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Chapter 1 
Introduction 
 

1.1 General Introduction 

Separation techniques, including adsorption, ion exchange, and absorption, have been widely used 

in industrial fields and in our daily life. To improve their separation performance, the materials, their 

processing, and morphology have been investigated worldwide. In this work, we suggest the use of a 

“microhoneycomb” structure as a morphology for materials to achieve effective separation. In this 

chapter, separation techniques, processing, and morphology are introduced, and the significance of 

this work is explained.  

 

1.2 Typical Sorption 

1.2.1 Classification of Sorption 
Sorption, suggested by McBain in 1909, is a phenomenon in which chemicals selectively transfer 

and are concentrated to the bulk phase of a solid or liquid.1 This phenomenon mainly occurs by 

physical interaction and chemical interaction between one phase and another. Adsorption, ion 

exchange, and chromatography are categorized as sorption; however, according to the McBain’s 

definition, absorption and membrane separation are also classed as sorption.1 Among these types of 

sorption, adsorption, ion exchange, and absorption are widely used in both industrial fields and our 

daily life to separate pollutants, e.g., toxic compounds, radionuclides, and other undesirable species in 

fluids. In this section, the separation techniques used in this work, adsorption, ion exchange, and 

absorption, are introduced. 

 

1.2.2 Adsorption 
Adsorption is the selective transfer and concentration of chemical species, e.g., atoms, ions, and 

molecules, to a “solid surface,” which is a special case of sorption, mentioned above. The solid phase 

is called an “adsorbent.” The adsorption is divided into two types according to interaction forces: 



2 
 

physical adsorption (physisorption), which occurs by van der Waals forces, and chemical adsorption 

(chemisorption), which occurs by a chemical reaction. Because the activation energy of physisorption 

is low, adsorption rates are fast. In addition, adsorbed species can be easily desorbed by heating, or 

under a vacuum, because of the low activation energy. On the other hand, because of chemical bond 

formation resulting from chemisorption, the activation energy of chemisorption is normally higher 

than that of physisorption. Moreover, due to difficulties in cleaving chemical bonds, the activation 

energy of desorption is also high. These features make it difficult to recover the chemisorbed species 

from adsorbents. A huge number of physical/chemical adsorbents have been reported, e.g., 

carbonaceous materials,2-4 silica gel,5 metal oxides,6, 7 synthetic/natural zeolites,8-10 and metal-organic 

frameworks.11-14 These adsorbents have been applied to purification,2, 4 dehydration,10  gas storage3, 

5, 7-9, 11-14 and etc.6 

 

1.2.3 Ion Exchange 
Ion exchange is defined as the exchange of ions between a liquid phase and a solid phase.15 Ion 

exchanges of cations and anions are called cation exchange and anion exchange, respectively. The 

solid phase, in which the ion-exchange reaction occurs, is called an “ion exchanger.” Ion exchangers 

are roughly divided into two categories: organic ion exchangers and inorganic ion exchangers.16 

Synthesized ion-exchange resins are included in organic ion exchangers. Synthetic and natural zeolites, 

clays, metal phosphates, and heteropolyacids are included in inorganic ion exchangers. Recently, 

inorganic and organic supports modified with ion-exchangeable surface groups have also been 

reported. These ion exchangers have been used in various fields, e.g., desalination of sea water, and 

the removal and concentration of radionuclides. 

 

1.2.4 Absorption 

Absorption is the selective transfer and concentration of chemical species to a “liquid.” Absorption 

can also be classified into two types according to interactions between chemical species and liquids: 

physical absorption and chemical absorption. Liquids that can show a good absorption performance 
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are called absorbents. Absorption is widely used to remove gas species, e.g., VOC and acidic/basic 

gases. Recently, absorbent-supported composites, e.g., supported ionic liquid phases, have been 

developed. Because these composites can be used as solid sorbents, fixed bed systems can be applied, 

as for adsorption and ion exchange.  

 

1.3 Sorption Process in Industrial Fields 
1.3.1 Classification of Sorption Process 

Various sorption processes have been developed in industrial fields for separation and purification. 

An example of the classification of adsorption and ion exchange is shown in Table 1.1. Among these 

classifications, fixed bed systems are widely used in industrial fields because they are easily scaled up, 

and operations are normally continuous. Various derivatives of fixed bed systems, e.g., fluidized bed, 

moving bed, and simulated moving bed, are also studied. However, these processes are not widely 

used compared with the simple fixed bed system because of some difficulties associated with these 

derivative processes. In this chapter, the features and applications of these processes are explained.  

 

1.3.2 Slurry 

In slurry sorption in an agitation vessel, adsorbents in powder or particle form (<1 mm in diameter) 

are added to liquid in a tank or vessel, and the obtained slurries are mixed.1,17 After reaching 

concentrations of target compounds to specified values, sorbents are separated by filtration or 

sedimentation processes. Normally, spent sorbents are not recovered. Because of the simplicity of the 

system, the scaling-up and design of these systems are easy. The most important application of batch 

systems is the removal of dyes, pollutants, and odors from water. For the removal of high-molecular-

weight species, the contact time is long because of their slow sorption rate. To reduce the contact time, 

small particles are used in slurry systems.  
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Table 1.1 Classification of sorption processes [summarized from1, 17-19] 

 Features Application 

Slurry  

 Mainly liquid phase 

 Batch operation 

 Used adsorbents are discarded 

 Single/multiple systems 

 Decolorization of water 

 Deodorization of water 

 Purification of water 

Fixed bed 

 Gas/liquid phase 

 Continuous operation 

 Recycles used adsorbents by PSA and TSA 

operations 

 Ease of scaling-up 

 Trade-off relation between pressure drop 

and diffusion rate 

 Dehydration of air/solvents 

 Deodorization of water/air 

 Removal of solvent vapors 

 Purification of water 

 Separation of gas species 

 

Fluidized bed 

 Gas/liquid phase 

 Continuous operation 

 Continuous recycling operation 

 Fast flow rate 

 Fast mass/heat transfer 

 Frictional wear of particles and column  

 Difficulty of resident time control 

 Separation of petroleum 

distillates 

 Separation of hydrocarbons 

 Purification of water 

 Deodorization of water 

 

 

Moving bed 

 Gas/liquid phase 

 Continuous operation 

 Continuous recycling operation 

 Fast mass/heat transfer 

 Short column height 

 Decolorization of water 

 Purification of water 
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1.3.3 Fixed Bed 

In a fixed bed process, solutions containing target components are fed through columns packed 

with adsorbent particles (or pellets). The adsorbents typically consist of spherical or granular particles 

with diameters of 0.05 cm to 1.2 cm to minimize the pressure drop caused by fluid flowing.1 A 

schematic illustration of typical adsorbate distribution in a column packed with adsorbents is shown 

in Fig. 1.1. When fluids containing adsorbate are passed through a column packed with particles, firstly, 

adsorbate is not detected downstream of the flow. The adsorption proceeds in a column, and the region 

where adsorption is taking place is transferred downstream. This region is called the “mass-transfer 

zone (MTZ)” or “adsorption zone.” In adsorption fields, about half the length of the MTZ, the length 

of unused bed (LUB), is also used. When the MTZ reaches the exit point of a column, the adsorbate 

is detected and its concentration increases until the concentration equals the feed concentration. The 

concentration profile of a column endpoint, ideally a sigmoidal curve, is called the “breakthrough 

curve.” In fixed bed operation, a column is recovered when the adsorbate is detected. The standard of 

the recovery is normally 5 to 10% of the initial concentration.20 

 

Fig. 1.1 Schematic illustration of mass-transfer zone in a column 

 

As mentioned above, particles are commonly used in fixed bed systems. When fluids are passed 

through a column packed with particles, resistance by particles, which is called the hydraulic 

resistance, occurs. Hydraulic resistance is detected as a pressure drop between the inside of a column 
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and the outside. In fixed bed systems used in industrial fields, a severe pressure drop should be 

avoided, because high-performance pumps are needed to continuously and stably pump fluids 

through a column packed with particles. Degradation of the adsorbents, column, and pipes also 

presents a problem. Such operation problems are more serious in the case of liquid phase systems, 

because of a severe hydraulic resistance occurring due to the high viscosity of fluids compared with 

that of gases. Therefore, comparatively large particles are used in the fixed bed system to reduce the 

pressure drop. On the other hand, the large particles have long diffusion path lengths compared with 

smaller particles. Because large particles have long diffusion path lengths, the MTZ in a column 

packed with particles will be broad. Such a broad MTZ is not desirable in achieving an effective 

fixed bed adsorption system, because the adsorbents should be recovered when the MTZ reaches the 

end-point of a column. Small particles make the MTZ short; however, the pressure drop for a column 

packed with such particles causes severe hydraulic resistance when fluid flows, because the column 

pressure drop (ΔP) and the square of the particle diameter (dp2) are inversely proportional (Kozeny-

Carman equation,21 Eq. (1.1)).  

∆P = 36κ
(1− εp)2

εp
3

μusLp

dp
2   (1.1) 

In this equation, κ represents the Kozeny-Carman constant (set to 5), εp the bed porosity, μ the 

viscosity of the fluids, us the superficial velocity, and Lp the length of the bed particles.  

Considering the relationship between the particle diameter and the hydraulic resistance, a low 

hydraulic resistance and short diffusion path lengths (= short MTZ length) are not compatible in 

columns packed with spherical particles (Fig. 1.2). To overcome such a trade-off between the 

pressure drop and diffusion paths molding of the adsorbents into a special morphology,22-24 has been 

developed.  
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Fig. 1.2 Trade-off relation between hydraulic resistance and diffusion path lengths 

 

1.3.4 Fluidized Bed 

When the fluid flow rate exceeds a specified value in a column packed with particles, the particles 

adopt a fluid-like movement, thus are known as a fluidized bed (Fig. 1.3). The specified flow rate is 

called the minimum fluidization velocity. Because of the fluid-like motion of the particles, fluids can 

efficiently make contact with particles and adsorption heat can be easily removed. Moreover, the 

processing speed is fast because of the high flow rate. The ease of heat transfer prevents an increase 

in the bed temperature; however, such a problem does not occur for adsorption because the reaction 

heat of adsorption is lower than that of catalytic reactions. A disadvantage of a fluidized bed is that the 

flow rate must remain faster than the minimized fluidization velocity to maintain the fluidized state. 

Therefore, control of the residence time is difficult and the separation performance may be lower than 

that of a typical fixed bed system. Besides, the frictional wear of the particles and the column wall 

caused by the fluidized particles is also a problem. Now, fluidized bed systems are used for liquid-

phase adsorption processes when clogging by suspended matter is a problem.18, 25 
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Fig. 1.3 Illustration of particles in fluidized bed17,19 

 

 

1.4 Morphologies of Sorbents 
1.4.1 Classification of Sorbent Morphology 

As mentioned in the previous section, various sorption systems have been developed, and fixed 

bed systems are widely used in various fields. To effectively utilize sorbents for fixed bed systems, 

optimization of the sorbent morphologies is important. In this section, the classification of adsorbents, 

focusing on their morphologies and application, is explained. 

 

1.4.2 Particles 
Particles are widely used in sorption systems, and they have been optimized for each process. The 

particles are roughly classified into granular, spherical, and pelletized particles. Granular particles are 

simply prepared by crushing large particles. The granular particles are affordable; however, it is 

difficult to uniformly pack them in a column because of the irregularity of their structure. Such an 

irregularly packed bed causes higher pressure drops and unpredictable fluid flow through a column 

packed with particles. In fluidized bed systems, micronization of the particles by frictional wear is also 

a problem. To avoid this, “spherical” particles are widely used in both fixed bed and fluidized-bed 
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systems.  

 

1.4.3 Fibers 
Fibrous adsorbents, such as activated carbon fibers (ACFs),22, 23 have short diffusion path lengths 

due to their fibrous morphology, and suitable handling properties due to their ease of molding to paper, 

sheets, and felt-like structures. Because of these beneficial properties for adsorption systems in flow 

systems, columns packed with fibers are applied to vapor separation and water purification. Fiber-

form carbons have been widely reported and applied in industrial fields and our daily-life; however, a 

fiber is not a suitable morphology for adsorbents because molding of adsorbents into fibers is not easy. 

ACFs are widely used because precursor polymers, e.g., polyacrylonitrile (PAN), have good flexibility 

for molding into fiber-form.  

 

1.4.4 Monoliths 
Monoliths, commonly used as a morphology for three-way catalysts in vehicles, are one option for 

an adsorbent’s morphology (Fig. 1.4).24, 26-28 A monolith is typically composed of aligned polygonal 

straight channels (a few mm to a few hundred μm) surrounded by thin channel walls (normally thinner 

than a channel size). The cell density and wall thickness of typical monoliths are 31–186 cells·cm−2 

and 0.051–0.27 mm, respectively.24 Important features of monoliths are their low pressure drops, fast 

mass transfer, and high geometric surface area. The straight channels minimize the pressure drop 

occurring when fluids pass through, and the thin channel walls allow a fast mass-transfer rate and 

improve the contact efficiency of fluids and solids. These features are preferable for not only catalytic 

but also adsorption systems.  

Various methods have been developed to obtain adsorbents with a monolithic structure, e.g., 

extrusion, hard/soft-templating method, and self-assemblies. In industrial applications, the extrusion 

method is commonly used to obtain ceramic-based monoliths. For example, cordierite with a 

monolithic structure, prepared by using an extrusion method, is widely used for substrates of three-

way catalysts. This method is widely applied not only to ceramics but also zeolites, metal oxides, and 



10 
 

polymers. On the other hand, carbon-based monoliths, which have a high potential for use as catalyst 

supports and adsorbents, are difficult to obtain by simple extrusion. Therefore, thermosetting resins, 

e.g., phenolic resins, are used as precursors of carbon-based monoliths. Resin is directly extruded, or 

extruded with binders, to obtain precursor monoliths, or is coated on ceramic monoliths, as mentioned 

above. After heating precursor monoliths in an inert atmosphere, carbon-based monoliths can be 

obtained. Monoliths have a high geometric surface area, and this can be increased by reducing the 

channel size and wall thickness. The adsorption performance can be improved by increasing the 

geometric surface area; however, it is difficult to obtain monoliths with smaller channel sizes by the 

extrusion method because of limitations associated with the form block size.  

 

Fig. 1.4 A photograph of cellular ceramic monoliths.24 “Catalysis Today, 69 (1-4), Jimmie L. Williams, 

Reprinted from Monolith structures, materials, properties and uses, 3-9, Copyright (2001), with 

permission from Elsevier.” 

 

1.5 Microhoneycombs 
1.5.1 Ice-Templating Method 

In 1980, Mahler and Bechtold reported silica fibers prepared by unidirectional freezing of silica 

hydrogel.29 The polygonal silica fibers were obtained by unidirectional-freezing, thawing, and freeze-

drying of silica hydrogels. Not only silica fibers with hexagonal cross-sections, but also ribbed flakes 

or mixtures of honeycombs and flakes were obtained by changing the hardness of precursor gels, by 

changing the aging time. They explained that the phase separation of ice crystals and silica occurred. 
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Zirconia, titania, and alumina fibers were also prepared by these unidirectional freezing techniques.  

After that, from 2004 to 2005, Mukai30 and Nishihara31 reported monolithic silica with a 

honeycomb-like structure, prepared by using a unidirectional freezing method, and the monolith was 

named as “microhoneycomb” (Fig. 1.5). The most important difference compared to Mahler’s method 

was the hardness of the precursor gels. They froze soft silica hydrogels, which were aged for a short 

time, as precursors of the monolith. In Mahler’s method, hard silica gels, which were aged for a long 

time, were frozen. By changing the hardness (aging time) of the precursor hydrogel, silica with 

lamellar structures, flat fibers, and polygonal fibers were obtained (Fig. 1.6).32 Mukai and Nishihara’s 

group named this molding technique as the ice-templating method, because ice crystals substantially 

act as templates for these morphologies. Template ice crystals can be easily removed by merely 

thawing, compared with other hard-templating methods using metals, ceramics, and polymers. 

