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A B S T R A C T  

Multiscale porous silica monoliths functionalized with potassium/copper hexacyanoferrate (HCF) have 

been evaluated for the column extraction of cesium from natural water. Compared with commercial 

silica gel particles, results show that the hierarchically porous architecture of the monoliths improves the 

bed efficiency in column extraction, and the selectivity, distribution coefficient and exchange kinetics in 

batch extraction. Cesium breakthrough experiments show that these preferable properties of the 

monolithic structure are maintained in column operation. This analysis of the batch and breakthrough 

experiments is supported by scanning and transmission electron microscopy data, residence time 

distributions, and reactive transport modeling assuming dispersive flow in the macroporous intraskeletal 

channels and diffusion inside the walls of the structure and the HCF aggregates. 
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1. Introduction 

Cesium-137 is considered to be one of the most hazardous fission products due to its presence in 

many effluents and wastes and its 30 years half-life. Therefore, its release can affect the environment for 

several decades. There is therefore substantial demand for effective, cost-efficient methods for Cs+ 

decontamination with a sorbent amenable to long-term disposal. A major difficulty for selective Cs+ 

extraction from effluents is competition with the alkali and alkaline earth ions found in natural waters. 

Transition metal hexacyanoferrates (HCF), analogues of Prussian blue, are insoluble ion-exchange 

compounds known to have a high affinity for cesium in aqueous solutions (whose speciation is usually 

the cation Cs+) over a wide range of pHs [1-3], salinity, and concentrations of competing cations [4-6] . 

They can be prepared by simple precipitation and can be used in bulk in solutions or in column 

processes after deposition on a solid substrate. This study focuses on a potassium HCF with copper as 

the transition metal because, with industrial applications in mind, copper is less toxic than nickel and 

less likely to be released in solution [7]. It has been shown furthermore that Prussian blue fragments 

released during Cs+ extraction can be removed using an anion exchange process [8]. 

 Porous silica was selected as the monolithic support for its high resistance to radiation damage, 

because its synthesis into multiscale structures is well understood [9], and because HCF-functionalized 

monoliths can be transformed by heat treatment into a final waste form that is convenient for long-term 

disposal [10]. The efficiency of silica monoliths is widely exploited in liquid and gas phase catalysis [9, 

11-13] and they are also good candidate materials for column extraction processes [9, 14-16]. Their 

hierarchical porous structure makes them highly permeable and optimizes mass transport and they have 

more degrees of freedom for the design of fixed-bed columns than particulate materials. The latter are 

limited by their particle size and the requirement of mechanical stability under high pressure. In contrast, 

the macroporous channels in the monoliths ensure fast advective transport through the material with a 

well-defined residence time and little pressure drop, and the mesopores in the skeletal wall provide a 

large diffusion-accessible surface area and numerous active sites for functionalization. The higher 

mechanical strength of the monoliths makes them easier to handle and minimizes the risk of dispersion 

in the context of nuclear waste management.  
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Almost all the in-flow experiments described in the literature for the extraction of Cs+ from 

effluents involve particle-packed columns [17-21], with just one instance of monoliths being used [10]. 

Batch extraction using monolithic materials has been reported twice previously [10, 22]. This paper 

presents a detailed study of the extraction of cesium using HCF-functionalized monolithic materials that 

are effective in continuous processes. To emphasize the role of the porous structure of the column-

packing material, batch kinetics experiments were conducted using the K/Cu-HCF-functionalized silica 

monolith crushed into grains or ground into a fine powder (to destroy the macropores), and with 

mesoporous silica grains functionalized with K/Cu-HCF in the same way. The column efficiency of the 

crushed monolithic material was then compared with equivalently sized and functionalized silica grains, 

and the hydrodynamics of the process with the two materials was characterized using residence time 

distributions (RTDs) measured with an inert tracer. Overall performance for cesium decontamination 

was evaluated using breakthrough experiments. Scanning and transmission electron microscopy (SEM 

and TEM) were used to build a multiscale model of the morphology of the monoliths for reactive 

transport modeling (RTM). This was used to fit the experimental data and obtain key parameters such as 

diffusion coefficients, as well as to support the proposed decontamination mechanism with the 

functionalized silica monoliths. 

2. Materials and methods 

2.1. Chemicals and reagents 

All chemicals were purchased from Sigma Aldrich and used without further purification: tetraethyl 

orthosilicate (TEOS, reagent grade, 98%), polyethylene oxide (PEO, molecular weight, 100 kDa), 

potassium ferrocyanide (K4Fe(CN)6.3H2O), potassium nitrate (KNO3), copper nitrate (CuNO3.3H2O), 

cesium nitrate (CsNO3). The solutions were prepared with pure water (18 MΩ·cm) or mineral water for 

the cesium sorption experiments. The total concentrations of the mineral water in competitive cations 

for Cs+ exchange were: [Na+] = 2.8×10-4 M, [K+] = 2.6×10-5 M, [Mg2+] = 1.1×10-3 M, [Ca2+] = 2.0×10-

3 M.  The pH and full composition of the mineral water are given in Table A.1 (supplementary data). 

Radiocesium solutions were prepared by dilution of a 40 kBq.mL-1 standard of 137CsNO3 in pure water. 
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2.2. Preparation of monolithic silica gel and functionalization with HCF 

Monolithic silica was synthesized via a sol-gel route with spinodal decomposition using a 

polymer as templating agent as first developed by Nakanishi [23] and adapted by Sachse [24]. The first 

step consisted in mixing PEO in a TEOS solution for 3 days at 40°C. The microporous structure of the 

materials and the amount of polymer are governed by the kinetics of separation between the silica-rich 

and water-rich phases. The molar ratios with respect to SiO2 were 14.2, 0.60 and 0.28 for H2O, ethylene 

oxide (monomer unit), and HNO3, respectively. The samples were then treated in a caustic ammonia 

solution (0.1 M), leading to Ostwald ripening and a disordered porous structure [24-27]. After washing, 

the final silica monoliths (length = 3 cm; diameter = 0.9 cm; mass = 0.5 g) were obtained by calcination 

at 550°C in air for 6 h.  

