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Abstract 12 

The efficient removal of radioactive cesium from contaminated water is crucial for 13 

environmental safety and nuclear waste management. In this study, we developed a 14 

novel composite membrane by embedding Prussian blue (PB) into a calcium alginate 15 

(CA) matrix, and elucidated the atomic-level mechanism of cesium removal through a 16 

combined experimental and density functional theory (DFT) approach. Batch 17 

adsorption experiments demonstrated that the optimal PB/CA membrane with 20% PB 18 

loading exhibited a high adsorption capacity toward Cs(I), with a maximum capacity 19 

of 29.59 mg/g. In a multi-ion coexisting system, the membrane achieved an exceptional 20 

removal efficiency of up to 94.96% for Cs(I), showcasing superior selectivity and 21 

strong anti-interference capability. The adsorption process was found to be spontaneous 22 

and endothermic, which was best fitted by the pseudo-second-order kinetic and 23 

Langmuir isotherm models, indicating a monolayer adsorption mechanism dominated 24 

by chemisorption. A combination of characterization techniques (XPS, XRD, 25 

Mössbauer spectroscopy) and DFT calculations collaboratively revealed the 26 

fundamental adsorption mechanism: Cs (I) is not simply adsorbed on the surface of the 27 

material, but specifically embedded into the intrinsic vacancies of the Prussian blue 28 

lattice, where it coordinates with cyano nitrogen atoms, causing a lattice contraction of 29 

approximately 0.68%.  30 
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Introduction 35 

As a clean energy source, nuclear energy has become one of the important 36 

directions of global energy development due to its advantages of low carbon emissions, 37 

environmental friendliness, and high energy density. However, the generation of 38 

radionuclides during nuclear energy production is unavoidable, which may pose 39 

potential risks to human health and the environment. Among them, the release of ¹³⁷Cs 40 

has attracted particular attention and has become a global environmental challenge[1-3]. 41 

With long half-life and strong bioaccumulation ability, these radionuclides can migrate 42 

and accumulate through the soil�plant�animal food chain, thereby undermining the 43 

structural and functional stability of ecosystems and posing a serious threat to the 44 

integrity of the human hematopoietic and nervous systems[4, 5]. Given its persistent 45 

environmental toxicity and long-range diffusion potential, the development of efficient 46 

and eco-friendly technologies for the separation and remediation of radioactive cesium 47 

contamination is of great practical significance for curbing pollution spread, 48 

safeguarding ecological security, and protecting human health[6-8]. 49 

At present, the main treatment methods for cesium in radioactive wastewater 50 

include chemical precipitation[9, 10], solvent extraction[11], adsorption[7, 12-16], ion 51 

exchange[17], membrane separation[18-20], biological methods[21, 22], and electrochemical 52 

methods[23, 24]. Among them, adsorption has become an effective method for treating 53 

radioactive wastewater owing to its low cost, simple operation, good scalability, and 54 

lack of secondary pollution. Prussian blue (PB) has attracted extensive attention from 55 

researchers due to its excellent chemical stability, radiation resistance, high adsorption 56 

capacity, and high selectivity[25-27]. PB is an inorganic material with a face-centered 57 

cubic lattice, and its molecular formula can be expressed as M[Fe(CN)₆] (where M is 58 

Fe³⁺, Cu²⁺, Co²⁺, Ni²⁺, etc.). PB contains abundant intrinsic vacancies in its structure, 59 

with a radius of approximately 3.20 Å, which is close to the hydrated ionic radius of 60 

cesium ions (Cs(I), 3.29 Å), while the hydrated radii of common competing ions (Na⁺, 61 

Ca²⁺, Mg²⁺) are much larger than 3.2 Å. This constitutes the core structural basis for its 62 

highly selective adsorption toward Cs(I). 63 



Nevertheless, pristine PB is mostly in powder form, which is difficult to recover 64 

and easy to leak into the environment, causing secondary pollution. Therefore, it is 65 

necessary to prepare composite adsorbents by loading PB onto support materials to 66 

solve these problems [28-31]. Gao[32] et al. prepared a layer-by-layer assembled 67 

ferrocyanide composite fiber (ZnFC/PA/PSF) via the coordination of phytic acid (PA) 68 

with Zn²⁺. This composite fiber exhibited favorable stability and reached rapid 69 

adsorption equilibrium within 25 min. The maximum adsorption capacity calculated by 70 

the Langmuir model was 524.76 mg/g, and it maintained high selectivity for cesium 71 

ions even in the presence of interfering ions (K = 2.5×10⁴ mL/g). Chen[33] et al. 72 

proposed a green synthesis method for mesoporous PB assisted by ionic liquid 73 

([Bmim]BF₄). The interaction between [Bmim]⁺ introduced by the ionic liquid and 74 

[Fe(CN)₆]⁴⁻, together with the high viscosity, affected the diffusion of precursors and 75 

slowed down the crystallization rate of PB. The PB material synthesized by this method 76 

achieved a cesium adsorption capacity of 548.7 mg/g and remained stable over a wide 77 

pH range. Zhang[34] et al. fabricated a polyvinylidene fluoride (PVDF) membrane co-78 

doped with PB and graphene oxide (GO). SEM observations revealed that the addition 79 

of GO improved the dispersion of PB, and the PVDF-PB-GO membrane achieved the 80 

highest Cs(I) removal efficiency (99.6%) at pH 7. Li[35] et al. developed a reduced 81 

graphene oxide aerogel doped with ternary (Ni, Co, Fe) Prussian blue analogues 82 

(RGOA/TPBs) via a controlled self-assembly strategy. The unique three-dimensional 83 

layered structure endowed RGOA/TPBs with excellent mechanical strength and high 84 

specific surface area, facilitating the exposure of adsorption sites and thus promoting 85 

cesium adsorption. The maximum adsorption capacity of the composite was 226.98 86 

mg/g, and coexisting ion adsorption experiments confirmed its good selectivity. 87 

Although PB-based composites exhibit superior adsorption performance and stability 88 

toward Cs(I) and show considerable potential for industrial application, several 89 

challenges remain to be addressed. At present, the support materials used for Prussian 90 

blue (PB) composite generally have common drawbacks, such as complex synthesis 91 

processes, cumbersome preparation steps (e.g., layer-by-layer (LBL) assembly, ionic 92 

liquid and graphene oxide (GO) synthesis), high environmental pollution, and poor 93 



compatibility with PB. To address these issues, we synthesized a new PB-based 94 

composite adsorbent. 95 

Alginate is a natural anionic polysaccharide derived from seaweed cell walls, 96 

featuring non-toxicity, biodegradability, renewability, excellent gel-forming and film-97 

forming properties, and strong metal complexation ability[36]. It has been widely used 98 

for the removal of various heavy metal ions such as Cd(VI), As(III), and Cu(II) from 99 

water bodies[37-41]. Calcium alginate (CA), as a natural polymer gel coating matrix, can 100 

effectively alleviate the shortcomings of PB powder such as easy agglomeration, 101 

cumbersome separation, and poor mechanical stability. The integration of these two 102 

components to prepare PB@CA composites combines excellent adsorption 103 

performance with favorable practical applicability. 104 

On the other hand, current studies on the adsorption mechanism of PB toward Cs(I) 105 

mostly remain at the level of macroscopic phenomenological speculation, with 106 

preliminary hypotheses mainly including ion exchange and physical adsorption in pore 107 

channels, lacking direct evidence and systematic interpretation at the atomic-level. For 108 

instance, key scientific issues such as how the size matching between the cage-like 109 

pores in the PB crystal structure and Cs(I) affects adsorption selectivity, the types and 110 

intensity distribution of atomic-level interactions (e.g., hydrogen bonding, van der 111 

