven drying
115°C, 24h

Magnetic stirrer, 1h, 25°C

:?g‘ ZIF-8 /
. ekl -

Zn(NO,),6H,0 KCoFC HMIM

Washing and
centrifuging with
ethanol for three
times

KCoFC@ZIF nanomaterial Magnetic stirrer, 60 min, 25°C Magnetic stirrer, 10 min, 25°C

Figure 1. Lab synthesis procedure of KCoFC@ZIF nanomaterial

3.2 Materials characterization

3.2.1 Crystal Structures of the KCoFC and KCoFC@ZIF

Crystal structures of the KCoFC and ZIF-grafted KCoFC composite nanoparticles
(KCoFC@ZIF(a)) were characterized by X-ray diffraction (Figure 2). The sharp characteristic
peaks of the neat KCoFC appeared at 17.7°, 25.1°, 35.8°, 40.1°, and 44.1° which are assignable
to the (200), (220), (400), (222), and (422) planes of the KCoFC crystal, respectively. The peak
positions are consistent with the literature confirming the face-centered cubic lattice structure was
formed in neat KCoFC particles [12, 28, 29]. The XRD pattern of KCoFC@ZIF(a) showed
additional peaks appeared at 7.4°, 10.4°, and 12.8° which are attributed to the (110), (200), and
(211) reflections of ZIF crystals, respectively, suggesting that the ZIF crystals successfully formed
in the composite. The KCoFC peaks were well-maintained, specifically, no peak shifts or peak
broadening was observed, after the encapsulation of the ZIF layer indicating that the crystalline

structure of the KCoFC was unaffected during the ZIF growth.

12
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Figure 2. Powder XRD patterns of KCoFC and ZIF-grafted KCoFC (KCoFC@ZIF(a)).

3.2.2 Surface morphology and elemental composition

Figure 3 (a) shows an SEM micrograph of a neat KCoFC particle. A globular microporous
structure with an average diameter of ~10 nm was observed on the surface of neat KCoFC particles.
The KCoFC@ZIF composite particle shown in Figure 3 (b) demonstrates structural similarity
with the undecorated particles, however, the size of the globular structure appears to be bigger than
the neat KCoFC indicating that the ZIF crystals were formed on the surface of the core KCoFC
particles. The average size and shape of the decorated ZIF-8 particles are in good agreement with
the reported values which utilized similar synthesis parameters [25]. To identify the ZIF particles
on the exterior of the KCoFC, EDX analysis was performed (Figure 3 (c), (d)). The results indicate
that the KCoFC particles contain cobalt, iron, and potassium, whereas the KCoFC@ZIF(a)
composite particle exhibits an additional zinc signal confirming the formation of ZIF phase on the

surface. (Figure 3 (e), (f))

Although SEM-EDX analyses demonstrate the presence of zinc content in the composite particles,
the interfacial structure of the composite particles was not clearly resolved. To investigate the
interfacial structure and confirm the direct growth of ZIF crystals only on the surface of KCoFC,
TEM-EDX was performed on the composite particles. Figure 4 (a) evidently shows that ZIF
particles encapsulate the surface of KCoFC particle and form hierarchically structured

nanocomposites. In the subsequent elemental maps, predominant zinc signals were detected from

13



323 the exterior part of the composite, validating the ZIF-8 particles were successfully synthesized by
324  directly growing from the surface of the KCoFC core. The cobalt and iron signals from the core

325  crystal indicate the robust KCoFC core in the center of the composite.
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327  Figure 3. SEM micrographs of (a) KCoFC and (b) KCoFC@ZIF(a). EDX elemental map of (c)
328 KCoFC, and (d) KCoFC@ZIF(a). EDX spectra show that the KCoFC particle contains K, Co, and
329  Fe (e), whereas the KCoFC@ZIF(a) composite particle contains K, Co, Fe, and Zn (f) validating
330 the formation of ZIF-8 crystals.
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Figure 4. (a) TEM bright field image of the KCoFC@ZIF(a). (b-d) EDX elemental analysis shows
that ZIF-8 particle is well-decorated on the surface of a KCoFC core particle.

