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17 Abstract

18 Rubidium (Rb) is a highly priced metal due to its scarcity in ore form. Seawater is a promising 

19 alternate source for recovering Rb. Potassium copper hexacyanoferrate (KCoFC) ion exchange 

20 nanomaterial achieves high selective Rb recovery in seawater, however, high potassium in 

21 seawater impairs its performance. To overcome this drawback, this study manipulated the structure 

22 of KCoFC by grafting zeolitic imidazole frameworks (ZIF) with KCoFC, synthesizing 

23 KCoFC@ZIF. Detail physicochemical characterization analysis showed the successful synthesis 

24 of KCoFC@ZIF. KCoFC@ZIF increased the materials surface area but reduced the pore diameter 

25 and this was influenced by 2-methylimidazole (HMIM) concentration. Reducing HMIM 

26 composition to a ratio of KCoFC:HMIM:Zn 1:12:5 (KCoFC@ZIF(d)) achieved a reasonable 

27 balance in increasing the material surface area by 63% to that of KCoFC while reducing the pore 

28 diameter by only 30%. Rb uptake capacity of KCoFC@ZIF(d) (Langmuir Qmax 1279.35 mg/g), 

29 was 8-folds higher with accelerated kinetics compared to KCoFC (Qmax 143.31 mg/g). In seawater, 

30 both KCoFC and KCoFC@ZIF(d) exhibited about 45% capacity reduction due to the presence of 

31 potassium. Nevertheless, due to KCoFC@ZIF(d)’s high Rb selective capacity, it was still able to 
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32 maintain a relatively high Rb uptake of 236 mg/g in seawater, highlighting its feasible application 

33 for Rb extraction in seawater. KCoFC@ZIF(d) enabled to maintain closely similar peak structure 

34 after five consecutive operative cycles, establishing the materials regenerative efficiency. Overall, 

35 it can be indicated that KCoFC@ZIF’s selective Rb uptake is controlled by KCoFC while grafted 

36 ZIF layer acts as a catalytic layer that increases the surface area and ion dehydration to enhance 

37 Rb diffusion into the core structure of KCoFC.

38

39 Keywords

40 Rubidium; Zeolitic imidazole framework; Nanomaterial; Potassium cobalt hexacyanoferrate; 
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42

43 Introduction

44 Rubidium (Rb) is a highly priced metal, which can be used in fiber optics, laser technology and 

45 telecommunication. The high price of Rb (USD 14720/kg), compared to metals in high demand 

46 like lithium (Li, USD 10/kg) [1], is attributed to the rarity of recovering Rb in land mining form. 

47 Land mining does not yield Rb as an element in its pristine form. Instead, it is found as a fraction 

48 of various ores like lepidolite (KLi2Al(Al,Si)3O10(F,OH)2), pollucite, muscovite 

49 (KAl2[AlSi3O10](OH)2), zinnwaldite (KAl(Fe,Li)(Si3Al)O10F2), Li mica containing approximately 

50 3.5% Rb2O, and (Cs,Na)2Al2Si4O12.2H2O containing iron, potassium and calcium with 

51 approximately 1.4% Rb2O [2, 3]. Therefore, recovery of Rb requires several intricate steps 

52 involving precipitation, evaporation and crystallization. 

53

54 The challenges to recovering Rb in land ore form have motivated Rb recovery from alternative 

55 water sources, such as salt lakes, seawater and its related brine [4-7]. Although Rb concentration 

56 is low in seawater (0.18 - 0.20 mg/L), due to the extensive and renewable amount of seawater, the 

57 total amount of Rb in seawater (~2.5 x 1011 tonnes) exceeds that of land ores [4, 8]. Another 

58 attractive aspect of Rb recovery from seawater is that it is comparatively more sustainable than the 

59 environmentally detrimental Rb rock mining, which requires complex mechanical and chemical 

60 processes. Moreover, the recovery of economically valuable Rb from seawater desalination brine 

61 before being directed back to the ocean may provide additional revenue to offset brine treatment 

62 costs [5].
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63

64 Various kinds of inorganic nanomaterials have been evaluated for selective recovery of alkali 

65 metal from brine, such as prussian blue [9], natural zeolite [10], potassium metal hexacyanoferrate 

66 [11, 12], mesoporous silica [13] and titanium silica [14]. In this regard, the high-performance 

67 capacity of potassium metal hexacyanoferrate for maintaining selective Rb recovery over other 

68 major ions in high salinity seawater brine has been well established [5, 11, 12]. In a previous study 

69 using potassium cobalt hexacyanoferrate (KCoFC) nanomaterial, Naidu et al. [11, 12] attributed 

70 the high Rb selective capability to the ion exchange mechanism between Rb that can penetrate the 

71 crystal lattice of KCoFC and displace potassium (K) in the lattice, as these two ions have closely 

72 similar ionic radii. Nevertheless, one of the main drawbacks here is the significant reduction of Rb 

73 sorption in the existence of K because of the ion saturation effect. For example, Naidu et al. [11] 

74 reported a significant reduction in Rb sorption by 65-70% with seawater brine compared to model 

75 Rb solution due to the high presence of K over Rb (Rb: K molar ratio = 1: 7700) in brine. It is 

76 essential to mitigate this limitation to make Rb recovery with KCoFC an economically feasible 

77 option. 

78

79 Manipulating the structure and surface of KCoFC could potentially enhance and maintain a high 

80 selective capacity for Rb recovery from seawater in the presence of K. Grafting metal-organic 

81 frameworks (MOFs) to KCoFC may offer the potential to manipulate the nanomaterial structure. 

82 This is because nanoporous MOFs offer extremely diverse and flexible structures depending on 

83 the metal ions and organic linkers that are used to coordinate them. In this regard, previous studies 

84 have explored the application of nanomaterial grafting with MOFs for enhancing the recovery of 

85 alkali metals, such as Li and Rb. Park et al. [15] fabricated copper phosphonate MOF-alginate 

86 nanomaterial and attributed its functional groups to attaining higher Li recovery. In another study, 

87 Tian et al. [16] reported the favourable and rapid selectivity of Rb in an aqueous solution by 

88 synthesizing carboxymethyl cellulose Fe3O4 nanomaterial with zeolitic imidazolate frameworks 

89 (ZIF) MOF. Specifically, the usage of ZIF MOFs for enhancing ion transportation in nanomaterials 

90 and nanochannels of membranes has been attributed to its versatile manipulation capacity, stability 

91 and narrow pore size cavities of ZIF (range of 5-10 Å) that closely matches that of alkali metals 

92 like Li and Rb [16, 17]. ZIF is in the category of microporous MOF that is composed of zinc metal 

93 clusters with ligands of 2-methylimidazole (HMIM) as binding organic linkers [18-20]. The 
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94 composition of ZIF with a strong 145 binding angle between the organic linker and metal cluster 

95 mimics the same morphology of oxygen and silica in aluminosilicate natural zeolites. Therefore, 

96 in many ways, ZIF shares similar cage-like morphology and structure to natural zeolite with 

97 additional benefits of MOF features, such as significantly high surface area and tunable pore size. 