 The monoliths were wrapped in heat shrink polyolefin tubing and connectors at both end were 

sealed to the tubing with epoxy resin.to be used directly as a packing material for continuous column 

extraction. Functionalization was carried out in continuous flow using a protocol inspired by the one 

described previously by Michel et al. for silica beads [4]. After pretreating the surface of the silica pores 

with a 10−4 M KOH solution, the insoluble HCF was inserted into the pores using a two-step 

precipitation process. Typically, 40 mL of copper nitrate solution (0.01 M) was eluted through the 

pretreated monolith for 20 min in a loop. The monoliths were then washed with deionized water to 

remove unattached copper and 40 mL of a mixed potassium ferrocyanide (0.01 M) and potassium nitrate 

(0.01 M) solution was percolated for 20 min at 8 mL·min−1 before a final wash in deionized water. This 

material is hereafter denoted HCF@silica-monolith. A fraction of this material was subsequently ground 

into a fine powder (particle size < 20 µm) for batch sorption experiments. This material is denoted 

“powdered HCF@silica-monolith”. 

Pristine silica monoliths were also crushed into 250–500 µm particles (Fig. 1a) and packed into a 

column before being functionalized in flow using the same process. This material is referred to as 

HCF@crushed-silica-monolith. 

Commercial silica gel (Sigma-Aldrich; particle size = 250–500 µm; average pore size = 15 nm; 
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Fig. 1b) was used as a reference silica support and was functionalized in the same way. This material is 

denoted HCF@silica-particles hereafter. 

 

 
 

 

Fig. 1. Scanning electron micrographs of (a) crushed monolithic silica gel (200–500 µm in diameter) and (b) commercial 

silica gel particles (also 200–500 µm in diameter). 

2.3. Microstructural analysis 

Specific surface areas were calculated using the Brunauer-Emmet-Teller (BET) method from 

nitrogen adsorption isotherms measured with a Quantachrome NOVAtouch analyzer after degassing the 

samples for 12 h at 35°C. Pore size distributions were determined using the Barret- Joyner-Halenda 

(BJH) method. The microstructure of the samples was observed using a Tescan - Mira3 scanning 

electron microscope with a Bruker - X Flash detector 530 energy dispersive X-ray (EDS) detector and a 

Zeiss Leo EM 910 transmission electron microscope.  

2.4. Batch sorption experiments 

Sorption tests were carried out in batch mode with samples of powdered HCF@silica-monolith, 

HCF@crushed-silica-monolith and HCF@silica-particles to correlate their sorption kinetics and porous 

structure. The powder samples (100 mg) were suspended with vigorous magnetic stirring in 100 mL of 

mineral water (Table A.1) containing 3.9 × 10−4 mol·L−1 of Cs+ added by dissolution of CsNO3. At 

different times, 2 mL samples were collected with a syringe, filtered through a 0.45 µm membrane, and 

analyzed by atomic adsorption spectrometry (Perkin Elmer AAnalyst 400). 

 To measure complete sorption isotherms, 100 mg samples were suspended with vigorous 

magnetic stirring in 100 mL of Cs+-containing mineral water for 24 h, which was sufficient to reach 

equilibrium. The equilibrium concentrations range from 1.5 × 10−13 mol·L−1 (137Cs+) to 1.3 × 
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10−3 mol·L−1 (133Cs+).  

The sorption mechanism can be described as the following. Cs+ cations in solution first percolate 

through the porosity and then be exchanged with the mobile ions K+ from HCF: 

 ��   +   ���  ↔  ��   + ���   (1) 

 The sorption capacity (�, mol·g−1) of the materials was calculated using Eq. (2): 

 � =  
�  �Cs+�� − Cs+��  (2) 

where � (L) is the volume of the solution, � (g), the mass of the solid sample, and Cs+�� and Cs+�  
(mol·L−1) are respectively the initial and remaining concentrations of Cs+ in the solution.  

 The Cs+ distribution coefficient (��,Cs, mL·g−1) was calculated as follows, 

 ��,Cs = Cs+��������
Cs+�eq × 1000 (3) 

with Cs��������� is the concentration of Cs+ in the solid (mol·g−1) and Cs+�eqthe equilibrium concentration of 

Cs+ in the solution (mol·L−1).  

