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Chapter 1  

General Introduction 

 

1.1 Carbon materials 

Carbon black (CB) is indeed a fascinating material with a complex structure that contributes to 

its unique properties. CB's structure consists of spherical particles composed of interconnected 

graphite-like layers, with functional groups decorating its surface. This structure not only 

defines its physical properties but also enhances its versatility in industrial applications 1-3. CB 

particles typically have a diameter ranging from several 10 to 100 nanometres which are 

generally spherical in shape. CB primarily consists of carbon atoms arranged in a manner that 

forms numerous graphite-like layers and each layer is composed of benzene rings fused 

together (Fig. 1.1). 

 

 

 

Fig. 1.1 Granules carbon black and its surface structure, taken from ref 4 

 

The surface of CB particles is not simply carbon atoms in a graphite-like structure, it also 

features various functional groups attached to the surface such as hydroxyl (-OH), carboxyl (-

COOH), and others, depending on the method of production and treatment. Internally, CBs are 

composed of crystallites that are interconnected in a way that resembles a sponge-like structure. 
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This interconnected network of crystallites gives CB its characteristic high surface area and 

porosity due to the differences in manufacturing method and raw materials, and the size of the 

pores varies depending on the type of CB. According to the definition of IUPAC (International 

Union of Pure and Applied Chemistry), pores are roughly classified into micropores (2 nm or 

less), mesopores (2-50 nm), and macropores (50 nm or more) based on the diameter of the 

pores 5. Most of the CB is furnace black obtained by the different incomplete combustion of 

oil and gas in high-temperature gas, such as Vulcan, Ketjen Black (KB), acetylene black (AB) 

which have different micropore, mesopore, surface area, surface functional group etc (Fig. 1.2). 

Due to their unique structure, CB has properties such as high mechanical strength, high thermal 

and electrical conductivity, and is used as an additive in a wide range of products, such as 

reinforcing materials for tires, coloring materials for black paints, and conductive materials for 

dry batteries 6, 7. 

 

Fig. 1.2 Different types of carbon black 

 

1.2 Polymer-carbon composite 

Composite materials refer to materials that are made by combining two or more constituent 

materials with significantly different physical or chemical properties. Generally, carbon 

composite consist a matrix surrounded by reinforcement material where polymer such as epoxy, 

polyester used as a matrix and carbon materials used as a reinforcement material 8. The 

resulting carbon composite material often exhibits characteristics that are superior to those of 

its individual components alone. CB is used a reinforcing material and composite materials 

play a crucial role in modern engineering and technology, offering a diverse range of properties 

that make them suitable for various demanding applications across different industries 3.  

Carbon-based polymer composite has achieved great attention globally for its applications like 

automobile tires, ink and mechanical rubber goods (Fig.1.3). Mixing of a soft polymer matrix 
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with nanoscopic carbon material filler like CB is used to enhance the properties especially 

when high strength is essential 2. In the industry, the enhancement of mechanical properties is 

considered importantly for many years and researchers are working on it. For the reinforcement 

of rubber, nano-scale CB as filler is a prominent candidate to enhance the mechanical, thermal 

and electrical properties. Due to cost, ease availability and high surface area of traditional CB, 

with some surface modification of CB filler it is widely used to enhance the properties of 

nanocomposite 9, 10. 

 

 

 

Fig. 1.3 Global annual production of carbon black and its distribution in the indicated 

end-use industrial application areas, taken from ref 11. 

 

However, the development of carbon material/polymer composites with properties that exceed 

those of conventional materials has not been achieved. One of the reasons for this current 

situation is the low dispersibility of carbon materials in polymer matrices 12. In addition, carbon 

materials have very poor dispersibility in polymer matrices as well as poor solubility in solvents. 

It is known that this dispersibility greatly affects the performance of the composite. It has been 

revealed that the formation of large aggregates results in low wear resistance 13. Therefore, 

there is a demand for improving the dispersibility of carbon materials in the matrix. 
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1.3 Carbon dispersibility and surface modification by polymer 

Surface modification of carbon materials has been performed efficiently and uniformly to 

disperse carbon materials in the matrix 14-16. Chemical modification has been used as the main 

surface modification method, and there have been reports of introducing functional groups such 

as -OH, -COOH, and -C=O onto the carbon nanotube surface through surface treatments such 

as strong acid treatment and plasma oxidation treatment to improve electrostatic stability in 

polar solvents, reports of introducing fluorine and thiol groups to improve solubility in organic 

solvents, and furthermore, polymerizing the surface to improve dispersibility in the matrix. 

Chemical approach based on covalent-bond formation and physical approach based on 

noncovalent way are used for the functionalization. Particularly, chemical modifications have 

been frequently used owing to their stability of the functionalization 17-19. One of the issues of 

the chemical modifications of the carbons is the difficulty of the intactness, which often 

decrease the characteristic properties of carbon particles such as high surface area, electrical 

conductivity and mechanical toughness 20, 21. Physical modification is a method in which 

dispersant molecules are physically adsorbed onto the carbon material surface through van der 

Waals forces, π-π stacking interactions or fitted into the pore to disperse the material uniformly, 

allowing the carbon material to be dispersed while maintaining its properties. Instead of 

chemical modification, to improve dispersibility by physically modifying the carbon surface 

with a polymer such as polybenzimidazole (poly(2,2'-m-(phenylene-5,5'-bibenzimidazole)) 

(PBI) have developed in our laboratory 20, 22, 23. PBI is classified as a super engineering plastic 

24, and has the highest level of heat resistance among currently existing engineering plastics (it 

does not melt even at 770 ºC or higher in a N2 atmosphere). 

To improve the properties like mechanical, surface morphology, conductivity and others the 

filler materials like CB, carbon nanotube, graphene, clay are applied in nanosized for 

reinforcement of polymer-carbon composite. Polymer-wrapped on carbon materials technique 

is excellent one to consider research interest due to solution disposition and stable under 

environmental conditions. Moreover, our laboratory already developed polymer-coating 

method (Fig. 1.4) to disperse carbon into polymers and explored a novel approach, called PBI-

wrapping onto carbon support 20, 23. 
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Fig. 1.4 PBI wrapping approach onto CB, taken from ref 20  

 

1.4 Polymer adsorption  

The adsorption behaviour of polymers onto a solid surface in the solution phase has been 

extensively studied, mainly that onto a flat substrate such as a silicon wafer 25 as well as glass 

and silica substrates 26, owing to the availability of the measurement techniques for these flat 

substrates (e.g. AFM and ellipsometry) 27-29; however, measurement techniques for rough 30-32 

and particle 33-35 are limited. For carbon materials, effects of the polymer composition 36, 

molecular weight of the polymer 37, and thickness of the adsorbed polymer layer 38, 39 have 

been studied for polymer adsorption. 
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Fig. 1.5 Flat surface adsorption (a) and porous surface adsorption (b) 

 

Adsorption on flat surface many researchers studied but the polymer adsorption on rough or 

porous surface will be the innovative one (Fig. 1.5). However, polymer adsorption involves the 

polymer chains attaching to the surface of particles through various interactions such as 

electrostatic forces, hydrogen bonding, and van der Waals forces. It is reported that during 

polymer adsorption there are many factors need to consider like re-conformation of polymer 

chain, adsorption time or surface coverage (Fig. 1.6) 40, 41. Physical modification, typically 

based on the adsorption of small molecules in a solution, can preserve the surface structure, 

offering a significant advantage 42, 43. However, physical modifications using small molecules 

can cause instability owing to the dynamic adsorption/desorption of molecules from the surface 

44, 45. 

 

 

Fig. 1.6 Schematic picture of (a) polymer reconfirmation of an adsorbed polymer (b) effect of 

adsorption time on surface coverage, where globular structure for high surface coverage and 

flatter structure for slower adsorption, take from ref 40  

 

Modi S. et.al. investigated the effect of molecular weight on the deposition behaviour of 

polystyrene and CB composite (Fig.1.7) and reported that the preferential adsorption of the 

longer polystyrene chains on the carbon black 37. 
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Fig. 1.7 SEM micrographs for (a) molecular weight of 13.2 kgmol–1, (b) molecular weight of 

18.1 kgmol–1, (c) molecular weight of 151.5 kgmol–1, carbon black/polystyrene suspension, 

take from ref 37 

 

The kinetic and equilibrium of triblock copolymers of the polyethylene oxide)-poly- (propylene 

oxide)-poly (ethylene oxide) (PPO) adsorption on CB was studied by Tiberg F. et.al. to assess 

the relation to the phase behavior of the bulk solution using adsorption isotherm 46. Very high 

adsorbed amounts detected near the phase boundary are thought to be a significance, 

presumably resulting in the formation of multilayers at the surface. They suggested the 

understanding of the segment density profiles in the adsorbed layers as well as of the favoured 

adsorption of PPO segments to the surface. Also, the kinetics and equilibrium properties of 

polymer adsorption was closely linked and play significant roles in determining the 

performance and efficiency. 

Therefore, polymer adsorption as well as the small molecule adsorption on carbon surface by 

considering adsorption behavior is a fabulous technique, which is familiar, and researchers 

considered for the different molecular size polymer adsorption as well as for the smaller 

molecules. 

 

1.5 Indole (small) molecule and chronic kidney disease (CKD) 

Indole is a small heterocyclic molecule consisting of a bicyclic structure containing a six-

membered benzene ring fused to a five-membered nitrogen-containing pyrrole ring 47. Indole 

is notable for its presence in many natural compounds, including certain amino acids, hormones, 
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and neurotransmitters. Indoxyl sulfate (IS), a uremic toxin that accumulates in the body, is 

directly related to the decline of renal function 48, 49. IS is an aromatic low molecular weight 

compound that is produced when indole, synthesized from tryptophan, is metabolized by 

intestinal bacteria such as Escherichia coli. It is produced when indole absorbed from the 

intestine is transported to the liver. 