3.2.3 Surface chemical characteristics and functional groups

Figure S exhibits the FTIR spectra of KCoFC and KCoFC@ZIF(a) materials. The curve of
KCoFC sorbent showed a sharp peak at 2077 cm™!, which indicated the stretching vibrations of the
cyano groups -C=N [30]. In addition, the band observed at 593 cm! was assigned to the stretching
vibrations of Fe-CN-Co, which was confirmed by Gibert et al. [31] and Jiang et al. [32].
Meanwhile, the data of KCoFC@ZIF(a) illustrated the appearance of a few new peaks compared
to the original sorbent. The bands at 759 cm-! were attributed to the vibrations of a double bond
between C and N atoms, while the signals at 1312 and 1146 cm™! were attributed to the bending
vibrations of C-N [33, 34] originated from the imidazole linker in ZIF crystals confirming the
presence of ZIF in the KCoFC@ZIF composite particles.

15



347

348
349

350
351
352
353
354
355
356
357
358
359

a)
100

90
80

70+

% Transmission

60+

50 2077#

T T T T T T T T T T T T T T T
4250 4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
Wave number (cm™)

b)

100

% Transmission

60

e
2078

50

———— — T —————
4250 4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
Wave number (cm™)

Figure 5. FT-IR spectra of (a) KCoFC and (b) KCoFC@ZIF(a) nanomaterials.

3.2.4 Surface area and pore size

Table 3 summarizes the N, adsorption/desorption results using the BET analysis. Notably, the
surface area of KCoFC@ZIF(a) significantly increased from 62.68 m?/g to 382.98 m?/g, which is
a 6-fold increment upon encapsulation of KCoFC with ZIF (Figure S1). This attributes to the
highly porous structures of the ZIF phase grafted onto KCoFC particles. Meanwhile, an opposite
trend was observed for the pore diameter, by which KCoFC@ZIF resulted in a significantly

reduced pore size of the nanomaterial, in line with the small pore size of neat ZIF material

Table 3 Physiochemical properties of KCoFC and KCoFC@ZIF

Nanomaterial BET Surface Area (m*g') Mean Pore Diameter (nm)
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KCoFC 62.68 8.89
KCoFC@ZIF 382.98 3.32
ZIF 404.71 0.54

3.2.4.1 Influence of HMIM organic linker concentration on KCoFC surface area, pore size
and crystal structure

To evaluate the contribution of the metal-organic framework grafted onto the surface area and pore
size of KCoFC, apart from the KCoFC@ZIF composition of 1:30:5 (KCoFC@ZIF(a)), a series of
KCoFC composite materials with different concentration of HMIM (KCoFC@ZIF(b)-(e)) were
synthesized as listed in Table 1.

3.2.4.1.1 Crystal Structure

KCoFC@ZIF(b), which was synthesized with the highest HMIM to zinc ratio, shows higher ZIF
peak intensity compared to KCoFC@ZIF(a) (Figure S2) (The reduced XRD patterns were
normalized by the primary characteristic peak intensity of the KCoFC which appears at 17.7°).
This demonstrates that the volume of ZIF relative to KCoFC was significantly increased. In
contrast, the samples with lower HMIM to zinc ratios, i.e., KCoFC@ZIF(c), KCoFC@ZIF(d), and
KCoFC@ZIF(e), showed weaker ZIF-8 peak intensities implying that the total volume of the ZIF
crystal is smaller than those in KCoFC@ZIF(a). The XRD results reveal that the total volume of
the grafted ZIF-8 layer can be readily tuned by controlling the synthesis parameter, the HMIM to

zinc molar ratio.

3.2.4.1.2 Surface area and pore size

KCoFC@ZIF(a) resulted in significantly higher surface area but smaller pore diameter to KCoFC,
in line with the high surface area and small pore size of neat ZIF material (Table 3). The results
suggest that grafting ZIF to KCoFC increased effective surface area but reduced the mean pore

diameter.

Table 4 summarizes the specific surface area and the mean pore diameter of the series of KCoFC
nanomaterials with different concentration of HMIM (KCoFC@ZIF(a)-(e). The trend shows that
the specific surface area of the nanomaterial monotonically increases with the amount of added

HMIM precursors. In contrast, the pore diameter was reduced as the amount of added HMIM
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increases. In general, the adsorbents with larger specific surface area are favored because of the
greater adsorption capacity. However, the smaller pore size may sacrifice the mass transport,
adsorption kinetics, or selectivity of a certain metal ion. Hence, in order to maintain a reasonable
pore size and simultaneously achieve a high specific surface area, it is critical to optimize the
HMIM to zinc ratio for the ZIF synthesis. In line with this, we identify reduced HMIM composition
that enables to maintain a mean pore diameter that corresponds to that of KCoFC, while obtaining
an improved specific surface area than that of KCoFC as depicted in KCoFC@ZIF(d). Reducing
the HMIM content further, KCoFC@ZIF(e) resulted in a significantly lower surface area.
Likewise, increasing the HMIM content further, KCoFC@ZIF(b), resulted in the highest surface

area but the lowest pore size.