98 The potential of grafting ZIF with KCoFC (KCoFC@ZIF) to increase its selective adsorption 

99 capacity has not been explored to date. By combining KCoFC with ZIF, it is anticipated that 

100 KCoFC nanomaterial could possess properties with high surface area, ultrahigh porosity through 

101 ordered crystalline pores and tunable pores, structural flexibility and adaptivity. These 

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

103

104 Hence, this study aims to fabricate a hybrid MOF nanomaterial with ZIF and KCoFC (KCoFC@ 

105 ZIF) to increase Rb selective capacity in the presence of K in seawater compared to conventional 

106 KCoFC. Several different synthesis methods were carried out to identify the optimum composition 

107 of KCoFC@ZIF. An in-depth structure and chemical characterizations were carried out to verify 

108 the synthesized nanomaterial. Factors that influence the performance of the produced KCuFC@ 

109 ZIF for Rb recovery were examined and a detailed study was carried out on the capacity of 

110 KCoFC@ZIF for selective recovery of Rb from seawater. The performance trend and 

111 characterization analysis of the nanomaterial were used to build an insight into the mechanism of 

112 KCoFC@ZIF towards selective Rb recovery. The feasibility of recovering Rb with KCoFC@ ZIF 

113 was established by multiple reuse/regenerative tests. 

114

115 2. Material and methods

116 2.1 Chemicals

117 2.1.1 Synthesis of potassium cobalt hexacyanoferrate, KCoFC

118 Potassium cobalt hexacyanoferrate (KCoFC) was synthesized in the laboratory according to the 

119 procedure mentioned in our prior study [12]. First, 50 mL of 0.5 M potassium ferrocyanide 

120 trihydrate (K4Fe(CN)6∙3H2O) was stirred with 120 mL of 0.3 M cobalt nitrate hexahydrate 

121 (Co(NO3)2∙6H2O) for an hour at room temperature (25±1oC). Then, the mixture was centrifuged 

122 and washed three times with deionized water. Lastly, it was placed overnight in an oven at 115 °C 

123 to obtain dried KCoFC material. All chemicals used in this study were analytical grade and 

124 procured from Merck Chemical Co., Germany.
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125

126 2.1.1 Synthesis of KCoFC@ZIF nanomaterial

127 The prepared KCoFC was ground and sieved to obtain particle size between 0.3 mm to 0.45 mm. 

128 Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) and 2-methylimidazole (HMIM) from Merck Chemical 

129 Co. (Germany) were used to synthesize KCoFC@ZIF nanomaterial using the synthesis protocol 

130 reported by Min et al. [18]. First, a certain amount of HMIM was added to a 250 mL beaker 

131 containing a desired quantity of the synthesized KCoFC with 50 mL ethanol and stirred for 10 min 

132 at room temperature. Then, zinc nitrate hexahydrate was incorporated to the mixture and mixed 

133 for 1 hr. The synthesized KCoFC@ZIF contained a molar ratio of KCoFC: HMIM: 

134 Zn(NO3)2.6H2O of 1 : 30 : 5. Next, the mixture was centrifuged for 20 min at 8000 rpm to collect 

135 the solid material, which was then washed with ethanol three times, and placed in an oven at 85 

136 °C to dry overnight. 

137

138 2.1.1.1 Influence of HMIM concentration on KCoFC

139 In order to study the influence of HMIM on KCOFC, apart from the KCoFC: HMIM: 

140 Zn(NO3)2·6H2O of 1 : 30 : 5 (for simplicity this composition is referred to as KCoFC@ZIF(a)), 

141 several ratios of KCoFC: HMIM: Zn(NO3)2·6H2O at different HMIM concentration were 

142 synthesized (Table 1) and evaluated in detail. 

143

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

label

KCoFC : HMIM : Zn(NO3)2.6H2O

ratio

KCoFC (mmol) HMIM (mmol) Zn(NO3)2.6H2O 

(mmol)

KCoFC@ZIF(a) 1 : 30 : 5 1 30 5

KCoFC@ZIF(b) 1 : 50 : 5 1 50 5

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

145

146 2.1.2 Solutions

147 RbCl, KCl, CaCl2, MgCl2, and NaCl analytical grade chemicals were purchased from Merck 

148 Chemical Co. (Germany). Stock solutions of 1000 mg/L Rb, K, Ca, Mg, and Na were prepared 
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149 separately by dissolving the chloride salts in Milli-Q water. The solutions for experiments were 

150 prepared from dilution of these stock solutions. 

151

152 2.2 Characterization methods

153 The crystalline structures of KCoFC and KCoFC@ZIF materials were characterized by X-Ray 

154 diffractometer (Bruker D8 Discover) using Cu Kα radiation. The powder sample was collected 

155 and scanned at a resolution of 0.04 °/s in the 2θ range from 5° to 50°.

156

157 The surface morphology of KCoFC and KCoFC@ZIF nanomaterials were investigated using 

158 scanning electron microscopy (SEM, Zeiss Supra 55VP) with an acceleration voltage of 10 kV 

159 both before and after the Rb adsorption process. Samples were thoroughly dried under an active 

160 vacuum for 12 hours to remove all the residual solvent prior to the characterization. The samples 

161 were sputter coated with Au/Pd alloy with 10 nm thickness to suppress the charging on the surface. 

162 Energy dispersive X-ray spectroscopy (EDX) was utilized to investigate the elemental composition 

163 of the nanomaterials using an X-ray detector (Oxford Instruments). Transmission electron 

164 microscopy (TEM, FEI Tecnai G2 20, 200 kV) was performed to resolve the interfacial structure 

165 and elemental composition of the composite particles. Powder samples were dispersed in DI water 

166 followed by shaking in a 1.5 mL Eppendorf tube. Supernatant of the solution was collected by 

167 micropipette and a droplet of the solution was applied on a Formvar supported TEM grid. The 

168 specimen was thoroughly dried in a vacuum oven maintained at 80 °C overnight to remove 

169 moisture. 