On the other hand, CKD is a disease in which kidney function declines chronically 50. CKD is 

defined by reduced renal function and evidence of kidney damage for at least 3 months and it 

is a serious problem worldwide 51-53. The renal system consists of the kidney, ureters, and the 

urethra. The overall function of the system filters approximately 200 liters of fluid a day from 

renal blood flow which allows for toxins, metabolic waste products, and excess ion to be 

excreted while keeping essential substances in the blood. When CKD progresses further to end-

stage renal failure with an eGFR of less than 15 mL/min, patients are forced to undergo renal 

replacement therapy such as dialysis or kidney transplantation which is difficult. As a result, 

most patients are forced to undergo haemodialysis treatment three days a week for four hours 

each time, and the number of dialysis patients will exceed 340,000 by the end of 2021. The 

number of dialysis patients is increasing year by year, and it has become a major social problem 

due to many reasons (Fig. 1.8), so preventing the worsening of CKD is an important issue. 

CKD is lifestyle-related diseases. When kidney function declines, waste products cannot be 

excreted, and uremic toxins accumulate in the body. Once function declines, it is almost 

impossible to recover, so CKD progresses and ultimately leads to end-stage renal failure. 

 

 

 

Fig. 1.8 Reasons of CKD, taken from ref 54  
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1.6 Progression, treatment of CKD and indole molecule  

The indole molecule or their derivatives like IS is responsible for CKD, therefore, reducing the 

amount of IS accumulated suppresses the progression of CKD 55. Saito et. al. reported on 

sulfotransferase inhibitors as a method to inhibit the accumulation of IS in the kidney 52. Oral 

carbon adsorbent is currently widely used, which adsorbs and removes indole, a precursor of 

IS, in the intestinal tract and inhibits the intestinal absorption of indole, thereby inhibiting the 

accumulation of IS since indole can initiate the CKD progression (Fig. 1.9). 

 

 

 

Fig. 1.9 Mechanism of CKD generation (AhR: aryl hydrocarbon receptor), taken from ref 56 

 

Currently, AST-120 (Fig. 1.10) is widely used as an orally adsorbed carbon agent. AST-120 is 

mainly composed of porous spherical activated carbon. AST-120 has high adsorption capacity 

for uremic toxins 57, 58. It has been on the market since 1991 (Japan) S. Korea (2004), and has 

been shown to treat the symptoms of CKD patients. However, there are side effects such as 

secretions and loss of appetite, and the daily dose is as high as 6 g. This may cause negative 

effects on patients due to reasons such as poor adsorption (low adsorption amount). In addition, 

there is also the problem of non-specific capture of essential amino acids in addition to uremic 

toxins. Therefore, the current challenge is to improve both the adsorption amount and 

selectivity. 
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Figure 1.10 Kremezin drug (AST-120), taken from ref 59 

 

1.7 Mesoporous carbon (MC) 

Mesoporous carbon (MC) is a type of carbon material that contains a network of pores with 

diameters typically ranging from 2 to 50 nm whereas microporous (< 2nm) and macropores 

(>50 nm) (Fig. 1.10). These MC have a high surface area and are characterized by their unique 

pore structure, which allows for high adsorption capacities and efficient diffusion of molecules 

within the pores. The pore size and surface chemistry of MC can be tailored during synthesis 

to meet specific application requirements 60. This tunability is advantageous for optimizing 

performance in different applications. MC finds applications in various fields such as energy 

storage (e.g., supercapacitors, batteries), environmental remediation (e.g., water treatment, air 

purification), and catalysis (e.g., as catalyst supports) 61, 62.  

Fig. 1.10 Schematic representation of microporous, mesoporous and macropores carbon, 

taken from ref  63. 
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MC can be synthesized by either the hard template method or the soft template method (solvent 

evaporation-induced self-assembly method) 64, 65. Whereas, the soft template method is 

advantageous, easy to remove the template and allowing direct control of structure and 

morphology. In the soft template method, first, an amphiphilic block copolymer serving as a 

template is mixed with a molecule serving as a carbon source to form an ordered nanostructure, 

and this nanostructure is carbonized to obtain ordered mesoporous carbon. 

 

1.8 Small molecule adsorption using porous carbon materials 

Porous carbon materials have been proposed as a novel high performance adsorbent material 

since they have high surface area, large pore volume, chemical inertness and functional groups 

on their surface. Adsorption of small molecule like methylene blue or phenol on activated 

carbon have been reported (Fig. 1.11) and they revealed how the molecules interact or diffuse 

into the carbon surface 72. It is reported from the adsorption kinetics that the general adsorption 

mechanism of small molecule on activated carbon and pore blocking phenomenon, mono or 

multi-layer, desorption etc. 

 

 

 

Figure 1.11 Basic terms of in adsorption science and technology, taken from ref 72  
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Especially, ordered mesoporous carbons have been studied for adsorbents because they have 

both micropore and mesopore with narrow pore size distributions. The modification of porous 

carbon materials has been investigated to improve the indole (small molecule) adsorption 

capacity. However, the adsorption selectivity for certain amino acids was unclear due to its size 

being similar to that of indole. Therefore, the selectivity for amino acids remains unknown. 

Due to the π-π interaction and quadrupole interaction of the fluorophenyl group, indole can be 

selectively adsorbed regardless of the presence or absence of other indole derivatives. In 

addition, Mitome et. al. reported that activated mesoporous carbon and with a highly controlled 

pore structure suppresses the adsorption of indole due to large molecules such as phospholipids 

in artificial intestinal juice (Fig. 1.12) 66. This research suggested that the indole adsorption 

amount and selectivity can be developed by designing an accurate mesopore size and increasing 

the micropore surface area.  

 

 

Figure 1.12 Time course of the amount of indole adsorbed of the various mesoporous carbon 

from the artificial intestinal juice solution, taken from ref 66. 

 

However, due to the large pore size and the absence of small molecules such as amino acids in 

the artificial intestinal fluid used in this experiment, there is a problem that the selectivity for 

small molecules such as amino acids remain unknown. In other words, no research has yet been 

reported that has achieved both an improvement in the amount of indole adsorption and indole 

adsorption selectivity over amino acids, and the optimal pore size and surface composition 

characteristics have yet to be elucidated. 
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1.9 Research approach for indole adsorption 

MC have the advantage that the pore size can be easily tailored by changing the solvent 

composition used in the preparation, the carbonization temperature, and the type of surfactant 

used as the template, and the template can be easily removed during the carbonization process 

62, 67. In addition, the pore size can be controlled to a size of about a few nm, which is considered 

to be suitable for indole adsorption, so we determined that it is suitable for this purpose. 

By synthesizing carbon materials such as MC with appropriate pore sizes and develop new 

drugs that can selectively and efficiently capture indole from amino acids. Indole adsorption 

experiments in the presence of hydrophobic amino acids using soft-templated mesoporous 

carbons will be my objective. Therefore, by finely adjusting the pore size, it is thought that it 

is possible to suppress the adsorption of amino acids and achieve selective adsorption of indole. 

Furthermore, commonly used drug AST-120 and Ketjen Black (KB), which is known to have 

a wide pore size distribution of 0.5 to 50 nm, is also used for comparison to more deeply inspect 

the effect of mesoporous carbon with a narrow pore size distribution on indole adsorption. 

 

1.10 Adsorption isotherm for polymer/ small molecule adsorption on carbon 

The interpretation of polymer as well as small molecule adsorption by measuring adsorption 

isotherms is a fantastic way, and it is well-known, many researchers studied for the larger 

molecule’s adsorption as well as for the smaller molecules by using this 19, 68, 69. In the 

adsorption isotherm measurement, not only the adsorption behavior and the adsorption state 

can be elucidated but also the coating conditions can be optimized by analyzing the 

thermodynamic parameters. Adsorption isotherms are used to create an adsorption isotherm 

that shows the relationship between the equilibrium adsorption amount Γ (mg/mg) per unit 

mass of adsorbent and the equilibrium solute concentration Ce (mg/mL) at a constant 

temperature. This is the most common method for showing the adsorption stoichiometry. The 

equilibrium adsorption amount Γ (mg/mg) is calculated using the adsorbent mass M (mg), total 

amount V (mL), solute concentration Co (mg/mL), and equilibrium solute concentration Ce 

(mg/mL) using the following formula: 

Г = (Co-Ce) V /M………… (Eq. 1.1) 

Generally, from the adsorption isotherm, it is possible to observe the adsorption phenomenon 

such as amount of adsorption, monolayer adsorption, interaction between the adsorbates etc. 
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However, unlike gas-phase adsorption, liquid-phase adsorption requires adsorbent-adsorbate 

interaction, the adsorbate-solvent and adsorbent-solvent interactions must also be taken into 

account, making the handling of the system more complicated. 

In general, it is possible to calculate thermodynamic parameters from the adsorption isotherm 

using the Langmuir equation and van't Hoff equation. If the measured value is fitted to the 

Langmuir equation, Ce and Ce/Γ are plotted, and a linear relationship is established, it can be 

said that the Langmuir equation fits, and the maximum adsorption amount Γmax can be 

estimated. Therefore, in order to make easier, research has been conducted to consider the 

adsorption behaviour by calculating thermodynamic parameters (Gibbs free energy change: 

ΔG, entropy change: ΔS, enthalpy change: ΔH) 70. 

Langmuir: Ce/ Γ = Ce/ Γmax + 1/ Γmax KL ………… ….(Eq. 1.2)  

G = −RTlnKL………………………………………..(Eq. 1.3) 

G = H − TS………….............................................(Eq. 1.4) 

lnKL＝S/R − H/RT……………................................(Eq. 1.5) 

The value of the S and H cab be determined based on the plot of lnKL versus 1/T. T is the 

absolute temperature (K) and R is the universal gas constant. Langmuir adsorption constant, 

KL and Γmax is the Langmuir adsorption constant and maximum adsorption amount, respectively. 

If the system is spontaneous, the Gibbs free energy of adsorption becomes negative, and the 

stronger the adsorption, the negative value becomes larger. The adsorption enthalpy allows us 

to consider the magnitude of the direct interaction between polymer/small molecule and the 

carbon material, while the adsorption entropy allows us to consider the contribution of the 

interaction with the solvent.  

Moreover, polymer adsorption kinetics on carbon surfaces is a complex phenomenon 

influenced by polymer characteristics, carbon surface properties, and environmental conditions. 