To evaluate and establish the optimum composition of KCoFC with ZIF, and the specific influence
of the larger surface area and reduced pore size towards Rb uptake, further Rb uptake performance
evaluations were carried out by comparing two of the ZIF-grafted KCoFC (KCoFC@ZIF(a) and
KCoFC@ZIF(d)) over neat KCoFC.

Table 4 Influence of doping amount of HMIM organic functional group on KCoFC surface area

and pore size

KCoFC : HMIM : Zn BET Surface Area Mean Pore Diameter

Nanomaterial

molar ratio (m?-g?) (nm)
KCoFC - 62.68 8.89
KCoFC@ZIF(a) 1:30:5 382.98 3.13
KCoFC@ZIF(b) 1:50:5 793.03 1.89
KCoFC@ZIF(c) 1:20:5 113.43 2.61
KCoFC@ZIF(d) 1:12:5 105.44 6.55
KCoFC@ZIF(e) 1:08:5 70.22 8.11

3.2.5 Surface zeta potential

The zeta potential analysis of the nanomaterials at pH ranges from 2 to 10 showed a trend of a
more negatively charged surface with increasing pH for all three nanomaterials (Figure 6). The
KCoFC showed a significant decrease in the surface potential as the pH was increased. A similar

trend was observed by Naidu et al. [12] and the less negative surface charge of KCoFC at low pH
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was attributed to the protonation of the surface functional groups. Comparatively, both of the ZIF-
grafted nanomaterials, i.e., KCoFC@ZIF(a) and KCoFC@ZIF(d) showed more negatively
charged surface potential than neat KCoFC at pH 2. We speculate that the surface covering ZIF

layer imparts a negative charge even in highly acidic conditions.

On the other hand, at higher pH (pH 4 and above), the neat KCoFC showed a trend of a more
negatively charged surface compared to both KCoFC@ZIF(a) and KCoFC@ZIF(d). To
investigate the effect of ZIF on the surface potential, the pH-dependent zeta potential of neat ZIF
particles were compared with the composite particle (Figure 6). The ZIF(a) and ZIF(d) shown in
Figure 6 refer to the pristine ZIF particles which were synthesized by the corresponding HMIM
to zinc ratios without KCoFC particle substrates. The zeta potential data of both neat ZIF(a) and
ZIF(d) demonstrated higher zeta potential than KCoFC in the high pH regime. Interestingly,
KCoFC@ZIF(a) exhibited a similar pH-dependent zeta potential trend to that of neat ZIF(a). This
result suggests that ZIF surface encapsulating layer dominates the surface charge of the composite
nanomaterials. In contrast, the zeta potential of KCoFC@ZIF(d) displayed offset to more negative
values compared to neat ZIF(d). This could be originated from the low volume ratio of the ZIF(d)
phase relative to the KCoFC core, and thus both the KCoFC core and ZIF(d) contribute to the
surface potential. Also, according to the XRD results, we expect the volume fraction of the ZIF
phase in the composite to be smaller in KCoFC@ZIF(d) compared to the KCoFC@ZIF(a) and
thus, the surface coverage of the ZIF layer to be smaller as well. As a result, KCoFC@ZIF(d)
demonstrates a negative surface charge similar to that of KCoFC@ZIF(a) material, unlike neat

ZIF(d).
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Figure 6. The trend of surface zeta charge at varied pH for nanomaterials in NaCl (1 x10** M)

solution.