Waals forces, coordination interactions), the specific binding mode and electron cloud 112 

distribution changes of Cs(I) at adsorption sites, and the microevolution of the PB 113 

crystal structure during adsorption have not been fully explored. Therefore, while 114 

optimizing the preparation process of PB-alginate composites and improving 115 

macroscopic adsorption performance, it is particularly important to conduct atomic -116 

scale adsorption mechanism studies to clarify the adsorption pathway, binding mode, 117 

and microscopic interaction mechanism of Cs(I)[42-44]. 118 

In this study, we systematically investigated the preparation of Prussian 119 

blue/calcium alginate (PB/CA) composite membranes through a facile blade-coating 120 

and cross-linking process. Different from conventional reports focusing on adsorption 121 

performance, this work combines detailed experimental analysis with density 122 



functional theory (DFT) calculations to achieve multiple objectives: optimizing 123 

membrane preparation conditions such as PB loading and thickness; comprehensively 124 

evaluating adsorption behavior including kinetics, isotherms, thermodynamics, 125 

selectivity, and reusability under various conditions; and ultimately clarifying the 126 

atomic-level capture mechanism of Cs(I) via advanced characterization techniques 127 

(SEM, XRD, XPS, Mössbauer spectroscopy) combined with theoretical simulations. 128 

This integrated approach not only yields an effective and practical cesium 129 

decontamination membrane but also deeply reveals the atomic-Level interactions 130 

governing the cesium adsorption process, thereby providing new insights for the design 131 

of next-generation selective separation materials. 132 

2 Materials and Methods 133 

2.1 Materials 134 

All chemical reagents were used as received without further purification. Prussian 135 

blue, potassium ferrocyanide , cobalt chloride , sodium hydroxide , sodium alginate , 136 

absolute ethanol , aluminum chloride , magnesium chloride , copper chloride , ferric 137 

chloride , and zinc chloride were all purchased from Sinopharm Chemical Reagent Co., 138 

Ltd. Nickel chloride , cesium chloride , nitric acid , and hydrochloric acid were obtained 139 

from Tianjin Yaohua Chemical Reagent Co., Ltd. Dimethyl sulfoxide was supplied by 140 

Shanghai Lingfeng Chemical Reagent Co., Ltd. Barium chloride  was purchased from 141 

Tianjin Yongda Chemical Reagent Co., Ltd. Calcium chloride was obtained from 142 

Aladdin Biochemical Technology Co., Ltd. 143 

2.2 Preparation of Prussian Blue/Calcium Alginate (PB/CA) Membranes 144 

The Prussian blue/calcium alginate (PB/CA) composite membranes were 145 

fabricated using a facile blade-coating method followed by ionic cross-linking. The 146 

detailed preparation procedure, schematically illustrated in Figure 1. First, 3 g of dried 147 

sodium alginate (SA) powder was gradually added to 77 mL of deionized water under 148 

constant magnetic stirring at room temperature. The mixture was then heated and stirred 149 

continuously until a homogeneous, viscous SA solution was obtained. Subsequently, 20 150 



g of dried Prussian blue (PB) powder was slowly and incrementally added to the 151 

prepared SA solution. The mixture was vigorously stirred to ensure uniform dispersion 152 

of the PB particles, resulting in a stable, homogeneous casting solution. The resulting 153 

casting solution was poured onto a smooth glass plate and spread uniformly using an 154 

automatic membrane applicator to achieve a controlled thickness. The glass plate was 155 

then immediately immersed in a bath containing a 1 wt% calcium chloride (CaCl2) 156 

solution for cross-linking. The ion exchange between Na⁺ in the alginate and Ca²⁺ in 157 

the bath facilitated the formation of a stable, insoluble calcium alginate hydrogel 158 

membrane embedded with PB particles. The formed PB/CA membrane was thoroughly 159 

rinsed with deionized water to remove any residual salts and finally dried in a fume 160 

hood for further use. 161 

 162 

Figure 1 Schematic illustration of the preparation process for the Prussian blue/calcium alginate 163 

(PB/CA) membrane 164 

2.3 Characterization Methods 165 

The chemical composition of the materials was characterized using Fourier 166 

transform infrared spectroscopy (FTIR, 400 - 4000 cm⁻¹, KBr pellet method). The 167 

crystal structure was analyzed by X-ray diffraction (XRD, Cu-Kα, 10-80°, 10°/min), 168 

while the morphology and elemental distribution (C, N, Fe, Ni, Cs) were examined 169 



using scanning electron microscopy (SEM, 2.0 kV, 2000-5000×) coupled with energy-170 

dispersive X-ray spectroscopy (EDS). 171 

2.4 Adsorption Test 172 

This study utilized static batch adsorption experiments to explore the adsorption 173 

performance of PB/CA membranes towards Cs(I). The experimental procedure was 174 

conducted as follows: Initially, a 1000 mg/L cesium chloride stock solution was 175 

prepared, which was subsequently diluted to the target concentration in accordance with 176 

experimental requirements. The pH value of the solution was adjusted using 1 mol/L 177 

hydrochloric acid or sodium hydroxide. A precise mass of PB/CA membrane was 178 

accurately weighed and transferred into a 50 mL centrifuge tube, followed by the 179 

addition of 40 mL of cesium solution with a specified concentration. The centrifuge 180 

tube was then placed on a constant-temperature shaker at 120 rpm for isothermal 181 

oscillation. Upon reaching the preset contact time, the solution was filtered through a 182 

0.22 μm syringe filter. A 1 mL aliquot of the filtrate was pipetted and mixed thoroughly 183 

with 4 mL of 2% nitric acid. The concentrations of Cs(I) in the solutions before and 184 

after adsorption were determined by inductively coupled plasma mass spectrometry 185 

(ICP-MS), based on which the adsorption capacity, removal rate, and desorption rate 186 

were calculated. The obtained experimental data were processed using Equations 1, 2, 187 

and 3： 188 



                                                         (1) 189 

                                                   (2) 190 

                                                    (3) 191 

Q: Adsorption capacity of the adsorbent (mg/g); C₀ and Cₑ: Initial and equilibrium 192 

cesium concentrations in the solution before and after adsorption, respectively (mg/L); 193 

V: Volume of the solution (mL); m: Mass of the adsorbent (g); R: Adsorption removal 194 

rate of the adsorbent; Cd: Cesium ion concentration in the desorption solution (mg/L); 195 

Vd: Volume of the desorption solution (mL); Y: Desorption rate of the adsorbent. 196 

2.5 Related Fitting and DFT Study 197 

Adsorption Kinetics Fitting: In this study, three kinetic models were employed, 198 

namely the pseudo-first-order kinetic model, the pseudo-second-order kinetic model, 199 

and the Weber-Morris intraparticle diffusion model. Specifically, the pseudo-first-order 200 

and pseudo-second-order kinetic models were used to determine the adsorption type, 201 

the Weber-Morris intraparticle diffusion model was utilized to characterize the 202 

adsorption stages. The specific equations are presented as follows： 203 

(1) Quasi-first-order kinetic model 204 

  (4) 205 

Simplifying equation (4) yields： 206 

  (5) 207 

(2) Quasi-Second-Order Kinetic Model 208 

  (6) 209 

Simplifying equation (6) yields： 210 

  (7) 211 



(3) Intra-particle diffusion model 212 

  (8) 213 

Qe: Equilibrium adsorption capacity(mg/g); Qt: Adsorption capacity at time t(mg/g); K1214 

: Pseudo-first-order kinetic constant (min-1); K2: Pseudo-second-order kinetic constant, 215 

(g/mg·min); t: Adsorption time (min); Kid:Intra-particle diffusion rate 216 

constant(g/mg·min1/2); C: Constant related to boundary layer thickness(mg/g) 217 

Adsorption isotherm fitting: The Langmuir and Freundlich models were employed 218 

to fit the adsorption of cesium ions onto the as-prepared material in this work.  219 