Polymer adsorption kinetics involves understanding how polymers interact with surfaces, 

specifically focusing on the rate and mechanisms by which polymers adhere to solid substrates 

such as carbon surfaces. Larger surface area and appropriate pore size distribution facilitate 

high adsorption capacities and efficient mass transfer kinetics. Adsorption kinetics of small 

molecule like indole on MC, investigating how indole molecules interact with the porous 

carbon material over time. 
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1.11 Selectivity of indole adsorption 

Bile acids are essential for digestion, absorption, and metabolic regulation in the body, playing 

a crucial role in maintaining overall health and metabolic balance. Dahlgren et al. reported that 

intestinal fluid before and after eating a meal from humans contains many components like 

phospholipids, bile acids as impurities with proteins 71. However, if the adsorption of small 

protein amino acids can be suppressed by finely crafting the pore size, the adsorption of large 

lipids and bile acids can also be suppressed.  

In particular, since it is presumed that hydrophobic amino acids inhibit the adsorption of indole 

to the carbon material due to the hydrophobic interaction of the carbon material. The indole 

adsorption ability of the carbon material is confirmed in the coexistence of hydrophobic amino 

acids (glycine, alanine, leucine, isoleucine, valine, phenylalanine, proline, tryptophan). The 

adsorption ratio is calculated by the following formula using the solute concentration Co 

(mg/mL) and the equilibrium solute concentration Ce (mg/mL). 

Adsorption ratio (%) = (C0 – Ce) / C0 × 100……………..(Eq. 1.6) 

Towards practical application, the goal is to achieve an indole adsorption capacity in an 

aqueous solution containing a mixture of indole and hydrophobic amino acids. 

 

1.12 Overview of the thesis 

This thesis focusing on both a polymeric material like PBI and a small molecule like indole, 

primarily aims to provide insights into different aspects of adsorption onto carbon surfaces, 

contributing to the broader understanding and application of carbon-based materials in various 

fields. The surface modification of carbon materials is an effective method for enhancing the 

properties of carbon-based functional materials, especially via a polymer coating, which is 

advantageous owing to its intactness and simplicity. On the other hand, the removal of uremic 

toxins such as indole using carbon-based adsorbents is essential for preventing the progression 

of chronic kidney disease. This research involves studying the adsorption kinetics, 

thermodynamics, and mechanisms involved in the interaction between these molecules and the 

carbon surface. 

In chapter 2, PBI has been used to modify carbon surfaces, yet its adsorption behavior has not 

been thoroughly studied. The adsorption thermodynamics of PBI adsorption on various types 
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of carbon black with different surface morphologies and chemical compositions were analyzed 

via isotherm measurements. The adsorption behavior was compared to that of the PBI 

monomer, 1,3-bis(1H-benzo[d]imidazol-2-yl)benzene, to clarify the effects of the polymer. 

The surface adsorption of PBI was slower than that of the PBI unit, but PBI exhibited a larger 

adsorption capacity. PBI adsorption was driven by entropy, whereas the PBI unit adsorption 

was driven by enthalpy. The adsorption of PBI was more thermodynamically favourable on 

carbon surfaces with a higher crystallinity (lower oxygenation) owing to the easier detachment 

of solvent molecules from the carbon surface, leading to a higher adsorption constant. 

In chapter 3, MC with a uniform diameter of 3.1 nm was used as an adsorbent for indole in 

aqueous media, and its thermodynamics were studied using the conventional adsorbent AST-

120 as a control. Compared to AST-120, MC shows highly efficient indole adsorption as well 

as remarkable adsorption selectivity for indole in the presence of various amino acids. The 

excellent selectivity of MC can lower the dose of the adsorbent, which may improve the 

treatment strategy for CKD patients. 

In chapter 4, my focus is on the adsorption kinetics of PBI and Indole over carbon materials. 

The adsorption kinetics explored that the adsorption of PBI onto carbon materials is suitable 

for the efficient adsorption where the trend of adsorption capacity and the adsorption rate 

constant was KB > Vulcan > AB. Also, the trend of surface area including micropores and 

mesopores was KB > Vulcan > AB which allow us above explanation where the intraparticle 

diffusion into the porous carbons have a significate role as well. The adsorption of indole on 

MC is faster than that on AST-120, suggesting the particle size and pore structure of MC may 

play a vital role in determining the adsorption rate, and the larger portion of physisorption play 

active role which is relatively quicker. The intraparticle diffusion is a rate- controlling step on 

both PBI and Indole adsorption together with the adsorption reaction. 

In chapter 5, provide a concise summary of results alongside a thoughtful exploration of future 

perspectives which can effectively communicate the significance of the research outcomes and 

inspire further scientific inquiry in the field of adsorption and carbon material applications. 
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 Chapter 2 

Analysis of polybenzimidazole adsorption onto carbon materials  

 

2.1 Introduction 

Surface modification of carbon materials plays a crucial role in tailoring their properties to suit 

specific applications or to alter the surface properties such as wettability and reactivity. This 

modification can improve the functionality of these materials, including the dispersibility in 

solvents, miscibility with host matrices, and biocompatibility in biological materials 1-5. Both 

chemical and physical approaches based on covalent and non-covalent bonding, respectively, 

have been employed for functionalization. Chemical modifications are frequently utilized 

owing to their stability 6-9; however, they can occasionally deteriorate the main characteristics 

of the surfaces, such as the high surface area, electrical conductivity, and mechanical toughness 

10, 11. This is particularly problematic for nanocarbons such as carbon nanotubes and graphene, 

where chemical modifications can dramatically alter the properties owing to the limited number 

of carbon layers, often only a single layer 12. Conversely, a physical modification, typically 

based on the adsorption of small molecules in a solution, can preserve the surface structure 13-

16, offering a significant advantage. However, physical modifications using small molecules 

can cause instability owing to the dynamic adsorption/desorption of molecules from the surface 

17, 18. 

To address this issue, the physical modification method using polymers (polymer coating) has 

been developed  19. Polymer adsorption onto solid surfaces is generally an irreversible process, 

making desorption difficult 20. Thus, polymer coating provides a more stable functionalization 

compared to small molecules. Various polymers, including polybenzimidazole (PBI) 21, 

polyimide 22, 23 and polyvinylpyrrolidone 24, and polyallylamine 25 have been reported as 

coating agents. PBI, known as a super engineering plastic, is frequently used, and PBI-coated 

carbons are utilized as supporting materials for electrocatalysts 26-29. In this application, PBI 

acts as an effective anchoring site for the metal nanoparticle loading, addressing the challenge 

of loading on carbon materials with few anchoring sites, such as highly graphitized carbon (e.g., 

carbon nanotubes) 30, 31. Despite the various applications of polymer-coated carbon materials, 

systematic studies regarding adsorption behaviors including the adsorption kinetics, 

thermodynamics, coverage ratio, and coating thickness remain limited. 
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In this chapter, we investigated the PBI adsorption behaviour onto various types of carbon 

black via adsorption isotherm measurements. Three types of carbon black, including Vulcan, 

Ketjen Black (KB), and Acetylene Black (AB), which have different surface morphologies and 

chemical compositions, were selected to assess the effect of the surface morphology as well as 

the chemical composition of the carbon materials for PBI adsorption. The adsorption 

experiments in the solution were conducted with and without sonication treatment to consider 

the effect of sonication on adsorption. These findings will significantly contribute to the 

analysis of polymer adsorption onto carbon materials, for which existing literature is limited to 

our knowledge. 

 

2.2 Materials and Methods 

2.2.1 Materials used 

✓ N, N-dimethylacetamide (DMAc), Kishida Chemical Co. (Osaka, Japan) 

✓ N-metyl-2-pyrrolidone (NMP), Millipore Sigma (St. Louis, USA) 

✓ Dimethyl sulfoxide (DMSO), FUJIFILM Wako Pure Chemicals Corp (Tokyo, Japan) 

✓ Vulcan XC-72R (Vulcan), Cabot Chemicals Co. (Boston, USA) 

✓ Ketjen black 600JD (KB), Lion Specialty Chemicals Co. (Tokyo, Japan) 

✓ Acetylene black (AB), Denka Co. (Tokyo, Japan) 

✓ Poly[2,2’-m-(phenylene)-5,5’-bibenzimidazole] (polybenzimidazole: PBI), Sato Light 

Industrial Co., Ltd. (Mie, Japan).  

✓ 1,3-bis(1H-benzo[d]imidazol-2-yl)benzene (PBI-unit) was synthesized via 

condensation of isophthalic acid and 1,2-phenylenediamine using polyphosphoric acid 

as a condensation reagent ( from S. Hirata, MS thesis, 2015). 

 

2.2.2 Equipment’s used  

The specific surface area and micropore distribution were determined using the 

Brunauer−Emmett−Teller (BET) and Horvath−Kawazoe (HK) (applying the carbon−N2 

interaction parameter at 77 K) methods, respectively, based on the N2 adsorption isotherm 

measurements (77 K, 1 × 10−8 < P/P0 < 1) using a BELSORP-mini (Microtrac BEL, Japan). 

The dispersion of carbon materials was determined via dynamic light scattering (DLS), which 

was measured using an ELSZ-2 particle size analysis system (Otsuka Electronics, Osaka Japan). 
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Raman spectra were obtained by RAMANtouch (Nano photon, Osaka, Japan) at an excitation 

wavelength of 532 nm using an objective-lens magnification of 20x, diffraction grating of 600 

gr/mm, exposure time of 2 s, and 30 integrations. X-ray photoelectron spectroscopy (XPS) was 

performed using AXIS ULTRADLD (Shimadzu, Kyoto, Japan). AFM (Aligent 5500, Toyo Co., 

Japan) performed for the images. The UV-vis absorption was detected using V670 (JASCO, 

Tokyo, Japan), Oven (Eyela, Tokyo, Japan) and Mechanical shaker (AS-ONE, Osaka, Japan) 

were also used for drying and shaking, respectively. 