Therefore, it can be said that the ice templating method is eco-friendly. These groups also reported 

materials with the microhoneycomb structure (and other morphologies), composed of resorcinol 

formaldehyde resin,33 silica,30, 31 titania,34 silica-alumina,35 silica-titania,36 zeolite-silica,37 and ion-

exchange resin.38  

 

Fig. 1.5 Formation of a microhoneycomb structure by the ice-templating method  
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Fig. 1.6 Morphologies that can be obtained by using the Ice-templating method39 

 

1.5.2 Features of Microhoneycombs 

Among the morphologies that can be synthesized using the ice templating method explained above, 

the microhoneycomb (MH) structure can be expected to be favorable for processing in flow systems 

(Fig. 1.7). The MH structure is composed of aligned straight macrochannels, a few tens of μm in 

diameter, and thin channel walls, a few μm in thickness. This MH structure can be regarded as a 

miniature version of the monoliths mentioned in the previous section. A critical difference when 

compared with the monolith is that the size of the MH structure is much smaller than that of the 

monolith. Because of smaller channels and thin channel walls, the geometric surface area (or cell 

density) is much higher than that of the typical monolith. Although the pressure drop occurring when 

fluids flow through the MH structure is much higher than that for the monolith, a column packed with 

particles that have same diffusion path lengths has an extremely severe hydraulic resistance. Therefore, 

the MH structure has a high potential for use in separation processes in flow systems.  
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Fig. 1.7 Features of monolith with a microhoneycomb structure 

 

1.5.3 Application of Microhoneycomb 

As mentioned above, materials with microhoneycomb structures have a high potential for use in 

processing in flow systems. Among these systems, adsorption and catalysts are the most important 

applications. As regards adsorption, Ogino reported the adsorption of 1-butanol by carbon cryogels 

with a microhoneycomb structure (CMH).40 With respect to catalysis, Mukai reported an ion-exchange 

resin with a microhoneycomb structure, and its catalytic performance was also discussed.38 Murakami 

reported sulfonated carbon microhoneycombs,41 and Ogino reported that their porosities and surface 

properties affected their catalytic activities.42 Satoh reported sulfonated silica with a microhoneycomb 

structure.43, 44 Currently, we have focused on the application of the microhoneycombs for catalysis; 

however, their application for adsorption is not well studied. Because the microhoneycomb structure 

has the compatibility of a low hydraulic resistance and short diffusion path lengths, it can be expected 

that the microhoneycomb has a high potential to be used for adsorption in flow systems. 
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1.6 Objectives and Contents 
As mentioned in section 1.2, various sorption techniques, e.g., adsorption, ion exchange, and 

absorption, are widely used in various fields. To improve their separation performance, various 

processes have been developed and are widely used in industrial fields (section 1.3). Among these, 

fixed bed systems in flow systems using a column packed with spherical (or granular, or pelletized) 

particles are commonly and widely used due to their usability and applicability. However, a low 

hydraulic resistance and short diffusion path lengths are not compatible for a column packed with 

typical particles. To overcome such a trade-off relation between hydraulic resistance and diffusion 

path lengths, monolithic adsorbents were studied (section 1.4).  

Recently, we developed monolithic materials with a “microhoneycomb (MH)” structure, which 

can be regarded as a miniature version of the monolith mentioned in section 1.4. Monoliths with a MH 

structure have short diffusion path lengths, which can be expected to result in fast mass transfer, and 

have fairly straight macro channels, which can be expected to show a low hydraulic resistance. 

Because of this unique morphology, monolithic sorbents with a MH structure have a high potential to 

be used for the effective separation of diluted pollutants, especially when processing large amounts of 

fluids. In this dissertation, to demonstrate the potential and applicability of sorbents with a MH 

structure for effective separation in flow systems, the adsorbents are prepared and applied to the 

separation of diluted pollutants in liquid and gas systems. The establishment of a preparation procedure 

for adsorbents with a MH structure is also investigated to widen the application fields of 

microhoneycombs. 

In section 1 (chapter 2), carbon cryogels with a MH structure (CMHs) are applied to the adsorption 

of organic compounds in batch and flow systems to evaluate their potential to be used for this purpose. 

Carbonaceous adsorbents have been widely used in various adsorption systems to remove organic 

compounds from water. In this section, we focused on using carbon gels (CGs) as adsorbents of organic 

compounds. CGs have high controllability of mesopores, which can improve the diffusion rates of 

large molecules, such as dyes. In addition, CGs can be easily molded into a MH structure (known as 

carbon gel microhoneycombs (CMHs)) by applying the ice-templating method to the CG precursor, 
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resorcinol formaldehyde gels (RF gels). 

In chapter 2, phenol and dye adsorption are studied to evaluate the potential of CMHs to be used 

for continuous separation of diluted organic compounds. The effects of surface properties on the 

phenol and methylene blue adsorption performance are investigated. The potential of a MH structure 

to be used for adsorption in flow systems is also investigated. 

In section 2 (chapters 3, 4, and 5), the cesium cation (Cs+) separation performance of various ion 

exchangers having a MH structure, which can remove Cs+ under various conditions, is investigated. 

The CMHs, studied in the previous section, had a high potential to separate organic compounds 

because of strong interactions between the organic compounds and carbon. To consider the widening 

applicability of adsorbents with a MH structure to other targets, e.g., ions and carbonaceous adsorbents, 

is not appropriate because of poor interaction between ions and carbon surfaces. In addition, it is not 

always possible to mold inorganic adsorbents, which can selectively adsorb specified ions, into a MH 

structure. To obtain monolithic materials with a MH structure, gels with appropriate properties, e.g., 

gel strength, density, and hydrophilicity, are needed. Therefore, the establishment of an appropriate 

preparation procedure for inorganic adsorbents with a MH structure is also important.  

Firstly, in chapter 3, Prussian blue analogues (PBAs), which are thought to be typical Cs+ 

exchangers, supported on microhoneycombs were studied. PBAs are directly synthesized in a silica-

alumina hydrogel, which is a precursor of monoliths having a MH structure, and the effect of the PBA 

content on the formation of a MH structure in precursor gels is studied. The effect of the cation used 

to prepare PBAs for Cs+ adsorption is also studied.  

Next, in chapter 4, AMP, one of the heteropoly salts that can selectively adsorb Cs+, supported on 

silica microhoneycombs (SMHs) (AMP-SMHs), is studied. AMP can selectively remove Cs+ from 

solutions at low pH, and is stable at high temperature. Fine AMP particles are directly supported on 

and into the channel wall of the MH by a simple mixing method. The effect of various parameters, 

e.g., monolith length, superficial velocities, AMP contents, and feed concentration, on the Cs+ 

adsorption performance are also studied. Simulational comparisons with a typical column packed with 

particles are also conducted.  
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Finally, in chapter 5, Cs+ separation by RF gels with a MH structure (RFMHs), which can adsorb 

Cs+ under high pH conditions, are studied. PBAs, AMP, silica-alumina, and silica, which are used in 

chapters 5 and 6, are unstable at high pH. Cs+-contaminated water at high pH can be produced by 

incineration of Cs-containing wastes. Therefore, Cs+ adsorbents that can act and be stable at high pH 

are needed. The effects of the preparation conditions and solution pH on the Cs+ separation 

performance of RFMHs were studied.  

In section 3 (chapter 6), ionic liquids (ILs) loaded on silica microhoneycombs (IL-SMHs) are 

studied to remove diluted CO2 in the gas phase. Currently, CO2 absorption by various ILs is reported 

because of their good CO2 adsorption performance and their tunability with respect to physical and 

chemical properties. To improve the performance of ILs, supported ILs (SILPs), ILs thinly coated on 

porous supports, are suggested. In this section, ILs supported on silica microhoneycombs (IL-SMHs) 

are prepared and their CO2 adsorption performances are evaluated in batch and flow systems.  

In the conclusion section (chapter 7), the results and conclusions obtained from each chapter are 

summarized, and the potential of adsorbents with a microhoneycomb structure to be used for flow 

adsorption systems is discussed.  
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Chapter 2 
Phenol and Methylene Blue Adsorption in 
Flow Systems Using Carbon Cryogels with a 
Microhoneycomb Structure 
 

2.1  Introduction 

Water soluble aromatic compounds, e.g. phenol derivatives and various dyes emitted from 

petroleum and coal refining plants and chemical plants are harmful to human health and environment, 

therefore, emission of these compounds is strictly controlled (e.g. phenol < 5 ppm in Japan1). Various 

removal techniques of have been studied, for example, adsorption,2-4 membrane separation,5 

biodegradation6 and oxidative degradation.7 Among these techniques, adsorption using carbonaceous 

materials such as activated carbons derived from biomass, coals and synthetic resins are widely used 

to remove organic contaminants including phenolic and dyes existing in aqueous solutions.2-4 

In this work, we applied carbon gels (CGs), which are categorized as porous carbons such as ACs, 

to adsorbents for organic contaminants. Most important difference when compared with ACs is that 

mesopores of CGs can be easily controlled by changing precursor composition. CGs were obtained by 

carbonization of resorcinol-formaldehyde (RF) gels, precursors of CGs, by Pekala and co-workers in 

1980s.8-10 RF gels are synthesized by a polycondensation reaction between resorcinol (p-benzenediol, 

HO(C6H4)OH) and formaldehyde (HCHO) catalyzed by sodium carbonate (Na2CO3) (Scheme 2.1). 

CGs can be obtained by carbonization of the RF gels in inert atmosphere. CGs are composed of small 

carbon nanoparticles (1st particles) and their aggregates (2nd particles). Micropores and mesopores are 

voids of the 1st particles and 2nd particles, respectively (Fig. 2.1). CGs have hierarchical pore structures 

in which short micropores directly connected to the mesopores. Most important features of the CGs 

are their mesopores are monodisperse and the pore size can be simply controlled by changing 

monomer/catalyst ratio of the precursor RF gels. Commonly, this ratio is called R/C whose R and C 

represents mole of resorcinol (monomer) and Na2CO3 (catalyst). The mechanism of the pore 
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construability is explained as size of the 2nd particles. At low R/C, whole monomers can react with 

each other, therefore, the size of the 2nd particles are comparatively small. On the other hand, at high 

R/C, the size of the 2nd particles comparatively large because the catalyst amount is low. Void volume 

of large 2nd particles is large and opposite for small particles. Therefore, the mesopore size is large at 

high R/C and small at small R/C. Because of the pore controllability of the CGs, they have been applied 

to various fields, e.g. energy storage devices,11 catalyst supports12 and adsorbents.13  

Previously, we reported that synthesis of CGs having microhoneycomb structure (CMHs) by 

applying the ice-templating method to RF gels.14 In this work, to verify the applicability of CMHs to 

adsorption in continuous flow systems, firstly, the pressure drop which occurs when fluids are passed 

through them was measured. Next, the adsorption of phenol and methylene blue (one of typical dye) 

from an aqueous media in batch and continuous flow systems using a CMH was demonstrated. CMHs 

carbonized at various temperatures were used to clarify how their surface properties affect adsorption 

abilities. By these experiments, we intend to show that CMHs can be used for continuous separation 

of organic contaminants without causing a severe hydraulic resistance. 

 

Scheme 2.1 Synthesis of RF gels by polycondensation reaction of resorcinol and formaldehyde 
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Fig. 2.1 Relationship between porous structure and R/C value15 

 

 

Fig. 2.2 Hierarchal porous structures of carbon gels 

 

2.2 Materials and Methods 
2.2.1. Materials 

Resorcinol, formaldehyde solution, sodium carbonate, 2-methyl-2-propanol (tert-butyl alcohol, 

TBA) and phenol were purchased from Wako Pure Chemical Industries, Ltd., Japan. Methylene blue 

was purchased from KANTO CHEMICAL Co., Ltd., Japan. All reagents were used as received. 

 

2.2.2. Preparation of CMHs 
CMHs were prepared according to our previous report.16 Firstly, a resorcinol-formaldehyde (RF) 

cryogel was prepared through the polycondensation of resorcinol with formaldehyde using sodium 
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carbonate as a catalyst. Resorcinol (R) was dissolved in deionized-water (W), and sodium carbonate 

(C) was added to the mixture. After a transparent mixture was obtained, formaldehyde (F) was added 

to the mixture. The molar ratios between these 4 components (R:F:C:W) were set to 1:2:0.005:61. The 

obtained mixture was poured into a glass tube (40 mm × 8 mm i.d.) sealed with a rubber cap, and kept 

at 303 K for 39 h. The obtained RF hydrogel was released from the glass tube and was washed with 

deionized water for 1 h to remove excess reactants and catalyst. Then, the RF hydrogel was put into a 

polypropylene tube (125 mm × 13 mm i.d.), and unidirectionally dipped into a liquid nitrogen bath 

(77 K) at a constant rate (60 mm·h-1). After the tube was completely frozen, the frozen hydrogel was 

released from the tube, thawed at room temperature and cut into portions of several centimeters. The 

obtained RF hydrogel was immersed in 1 mol·L-1 hydrochloric acid for 4 days for aging, and then 

washed with an excess amount of deionized water to completely remove the hydrochloric acid. After 

washing, the RF hydrogel was immersed in TBA for 2 days to replace the water in it with this alcohol. 

The TBA was exchanged three times during this treatment. Then, the obtained gel was freeze-dried at 

263 K for 2 days. After drying, the obtained monolithic RF gel was carbonized at 673-1273 K for 4 h 

under a nitrogen flow (100 mL·min-1).  

 
2.2.3. Characterization of the CMHs 

The morphology of the synthesized CMHs was characterized using a scanning electron 

microscope (SEM, JSM-5410, JEOL Ltd.).  

Porous properties of the CMHs were evaluated through nitrogen adsorption-desorption 

experiments conducted at 77 K using an automatic nitrogen adsorption apparatus (BELSORP-mini, 

BEL Japan Inc.). Crushed CMH samples were loaded in Pyrex tubes and were heated at 523 K for 4 

h under a nitrogen flow of 20 mL·min-1 to remove adsorbed species from the samples before 

measurements.  

Water vapor adsorption experiments were conducted at 298 K using an automatic adsorption 

apparatus (BELSORP-max, BEL Japan Inc.) to evaluate surface properties of the CMHs. Samples 

were loaded in Pyrex tubes and were pretreated by heating at 523 K for 4 h under vacuum before 
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measurements.  

The hydraulic resistance of the CMHs was evaluated by the pressure drop which occurs when 

water was passed through them. A CMH monolith was fixed in a heat shrinkable tube and water was 

fed to the monolith at a superficial velocity set in the range of 0 to 12.0 cm·min-1 using a HPLC pump 

(PU-2080, JASCO Corporation, Japan). The pressure drop was measured using a pressure sensor (PA-

853, Copal Electronics, Japan). The pressure drop that CMHs cause was compared with that a capillary 

and a column packed with particles respectively cause.  

The pressure drop a capillary causes was estimated by the pressure drop a laminar flow in a straight 

tube causes which can be calculated using the Hagen-Poiseuille equation (2.1).                

2
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Luμ
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 (2.1) 

Here, ΔP, L, μ, us, ε and D, respectively denotes the pressure drop, the tube length, the viscosity 

of water, the superficial velocity, the porosity and the tube diameter. In this calculation, the length of 

the CMH was used as L and the porosity calculated from cross-sectional SEM image was used as ε (= 

0.85). 

The pressure drop a column packed with particles causes was calculated using the Kozeny-Carman 

equation (2). 
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Here, k, ε, L and Dp respectively denotes the Kozeny-Carman constant (set to 5), the bed porosity 

(set to a typical value of 0.4), the length of the fixed bed and the particle diameter. In this calculation, 

L was set to the length of a column packed with particles having the same total weight as the CMH. 

 
2.2.4. Adsorption of Phenol and MB on the CMHs 

Adsorption experiments using CMHs were conducted in both batch and continuous flow systems. 

In batch experiments, 15 mg of a crushed CMH was added to a 25 mL phenol or methylene blue (MB) 

aqueous solution having a specified concentration and the obtained slurry was placed in a thermostatic 

bath which was maintained at 303 K and was shaken at 100 rpm for 7 days (SHK-101B and CTR-320, 
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IWAKI CO., LTD.). After 7 days, the crushed CMH was separated from the solution by centrifugation 

at 300 rpm for 5 min. The phenol or MB concentrations of the obtained solutions were measured using 

a UV-vis spectrometer (UV-2400PC, Shimadzu Corp., wavelength: 270 nm for phenol, 665 nm for 

MB). The background of deionized water were measured before UV-vis measurements. 

   The obtained isotherms were analyzed using the Langmuir model (2.3). 

eL

eL

CK
CKq

q
+1

= 0
 (2.3) 

Here, q, q0, KL and Ce, respectively denotes the uptake of phenol and MB, the monolayer capacity, 

the Langmuir constant, and the phenol or MB concentrations at equilibrium.  

In experiments using continuous flows, a monolithic CMH was fixed in a heat shrinkable tube in 

a similar manner as in pressure drop measurement experiments (Fig. 1). One side of the tube holding 

the CMH was connected to an HPLC pump, and the opposite side was connected to a UV-vis detector 

(SPD-10A VP, Shimadzu Corp., wavelength: 270 nm for phenol, 600 nm for MB). The tube holding 

the CMH was set vertically in an HPLC oven (CTO-10A VP, Shimadzu Corp.) and was kept at 303 K. 

An aqueous solution was fed to the CMH at a superficial velocity set in the range 1.0 to 3.0 cm·min-1. 

From the breakthrough curves, the length of unused bed (LUB) values were calculated using the 

following equation (2.4). 

)-(= bs
s

tt
t
L

LUB  (2.4) 

Here, L, ts and tb, respectively denotes the monolith length, the stoichiometric time and the 

breakthrough time where C·Cf-1 = 0.05. C and Cf, respectively denotes the phenol or MB 

concentrations and the feed concentration. The stoichiometric time is calculated using the following 

equation (2.5). 

∫ 0 f )/-1(=
et

s dtCCt  (2.5) 

Here, te denotes the breakthrough time which is the time when C·Cf-1 reaches 0.95. The 

“stoichiometric time” represents the time when half of the adsorbent is consumed for adsorption. If 

the breakthrough curve is a point symmetric sigmoidal, the stoichiometric time will be equal to 50 % 
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of the breakthrough time. 

 

Fig. 2.3 Experimental apparatus for phenol adsorption in flow systems. The photograph shows a CMH 

set in a column oven. 

 

2.3  Results and Discussion 

2.3.1. Characterization of the CMHs 
The obtained CMHs were black monoliths with a cylindrical shape whose lengths were a few cm 

and diameters a few mm (Fig. 2, inset). The CMHs had aligned straight channels 25-45 μm in diameter 

which are expected to show low hydraulic resistances (Fig.2). The thickness of the walls were 5-10 

μm, so the mass transfer resistance the walls cause are expected to be extremely low. 