3.3 Performance evaluation for Rb uptake with KCoFC and KCoFC@ZIF

3.3.1 Influence of pH

Rb uptake showed only marginal changes as the solution pH was increased from 2 to 10 for all
three types of nanomaterials (KCoFC, KCoFC@ZIF(a), and KCoFC@ZIF(d)) (Figure 7). This
indicates that the solution pH did not play a significant role in influencing Rb uptake as reported
by previous studies [11, 12, 35]. The results also establish the stability of the ZIF-grafted KCoFC
in acidic and alkaline conditions. More importantly, Rb uptake was significantly enhanced by 5-7
times for the ZIF-grafted nanomaterial over KCoFC, following the Rb uptake order of
KCoFC@ZIF(a)>KCoFC@ZIF(d)>KCoFC. It is also important to note that the neat ZIF(a)
material showed only marginal Rb uptake. This clearly indicates that Rb uptake by ZIF grafted
KCoFC was dominantly reliant on the presence of KCoFC as the ion exchange material.
Comparing the Rb uptake of KCoFC@ZIF(a) over KCoFC@ZIF(d), although the organic linker
content was 2.5 times higher for KCoFC@ZIF(a), the Rb uptake was only about 50% higher for
KCoFC@ZIF(a) to KCoFC@ZIF(d). This suggests that the higher organic linker content may be

an oversaturation that may not have significantly contributed to enhance Rb uptake further.
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The pH-dependent zeta potential for all the nanomaterials in a RbCl (1 x10-4M) solution displayed
consistently higher zeta potential values than those in a NaCl (1 x10-* M) solution (Figure S3a-c).
This could be attributed to the higher capacity of Rb than Na on the surface of the nanomaterial. It
was also observed that KCoFC@ZIF(d) showed a bigger shift to lower surface potential compared
to KCoFC@ZIF(a) in RbCl solution, while both KCoFC@ZIF(a) and KCoFC@ZIF(d) showed
closely similar negative surface potential values in a NaCl (1 x10* M) solution (Figure 6). This
could be attributed to the higher affinity of Rb that attracts the cation onto the surface of
KCoFC@ZIF(d) derived from the optimum grafting of ZIF that provides a large available specific
surface area for Rb adsorption combined with KCoFC that provides the negative surface charge,
resulting in charge screening effect on the surface. As such, the effective surface of

KCoFC@ZIF(d) became less negatively charged.

Overall, from this trend, it can be observed that the combination of ZIF with KCoFC played a role
in significantly enhancing the uptake of Rb compared to the neat KCoFC material. Further, from
pH 4 onwards, Rb uptake was independent of the pH changes. In this regard, for all further Rb

experiments, a pH range of 7.5-8.0 was selected in line with the pH of natural seawater.
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Figure 7. Influence of pH on Rb uptake by KCoFC, KCoFC@ZIFs and ZIF only material (model
Rb solution = 5 mg /L; material dose = 0.25 g/L ; contact time = 24h)

3.3.2 Kinetics
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Time-dependent Rb uptake of the nanomaterials were carried out to investigate the Rb uptake
kinetics (Figure 8). The uptake of Rb was faster for both KCoFC@ZIFs compared to the neat
KCoFC material in the initial time window. Specifically, both KCoFC@ZIF(a) and
KCoFC@ZIF(d) achieved 50% Rb uptake within 5h, while KCoFC required up to 12h to achieve
50% Rb uptake. It is likely that the high surface area of the ZIF-grafted KCoFC played an
influencing role in proving higher surface interaction for accelerating Rb uptake. Nevertheless, in
comparing the two ZIF-grafted nanomaterials, KCoFC@ZIF(d) showed better total kinetics
compared to KCoFC@ZIF(a) although the surface area of KCoFC@ZIF(a) was significantly
higher (Table 4). This could probably be associated with the smaller pore size of KCoFC@ZIF(a)
that may have restricted the speed of ion diffusion (intraparticle diffusion) into the pores of the
nanomaterials [36], and thereby delayed the time required for ion exchange between Rb and K in
the inner cage structure of the nanomaterial, which is the dominant mechanism for Rb uptake of
the nanomaterial, given the ZIF material displayed no Rb uptake as evidently established earlier
(Figure 7). Furthermore, we speculate that the lower zeta potential in the case of KCoFC@ZIF(d)
enhanced the surface electrostatic interaction with Rb cation which improved the Rb adsorption

kinetics.