(1) Langmuir Model 220 

The Langmuir model assumes that the adsorbent forms a monolayer adsorption. 221 

Its specific equation is as follows: 222 

  (10) 223 

In the formula, Qe and Qm are the adsorption capacities at equilibrium and the 224 

maximum adsorption capacity, respectively, both with units of mg/g; KL is the 225 

Langmuir constant, with units of L/mg; Ce is the concentration of cesium in the solution 226 

at adsorption equilibrium, with units of mg/L. 227 

(2) Freundlich Model 228 

The Freundlich model assumes that the adsorption reaction takes place under ideal 229 

conditions, and its specific equation is as follows: 230 

  (11) 231 

In the formula, Qe is the equilibrium adsorption capacity, with units of mg/g; KF is 232 

the Freundlich constant, with units of L/mg; n is the heterogeneity factor, representing the 233 

uniformity of the distribution of adsorption sites on the adsorbent surface.  234 

Thermodynamic parameter calculation: Based on adsorption isotherm data at 235 

different temperatures, the Gibbs free energy change (ΔG0), enthalpy change (ΔH0), and 236 

entropy change (ΔS0) are calculated using relevant formulas, in order to determine the 237 

spontaneity of the adsorption process, its endothermic or exothermic characteristics, and 238 

changes in system disorder. It is subsequently confirmed that the adsorption process is a 239 

spontaneous endothermic process. 240 

  (12) 241 

  (13) 242 



  (14) 243 

  (15) 244 

In the formula, Kd is the distribution coefficient of the adsorbed substance, with units 245 

of L/mg; T is the adsorption temperature, with units of K; R is the ideal gas constant, with 246 

a value of 8.314 J/mol·K. 247 

For the geometric optimization of the crystal structure, we initiated the geometry 248 

optimization function in the DMol3 module of Materials Studio 7.0. During the 249 

optimization steps, all atoms were fully relaxed. The adsorption energy (ΔE ads) was 250 

calculated using the following formula  251 

                     𝐸ܽ݀ݏ = 𝐸ܾܽ − 𝐸ܽ − ݊𝐸ܾ                   (16) 252 

3 Results and Discussion 253 

3.1 Optimization of Membrane Preparation Conditions 254 

The influence of PB content was first evaluated by preparing membranes with PB-255 

to-SA mass ratios ranging from 0% to 20%, while maintaining a constant thickness of 256 

1000 μm. As illustrated in Figure 2a, the removal rate of Cs(I) significantly increased 257 

with higher PB loadings. This trend is directly attributable to the corresponding increase 258 

in the number of active adsorption sites provided by the PB crystals within the CA 259 

matrix. While the pure CA membrane exhibited negligible adsorption, the incorporation 260 

of 20% PB yielded the highest performance. However, it was observed that exceeding 261 

this ratio compromised the mechanical integrity of the membrane, preventing the 262 

formation of a stable freestanding membrane due to an insufficient amount of SA binder 263 

to encapsulate the excessive PB particles. Consequently, a PB loading of 20% was 264 

identified as the optimal composition and adopted for all subsequent studies. 265 

The effect of membrane thickness on adsorption capacity was examined by 266 

fabricating membranes with thicknesses of 500, 750, and 1000 μm. Subsequent 267 

adsorption experiments were conducted on these three distinct PB/CA membranes to 268 



ascertain the relationship between membrane thickness and its adsorption efficacy. The 269 

experimental findings are presented in Figure 2b. 270 

Variations in membrane thickness exert no significant influence on the removal 271 

efficiency of cesium ions from aqueous solution. The high porosity of the calcium 272 

alginate (CA) membrane provides sufficient contact interface between Prussian blue 273 

(PB) and the aqueous solution, thereby rendering mere adjustments in membrane 274 

thickness to have a negligible impact on adsorption performance. Nevertheless, a 275 

reduction in membrane thickness compromises the mechanical strength of the 276 

composite material; consequently, all subsequent experiments employ Prussian 277 

blue/calcium alginate (PB/CA) composite membranes with a thickness of 1000μm. 278 

 279 

Figure 2: Effects of (a) Prussian blue content and (b) membrane thickness on the adsorption 280 

capacity of PB/CA membranes for Cs(I) 281 

The membrane prepared under these optimized conditions (20% PB, 1000 μm 282 

thickness) was further characterized for its mechanical properties using a universal 283 

testing machine. The measured tensile strength and elastic modulus were 0.11 MPa 284 

and 0.59 MPa, respectively, indicating sufficient mechanical robustness for handling 285 

and application in adsorption studies. 286 

3.2 Characterization of the Prepared PB/CA Membranes 287 

The surface morphology of the PB/CA membrane was examined using scanning 288 

(a) (b)



electron microscopy (SEM). As shown in Figure 3a and b, which present images at 289 

magnifications of 1000× and 2000×, respectively, the membrane exhibits a 290 

heterogeneous surface topography with prominent irregularities. At higher 291 

magnification (Figure 3b), fine particulate structures are clearly visible, adhering to a 292 

relatively smooth substrate region. These particles are uniformly distributed and display 293 

characteristic dimensions consistent with Prussian blue (PB) crystals, confirming the 294 

successful incorporation of PB into the alginate matrix. 295 

The chemical structure of the prepared materials was characterized by Fourier 296 

transform infrared (FT-IR) spectroscopy, as shown in Figure 3c. The spectra of both 297 

sodium alginate (SA) and the PB/CA composite exhibit characteristic absorption bands: 298 

a broad peak in the range of 3300–3500 cm⁻¹ attributed to O–H stretching vibrations, a 299 

signal near 2700 cm⁻¹ corresponding to C–H stretching, and peaks at approximately 300 

1200 cm⁻¹ and 1600 cm⁻¹ associated with the asymmetric and symmetric stretching of 301 

–COO� groups, respectively. A distinct C–O stretching vibration is also observed 302 

around 1000 cm⁻¹. Critically, the PB/CA spectrum displays an additional sharp peak at 303 

2086 cm⁻¹, which is absent in the pure SA spectrum. This peak corresponds to the C≡N 304 

stretching vibration of Prussian blue, confirming the successful incorporation of PB 305 

into the alginate matrix.  306 

The crystalline structure of the composite membrane was analyzed by X-ray 307 

diffraction (XRD). The XRD pattern of the PB/CA membrane (Figure 3d) shows 308 

distinct diffraction peaks at 2θ values of 17.50°, 24.84°, 35.42°, 39.76°, 43.74°, 50.95°, 309 

53.47°, 57.49°, 66.51°, 69.37°, and 76.98°. These peaks are indexed to the (200), (220), 310 

(400), (420), (422), (440), (531), (620), (640), (642), and (733) crystal planes of 311 

Prussian blue, respectively, and align well with the standard reference pattern. The 312 

presence of these well-defined diffraction peaks demonstrates that the crystalline 313 

framework of PB remains intact throughout the membrane preparation process. This 314 

indicates that neither the blade-coating procedure nor the interaction with sodium 315 

alginate disrupts the crystal lattice of PB, affirming the successful integration of 316 

crystalline PB into the CA membrane. 317 



 318 

Figure 3 Characterization of the PB/CA membrane: (a, b) SEM images at different 319 

magnifications; (c) FT-IR spectra of sodium alginate (SA) and the PB/CA membrane; (d) 320 

XRD patterns of the PB/CA membrane and SA. 321 

The chemical composition and surface electronic states of the PB/CA membrane 322 

were further probed by X-ray photoelectron spectroscopy (XPS), with sodium alginate 323 

(SA) serving as a reference. The survey spectra (Figure 4a) confirm the presence of Fe 324 

and N elements in the PB/CA membrane, which are absent in pure SA, providing 325 

primary evidence for the successful incorporation of Prussian blue. The C 1s spectrum 326 

of SA (Figure 4b) can be deconvoluted into three components at binding energies of 327 