 

Fig. 2.4 Cross-sectional SEM image of a CMH carbonized at 1273 K. The inset shows a photograph 

of the CMH 
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To evaluate the hydraulic resistance of a CMH, the pressure drop which occurs when water was 

passed through it was measured. The pressure drop linearly increases with the increase in the 

superficial velocity of water (Fig. 3). The Hagen-Poiseuille equation suggests that the hydraulic 

resistance a CMH causes is equivalent to that a capillary with a diameter of 37 μm causes. This 

diameter is similar to the averaged channel diameter of the CMH estimated from SEM images. Next, 

to compare the pressure drop the CMH causes with that a typical column packed with particles causes, 

the latter was calculated using the Kozeny-Carman equation. In the calculation, the particle diameter 

was set to 5 μm which is equivalent to the wall thickness of the CMH. The calculated pressure drop 

was 370 times higher than that of the CMH on the same mass basis. These results suggest that CMHs 

can continuously process a large amount of fluids without high energy inputs compared with a column 

packed with particles.  

Figure 2.6 and Table 2.1 show N2 adsorption-desorption isotherms and porous properties of the 

obtained CMH, respectively. The isotherms are of type IV according to the IUPAC classification which 

indicates the existence of micropores and mesopores in the materials. Brunauer-Emmett-Teller (BET) 

surface area (SBET) of the samples increases with the increase in carbonization temperature because of 

the development of micropores by carbonization. On the other hand, mesopore volume (VMeso) 

decreases with the increase in carbonization temperature because of the shrinking of the samples 

caused by carbonization. The total pore volume does not drastically change because the shrinkage of 

mesopores are compensated by the development of the micropores.  
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Fig. 2.5 Pressure drop which a CMH causes when water is passed through it (black circle). The black 

line represents the pressure drop a tube 37 μm in diameter causes which was calculated using the 

Hagen-Poiseuille equation. The dashed line represents the pressure drop a column packed with 5 μm 

diameter particles causes, calculated using the Kozeny-Carman equation. 

 

Fig. 2.6 Nitrogen adsorption-desorption isotherms of CMHs carbonized at 673 K (blue diamond), 873 

K (green triangle), 1073 K (orange square) and 1273 K (red circle). Solid and open symbols represent 

adsorption and desorption branches, respectively. 



32 
 

Table 2.1 Porous properties of CMH carbonized at 673 to 1273 K 

aCalculated from the adsorbed volume of N2 at p/p0 = 0.15, bVTotal – VMicro, cCalculated from the 

adsorbed volume of N2 at p/p0 = 0.98. 

 

Table 2.2 Ratio of water vapor and N2 uptake at p/p0 = 0.15 

T / K 
Adsorption amount of water 
vapor VH2O a/ cm3(STP)·g-1 

Adsorption amount of nitrogen  
VN2 b/ cm3(STP)·g-1 

x0.15(H2O) 

/ % 

673 46.3 134 34.6 

873 19.6 229 8.56 

1073    5.50 337 1.63 

1273    2.71 282 0.96 

a Measured from water vapor adsorption at 298 K, b Measured from N2 adsorption at 77 K.  

 

2.3.2. Phenol and MB Adsorption Using CMHs in Batch Systems 
Figure 5 shows phenol uptake curves of CMHs carbonized at 673-1273 K. The uptake drastically 

increased within 15 min, and then gradually increased for a period of about 1 week especially in CMHs 

carbonized at temperatures higher than 873 K. Indeed, if extremely small micropores exist within the 

carbon, such a unique uptake behavior may be observed. However, if additional irreversible reactions 

involving phenol occur in/on the carbons, such a behavior is also thought to be observed. Grant and 

King reported that phenol oligomers are actually formed presumably through oxidative coupling 

reactions and the obtained oligomers are irreversibly adsorbed on activated carbon.17 In addition, 

Magne and Walker reported that this reaction mainly occurs at graphene edges where oxygen-

containing functional groups do not exist.18 The fact that the unique uptake behavior was mostly 

observed in CMHs carbonized at higher temperatures, suggest that the gradual increase is likely to be 

T / K BET surface area 
SBET / m2·g-1 

Micropore volume 
VMicro

a / cm3·g-1 
Mesopore volume 
VMeso

b / cm3·g-1 
Total pore volume 

VTotal
c / cm3·g-1 

673 513 0.20 0.73 0.93 
873 866 0.35 0.84 1.2 

1073 903 0.37 0.51 0.88 
1273 1070 0.44 0.59 1.0 
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caused by irreversible reactions. In CMHs used in this work, the x0.15(H2O) value (= VH2O/VN2),19, 20 

which represents the surface hydrophilicity of the materials, decreases with the increase in 

carbonization temperature because of the decrease in the amount of surface groups.  

Adsorption isotherms of the CMHs are shown in Fig. 6. In various reports, the phenol adsorption 

isotherms of various adsorbents, including carbons, can be generally fitted using either the Langmuir 

model or the Freundlich model 21. From the comparison of R2 values of the fitted curves, it was found 

that phenol adsorption on CMHs can be well represented by the Langmuir model. The phenol 

maximum uptake (q0) calculated using the Langmuir model increases with the increase in 

carbonization temperature and reaches a saturated value at around 1073 K. 

 

Fig. 2.7 Phenol uptake curves of CMHs carbonized at 673 K (blue diamond), 873 K (green triangle), 

1073 K (orange square) and 1273 K (red circle) at 303 K; initial concentration, 100 ppm; mass-solution 

ratio, 1.67 L·g-1.  
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Fig. 2.8 Equilibrium phenol and methylene blue adsorption isotherms (303 K) of the CMHs 

carbonized at 673 K (blue diamond), 873 K (green triangle), 1073 K (orange square) and 1273 K (red 

circle). The solid and dashed lines are phenol and methylene blue curves fitted using the Langmuir 

model, respectively. 

 

Table 2.3 Isotherm parameters of phenol and methylene blueT / K 

 
Phenol Methylene blue 

q0 / mmol·g-1 KL / L·mmol-1 R2  q0 / mmol·g-1 KL / L·mmol-1 R2  

 673 0.24   4.49 0.940 0.07     0.91 0.824 

 873 1.25   7.01 0.995 0.47   61.8 1.000 

1073 1.74 22.1 0.999 0.63 173 1.000 

1273 1.74 12.1 0.997 0.59 150 1.000 
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2.3.3. Phenol and MB Adsorption Using CMHs in Flow Systems 
Phenol breakthrough curves of CMH carbonized at various temperature are shown in Fig. 2.9. The 

obtained curves show an ideal shape and the LUB values of them were in the range of 0.4-0.7 cm. The 

ratio of the LUB over the monolith length (LUB·L-1) decreases with increasing of the carbonization 

temperature. If this ratio is small, utilization of monolith for adsorption process is high, therefore, 

CMHs carbonized at higher temperatures are preferable in continuous flow systems. In CMHs 

carbonized at higher temperatures (873-1273 K), the ratio of the measured capacity over the theoretical 

capacity (qB·q theor -1) is 0.8-0.9 which indicates that 10-20 % of the total capacity cannot be used in 

continuous flow systems. This difference indicates that physisorption mainly occurred in such CMHs 

because the residence time was very short (~ 30 s). On the other hand in the CMH carbonized at 673 

K, qB·q theor -1 was close to 1 indicating almost all of the adsorption sites were used. Methylene blue 

breakthrough curves of CMH carbonized at various temperature are shown in Fig. 2.10. The obtained 

curves are also ideal shape and the LUB values of them were in the range of 0.4-1.3 cm. The ratio of 

the LUB over the monolith length (LUB·L-1) decreases with increasing of the carbonization 

temperature. In CMHs carbonized at higher temperatures (873-1273 K), qB·q theor -1 was close to 1 

indicating almost all of the adsorption sites were used.  
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Fig. 2.9 Phenol breakthrough curves (303 K) of CMHs carbonized at 673 K (blue diamond, run 1), 

873 K (green triangle, run 2), 1073 K (orange square, run 3) and 1273 K (red circle, run 5); initial 

concentration (feed concentration), 100 ppm; monolith length, 1.5 cm; monolith diameter, 0.6-0.8 cm, 

superficial velocity, 3.0 cm·min-1. 

 

Fig. 2.10 MB breakthrough curves (303 K) of CMHs carbonized at 673 K (blue diamond, run 1), 873 

K (green triangle, run 2), 1073 K (orange square, run 3) and 1273 K (red circle, run 5); initial 

concentration (feed concentration), 100 ppm; monolith length, 1.5 cm; monolith diameter, 0.6-0.8 cm, 

superficial velocity, 3.0 cm·min-1. 
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To evaluate the scaling-up applicability of CMHs, breakthrough experiments using CMHs, with 

various monolith lengths were conducted (Fig.2.10, Table 2.4). Although the obtained curves shift to 

the right with the increase in monolith length, the shape of the curves hardly changes. In CMHs longer 

than 1.5 cm, the calculated LUB values were constant (0.6 cm) which indicates that the adsorption 

zone of the CMH has already reached an equilibrium state at a short length of 1.5 cm (constant-pattern 

behavior22). In addition, LUB·L-1 decreases with the increase in monolith length. These results indicate 

that a high column utilization on a length basis can be achieved after scaling-up of the CMH. 

 

Fig. 2.10 Phenol breakthrough curves (303 K) of CMHs carbonized at 1273 K with monolith lengths 

of 0.8 cm (red triangle, run 4), 1.5 cm (red circle, run 5) and 2.8 cm (red square, run 6); initial 

concentration (feed concentration), 100 ppm; monolith diameter, 0.7 cm, superficial velocity, 3.0 

cm·min-1. 
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Table 2.4 Results from the breakthrough experiments of phenol on CMH a 

Run T / K 
Mass 

/ g 

Length 

L / cm 

Diameter 

/ cm 

qB 
b

 / 

mmol·g-1 

q theor. c/ 

mmol·g-1 

qB·q theor -1 

/ - 

LUB 

/ cm 

LUB·L-1 

/ - 

1 673 0.05 1.5 0.8 0.21 0.20 1.1 0.44 0.29 

2 873 0.05 1.5 0.7 1.00 1.11 0.91 0.66 0.44 

3 1073 0.04 1.5 0.6 1.28 1.67 0.76 0.60 0.40 

4 1273 0.02 0.8 0.7 1.40 1.62 0.87 0.34 0.43 

5 1273 0.03 1.5 0.7 1.36 1.62 0.84 0.56 0.37 

6 1273 0.07 2.8 0.7 1.29 1.62 0.80 0.61 0.22 

aAll experiments were conducted at 303 K at superficial velocity of 3.0 cm·min-1, b Phenol uptake 

calculated from breakthrough curve, c Theoretical phenol uptake calculated from the Langmuir model 

at equilibrium concentration of 100 ppm 

 

Table 2.5 Results from the breakthrough experiments of methylene blue on CMH a 

Run T / K 
Mass 

/ g 

Length 

L / cm 

Diameter 

/ cm 

qB 
b

 / 

mmol·g-1 

q theor. c/ 

mmol·g-1 

qB·q theor -1 

/ - 

LUB 

/ cm 

LUB·L-1 

/ - 

7  673 0.05 1.5 0.8 0.15  0.002 75 1.31 0.87 

8  873 0.03 1.5 0.7 0.43 0.31  1.4 0.82 0.53 

9 1073 0.03 1.5 0.7 0.65 0.53  1.2 0.43 0.27 

10 1273 0.05 1.9 0.6 0.57 0.49  1.2 0.63 0.32 

aAll experiments were conducted at 303 K at superficial velocity of 3.0 cm·min-1, b Methylene blue 

uptake calculated from breakthrough curve, c Theoretical methylene blue uptake calculated from the 

Langmuir model at equilibrium concentration of 10 ppm  

 

To evaluate recyclability of the CMHs, regeneration was conducted by ethanol flows after phenol 

breakthrough experiments. The obtained curves for each cycle is shown in Figure 2.11. The curves 

were shifted toward left direction, indicating that the capacity decreases by ethanol regeneration. 

Finally, the capacity reaches about 60 % of the initial capacity (0.78 mmol·g-1). This decreases also 

indicates that the irreversible adsorption occurs. The capacity stabilized after the 7th cycle, indicating 

that irreversible adsorption sites were saturated (7.12). 
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Fig. 2.11 Phenol breakthrough curves of CMH carbonized at 1273 K after regeneration. For 

breakthrough experiments: monolith lengths, 1.5 cm; initial concentration (feed concentration), 100 

ppm; monolith diameter, 0.7 cm, superficial velocity, 3.0 cm·min-1. Regeneration conditions: effluent, 

ethanol; superficial velocity, 3.0 cm·min-1. 

 

Fig. 2.12 Phenol capacity of CMH carbonized at 1273 K calculated from each cycle 
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2.4  Conclusion 

In this chapter we synthesized and characterized various CMHs and tested their phenol and 

methylene blue adsorption abilities not only in batch systems but also in continuous flow systems. The 

CMH showed a 370 times-lower hydraulic resistance when compared with a typical column packed 

with particles having the same diffusion length as in the microhoneycomb walls. The CMHs had 

developed meso-micro pores and their BET surface area and hydrophobicity increases with the 

increase in carbonization temperature. Phenol and methylene blue uptake also increases with the 

increase in carbonization temperature and irreversible adsorption also occurs in CMHs carbonized at 

higher temperatures. Phenol and methylene blue adsorption isotherms indicated that adsorption is not 

only affected by the surface area of the CMHs but also by their surface hydrophilicity/hydrophobicity 

which is governed by the concentration of surface oxygen groups in them. The adsorption experiments 

in flow systems showed that physisorption solely occurs because of the short residence time. For 

phenol, the LUB values were in the range of 0.3-0.6 cm and became constant at lengths as short as 1.5 

cm. These results show that a constant-pattern behavior is quickly achieved so high column utilization 

can be expected in scaled-up CMHs. For methylene blue, the LUB values were in the range of 0.4-1.3 

cm. The phenol capacity decreased by ethanol regeneration and the capacity stabilized at the 7th cycle. 

These results clearly indicate that CMHs have a high potential to be used for phenol and methylene 

blue adsorption in continuous flow systems. 
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Chapter 3 
Separation of Cesium Ion in Flow Systems 
Using Prussian Blue Analogues Nanoparticles 
Supported in a Silica-Alumina 
Microhoneycomb 
 

3.1. Introduction 

The nuclear disaster at the Fukushima Daiichi nuclear power plant in Japan has generated a huge 

amount of radionuclides, which have spread from the plant into the ocean and nearby grounds. Among 

these radionuclides, the quick and effective recovery of cesium-137 (137Cs) has been required 

especially because it has high radioactivity and a long half-life (30.1 years1), potentially causing 

harmful effects to human health and environment. Total amounts of 137Cs which spread into nearby 

grounds and released to the Pacific Ocean were estimated as 6.7 PBq and 1.3 PBq, respectively.2 The 

137Cs which spread into the ground is strongly adsorbed in the layer silicates in the soil of the ground, 

therefore, aqueous acidic solutions can be used to extract the 137Cs from the soil.3, 4 However, this will 

lead to the generation of acidic solutions containing low concentrations of 137Cs.  

To effectively separate 137Cs, the possibility of using various separation methods have been 

investigated. Examples include ion exchange5-22 and extraction.23 Ion exchange is one of the most 

effective methods because it can be readily applied to flow systems and can also be easily scaled up. 

Various ion exchangers have been tested, for example, transition metal ferrocyanides,15-18 heteropoly 

compounds with Keggin structure,5-14 various kinds of zeolites,19, 20 silicotitanates21 and polymers.22 

Among these ion exchangers, Prussian blue analogues (PBAs) as the medium for recovery, as they 

are inexpensive and as they show a high selectivity towards cesium. PBAs which have abilities to 

recover cesium can be obtained by insolubilizing ferrocyanide using bivalent metal cations. However, 

the PBAs obtained through this method are usually in the form of fine particles,24 so a severe pressure 

drop is likely to occur when fluids are passed through them.  
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Therefore, in this chapter, we dispersed such PBAs insolubilized by various bivalent cations (Fe2+, 

Ni2+ Cu2+ and Zn2+) within a matrix material and molded the composite to microhoneycomb structure 

have a morphology which only causes a minimal hydraulic resistance while still maintaining a high 

accessibility to the included PBAs. The obtained monolithic materials (PBAs-SAMHs) were 

characterized by a scanning electron microscope (SEM) and a transmission electron microscope 

(TEM) observation, elemental analysis, N2 adsorption/desorption experiments. The hydraulic 

resistance was evaluated by pressure drop measurements. The Cs+ separation performance were 

evaluated in batch and flow systems. 

 

3.2.  Materials and Methods 
3.2.1. Materials 

Sodium silicate solution (Na2SiO3, 55 wt%, molar ratio (SiO2/Na2O) = 2.1), aluminum nitrate 

(Al(NO3)3), iron (II) sulphate (FeSO4), nickel (II) nitrate (Ni(NO3)2), copper (II) chloride (CuCl2), 

zinc (II) nitrate (Zn(NO3)2), 2-methyl-2-propanol (tert-butyl alcohol, TBA), cesium chloride (CsCl) , 

nitric acid (HNO3, 1 mol L-1 aqueous solution) and cesium standard solution (CsCl, 1000 ppm) were 

purchased from Wako Pure Chemical Industries. All reagents were used as received. 