170

171 Nitrogen adsorption-desorption on KCoFC@ZIF material was investigated using a BET surface 

172 area analyser with nitrogen as the gaseous adsorbate (Micromeritics TriStar II Plus, Australia). 

173 The specific surface area (SBET) was evaluated by employing the standard Brunauer–Emmett–

174 Teller (BET) method. The total pore volume (Vtotal) was anticipated to be the liquid nitrogen 

175 volume at a relative pressure (P/P0) of about 0.99. The average pore diameter was calculated using 

176 Eq. 1 [12]: 

177

D = 4Vtotal/SBET (1)

178
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179 Fourier transform infrared spectrometry (FT-IR, MIRacle 10, Shimadzu) was employed with a 

180 scan range of 4000 – 600 cm-1 to analyze the chemical composition and functional groups of the 

181 synthesized KCoFC and KCoFC@ZIF materials. 

182

183 Zeta potential analysis was carried out to assess the surface charge of the nanomaterials in a pH 

184 range of 2 to 10 with 1 x104 M NaCl as background electrolyte solution. The zeta potential value 

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

186

187 2.3 Batch performance evaluation of nanomaterials for Rb uptake

188 All experiments were performed following a uniform procedure. First, a known amount of 

189 nanomaterials were weighed and placed into a set of conical glass flasks. Model solutions (100 ml 

190 volume, 5 mg/L Rb unless mentioned otherwise) were then added to flasks. The flasks were shaken 

191 at 120 rpm for 24 h in a shaker at room temperature (24 ± 1 °C). The shaking time was set to 24 h 

192 to ensure equilibrium state of Rb uptake. At the end of 24h, solution samples from each flasks 

193 were collected in falcon tubes and filtered through a 1.2 µm syringe membrane filter to remove 

194 the residual particles. The ion concentration in the sample solutions were measured through 

195 inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent Technologies, 

196 Inc.).

197 2.3.1 Influence of pH

198 The effect of initial pH and zeta potential in the solution on Rb sorption was studied in a pH range 

199 of 2 to 10. The initial pH value of each solution was set by using 0.1 M NaOH and 0.1 M HCl 

200 standards. Next, 0.025 g KCoFC@ZIF were added to each flask and the suspensions were shaken. 

201 The pH values before and after the sorption time were recorded with a pH meter (HQ40d, Hach). 

202

203 2.3.2 Kinetics study

204 Rb uptake kinetics experiment was performed in a collection of glass flasks comprising 100 mL 

205 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 

206 were gathered at various time intervals from 15 min to 24 h and the Rb concentration was measured 

207 after filtering the samples. The Rb uptake at time t (qt) was calculated using Eq. 2:
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                 𝑞𝑡 =
(𝐶0 ‒ 𝐶𝑡) ⋅ 𝑉

𝑚
(2)

208

209 where C0 (mg/L) is the initial Rb concentration in the solution, Ct is the Rb concentration in the 

210 liquid phase at time t, m is the nanomaterial amount (g) and V is the solution volume (L).

211

212 The obtained data were fitted using the pseudo-first-order (PFO) and pseudo-second-order (PSO) 

213 kinetic models as described by Eq. 3 [21] and Eq. 4 [22], respectively:

214

      𝑞𝑡 = 𝑞𝑒 ⋅ (1 ‒ ⅇ ‒ 𝑘1𝑡) (3)

                     𝑞𝑡 =
𝑘2𝑞2

𝑒𝑡
1 + 𝑘2𝑞𝑒𝑡

(4)

215

216 where t (min) is the contact time, qt (mg/g) is the Rb uptake per unit mass of nanomaterial at t, qe 

217 (mg/g) is the qt value at equilibrium state (mg/g), k1 (min-1) and k2 (g/mg∙min) are the rate constants 

218 of PFO and PSO expressions, respectively.

219

220 2.3.3 Isotherm study

221 The performance of nanomaterials for Rb uptake was represented by batch isotherm evaluation. 

222 Experiments were conducted using a Rb model solution (100 mL, 5 mg/L) with variable 

223 nanomaterial dosages ranging from 0.01 to 0.25 g/L. An optimum pH was used upon identifying 

224 the optimum pH value. At the equilibrium state, the sorption capacity (qe) was determined by Eq. 

225 5:

226

 𝑞𝑒 =
(𝐶0 ‒ 𝐶𝑒) ⋅ 𝑉

𝑚
(5)

227

228 where C0 and Ce are the initial and equilibrium concentrations of Rb in the solution (mg/L), m is 

229 the amount of nanomaterial (g) and V is the solution volume (L).

230
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231 To investigate the isotherm characteristics of the sorbent, the experimental data was applied to 

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

233

𝑞𝑒 =
𝐾𝐿.𝑞𝑚𝑎𝑥.𝐶𝑒

1 + 𝐾𝐿.𝐶𝑒

(6)

qe𝑞𝑒 = 𝐾𝐹𝐶1/𝑛
𝑒 (7)

234

235 where qe (mg/g) is the Rb uptake capacity at equilibrium, KF ((mg/g)/(mg/L)1/n) is Freundlich 

236 capacity factor; KL (L/mg) is Langmuir constant, qmax (mg/g) is the maximum Rb uptake capacity 

237 of the nanomaterial at equilibrium, 1/n is Freundlich intensity parameter, and Ce (mg/L) is the 

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

239

240 2.4 Selective Rb uptake from seawater

241 The performance and selectivity of the synthesized KCoFC and ZIF grafted KCoFC towards Rb 

242 uptake over other major cations present in seawater were investigated using actual seawater 

243 solution. The seawater characteristics and major cations are shown in Table 2. For direct 

244 comparison with the model Rb solution and reasonable ICP-MS ion measurement of the sample, 

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

246

247 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 

248

249 2.5 Regeneration and reuse 
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250 To investigate the reuse potential of the saturated materials, a series of regeneration tests were 

251 conducted. Firstly, batch adsorptions were carried out with Rb model solution and 0.1 g/L dose of 

252 KCoFC and KCoFC@ZIF nanomaterials. After the adsorption process reached an equilibrium 

253 state (24 h), the solid materials were filtered through 0.45 µm filter paper, and, dried at room 

254 temperature. In the following stage, batch desorption process was carried out in which, the 

255 exhausted sorbents were mixed with 50 mL of 1.0 M KCl for 30 min stirring. Thereafter, the 

256 materials were filtered and dried at 50 oC until the constant mass to obtain the regenerated material. 