2.5. Residence time distribution experiments 

Residence time distributions were measured by injecting a pulse of NaNO3 tracer (1.17 × 

10−1 M) in deionized water (18 MΩ·cm) into a column (monolithic, filled with a silica monolith, or 

fixed bed, filled with the commercial silica particles or crushed silica monolith) and monitoring the Na+ 

concentration at the outlet. The measurements were performed with non-functionalized samples to avoid 

the potential release of HCF nanoparticles, which could have clogged the detector capillaries, and any 

ionic exchange between the K/Cu HCF and Na ions. The monolithic and fixed-bed columns had the 

same dimensions (length = 3 cm; diameter = 0.9 cm) and bed volume (1.89 mL). The injection loop was 

100 µL and the volumetric flow rate was 0.7 mL·min−1, corresponding to a Darcy velocity (U) of 0.8 

m·h−1. The electrical conductivity of the flow was monitored in-line using a Metrohm 850 ion 

chromatograph.  

 

The distribution function, E�t�, was obtained by normalizing the concentration of the non-

reactive tracer at the outlet, C !"�t� [28]: 
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 #�$� = �out�$�
' �out(� �$�)$ (4) 

The mean residence time, $*+ , is equal to the first moment of the RTD [28]: 

 $*+ = μ- = . $(
� #�$�)$ (5) 

This can be compared with the ideal residence time, τ, which is a function of “the volumetric flow rate 

(Q0) and the connected porosity (macroporosity) of the monolith or bed (ε):  

 1 = �column · 7�8  (6) 

Identical values of t9+  and τ indicate that the column is functioning ideally, without geometrical defects 

such as dead volumes or preferential flow pathways. 

 The flow porosity can be calculated by subtracting the volume of the silica walls, assumed to be 

pure dense silica (:;< = 2.65 kg·L−1) and the mesoporous volume (obtained from nitrogen adsorption 

isotherms) from the total volume of the column (�column): 

 7 = �column − =�column:Si + �mesoporousB
�column   (7) 

Assuming axially-dispersed plug flow, the distribution function can be expressed in terms of the 

dispersion Péclet number (Pe) [29]:  

 #�$� =  12 D EFG. $*+. $ exp J− EF�$*+ − $�K
4. $*+. $ M (8) 

The Péclet number is the ratio of the rates of advection and diffusion and is obtained by fitting. The 

higher EF is, the closer the column is to an ideal reactor, with EF ≥ 100 indicating ideal plug flow 

behavior.  

 The permeability of the bed (N, m·s−1) can be obtained from the pressure drop (ΔE, Pa) using the 

Darcy law [30], 

 P = NQ ΔER  (9) 

where P is the Darcy velocity (m·s−1), Q (Pa·s) is the dynamic viscosity of the fluid, and R is the length 

of the bed. 
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2.6. Cesium breakthrough curves 

The shape of a breakthrough curve indicates how efficient the bed is at extracting Cs+ under 

flow. The bed efficiency (BE) can be quantified as follows [10, 31]: 

 BE = ' �Cs+�T − Cs+�out�)�
U
V� �R ∗ Cs+�T  (10) 

where Cs+�T and Cs+�out are the Cs+ concentrations at the inlet and the outlet of the column, 

respectively. The retention volume (�R) is the volume at which the outlet concentration is equal to half 

the inlet concentration for a symmetrical breakthrough, i.e. the point of inflexion of the curve. Thus, the 

BE corresponds to the proportion of the total amount of Cs+ that has percolated through the column at 

half-breakthrough that is adsorbed by the bed. The higher the BE is, the steeper the breakthrough curve 

and the more efficient the decontamination process are. The breakthrough experiments were performed 

at a constant flow rate of 8.8 mL·min−1 corresponding to a linear (Darcy) velocity of 8 m·h−1. The inlet 

concentration of Cs+ was set to 2.65 × 10−4 mol·L−1 (35.4 mg·L−1), using the same mineral water 

solution as for the batch tests. The outflow of the column was divided in 8 mL fractions for analysis. A 

diagram of the experimental setup is shown in Fig. 2. 

 

 

 

Fig. 2. Schematic diagram of the experimental setup used for the breakthrough experiments. 
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2.7. Reactive transport modeling 

Reactive transport modeling (RTM) is a powerful tool to estimate parameters such as diffusion 

coefficients inside porous structures and to extrapolate the model fit to a given dataset to other 

experimental conditions. Reactive transport in the batch and column experiments performed with 

HCF@silica-monolith was modeled with HYTEC [32]. The general HYTEC formulation of the 

multicomponent reactive transport equation is [32] 

 
Y7�TY$ =  Z. �[�Z�T − �TP� − Y7 �\+Y$  (11) 

where �T and �\+  are respectively the mobile and immobile concentrations of an element i per unit volume 

of solution, 7 is the porosity of the material, and P is the Darcy velocity. The partial derivative term 

− ]^ _+̀]a  is driven by chemical reactions whereas the other terms represent transport processes. The term 

[� is the effective diffusion/dispersion coefficient [32],  

 [� = [b +  cP (12) 

which depends on the dispersivity, c, the Darcy velocity, and the effective diffusion coefficient, [F 

([F = 7[d where [e is the pore diffusion coefficient). 

 Aqueous acid/base and complexation reactions were modeled using the EQ3/6 thermodynamic 

database [33]. The cation exchange reactions were modeled at equilibrium using the Vanselow 

formalism (molar fraction approach) and the selectivity coefficients measured by Michel et al. for K/Cu-

HCF–functionalized silica particles [4]. As such, Cs/K exchange (Eq. 1) can be modeled but also the 

competitive effects of the cations of the mineral water (i.e. K+, Na+, Ca2+ and Mg2+). 