 

3.2.2. Preparation of the PBAs-SAMHs 

In this work, silica alumina was used as the matrix of the PBA composites.25 First, a silica sol, the 

silica source of the matrix, was prepared by diluting a sodium silicate solution with distilled and 

deionized water, and subsequently exchanging the sodium cations in it with protons using a strong 

acid ion-exchange resin. To this sol, aluminium nitrate, the alumina source of the matrix, was added 

so that the Si/Al molar ratio in the resulting mixture would be 5. Next, potassium ferrocyanide, the 

ferrocyanide source of the PBA, was added so that the Fe*/Si molar ratio in the resulting mixture 

would be either 0.040, 0.050 or 0.067 (Fe* denotes that the origin of it is ferrocyanide). Then, a 

compound which can release a bivalent cation was added to insolubilize the dispersed ferrocyanide. 

The bivalent cations used in this work were Fe2+, Ni2+, Cu2+ and Zn2+, and the compounds used as 
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their sources were iron(II) sulphate, nickel(II) nitrate, copper(II) chloride and zinc(II) nitrate, 

respectively. Then the mixtures were transferred to polypropylene tubes and were aged at 333 K. After 

the mixtures transformed into gels, the tubes including them were dipped into a liquid nitrogen bath 

at a constant rate of 60 mm·h-1, and the gels were froze unidirectionally. After the gels were completely 

frozen, they were thawed and then thoroughly washed with distilled and deionized water. Next the 

water in the gels was exchanged with 2-methyl-2-propanol and then the gels were freeze-dried. Finally, 

cylindrical monoliths were obtained. 

 

3.2.3. Characterization of the PBAs-SAMHs 

The morphology of the samples was directly observed using a scanning electron microscope 

(SEM). Elemental analyses of the samples were conducted using an inductively coupled plasma 

spectrometer and a CHN coder. The samples were also analysed using an X-ray diffractometer (XRD) 

to confirm the existence of PBAs. The porous properties of the samples were evaluated through 

nitrogen adsorption experiments. First, nitrogen adsorption isotherms of the samples were measured 

at 77 K. Next, the Brunauer-Emmett-Teller surface areas (SBET) of the samples were calculated from 

the obtained isotherms. 

 

3.2.4. Cs+ Separation Experiments Using the PBAs-SAMHs in Batch Systems  

The cesium capacity of the samples was evaluated by measuring their cesium ion exchange 

isotherms. Experiments were conducted at 298 K using 1 mmol·L-1 nitric acid containing cesium 

carbonate. Solutions containing the samples were shaken for 7 days before determining the cesium 

uptake. Cesium uptake (q) was calculated using the following equation (eq. 3.1) 

m
VCCq e )( 0 −=  (3.1) 

where C0 and Ce are respectively the initial and equilibrium concentration, V the volume of the 

solution and m the weight of the sample. 
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3.2.5. Cs+ Separation Experiments Using PBAs-SAMHs in Flow Systems 

Next, the performance of the samples in flow systems was evaluated. The hydraulic resistance the 

samples cause was evaluated by measuring the pressure drop which occurs when water was passed 

through them. The diameter and length of the samples used in this experiment were 10 mm and 10 

mm, respectively. Finally, the performance of the samples as cesium adsorbents was checked in a flow 

system. First, 1 mmol·L-1 nitric acid containing cesium carbonate was prepared so that the Cs+ 

concentration in it would be 100 ppm (Cf). The prepared solution was passed through the samples at 

a flow rate of 1mL·min-1, and the Cs+ concentration at the outlet of the samples (C) was monitored 

periodically using ion chromatography. The ratio of C to Cf (C·Cf-1) was plotted against the effluent 

volume. The diameter and length of the samples used in this experiment were 10 mm and 20 mm, 

respectively. Figure 4.1 shows the experimental apparatus used for the measurement of pressure drop 

and evaluation of separation performance in flow systems. 

 

 

Fig. 3.1 Experimental apparatus for flow systems 

3.3. Results and Discussion 
3.3.1. Characterization of the PBAs-SAMHs 

Figure 3.2 shows photographs and cross sectional SEM images of typical samples obtained in this 

work. Basically, cylindrical samples show a characteristic color depending on the cation used for the 

insolubilization of ferrocyanide. Although the channels were slightly distorted, it was confirmed that 

the samples basically have a microhoneycomb structure, the average size of the channels being a few 

tens of micrometers. However, samples synthesized at high Fe*/Si ratios tended to lack strength, and 
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some of them collapsed even during analysis. Therefore, following studies were conducted using 

samples synthesized at a Fe*/Si ratio of 0.050. 

 

Fig. 3.2 Photographs and cross sectional SEM images of typical samples obtained in this work 

 

Next, the compositions of the PBAs included within the samples were verified through elemental 

analysis. Table 3.1 summarizes the results. If the desired PBAs were formed within the monolithic 

samples, the Fe*/M and the {(Fe*+M)/2}/(N/6) molar ratios should both be unity, where M (= Fe2+, 

Ni2+, Cu2+ and Zn2+) denotes the amount of the cation used for insolubilization and N is amount of 

nitrogen atom in the sample. It was confirmed that values close to unity were achieved in all samples, 

indicating the high possibility of the formation of ideal PBAs in all of the samples. 

 

Table 3.1 Elemental analysis results of the obtained samples 

Atomic ratio Ideal Ratio M = Fe2+ Ni2+ Cu2+ Zn2+ 

Fe*/M 1  1 a 0.93 0.97 1.02 

{(Fe*+M)/2}/(N/6) 1 0.89 0.90 0.97 0.93 

M : Amount of the cation used for insolubilization, Fe*: Amount of Fe in the origin of it is ferrocyanide  

a Assumed value as Fe from iron sulphate cannot be distinguished from that from ferrocyanide 
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The structure of the particles included in the samples was checked using an XRD. Figure 3.3 shows 

XRD patterns of typical samples in which the ferrocyanide included in them was insolubilized using 

different cations. In the samples synthesized using Fe2+, Ni2+ and Cu2+ for insolubilization, 

characteristic patterns of the corresponding PBAs were obtained, indicating the existence of the 

desired PBAs in them. However, this was not the case in samples synthesized using Zn2+ for 

insolubilization, which implies that either the desired PBA was not formed, or the formed PBA 

particles were too small to be detected. We will show later that the later seems to be the reason why 

Zn2+ based PBAs were not detected. 

 

Fig. 3.3 XRD patterns of typical samples obtained in this work 

 

Next, the porous properties of the samples were evaluated through nitrogen adsorption experiments. 

A representative result is shown in Figure 3.4 where the nitrogen adsorption-desorption isotherm of a 

typical sample and SBET derived from the isotherm is shown. Fe2+ was used to insolubilize the 

ferrocyanide in this sample. Those of a silica-alumina microhoneycomb synthesized without PBA 

inclusion, and of PBA particles alone is also shown for comparison. The PBA particles appeared to 

have a small amount of mesopores, which is thought to actually be the pores naturally formed between 
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the particles. On the other hand, monolithic silica-alumina microhoneycombs obtained through the Ice 

Templating method have developed micropores and mesopores. When PBAs were included into such 

microhoneycombs, a decrease in mesopore volume was observed, but the sample still showed high 

porosities, indicating that the accessibility to the surface of the PBA particles dispersed and 

immobilized in the microhoneycombs is high. 

 

 

Fig 3.4 Nitrogen adsorption-desorption isotherms (77 K) of a typical sample insolubilized by Fe2+ 

 

Figure 3.5 shows TEM images of samples. PBA particles 10-15 nm in diameter can be observed 

in the TEM images of samples synthesized using Fe2+, Ni2+ and Cu2+ for insolubilization. On the other 

hand, particles cannot been observed in the TEM image of sample synthesized using Zn2+ for 

insolubilization.   
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Fig. 3.5 TEM image of PBA-SAMHs insolubilized by Fe2+ (upper left), Ni2+ (upper right), Zn2+ 

(bottom left) and Cu2+ (bottom right). 

 

Next we checked how the samples perform when they are used to recover cesium in flow systems. 

First, the hydraulic resistance the samples cause when water was passed through them was measured. 

A typical result is shown in Figure 3.6, where the measured pressure drop is plotted as a function of 

superficial velocity. It was confirmed that, as expected, the hydraulic resistance of the samples is quite 

low. Analytical pressure drop occurs when water passes through tube 11 μm in diameter is also shown 

in the same Figure. This pressure drop value, which was calculated using the Hagen-Poiseuille 

equation, can well represent measured values. This result indicates that PBA-SAM can be regarded as 

a bundle of capillary tubes whose representative dimeter is the same as the macro channel size of the 

samples. This result also indicates that synthesis of PBAs does not affect to formation of the 

honeycomb structure. The dotted line in the same figure shows the predicted values of the pressure 

drop which occurs in a column which has the same inner diameter as the samples, and which is packed 
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with the same amount of the same material as the samples in the form of particles. The values were 

predicted using the Kozeny-Carman equation26, 27 assuming that the radius of the particles was 1.5 µm, 

same as the average diffusion path length in the microhoneycomb sample, and the void fraction of the 

column was 0.45, a value typical for a column packed with particles. The resistance particles having 

the same diffusion path lengths as the samples caused was 50-fold higher than the samples. Therefore, 

it was confirmed that a low hydraulic resistance and short diffusion paths are compatible in the samples 

synthesized in this work. 

 

Fig. 3.6 Pressure drop data of water flowing through PBA-SAMH insolubilized by Fe2+ (blue circle), 

Ni2+ (yellow triangle), Zn2+ (green square) and Cu2+ (brown cross). The dotted line represents the 

pressure drop calculated using the Hagen-Poiseuille equation. The solid line represents the pressure 

drop for a column packed with particles calculated using Kozeny-Carman equation.  

 
3.3.2. Cs+ Separation Using PBAs-SAMHs in Batch Systems 

Figure 3.7 shows the cesium ion exchange isotherms of samples, in which different cations were 

used to insolubilize the ferrocyanide included in them. It was confirmed that all of the samples possess 
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a fairly high cesium capacity, even at low concentrations. Although the reason remains unclear at this 

moment, the samples synthesized using Cu2+ showed the highest capacity, followed by samples 

synthesized using Zn2+, Ni2+ and Fe2+ as the metal cation for insolubilization. The theoretical ion 

exchange capacities of these samples, which were calculated using K+ as the exchangeable ion, ranges 

from 0.843 to 0.846 mmol·g-1, The measured maximum capacity of the sample using Cu2+ for 

insolubilization was half of the theoretical value. The measured capacity was higher than the reported 

capacity of  a similar sample synthesized using Cu2+ for insolubilization and polyethylenimine/silica 

as the matrix (0.15 mmol·g-1),28 but lower than that synthesized by using surface modification onto 

mesoporous silica (1.14 mmol·g-1).29  As Zn2+-based materials also showed a high capacity, it seems 

safe to conclude that PBAs were also formed when Zn2+ was used for insolubilization. 

 

Fig. 3.7 Cs+ ion exchange isotherms (298 K) of PBA-SAMHs insolubilized by Fe2+ (blue circle), Ni2+ 

(yellow triangle), Zn2+ (green square) and Cu2+ (brown cross). The solid lines represent fits to the 

Langmuir isotherm equation. Cs+ solution contains 1 mmol·L-1 HNO3.  

 
3.3.3. Cs+ Separation Using PBAs-SAMHs in Flow Systems 

Finally, the performance of the samples as cesium adsorbents for flow systems was verified. Figure 
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3.8 shows typical breakthrough curves of typical samples obtained in this work. Although the sample 

was short, 10 mm in length, a period of complete cesium removal was observed excluding Fe2+ based 

sample. Then the outlet cesium concentration started to gradually increase following a typical 

sigmoidal curve. From the results of this experiments, the length of the mass transfer zone of the 

cylindrical sample could be estimated to be about 10 mm. Due to the unique microhoneycomb 

morphology of the samples, this length can be maintained even when the diameter of the cylindrical 

sample is significantly increased, as long as the size of the channels and the superficial velocity of the 

fluid is the same. Therefore, such microhoneycombs are expected to be used as adsorbents for efficient 

cesium recovery in flow systems which require a high throughput. 

 

Fig. 3.8 Breakthrough curves of PBA-SAMHs insolubilized by Fe2+ (blue circle), Ni2+ (yellow 

triangle), Zn2+ (green square) and Cu2+ (brown cross). Conditions: superficial velocity us = 20 

mm·min-1, feed Cs+ concentration Cf = 100 ppm (containing 1 mmol·L-1 HNO3), monolith length L = 

10 mm.  
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3.4.  Conclusion 

In this work, cesium adsorbents were synthesized by immobilizing various PBAs in silica-alumina 

microhoneycombs using the Ice Templating method. Due to their unique morphology, the 

microhoneycombs were found to efficiently recover cesium from aqueous solutions without causing 

a severe hydraulic resistance. It was found that the hydraulic resistance the adsorbent causes can be 

reduced over 90 % by adopting a microhoneycomb morphology instead of a particle morphology. 

Therefore, the usage of such materials also leads to a significant decrease in the energy and operation 

costs required to use them. Such microhoneycomb materials have high potentials to be used not only 

as novel adsorbents, but also as catalysts or catalyst supporting materials for flow systems, especially 

when a high throughput is required. 
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Chapter 4 
Separation of Cesium Ion in Flow Systems 
Using Ammonium Molybdophosphate 
Supported in a Silica Microhoneycomb 
 

4.1 Introduction 
In previous chapter, Persian blue analogues (PBAs) supported monolithic microhoneycombs 

(PBAs-SAMH) were studied to remove Cs+ from its aqueous solution. PBAs are inexpensive and have 

a high Cs+ separation performance, however, toxic gas, e.g. hydrocyanic acid, occurs by thermal 

decomposition of PBAs.1 Cs+ adsorbed materials should be stored carefully because radioactive 

cesium, such as 137Cs, emits heat decay for a long time. To avoid such problem, another ion exchangers 

have been suggested.  

In this chapter, we applied ammonium molybdophosphate (AMP), which is a typical heteropoly 

compound, to Cs+ removal.2-10 AMP is promising material because it shows a high selectivity towards 

cesium cations (Cs+) even in the presence of other alkali metal cations and protons (e.g. distribution 

coefficient Kd > 104 g·mL-1 in the presence of 1 mol·L-1-H+ or 0.1 mol·L-1-Na+ 3), and is stable under 

acidic conditions.2 This material is also relatively stable against irradiation.7 

In this chapter, first, to optimize the amount of immobilized AMP in AMP-SMH, a series of AMP-

SMH was synthesized and the morphology, porous properties and nanostructure of them were 

characterized by scanning electron microscope (SEM) observation, N2 adsorption-desorption 

experiments, Fourier transform infrared (FT-IR) spectroscopy and X-ray diffraction (XRD) 

measurements. The pressure drop the AMP-SMH causes when water was passed through them was 

also measured to clarify how the amount of immobilization affects hydraulic resistance.  Then, to 

evaluate the Cs+ uptake capacity of AMP-SMH, adsorption experiments in batch systems were 

conducted. Finally, to clarify the effects of operation conditions on the Cs+ separation performance of 

AMP-SMH in flow systems, breakthrough experiments were conducted. The obtained results were 
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analyzed using a mathematical model, and the results were compared with a theoretical breakthrough 

curve of a column packed with particles to demonstrate the superiority of AMP-SMH.  

 

4.2 Materials and Methods 
4.2.1 Materials 

Sodium silicate solution (Na2SiO3, 55 wt%, molar ratio (SiO2/Na2O) = 2.1), ammonium 

molybdophosphate ((NH4)3PMo12O40∙3H2O, AMP), 2-methyl-2-propanol (tert-butyl alcohol, TBA), 

cesium chloride (CsCl) , nitric acid (HNO3, 1 mol·L-1 aqueous solution) and cesium standard solution 

(CsCl, 1000 ppm) were purchased from Wako Pure Chemical Industries, Ltd., Japan. All reagents were 

used as received. 

 

4.2.2 Preparation of the AMP-SMHs 

AMP-SMH were synthesized by applying the ice templating method to monolithic silica gels 

containing AMP particles (Scheme 4.1). Typically, a sodium silicate solution (15.4 g) was diluted with 

distilled water to 50 mL to adjust the concentration of the sodium silicate solution to 1.9 mol·L-1. The 

solution pH was adjusted to around 3.0 by adding 70 mL of an ion-exchange resin (AmberliteTM 

IR120B, Organo Corp.) to it. After removing the resin, AMP was added to the solution to obtain a 

sample with a specified content x (x = 0.1, 0.3, 0.5, 0.7 g-AMP·(g-SiO2)-1). The slurry was mixed for 

1 h to thoroughly disperse the AMP into the sol, and then, the slurry was poured into a polypropylene 

(PP) tube (i.d. 10 mm, length: 120 mm) and subsequently aged in an incubator (ICI-300, AS ONE 

Corporation) maintained at 303 K. During aging, the tube was shaken every 5 minutes. Next, the tube 

was dipped into a liquid nitrogen bath (77 K) at a rate of 60 mm h-1 (the ice templating method, Scheme 

4.1). After the tube was completely frozen, the tube was taken out from the bath and partially thawed 

at room temperature. The frozen gel was released from the tube, and soaked into TBA kept at 323 K 

for 2 days to exchange the water in the sample with TBA. During this exchange process, the TBA was 

renewed 3 times. Finally, the monolith was freeze-dried at 263 K under 40 Pa for 2 days by a freeze 

dryer (FDU-2200, Tokyo Rikakikai, Co., Ltd.). The obtained monolithic samples will be denoted as 
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AMP-SMH-x, where x represents the content of AMP in the sample (g-AMP (g-SiO2)-1.  