 

2.2.3 Time course of adsorption  

Vulcan (1.0 mg) and 0.01 mg/mL PBI solution (10 mL) in DMAc were shaken at intervals of 

10, 30, 60, 120, 180, 240, and 300 min at 200 rpm at 298 K. After removal of the solid using a 

filter membrane with a pore diameter of 0.2 µm (ADVANTEC), the PBI concentration was 

measured via UV-vis spectroscopy. The same procedure was applied for the PBI-unit. The 

overall experimental scheme is summarized in Fig. 2.1. 

 

 

 

Fig. 2.1 Experimental scheme of PBI adsorption onto carbon materials. 

 

2.2.4 Adsorption experiments  

Carbon adsorbents (1 mg) were dispersed in PBI solutions in DMAc (10 mL) with various 

concentrations (0.003, 0.005, 0.007, 0.01, and 0.015 mg mL-1) by sonication for 1 min in a 
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bath-type sonicator (Branson 5510, Branson), and shaking for 180 min in a mechanical shaker 

(Neo Shaker, AS ONE) at 200 rpm. After removing the solid using a filter membrane with a 

pore diameter of 0.2 µm (ADVANTEC), the UV-vis absorption spectra of the obtained filtrate 

were recorded. The concentration of the PBI in the filtrate solution was calculated based on the 

PBI absorption (Fig. 2.1 & Fig. 2.2) at a wavelength of 347 nm; the adsorption capacity of PBI 

(Г [mg mg-1]) on the adsorbates was calculated according to the following equation: 

Г = V (C0 – Ce)/ M………………………….(Eq. 2.1) 

Here, C0 is the initial concentration of PBI (mg mL-1), C is the concentration of PBI after the 

filtration (mg mL-1), V is the volume of the solution (mL), and M is the amount of the Vulcan 

(mg). The same procedure was applied for the other adsorbents (KB and AB). The adsorption 

capacities without sonication were also measured. 

 

 

 

Fig. 2.2 (a) UV absorption spectra at 347nm of PBI/ DMAc (b) Calibration curve of PBI/DMAc. 

 

The Langmuir (Eq. 2.2), Freundlich (Eq. 2.3), and Dubinin-Radushkevich (Eq. 2.4) isotherm 

models were applied for PBI adsorption.  

Langmuir: Ce/ Γ = Ce/ Γmax + 1/ ΓmaxKL ………… …(Eq. 2.2)  

Freundlich:  ln Г = ln Kf + 1/n (ln Ce) ….………… (Eq. 2.3)  



31 
 

Dubinin-Radushkevich: ln Г = ln qm+ βԑ2 ………………(Eq. 2.4)  

Where, Γ (mg mg-1) is equilibrium adsorption amount, Ce (mg mL-1) is equilibrium 

concentration, KL is Langmuir adsorption constant, Kf and n are Freundlich constant which 

indicates the adsorption capacity and adsorption intensity, qm (mg mg-1) is the adsorption 

capacity, β is the activity constant, and ɛ is the Polanyi potential which is expressed by Eq. 2.5. 

ԑ = RT ln(1+1/Ce)…………….(Eq. 2.5) 

 

2.2.5 Adsorption thermodynamics  

To establish the adsorption standard Gibbs free energy (ΔG), adsorption standard entropy (ΔS), 

and adsorption standard enthalpy (ΔH) in the adsorption process, the following equations were 

adopted. 

 ΔG (kJ mol-1) can be calculated using the Eq. 2.6. 

ΔG = -RTlnKL…………………(Eq. 2.6) 

Additionally, Δ S and Δ H were calculated using the van’t Hoff equation. 

ΔG = ΔH -TΔS…………(Eq. 2.7) 

lnKL＝ΔS/R - ΔH/RT……………(Eq. 2.8) 

The value of the ΔS and ΔH were determined based on the plot of lnKL versus 1/T. Here, the 

values of ΔS (J mol-1 K-1) and ΔH (kJ mol-1) were determined based on those of the slope and 

intercept, respectively. T was the absolute temperature (K) and R was the universal gas constant. 

Langmuir adsorption constant, KL was calculated using Eq. 2.2.  

 

2.3 Results and Discussion 

2.3.1 Characterization of the carbon materials 

Prior to the adsorption experiments, the surface properties of the carbons were evaluated to 

determine the differences in Vulcan, KB, and AB). Fig. 2.3 (a-c) presents the N2 adsorption 

isotherm (Figs. 2.3a-2.3c), Brunauer–Joyner–Halenda (BJH) plots (Figs. 2.3d-2.3f) of the 

carbons. According to the IUPAC classification, Vulcan demonstrates a type-II adsorption 

profile without any hysteresis, indicating that the micropores and mesopores are the main 
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component (Fig. 2.3a), whereas KB demonstrates a type-IV adsorption profile with hysteresis 

in the relative pressure range of 0.4 to 0.8, suggesting the presence of a mesopore structure 

(Fig. 2.3b). Regarding AB, the increase of the N2 adsorption at a high relative pressure range 

(P/P0 > 0.8) suggests the enrichment of a large mesopore or micropore (Fig. 2.3c). Based on 

the adsorption profiles, the surface areas of the Vulcan, KB, and AB were calculated to be 206, 

1338, and 59 m2g-1 using the BET method, respectively. The BJH plots demonstrate that both 

Vulcan (Fig. 2.3d) and KB (Fig. 2.3e) consist of micropores (< 2 nm) and mesopores (2 nm ~ 

50 nm), whereas AB only possesses a large mesopore surface (~ 20 nm) (Fig. 2.3f). Their 

compositions were determined by t-plot method, the values of which are listed in Table 2.1. To 

investigate the chemical composition of the carbon materials, X-ray photoelectron 

spectroscopy (XPS) C1s narrow scans and the Raman spectra of the carbons were also analysed. 

Considering the XPS C1s deconvolution (Fig. 2.3g), the C=C, C-C, C=O, C-O compositions 

of Vulcan, KB, and AB are shown in Table 2.1. The total contents of the oxygenated functional 

groups (-C=O and C-O) for KB, Vulcan, and AB were approximately 20%, 10%, 7%, 

respectively; thus, the degree of surface functional groups was in the order of KB > Vulcan > 

AB. The atomic composition C/O ratio follows the similar trend. Fig. 2.3h shows the Raman 

spectra of Vulcan (red line), KB (blue line), and AB (black line). The peaks assigned to the D- 

and G-bands originating from the defect structure of the carbon materials and the in-plane 

expansion and contraction of the six-membered ring structure in the graphite structure were 

observed at approximately 1310 cm-1 and 1560 cm-1, respectively. The G/D ratio, which is 

often used to evaluate the degree of graphitization, was 0.95, 0.94, and 0.70 for Vulcan, AB, 

and KB, respectively, indicating that KB possesses a larger amount of sp3 defects. 
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Fig. 2.3 (a-c) N2 adsorption/desorption isotherms and (d-f) BJH pore size distribution for (a, d) 

Vulcan (b, e) KB, and (c, f) AB. (g) XPS C1s deconvolution and (h) Raman spectra of Vulcan, 

KB, and AB  

 

Table 2.1 Characterization of carbon materials (Vulcan, KB, and AB). 

 

BET 

surface 

(m2 /g) 

Micro 

pores 

(m²/g) 

Macro + 

meso pores 

(m²/g) 

XPS C/O ratio XPS C1s (%) 
Raman 

(G/D) 
C% O% C/O C=C C-C C=O C-O 

Vulcan 206 92 114 98.8 1.2 0.012 68.9 14.3 6.8 3.2 0.95 

KB 1338 639 699 97.1 2.9 0.029 66.0 13.3 9.3 11.4 0.70 

AB 59 8 51 99.2 0.8 0.008 71.1 15.8 1.9 5.6 0.94 
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2.3.2 Adsorption time course 

 

 

 

Fig. 2.4 Time course of PBI adsorption onto Vulcan (black solid), KB (red solid), and AB 

(green solid) at 298 K; the adsorption time course of PBI with sonication (black open) and that 

of the PBI-unit (without sonication) onto Vulcan were also plotted (gray solid).  

 

Adsorption time course experiments were conducted to study the time required to reach 

equilibrium. Fig. 2.4 demonstrates the adsorption time course of the adsorption onto Vulcan 

(black), KB (red), and AB (green) in DMAc measured at 298 K. The amount of PBI adsorbed 

on the carbon surface was calculated based on the change of the concentration of PBI solutions 

before and after the adsorption experiments (see Experimental section), in which the PBI with 

a molecular weight of Mn ~15000 was used. The unit structure of PBI (referred as PBI-unit), 

that is, 1,3-bis(1H-benzo[d]imidazol-2-yl) benzene, was used as the control and tested to clarify 

the effect of the polymeric structure. Compared to the PBI-unit that spontaneously reached 

equilibrium (< 1 h), PBI required more than 60 min to reach the plateau region. A slower 

adsorption kinetics of the polymer compared to that of the small molecules is characteristic to 

polymer adsorption 20, 32.  Displacement of the PBI from a lower to higher molecular weight, 

and/or the slow diffusion process of PBI into the porous surface, may have resulted in the slow 

adsorption. The three carbons (Vulcan, KB, and AB) showed similar profiles at the early stage 

(< 100 min); thus, the slow adsorption may have not originated from the slow diffusion into 

the pore, rather owing to the displacement of the lower molecular weight. 



35 
 

PBI adsorption onto Vulcan was also performed with sonication to consider its effect (open 

circles in Fig. 2.4), demonstrating that PBI adsorption on Vulcan was greater with sonication. 

Dynamic light scattering (DLS) observations revealed that the particle size distribution of the 

Vulcan after sonication was smaller than that without sonication (Fig. 2.5), and for the photos 

of the dispersions, see Fig. 2.6. Therefore, the higher amount of adsorption observed under 

sonication was apparently owing to the increase of the accessible surface area by the 

disassembly of the Vulcan aggregations. The higher adsorption may also be considered to have 

occurred owing to the higher penetration of the PBI into the Vulcan pores; however, the pore 

size distribution of the Vulcan with and without sonication was almost comparable (Fig. 2.7), 

suggesting that the adsorption inside the pore did not change regardless of the sonication 

treatment. 