The Rb uptake experimental data over time were analyzed using the pseudo-first-order (PFO) and
pseudo-second-order (PSO) models (Figure S4a-c). The results presented in Table 5 show that
the data fitted to both PFO and PSO models with R? above 0.90 for all three nanomaterials with a
slightly better fitting for the PSO model with R? above 0.95. The kinetic model fitting was in
accord with previous Rb studies that grafted MOF onto nanomaterials [35, 37]. The high fidelity
to the PSO model implies that the Rb adsorption kinetics is predominantly determined by the
chemical reaction which is dependent on the concentration of Rb and the ion exchange reaction
event occurs at the KCoFC surface. Overall, the evidence here highlights that, compared to
KCoFC@ZIF(a), the KCoFC@ZIF(d) was a more suitable composition for faster Rb uptake.
Therefore further Rb uptake performance was carried out by comparing KCoFC@ZIF(d) and neat
KCoFC.
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506  Figure 8. Rb uptake as a function of time by KCoFC and KCoFC@ZIF nanomaterials (model Rb
507  solution = 5 mg /L; material dose = 0.05 g/L; pH= 7.0£0.5)
508

509  Table 5 Parameters and correlation coefficient (R?) values of two applied kinetic models

KCoFC KCoFC@ZIF(a) KCoFC@ZIF(d)
Pseudo-1% model parameters
qe1 (mg/g) 98.07 800.84 685.56
ki (1/h) 0.06 0.66 0.21
R? 0.99 0.90 0.94
Pseudo-2" model parameters
qe2 (mg/g) 147.52 869.78 772.94
k, (g/mg.h) 0.000277 0.00104 0.00038
R? 0.99 0.95 0.97

510

511  3.3.3 Isotherm

512  As established earlier, the Rb uptake was significantly higher for ZIF-grafted nanomaterial,
513 KCoFC@ZIF(d), compared to KCoFC. In line with this, the experimental Rb uptake data fitted to
514  the equilibrium Langmuir model revealed that the KCoFC@ZIF(d) nanomaterial attained a
515  maximum adsorption capacity (Omax) of 1279.35 mg/g while the KCoFC attained a Oy, of 143.21
516  mg/g (Figure 9, Table 6). Further, the high Freundlich model correlation (R?) of 0.98 for both

23



517
518
519

520

521
522

523
524
525
526

nanomaterials suggested the presence of heterogeneous surface sites and an adsorption process of

Rb ions through both monolayer (chemisorption) and multilayer formations.
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Figure 9. Rb uptake experimental data fitted to isotherm models of Langmuir and Freundlich for

nanomaterials of (a) KCoFC and (b) KCoFC@ZIF(d)

Table 6 Parameters of Langmuir and Freundlich isotherm and correlation coefficient (R?) values

for nanomaterials KCoFC and KCoFC@ZIF(d)
Model Parameters KCoFC KCoFC@ZIF(d)

Langmuir
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K. (L/mg) 1.32 4.42

Qmax (Mg/g) 143.21 1279.35
R? 0.97 0.96
Freundlich

K [(mg/g)(L/mg)'n] 72.59 892.35
n 2.18 2.97

R? 0.98 0.98

3.4 Selective Rb recovery with seawater

Both KCoFC and KCoFC@ZIF(d) exhibit high capacities to maintain selective Rb uptake over
other ions present in significantly higher concentration in seawater (Figure 10). Specifically,
minimal Na uptake (2-3%) was observed with Rb uptake, while no other ion uptake was observed,
in line with our previous study [11]. The high selective capacity of KCoFC and related ZIF grafted
KCoFC is attributed to the similar ionic radius of Rb and K that enables only Rb to enter into the
pores of the material and displace K inside the centre of the cubist structure. In line with this, the
presence of Na in high concentration over Rb, minimally affects the selective uptake of Rb. This
is associated to the high ion radius of Na that is unable to enter into the lattice of the material and

exchange with K .

However, as established in our previous study [38], KCoFC’s capacity for Rb uptake was reduced
by around 44 - 45% in seawater (Figure 11). This is attributed to the presence of high potassium
content in seawater that reduced the capacity of K exchange with Rb due to an effect of
oversaturation. Likewise, KCoFC@ZIF(d) also experienced Rb uptake reduction of around 44-
45%, given the Rb uptake in both materials rely on the ion exchange mechanism between K and
Rb. However, due to the significantly higher Rb uptake capacity of KCoFC@ZIF(d) compared to
KCoFC, in spite of experiencing considerable Rb capacity reduction in seawater, of

KCoFC@ZIF(d) was still able to maintain a relatively high Rb uptake of 236.95 mg/g.
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549  Figure 10. Selective Rb uptake capacity of KCoFC and KCoFC@ZIF(d) in seawater (seawater
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554  solution over seawater solution (seawater spiked with 5 mg/L Rb for direct comparison to model
555  solution, material dose = 0.1 g/L; pH= 7.0+0.5).