 

 

 

 

Scheme. 4.1 Synthesis of an AMP-SMH using the ice templating method 

 

4.2.3 Characterization of AMP-SMH 

Morphology of AMP-SMH was characterized using a scanning electron microscope (SEM, JSM-

5410, JEOL Ltd.) and a field emission scanning electron microscope (FE-SEM, JSM-6500F, JEOL 

Ltd.).  

Nitrogen adsorption and desorption experiments of the AMP-SMH were conducted using a 

nitrogen adsorption apparatus (77 K, BELSORP-mini, BEL Japan Inc.). Before measurements gas and 

water adsorbed in the samples were removed by heating the samples in Pyrex tubes at 523 K under a 

nitrogen flow for 4 hours. During measurements, the equilibrium time was set to 200 s. 

Infrared spectra of the AMP-SMH were recorded on a Fourier transition infrared (FTIR) 

spectrometer (FT/IR-6100, JASCO Corporation, Japan) operated in the transmission mode under 
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vacuum condition with a spectral resolution of 4 cm-1. The samples were treated at 373 K under 

reduced pressure for 3 hours to remove adsorbed gas and water from the sample before measurements.  

Powder X-ray diffraction (XRD) patterns of the AMP-SMH were recorded on a powder X-ray 

diffractometer with a step size of 0.02˚ using Cu Kα monochromatic X-rays (JDX-8020, JEOL Ltd.).  

Hydraulic resistance was evaluated by measurements of the pressure drop occurred when water 

passed through AMP-SMHs. Water at 291 K was fed to a AMP-SMH fixed in a heat shrinkable tube 

(Perfluoroalkoxy (PFA) polymer, i.d. 10.6 mm) at a flow rate of 0 to 10 mL·min-1 by an HPLC pump 

(880-PU, JASCO Corporation, Japan). The pressure drop which occurred was measured using a 

pressure sensor (PA-853, Copal Electronics, Japan).  

AMP-SMH can be modeled as a bundle of capillary tubes, so and the pressure drop which occurs 

when water flows through it can be estimated using the Hagen-Poiseuille equation (Eq. (4.1)), which 

assumes a laminar flow in a straight tube.11 

2
i32

  
d

Luμ
PΔ =  (4.1) 

Here, ΔP represents the pressure drop, μ the viscosity of water, ui the interstitial velocity (u i 

= us ε-1, where us represents the superficial velocity, and ε the porosity calculated from cross-

sectional SEM images (~ 0.85)), L the tube length and d represents the tube diameter. In this 

calculation, the length of AMP-SMH was used as L, and the average channel diameter of AMP-

SMH was used as d. The pressure drop which occurs in a column packed with spherical particles 

was estimated using the Kozeny-Carman equation (Eq. (4.2)).12 
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Here, ΔP represents the pressure drop, κ the Kozeny-Carman constant (set to 5), εp the bed porosity 

(set to a typical value of 0.4), Lp the length of the bedded particles and dp represents the particle 

diameter. Lp can be calculated using Eq. (4.3) which shows that its total adsorbent volume, excluding 

voids, is as same as the monolith. 
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Here, ε, εp and Lp represent the void fraction of the monolith (= 0.85), the void fraction of a column 

packed with spherical particles (set to a typical value of 0.4) and the length of the monolith, 

respectively.  

4.2.4 Cs+ Adsorption Experiments Using AMP-SMH in a Batch System 

Cs+ adsorption experiments using AMP-SMH were conducted in a batch system. In experiments, 

one hundred milligram of a crushed AMP-SMH was introduced into a glass vial containing a 25-mL 

Cs+ aqueous solution (concentration: 150 to 500 ppm) and equipped with a stir bar. The vial was placed 

in a bath maintained at 298 K, and the slurry in it was stirred vigorously using the stir bar. After 24 h, 

an aliquot of the slurry was sampled and filtered using a disposable PP syringe, and syringe filter (pore 

size 0.22 µm, polyethersulfone, Membrane Solutions Co., Ltd.). The filtrate was analyzed using an 

ion chromatography system (JASCO Corporation, Japan) equipped with a conductivity detector (CD-

200, Showa Denko K.K., Japan) with 4 mmol L-1 nitric acid as the eluent. Uptake of Cs+ at equilibrium 

was calculated from the difference in the initial and final concentrations by Eq. (4.4) assuming that 

the solution volume was constant. 

( )
m
vCCq   e0 −=  (4.4) 

Here, q represents the amount of Cs+ adsorbed on AMP-SMH, C0 and Ce respectively represent 

the initial and the equilibrium Cs+ concentration of the solution, v represents the solution volume, and 

m represents the mass of the AMP-SMH.  

The obtained adsorption isotherms were analyzed by the Langmuir equation (Eq. (4.5))  
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CK
CKqq

+
=  (4.5) 

Here, qm represents the maximum Cs+ loading of the AMP-SMH and KL represents the adsorption-

equilibrium constant.  

 

4.2.5 Cs+ Adsorption Experiments Using AMP-SMH in Flow Systems 
Cs+ adsorption experiments were conducted in a flow system using AMP-SMH (diameter: ~ 10 

μm, length: 9-27 mm). An AMP-SMH was fixed in a heat shrinkable tube and the tube was set 
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vertically in an incubator maintained at 298 K (Fig. 4.1). An aqueous solution containing a specified 

concentration of Cs+ was fed from the bottom of the tube using an HPLC pump (880-PU, JASCO 

Corporation, Japan). An aliquot of the effluent was sampled and filtered through a syringe filter by a 

disposable PP syringe. The Cs+ concentration was analyzed by the same procedure as that used in the 

batch system. 

 

Fig. 4.1 The apparatus for a flow adsorption system 

 

The length of unused bed (LUB), which represents the length of the region where adsorption 

actually takes place in a packed bed, is calculated using Eq. (4.6). 13 

( )
s
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Here, Vb represents the 5 % breakthrough volume and Vs represents the stoichiometric volume 

calculated using graphical integration shown in Eq. (4.7). 
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Here, V is the effluent volume, Ve is the 95 % breakthrough volume, C and Cf represent effluent 

concentration and feed concentration of Cs+, respectively.  

The Cs+ capacity of AMP-SMH in a flow system, q f, is calculated using Eq. (4.8). 

m
CVq fs

f  =  (4.8) 

To compare the breakthrough curves with theoretical curve a series of equations are used. Firstly, 
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the overall mass transfer coefficient k and dimensionless Henry’s law adsorption equilibrium constant 

K were calculated by curve fitting using Eq. 4.11. And then, the effective diffusivity De was calculated 

using Eq. (4.14)-(4.19). The experimental values are shown in Table 4.3. 

Mass balance of a packed bed can be written as Eq. (4.9).13 
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Here, DL, C, z, t, and q�  represent axial diffusivity, concentration of Cs+, distance from the 

entrance, time and average loading of Cs+, respectively. Under the linear driving force (LDF) 

approximation and assuming a linear equilibrium isotherm, the adsorption rate can be written as Eq. 

(4.10).14 
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Here, q* (mmol ·m-3) represents the uptake of Cs+ equilibrated to C, and C* represents the 

concentration equilibrated to q�. The analytical solution of Eq. (4.9) and (4.10) when axial dispersion 

is neglected (DL = 0) is shown in Eq. 4.11. 
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Here, τ, ξ and erf represent the dimension less time, the dimension less distance and the error 

function defined as Eq. (4.12), (4.13) and (4.14), respectively. 
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We assume that the total mass transfer coefficient (kK) is governed by external mass transfer, 

intraparticle mass transfer and axial dispersion as shown in Eq. (4.15).14 
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In this equation, av, kf, kp and De represent the external surface area of adsorbent per unit volume 
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of adsorbent (not containing voids in the bed), external mass transfer coefficient, intraparticle mass 

transfer coefficient and effective diffusivity, respectively. As it is difficult to model AMP embedded 

channel walls, we assume that AMP particles are uniformly dispersed in the cylindrical channel walls 

and neglect the overhanging part of the particles. Therefore, the calculated De value is the averaged 

diffusivity of the whole of channel walls.  

The external mass transfer coefficient (k f) within monolith channels can be estimated from the 

Sherwood number (Sh) which can be calculated using Eq. (4.16).15, 16 
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In this equation, Dm, Sh∞, c, Re and Sc represent molecular diffusivity of solute (m2·s-1), 

asymptotic Sherwood number for fully developed flow specific to the channel geometry (= 3.66 for 

circular channel15), tube roughness constant, Reynolds number defined as Eq. (4.17) and Schmidt 

number defined as Eq. (4.18), respectively. The Dm value used was 2.1×10-9 m2·s-1.17 

μ
ρduRe i=  (4.17) 

mDρ
μSc =  (4.18) 

Here, ρ represents the density of fluid. If c(D/L)ReSc in Eq. (4.16) is negligible, Sh reaches a 

constant value “Sh∞”. Therefore, in this calculation, Sh was set to 3.66. The kp of a hollow cylinder 

insulated external surface can be calculated using Eq. (4.19).16  
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In this equation, r0 and ri respectively represent the outer radius and the inner radius of the 

channel when it is assumed that the microhoneycomb structure can be regarded as a bundle of 

capillaries. From measurements of the pressure drop, the calculated d values of AMP-SMH-x are 

almost the same (20-22μm), therefore, we set r i as 10.5 μm (d = 21.0 μm). r0 was calculated from 

cross-sectional porosity ( 85.0/ 2
0

2
i == rrε ) because it is difficult to estimate the thickness of the 

channel wall ( μm8.1)(2 0 =−×= irr ). In this calculation, the hanging out part of AMP particles are 
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not considered in the channel structure, therefore, the calculated De value is an apparent values.  

To compare the Cs+ separation performance of the AMP-SMH-0.5 in a continuous system with a 

typical column packed with particles causing the same pressure drop, the theoretical breakthrough 

curve of the particles were simulated. The simulational breakthrough curve can be calculated using 

Eq. (4.11) in a similar manner as the monolith. In case of a typical column packed with spherical 

particles, Eq. (4.15) can be rewritten as Eq. (4.20).14 
1

kK
=

dp

6kf
+

dp
2

60De
  (4.20) 

kf, values of a column packed with particles can be calculated by using Eq. (4.21).18 
kf

us
Sc0.58 = 2.40 �

Rep

ε
�
−0.66

 (4.21) 

Reynolds number (Rep) can be calculated using the following Eq. (4.22). 

Rep =
dpusρ

μ
  (4.22) 

dp was set to the equivalent diameter of a typical column packed with particles which shows the 

same total pressure drop as AMP-SMH-0.5 (~ pressure drop of a tube which diameter is 21 μm). 

 

 

Table 4.1 Physical properties of AMP-SMHs and results from batch adsorption experiments of Cs+ 

x /g-AMP·(g-
SiO2)-1 

ρB 
a / 

g·mL-1 
dSEM 

b / 
μm 

d c / 
μm 

qm / 
mmol·g-1 

KL / 
L·mmol-1 

q theor.
 d / 

mmol·g-1 
qm·q theor.-1 

/- 
0.0 0.16 25 ± 3 n.d.e 0.01  4.4 - - 
0.1 0.15 29 ± 1 21 0.06  5.3 0.10 0.60 
0.3 0.16 28 ± 2 20 0.20 21.7 0.24 0.83 
0.5 0.22 21 ± 3 22 0.33 22.5 0.34 0.97 
0.7 0.27 21 ± 2 n.d.e 0.32 46.6 0.43 0.74 

a Bulk density of AMP-SMH-x. b Average microchannel size calculated by averaging sizes of 50 

channels observed in SEM images. c Microchannel size derived from applying pressure drop data to 

the Eq. (1). d Maximum uptake of Cs+ calculated by assuming that two NH4+ per AMP cluster can be 

exchanged with Cs+. e Not determined.  
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Table 4.2 Results from flow adsorption experiments of Cs+ a 

Run 
x  

/g-AMP·(g-SiO2)-1 
us  

/ mm·min-1 
L / mm LUB / mm LUB·L-1 /- 

qf /mmol·g-

1 
qf·qm-1 /- 

1 0.1  93 23  6 0.27 0.07 1.2 
2 0.3  93 23  6 0.26 0.20 1.0 
3 0.5  93 23  5 0.22 0.38 1.1 
4 0.5  31  9  4 0.44 0.34 1.0 
5 0.5  64  9  3 0.33 0.31 0.9 
6 0.5 112  9  3 0.33 0.33 1.0 
7 0.5 100 10  4 0.40 0.34 1.0 
8 0.5 100 15  3 0.21 0.32 0.9 
9 0.5 100 27  5 0.19 0.35 1.0 

a These adsorption experiments were conducted at 298 K, the diameter of the AMP-SMH was 10 mm 

and feed Cs+ concentration was 10 ppm.  
 

Table 4.3 The experimental values calculated from the breakthrough curves 

Run k / s-1 K / - ζ / - Re / - De / m2·s-1×1011 

1 0.03  1000 64 0.043 1.7  

2 0.01  3000 66 0.043 1.9  

3 0.01  6800 151 0.043 2.3  

4 0.002 6500 38 0.014 0.4  

5 0.003 6500 26 0.029 0.6  

6 0.01  6500 47 0.052 2.2  

7 0.01  6500 56 0.046 2.2  

8 0.01  7000 91 0.046 2.4  

9 0.01  6000 146 0.046 2.0  

 

 

 

 

 



69 
 

Table 4.4 Parameters for simulation of breakthrough curves. 

  AMP-SMH-0.5 Particles 

Porosity ε / - 0.85 0.40 

Monolith length/Bed height L or Lp / cm 12.0 3.0 

Channel diameter/Particle diameter d or dp / μm 21.0 54.5 

Superficial velocity us / mm·min-1  100 

Interstitial velocity u i / mm·min-1 118 250 

Total pressure drop ΔP / kPa      15.2 

Overall effective mass transfer coefficient k / s-1 0.01 6.7×10-5 

Dimensionless Henry’s law adsorption 

equilibrium constant 
K / -  6000 

Reynolds number  Re or Rep 0.046 0.10 

Sherwood number Sh 3.7 9.6 

Schmidt number Sc  425 

Film mass transfer coefficient kf / m·s-1 3.5×10-4 3.0×10-4 

External surface area av / m-1 1.1×106 1.1×105 

Effective diffusivity De / m2·s-1    2.0×10-11 

Intraparticle mass transfer coefficient kp / m-2 3.6×1012 2.0×1010 

Length of unused bed LUB / mm 11 27 

 

 

4.3 Results and Discussion 
4.3.1 Characterization of Synthesized AMP-SMHs 

Synthesized materials show a typical microhoneycomb structure when AMP content is relatively 

low (x ≤ 0.5) as shown by SEM images in Fig. 4.2 (a)-(c). For example, AMP-SMH-0.5 has a 

cylindrical shape 10 mm in diameter and a few tens of mm in length with microchannel openings 

approximately 21 μm in diameter. Small particles (∼10 μm), which are likely to be AMP, are 

immobilized in the microhoneycomb walls without clogging the microchannels. On the other hand, 

when the amount of AMP was high (x = 0.7), AMP particles aggregated and partially blocked the 

microchannels as shown in Fig. 4.2 (d).  

Nitrogen adsorption isotherms of all materials (Fig. 4.3) show type I isotherms,19 indicating that 

the materials are microporous (SMH and AMP-SMH are macro-microporous). AMP-SMH-0.5 shows 
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a lower BET surface area (SBET) than SMH, which can be accounted for by the lower contribution to 

surface area from AMP. The sample contains 33 wt% AMP particles. Thus, addition of the surface 

area from AMP particles (220 × 0.33 m2·g-1) and that from SMH (830 × 0.67 m2·g-1) gives estimation 

of the surface area (629 m2·g–1), which is close to the SBET of AMP-SMH-0.5. Thus, the data indicate 

that the immobilization of AMP particles did not alter the porous properties of the SMH matrix. 

FT-IR spectra of AMP-SMHs (Fig. 4.4) show the peaks associated with the α-Keggin anion 

(PMo12O403-): 595 (bending mode of O-P-O), 790 (asymmetric stretching mode of Mo-O2c1-Mo), 865 

(asymmetric stretching mode of Mo-O2c2-Mo), 960 (asymmetric stretching mode of Mo-Ot), 1,060 

cm-1 (asymmetric stretching mode of P-O). 20-22 The peak at 1,400 cm–1 is attributable to the bending 

mode of N-H of NH4+.20 

The XRD patterns for AMP-SMHs show that the crystal structure of AMP is maintained after 

immobilization (Fig. 4.5), showing that AMP clusters are intact after immobilization.  

 

 
Fig. 4.2 Cross-sectional SEM images of AMP-SMH-x: (a) x = 0.1, (b) x = 0.3, (c) x = 0.5 

and (d) x = 0.7 
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Fig. 4.3 N2 adsorption/desorption isotherms of AMP, SMH and AMPS-SMH-0.5 

 
Fig. 4.4 XRD patterns of AMP-SMH-x and SMH. 
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Fig. 4.5 FTIR spectra of AMP-SMH-x and SMH. 
 