257 The process of adsorption-desorption was repeated for five consecutive cycles. The Rb 

258 concentration in the liquid phase after each adsorption test was determined and compared between 

259 the original and the regenerated sorbents to establish the regenerative performance of KCoFC and 

260 KCoFC@ZIF nanomaterials.

261
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262 3. Results and discussion

263 3.1 Synthesis of metal-organic framework ZIF with KCoFC 

264 Metal-organic framework ZIF with KCoFC was synthesized in the lab, by a step-by–step method 

265 as illustrated and described in Figure 1. First, neat potassium cobalt hexacyanoferrate 

266 (K2[CoFe(CN)6], KCoFC) particles were synthesized by mixing the precursors, i.e., potassium 

267 ferrocyanide trihydrate, and cobalt nitrate hexahydrate in DI water. The resulting product appeared 

268 as a dark brown colored powder (Figure 1). ZIF crystals were synthesized by a facile in situ 

269 synthesis method in an ambient aqueous condition ([18]). The neat KCoFC particles were well 

270 dispersed in an aqueous solution of a certain concentration of HMIM. Stirring the KCoFC/HMIM 

271 mixture for 10 mins promoted the association of the imidazole group on the surface of KCoFC 

272 particles. Subsequently, a certain amount of zinc nitrate was added and the solution was stirred for 

273 1 h to form KCoFC@ZIF composite particles. Typically, the crystallization of the ZIF occurs fast 

274 and the structure and porosity of the crystals are stable by 50-60 mins of the synthesis time [25]. 

275 Hence, we terminated the ZIF synthesis reaction at 60 mins. Therefore the mixed material was 

276 centrifuged and washed with ethanol to removal the unreacted precursors and free-standing ZIF 

277 particles. The final product of the composite particles showed closely similar physical appearance 

278 to the neat KCoFC (Figure 1). Previous studies report successful in-situ growth of the ZIF crystals 

279 on polar substrates such as graphene oxide sheets or layered double hydroxides [26, 27]. Given 

280 the highly polar nature of the KCoFC surface, the in situ growth of ZIF crystal on KCoFC is 

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

282
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283

284

285 Figure 1. Lab synthesis procedure of KCoFC@ZIF nanomaterial 

286

287 3.2 Materials characterization

288 3.2.1 Crystal Structures of the KCoFC and KCoFC@ZIF

289 Crystal structures of the KCoFC and ZIF-grafted KCoFC composite nanoparticles 

290 (KCoFC@ZIF(a)) were characterized by X-ray diffraction (Figure 2). The sharp characteristic 

291 peaks of the neat KCoFC appeared at 17.7°, 25.1°, 35.8°,  40.1°, and 44.1° which are assignable 

292 to the (200), (220), (400), (222), and (422) planes of the KCoFC crystal, respectively. The peak 

293 positions are consistent with the literature confirming the face-centered cubic lattice structure was 

294 formed in neat KCoFC particles [12, 28, 29].  The XRD pattern of KCoFC@ZIF(a) showed 

295 additional peaks appeared at 7.4°, 10.4°, and 12.8° which are attributed to the (110), (200), and 

296 (211) reflections of ZIF crystals, respectively, suggesting that the ZIF crystals successfully formed 

297 in the composite. The KCoFC peaks were well-maintained, specifically, no peak shifts or peak 

298 broadening was observed, after the encapsulation of the ZIF layer indicating that the crystalline 

299 structure of the KCoFC was unaffected during the ZIF growth. 

300
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301

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

303

304 3.2.2 Surface morphology and elemental composition

305 Figure 3 (a) shows an SEM micrograph of a neat KCoFC particle. A globular microporous 

306 structure with an average diameter of ~10 nm was observed on the surface of neat KCoFC particles. 

307 The KCoFC@ZIF composite particle shown in Figure 3 (b) demonstrates structural similarity 

308 with the undecorated particles, however, the size of the globular structure appears to be bigger than 

309 the neat KCoFC indicating that the ZIF crystals were formed on the surface of the core KCoFC 

310 particles. The average size and shape of the decorated ZIF-8 particles are in good agreement with 

311 the reported values which utilized similar synthesis parameters [25]. To identify the ZIF particles 

312 on the exterior of the KCoFC, EDX analysis was performed (Figure 3 (c), (d)). The results indicate 

313 that the KCoFC particles contain cobalt, iron, and potassium, whereas the KCoFC@ZIF(a) 

314 composite particle exhibits an additional zinc signal confirming the formation of ZIF phase on the 

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

316

317 Although SEM-EDX analyses demonstrate the presence of zinc content in the composite particles, 

318 the interfacial structure of the composite particles was not clearly resolved. To investigate the 

319 interfacial structure and confirm the direct growth of ZIF crystals only on the surface of KCoFC, 

320 TEM-EDX was performed on the composite particles. Figure 4 (a) evidently shows that ZIF 

321 particles encapsulate the surface of KCoFC particle and form hierarchically structured 

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

326

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.

331
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332

333

334 Figure 4. (a) TEM bright field image of the KCoFC@ZIF(a). (b-d) EDX elemental analysis shows 

335 that ZIF-8 particle is well-decorated on the surface of a KCoFC core particle.

336

337 3.2.3 Surface chemical characteristics and functional groups 

338 Figure 5 exhibits the FTIR spectra of KCoFC and KCoFC@ZIF(a) materials. The curve of 

339 KCoFC sorbent showed a sharp peak at 2077 cm-1, which indicated the stretching vibrations of the 

340 cyano groups -C≡N [30]. In addition, the band observed at 593 cm-1 was assigned to the stretching 

341 vibrations of Fe-CN-Co, which was confirmed by Gibert et al. [31] and Jiang et al. [32]. 