285.13 eV, 286.77 eV, and 288.35 eV, assigned to C-(C/H), C-O, and O-C=O species, 328 

respectively. In contrast, the C 1s spectrum of the PB/CA membrane (Figure 4d) 329 

exhibits two additional peaks at 284.66 eV and 284.93 eV, characteristic of C≡N and 330 

Fe²⁺-C≡N bonds from the cyanide groups in Prussian blue. Correspondingly, the N 1s 331 

spectrum of PB/CA (Figure 4c) shows peaks at 397.89 eV and 399.40 eV, attributed to 332 

the C≡N and C≡N-Fe³⁺ coordination, respectively. The high-resolution Fe 2p spectrum 333 

(Figure 4e) provides definitive evidence, with peaks corresponding to Fe²⁺-C (709.96 334 

(c) (d)



eV) and Fe³⁺-N (715.23 eV) coordinations. The presence of these distinct spectral 335 

features, alongside the observed charge transfer effects (e.g., σ-electron donation to the 336 

π* orbital of the cyano group to stabilize the structure), conclusively verifies the 337 

successful integration of Prussian blue into the alginate matrix. 338 

 339 

Figure 4 XPS analysis of the PB/CA membrane and sodium alginate (SA): (a) Survey 340 

spectra; High-resolution spectra of (b) C 1s of SA, (c) N 1s of PB/CA, (d) C 1s of PB/CA, 341 

and (e) Fe 2p of PB/CA. 342 

3.3 Evaluation of Adsorption Performance 343 

3.3.1 Effect of Initial pH of solution 344 

To identify the optimal pH window for Cs(I) removal, the effect of initial solution 345 

pH (ranging from 3.0 to 12.0) on the adsorption performance of the PB/CA membrane 346 

was investigated. As summarized in Figure 5a, the removal efficiency was strongly pH-347 

dependent. At a strongly acidic pH of 3.0, the adsorption capacity was relatively low. A 348 

significant enhancement in Cs(I) removal was observed as the pH increased from 3.0 349 

to 6.0, with the efficiency exceeding 95% at pH 6.0. Notably, across the neutral to 350 

alkaline pH range (6.0–12.0), the removal rate remained. consistently high and stable, 351 

demonstrating the robust performance of the PB/CA membrane under a wide spectrum 352 



of pH conditions. This broad pH adaptability is advantageous for practical applications 353 

in treating wastewaters with variable acidity. 354 

 355 

Figure 5 Effects of various parameters on the adsorption and desorption performance of 356 

PB/CA membranes for Cs(I): (a) initial pH; (b) adsorbent dosage; 357 

3.3.2 Effect of Adsorbent Dosage 358 

The effect of PB/CA membrane dosage (expressed as solid-to-liquid ratio) on Cs(I) 359 

removal was evaluated, as shown in Fig. 5(b). When the dosage increased from 0.1 to 360 

1.0 g/L, the removal efficiency increased sharply, exceeding 97% at 1.0 g/L. This 361 

indicates that the active sites provided at this dosage are sufficient to effectively capture 362 

most Cs(I) ions from the solution. Further increasing the dosage to 2.0 g/L only resulted 363 

in a marginal improvement in removal efficiency, suggesting that the adsorption 364 

approaches equilibrium and that additional adsorbent provides diminishing returns. 365 

Therefore, a dosage of 1.0 g/L is identified as the optimal value, achieving high removal 366 

efficiency while minimizing material consumption.  367 

3.3.3 Adsorption Kinetics 368 

The adsorption kinetics of Cs(I) on the PB/CA membrane are presented in Figure 369 

6a. The removal of Cs(I) exhibited a distinct time-dependent profile, characterized by 370 

an initial rapid phase followed by a gradual approach to equilibrium. Specifically, 371 



within the first 180 minutes, the adsorption proceeded rapidly, with the removal 372 

efficiency sharply increasing to over 84%. This stage is attributed to the abundant 373 

availability of active surface sites. Subsequently, between 180 and 480 minutes, the 374 

adsorption rate decelerated significantly as the system approached equilibrium, likely 375 

due to the gradual occupancy of active sites and increasing diffusion resistance. After 376 

480 minutes, the removal efficiency remained nearly constant with time, indicating that 377 

a dynamic equilibrium between adsorption and desorption was established, 378 

corresponding to the saturation of the adsorbent under the given conditions. 379 

To elucidate the adsorption mechanism of Cs(I) onto the PB/CA membrane, the 380 

kinetic data were analyzed using pseudo-first-order and pseudo-second-order models. 381 

The fitting results are presented in Figure 6b and c. The pseudo-first-order model 382 

(Figure 6b) showed a significant deviation between the experimental data points and 383 

the theoretical fitting curve, yielding a relatively low correlation coefficient (R² = 0.97, 384 

Supplementary Table 1). In contrast, the pseudo-second-order model (Figure 6c) 385 

demonstrated an excellent fit, with the data points closely aligning with the predicted 386 

curve and a notably high linear correlation (R² = 0.99). The superior agreement with 387 

the pseudo-second-order kinetics suggests that the adsorption process is primarily 388 

governed by chemisorption, likely involving valence forces through the sharing or 389 

exchange of electrons between the Cs(I) ions and the functional groups on the PB/CA 390 

membrane surface. The intraparticle diffusion model fitting for the adsorption of Cs(I) 391 

onto the PB/CA membrane is presented in Figure 6d and Supplementary Table 2. The 392 

plot clearly reveals a three-stage adsorption process. In the first stage, Cs(I) ions are 393 

rapidly adsorbed onto the readily accessible external surface sites of the membrane. The 394 

second stage corresponds to a slower diffusion process, where Cs(I) ions migrate into 395 

the internal pores of the PB/CA membrane. Finally, in the third stage, the remaining 396 

ions continue to diffuse toward the interior adsorption sites against increasing diffusion 397 

resistance, resulting in a gradual decrease in the adsorption rate until dynamic 398 

equilibrium is attained. 399 



 400 

Figure 6 (a)Contact time (Effect of adsorption kinetics on the adsorption and desorption 401 

performance of Cs(I)); Model fitting for the adsorption of Cs(I) onto the PB/CA membrane: (b) 402 

Pseudo-first-order kinetic model; (c) Pseudo-second-order kinetic model; (d) Intraparticle diffusion 403 

model  404 

3.3.4 Adsorption Isotherms and Thermodynamics  405 

The adsorption performance of the PB/CA membrane was evaluated as a function 406 

of initial Cs(I) concentration and temperature, as summarized in Figure 7a. The 407 

adsorption capacity increased steadily with rising initial Cs(I) concentration, reaching 408 

a maximum value of  26.25 mg/g at 80 mg/L. At low initial concentrations (0�20 409 

mg/L), the adsorption capacity remained largely unaffected by temperature variation, 410 

which can be attributed to the sufficient availability of active sites relative to the low 411 

Cs(I) ion concentration. However, at higher initial concentrations, a clear positive 412 

correlation between temperature and adsorption capacity was observed, indicating that 413 



the adsorption process is endothermic. The elevated temperature likely enhances the 414 

mobility of Cs(I) ions and promotes their interaction with the adsorption sites on 415 

Prussian blue, thereby improving the overall adsorption efficiency. 416 

To gain deeper insights into the adsorption characteristics of Cs(I) onto the PB/CA 417 

membrane, the equilibrium data were analyzed using the Langmuir and Freundlich 418 

isotherm models. The experimental results and corresponding fitting curves are 419 

presented in Figure 7b, with the detailed thermodynamic parameters summarized in 420 

Supplementary Table 3 and Supplementary Table 4. A comparative analysis indicates 421 

that the experimental data exhibit a better fit to the Langmuir model across all tested 422 

temperatures, as evidenced by the closer alignment of the data points with the Langmuir 423 

fitting curves. This suggests that the adsorption process occurs primarily via monolayer 424 

coverage on a homogeneous surface. The maximum adsorption capacity (Qm) derived 425 

from the Langmuir model was determined to be 29.59 mg/g at 298.15 K. 426 

 427 

Figure 7 Effects of various parameters on the adsorption and desorption 428 

performance of PB/CA membranes for Cs(I): (a) initial concentration and temperature 429 