3. Results and discussion 

3.1. Morphology and specific surface area of the sorbents 

Fig. 3a illustrates the three steps in the functionalizing process for a silica monolith and the 

corresponding changes in color (white to blue after adding copper, and then blue to brown after HCF is 

attached). Fig. 3b shows SEM images of the HCF@silica-monolith material, with a typical sponge-like 

morphology consisting of 15 µm channels (macropores, Fig. 3c), and 20 µm walls. 
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Fig. 3c also shows the ~100 nm scale HCF particle aggregates deposited across the surface of the walls. 

The TEM image in Fig. 3d shows an aggregate of HCF nanoparticles ~100 nm and 5-10 nm particle 

units. The EDX map of a polished cross section of the material set in epoxy resin after Cs+ exchange 

(Fig. 4) highlights the presence of HCF nanoparticles on the surface of the structure but also, in smaller 

quantities, in the mesopores inside the walls. The Cs map (Fig. 4d) confirms the presence of cesium-

exchanged HCF in the skeletal wall and, therefore, the involvement of this deeper population in Cs+ 

exchange.  

 

 

Fig. 3. Hierarchical porous silica monolith functionalized with Cu/K hexacyanoferrate (HCF@silica-monolith): (a) 

photographs of a monolith at different stages of the functionalizing process, (b) scanning electron micrograph of the 

macroporous network, (c) scanning electron micrograph of HCF aggregates deposited on the surface of the skeletal walls, 

and (d) transmission electron micrograph of an aggregate of HCF nanoparticles. 
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Fig. 4. (a) Scanning electron micrograph of a polished cross section of a Cu/K-hexacyanoferrate–functionalized silica 

monolith (HCF@silica-monolith) after a cesium sorption experiment and (b–d) corresponding energy-dispersive X-ray maps 

for silicon (blue), copper (green) and cesium (red). 

 

No HCF aggregates were observed by SEM on the surface of the silica particles in the 

HCF@silica-particles sample (data not shown) and the EDX map in Fig. 5 shows that potassium (from 

the Cu/K-HCF particles) is homogeneously distributed in a depth-independent fashion throughout the 

silica particles, indicating that the HCF@silica-particles material is entirely porous. 

 

 

 

Fig. 5. Energy-dispersive X-ray map of potassium (in green) in a polished cross section of a packed sample of commercial 

silica gel particles functionalized with Cu/K hexacyanoferrate set in epoxy resin.  

 

The N2-adsorption isotherms measured for the monolith and the commercial silica particles (Fig. 
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A.1) highlight their large porous volume and specific surface area. The insertion of Cu/K-HCF particles 

inside the porous materials leads to a decrease in their specific surface area (from 725 to 336 m2·g−1 for 

the monoliths and from 339 to 310 m2·g−1 for the commercial particles), which nonetheless remains 

high. The pores become partially obstructed: the porosity decreases from 1.08 to 0.77 cm3·g−1 at 

P/P0 = 1 for the monolithic material, where P and P0 are the pressure and the equilibrium vapor pressure 

of nitrogen, respectively, and from 1.11 to 1.03 cm3·g−1 for the commercial particles. The flow 

porosities obtained using (7) from the nitrogen adsorption data are 0.61 for HCF@silica-monolith, and 

0.73 and 0.58 for packed samples of HCF@crushed-silica-monolith and HCF@silica-particles, 

respectively. 

3.2. Reactive transport model of the monolith 

The SEM data indicate that the silica monoliths consist of three structural elements (Fig. 6): 

• Macroporous channels with a width of 15 µm and a porosity equal to 1. These were assumed to 

be uniformly distributed in the monoliths. The diffusion coefficient inside this channel was 

taken to be the same as for free water [34]. 

• Mesoporous skeletal walls with a width of 10 µm and a porosity equal to 0.73. 

• Aggregates of HCF particles deposited on the surface of the mesoporous walls and inside the 

pores. 

 

 

Fig. 6. Simplified model of reactive transport for Cs+ in a macroporous channel in silica monoliths functionalized with 

hexacyanoferrate nanoparticles (orange circles); the dispersion inside the macroporous channel is derived from the dispersion 

of the monolithic structure. 
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The transport mechanisms simulated were advection-dispersion through the channels with lateral 

diffusion into the mesoporous walls loaded with HCF, and diffusion from the channel to the HCF 

aggregates on the surface of the walls. Similar models were used by Liapis et al. [35] for single-

component adsorption in a monolith with a biporous structure of approximately cylindrical channels 

through a mesoporous skeleton, and by Zabka et al. [36] to study the adsorption and breakthrough of 

organic molecules in mesoporous monolithic columns.  