342 Meanwhile, the data of KCoFC@ZIF(a) illustrated the appearance of a few new peaks compared 

343 to the original sorbent. The bands at 759 cm-1 were attributed to the vibrations of a double bond 

344 between C and N atoms, while the signals at 1312 and 1146 cm-1 were attributed to the bending 

345 vibrations of C-N [33, 34] originated from the imidazole linker in ZIF crystals confirming the 

346 presence of ZIF in the KCoFC@ZIF composite particles.
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347

348

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

350

351 3.2.4 Surface area and pore size

352 Table 3 summarizes the N2 adsorption/desorption results using the BET analysis. Notably, the 

353 surface area of KCoFC@ZIF(a) significantly increased from 62.68 m2/g to 382.98 m2/g, which is 

354 a 6-fold increment upon encapsulation of KCoFC with ZIF (Figure S1). This attributes to the 

355 highly porous structures of the ZIF phase grafted onto KCoFC particles. Meanwhile, an opposite 

356 trend was observed for the pore diameter, by which KCoFC@ZIF resulted in a significantly 

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

358

359 Table 3 Physiochemical properties of KCoFC and KCoFC@ZIF 
Nanomaterial BET Surface Area (m2∙g-1) Mean Pore Diameter (nm)
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KCoFC 62.68 8.89 

KCoFC@ZIF 382.98 3.32

ZIF 404.71 0.54

360

361 3.2.4.1 Influence of HMIM organic linker concentration on KCoFC surface area, pore size 

362 and crystal structure

363 To evaluate the contribution of the metal-organic framework grafted onto the surface area and pore 

364 size of KCoFC, apart from the KCoFC@ZIF composition of 1:30:5 (KCoFC@ZIF(a)), a series of 

365 KCoFC composite materials with different concentration of HMIM (KCoFC@ZIF(b)-(e)) were 

366 synthesized as listed in Table 1. 

367

368 3.2.4.1.1 Crystal Structure

369 KCoFC@ZIF(b), which was synthesized with the highest HMIM to zinc ratio, shows higher ZIF 

370 peak intensity compared to KCoFC@ZIF(a) (Figure S2) (The reduced XRD patterns were 

371 normalized by the primary characteristic peak intensity of the KCoFC which appears at 17.7°). 

372 This demonstrates that the volume of ZIF relative to KCoFC was significantly increased. In 

373 contrast, the samples with lower HMIM to zinc ratios, i.e., KCoFC@ZIF(c), KCoFC@ZIF(d), and 

374 KCoFC@ZIF(e), showed weaker ZIF-8 peak intensities implying that the total volume of the ZIF 

375 crystal is smaller than those in KCoFC@ZIF(a). The XRD results reveal that the total volume of 

376 the grafted ZIF-8 layer can be readily tuned by controlling the synthesis parameter, the HMIM to 

377 zinc molar ratio.

378

379 3.2.4.1.2 Surface area and pore size

380 KCoFC@ZIF(a) resulted in significantly higher surface area but smaller pore diameter to KCoFC, 

381 in line with the high surface area and small pore size of neat ZIF material (Table 3). The results 

382 suggest that grafting ZIF to KCoFC increased effective surface area but reduced the mean pore 

383 diameter. 

384

385 Table 4 summarizes the specific surface area and the mean pore diameter of the series of KCoFC 

386 nanomaterials with different concentration of HMIM (KCoFC@ZIF(a)-(e). The trend shows that 

387 the specific surface area of the nanomaterial monotonically increases with the amount of added 

388 HMIM precursors. In contrast, the pore diameter was reduced as the amount of added HMIM 
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389 increases. In general, the adsorbents with larger specific surface area are favored because of the 

390 greater adsorption capacity. However, the smaller pore size may sacrifice the mass transport, 

391 adsorption kinetics, or selectivity of a certain metal ion. Hence, in order to maintain a reasonable 

392 pore size and simultaneously achieve a high specific surface area, it is critical to optimize the 

393 HMIM to zinc ratio for the ZIF synthesis. In line with this, we identify reduced HMIM composition 

394 that enables to maintain a mean pore diameter that corresponds to that of KCoFC, while obtaining 

395 an improved specific surface area than that of KCoFC as depicted in KCoFC@ZIF(d). Reducing 

396 the HMIM content further, KCoFC@ZIF(e) resulted in a significantly lower surface area. 

397 Likewise, increasing the HMIM content further, KCoFC@ZIF(b), resulted in the highest surface 

398 area but the lowest pore size. 

399

400 To evaluate and establish the optimum composition of KCoFC with ZIF, and the specific influence 

401 of the larger surface area and reduced pore size towards Rb uptake, further Rb uptake performance 

402 evaluations were carried out by comparing two of the ZIF-grafted KCoFC (KCoFC@ZIF(a) and 

403 KCoFC@ZIF(d)) over neat KCoFC.

404

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

406 and pore size 

Nanomaterial
KCoFC : HMIM : Zn 

molar ratio

BET Surface Area 

(m2∙g-1)

Mean Pore Diameter 

(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 

407

408 3.2.5 Surface zeta potential

409 The zeta potential analysis of the nanomaterials at pH ranges from 2 to 10 showed a trend of a 

410 more negatively charged surface with increasing pH for all three nanomaterials (Figure 6). The 

411 KCoFC showed a significant decrease in the surface potential as the pH was increased. A similar 

412 trend was observed by Naidu et al. [12] and the less negative surface charge of KCoFC at low pH 
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413 was attributed to the protonation of the surface functional groups. Comparatively, both of the ZIF-

414 grafted nanomaterials, i.e., KCoFC@ZIF(a) and KCoFC@ZIF(d) showed more negatively 

415 charged surface potential than neat KCoFC at pH 2. We speculate that the surface covering ZIF 

416 layer imparts a negative charge even in highly acidic conditions.