To evaluate the hydraulic resistance of AMP-SMH and to compare it with that a column packed 

with particles causes, the pressure drop which occurs when water is passed through AMP-SMH was 

measured. All of the pressure drop data for three AMP-SMHs (x = 0.1, 0.3, and 0.5) increased linearly 

with increasing superficial velocity (Fig. 4.6), and almost overlap each other, consistent with their 

similar microchannel sizes and the absence of pore blockage by AMP. Analysis of the pressure drop 

by the Hagen-Poiseuille equation gave an estimate of the microchannel diameter to be approximately 

21 μm, corresponding to the average microchannel size of AMP-SMHs. Thus, these results indicate 

that AMP-SMH can be regarded as a bundle of straight capillary tubes with AMP particles embedded 

in their walls. Because the immobilized AMP particles are about 10 μm in diameter, the pressure drop 

which occurs in a column packed with 10-μm particles was estimated using the Kozeny-Carman 

equation. The results show that AMP-SMHs cause a 35-fold lower pressure drop than the packed-

column. This result suggests that AMP-SMH can show a higher performance for Cs+ separation in 

flow systems when compared with a column packed with particles having a similar diffusion path 
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length.  

 

Fig. 4.6 Pressure drop data of water flowing through the AMP-SMH-x: x = 0.1 (orange circle), 0.3 

(green triangle), and 0.5 (blue square). Monolith length: 23 mm, monolith diameter: 11 mm. The dotted 

line represents the pressure drop calculated using the Hagen-Poiseuille equation. The solid line 

represents the pressure drop for a column packed with particles calculated using the Kozeny-Carman 

equation.  

 

4.3.2 Cs+ Separation Experiments Using the AMP-SMHs in Batch Systems 
To evaluate the Cs+ adsorption capacity of AMP-SMH, batch adsorption experiments were 

conducted at 298 K using aqueous solutions containing 150-500 ppm Cs+ (Fig. 4.7). SMH shows a 

significantly lower uptake of Cs+ than AMP-SMH. AMP-SMH with higher AMP contents tend to 

show higher uptakes of Cs+, all showing higher Cs+ uptake than SiO2-impregnated AMP reported in 

the literature (0.06 mmol·g-1)3.  It is reported that about two out of three ammonium ions of AMP can 

be readily exchanged with Cs+ ions, which corresponds to approximately 1.0 mmol-Cs+·(g-AMP)–1.2 

Thus, maximum uptake of Cs+ for each AMP-SMH was calculated by assuming two Cs+ per AMP and 

compared with the data obtained from adsorption experiments (Table 4.1). The results show that AMP-
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SMH-0.3 and -0.5 show uptakes close to the calculated values whereas AMP-SMH-0.1 and -0.7 show 

a lower uptakes probably because AMP particles in AMP-SMH-0.1 were completely embedded in the 

silica matrix and those in AMP-SMH-0.7 were significantly aggregated (Fig. 4.2 (d), inset), limiting 

the access of Cs+ to AMP. 

 

Fig. 4.7 Cs+ adsorption isotherms of AMP-SMH-x (298 K): x = 0 (red rhombus), x = 0.1 (orange circle), 

x = 0.3 (green triangle), x = 0.5 (blue square), and x = 0.7 (open purple circle). The solid lines represent 

fits to the Langmuir adsorption isotherm equation. 

 

4.3.3 Cs+ Separation Experiments Using the AMP-SMHs in Flow Systems 
To evaluate the applicability of AMP-SMH to flow adsorption systems, adsorption experiments 

were conducted using the system shown schematically in Fig. 4.1. First, to investigate the effect of the 

AMP content in AMP-SMH on the shape of breakthrough curves, breakthrough experiments were 

conducted using AMP-SMH with various AMP contents (x = 0.1, 0.3, 0.5) (Fig. 4.8). The obtained 

curves are sigmoidal and shifted to the right direction when the AMP content was increased. The LUB 

of each AMP-SMH is very short (5–6 mm, Table 4.2), and much shorter than those reported for AMP 

immobilized in silica gel particles (LUB = 16 mm) 3. The LUB·L-1 values, indicating length based 
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column utilization, are 0.22-0.27 which indicates that about 75 % AMP-SMH can be effectively used 

for Cs+ separation even though they are extremely short. The qf·qm-1 values, indicating capacity based 

column utilization, are close to 1 which show that almost all of the Cs+ exchange sites in AMP-SMH 

can be utilized in flow systems. These results show that AMP-SMH is able to effectively separate Cs+ 

in flow systems.  

 

Fig. 4.8 Breakthrough curves (Run 1-3) of AMH-SMHs for x = 0.1 (solid orange circle), x = 0.3 (solid 

green triangle), and x = 0.5 (solid blue square). Conditions: us = 93 mm‧min-1, Cf = 10 ppm, L = 23 

mm. Solid lines represent theoretical breakthrough curves calculated using Eq. (4.11). 

 

Next, to investigate the effect of superficial velocity (us) on the shape of breakthrough curves, 

breakthrough experiments were conducted at us from 32 to 112 mm·min-1 (Fig. 4.9). The shapes of the 

obtained curves were sigmoidal and independent on the variation of us. The us used in this work are 

extremely higher than that of the bench scale experiment using AMP loaded silica (4 mm·min-1).3 As 

mentioned previously, the LUB value of the column used in the bench scale experiment is at least 16 

mm. This comparison indicates that AMP-SMH can effectively separate Cs+ in flow systems even at 

high us.   
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Fig. 4.9 Breakthrough curves at various linear velocities (Run 4-6): us = 31 mm·min-1 (solid orange 

circle); us = 64 mm·min-1 (solid green triangle); us = 112 mm·min-1 (solid blue square), Cf = 10 ppm, 

x = 0.5, L = 9 mm. Solid lines represent theoretical breakthrough curves calculated using the Eq. (4.11). 

 

To verify whether the adsorption zone has reached a constant pattern behavior,14 breakthrough 

experiments were conducted using monolith length (L) from 10 to 27 mm at a us of 100 mm·min-1. 

The obtained breakthrough curves shifted toward higher effluent volumes with increasing L without 

changing their shape, and the LUBs were constant (3 to 5 mm) (Fig. 4.10). It can be expected that 

AMP-SMH can quickly and effectively separate Cs+ from fluids, because the us and the L do not affect 

their LUB. These results show that high throughput system for Cs+ removal can be constructed using 

AMP-SMH. 
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Fig. 4.10 Breakthrough curves obtained using monoliths with various lengths (Run7-9): L = 27 mm 

(solid orange circle); L = 15 mm (solid green triangle); L = 10 mm (solid blue square), us = 100 

mm·min-1, Cf = 10 ppm, x = 0.5. Solid lines represent theoretical breakthrough curves calculated using 

the Eq. 4.11. 

 

Finally, to compare the breakthrough curves of AMP-SMH with those of a typical column packed 

with particles used under the same conditions, breakthrough curves of a typical column were simulated. 

The physical parameters used for simulation are shown in Table 4.4. The simulated breakthrough 

curves of AMP-SMH-0.5 and a column packed with particles which cause the same total pressure drop 

are shown in Fig. 4.11. The breakthrough curve of AMP-SMH-0.5 is steeper than that of the column 

packed with particles. The LUB value of AMP-SMH-0.5 (11 mm) is less than half of that of the column 

packed with particles (27 mm) even though the total bed length of the packed column is only one 

quarter of that of AMP-SMH. This result indicates that 90 % of the AMP-SMH-0.5 can be used for 

Cs+ separation until 5% breakthrough. On the other hand, only 10 % can be used in the packed column. 

This result indicates that AMP-SMH shows a notably higher performance for Cs+ separation in flow 
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systems when compared with a column packed with particles used under the same conditions.  

 

 

Fig. 4.11 Simulated breakthrough curves of AMP-SMH-0.5 (black solid line) and a column packed 

with particles (black dashed line) calculated using the Eq. (4.1). (The parameters used for the 

simulation are shown in Table S2) Orange circles and the orange solid line represent the measured and 

the theoretical breakthrough curves of AMP-SMH-0.5, respectively (Run 9). 

 

4.4 Conclusion 
AMP immobilized silica with a microhoneycomb structure (AMP-SMH) was successfully 

synthesized by using the ice templating method. The pressure drop which occurs when fluids flow 

through it was lower than that of a typical column packed with particles with the same diffusion path 

length causes. Adsorption experiments conducted in batch and flow systems indicate that contact 

efficiency of AMP-SMH-0.5 was higher than AMP-SMH with lower contents of AMP. From 

breakthrough experiments of Cs+ under various conditions using AMP-SMH, it was found that the 

LUB of AMP-SMH was very short (few mm) which indicates that effective Cs+ separation can be 
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achieved. Simulation data indicated that AMP-SMH can separate Cs+ in a flow system more efficiently 

than a column packed with particles which causes a similar hydraulic resistance. These results indicate 

that AMP-SMH has a high potential to be used for quick and effective separation of Cs+ existing in a 

diluted state in solutions, for example, contaminated water released from nuclear power plant in Japan. 
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Chapter 5 
Separation of Cesium Ion in Flow Systems 
Using Resorcinol-Formaldehyde Cryogels with 
a Microhoneycomb Structure 
 

5.1. Introduction 
   In previous chapter, inorganic ion exchangers supported monolithic microhoneycombs were 

studied to remove Cs+ from its aqueous solution. Although these ion exchangers show high 

performance for Cs+ separation in the presence of other alkali metal cations, they easily decompose in 

high pH solutions.1, 2 The decomposition problem can be avoided by neutralization of the high pH 

solution by a strong acid; however, such pre-treatment should be avoided as far as possible. The 

problem of Cs+ removal from high pH solutions may be encountered in the Fukushima Daiichi Nuclear 

Power Plant case. Huge amounts of burnable wastes containing radioactive cesium, such as 

agricultural wastes, were produced; these were incinerated in order to reduce their volume and enable 

their storage. Because the space available to store such nuclear waste is limited in Japan, the waste 

volume needs to be reduced further. One way to reduce the volume of the incineration ashes is the 

removal of Cs+ by adsorption from the solution obtained by simple washing of the ash. However, such 

ashes normally contain concentrated alkali metals and the obtained wash water shows high pH values 

(e.g., pH 10.5-12.9, as reported by the National Institute for Environmental Studies3).). In such cases, 

Cs+ adsorbents that are stable in high-pH solutions are preferable.  

In this chapter, resorcinol-formaldehyde (RF) gels having a microhoneycomb structure (RFMH), 

which are known to be ion exchangers that can be used in high pH solutions,4-8 were applied to Cs+ 

separation. We discuss the preparation of RFMH and its Cs+ adsorption properties in high pH solutions 

in flow systems. The effect of preparation conditions of RFMHs are also evaluated to realize effective 

Cs+ separation. 
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5.2. Materials and Methods 

5.2.1. Materials 
Resorcinol, formaldehyde solution, sodium carbonate, 2-methyl-2-propanol (tert-butyl alcohol, 

TBA) and phenol cesium chloride (CsCl) , nitric acid (HNO3, 1 mol·L-1 aqueous solution) and cesium 

standard solution (CsCl, 1000 ppm) were purchased from Wako Pure Chemical Industries. All reagents 

were used as received. 

 
5.2.2. Preparation of the RFMHs 
   The RFMHs were prepared according to a previous report.9 Resorcinol (R) was dissolved in 

deionized-water (W), and sodium carbonate (C) was added to the mixture. After a transparent mixture 

was obtained, formaldehyde (F) was added to the mixture. The molar ratios of the four components 

(R:F:C:W) were set to 1:2:0.02:61 (R/C 50) and 1:2:0.005:61 (R/C 200). The obtained mixture was 

poured into a PP tube (125 mm × 13 mm i.d.) and maintained at 303 K until gelation. The resulting 

RF hydrogel was released from the glass tube and washed with deionized water for 1 h to remove the 

excess reactants and catalyst. Then, the hydrogel was reinserted into a polypropylene tube (125 mm × 

13 mm i.d.) and unidirectionally dipped into a liquid nitrogen bath (77 K) at a constant rate (60 mm·h-

1). After the tube was completely frozen, the frozen hydrogel was released from the tube, thawed at 

room temperature, and cut into portions of several centimeters. The obtained hydrogel was immersed 

in 1 mol·L-1 hydrochloric acid (HCl) for 4 days to allow aging, and then washed with an excess amount 

of deionized water to completely remove HCl. After washing, the hydrogel was immersed in tert-butyl 

alcohol (TBA) for 2 days to replace the water in it with the alcohol. TBA was exchanged three times 

during this treatment. Then, the obtained gel was freeze-dried at 263 K for 2 days. The obtained 

monolith was named as RFMH-(R/C). 

  

5.2.3. Characterization of the RFMHs 

The morphology of the samples was observed using a scanning electron microscope (SEM). The 

porous properties of the samples were evaluated by nitrogen adsorption experiments. First, the 
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nitrogen adsorption isotherms of the samples were measured at 77 K. Next, the Brunauer-Emmett-

Teller surface areas (SBET) of the samples were calculated from the obtained isotherms. 

 

5.2.4. Cs+ Separation Experiments Using RFMHs in Batch Systems 

The cesium adsorption capacity of the samples was evaluated by measuring their cesium 

adsorption isotherms. Experiments were conducted at 298 K using solutions containing cesium 

chloride with a specified pH. The pH was adjusted by adding sodium hydroxide solution. The solutions 

containing the samples were shaken for 7 days before determining the cesium uptake. The uptake (q) 

was calculated using the following equation (Eq. (5.1)): 

m
VCCq e )( 0 −=             (5.1) 

where C0 and Ce are the initial and equilibrium cesium concentrations in the solutions, respectively; 

V is the volume of the solution; and m is the weight of the sample. 

 

5.2.5. Cs+ Separation Experiments Using RFMHs in Flow Systems 
The performance of the samples in flow systems was then evaluated. The hydraulic resistance 

caused by the samples was evaluated by measuring the pressure drop across the hydrogel samples 

when water was passed through them. The diameter and length of the samples used in this experiment 

were 9.4 mm and 13 mm, respectively. Finally, the performance of the samples as cesium adsorbents 

was checked in a flow system. First, 1 mmol∙L-1 nitric acid containing cesium carbonate, with a Cs+ 

concentration of 100 ppm (Cf), was prepared. The prepared solution was passed through the samples 

at a flow rate of 1 mL∙min-1, and the Cs+ concentration at the outlet of the samples (C) was monitored 

periodically by ion chromatography. The ratio of C to Cf (C·Cf-1) was plotted against the effluent 

volume. The diameter and length of the samples used in this experiment were 10 mm and 20 mm, 

respectively. Figure 5.1 shows the schematic of the experimental apparatus used for the measurement 

of pressure drop and evaluation of adsorption performance in the flow systems. 
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Fig. 5.1 Schematic of the experimental apparatus for flow systems. 

 

5.3. Results and Discussion 

5.3.1. Characterization of the RFMHs 

Figure 5.2 shows the photograph and SEM image of the obtained RFMH (R/C 200). The results 

showed that the straight channel measured 80-100 μm in diameter and ~10 μm in thickness, indicating 

that a lower hydraulic resistance and fast mass transfer can be committable, as seen in the other 

microhoneycomb monoliths.  

 
Fig. 5.2 SEM images of RFMH (R/C 200) treated with HNO3. 
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5.3.2. Cs+ Separation Experiments Using RFMHs in Batch Systems 

To evaluate the effect of R/C on the Cs+ uptake, adsorption experiments were conducted using 

RFMH-50 and -200. The Cs+ uptakes of RFMH-50 and -200 reached a constant value in less than 1 h; 

however, the uptake of RFMH-200 continuously decreased for 24 h (Figure 5.3). The color of the 

slurry containing RFMH-200 became partially orange, indicating that RF dissolved in the solution. As 

previously reported,8,9 RF slowly decomposed in the basic solution because of oxidative 

decomposition of the polymer structure, and the Cs+ selectivity was reduced. RF with high R/C 

composes with larger 1st particles when compared with one of the smaller R/C. The larger RF particles 

easily decomposed compared with the smaller ones because of the weaker polymer network (Scheme 

5.1).  

Next, the effect of pretreatment by HNO3 was evaluated. The Cs+ uptake of RFMH-50 that was 

not treated by HNO3 was about half of that of the HNO3 treated sample, and the uptake capacity 

decreased with increasing contact time (Figure 5.4). This result can also be explained by the strength 

of the polymer network. When treated with HNO3, polymerization occurs between the unreacted 

polymer chains, and the polymer network becomes stronger. Therefore, decomposition of the polymer 

network does not occur.  

 
Fig. 5.3 Cs+ uptakes of RFMH at R/C 50 (black circles) and 200 (white circles) at 298 K, at an initial 

pH of 11.9.  
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Fig. 5.4 Cs+ uptakes of HNO3 treated RFMH at R/C 50 at 298 K at an initial pH of 11.9. HNO3 treated 

samples are represented by black circles, and non-treated samples, by black crosses.  

 

 
Scheme 5.1 Schematic illustration of polymer network of RF 1st particles. 