 The RTM grid used for the flow experiments is shown in Fig. 7. The particles of powdered 

HCF@silica-monolith were represented by a thin slice in contact with the solution (Fig. A.2), with a 

realistic ratio between the mass of the monolith and the volume of water. The aggregates were 

represented by a fictitious continuous porous area with a width of 2.5 µm. The porosity of this area was 

arbitrarily set to 0.5 and the diffusion coefficient (4 × 10−10 m2·s−1) was adjusted to fit the kinetics data 

(section 3.3). The diffusion of Cs+ ions from the channel to the aggregates was decoupled from their 

diffusion inside the skeletal wall, just as in the real system, by placing the aggregate area at the top and 

the skeletal wall at the bottom of the grid with the microporous channel in between. The X (length) and 

Y (thickness) dimensions of the grid mesh were 100 µm and 2.5 µm, respectively. A boundary condition 

of constant flow velocity (Neumann condition) was set at the left-hand side of the interskeletal channel 

leading to a constant flux of the input solution. The constant flow velocity was greater than the Darcy 

velocity to compensate the fact that advection did not occur in the aggregate and skeletal wall. Zero flux 

conditions were set along the axial/ longitudinal boundaries (length direction) of the grid. Pure 

(deionized) water inside the whole monolith porosity and HCF exchangers 100 % loaded in potassium 

were set as initial chemical conditions. Table 1 lists the parameters used to model reactive transport in 

the HCF@silica-monolith experiments. Most parameters were measured or observed experimentally; for 

instance, the mean channel diameter and thickness of the skeletal walls were determined by SEM. The 

fractions of the maximum sorption capacity (Qmax) assigned to the HCF in the pores and on the surface 

of the skeletal walls was adjusted to correctly simulate the kinetics data (section 3.3). The full chemical 

composition of the mineral water was used, including competing cations for Cs+ sorption. 
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Fig. 7. Modeling grid used for the reactive transport of Cs+ ions in silica monoliths functionalized with Cu/K 

hexacyanoferrate nanoparticles (HCF@silica-monolith); the dispersion of solute transport in the channel was fitted from the 

RTD experiments to take into account the tortuosity of the silica monolith; diffusion was only allowed in the aggregate and 

skeletal wall. 

 

 

Table 1  

List of reactive transport modeling parameters used for pristine and powdered silica monoliths functionalized with Cu/K 

hexacyanoferrate nanoparticles (HCF@silica-monolith and powdered HCF@silica-monolith). 

 

Region Parameter Value Source 

Macroporous channel  

Length �m� 3.0 × 10−2 30 × 10−6 Column lengtha �section 2.5�  Mean powder particle sizeb �section 2.4�  Width �m� 15 × 10−6 Scanning electron microscopy �section 3.1� Porosity 1 Model assumption �section 3.2� [d �m2·s−1� 1 ×10−9 Free diffusion in water [b �m2·s−1� 1 ×10−9 [b= porosity × [d α �m� 2 × 10−4 Fit of residence time distribution data �section 3.4� k �m2� 4 × 10−12 Experimental data �section 3.4� 

Skeletal wall 
Length �m� 3.0 × 10−2 30 × 10−6 Column lengtha �section 2.5�   Mean powder particle sizeb �section 2.4�  Width �m� 10 × 10−6 Scanning electron microscopy �section 3.1� Porosity 0.73 Experimental data �section 3.1� [d �m2·s−1� 4 × 10−11  Fit of kinetics data �section 3.3� [b �m2·s−1� 3 × 10−11 [b= porosity × [d 
Qmax fraction 0.40 Qmax measured experimentally  �section 3.3.3�,  fraction fitted to kinetics data �section 3.3� 

Surface HCF aggregates  
Length �m� 3.0 ×10−2 30 ×10−6 Column lengtha �section 2.5�   Mean powder particle sizeb �section 2.4� Width �m� 2.5 ×10−6 Scanning electron microscopy �section 3.1� Porosity 0.50 Experimental data �section 3.1� [d �m2·s−1� 4 ×10−10  Fit of kinetics data �section 3.3� [b �m2·s−1� 2 ×10−10  [b= porosity × [d 
Qmax fraction 0.60 Qmax measured experimentally  �section 3.3.3�,  fraction fitted to kinetics data �section 3.3� 

aValue used to model the residence time distribution and the breakthrough experiments. 

bValue used to model the batch experiments. 
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3.3. Sorption kinetics 

3.3.1. Comparison of the porous silica materials 

Sorption kinetics were measured for the HCF@silica-particles, HCF@crushed-silica-monolith 

and powdered HCF@silica-monolith materials; the grinding of the monolith into a fine powder 

eliminated the macroporous channels, leaving diffusion in the mesopores or within the HCF aggregates 

as the only transport mechanism. The amount of sorbed cesium was normalized with respect to the 

sorption capacity at 24 h for each material and plotted versus the square root of time to expand the scale 

for shorter times (Fig. 8). Cesium uptake was very fast for all three functionalized materials. Table 2 

lists the time required to reach Qmax (the equilibration time), the sorption capacity at 60 s, and the time 

to half-maximum sorption capacity for the three materials. The material with the fastest sorption kinetics 

was powdered HCF@silica-monolith. This is likely because the fine grinding (particle size < 20 µm) 

ensured that the microporous channels (10 µm wide) were almost completely eliminated, bringing 

cesium immediately into contact with the HCF aggregates on the surface of the skeletal walls. The HCF 

is distributed in the same way in HCF@crushed-silica-monolith but since the particles are larger (300–

500 µm across), they still contain macroporous channels that increase the diffusion path length. The 

initial steepness of the curve can be explained by the effect of the small fraction of HCF particles on the 

edges of the HCF@crushed-silica-monolith particles. With HCF@silica-particles, since the HCF is 

located on the inside of the material, the extraction process is delayed by the time required for cesium to 

diffuse into the particles; the initial sorption kinetics are thus slower than for the monolithic materials. 

Overall however, Qmax is reached faster with HCF@silica-particles than with HCF@crushed-silica-

monolith.   