556

557 3.5 Regeneration

558  The regeneration and reusable capacity of the adsorbents were evaluated by repeated adsorption
559  and desorption cycles as presented in Figure SS. The Rb uptake capacity decreased by about 30%
560 after five regeneration cycles in both KCoFC and KCoFC@ZIF(d). This can be discernable by
561  considering the desorption capacity of the KCoFC with KCI [12]. Notably, the reduction of Rb
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adsorption capacity coincides in both of the adsorbents regardless of the ZIF encapsulating layers.
This observation reconfirms that the Rb adsorption and desorption are predominantly driven by

the KCoFC core.

In addition, the XRD data of regenerated sorbents in Figure S6 exhibits that after the regeneration
process, some peaks related to KCoFC and ZIF crystals could still be observed in KCoFC and
KCoFC@ZIF(d). It indicates that the use of KCl as the regeneration solvent did not affect the
composition of both the original and composite materials. The reduced Rb capacity over each cycle
is mainly attributed to the mass losses of KCOFC and KCoFC@ZIF(d) materials that are in powder
form. Further work on encapsulating the material must be considered to enhance the reuse capacity

of the material and its practical application in a fixed bed column.

3.6 Selective mechanism of KCoFC@ZIF for Rb uptake

The Rb uptake experiment (Figure 7), evidently establishes that the amount of Rb adsorbed to the
neat ZIF particles is negligible. However, the presence of the ZIF layer substantially enhanced the
adsorption capacity and improved the adsorption kinetics (Figure 8). On the other hand, the
selectivity of Rb against other alkali metal ions was almost identical in both neat KCoFC and ZIF-
grafted KCoFC, and the regeneration capacities were largely the same (Figure 10 and Figure SS5).
Hence, it is reasonable to conclude that the ZIF layer only plays a catalytic role in the ion

adsorption reaction while the Rb* adsorption is predominantly governed by the KCoFC.

In line with this, TEM-EDS elemental mapping on KCoFC@ZIF(a) upon Rb uptake (Figure 12a)
showed that KCoFC@ZIF(a) consist of a core-shell structure with distinct elemental distributions.
Cobalt (red) was mostly detected in the core particle region whereas the globular layer
encapsulating the surface of the core particle contained mostly of zinc (blue). Interestingly, Rb
(green) was predominantly scattered in the corresponding region where cobalt was detected. This
high fidelity of the Co and Rb distribution complements the minimal role of ZIF phase on the Rb

selective uptake.

On the basis of these observations, we propose the following adsorption mechanism depicted in

Figure 12b-c. First, the fully hydrated Rb ions partially dehydrate at the water-ZIF interface.
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According to the measurement, ZIF crystals have cavities with ~5.4 A pore diameter which is
smaller than the hydrated ionic diameter of Rb (6.58 A), but larger than the dehydrated ionic
diameter of Rb (2.96 A) [17]. Due to the confinement effect at the ZIF cavity channels, the water
molecules are repelled from the cavity, and thus, the partially solvated Rb ions can pass through
the channel faster than the hydrated Rb ions in the bulk water. Indeed, density functional theory
(DFT) and ab initio molecular dynamics simulation results on a Rb ion confined in a MoS,
nanochannel showed a ~ 30% decrease in the coordination number indicating that some of the
bonding between Rb and water molecules are broken from the first solvation shell due to the
confinement effect [39]. The partially dehydrated cations lead to enhanced ion transport in the
confined channel that can also improve the adsorption kinetics [40]. Subsequently, the Rb ion
reaches the KCoFC@ZIF interface where the ion exchange between Rb and K occurs. The
partially dehydrated Rb-H,O clusters (Figure 12¢) have a smaller dehydration energy barrier and
consequently, it can form the inner-sphere complexes at the material surface more easily. On the
other hand, fully hydrated Rb ions in the bulk water phase (Figure 12b) have a greater dehydration
energy barrier that inhibits the adsorption [41]. This difference in energy barrier may shift the
adsorption-desorption equilibrium which can determine the total adsorption capacity of the

material.
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Figure 12. TEM-EDS elemental maps of KCoFC@ZIF(a) composite material after Rb adsorption
(a) and proposed mechanism of the Rb adsorption to (b) KCoFC and (¢c) KCoFC@ZIF