 

To evaluate the effect of pH on the Cs+ adsorption capacity of RFMH-50, adsorption experiments 

were conducted at 298 K using Cs+ aqueous solutions with pH values ranging from 6.1 to 12.8. The 

Cs+ uptake curves at various pH values are shown in Figure 5.5. The Cs+ uptake reached equilibrium 

within 1 h for each pH; on the other hand, the Cs+ uptake amount are dramatically difference. The pKa 
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values of resorcinol, the monomer of RF, are 9.2 and 11.3; therefore, the proton in the hydroxy group 

of RF can act as ion exchangeable site when the pH is higher than these pKa values.1 The pH vs. 

uptake plot shows that the Cs+ uptake increases with increasing pH from 6.1 to 11.8, indicating that 

the first proton reacts with Cs+ at pH 10.8 and the second proton further reacts with Cs+ at pH 11.9. 

The Cs+ uptake at pH 11.9 (= 1.4 mmol·g-1) was 2.3 times of that at pH 10.8 (= 0.6 mmol·g-1), which 

also supported the relationship between pKa and pH. On the other hand, the Cs+ uptake dramatically 

decreased at pH 12.8 and the obtained slurry became orange. This result indicates that the RFMH 

dissolved in the solution of pH 12.8 and the Cs+ selectively reduced due to this dissolution. 

Considering the effect of pH on Cs+ uptake, the pH was adjusted to 10.8 for further experiments.  

 

 
Fig. 5.5 Cs+ uptakes of RFMH at 298 K at initial pH values of 6.1 (blue diamond), 10.8 (green 

triangle), 11.9 (orange square), and 12.8 (red circle). 
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Fig. 5.6 Cs+ adsorption capacity of RFMH at 24 h vs. the initial pH at 298 K. 

 

   To evaluate the Cs+ adsorption equilibrium, adsorption isotherms at 298 K were prepared at a pH 

11.9. The obtained isotherm was well represented by the Langmuir isotherm, which is often seen when 

the adsorption mechanism involves ion exchange. The maximum Cs+ uptake calculated from the 

Langmuir model was 2.5 mmol·g-1, which was close to the reported values.  

 

 
Fig. 5.7 Cs+ adsorption isotherm at initial pH value 11.9 at 298 K. 
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5.3.3. Cs+ Separation Experiments Using RFMHs in Flow Systems 

To evaluate the applicability of RFMH for Cs+ adsorption in flow systems, breakthrough 

experiments were conducted. The obtained Cs+ breakthrough curve was sigmoidal and the adsorption 

capacity was 1.2 mmol·g-1. The capacity calculated from the ion exchange isotherm was 1.9 mmol∙g-

1, indicating that about 63 % of the capacity can be used in flow systems. The length of unused bed 

(LUB) was ~12 mm and length based column utilization (1-L/LUB) was 0.14. Because of the mass 

transfer resistance of the resin, the column length basis utilizations were comparatively lower than that 

of PBAs-SAMHs and AMP-SMH mentioned previous chapter. However, they are not stable and 

quickly decomposed in high-pH solutions. Therefore, RFMH is expected to show a high potential for 

use in Cs+ separation from highly alkaline solutions.  

 

Fig. 5.8 Cs+ breakthrough curve of RFMH. at initial pH at 298 K. Conditions: superficial velocity us 

= 14 mm‧min-1, feed concentration Cf = 300 ppm, L = 13 mm. 

 

5.4. Conclusion 

In this work, the Cs+ separation performance of monolithic resorcinol formaldehyde resin with a 

microhoneycomb structure (RFMH) was evaluated. The effects of R/C and HNO3 treatment of RFMH 
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were evaluated, and the obtained results suggested that RFMH with a highly cross-linked polymer 

network showed high Cs+ adsorption capacity and stability in highly alkaline conditions. The batch 

adsorption experiments performed in solution with pH ranging from 6.1 to 12.8 showed that the Cs+ 

uptake capacity dramatically increased with increasing pH from 6.1 to 11.9 but decreased sharply at 

pH ~12.8. This result indicated that ion exchangeable sites dissociated in the solutions with pH higher 

than pKa2 (11.3); however, the RF polymer also dissolved in the highly alkaline solution. The Cs+ 

breakthrough experiment results indicated that length basis column utilization of RFMH was lower 

than that of AMP-SMH because of the comparatively slower mass transfer. However, considering that 

AMP and SMH dissolve quickly in high-pH solutions, RFMH has a great potential for use in the 

separation of Cs+ from highly alkaline solutions, such as those produced in the Fukushima case.  
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Chapter 6 
Absorption of Carbon Dioxide in Flow Systems 
Using Silica Microhoneycombs Loaded with an 
Ionic Liquid  
 

6.1. Introduction 

Carbon dioxide (CO2) is one of the most serious gases which contribute to greenhouse effect. CO2 

concentration in the atmosphere continuously increased from 315 to 385 ppmv in the past half century 

(A.D. 1958-2008, Hawaii).1 The most critical CO2 source is in energy-related fields where 67 % CO2 

is emitted from fossil-fuel combustion.2 Therefore, CO2 removal from combustion gas is important to 

inhibit CO2 emission to the atmosphere. Various separation techniques have been studied to remove 

CO2 from combustion gas (e.g. adsorption, absorption and the others).3-5 Among them, CO2 

absorption using alkanolamine solutions has been most widely used in large-scale processes.6 

However, high energy consumption to regenerate the solutions, loss of alkanolamine during 

regeneration and corrosion of equipment by the solutions have led to active research to seek an 

alternative method.  

CO2 separation using ionic liquids (ILs) has been extensively studied because ILs have a high 

thermal stability, low volatility and low partial pressure.2,7 In addition, the CO2 separation 

performance of ILs can be improved by tuning their physical properties through molecular design. ILs 

designed for special tasks, which are called “task-specific ILs”, have recently attracted attention in 

various fields including  catalysis, separation and analysis.8 For example, ILs bearing amino groups 

in anion or/and cation parts have been reported.9, 10 These “amine-functionalized” ILs show high CO2 

absorption capacities at low CO2 concentrations because CO2 selectively reacts with the amino groups 

within them and forms carbonates/carbamates (Fig. 6.1). 
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Fig. 6.1 Example of task-specific ILs used for CO2 absorption.10, 11  
Orange circles represent amino groups 

 

One drawback of ILs to be used for CO2 separation is their slow CO2 absorption rate caused by 

their high viscosity. To improve CO2 absorption rate, ILs supported on supporting materials, i.e. 

supported ionic liquid phases (SILPs), have been developed.11-13 Normally, particles made from 

organic/inorganic materials have been used as supports for SILPs.11, 14 In flow processes, SILPs are 

used as a column packed with their particles. However, clogging of void spaces between the packed 

particles by ILs occurs at high IL loadings. Such blocking causes a serious hydraulic resistance against 

a fluid flow (Scheme 6.1, left). 

Microhoneycombs have aligned straight channels, a few tens of μm in diameter, which are formed 

by thin and porous channel walls, a few μm in thickness. As materials having this structure cause 

minimal hydraulic resistance when fluids flow through them, and they can be used as new monolithic 

adsorbents and catalysts for flow systems. Such unique structures can be easily synthesized using ice 

crystals as the template for their channels (ice-templating method).15 Because microhoneycombs have 

straight macrochannels, it can be expected that void blocking by ILs hardly occurs when they are used 

as the support, even at high loadings. 
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Scheme 6.1 Schematic illustration of ILs supported on a packed column (left) and a microhoneycomb 

(right)  

 

6.2. Materials and Methods 

6.2.1. Materials 

Trihexyl(tetradecyl)phosphonium bromide ([P66614][Br], ≥95 %) and silica gel (28-200 mesh, 

average pore diameter 22 Å) were purchased from Sigma-Aldrich. Sodium silicate solution (55 wt %, 

molar ratio (SiO2/Na2O) = 2.1), 2-methyl-2-propanol (tert-butyl alcohol, TBA), (99.0 %), methanol 

(99.8 %) and ethanol (99.5 %) were purchased from Wako Pure Chemical Industries, Ltd, Japan. L-

alanine (99.0 %) was purchased from Tokyo Chemical Industry Co., Ltd., Japan. All reagents were 

used as received. 

 

6.2.2. Preparation of SMHs 

Silica microhoneycombs (SMHs) were prepared according to a previous report.15 A sodium silicate 

solution (silica glass) was diluted with a double deionized water to adjust its SiO2 concentration to 1.9 

mol-SiO2·L-1. Sodium ions in the solution were exchanged to protons by using a cation-ion exchange 

resin (2.0 eq to sodium ions, Amberlite® IR120B H AG, Organo Corporation, Japan). The obtained 

silica sol (pH ~ 2.5) was poured into a polypropylene (PP) tube (i.d.; 13 mm, length; 125 mm) and 

aged in an incubator (ICI-100, AS ONE Corporation, Japan) maintained at 303 K. After gelation, the 

obtained gel was aged in the same incubator. After the aging process, the PP tube including the silica 

gel was unidirectionally dipped into a liquid nitrogen (N2) bath (77 K) at a constant rate of 60 mm·h-

1 to grow aligned ice rods within the gel. The frozen gel was thawed and released from the tube. The 
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gel was soaked in TBA kept at 323 K for 2 days to exchange the water in it to TBA. The TBA was 

renewed 3 times during this soaking process. The sample was freeze-dried at 263 K for 2 days using 

a freeze dryer (FDU-2200, Tokyo Rikakikai Co., Ltd., Japan). 

 

6.2.3. Preparation of Ionic Liquid ([P66614][Ala]) 
 [P66614][Ala] was prepared according to Goodrich’s procedure.10 Briefly, 10 mmol (5.64 g) of 

[P66614][Br] was diluted with 30 mL of methanol, and an anion exchange resin (DOWEXTM SBR-P C 

OH, Wako Pure Chemical Industries, Ltd., Japan) was added to the solution to replace the Br anions 

(Br-) in [P66614][Br] with hydroxide ions (OH-). Then, 11 mmol (0.980 g) of L-alanine was added to 

the solution to replace OH- with alanate. Methanol in the solution was removed by evaporation at 323 

K. Excess L-alanine was removed by recrystallization using cold acetonitrile at 273 K and the 

remaining alanine was separated by vacuum filtration. Acetonitrile was removed by evaporation at 

313 K. 

 

6.2.4. Preparation of Silica Microhoneycombs Loaded with [P66614][Ala] (IL-
SMHs) 

IL-SMHs were prepared by impregnating SMHs with an ethanol solution containing [P66614][Ala]. 

A 5 mL ethanol solution containing [P66614][Ala] at a specified amount was prepared and  applied to 

the prepared SMH. The volume of the applied was adjusted to be the same as the total pore volume of 

the SMH. Then, the monolith was heated at 363 K for 5 min to evaporate the ethanol in it. The dried 

monolith was turned upside down, and was impregnated with the solution again. This 

impregnation/drying cycle was repeated until all of the solution was consumed, and then finally, the 

monolith was vacuum-dried at 363 K for half a day. The obtained sample was designated as IL-SMH-

x, where x represents the [P66614][Ala] content in wt % ((g-[P66614][Ala])·(g-[P66614][Ala]-SMH-x)-1). 

 

6.2.5. Preparation of Silica Gel Particles Loaded with [P66614][Ala] (IL-SPs)  
Silica gel particles were stirred for 30 min in 10 mL of ethanol containing a specified amount of 
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[P66614][Ala]. The ethanol was removed by evacuation at 323 K, and then the particles were dried at 

363 K in an oven for half a day. The obtained sample will be denoted as IL-SP-x hereafter, where x 

represents the [P66614][Ala] content in wt % ((g-[P66614][Ala])·(g- [P66614][Ala]-SP-x)-1). 

 

6.2.6. Characterization 
The morphology of the obtained samples was characterized using a scanning electron microscope 

(SEM, SU1510, Hitachi High-Technologies Corporation). FT-IR spectra were recorded on a Fourier 

transition infrared (FT-IR) spectrometer (FT/IR-6100, JASCO Corporation, Japan) operating in a 

transmission mode under vacuum. The [P66614][Ala] content was measured using a thermogravimetric 

(TG) analyzer (TGA-50, Shimadzu Corporation, Japan). Porous properties of the samples were 

characterized using a N2 adsorption/desorption apparatus (77 K, BELSORP-mini, Microtrac BEL). 

Micro/mesopore volumes of SMH and SP were determined through Grand Canonical Monte Carlo 

method (GCMC) analysis.16 

 

6.2.7. Evaluation of the Hydraulic Resistance of IL-SMHs and a Column 
Packed with IL-SPs 

The pressure drop which occurs when helium (He) gas was passed through IL-SMHs was measured 

to evaluate the hydraulic resistance the samples cause. A monolithic sample (diameter, ~ 10 mm; 

length, ~ 20 mm) was fixed in a heat shrinkable tube and both ends of the tube were connected to 

stainless steel (SUS) tubes. He gas was fed to the monolith at a constant flow rate (0 to 100 mL·min-

1) and the pressure drop which occurs was measured using a pressure sensor (PA-853, Copal 

Electronics, Japan). The measured pressure drop was analyzed using the Hagen-Poiseuille equation 

(6.1). 

∆P
L

=
32μui

d 2  (6.1) 

Here, ΔP, μ, u i, L and d represent the pressure drop in Pa, the viscosity of He gas, the interstitial 

velocity in, the monolith length and the hydrodynamic channel diameter, respectively. The interstitial 
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velocity was calculated from the superficial velocity (us) and the cross-sectional void fraction of the 

honeycomb (u i = us/ε, ε ~ 0.85).  

The pressure drop a column packed with IL-SPs causes was also measured for comparison.  IL-

SPs were packed in a SUS column and measurements were conducted using the same method used 

for monoliths. 

 

6.2.8. CO2 Separation Experiments in a Batch System 
The CO2 uptake ability of the obtained samples was evaluated by TG analysis. A monolith (diameter, 

~ 5 mm; height, ~10 mm) was set in a cage-type Pt cell (i.d. 8.5 mm, height, 9.5 mm). The cell was 

loaded in TG analysis system, and the sample in it was pretreated at 393 K under a N2 flow (40 

mL·min-1) for 1 h. The sample was cooled to 303 K and then N2 including a specified concentration 

of CO2 was passed over the sample to let it absorb CO2. The partial pressure of CO2 was varied from 

5 to 70 kPa to obtain sorption isotherms. Experiments using IL (10 mg) loaded in a pan-type Pt cell 

(i.d., 6.0 mm; height, 2.5 mm) were also conducted. The obtained isotherms were analyzed using the 

Langmuir model (6.2).  

pK
pKqq

L

LL

1+
=

 
(6.2) 

Here, q, qL, KL and p, respectively represent the CO2 uptake, the maximum CO2 capacity, the 

Langmuir constant, and the CO2 partial pressure.  
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Fig. 6.2 The experimental setup for CO2 separation experiments using a flow system. (1) TCD 

detector; (2) a monolithic sample fixed in a heat shrinkable tube; (3) control; (4) GC oven; (5) mass 

flow controller. 

 

6.2.9. CO2 Separation Experiments in Flow Systems 
CO2 separation experiments were also conducted using a flow system. Three pieces of IL-SMH 

monoliths (average diameter; 11 mm, total length; 63 mm) fixed in series in a heat-shrinkable tube, 

were held at a constant temperature at 303 K in a gas chromatography oven (Fig. 6.2). The outlet of 

the tube was connected to a thermal conductivity detector (TCD). He gas containing 33 mol% CO2 

was passed through the sample at a total flow rate of 9.0 mL·min-1, and the CO2 concentration in the 

effluent was monitored. 

 

6.3. Results and Discussion 
6.3.1. Synthesis and Characterization of IL-SMHs and IL-SPs 

The SMHs prior to [P66614][Ala] impregnation were white in color (Fig. 6.3 (a)) and had aligned 

straight channels, 15-25 micrometer in diameter, which were formed walls, 1-2 micrometer in 

thickness (Fig. 6.3 (c), (d)). After impregnation, the color of the monolith changed to pale yellow, 
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indicating [P66614][Ala] was supported on it. As expected, [P66614][Ala] did not leak from the monolith 

even where the [P66614][Ala] content was increased to 50 wt %. On the other hand, [P66614][Ala] could 

not be supported without leaking on the silica gel particles at contents higher than 44 wt % (Fig. 6.3 

(b)). 

The FT-IR spectrum (not shown) of the IL-SMH-50 shows peaks corresponding to [P66614][Ala] 

(ν(C-H) at 720 cm–1 ν(P-C) at 1,040-1,500 cm-1, νas(CO2-) at 1,580 cm-1, ν(C-H) at 2,855, 2,923 and 

2,955 cm-1, and ν(N-H)  at 3,300 cm-1),11, 17 in addition to those characteristic of SiO2 (ν(Si-O) at 795 

cm-1, in-plane stretching vibration of Si-O at 950 cm-1, νas(Si-O-Si) at 1,080 and 1,140 cm-1, δ(H2O) 

at 1,630 cm-1 and ν(O-H) and ν(Si-OH) which hydrogen-bonded water at  around 3,400 cm-1)18), 

indicating that [P66614][Ala] was supported intact. 

The TGA data (not shown) of IL-SMH-33 and IL-SMH-50 show large weight losses occurring in 

the temperature range of 473 K to 1073 K which caused by the decomposition of [P66614][Ala]. From 

the weight losses, the [P66614][Ala] contents of IL-SMH-33 and IL-SMH-50 can be estimated 32 wt% 

and 44 wt%, respectively on a dry-sample basis, consistent with the amounts of [P66614][Ala] 

impregnated during synthesis.  