 These results highlight the influence of the porous structure of these materials on their sorption 

kinetics, as predicted by recent mesoscale phase-field modeling [37]. A previous study on a material 

similar to HCF@silica-particles showed that 90% of the sorption occurred within 5 min [4]. A similar 

timescale was also observed for the sorption kinetics of NaCu-HCF–modified Fe2O3 nanoparticles, for 

which 97.5% of the maximum adsorption capacity was reached within 2 min [38]. With Ni-HCF loaded 

onto a dense Zr(OH)4 substrate in contrast, it took 4 days to reach 85% of Qmax [39].  
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Fig. 8. Sorption kinetics of crushed and powdered silica monoliths functionalized with Cu/K hexacyanoferrate nanoparticles 

(respectively HCF@crushed-silica-monolith, 300–500 µm in size, green triangles; and powdered HCF@silica-monolith, < 20 

µm particle size, blue squares) and commercial silica gel particles functionalized in the same way (HCF@silica-particles, 

250–500 µm in size, red circles) in mineral water ([Cs+] = 3.9 ×10−4 mol·L−1). (Lines are guide for the eyes) 

 

Table 2 

Cesium sorption kinetics in mineral water 

Material Equilibration time �s� Qmax �mol·g−1� t}max/K  �s� 
Q60s �mol·g−1� % Qmax� Powdered HCF@silica-monolith 60 < t < 300 5.6 × 10−5 3.2 5.4 × 10−5 94� 

HCF@crushed-silica-monolith 300 < t < 3600 5.6 × 10−5 37 3.3 × 10−5 59� 
HCF@silica-particles 60 < t < 300 1.9 × 10−4 53 9.9 × 10−5 52� 
Q, Cs+ sorption capacity; HCF, Cu/K hexacyanoferrate 

 

3.3.2. Modeling of sorption kinetics for the functionalized silica monoliths  

Fig. 9 shows RTM fits of the experimental Cs+ sorption kinetics of powdered HCF@silica-

monolith at a Cs+ concentration representative of the breakthrough experiments (about 4 × 10−4 mol·L−1) 

and at a trace concentration of 137Cs+. The optimal values of the diffusion coefficient ([d) in the mesh 

walls were found to be 4 × 10−11 m2 s−1 and 4 × 10−10 m2 s−1, respectively, assuming a lower sorption 

capacity in the silica walls (0.4 × Qmax) than in the HCF aggregates (0.6 × Qmax). The model data suggest 

that the kinetics are slightly faster at trace concentrations, but this could not be verified experimentally 

because the sorption process is extremely rapid in both cases. 
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Fig. 9. Reactive transport modeling (Figs. 7 and A.2, Table 1) of the sorption kinetics of powdered silica monoliths 

functionalized with Cu/K hexacyanoferrate nanoparticles (powdered HCF@silica-monolith) for Cs+ in mineral water at 

3.9 × 10−4 mol·L−1 (133Cs+, blue) and at a trace concentration (137Cs+, green). The experimental data are shown as points with 

error bars. 

 

3.3.3.  Sorption isotherms for the functionalized silica monoliths  

Fig. 10 shows the experimental and RTM isotherms for powdered HCF@silica-monolith. It can 

be assumed that the same values would have been obtained for HCF@silica-monolith considering the 

HCF population fully available. The dissociation constant (Kd) increases as the Cs+ concentration at 

equilibrium decreases from 10−2 to 10−7 mol·L−1. At the lowest concentrations (with 137Cs+) the 

experimental Kd plateaus at 5.0 × 105 mL·g−1, a value in agreement with the maximum Kd,Cs of 104–105 

mL·g−1 reported previously for Prussian blue and other HCF materials [40]. The model reproduces the 

experimental data accurately for Cs+ concentrations in the range 10−2–10−7 mol·L−1 but underestimates 

the plateau value at the lowest concentrations by an order of magnitude. This is possibly because 

processes that are not included in the model, such as adsorption at defect sites, become important at 

trace concentrations. A similar gap between experimental and modeling results at trace concentrations 

has been reported previously for HCF-functionalized silica particles by Michel et al. [4]. 
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Fig. 10. Experimental (blue squares) and modeled (magenta line) dissociation constants for Cs+ in mineral water as a 

function of the equilibrium Cs+ concentration for powdered silica monoliths functionalized with Cu/K hexacyanoferrate 

nanoparticles (powdered HCF@silica-monolith). 

 

3.4. Column hydrodynamics 

3.4.1. Comparison of the porous silica materials 

Fig. 11 compares the RTDs of columns packed with a silica monolith, crushed silica monolith, 

and commercial silica gel particles. Table 3 lists the RTD parameters obtained by fitting these data using 

(8). In all cases, the mean residence time ($*+ ) is slightly shorter than the ideal residence time. This 

systematic underestimation by about 10% probably reflects some delay of the RTD tracer by diffusion 

inside the skeletal walls of the monolith or inside the silica particles that is not taken into account by Eq. 

(8). This difference was neglected for the rest of the analysis and $*was taken to be equal to τ. The Péclet 

number varies from 17 for the silica particles to 27 for the silica monolith, indicating that advection 

predominates over dispersion. The axial dispersivity due to the capillaries in the experimental setup, 

evaluated by measuring a RTD without a column, was found to be close to 1 × 10−4 m. The axial 

dispersivity (α = L / Pe) of the columns accounting for this blank value ranged from 6 × 10−4 m for the 

silica monolith to 9.5 × 10−4 m for the commercial silica particles. Both the Péclet number and the axial 

dispersivity coefficient indicate that the flow was the least dispersive in the monolith. The commercial 
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silica particles formed the most dispersive system probably because they are more irregular and thus 

packed less tightly than the crushed silica monolith particles, for which intermediated values were 

obtained. All three materials have a high permeability (Eq. (9), Table 1), with little pressure loss. 