 

 

Fig. 2.5 Diameter distribution of Vulcan in DMAc (0.01 mg mL
-1

) treated with (black) and 

without (red) sonication at 298 K 

 

 

Fig. 2.6 Dispersion photos of Vulcan in DMAc (a) Shaking (b) Sonication 
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Fig. 2.7 (a) Adsorption-desorption isotherms of N2 for Vulcan/PBI with sonication and 

without sonication treatment (b) Pore distribution of PBI/Vulcan treated with (black) and 

without (red) sonication at 298 K. 

 

2.3.3 Adsorption isotherm of PBI 

 

 

 

Fig. 2.8 Adsorption isotherm of PBI onto (a) Vulcan, (b) KB, and (c) AB with (〇 open 

circle) and without (● solid circle) sonication in DMAc at 298 K. The adsorption isotherm of 

the PBI-unit on Vulcan is also plotted in Fig. (a) (● grey solid circle). 

 

Fig. 2.8 presents the adsorption isotherms of PBI onto Vulcan (Fig. 2.8a), KB (Fig. 2.8b), and 

AB (Fig. 2.8c) in DMAc treated with (dotted lines) and without (solid lines) sonication at 298 

K. The amount of adsorption increases as the concentration of PBI increases. The adsorption 

isotherm clearly suggests that adsorption reached the plateau at extremely low concentration < 
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0.01 mg mL-1, which is characteristics of the polymer adsorption 32. For example, for 1.0 mg 

of Vulcan, only 0.04 mg of PBI was necessary for coating to obtain the maximum adsorption, 

whereas the PBI monomer did not reach the maximum adsorption range at this concentration 

(Fig. 2.8a). Therefore, polymer coating can be considered as a highly efficient method as a 

surface modification technique that does not require an excess amount of coating molecules.  

Based on the adsorption isotherms obtained from the adsorption without sonication, the 

Langmuir (Eq. 2.2), Freundlich (Eq. 2.3), and Dubinin-Radushkevich (Eq. 2.4) isotherm 

models were applied 33, 34. The adsorption of PBI onto carbons was the best fitted to the 

Langmuir isotherm model (R2 > 0.99) (Fig. 2.9 and Table 2.2), similar to the other polymer 

adsorption systems 32. The maximum adsorption (Гmax) and Langmuir constant (KL) were 

calculated based on the Langmuir model (Table 2.3).  

 

Table 2.2 Adsorption constants for the adsorption of PBI onto Vulcan, KB and AB at 298K. 

Carbon 

materials 

Langmuir 
Model 

Freundlich 
Model 

Dubinin-Radushkevich 

(D-R) Model KL R
2 Kf n R

2 β qm R
2 

Vulcan 1642.35 0.99 0.24 2.68 0.91 4.57×10-9 0.07 0.95 
KB 497.94 0.99 0.78 2.46 0.99 5.54×10-9 0.24 0.99 

AB 2866.05 0.99 0.05 7.85 0.81 1.19×10-9 0.03 0.86 

 

 

 

Fig. 2.9 Adsorption isotherm model plot of PBI onto carbon materials (a) Langmuir (b) 

Freundlich (c) Dubinin-Radushkevich (D-R) at 298 K 
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A comparison of the values with and without sonication indicated that both Гmax and KL were 

higher with sonication. The higher Гmax values obtained with sonication indicate the 

dissociation of the aggregation, as discussed in the aforementioned. Meanwhile, the higher KL 

values obtained when sonication was applied indicate that sonication promotes the adsorption 

reaction and that adsorption is an irreversible process. For KL, the values obtained for both with 

and without the sonication conditions provided a similar trend of AB > Vulcan > KB. The 

difference in the surface structure may result in varying adsorption thermodynamics; namely, 

AB demonstrated to be a superior surface for PBI adsorption. On the other hand, regarding 

Гmax, the values were in the order of KB > Vulcan > AB for both with and without sonication. 

The Гmax values demonstrated a similar trend to that of the BET surface area of the carbons 

measured via nitrogen adsorption: KB (1338 m2g-1) > Vulcan (206 m2g-1) > AB (59 m2g-1). 

However, the values did not linearly increase as the surface area increased, indicating that the 

coverage ratio differs based on the carbon type. To evaluate the efficiency of the surface 

adsorption, a specific adsorption (Гsp = Гmax/(BET surface area) was defined. As shown in Table 

2.3, for both conditions with and without sonication, AB demonstrated the highest values (0.51 

and 0.44), whereas KB demonstrated the lowest (0.13 and 0.09), indicating that the coverage 

ratio differs based on the carbon type. The results indicate that a surface with small pores does 

not adsorb PBI most likely owing to the size of the molecules and the difference in the pore 

size distribution resulting in varying Гsp values.  

Compared to the PBI adsorption, both the KL and Γmax values were significantly lower for the 

PBI-unit adsorption. For small molecules, the dynamic adsorption/desorption lower both the 

KL and Γmax values, whereas high KL and Γmax values are possible for polymer adsorption owing 

to the multipoint interaction between the polymer and adsorbent. The result confirms the 

superiority of the coating using polymers rather than small molecules.  

Table 2.3 Maximum adsorption (Гmax), adsorption constant (KL), and specific adsorption (Гsp) 

of PBI adsorption onto carbons with and without (w/o) sonication at 298 K 

adsorbate adsorbent 
Γmax (mg mg-1) KL Гsp 

with w/o with w/o with w/o 

PBI 

Vulcan 4.8×10⁻² 4.0×10⁻² 6.3×10³ 1.64×103 0.23 0.19 

KB 18.0×10⁻² 13.4×10⁻² 4.9×10³ 0.50×103 0.13 0.09 

AB 3.0×10⁻² 2.68×10⁻² 7.9×10³ 2.87×103 0.51 0.44 

PBI-unit Vulcan - 1.37×10⁻² - 4.58×102 - 0.06 
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2.3.4 PBI coating of pores 

As indicated above, the coverage ratio (ϴ) may be different based on the carbon type. To 

assess the value of ϴ, we estimated the theoretical amount of PBI adsorption(Γthe) based on the 

thickness of the PBI coating, density of PBI (1.33 mg cm-3) 11, and BET surface area. To 

measure the PBI thickness, PBI solution (0.01 mg mL-1) was incubated on highly oriented 

pyrolytic graphite (HOPG) as a model substrate of the carbon surface, and atomic force 

microscope (AFM) measurements were obtained. The AFM image of PBI on HOPG (Fig. 

2.10a) clearly demonstrates that the HOPG surface was partially covered by PBI, and the height 

analysis of the PBI layer revealed that the average thickness was 0.52 nm (Fig. 2.10b).  

 

 

 

Fig. 2.10 (a) AFM image of HOPG (left panel) and PBI on HOPG (right panel). (b) Height 

histogram of the PBI thickness. (c) Illustration of PBI coating situation for the calculations of 

Γthe (left side) and Γ’the (right side). (d) List of Γthe, Γ’the, Γmax, and  for PBI adsorption under 

sonication for Vulcan, KB, and AB, where  = Γmax/Γthe or Γmax/Γ’the. 
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The Γthe values were estimated by assuming that all the surfaces were homogeneously coated 

by PBI with a thickness of 0.52 nm. In addition, Γthe values excluding the micropore surface 

adsorption (Γ’the) were also estimated to consider the difficulty of polymer penetration into the 

micropores (Fig. 2.10c). We found that the values of Γmax were even lower than the Γ’the and ϴ 

to Γthe values for Vulcan, KB, and AB by 33%, 26%, and 51%, respectively, and the values of 

ϴ to Γ’the were 60%, 50%, and 57%, respectively (Fig. 2.10d). PBI diffusion into the 

micropores and small mesopores is apparently difficult owing to the size of PBI, and a certain 

amount of the macropore surface remains uncovered. This model sufficiently agreed with our 

previous results, which demonstrated the large decrease in the micropore surface area after PBI 

coating based on the N2 adsorption isotherm, and capping of the micropore entrance by PBI 

was proposed 11. Furthermore, the trend of ϴ (AB > Vulcan > KB) sufficiently agreed with the 

order of KL (AB > Vulcan > KB).  

 

2.3.5 Effect of temperature on the adsorption  

 

 

Fig. 2.11 (Temperature dependent) Adsorption isotherm of PBI for (a) Vulcan, (b) KB, and 

(c) AB in DMAc. Adsorption isotherm of PBI onto Vulcan in (d) NMP and (e) DMSO (f) 
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Fig. 2.11 presents the temperature and solvent dependence isotherms of PBI adsorption onto 

carbons. For PBI adsorption, Γmax increased as the temperature increased, indicating that the 

adsorption is an endothermic process, whereas Γmax decreased as the temperature increased for 

the PBI-unit. This entropy-driven adsorption is characteristic to the adsorption of the polymers 

on the solid surface 35. For Vulcan, at 348 K, Γmax (4.6 × 10-2 mg mg-1) reached the value 

obtained upon sonication treatment at 298 K (4.8 × 10-2 mg mg-1; Table 2.3), indicating that 

the effect of sonication treatment is equivalent to that of a high temperature treatment. 

The KL value of KB was significantly lower than those of the other two types of carbon black 

in the order of Vulcan > AB >> KB. Based on the temperature dependency profiles, the ΔG 

values of each adsorption were calculated using the van't Hoff equations (Δ G = -RTlnKL) and 

were confirmed to be ΔG negative, verifying that adsorption is a spontaneous reaction 36. ΔS 

and ΔH were calculated based on the plot of lnKL versus 1/T (Fig. 2.12) and the thermodynamic 

parameter results were shown in Table 2.4. The positive values of ΔH for PBI adsorption 

suggest that the adsorption process is endothermic. The larger values of |‒TΔS| compared to 

|ΔH| confirm that the adsorption process is dominated by entropic effects rather than enthalpic 

effects. The driving force of the PBI adsorption can be explained by the entropy gain from the 

detachment of the solvated molecules on the carbon surface and PBI, which compensate for 

the entropy loss originating from the PBI adsorption (loss of freedom of the polymer chain). 