The N2 adsorption/desorption isotherms of SMHs and silica gel particles are of type-I,19 indicating 

that they are microporous. As the approximate molecular sizes of P66614 cation and alanine are 1.2 nm 

and 0.6 nm, respectively, according to the literature,20, 21 [P66614][Ala] is assumed to be accommodated 

in pores with diameters >1.8 nm. SMHs and silica gel particles respectively have micro-mesopore 

(1.8-50 nm) volumes of 0.016 and 0.070 cm3·g–1 as determined by GCMC analysis. As a [P66614][Ala] 

loading level of 50 wt % corresponds to 0.87 cm3-IL·(g-silica)–1, the excess volume of [P66614][Ala]  

should reside in the channels of SMH and the void spaces formed between silicagel particles, 

respectively. 

 

6.3.2. Pressure Drop Measurements 
To check whether the channels of SMHs are blocked by the impregnated [P66614][Ala], pressure 

drop measurements were conducted and the measured values were compared with the values 
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calculated by the Hagen-Poiseuille equation for a circular tube with the corresponding average 

diameter (Fig. 6.4 (a)). As we reported before, monolithic microhoneycombs show nearly the same 

pressure drop as a bundle of capillaries having the same diameter as the average channel size of them 

22. This was confirmed in the present study as the average diameter of channels of the SMH (20.3 μm 

in Table 6.1) determined from the pressure drop measurements is consistent with those observed in 

the SEM images (Fig. 6.3 (c), (d)).  

The pressure drop of IL-SMHs slightly increases with the increase in [P66614][Ala] content, which 

indicates that the hydrodynamic diameter of the channel decreases by incorporating [P66614][Ala]. The 

increases in pressure drop correspond to decreases in the channel diameter by 0.40 μm and 0.70 μm 

for IL-SMH-33 and IIL-SMH-50, respectively. On the other hand, the thickness of [P66614][Ala] 

supported on SMH can be estimated as 0.24 μm and 0.52 μm for IL-SMH-33 and IL-SMH-50, 

respectively, which was estimated by assuming [P66614][Ala] was uniformly coated on the channel 

walls and using 0.9 cm3·g-1 as the density of [P66614][Ala].10 This result essentially agrees with the 

decreases in the channel diameter determined by pressure drop measurements.  

Although the pressure drop remains low for all IL-SMH samples, the pressure drop of a column 

packed with IL-SPs drastically increases as the [P66614][Ala] content was increased to 44 wt % (Fig. 

6.4 (b), IL-SP-44). This result indicates that [P66614][Ala] block the voids formed between the particles 

in the column as schematically shown in the inset of Fig. 6.4. (b). This result indicates that SMHs are 

more suitable material to support ILs which are to be used in flow systems. 

 

 

 



104 
 

 

Fig. 6.3 The obtained samples: (a) photographs of a SMH (left) and an IL-SMH-50 (right), (b) 

photographs of silica gel particles, IL-SP-23, IL-SP-33 and IL-SP-44 (left to right), (c) a cross-

sectional SEM image of a SMH, (d) an enlarged SEM image of a SMH. 

 
Table 6.1 Calculated thickness of [P66614][Ala] coated on the channels in SMH using two different 

methods. 

 
average channel 

sizea/ µm 

calculated thickness of [P66614][Ala]/µm 

method 1b method 2c 

SMH 20.3 - - 

IL-SMH-33 19.5 0.40 0.24 

IL-SMH-50 18.9 0.70 0.52 
a Calculated using the Hagen-Poiseuille equation (eq. (1)), b Estimated from difference of average 

channel size, c Estimated from the loading of [P66614][Ala] and N2 adsorption data  
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Fig. 6.4 (a) Pressure drop data of a SMH (solid red circle), an IL-SMH-33 (solid red triangle) and an 

IL-SMH-50 (solid red diamond). Inset represents a schematic illustration of how IL is coated on 

channel walls of a SMH. (b) Pressure drop data of columns packed with silica gel particles (open blue 

circle), IL-SP-23 (open blue triangle), IL-SP-33 (open blue diamond) and IL-SP-44 (blue cross). Inset 

represents a schematic illustration of how the void spaces between silica gel particles are clogged at 

high IL loadings. 
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6.3.3. CO2 Sorption Isotherms on SMH and IL-SMH 
To evaluate the equilibrium CO2 capacity of IL-SMH, sorption isotherms of SMH and IL-SMH 

were measured (Fig. 6.5). The obtained isotherm of IL-SMH-50 is well represented by the Langmuir 

model, indicating that CO2 is chemisorbed to the amino groups in the materials. The CO2 capacity of 

IL-SMH-50 at 15 kPa CO2 was found to be about 0.26 mmol g–1, about 4 times higher than that of 

SMH. High CO2 capacities at low partial pressures are favorable for the separation of CO2 from post-

combustion gas emitted from fossil-fuel power plants, which typically contains CO2 at a partial 

pressure less than 15 kPa 2, 3). 

 

Fig. 6.5 CO2 sorption isotherms of IL-SMH-50 (solid red circle) and SMH (open blue circle) at 303 

K. The solid lines are fitted using the Langmuir model. Diluent gas: N2. 

 

6.3.4. CO2 Separation Performance 
To evaluate the CO2 separation performance of IL-SMHs, first, the CO2 absorption rate was 

measured using a TG analyzer. IL-SMH-50 and -33 were found to show about 40 times higher rates 

than neat [P66614][Ala] because of increases in effective surface area. IL-SMHs showed similar rates 

(0.26 mol-CO2·(mol-IL·min)-1 and 0.24 mol-CO2·(mol-IL·min)-1 for IL-SMH-50 and -33, 

respectively), suggesting that CO2 diffusion through a thin [P66614][Ala] layer is fast.  
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To evaluate the reusability of IL-SMH samples, the spent IL-SMH-50 was heated at 393 K for 1 h 

under a N2 flow and then used in CO2 separation. The results show that the samples can be reused at 

least three times without losing its performance (Fig. 6.6, inset). 

Finally, to verify the applicability of IL-SMH-50 for CO2 separation in flow systems, a 

breakthrough experiment was conducted (Fig. 6.7). A typical sigmoidal-shaped breakthrough was 

obtained. This result indicates that IL-SMH can efficiently separate CO2 in flow systems. In addition, 

the calculated length of unused bed (LUB), which represents the length of the zone in which sorption 

takes place, was 19 mm. The column utilization based on the length was 70 % which indicates that 

70 % of the adsorbents can be used even though the column was rather short. These results clearly 

show that IL-SMHs have a high potential to be used for effective CO2 separation in flow systems. 

 

Fig. 6.6 CO2 uptake curves of IL-SMH-33 (open red triangle), IL-SMH-50 (solid red circle) and neat 

[P66614][Ala] (solid blue circle). Feed composition: 33 mol% CO2 in N2. Temperature: 303 K. 

Atmospheric pressure. The inset shows CO2 uptake curves of regenerated IL-SMH-50 samples. 1st 

cycle (solid red circle) 2nd cycle (solid red triangle), 3rd cycle (solid red diamond) and 4th cycle (red 

cross); Feed CO2 pressure, 33 kPa; diluent gas, N2; temperature, 303 K; regeneration, heating at 393 

K for 1 h under a N2 flow. 
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Fig. 6.7 CO2 breakthrough curve of IL-SMH-50. Average monolith diameter, 11 mm; total monolith 

length, 63 mm; mass, 1.2 g; CO2 flow rate, 3 mL·min-1; He flow rate, 6 mL·min-1; total gas flow , 9 

mL·min-1; temperature, 303 K. 

 

6.4. Conclusion 
SMHs loaded with [P66614][Ala] (IL-SMHs) were successfully synthesized by using a simple 

impregnation method. The pressure drop of the obtained IL-SMH supporting 50 wt % of [P66614][Ala]  

was much lower than that of a column packed with silica gel particles supporting 44 wt % of 

[P66614][Ala]. This result indicated that IL-SMHs can separate CO2 without causing a severe pressure 

drop even at high IL loadings when compared with a column packed with silica gel particles loaded 

with [P66614][Ala]. The CO2 uptake rate of IL-SMHs was around 40-times higher than that of neat 

[P66614][Ala] because of the high effective surface area of the supported [P66614][Ala]. CO2 sorption 

isotherms of IL-SMHs were of a typical Langmuir-type, indicating that IL-SMHs are preferable to 

separate CO2 from post-combustion gases emitted from typical fossil-fuel power plants. IL-SMH can 

be regenerated at least 3 times by heating without significant decrease in CO2 uptake performances 
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were not significantly changed, indicating that IL-SMHs have a high reusability. IL-SMH can separate 

CO2 in a flow system and the length of unused bed was only 19 mm, indicating that IL-SMHs have a 

high potential to be used for effective separation of CO2 in flow systems. These results indicate that 

materials with a microhoneycomb structure are preferable to be used as supports of ILs for CO2 

separation when compared with the same material in the particle form. 
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Chapter 7 
Conclusion  

Sorption processes using fixed bed systems, such as a column packed with spherical particles, 

have been widely used in industrial fields. However, particle-form sorbents have a disadvantage 

originating from their morphology. For example, large particles, causing low hydraulic resistance 

when fluids flow through a column packed with them, have low sorbent usability due to long 

diffusion path lengths. In contrast, small particles, having short diffusion path lengths, cause a high 

hydraulic resistance when they are used in a column packed with them. Therefore, a low hydraulic 

resistance and short diffusion path lengths are not compatible when particles are used as the sorbent. 

To overcome this trade-off relation, we suggest using a “microhoneycomb (MH) structure” as a 

sorbent morphology. A MH structure consists of aligned macrochannels measuring a few tenths of a 

micrometer (μm) in diameter and formed by thin channel walls measuring a few μm in thickness. 

The straight channels minimize hydraulic resistance, and the thin channel walls minimize diffusion 

path lengths. Therefore, a low hydraulic resistance and short diffusion path lengths are compatible 

using a MH structure as the sorbent morphology. In this dissertation, various kinds of sorbents 

having a MH structure were developed, and their separation performance of diluted species was 

studied.  

   Part 1 (chapter 2) reports the phenol and dye adsorption in flow systems using carbon cryogels 

with a MH structure (CMH). The obtained monolithic CMHs had fairly straight channels of 25–45 

μm in diameter and a channel wall thickness ranging from 5 to 10 μm. The pressure drop that 

occurred when water was passed through this CMH was 90–370 times lower than that of a column 

packed with particles having similar diffusion path lengths. This result indicates that the CMHs can 

process fluids without causing a severe hydraulic resistance when compared to columns packed with 

particles. Nitrogen adsorption/desorption experimental results show that the CMH has a hierarchical 

micro-meso porous structure, giving rise to BET surface areas of 513–1070 m2·g-1. The phenol and 

methylene blue adsorption isotherms of the CMH are typical Langmuir-type, which indicates 

monolayer adsorption. The monolayer uptake increases with an increase in the carbonization 
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temperature of the CMH, which shows that hydrophobic surfaces are preferable for the adsorption of 

phenol and methylene blue. The obtained phenol and methylene blue breakthrough curves show 

typical sigmoidal shapes, and the calculated dynamic capacities are equal to the values calculated 

from the isotherms. In addition, the length of unused bed (LUB), which represents the length of the 

zone in which adsorption takes place, is only a few millimeters (mm). These results indicate that the 

adsorbates can quickly gain access to the adsorption sites in the CMH channel walls even in flow 

systems. Although the same total pressure drop is shown and the column has the same material 

properties, the simulated breakthrough curves of a column packed with particles are a few times 

broader when compared with those of with a CMH measured under the same flow conditions. This 

result indicates that CMHs can effectively separate contaminants in flow systems when compared 

with typical columns packed with particles. Also, the results show that CMHs have a high potential 

to be used for effective separation of water contaminants such as phenol and methylene blue. 

   Part 2 (chapters 3, 4, and 5) reports on various cesium ion exchangers having a MH structure.  

   In chapter 3, development of Prussian blue analogues (PBAs), which are typical cesium ion 

exchangers, supported by silica-alumina microhoneycombs (PBAs-SAMHs) to efficiently remove 

Cs+ is discussed. PBAs-SAMHs were prepared by insolubilization of ferrocyanide by bivalent 

cations (Fe2+, Ni2+, Cu2+, and Zn2+) in a silica-alumina solution following the ice-templating method. 

The obtained PBAs-SAMHs have a MH structure with about 50-times lower hydraulic resistance 

when compared with that of a column packed with typical particles having the same diffusion path 

lengths as the MH structure. Elemental analysis showed that there was a possibility of the formation 

of PBAs in the sample; however, X-ray diffractometry (XRD) analysis and transition electron 

microscopy (TEM) could not detect Zn2+-insolubilized PBAs. Cs+ exchange in batch systems show 

that the capacity trend was Cu2+>Zn2+>Ni2+>Fe2+-insolubilized PBAs-SAMHs. On the other hand, a 

Cs+ breakthrough experiment indicated that the capacity trend was Cu2+>Zn2+~Ni2+~Fe2+. These 

results demonstrated that Cu2+-insolubilized PBAs-SAMHs had the highest potential for use in Cs+ 

separation in flow systems.  
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   Chapter 4 describes the preparation of 12-ammonium molybdophosphate (AMP), a typical 

heteropoly acid salt, which has a high stability for acidic conditions, supported silica 

microhoneycombs (SMHs) (AMP-SMHs) to efficiently remove Cs+. Monolithic AMP-SMHs were 

prepared by adding AMP particles to silica solution followed by the ice-templating method. The 

adsorbents have a honeycomb-like structure with nearly straight microchannels running through 

them, and AMP particles are partially embedded intact within the channel walls as characterized by 

scanning electron microscopy, powder X-ray diffraction, and infrared spectroscopy. AMP-SMH 

causes a significantly lower pressure drop (about 35 times lower) than a typical column packed with 

spherical particles with similar diffusion path lengths for Cs+ when water was passed through it. Fast 

and efficient uptake of Cs+ from a ppm-level aqueous solution is also allowed, as demonstrated by 

breakthrough experiments at various inlet flow rates and monolith lengths. The maximum Cs+ 

uptake by AMP-SMH was about two Cs+ per AMP, indicating that Cs+ can gain access to almost the 

entire AMP embedded in the SMH. The LUB of the AMP-SMH was a few-times shorter than that 

reported for a column packed with granular-silica-supported AMP, showing the advantages of 

AMP-SMH. Comparison of breakthrough curves between the AMP-SMH and columns packed with 

particles by numerical simulation also indicates that AMP-SMH shows shorter LUB values when 

compared with the packed column used under the same conditions. These results demonstrate that 

the obtained adsorbents show a high performance in the continuous separation of Cs+ due to their 

unique MH structure. 

   In chapter 5, preparation and application of resorcinol formaldehyde monoliths having a 

microhoneycomb structure (RFMHs) for removing Cs+ in water having high pH are described. 

RFMHs having a lower R/C value and treated with HNO3 showed a high stability and Cs+ capacity. 

The Cs+ capacity was maximized when the Cs+ solution was at pH 11.9, indicating that RFMHs 

dissolved at a pH higher than 11.9. The Cs+ capacity of RFMHs in flow systems was calculated to be 

68% from an ion exchange isotherm. RFMHs can remove Cs+ from solutions having a high pH, 

whereas PBAs and AMP dissolve in such solutions.  
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Part 3 (chapter 6) reports the preparation of an ionic liquid (IL) having an amino 

group-supported silica microhoneycomb (IL-SMH) and its application to CO2 separation in flow 

systems.  

Firstly, to recognize what amount of ILs can be supported by typical particles, a synthesized IL 

having an amino group ([P66614][Ala]) was supported on commercially available silica gel particles; 

a pressure drop occurred when He gas was flown through a column packed with the particles. The 

pressure drop dramatically increased when the supported amounts of IL exceeded 44 wt% due to the 

clogging of the supported IL. In contrast, the results of pressure drop while using SMH as the 

supporting material of IL suggested that clogging did not occur even when the supported amounts of 

IL was 50 wt%. To investigate the CO2 absorption performance, the absorption rate was analyzed 

using TGA systems. The obtained CO2 absorption rate of IL-SMH was about 40 times faster than 

that of neat IL, indicating that the IL was thinly supported on the SMH. To evaluate the reusability 

of IL-SMH, used samples were regenerated by heating at 393 K for 60 min. IL-SMH can be reused 

at least three times without any deterioration in their absorption performance. Finally, CO2 

absorption in flow systems were conducted, and the obtained breakthrough curves were of a typical 

sigmoidal shape, and the LUB value was 19 mm for a monolith of 63 mm. These results concluded 

that IL-SMH shows a high performance and has a high potential for application in CO2 separation in 

flow systems. 

In summary, this work showed that monolithic materials with a MH structure have a high 

potential to be effectively used for various separation, e.g. adsorption, ion-exchange and absorption, 

in flow systems, compared with typical spherical materials. These results indicate that the 

ice-templating method can be used with microhoneycomb monoliths for effective separation 

performance in flow systems. Therefore, it can be concluded that the MH structure is an ideal 

morphology for separation materials in flow systems. By applying this material to industrial fields, it 

can be expected that a more efficient separation process can be achieved.  
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