According to a recent study of the relationship between permeability and pore size in mesoporous silica 

monoliths [26], a permeability of 4.0 × 10−12 m2 corresponds to macropore diameters of between 8 and 

14 μm (in agreement with our SEM observations).  
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Fig. 11. Residence time distributions measured for columns packed with a silica monolith (blue), crushed silica monolith 

(green), and commercial silica gel particles (red) at a Darcy velocity of 0.8 m·h−1 ([NaNO3]0 = 10.0 g·L−1). 

 

Table 3  

Hydrodynamic parameters calculated from experimental residence time distributions or the pressure drop in the column. 

Material Mean residence time �s� Ideal residence time �s� Peclet number Axial dispersivity �m� Permeability �m2� Silica monolith 83 97 27 6.0 × 10−4 4.0 × 10−12 Crushed silica monolith 100 118 19 8.5 × 10−4 1.7 × 10−11 Commercial silica gel particles 85 94 17 9.5 × 10−4 1.8 × 10−11 
 

3.4.2. Modeling of residence time distributions for the silica monoliths 

Fig. 12 shows RTDs measured for pristine silica monoliths measured at flow rates of 0.8 to 

4.8 m·h−1 and the corresponding distributions obtained by RTM. A control calculation carried out with a 

more refined grid confirmed the absence of numerical dispersion in the RTM results. All the simulations 

were performed with the same dispersivity coefficient of 2 × 10−4 m, which is slightly lower than the 
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value (6 × 10−4 m) derived from the experimental data assuming ideal plug flow in a homogeneous 

column without diffusion in the walls of the monolith. Conversely, if diffusive mass transfer is 

suppressed in the reactive transport model, the experimental RTDs are best reproduced with a 

dispersivity coefficient of 8 × 10−4 m. This RTM thus confirms the existence of diffusion in the 

monolithic mesh walls. 
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Fig. 12. Residence time distributions (time normalized to the ideal residence time) measured for silica monoliths at 

increasing Darcy velocities and the corresponding best fits calculated by reactive transport modeling (Figs. 7, Table 1). 

 

3.5. Cesium breakthrough curves 

3.5.1. Comparison of the porous silica materials 

Fig. 13a compares the Cs+ breakthrough curves measured at 8 m·h−1 for HCF@silica-monolith, 

HCF@crushed-silica-monolith and HCF@silica-particles and the parameters obtained from the curves 

as defined in section 2.6 are listed in Table 4. Since the column dimensions were kept constant, the 

masses of each sorbent used differed. The Kd is proportional to the Cs+ sorption capacity of the bed (Kd 

= Qbed / Cinlet) and reflects the amount of HCF attached during the functionalization step. The fact that 

the Kd is highest for HCF@crushed-silica-monolith (496 mL·g−1) indicates that this sorbent contains the 

highest volume concentration of HCF. The sorbent with the steepest breakthrough curve and the highest 
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bed efficiency (90.8%) was HCF@silica-monolith, with the two other materials having more gradual 

breakthrough curves and BEs of about 83.4%. The inlet concentration was reached more gradually at �  
> �� for HCF@silica-particles, probably because of the delayed diffusion of Cs+ into the particles where 

the HCF is located.  

Fig. 13b shows the breakthrough curves measured in a previous study of similar materials but at 

a lower Darcy velocity [10]. The bed efficiencies of HCF@silica-monolith and HCF@silica-particles 

were found to be 91 % and 96 %, respectively. While HCF@silica-monolith is as efficient for Cs+ 

removal at the two flow rates (BE ~91%), HCF@silica-particles is substantially less efficient at faster 

flows (BE = 96% at 1 m·h−1 vs BE = 83.4 % at 8 m·h−1). As for the RTDs (section 3.4.1) the values 

measured for HCF@crushed-silica-monolith are intermediate. Compared with HCF@silica-monolith, 

the additional macropores between the crushed particles may create preferential flow paths. 

From an industrial point of view, an ideal breakthrough is expected to avoid an early leakage of 

radionuclide, to maximize the sorption capacity of the column and to minimize the final waste volume. 
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Fig. 13. Comparison of Cs+ breakthrough curves measured for pristine and crushed silica monoliths functionalized with (a) 

Cu/K and (b) Cu hexacyanoferrate nanoparticles (respectively HCF@crushed-silica-monolith, blue squares; and 

HCF@crushed-silica-monolith, green triangles) and commercial silica gel particles functionalized in the same way 

(HCF@silica-particles, red circles) with Cs+ in mineral water (2.6 × 10−4 mol·L−1) at a Darcy velocity of (a) 8 m·h−1 and (b) 1 

m·h−1. The data for part (b) are taken from Cabaud et al. [10]. 
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Table 4 

 Breakthrough curve parameters for HCF@silica-monolith, crushed HCF@silica-monolith and HCF@silica-grains at a Darcy 

velocity of 8 m.h-1. 