At equilibrium mass, the mass of material containing only KCoFC was significantly lower by
12.4% for KCoFC@ZIF(d) compared to KCoFC (Table 7). The occurrence of lattice ion exchange
was evident as K was released with Rb sorption in the model solution following the principle of
Rb-K exchange while the release of all other elements (Co, Fe, Zn) were minimal. Nevertheless,
Rb uptake and the corresponding amount of K released per gram of material was significantly
higher for KCoFC@ZIF(d) compared to KCoFC. In line with the discussion based in the
observation of the TEM analysis, while the ZIF in itself is inert and did not play a role in Rb
uptake, the ZIF grafting onto KCoFC resulted in significantly higher surface area for KCoFC as
established by the surface area analysis. It is likely, the high surface area of the material, coupled
with the ZIF dehydrated Rb-H,O cluster at the water-ZIF interface layer created higher vacant
tunnel site for Rb to attach and diffuse into the pores of the KCoFC crystal lattice, thereby

displacing K in the cubic centre of the structure compared to the neat KCoFC material.
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Table 7 Comparison of Rb uptake and ion released by KCoFC and KCoFC@ZIF(d) at equilibrium

mass
Nanomaterial Total Mass of Rb K Zn Co Fe
material KCoFC in uptake released released released released
mass (mg) material (mg) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
KCoFC 25.10£0.32  25.10+0.33 0.58 + 0.67 + - 0.01 + <0.01
0.18 0.25 0.01
KCoFC@ZIF(d) 25.10+0.32 3.05+0.03 495+ 5.40 + 0.01+ 0.01 +
0.21 0.10 0.01 0.01 <0.01

4. Conclusions

In order to enhance selective Rb recovery from seawater brine by potassium cobalt

hexacyanoferrate (KCoFC) ion exchange nanomaterial, this study synthesized and grafted a metal

organic framework, ZIF onto KCoFC. Based on the results of this study, it can be concluded that

(1)

(ii)

(i)

ZIF grafted KCoFC, KCoFC@ZIF was successfully synthesized as established by detail
surface morphology characterization analysis;

Grafting ZIF to KCoFC increased the effective surface area but reduced the mean pore
diameter. Compared to neat KCoFC (surface area = 62.68 m?/g, pore diameter =8.89 nm),
KCoFC@ZIF(a) resulted in significantly larger surface area but smaller pore size (surface
area = 382.98 m?/g, pore diameter =3.12 nm). The surface area and pore size trend of
KCoFC@ZIF was influenced by the concentration of HMIM. Reducing HMIM composition
to a ratio of KCoFC:HMIM:Zn 1:12:5 (KCoFC@ZIF(d)) enabled to achieve a reasonable
balance in increasing the specific surface area by 63% to that of KCoFC while reducing the
mean pore diameter by less than 30%;

Grafting ZIF to KCoFC played a role in enhancing Rb uptake in the order of
KCoFC@ZIF(a)>KCoFC@ZIF(d)>KCoFC. Nevertheless, kinetically, the Rb uptake
efficiency order was KCoFC@ZIF(d)>KCoFC>KCoFC@ZIF(a). The smaller pore diameter
of KCoFC@ZIF(a) restricted Rb diffusion onto the material pores. Meanwhile the
reasonable balance between high surface area and pore diameter enabled to accelerate Rb
uptake for KCoFC@ZIF(d), thereby, establishing KCoFC@ZIF(d) to be an optimum

composition;
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(iv) Langmuir Rb sorption capacity of KCoFC@ZIF(d) was significantly higher (Qax of 1279.35
mg/g), compared to KCoFC (Q.x was 143.31 mg/g). The kinetics data fitted well for both
pseudo-first and second order model;

(v)  Both KCoFC and KCoFC@ZIF(d) showed capacity to maintain high Rb selectivity over
other cations present in high concentration in seawater. Compared to model Rb solution, in
actual seawater solution, both the materials exhibited about 45% capacity reduction due to
the presence of K in high concentration in seawater. Nevertheless, KCoFC@ZIF(d) was still
able to maintain a relatively high Rb uptake of 236 mg/g in seawater;

(vi) KCoFC@ZIF(d) enabled to maintain closely similar peak structure after five consecutive
operative cycles, establishing the materials regenerative capacity. Reduced Rb capacity
over each cycle is mainly attributed to powder form material mass losses. Further work on
encapsulating the material must be considered to enhance reuse capacity and practical
application in a fixed bed column.

(vil) KCoFC core controls the Rb ion exchange and selectivity process, while the crafted ZIF layer

contributes as catalytic role in increasing the surface area of the material for Rb uptake.
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