417

418 On the other hand, at higher pH (pH 4 and above), the neat KCoFC showed a trend of a more 

419 negatively charged surface compared to both KCoFC@ZIF(a) and KCoFC@ZIF(d). To 

420 investigate the effect of ZIF on the surface potential, the pH-dependent zeta potential of neat ZIF 

421 particles were compared with the composite particle (Figure 6). The ZIF(a) and ZIF(d) shown in 

422 Figure 6 refer to the pristine ZIF particles which were synthesized by the corresponding HMIM 

423 to zinc ratios without KCoFC particle substrates. The zeta potential data of both neat ZIF(a) and 

424 ZIF(d) demonstrated higher zeta potential than KCoFC in the high pH regime. Interestingly, 

425 KCoFC@ZIF(a) exhibited a similar pH-dependent zeta potential trend to that of neat ZIF(a). This 

426 result suggests that ZIF surface encapsulating layer dominates the surface charge of the composite 

427 nanomaterials. In contrast, the zeta potential of KCoFC@ZIF(d) displayed offset to more negative 

428 values compared to neat ZIF(d). This could be originated from the low volume ratio of the ZIF(d) 

429 phase relative to the KCoFC core, and thus both the KCoFC core and ZIF(d) contribute to the 

430 surface potential. Also, according to the XRD results, we expect the volume fraction of the ZIF 

431 phase in the composite to be smaller in KCoFC@ZIF(d) compared to the KCoFC@ZIF(a) and 

432 thus, the surface coverage of the ZIF layer to be smaller as well. As a result, KCoFC@ZIF(d) 

433 demonstrates a negative surface charge similar to that of KCoFC@ZIF(a) material, unlike neat 

434 ZIF(d). 
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435

436

437 Figure 6. The trend of surface zeta charge at varied pH for nanomaterials in NaCl (1 x10-4 M)

438 solution. 

439

440 3.3 Performance evaluation for Rb uptake with KCoFC and KCoFC@ZIF

441 3.3.1 Influence of pH

442 Rb uptake showed only marginal changes as the solution pH was increased from 2 to 10 for all 

443 three types of nanomaterials (KCoFC, KCoFC@ZIF(a), and KCoFC@ZIF(d)) (Figure 7). This 

444 indicates that the solution pH did not play a significant role in influencing Rb uptake as reported 

445 by previous studies [11, 12, 35]. The results also establish the stability of the ZIF-grafted KCoFC 

446 in acidic and alkaline conditions. More importantly, Rb uptake was significantly enhanced by 5-7 

447 times for the ZIF-grafted nanomaterial over KCoFC, following the Rb uptake order of 

448 KCoFC@ZIF(a)>KCoFC@ZIF(d)>KCoFC. It is also important to note that the neat ZIF(a) 

449 material showed only marginal Rb uptake. This clearly indicates that Rb uptake by ZIF grafted 

450 KCoFC was dominantly reliant on the presence of KCoFC as the ion exchange material. 

451 Comparing the Rb uptake of KCoFC@ZIF(a) over KCoFC@ZIF(d), although the organic linker 

452 content was 2.5 times higher for KCoFC@ZIF(a), the Rb uptake was only about 50% higher for 

453 KCoFC@ZIF(a) to KCoFC@ZIF(d). This suggests that the higher organic linker content may be 

454 an oversaturation that may not have significantly contributed to enhance Rb uptake further.  

455
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456 The pH-dependent zeta potential for all the nanomaterials in a RbCl (1 x10-4 M) solution displayed 

457 consistently higher zeta potential values than those in a NaCl (1 x10-4 M) solution (Figure S3a-c). 

458 This could be attributed to the higher capacity of Rb than Na on the surface of the nanomaterial. It 

459 was also observed that KCoFC@ZIF(d) showed a bigger shift to lower surface potential compared 

460 to KCoFC@ZIF(a) in RbCl solution, while both KCoFC@ZIF(a) and KCoFC@ZIF(d) showed 

461 closely similar negative surface potential values in a NaCl (1 x10-4 M) solution (Figure 6). This 

462 could be attributed to the higher affinity of Rb that attracts the cation onto the surface of 

463 KCoFC@ZIF(d) derived from the optimum grafting of ZIF that provides a large available specific 

464 surface area for Rb adsorption combined with KCoFC that provides the negative surface charge, 

465 resulting in charge screening effect on the surface. As such, the effective surface of 

466 KCoFC@ZIF(d) became less negatively charged. 

467

468 Overall, from this trend, it can be observed that the combination of ZIF with KCoFC played a role 

469 in significantly enhancing the uptake of Rb compared to the neat KCoFC material. Further, from 

470 pH 4 onwards, Rb uptake was independent of the pH changes. In this regard, for all further Rb 

471 experiments, a pH range of 7.5-8.0 was selected in line with the pH of natural seawater. 

472

473 Figure 7. Influence of pH on Rb uptake by KCoFC, KCoFC@ZIFs and ZIF only material (model 

474 Rb solution = 5 mg /L; material dose = 0.25 g/L ; contact time = 24h)  

475

476 3.3.2 Kinetics
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477 Time-dependent Rb uptake of the nanomaterials were carried out to investigate the Rb uptake 

478 kinetics (Figure 8). The uptake of Rb was faster for both KCoFC@ZIFs compared to the neat 

479 KCoFC material in the initial time window. Specifically, both KCoFC@ZIF(a) and 

480 KCoFC@ZIF(d) achieved 50% Rb uptake within 5h, while KCoFC required up to 12h to achieve 

481 50% Rb uptake. It is likely that the high surface area of the ZIF-grafted KCoFC played an 

482 influencing role in proving higher surface interaction for accelerating Rb uptake. Nevertheless, in 

483 comparing the two ZIF-grafted nanomaterials, KCoFC@ZIF(d) showed better total kinetics 

484 compared to KCoFC@ZIF(a) although the surface area of KCoFC@ZIF(a) was significantly 

485 higher (Table 4). This could probably be associated with the smaller pore size of KCoFC@ZIF(a) 

486 that may have restricted the speed of ion diffusion (intraparticle diffusion) into the pores of the 

487 nanomaterials [36], and thereby delayed the time required for ion exchange between Rb and K in 

488 the inner cage structure of the nanomaterial, which is the dominant mechanism for Rb uptake of 

489 the nanomaterial, given the ZIF material displayed no Rb uptake as evidently established earlier 

490 (Figure 7). Furthermore, we speculate that the lower zeta potential in the case of KCoFC@ZIF(d) 

491 enhanced the surface electrostatic interaction with Rb cation which improved the Rb adsorption 

492 kinetics.