(adsorption isotherms); (b) thermodynamic model fitting; 430 

To further elucidate the nature of the adsorption process, key thermodynamic 431 

parameters, including the change in Gibbs free energy (ΔG⁰), were calculated and are 432 

listed in Supplementary Table 5. The ΔG⁰ values at 298.15 K, 308.15 K, and 318.15 K 433 

were all negative, confirming the spontaneous nature of Cs(I) adsorption on the PB/CA 434 

membrane. Moreover, the ΔG⁰ value became more negative with increasing 435 

temperature, indicating that the spontaneity of the adsorption process is enhanced at 436 



higher temperatures. 437 

3.3.5 Selectivity and Competitive Adsorption 438 

The selective adsorption performance of the PB/CA membrane for Cs(I) was 439 

evaluated in a multi-ion system containing competing cations (Na⁺, Mg²⁺, K⁺, Ca²⁺, 440 

Mn²⁺, Co²⁺, Ni²⁺, Zn²⁺, Sr²⁺, Ba²⁺). As shown in Figure 8a, the membrane exhibited a 441 

pronounced preference for Cs(I), achieving a high removal efficiency of 94.96% despite 442 

the presence of these interfering ions. In contrast, the removal rates for most other metal 443 

ions were below 40%. Notably, stronger adsorption was observed for K⁺ and Ba²⁺, 444 

which can be attributed to the similarity between their hydrated ionic radii and that of 445 

Cs(I)⁺ (as detailed in Supplementary Table 6, allowing them partial access to the 446 

selective sites within the Prussian blue lattice. The maintained high efficiency for Cs(I) 447 

highlights the membrane’s excellent anti‑interference performance, which is 448 

fundamentally linked to the precise match between the size of the hydrated Cs(I) ion 449 

and the interstitial cavities in the Prussian blue crystal structure. 450 

3.3.6 Regeneration and Reusability 451 

As illustrated in Figure 8b, NH₄Cl demonstrated the highest desorption efficiency 452 

among the tested agents. The superior performance of NH₄Cl is likely attributable to 453 

the similar ionic radius of NH₄⁺ to that of Cs(I), facilitating an effective ion-exchange 454 

process for releasing Cs(I) from the adsorption sites. The elution rate increased 455 

progressively with higher NH₄Cl concentrations. However, excessively high 456 

concentrations ( >0.02 mol/L) were found to adversely affect the membrane’s 457 

mechanical stability, potentially leading to structural damage. Furthermore, high 458 

concentrations of NH₄⁺ ions may occupy a significant portion of the adsorption sites, 459 

thereby reducing the adsorption capacity in subsequent cycles. An optimal 460 

concentration of 0.01 mol/L was thus identified, offering a balance between high 461 

elution efficiency and preservation of the adsorbent's structural and functional 462 

properties. 463 



 464 

Figure 8 Effects of various parameters on the adsorption and desorption performance of 465 

PB/CA membranes for Cs(I): (a) competing ions; (b) type and concentration of desorption agent; 466 

(c) desorption time; (d) cycling performance 467 

The effect of desorption time was also examined to determine the kinetics of the 468 

elution process. The results, presented in Figure 8c, indicate that the elution rate 469 

increased rapidly within the first 180 minutes, showing an approximately linear trend. 470 

Beyond 180 minutes, the rate of increase gradually slowed, and the process reached a 471 

plateau after 720 minutes, indicating that desorption equilibrium was achieved. Based 472 

on these findings, a desorption time of 720 minutes was adopted to ensure near-473 

complete elution while maintaining operational efficiency. 474 

Finally, the cyclic adsorption-desorption performance of the PB/CA membrane 475 

was evaluated over multiple cycles under the optimized conditions. As depicted in 476 

Figure 8d, the membrane exhibited excellent stability, with only a minor decrease in 477 

adsorption efficiency observed after several cycles. In contrast, a more noticeable 478 

reduction in the elution rate was recorded in later cycles. This suggests that while the 479 

membrane's adsorption capacity remains largely intact, a slight irreversible binding or 480 



pore blockage may occur over repeated use, slightly reducing regeneration efficiency. 481 

Nonetheless, the overall performance confirms the good reusability and potential for 482 

practical application of the PB/CA membrane. 483 

3.4 Elucidation of the Adsorption Mechanism 484 

To elucidate the mechanism of Cs(I) adsorption onto the PB/CA membrane, a 485 

comparative characterization of the membranes before and after adsorption was 486 

performed using SEM-EDS. Comparing to pristine PB/CA membrane, after Cs(I) 487 

adsorption (Figure 9b), no significant alteration in the overall surface topography is 488 

observed, indicating that the adsorption process does not lead to the formation of new 489 

surface precipitates or aggregates. This suggests that Cs(I) is not simply deposited on 490 

the external surface but primarily incorporated into the internal structure of the Prussian 491 

blue crystals within the composite matrix. 492 

Elemental mapping via EDS was conducted to further visualize the distribution of 493 

key elements. The corresponding maps for carbon (C, Figure 9c), nitrogen (N, Figure 494 

9d), and iron (Fe, Figure 9e) show a homogeneous distribution throughout the 495 

membrane, confirming the uniform dispersion of Prussian blue within the alginate 496 

substrate. Most notably, the spatial distribution of cesium (Cs, Figure 9f)) after 497 

adsorption exhibits a strong correlation with the distribution of Fe. This overlapping 498 

pattern provides direct evidence that Cs(I) ions are preferentially adsorbed at sites 499 

associated with the Prussian blue component, supporting the hypothesis of lattice-level 500 

incorporation rather than superficial deposition. 501 



 502 

Figure 9 SEM and corresponding EDS elemental mapping images of the PB/CA 503 

membrane before (a) and after (b) Cs(I) adsorption, and the distribution of elements (c) C, (d) 504 

N, (e) Fe, and (f) Cs 505 

The XRD patterns of the PB/CA membrane before and after Cs(I) adsorption are 506 

compared in Figure 10. Following adsorption, a decrease in peak intensity coupled with 507 

peak broadening is observed, which can be attributed to lattice distortion induced by 508 

the incorporation of Cs(I) ions into the Prussian blue framework. Quantitative analysis 509 

of the (200) reflection of the face-centered cubic structure reveals a contraction of the 510 

lattice parameter from 5.1093 Å in the pristine membrane to 5.0746 Å after Cs(I) uptake. 511 

This lattice contraction, rather than an expansion, provides clear evidence that the 512 

adsorbed Cs(I) ions do not substitute for Fe sites within the crystal lattice. Instead, they 513 

are incorporated into the interstitial sites, and the observed structural change results 514 

from the interaction between the hosted Cs(I) ions and the surrounding Prussian blue 515 

lattice. 516 



 517 

Figure 10 XRD patterns of the PB/CA membrane before and after Cs(I) adsorption 518 

To gain deeper insights into the adsorption mechanism at the electronic 519 

structure level, X-ray photoelectron spectroscopy (XPS) analysis was performed on the 520 

PB/CA membrane before and after Cs(I) adsorption. The survey spectra (Figure 11a) 521 

confirm the successful adsorption of Cs(I), as evidenced by the emergence of distinct 522 

Cs 3d peaks in the spectrum of the adsorbed sample, which are absent in the pristine 523 

membrane. High-resolution spectra provide further mechanistic insights. The Cs 3d 524 

spectrum (Figure 11b) after adsorption displays doublet peaks at binding energies of 525 