The trend in KL (Vulcan > AB >> KB) can be explained by the difference in the interaction 

between the carbon surface and solvent molecules. Regarding the higher oxygenated groups 

for KB, the interaction between the solvent (DMAc) and oxygenated groups on the carbon 

surface may be superior compared to that of Vulcan/DMAc and AB/DMAc, resulting in the 

lower KL values. Therefore, carbon materials with a lower sp3 defect (higher crystalline) are 

superior for PBI adsorption, which was also supported by the result of ϴ (Fig. 2.10d). 

On the other hand, we found that the PBI-unit adsorption is an exothermic (negative ΔH value) 

process, indicating that the interaction between the carbon surface and PBI-unit act as the 

driving force of the adsorption. The ΔH value (─11.7 kJ mol─1) was in the range of physical 

adsorption (─20 to 40 kJ mol─1) 34. The significantly lower KL value compared to the polymer 

adsorption indicates the dynamic adsorption/desorption of the PBI-unit onto the carbon surface.  
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Table 2.4 Thermodynamic parameters of PBI adsorption onto different carbon materials 

Adsorbate Adsorbent Solvent 

KL 

ΔG 

(kJ/mol) ΔH 

(kJ/mol) 

ΔS 

(kJ/mol) 
R2 

Temperature (K) Temperature (K) 

273  298  348  273 298  348 

PBI 

Vulcan 

DMAc 2063 5027 9358 ─17.3 ─21.1 ─26.5 15.4 0.12 0.95 

NMP 2040 2650 2990 ─17.6 ─19.5 ─28.5 38.2 0.19 0.96 

DMSO 
3560 

(298 K) 

3450 

(310 K) 

4530 

(333 K) 

─20.3 

(298 K) 

─21.0 

(310 K) 

─23.3 

(333 K) 
6.35 0.08 0.98 

KB DMAc 407 486 1687 ─13.6 ─15.3 ─21.5 15.5 0.10 0.92 

AB DMAc 1592 2300 9515 ─16.7 ─19.2 ─26.5 19.3 0.13 0.96 

PBI-unit Vulcan DMAc 711 458 284 ─14.9 ─15.2 ─15.6 ─11.7 0.01 0.99 

 

 

Fig. 2.12 Plot of 1/T vs ln KL for Vulcan (red), KB (blue) and AB (green). 

 

The adsorption in a solution is complex owing to balancing between the solute-solvent, solute-

surface, and surface-solvent interactions. To study the effect of solvents for the adsorption 

thermodynamics, the adsorption isotherms were also obtained in NMP and DMSO without 

sonication, the results of which are displayed in Fig. 2.11d and Fig. 2.11e, respectively. In both 

cases, Γmax increased as the temperature increased, demonstrating that the adsorption reaction 

is entropy driven. We found that the KL value of NMP is lower than that of DMAc, but that of 
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DMSO is significantly higher than DMAc (KL: DMSO >> DMAc > NMP). This trend can be 

explained by the difference of the PBI-solvent interaction. To estimate the affinity between the 

solvents and PBI, the solubility parameter (Ra) values were calculated based on the Hansen 

parameters of the PBI and solvents 37, where a smaller Ra value suggests a stronger interaction 

38. The Ra values between PBI and NMP, DMAc, and DMSO were 8.97, 10.7, and 11.6, 

respectively. This trend sufficiently agreed with that of KL (DMSO > DMAc > NMP). Because 

the interaction between DMSO and PBI is weak, the solvated molecules can easily detach 

between DMSO and PBI, indicating that the entropy driven PBI adsorption on the carbon 

surface is superior. The various Ra values may also explain the difference in Γmax. In a solvent 

with a low affinity such as DMSO, PBI may form a globular structure and adsorb on the carbon 

surface with a more packed structure, leading to a higher Γmax for DMSO. 

2.4 Summary of the chapter 2 

The adsorption phenomenon of polybenzimidazole (PBI) in an organic solvent onto different 

carbon materials (Vulcan, KB, and AB) with varying surface morphologies and chemical 

compositions was studied to assess the effects of the pore structure and degree of graphitization. 

The interactions among the polymer-solvent-carbon interface, surface crystallinity, and porous 

morphology played vital roles in the PBI adsorption mechanism and kinetics. Our study clearly 

demonstrated the superiority of the polymer coating compared to the small-molecule coating 

in terms of the coating efficiency and stability. The PBI adsorption on the carbon materials 

followed the Langmuir isotherm model, where carbon black with a higher graphitization 

demonstrated higher KL values and coverage ratios. The temperature-dependent analysis 

revealed that PBI adsorption is an entropy-driven process. Therefore, the higher KL and 

coverage ratio for AB (with its sp2-rich surface) can be explained by the weaker interaction 

between the solvent molecules and graphitized surface, leading to a higher entropy gain upon 

PBI adsorption. A similar scenario applies when different solvents are used. Solvents with 

weaker interactions with PBI (e.g., PBI/DMSO) provide greater KL values, leading to a higher 

entropy gain upon PBI adsorption. The Hansen parameters provided a good indication of the 

adsorption behavior between the polymer and carbon surface. Overall, these findings 

significantly contribute to the understanding of polymer adsorption on carbon materials, which 

is rarely addressed in current literature. 
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Chapter 3 

Selective adsorption of indole onto mesoporous carbon in an aqueous system 

 

3.1 Introduction 

Chronic kidney disease (CKD) is indeed a significant global health issue, affecting millions of people 

worldwide. CKD can result from various factors, including hypertension, diabetes, and 

glomerulonephritis, among others. One of the critical aspects of CKD is the accumulation of uremic 

toxins in the bloodstream due to the kidneys' reduced ability to filter waste products effectively 1, 2. The 

overall function of the renal system (kidney, ureters, and urethra) is to filter human body fluid 

from the renal blood flow, which allows for toxins, metabolic waste products, and excess ions 

to be excreted while maintaining essential substances in the blood. Progression of CKD leads 

to the accumulation of uremic toxins in the circulation and tissues, cardiovascular damage, 

mineral and bone disorders, and muscle wasting and so on 3. Regarding renal failure, indole 

comes from diet induced tryptophan by intestinal bacteria is metabolized to generate harmful 

indoxyl sulfate (IS) or p-cresol sulfate in the liver 4, 5. Dialysis treatment has been applied for 

CKD patients, especially when the CKD stage worsens, such as when the estimated glomerular 

filtration rate (eGFR) is less than 15 mL/min, normally for a kidney function loss of 

approximately 85 to 90%. However, dialysis has some side effects, such as skin or blood 

infection, fatigue, and muscle cramps; occasionally, it is inefficient for strong protein binders, 

like p-cresol, even with large mesoporous exchange membranes 6. Therefore, the removal of 

uremic toxins by adsorbents has been performed using carbon-based materials and zeolites as 

adsorbents to protract the time to start hemodialysis and enhance uremic signs 3, 6-8. As a target 

of uremic toxins, indole, the precursor of IS, has attracted attention because the direct removal 

of IS is difficult owing to its strong protein binding 8, 9. Porous carbon materials such as 

Kremezin (AST-120), Merckmezin, and Mylan have been widely used as carbon-based 

adsorbents because of their high surface area (>2300 m2/g for AST-120), which leads to a high 

adsorption capacity 2, 10. In particular, AST-120 has been the most frequently used and 

extensively studied 2. However, these adsorbents cause loss of appetite and severe constipation 

due to the high daily dose (6–9 g per day 11), together with non-specific capture of essential 

amino acids 5. Therefore, improvements in both the adsorption capacity and selectivity for 

indole adsorption are highly required. The modification of porous carbon materials has been 

investigated to improve the indole adsorption capacity and selectivity in aqueous systems. 
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Mitome et.al. reported a pioneering study in which KOH-activated mesoporous carbon (MC) 

with a uniform pore size (4–7 nm) had a higher capacity and selectivity for indole adsorption 

than AST-120 in a buffer solution and artificial intestinal juice solution, owing to the size 

selectivity of the MC 12. However, they carried out a time-course adsorption study (0–20 min) 

with only a low concentration (0.1 mg/mL) of indole and did not investigate both kinetics and 

thermodynamics. In addition, the adsorption selectivity of amino acids remained unclear. 

In this chapter, we systematically compared the indole adsorption on MC and AST-120, in 

which carbon black (Ketjen black, KB) with a wide pore size range was also used to clarify the 

effect of pore size uniformity. Adsorption isotherms were measured at various concentrations 

(0.05–0.5 mg/mL) at 310 K. In addition, selectivity studies were performed in the presence of 

various amino acids at different concentration ratios [amino acid]/[indole] = 0–24. Although a 

higher indole adsorption capacity was realized at a low concentration (<0.1 mg/mL), the 

excellent selectivity of MC at a high amino acid concentration ratio of [amino acid]/[indole] > 

5 was newly observed. 

 

3.2 Materials and method 

3.2.1 Materials used 

✓ Second fluid for dissolution test (99% H2O, 0.7% KH2PO4 and 0.09% NaOH, pH=6.8), 

Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Indole (special grade), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-tryptophan (99%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-alanine (99%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-isoleucine, Peptide Institute, Inc. (Osaka, Japan). 

✓ L-proline, Peptide Institute, Inc. (Osaka, Japan).   

✓ L-glycine (99%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-leucine (99%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-valine (99%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ L-phenylalanine (special grade), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Triethyl orthoacetate (1st grade), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Hydrogen chloride (HCl), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Formaldehyde solution, Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Ethanol (99.5%), Fujifilm Wako Pure Chemical (Tokyo, Japan). 
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✓ Pluronic (R) F-127, Sigma-Aldrich (Missouri, USA).   

✓ Acetonitrile (HPLC grade), Sigma-Aldrich (Missouri, USA).  

✓ Phenol, Kishida Chemical Co. Ltd. (Osaka, Japan)  

✓ Resorcinol, Tokyo Chemical Industries Co. Ltd. (Tokyo, Japan).  

✓ Ketjen black (KB), Cabot Chemicals Co. Ltd. (Boston, USA) 

✓ AST-120 (Kremezin), Mitsubishi Tanabe Pharma Co. Ltd. (Osaka, Japan).  