493

494 The Rb uptake experimental data over time were analyzed using the pseudo-first-order (PFO) and 

495 pseudo-second-order (PSO) models (Figure S4a-c). The results presented in Table 5 show that 

496 the data fitted to both PFO and PSO models with R2 above 0.90 for all three nanomaterials with a 

497 slightly better fitting for the PSO model with R2 above 0.95. The kinetic model fitting was in 

498 accord with previous Rb studies that grafted MOF onto nanomaterials [35, 37]. The high fidelity 

499 to the PSO model implies that the Rb adsorption kinetics is predominantly determined by the 

500 chemical reaction which is dependent on the concentration of Rb and the ion exchange reaction 

501 event occurs at the KCoFC surface. Overall, the evidence here highlights that, compared to 

502 KCoFC@ZIF(a), the KCoFC@ZIF(d) was a more suitable composition for faster Rb uptake. 

503 Therefore further Rb uptake performance was carried out by comparing KCoFC@ZIF(d) and neat 

504 KCoFC.
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505

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 (R2) values of two applied kinetic models

 KCoFC KCoFC@ZIF(a) KCoFC@ZIF(d)

Pseudo-1st model parameters

qe1 (mg/g) 98.07 800.84 685.56

k1 (1/h) 0.06 0.66 0.21

R2 0.99 0.90 0.94

Pseudo-2nd model parameters

qe2 (mg/g) 147.52 869.78 772.94

k2 (g/mg.h) 0.000277 0.00104 0.00038

R2 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 (Qmax) of 1279.35 mg/g while the KCoFC attained a Qmax of 143.21 

516 mg/g (Figure 9, Table 6). Further, the high Freundlich model correlation (R2) of 0.98 for both 
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517 nanomaterials suggested the presence of heterogeneous surface sites and an adsorption process of 

518 Rb ions through both monolayer (chemisorption) and multilayer formations. 

519

520

521

522 Figure 9. Rb uptake experimental data fitted to isotherm models of Langmuir and Freundlich for 

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

524

525 Table 6 Parameters of Langmuir and Freundlich isotherm and correlation coefficient (R2) values 

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

Langmuir 
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KL (L/mg) 1.32 4.42

Qmax (mg/g) 143.21 1279.35

R2 0.97 0.96

Freundlich

Kf [(mg/g)(L/mg)1/n] 72.59 892.35

n 2.18 2.97

R2 0.98 0.98

527

528 3.4 Selective Rb recovery with seawater

529 Both KCoFC and KCoFC@ZIF(d) exhibit high capacities to maintain selective Rb uptake over 

530 other ions present in significantly higher concentration in seawater (Figure 10). Specifically, 

531 minimal Na uptake (2-3%) was observed with Rb uptake, while no other ion uptake was observed, 

532 in line with our previous study [11]. The high selective capacity of KCoFC and related ZIF grafted 

533 KCoFC is attributed to the similar ionic radius of Rb and K that enables only Rb to enter into the 

534 pores of the material and displace K inside the centre of the cubist structure. In line with this, the 

535 presence of Na in high concentration over Rb, minimally affects the selective uptake of Rb. This 

536 is associated to the high ion radius of Na that is unable to enter into the lattice of the material and 

537 exchange with K .

538

539 However, as established in our previous study [38], KCoFC’s capacity for Rb uptake was reduced 

540 by around 44 - 45% in seawater (Figure 11). This is attributed to the presence of high potassium 

541 content in seawater that reduced the capacity of K exchange with Rb due to an effect of 

542 oversaturation. Likewise, KCoFC@ZIF(d) also experienced Rb uptake reduction of around 44-

543 45%, given the Rb uptake in both materials rely on the ion exchange mechanism between K and 

544 Rb. However, due to the significantly higher Rb uptake capacity of KCoFC@ZIF(d) compared to 

545 KCoFC, in spite of experiencing considerable Rb capacity reduction in seawater, of 

546 KCoFC@ZIF(d) was still able to maintain a relatively high Rb uptake of 236.95 mg/g.

547
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548

549 Figure 10. Selective Rb uptake capacity of KCoFC and KCoFC@ZIF(d) in seawater (seawater 

550 spiked with 5 mg/L Rb; material dose = 0.25 g/L; pH= 7.0±0.5)

551

552

553 Figure 11. Comparison of Rb uptake capacity between KCoFC and KCoFC@ZIF(d) in model Rb 

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 S5. 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 KCl [12]. Notably, the reduction of Rb 
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562 adsorption capacity coincides in both of the adsorbents regardless of the ZIF encapsulating layers. 

563 This observation reconfirms that the Rb adsorption and desorption are predominantly driven by 

564 the KCoFC core. 

565

566 In addition, the XRD data of regenerated sorbents in Figure S6 exhibits that after the regeneration 

567 process, some peaks related to KCoFC and ZIF crystals could still be observed in KCoFC and 

568 KCoFC@ZIF(d). It indicates that the use of KCl as the regeneration solvent did not affect the 

569 composition of both the original and composite materials. The reduced Rb capacity over each cycle 

570 is mainly attributed to the mass losses of KCOFC and KCoFC@ZIF(d) materials that are in powder 

571 form. Further work on encapsulating the material must be considered to enhance the reuse capacity 

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

573

574 3.6 Selective mechanism of KCoFC@ZIF for Rb uptake 

575 The Rb uptake experiment (Figure 7), evidently establishes that the amount of Rb adsorbed to the 

576 neat ZIF particles is negligible. However, the presence of the ZIF layer substantially enhanced the 

577 adsorption capacity and improved the adsorption kinetics (Figure 8). On the other hand, the 

578 selectivity of Rb against other alkali metal ions was almost identical in both neat KCoFC and ZIF-

579 grafted KCoFC, and the regeneration capacities were largely the same (Figure 10 and Figure S5). 

580 Hence, it is reasonable to conclude that the ZIF layer only plays a catalytic role in the ion 

581 adsorption reaction while the Rb+ adsorption is predominantly governed by the KCoFC. 

582

583 In line with this, TEM-EDS elemental mapping on KCoFC@ZIF(a) upon Rb uptake (Figure 12a) 

584 showed that KCoFC@ZIF(a) consist of a core-shell structure with distinct elemental distributions. 

585 Cobalt (red) was mostly detected in the core particle region whereas the globular layer 

586 encapsulating the surface of the core particle contained mostly of zinc (blue). Interestingly, Rb 

587 (green) was predominantly scattered in the corresponding region where cobalt was detected. This 

588 high fidelity of the Co and Rb distribution complements the minimal role of ZIF phase on the Rb 

589 selective uptake.