724.87 eV (Cs 3d₅/₂) and 738.77 eV (Cs 3d₃/₂), confirming the presence of Cs(I) on the 526 

membrane.  527 

 528 

Figure 11 XPS spectra of the PB/CA membrane before and after Cs(I) adsorption: (a) Survey 529 

scan; High-resolution spectra of (b) Cs 3d after adsorption 530 

 531 



Significant changes were also observed in the spectra of key elements 532 

constituting the adsorbent. The C 1s spectrum of the pristine membrane (Figure 12a) 533 

was deconvoluted into four components: C-C/C-H (284.78 eV), C-N (284.72 eV), C-O 534 

(288.91 eV), and C=O (287.0 eV). After adsorption, the binding energies of the C-N, 535 

C-O, and C=O peaks shifted to lower values (284.62 eV, 286.90 eV, and 286.78 eV, 536 

respectively), indicating an alteration in the local chemical environment likely due to 537 

electron density redistribution upon Cs(I) interaction. 538 

 539 

Figure12 Survey scan; High-resolution spectra of (a) C 1s, (b) N 1s, (c) Fe 2p 540 

 541 

The N 1s spectrum (Figure 12b) of the pristine membrane featured peaks 542 

corresponding to C-N (397.92 eV), C≡N (397.92 eV), and C=N (402.39 eV). After 543 

Cs(I) adsorption, a new peak emerged at 398.38 eV, which can be attributed to the 544 

formation of a C≡N-Cs interaction. This suggests that Cs(I) coordinates with the 545 

cyanide nitrogen atoms of Prussian blue. Concurrently, the Fe 2p spectrum (Figure 12c) 546 

showed a noticeable shift towards lower binding energies after adsorption, reflecting 547 

changes in the oxidation state and electronic environment of the Fe centers resulting 548 

from the charge transfer associated with Cs(I) incorporation. These electronic structure 549 

changes are consistent with the lattice contraction observed by XRD, collectively 550 

supporting the mechanism of Cs(I) insertion into the PB crystal lattice. 551 

 552 

Figure 13 Mössbauer spectra of the PB/CA membrane (a) before and (b) after Cs(I) 553 



adsorption 554 

The local chemical environment of iron centers in the PB/CA membrane before 555 

and after Cs(I) adsorption was probed using Mössbauer spectroscopy, with the 556 

corresponding spectra presented in Figure 13. The spectral profiles for both samples 557 

consist of two characteristic components: a singlet corresponding to low-spin Fe²⁺ and 558 

a doublet representing high-spin Fe³⁺. The detailed spectral parameters obtained from 559 

the fitting are summarized in Supplementary Table 7. Quantitative analysis of the 560 

spectral areas reveals a noticeable change in the relative distribution of iron species 561 

after Cs(I) adsorption: the proportion of Fe²⁺ increased from 21.0% to 21.7%, while that 562 

of Fe³⁺ decreased correspondingly from 79.0% to 78.3%. This subtle but consistent shift 563 

in the Fe²⁺/Fe³⁺ ratio suggests a slight electron transfer process, potentially facilitated 564 

by σ-electron donation from the cyano groups into the π* orbitals, which contributes to 565 

the stabilization of the mixed-valence Prussian blue framework upon Cs(I) 566 

incorporation. 567 

A more pronounced effect was observed in the line widths of the spectral 568 

components. After adsorption, the line widths for both Fe²⁺ and Fe³⁺ showed a slight 569 

but measurable increase. In a crystalline lattice, the broadening of spectral lines is 570 

typically attributed to an increase in the disorder of the local microenvironment 571 

surrounding the resonant nuclei. This disorder can be induced by factors such as the 572 

presence of point defects, strain, or the incorporation of guest species that perturb the 573 

crystal lattice. The observed line broadening provides direct evidence that Cs(I) ions 574 

penetrate into the interior of the Prussian blue crystal structure after adsorption.  575 

Overall, these findings support an adsorption mechanism in which Cs(I) ions enter the 576 

intrinsic vacancies of the PBAs crystal and coordinate with the nitrogen atoms of the 577 

cyanide groups, leading to local lattice strain and structural distortion. A schematic 578 

diagram of this mechanism is shown in Figure 14. 579 



 580 

Figure 14 Schematic diagram of Cs ion insertion into the Prussian blue lattice 581 

 582 

3.5 Theoretical Calculations via Density Functional Theory (DFT)  583 

3.5.1 Mulliken Charge Analysis 584 

The Mulliken charge distribution within the Prussian blue unit cell, calculated for 585 

the PB/CA system before and after Cs(I) adsorption, is presented in Figure 15a and b. 586 

The analysis reveals the charge state of individual atoms, providing insight into the 587 

electrostatic interactions governing adsorption. As illustrated, the nitrogen (N) and 588 

carbon (C) atoms within the cyanide (C≡N) ligands carry significant negative charges. 589 

This pronounced anionic character establishes these sites as key anchors for the 590 

electrostatic attraction and binding of cationic Cs(I) ions. This computational finding is 591 

in excellent agreement with the XPS analysis (Section 3.4), which indicated chemical 592 

interaction between Cs(I) and the cyanide groups, thereby corroborating the proposed 593 

adsorption mechanism at the electronic structure level. 594 

3.5.2 Adsorption Energy Calculation 595 

CASTEP calculations were modeled using Material Studio. The energy of cesium 596 

adsorbed by PB/CA membranes (𝐸ܽ݀ݏ) is calculated as follows: 597 

                   𝐸ܽ݀ݏ = 𝐸ܾܽ − 𝐸ܽ − ݊𝐸ܾ                   (16) 598 

where Eab represents the total energy of the PB/CA-Cs complex system, Ea is the 599 

energy of the pristine PB/CA membrane, Eb denotes the energy of an isolated Cs atom, 600 

and n is the number of adsorbed Cs atoms. A more negative Eads value indicates a 601 

thermodynamically more favorable adsorption process and greater stability of the 602 

formed complex. 603 

The calculated energy values were as follows: Eab = -5388.38 kJ/mol, Ea = -604 



4281.85 kJ/mol, and Eb= -549.66 kJ/mol. Based on equation (16), the adsorption 605 

energy was determined to be Eads= -556.87 kJ/mol (-5.77 eV). The significantly 606 

negative value strongly indicates a substantial attractive interaction between the PB/CA 607 

membrane and Cs(I), confirming the spontaneous nature of the adsorption process. This 608 

result is consistent with a chemisorption mechanism, in full agreement with the 609 

experimental findings presented in the previous sections. 610 

 611 

Figure 15 Mulliken charge distribution analysis (a) before and (b) after Cs adsorption 612 

(illustrated on the smallest unit cell structure) 613 

 614 

4.Conclusion 615 

This study successfully developed a Prussian blue/calcium alginate (PB/CA) 616 

composite membrane via a facile and eco-friendly doctor blade coating�crosslinking 617 

method, with excellent adsorption selectivity and high efficiency for Cs(I). The 618 

optimized membrane demonstrated a high adsorption capacity of 29.59 mg/g and 619 

maintained over 94.96% removal efficiency in multi-ion systems, showing excellent 620 

selectivity and pH adaptability. Adsorption followed the pseudo-second-order kinetic 621 

and Langmuir isotherm models, indicating chemisorption-dominated monolayer 622 

adsorption. Thermodynamic analysis confirmed a spontaneous and endothermic 623 

process. Through the integrated analysis of XRD, XPS, Mössbauer spectroscopy, and 624 

DFT calculations, this study delineates the atomic-level capture mechanism of Cs(I). 625 

Rather than merely being adsorbed on the surface, Cs(I) integrates into the interstitial 626 

sites of the Prussian blue lattice due to a precise match between its ionic radius and the 627 