Material Darcy velocity �m·h−1� m  �g� Qbed �mol·g−1� Kd,Cs �mL·g−1� Bed efficiency �%� Cu/K-HCF@silica-monolith  8 0.518 5.17 × 10−5 194 90.8 Cu/K-HCF@crushed-silica-monolith  8 0.348 1.29 × 10−4 496 83.4 Cu/K-HCF@silica-particles  8 1.050 4.51 × 10−5 169 83.3 Cu-HCF@silica-monolitha  1 0.527 4.91 × 10−5 196 91 Cu-HCF@crushed-silica-monolitha 1 0.424 4.83 × 10−5 194 83 Cu-HCF@silica-particlesa 1 1.178 5.93 × 10−5 259 96 
HCF, hexacyanoferrate.  
aData from Cabaud et al. [10]. 

 

3.5.2. Modeling of the breakthrough curves for HCF@silica-monolith 

Fig. 14 shows the RTM of Cs+ breakthrough through HCF@silica-monolith using the parameters listed 

in Table 1. A reference “immediate diffusion” model, with hydrodynamic dispersion but immediate 

diffusion through the skeleton and the aggregates is also reported for the sake of comparison. A 

noteworthy point is that the retention time is identical for the experimental and modeled curves, which 

means that the applied flow and the sorption capacity are correctly modeled. The immediate diffusion 

model produces very stiff breakthrough behavior, in spite of the dispersion, because of the strong 

immediate sorption of Cs+ by the HCF. The full reactive transport model intercepts the experimental 

data and the immediate diffusion model when the outlet concentration reaches half of the inlet 

concentration (C / C0 = 0.5), but it fails to simulate both the slight early leakage (at C / C0 < 0.5) and the 

more gradual leveling out of the breakthrough curve (at C /C0 > 0.5). The full reactive transport model 

reproduces the non-ideal experimental data more precisely (Fig. 14), indicating that diffusion plays a 

key role in early leakage and the tail of the breakthrough curve. The gradient of the tail at two fifths of 

the height of the breakthrough curve is proportional to the corresponding fraction of the total sorption 

capacity reached at that point (40%). Early leakage in the reactive transport model is due to Cs+ ions 

passing through the macroporous channels without having had time to diffuse to the HCF. However, the 

fact that there is more leakage in the experiments suggests that there may be imperfections in the 

monoliths that are not considered in the model. Micro-cracks could not be completely discarded 

although they were not observed by SEM and the monoliths were carefully selected to minimize their 
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occurrence. Another explanation is that the dispersion coefficient was fitted from the RTD experiments 

performed with the pure silica monolith before functionalization with HCF. That is to say the tortuosity 

of the silica monolith was taken into account. It probably underestimates the tortuosity of the actual 

monolith with the HCF nanoparticles used for Cs decontamination. This step-by-step method based on 

measured properties was found to be more generic and mechanistic that a direct empirical fit of the Cs 

breakthrough curve. 

The tailing off of the upper half of the modeled breakthrough curve reflects the time taken by the 

Cs+ ions to reach and saturate the HCF nanoparticles located in the deepest regions of the skeletal walls 

(Fig. 15). Additional simulations with different distributions of HCF between the two regions (Figs 

A.3–5) show that the experimental data are best reproduced with HCF in both the aggregate and the 

skeletal wall regions. 
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Fig. 14. Reactive transport modeling of the Cs+ breakthrough curve for a silica monolith functionalized with Cu/K 

hexacyanoferrate nanoparticles (HCF@silica-monolith) a Darcy velocity of 8 m·h−1. The curve obtained with a model 

assuming immediate diffusion to all the HCF nanoparticles in the monolith is shown for comparison. 
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Fig. 15. (a) Aqueous and (b) sorbed concentrations of Cs+ in the different regions of the reactive transport model of a silica 

monolith functionalized with Cu/K hexacyanoferrate nanoparticles (HCF@silica-monolith) after 6 min of a breakthrough 

experiment at a Darcy velocity of 8 m·h−1. The sorbed concentrations are given per dm3 of pore volume. 

4. Conclusions 

This study demonstrates the efficiency of three HCF-functionalized mesoporous silica materials 

for the removal of cesium from mineral water. The fast sorption kinetics and high selectivity for cesium 

over naturally present competing cations should prove valuable for column decontamination processes. 

The functionalized silica monolith was the material with the sharpest breakthrough front and its 

breakthrough behavior was found to remain close to ideal at a high Darcy velocity (8 m·h−1). The 

monolithic structure is able to sustain high flow rates without significant pressure loss. The sorption 

capacity of the material comes from easily accessible HCF nanoparticles located on the surface of the 

skeletal walls and to a lesser extent, within the mesopores inside the walls. In terms of methodology, this 

work highlights the value of measuring batch kinetics, RTDs and breakthrough curves in conjunction 

with RTM to characterize the sorption process in these materials.  

 The modeling results presented here for silica monoliths can be extrapolated to various 

experimental conditions or to other HCF-loaded materials or mixed sorbents, facilitating the design of 

future decontamination units. From an experimental perspective, hierarchical silica-based materials also 

have interesting chemical properties that make them transformable by thermal treatment into stable 

wastes forms [10]. Another promising avenue for further investigation may be adapting hierarchical 
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silica monoliths to sequester multiple radionuclides [41]. The sorption properties of the silica monoliths 

could also be tailored for different applications using different treatments, for instance by forming a 

zeolite by local pseudomorphic transformation.  
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