590

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

592 Figure 12b-c. First, the fully hydrated Rb ions partially dehydrate at the water-ZIF interface. 
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593 According to the measurement, ZIF crystals have cavities with ~5.4 Å pore diameter which is 

594 smaller than the hydrated ionic diameter of Rb (6.58 Å), but larger than the dehydrated ionic 

595 diameter of Rb (2.96 Å) [17]. Due to the confinement effect at the ZIF cavity channels, the water 

596 molecules are repelled from the cavity, and thus, the partially solvated Rb ions can pass through 

597 the channel faster than the hydrated Rb ions in the bulk water. Indeed, density functional theory 

598 (DFT) and ab initio molecular dynamics simulation results on a Rb ion confined in a MoS2 

599 nanochannel showed a ~ 30% decrease in the coordination number indicating that some of the 

600 bonding between Rb and water molecules are broken from the first solvation shell due to the 

601 confinement effect [39]. The partially dehydrated cations lead to enhanced ion transport in the 

602 confined channel that can also improve the adsorption kinetics [40]. Subsequently, the Rb ion 

603 reaches the KCoFC@ZIF interface where the ion exchange between Rb and K occurs. The 

604 partially dehydrated Rb-H2O clusters (Figure 12c) have a smaller dehydration energy barrier and 

605 consequently, it can form the inner-sphere complexes at the material surface more easily. On the 

606 other hand, fully hydrated Rb ions in the bulk water phase (Figure 12b) have a greater dehydration 

607 energy barrier that inhibits the adsorption [41]. This difference in energy barrier may shift the 

608 adsorption-desorption equilibrium which can determine the total adsorption capacity of the 

609 material.
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610

611

612 Figure 12. TEM-EDS elemental maps of KCoFC@ZIF(a) composite material after Rb adsorption 

613 (a) and proposed mechanism of the Rb adsorption to (b) KCoFC and (c) KCoFC@ZIF

614

615 At equilibrium mass, the mass of material containing only KCoFC was significantly lower by 

616 12.4% for KCoFC@ZIF(d) compared to KCoFC (Table 7). The occurrence of lattice ion exchange 

617 was evident as K was released with Rb sorption in the model solution following the principle of 

618 Rb-K exchange while the release of all other elements (Co, Fe, Zn) were minimal. Nevertheless, 

619 Rb uptake and the corresponding amount of K released per gram of material was significantly 

620 higher for KCoFC@ZIF(d) compared to KCoFC.  In line with the discussion based in the 

621 observation of the TEM analysis, while the ZIF in itself is inert and did not play a role in Rb 

622 uptake, the ZIF grafting onto KCoFC resulted in significantly higher surface area for KCoFC as 

623 established by the surface area analysis. It is likely, the high surface area of the material, coupled 

624 with the ZIF dehydrated Rb-H2O cluster at the water-ZIF interface layer created higher vacant 

625 tunnel site for Rb to attach and diffuse into the pores of the KCoFC crystal lattice, thereby 

626 displacing K in the cubic centre of the structure compared to the neat KCoFC material.  

627
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628 Table 7 Comparison of Rb uptake and ion released by KCoFC and KCoFC@ZIF(d) at equilibrium 

629 mass 
Nanomaterial Total 

material 

mass (mg)

Mass of 

KCoFC in 

material (mg)

Rb  

uptake 

(mmol/g)

K 

released 

(mmol/g)

Zn 

released 

(mmol/g)

Co 

released 

(mmol/g)

Fe  

released 

(mmol/g)

KCoFC 25.10±0.32 25.10±0.33 0.58 ± 

0.18

0.67 ± 

0.25

- 0.01 ± 

0.01

<0.01

KCoFC@ZIF(d) 25.10±0.32 3.05±0.03 4.95 ± 

0.21

5.40 ± 

0.10

0.01 ± 

0.01

0.01 ± 

0.01 <0.01

630

631 4. Conclusions

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

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

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

635 (i) ZIF grafted KCoFC, KCoFC@ZIF was successfully synthesized as established by detail 

636 surface morphology characterization analysis; 

637 (ii)  Grafting ZIF to KCoFC increased the effective surface area but reduced the mean pore 

638 diameter. Compared to neat KCoFC (surface area = 62.68 m2/g, pore diameter =8.89 nm), 

639 KCoFC@ZIF(a) resulted in significantly larger surface area but smaller pore size (surface 

640 area = 382.98 m2/g, pore diameter =3.12 nm). The surface area and pore size trend of 

641 KCoFC@ZIF was influenced by the concentration of HMIM. Reducing HMIM composition 

642 to a ratio of KCoFC:HMIM:Zn 1:12:5 (KCoFC@ZIF(d)) enabled to achieve a reasonable 

643 balance in increasing the specific surface area by 63% to that of KCoFC  while reducing the 

644 mean pore diameter by less than 30%; 

645  (iii) Grafting ZIF to KCoFC played a role in enhancing Rb uptake in the order of 

646 KCoFC@ZIF(a)>KCoFC@ZIF(d)>KCoFC. Nevertheless, kinetically, the Rb uptake 

647 efficiency order was KCoFC@ZIF(d)>KCoFC>KCoFC@ZIF(a). The smaller pore diameter 

648 of KCoFC@ZIF(a) restricted Rb diffusion onto the material pores. Meanwhile the 

649 reasonable balance between high surface area and pore diameter enabled to accelerate Rb 

650 uptake for KCoFC@ZIF(d), thereby, establishing KCoFC@ZIF(d) to be an optimum 

651 composition;
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652 (iv)   Langmuir Rb sorption capacity of KCoFC@ZIF(d) was significantly higher (Qmax of 1279.35 

653 mg/g), compared to KCoFC (Qmax was 143.31 mg/g). The kinetics data fitted well for both 

654 pseudo-first and second order model;

655 (v) Both KCoFC and KCoFC@ZIF(d) showed capacity to maintain high Rb selectivity over 

656 other cations present in high concentration in seawater. Compared to model Rb solution, in 

657 actual seawater solution, both the materials exhibited about 45% capacity reduction due to 

658 the presence of K in high concentration in seawater. Nevertheless, KCoFC@ZIF(d) was still 

659 able to maintain a relatively high Rb uptake of 236 mg/g in seawater; 

660 (vi) KCoFC@ZIF(d) enabled to maintain closely similar peak structure after five consecutive 

661 operative cycles, establishing the materials regenerative capacity. Reduced Rb capacity 

662 over each cycle is mainly attributed to powder form material mass losses. Further work on 

663 encapsulating the material must be considered to enhance reuse capacity and practical 

664 application in a fixed bed column.

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

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

667
668
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