PB lattice vacancy (~3.20 Å), coordinating with cyanide nitrogen. This integration 628 

results in a contraction of the lattice parameter from 5.1093 Å to 5.0746 Å, 629 

corresponding to a lattice contraction of ~0.68%. Concurrently, there is an increase in 630 

the proportion of Fe²⁺ from 21.0% to 21.7%, while the proportion of Fe³⁺ decreases 631 

from 79.0% to 78.3%. These changes are accompanied by local electronic 632 

rearrangement and structural microstrain. The calculated  adsorption energy from 633 

DFT stands at −556.87 kJ/mol (−5.77 eV), further confirming strong chemisorption and 634 

stable binding. These findings provide a promising material for radioactive cesium 635 

removal and a mechanistic insight for designing advanced adsorbents. 636 

637 



CRediT authorship contribution statement 638 

Peng Liu: Funding acquisition, Resources, Supervision. Wenhui Zhao: Writing 639 

– review & editing, Software. Haitao Wang: Methodology. Keze Du: Writing – 640 

original draft. Yinuo Zhou: Data curation. Fuqiu Ma: Project administration, 641 

Supervision. Mingbo Ji: Writing – review & editing, Supervision. 642 

 643 

Declaration of competing interest 644 

The authors declare that they have no known competing financial interests or 645 

personal relationships that could have appeared to influence the work reported in this 646 

paper. 647 

Data availability 648 

Data will be made available on request. 649 

Acknowledgments 650 

The research was supported by the National Natural Science Foundation of China 651 

(52303122), Shandong Provincial Natural Science Foundation (ZR2024QE114, 652 

ZR2024QE246). 653 

654 



References 655 

[1] LIZAGA I, GASPAR L, QUIJANO L, et al. NDVI, 137Cs and nutrients for tracking 656 

soil and vegetation development on glacial landforms in the Lake Parón Catchment 657 

(Cordillera Blanca, Perú) [J]. Science of The Total Environment, 2019, 651: 250-60. 658 

[2] XIAO C, ZHANG A, CHAI Z. Synthesis and characterization of novel macroporous 659 

silica-polymer-calixcrown hybrid supramolecular recognition materials for effective 660 

separation of cesium [J]. Journal of Hazardous Materials, 2014, 267: 109-18. 661 

[3] TORAD N L, HU M, IMURA M, et al. Large Cs adsorption capability of 662 

nanostructured Prussian Blue particles with high accessible surface areas [J]. Journal 663 

of Materials Chemistry, 2012, 22(35). 664 

[4] ALI S, BALOCH S B, BERNAS J, et al. Phytotoxicity of radionuclides: A review of 665 

sources, impacts and remediation strategies [J]. Environmental Research, 2024, 240: 666 

117479. 667 

[5] BURGER A, LICHTSCHEIDL I. Stable and radioactive cesium: A review about 668 

distribution in the environment, uptake and translocation in plants, plant reactions and 669 

plants' potential for bioremediation [J]. Science of The Total Environment, 2018, 618: 670 

1459-85. 671 

[6] LIU X, CHEN G-R, LEE D-J, et al. Adsorption removal of cesium from drinking 672 

waters: A mini review on use of biosorbents and other adsorbents [J]. Bioresource 673 

Technology, 2014, 160: 142-9. 674 

[7] ZHUANG S, WANG J. Cesium removal from radioactive wastewater by adsorption 675 

and membrane technology [J]. Frontiers of Environmental Science & Engineering, 676 

2023, 18(3): 38. 677 

[8] WAN Y, WANG J, GAMA M, et al. Biofabrication of a novel bacteria/bacterial 678 

cellulose composite for improved adsorption capacity [J]. Composites Part A: Applied 679 

Science and Manufacturing, 2019, 125: 105560. 680 

[9] SOPAPAN P, LAMDAB U, AKHARAWUTCHAYANON T, et al. Effective removal 681 

of non-radioactive and radioactive cesium from wastewater generated by washing 682 

treatment of contaminated steel ash [J]. Nuclear Engineering and Technology, 2023, 683 

55(2): 516-22. 684 

[10] LIU H, TONG L, SU M, et al. The latest research trends in the removal of cesium 685 

from radioactive wastewater: A review based on data-driven and visual analysis [J]. 686 

Science of The Total Environment, 2023, 869: 161664. 687 

[11] GAO J, CHEN J, LV H, et al. A reductive strategy with ultrahigh selectivity for 688 

sequential recovery of uranium from radioactive wastewater [J]. Chemical 689 

Engineering Journal, 2024, 483: 149042. 690 

[12] AWUAL M R, SUZUKI S, TAGUCHI T, et al. Radioactive cesium removal from 691 

nuclear wastewater by novel inorganic and conjugate adsorbents [J]. Chemical 692 

Engineering Journal, 2014, 242: 127-35. 693 

[13] OH M, LEE K, JEON M K, et al. Chemical precipitation–based treatment of acidic 694 

wastewater generated by chemical decontamination of radioactive concrete [J]. 695 

Journal of Environmental Chemical Engineering, 2023, 11(5): 110306. 696 

[14] IŞıK B, KURTOĞLU A E, GüRDAĞ G, et al. Radioactive cesium ion removal from 697 



wastewater using polymer metal oxide composites [J]. Journal of Hazardous 698 

Materials, 2021, 403: 123652. 699 

[15] JIANG Z, LIU G, MA C, et al. Cesium removal from wastewater: High-efficient and 700 

reusable adsorbent K1.93Ti0.22Sn3S6.43 [J]. Chemosphere, 2022, 305: 135406. 701 

[16] WANG J, ZHUANG S. Cesium separation from radioactive waste by extraction and 702 

adsorption based on crown ethers and calixarenes [J]. Nuclear Engineering and 703 

Technology, 2020, 52(2): 328-36. 704 

[17] NILCHI A, SABERI R, MORADI M, et al. Adsorption of cesium on copper 705 

hexacyanoferrate–PAN composite ion exchanger from aqueous solution [J]. Chemical 706 

Engineering Journal, 2011, 172(1): 572-80. 707 

[18] XIANG H, MIN X, TANG C-J, et al. Recent advances in membrane filtration for 708 

heavy metal removal from wastewater: A mini review [J]. Journal of Water Process 709 

Engineering, 2022, 49: 103023. 710 

[19] ZUO K, WANG K, DUCHANOIS R M, et al. Selective membranes in water and 711 

wastewater treatment: Role of advanced materials [J]. Materials Today, 2021, 50: 712 

516-32. 713 

[20] KAVITHA E, POONGUZHALI E, NANDITHA D, et al. Current status and future 714 

prospects of membrane separation processes for value recovery from wastewater [J]. 715 

Chemosphere, 2022, 291(Pt 2): 132690. 716 

[21] LI J, WANG Y, LI W, et al. Accumulation capability for cesium differs among 717 

bacterial species: A comprehensive study using bacteria isolated from freshwater and 718 

coastal sediment [J]. Environmental Pollution, 2022, 292: 118431. 719 

[22] MOUSA A M, BREKY M M E, ATTALLAH M F. Biosorption of cesium and 720 

strontium from aqueous solution by Aspergillus flavus biomass [J]. Scientific 721 

Reports, 2025, 15(1): 26328. 722 

[23] CAO W, HUA L, FAN H, et al. In situ electrochemical synthesis of copper-zinc 723 

ferrocyanide for removal of cesium in simulated liquid radioactive wastes [J]. 724 

Applied Radiation and Isotopes, 2025, 222: 111854. 725 

[24] YANG X, JIANG L, PENG S, et al. Removal of cesium from liquid radioactive waste 726 

by in situ electrochemical synthesis of cesium zinc ferrocyanide [J]. Colloids and 727 

Surfaces A: Physicochemical and Engineering Aspects, 2021, 626: 127050. 728 

[25] HE M, DAVIS R, CHARTOUNI D, et al. Assessment of the first commercial 729 

Prussian blue based sodium-ion battery [J]. Journal of Power Sources, 2022, 548: 730 

232036. 731 

[26] BUSER H J, LUDI A, PETTER W, et al. Single-crystal study of Prussian Blue: 732 