 

3.2.2 Equipment’s used 

Small angle X-ray scattering (SAXS) measurements were carried out using NANO-Viewer 

(Rigaku, Tokyo, Japan) using Cu-Kα radiation (40 mV, 30 mA). The samples on a Cu grid 

(NP-C15, Oken Shoji Co., Ltd. Tokyo, Japan) were observed via scanning transmission 

electron microscopy (SEM; SU9000, Hitachi High-Tech, Tokyo, Japan), at an acceleration 

voltage of 30 kV. Raman spectra were obtained using RAMANtouch (Nanophoton, Osaka, 

Japan) at an excitation wavelength of 532 nm using an objective lens magnification (20×), 

diffraction grating (600 gr/mm), exposure time (2 s), and number of integrations (30 times). X-

ray photoelectron spectroscopy (XPS) was performed using AXIS ULTRADLD (Shimadzu, 

Kyoto, Japan). Nitrogen gas adsorption measurements were performed using BELSORP-max 

(Microtrac BEL, Osaka, Japan) at 77 K, where the Brunauer–Joyner–Halenda (BJH), t-plot 

method using non-graphitized carbon black (NGCB) as a standard data and Brunauer–Emmett–

Teller (BET) methods were applied to the adsorption isotherm to calculate the average pore 

diameter, surface area composition and total surface area, respectively. High performance 

liquid chromatography (HPLC) was performed using SCL-10AVP (Shimadzu, Kyoto, Japan) 

with an acetonitrile/water mixture and reversed phase C18 column (Shiseido, Tokyo, Japan) as 

a mobile phase (5 minutes at 20% acetonitrile and 5 minutes at 80% acetonitrile) and column, 

respectively, at a column temperature of 40 °C and a flow rate of 1.0 mL/min (detection 

wavelength: 268 nm). Oven (Eyela, Tokyo, Japan) and Mechanical shaker (AS-ONE, Osaka, 

Japan) were also used for drying and shaking, respectively. UV-vis absorption was detected 

using a V670 spectrophotometer (JASCO, Tokyo, Japan). 

 

3.2.3 Synthesis of mesoporous carbon (MC) 

Fig. 3.1 are shown the procedure of MC preparation. In a mixture of Milli-Q water (4.35 mL), 

ethanol (7.37 mL), and 5 M HCl (0.46 mL), 1.65 g resorcinol was dissolved at room 
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temperature in a 50 mL round bottom flask. Pluronic(R)F-127 (0.95 g) was then added to the 

mixture and stirred for 1 h to obtain a homogeneous solution. Then, 1.25 mL of formaldehyde 

(37 wt. %), and 1.35 mL triethyl orthoacetate were added and stirred for 3 h at 30 °C to prepare 

the precursor solution. The solution was transferred to a PTFE Petri dish and aged for 24 h at 

room temperature to allow the formation of a light-yellow and transparent ethanolic phase. 

After sedimentation of the light-yellow phase, the precursor was heated at 105 °C in an oven 

for 12 h to dry. The carbonization of the dried precursor was carried out in a tubular furnace at 

400 °C (3 h), and then at 800 °C (6 h) under an N2 atmosphere (flow rate: 400 sccm) at a heating 

rate of 1 °C/min. The obtained powder was pulverized for 2 h (200 rpm) using a planetary 

micro mill, Pulverisette 7 (FRITSCH, Germany), and ZrO2 balls with a diameter of 1 cm were 

used to obtain the final MC (0.43 g). 

 

 

Fig. 3.1 Synthesis procedure of mesoporous carbon 

 

3.2.4 Process of adsorption isotherm of indole 

The second fluid for dissolution solutions (10 mL) of indole with different concentrations 

(0.05–0.5 mg/mL) were added to 2.0 mg of MC and, then the mixtures were shaken for 5 h 

(120 rpm) at 310 K to obtain equilibrium. After the removal of the MC using a PTFE syringe 

filter (pore diameter; 0.2 µm, Millipore), UV absorbance at 268 nm (Fig. 3.2) was recorded to 
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calculate the equilibrium solute concentration (Ce: mg/mL). The equilibrium adsorption 

amount (Γ: mg/mg) was calculated by Eq. 5, using the adsorbent mass (M: mg), total amount 

(V: mL), initial concentration (C0: mg/mL), and Ce (mg/mL). The measured values were plotted 

Ce vs. Ce/Γ and fitted based on Langmuir equation, and the maximum adsorption amount per 

monolayer (Γmax: mg/mg) was estimated by Eq. 3.2, where KL was the Langmuir constant 13. 

The adsorption isotherms for tryptophan and phenylalanine were obtained using the same 

procedure. The same procedure was applied to the AST-120, and KB was used as the reference. 

Г = (Co-Ce) V /M………… (Eq. 3.1) 

Ce/ Γ = Ce/ Γmax + 1/ ΓmaxKL……….… (Eq. 3.2) 

  

Fig. 3.2 (a) UV-vis adsorption spectra of indole solutions in phosphate buffer at different 

concentration and (b) calibration curve obtained from the UV-vis spectra. 

 

3.2.5 Competitive adsorption of indole in presence of amino acids 

An amino acids mixture in a second fluid for dissolution test solution containing glycine, 

alanine, leucine, isoleucine, valine, phenylalanine, proline, and tryptophan was mixed with 

indole solutions, to prepare 2.0 mL indole solutions (0.002 mM of indole, 0.54 mg/mL) with 

different amino acid concentrations (0, 1.16, 5.80, 17.4, 27.8 mM of amino acids) (Fig. 3.3a), 

corresponding to [amino acid]/[indole] values of 0, 1, 5, 15, and 24. To these solutions, 1.0 mg 

of MC was added, and the mixtures were shaken in a temperature-controlled shaker at 120 rpm 

under 310 K for 5 h. MC was removed by filtration using a PTFE filter (pore diameter; 0.2 

µm), and the resulting filtrate was subjected to HPLC measurements. The indole concentration 
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was calculated from the area of the peak with a retention time of 6.2 minutes (Fig. 3.4b) based 

on the calibration curve, and the adsorption rate of indole was determined. The adsorption ratio 

was calculated using Eq. 3.3 where C0 (mg/mL) and Ce (mg/mL) are the initial and equilibrium 

indole concentrations, respectively. 

Adsorption ratio (%) = (C0 -Ce / C0) ×100 ……….… (Eq. 3.3) 

  

 

Fig. 3.3 (a) Experimental procedure of indole adsorption in a mixed amino acid (b) HPLC 

profile of the solutions monitored with 268 nm. 
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3.2.6 MD simulation 

Molecular dynamics (MD) simulations were conducted to assess the penetration and adsorption 

of tryptophan and indole into the pores on the surface of carbon materials. The initial structures 

were created and the molecular dynamics (MD) calculations were performed using 

Schrödinger's Maestro [Schrödinger Release 2022-3: Maestro, Schrödinger, Llc, New York, 

Ny, 2021.]. A graphite slab model of A-B stacking was created for eight graphene sheets in a 

6.8 × 6.8 × 10 nm3 calculation cell. The vacuum region in the calculation cell was filled with 

15,000 molecules of water and eight molecules of tryptophan (or indole). In the pre-processing 

stage of MD calculations, the density was relaxed and equilibrium calculations were performed 

using the MD Multistage Workflow built into Maestro. In the production run, NPAT (constant 

normal pressure, surface area and temperature) calculations were performed for 150 ns at 310.0 

K and 1.013 bar. The time step was set to 2 fs, with data recorded at 100 ps intervals. Three 

calculations were conducted under identical conditions, each with a different initial velocity. 

The MD engine employed was Desmond 14, while the force field used was OPLS_2005 15. 

 

3.3 Results and discussion 

 

3.3.1 Structural characterization 

MC was prepared by a soft templating method using resorcinol and amphiphilic surfactant as 

a carbon source and template, respectively (Fig. 3.1) 16-18. In the SEM images of MC (Fig. 3.4a), 

small holes were observed in the MC that originated from the decomposition of the templates 

19, whereas a rough surface with much smaller holes was observed for AST-120 (Fig. 3.4b, for 

lower magnification SEM images, see Fig. 3.5). In contrast, KB was an aggregation of small 

primary particles with a diameter of approximately 50 nm (Fig. 3.4c). The ordered structure 

was characterized using SAXS. The SAXS profiles of MC shown in Fig. 3.4d show an intense 

peak and three weak peaks in the range of 0.2 nm-1 to 2 nm-1, which can be indexed as (110), 

(200), (211), (220) Bragg reflections of the body centered cubic space group (Im¯3m) 20. These 

diffraction peaks reflect the mild regular structure of the pores and similar types of MC patterns 

to those reported by Li et. al 21. The unit cell size was determined as 22.7 nm. Nitrogen gas 

adsorption was measured to characterize the surface morphologies of the carbon materials, for 

which the profiles are shown in Fig. 3.4e. According to the IUPAC classification, MC and KB 

show type-IV adsorption profiles where hysteresis in the relative pressure range of 0.4 to 0.8 
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originates from the mesopore structure, whereas AST-120 shows a type I-b adsorption profile 

with a large micropore structure area. Based on the adsorption profile, surface area was 

calculated using the BET method and it was found that MC, AST-120 and KB had BET surface 

areas of 795, 2150 and 1422 m2/g, respectively. The values for MC 16, 22, AST-120 12 and KB 

23 were very close to the reported values. The pore size distributions obtained using the BJH 

method are plotted in Fig. 3.4f. The pore diameter of MC was approximately 3.1 nm, which 

almost agreed with the SEM observations, whereas no characteristic mesopores were observed 

for AST-120 and KB. For AST-120, it was reported that pores ranging from 0.5 - 400 nm 10, 12  

were formed and a broad range of pores from 0.5 to 50 nm were observed in KB. Based on t-

plot method (Fig. 3.4f), surface area composition of MC, AST-120 and KB were analysed 

(Table 3.1), verifying AST-120 has micropore-enriched structure, while MC and KB possess 

mesopore surface. The pore size distributions in mesopore region were analyzed based on BJH 

method for MC and KB (Fig. 3.4g) 24-26. The pore diameter of MC was approximately 3.1 nm, 

which consistent with the SEM observations, whereas no characteristic mesopores were 

observed for KB. The surface areas of the micropores and mesopores of MC, AST-120, and 

KB are summarized in Table 3.1.  
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Fig. 3.4 SEM images of (a) MC (b) AST-120 (c) KB at the same magnification. Scale bars: 

100 nm (d) SAXS pattern of MC (e) Nitrogen adsorption/desorption isotherm of MC (red), 

AST-120 (green), and KB (black) (f) t-plots of the MC (red), AST-120 (green), and KB 

(black) (g) BJH plots for MC (red) and KB (black) (h) C 1s narrow scan of MC, AST-120, 

and KB; Deconvolution results are also shown (i) Raman spectra of MC (red), AST-120 

(green), and KB (black). 
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Table 3.1. List of nitrogen adsorption results, C1s XPS deconvolution data, and Raman G/D 

ratios for MC, AST-120, and KB 

 

a. Calculated by BET method, where P/P0 = 0.01~0.12, 0.01~0.2 and 0.01~0.25 were used for 

the fitting for MC, AST-120 and KB, respectively. 

b. Calculated by t-plot method 

c. Calculated by BJH method 

 

 

 

Fig. 3.5 SEM images of (a) MC and (b) AST-120 at low magnification. 