Fe4[Fe(CN)6]2, 14H2O [J]. Journal of the Chemical Society, Chemical 733 

Communications, 1972, (23): 1299-. 734 

[27] SHI J, DU M, ZHANG G, et al. Structural properties, design strategies, and 735 

morphology control of micro/nanoscaled prussian blue and its analogues [J]. 736 

Materials Today Chemistry, 2024, 38: 102063. 737 

[28] CHEN S, HU J, HAN S, et al. A review on emerging composite materials for cesium 738 

adsorption and environmental remediation on the latest decade [J]. Separation and 739 

Purification Technology, 2020, 251: 117340. 740 

[29] ZHANG H, MA X, WANG Z, et al. Highly selective removal of thallous ions from 741 



wastewater using Prussian Blue biochar composite [J]. Scientific Reports, 2024, 742 

14(1): 21479. 743 

[30] XIONG Z, CHENG Y, DONG K, et al. Highly efficient removal of trace thallium 744 

from surface water by Co@Fe Prussian blue analogue coated membrane [J]. 745 

Separation and Purification Technology, 2025, 357: 130078. 746 

[31] ABD-ELHAMID A I, ABU ELGOUD E M, ALY H F. Synthesis of Prussian blue-747 

embedded magnetic micro hydrogel for scavenging of cesium from aqueous 748 

solutions; Batch and dynamic investigations [J]. International Journal of Biological 749 

Macromolecules, 2024, 254: 126864. 750 

[32] GAO C, YAN W, HAN S, et al. Layer-by-layer assembled ferrocyanide composite 751 

fibers for highly efficient removal of cesium [J]. Separation and Purification 752 

Technology, 2023, 310: 123162. 753 

[33] CHEN S, DONG Y, WANG H, et al. Highly efficient and selective cesium recovery 754 

from natural brine resources using mesoporous Prussian blue analogs synthesized by 755 

ionic liquid-assisted strategy [J]. Resources, Conservation and Recycling, 2022, 186: 756 

106542. 757 

[34] ZHANG Y, WANG H, GAO K, et al. Efficient removal of Cs(I) from water using a 758 

novel Prussian blue and graphene oxide modified PVDF membrane: Preparation, 759 

characterization, and mechanism [J]. Science of The Total Environment, 2022, 838: 760 

156530. 761 

[35] LI H, ZHANG L, CHEN J, et al. Reduced graphene oxide based aerogels: Doped 762 

with ternary Prussian blue analogs and selective removal of Cs+ from effluent [J]. 763 

Journal of Water Process Engineering, 2022, 47: 102741. 764 

[36] LING FELICIA W X, ROVINA K, SUPRI S, et al. Next-generation sodium alginate 765 

hydrogels for heavy metal ion removal: properties, dynamic adsorption–desorption 766 

mechanisms, and sustainable application potential [J]. Polymer Bulletin, 2025, 767 

82(16): 10587-637. 768 

[37] VIPIN A K, HU B, FUGETSU B. Prussian blue caged in alginate/calcium beads as 769 

adsorbents for removal of cesium ions from contaminated water [J]. Journal of 770 

Hazardous Materials, 2013, 258-259: 93-101. 771 

[38] ALSAMMAN M T, SáNCHEZ J. Adsorption of Copper and Arsenic from Water 772 

Using a Semi-Interpenetrating Polymer Network Based on Alginate and Chitosan 773 

[J/OL] 2023, 15(9):2192[10.3390/polym15092192 774 

[39] TANG S, YANG J, LIN L, et al. Construction of physically crosslinked 775 

chitosan/sodium alginate/calcium ion double-network hydrogel and its application to 776 

heavy metal ions removal [J]. Chemical Engineering Journal, 2020, 393: 124728. 777 

[40] ALLAHKARAMI E, ALLAHKARAMI E, AZADMEHR A. Enhancing the 778 

efficiency of Ni(II), Cd(II), and Cu(II) adsorption from aqueous solution using 779 

schist/alginate composite: batch and continuous studies [J]. Environmental Science 780 

and Pollution Research, 2023, 30(48): 105504-21. 781 

[41] SHI T, XIE Z, ZHU Z, et al. Highly efficient and selective adsorption of heavy metal 782 

ions by hydrazide-modified sodium alginate [J]. Carbohydrate Polymers, 2022, 276: 783 

118797. 784 

[42] NORDSTRAND J, KLOO L. Electrostatic interactions and physisorption: 785 



mechanisms of passive cesium adsorption on Prussian blue [J]. Physical Chemistry 786 

Chemical Physics, 2022. 787 

[43] MOHAMMED C, LALGEE L, KISTOW M, et al. On the binding affinity and 788 

thermodynamics of sodium alginate-heavy metal ion interactions for efficient 789 

adsorption [J]. Carbohydrate Polymer Technologies and Applications, 2022, 3: 790 

100203. 791 

[44] SHI T, XIE Z, MO X, et al. Adsorption behaviors of heavy metal ions by different 792 

hydrazone-modified sodium alginate in aqueous medium: Experimental and DFT 793 

studies [J]. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 794 

2023, 659: 130754. 795 

 796 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryInformationSI.docx

https://assets-eu.researchsquare.com/files/rs-9642908/v1/ee29c5e369f78a04de25838b.docx

	2.1 Materials
	2.2 Preparation of Prussian Blue/Calcium Alginate (PB/CA) Membranes
	Figure 1 Schematic illustration of the preparation process for the Prussian blue/calcium alginate (PB/CA) membrane
	2.4 Adsorption Test
	(1)
	(2)
	(3)
	Q: Adsorption capacity of the adsorbent (mg/g); C₀ and Cₑ: Initial and equilibrium cesium concentrations in the solution before and after adsorption, respectively (mg/L); V: Volume of the solution (mL); m: Mass of the adsorbent (g); R: Adsorption remo...
	Adsorption Kinetics Fitting: In this study, three kinetic models were employed, namely the pseudo-first-order kinetic model, the pseudo-second-order kinetic model, and the Weber-Morris intraparticle diffusion model. Specifically, the pseudo-first-orde...
	3 Results and Discussion
	3.1 Optimization of Membrane Preparation Conditions
	The influence of PB content was first evaluated by preparing membranes with PB-to-SA mass ratios ranging from 0% to 20%, while maintaining a constant thickness of 1000 μm. As illustrated in Figure 2a, the removal rate of Cs(I) significantly increased ...
	The effect of membrane thickness on adsorption capacity was examined by fabricating membranes with thicknesses of 500, 750, and 1000 μm. Subsequent adsorption experiments were conducted on these three distinct PB/CA membranes to ascertain the relation...
	Variations in membrane thickness exert no significant influence on the removal efficiency of cesium ions from aqueous solution. The high porosity of the calcium alginate (CA) membrane provides sufficient contact interface between Prussian blue (PB) an...
	Figure 2: Effects of (a) Prussian blue content and (b) membrane thickness on the adsorption capacity of PB/CA membranes for Cs(I)
	The membrane prepared under these optimized conditions (20% PB, 1000 μm thickness) was further characterized for its mechanical properties using a universal testing machine. The measured tensile strength and elastic modulus were 0.11 MPa and 0.59 MPa,...
	3.3 Evaluation of Adsorption Performance
	3.3.1 Effect of Initial pH of solution
	To identify the optimal pH window for Cs(I) removal, the effect of initial solution pH (ranging from 3.0 to 12.0) on the adsorption performance of the PB/CA membrane was investigated. As summarized in Figure 5a, the removal efficiency was strongly pH-...
	Figure 5 Effects of various parameters on the adsorption and desorption performance of PB/CA membranes for Cs(I): (a) initial pH; (b) adsorbent dosage;
	3.3.3 Adsorption Kinetics
	3.3.4 Adsorption Isotherms and Thermodynamics