 

The chemical compositions of the carbon materials were analyzed using XPS and Raman 

spectroscopy. The C = C, C-C, C-O, and C=O compositions of MC inferred from the XPS C1s 

spectra were 48.9%, 28.9%, 14.8%, and 7.2%, respectively, while the corresponding ratios for 

AST-120 were 47.8%, 26.2%, 12.9%, and 13.1% , and for KB were 66.0%, 13.3%, 11.4%, and 

9.3% (Fig. 3.4h and Table 3.1). Judging from the total content oxygenated functional groups 

(C=O and C-O), three of them contain almost 20%; and we assume a similar chemical 

composition for the carbons. Fig. 3.4i shows the Raman spectra of MC (red line), AST-120 

(a) (b)

Carbon 

materials 

N2 adsorption XPS C1s (%) Raman 

Specific 

surface  

 (m2/g) a 

Micropore 

surface 

 (m2/g) b 

Mesopore 

surface 

(m2/g) b 

 

External 

surface 

 (m2/g) b 

 

Pore 

diameter 

(nm) c 

 

C=C C-C C=O C-O G/D 

MC 795 503 253 39 3.1 48.9 28.9 7.2 14.8 0.9 

AST-120 2150 2101 17 - 47.8 26.2 13.1 12.9 0.6 

KB 1422 818 589 - 66.0 13.3 9.3 11.4 0.7 
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(green line), and KB (black line). The peaks attributed to the D band and G band originating 

from the defect structure of the carbon material and in-plane expansion and contraction of the 

six-membered ring structure in the graphite structure were observed at 1308 cm-1 and 1583 cm-

1, respectively, clearly indicating the formation of the carbonized materials. The G/D ratio, 

which is often used to evaluate the degree of graphitization for MC (G/D = 0.9), was similar to 

those of AST-120 (G/D = 0.6) and KB (G/D = 0.7), supporting the similarity of the surface 

chemical structures of these carbons. 

 

3.3.2 Indole adsorption isotherms 

Adsorption isotherms for indole on MC, AST-120, and KB are shown in Fig. 3.6a. These show 

the relationship between the equilibrium adsorption amount Γ (mg/mg) and the equilibrium 

concentration Ce (mg/mL) per unit mass of the adsorbent at 310 K. The adsorption isotherms 

of tryptophan (Fig. 3.6b) and phenylalanine (Fig. 3.6c) were also obtained to investigate the 

adsorption selectivity. Interestingly, indole adsorption reached a plateau at low concentrations 

for MC (< 0.1 mg/mL), while AST-120 and KB showed a gradual increase upon increasing the 

concentration and greater indole adsorption amount in the high concentration region. Based on 

the categorization by Giles et al., 27, the isotherm profile of MC can be classified as “high 

affinity (Type-H),” while those for AST-120 and KB can be classified as “Langmuir-type 

(Type-L).” To further analyze the adsorption at equilibrium conditions, the isotherm profiles 

were fitted to representative adsorption models, including the Freundlich, Dubinin–

Radushevich (D-R), and Langmuir models (see Fig. 3.7). For MC, the Langmuir model showed 

an R2 value of 0.99, while the Freundlich and D-R models had lower values of 0.94 and 0.98, 

respectively. The same trend was observed for the AST-120 and KB as well. Therefore, indole 

adsorption on carbon materials is a monolayer adsorption on a homogeneous surface, there is 

no interaction between indole molecules, and all adsorption sites have equal energy. 
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Fig. 3.6 Adsorption isotherms of (a) indole, (b) tryptophan, and (c) phenylalanine for MC 

(red), AST-120 (green), and KB (black) measured at 310 K. 

  

 

 

Fig. 3.7 Fitting of indole adsorption onto MC (red), AST-120 (green) and KB (black) in 

phosphate buffer at 310 K for (a) Langmuir model, (b) Freundlich model and (c) Dubinin-

Radushkevich (D-R) model. 

 

The model fitting result facilitates the estimation of the maximum adsorption capacity (Γmax), 

and Langmuir constant (KL) (Table 3.2). Γmax values for MC, AST-120, and KB were 0.319, 

0.575, and 0.445 mg/mg, respectively. Evidently, a carbon material with larger BET surface 

area provides a higher Γmax of indole. This trend does not match the results reported by Mitome 

et al. 12, in which MC showed greater indole adsorption. Our results indicate that the greater 

indole adsorption of MC, in the previous reports 12 was because the adsorption was measured 

only at the initial concentration of 0.1 mg/mL, where MC showed higher adsorption.  
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Table 3.2 Γmax, KL, and specific adsorption of indole, tryptophan and phenylalanine 

calculated based on Langmuir equation for MC, AST-120, and KB. 

  MC AST-120 KB 

Γmax (mg/mg) 

Indole 0.319 0.575 0.445 

Tryptophan 0.015 0.323 0.354 

Phenylalanine 0.027 0.220 0.204 

KL 

Indole 434.40 27.23 13.49 

Tryptophan -10.16 25.66 172.9 

Phenylalanine -47.29 15.98 16.51 

Specific capacity 

(Γmax/surface area) 

Indole 0.401 0.267 0.312 

Tryptophan 0.019 0.150 0.249 

Phenylalanine 0.034 0.102 0.143 

 

 

Moreover, Γmax for MC, AST-120, and KB does not increase linearly with their surface area, 

therefore, the capacity of indole per unit area (Specific capacity) was calculated by dividing 

the Γmax by BET surface area (Table 3.2). As a result, MC had the highest value (0.401) 

compared to AST-120 (0.267) and KB (0.312), indicating that the surface of MC was the most 

efficiently used. The greater adsorption affinity of indole on the MC surface can be attributed 

for the unique shape of the pore size of MC due to bulky molecules diffuse slowly or cannot 

enter to the pore though the surface functional groups could be responsible too for adsorption 

affinity. As observed in the XPS and Raman analyses, these three adsorbents have similar 

compositions of surface functional groups; thus, we considered that the uniformly sized pores 

provided greater affinity for indole, enabling efficient utilization of the surface for adsorption. 

The KL values for MC were more than 10 times higher than those of the others, supporting the 

stronger interaction between MC and indole. Hydrophobic adsorption occurs on hydrophobic 

surfaces (i.e., carbon materials) in aqueous media, and the Van der Waals force, which is 

effective only at short distances, is the dominant interaction for the adsorption; therefore, 

adsorbability increases with decreasing average pore diameter 28, and the narrow pore interior 

of MC enables effective Van der Waals interactions with the indole molecules. 

To investigate the adsorption profiles of the other amino acids using UV–vis absorption, 

tryptophan (Fig. 3.6b) and phenylalanine (Fig. 3.6c) with absorption at 278 and 257 nm, 

respectively, were evaluated. Interestingly, Γmax values of tryptophan and phenylalanine were 

only 0.015 and 0.027 mg/mg for MC, while these were 0.323 and 0.220 mg/mg, and 0.354 and 
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0.204 mg/mg for AST-120 and KB, respectively. Remarkably, the specific capacities of 

tryptophan and phenylalanine for MC were only 0.019 and 0.034, respectively. In contrast, the 

values for AST-120 were 0.150 and 0.102, and those of KB were 0.249 and 0.143, respectively. 

Such low MC values indicated that the pores of the MC did not accommodate tryptophan. The 

different behavior of MC for tryptophan and phenylalanine is likely because of the larger size 

of the molecules compared with that of indole. The selective adsorption of indole onto the 

micropores was reproduced in the MD simulation (Fig. 3.8). In the simulation, indole diffused 

into 2–4 nm size of smaller mesopores, whereas the diffusion of tryptophan was not observed. 

 

 

 

Fig. 3.8 (right panels) MD simulation of indole and tryptophan adsorption into graphite cells 

having pores with 2 nm (upper) and 4 nm (lower). These indicate penetration of indole onto 

pores having 2 and 4 nm, while tryptophan was not observed in these pores. (left panel) 

bird's-eye view of the simulation cell. 
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Fig. 3.9 MD simulation of radius distribution of water hydrated on indole (blue), tryptophan 

(orange) and phenylalanine (gray). Valley at around 7 Å for indole and 9 Å for tryptophan 

and phenylalanine indicate hydrated radius of these molecules. 

 

 

3.3.3 Selective adsorption of indole 

 

Indole adsorption experiments were performed in the presence of various amino acids (glycine, 

alanine, leucine, isoleucine, valine, phenylalanine, proline, and tryptophan). After the 

competitive adsorption of indole in the presence of amino acids on the carbon materials, the 

solutions were subjected to HPLC to estimate the indole concentration. If amino acids are 

adsorbed on the carbon surface, the indole adsorption amount decreases; thus, the ratio of 

[adsorbed indole]/[initial indole amount] (=indole adsorption ratio) decreases. To calculate the 

indole adsorption amount, the indole concentration after competitive adsorption was divided 

by the initial concentration; the values are plotted in Fig. 3.10 as a function of the [amino 

acid]/[indole] ratios. Because 4% of tryptophan in the body is converted to indole, 

corresponding to [tryptophan]/[indole] = 24, the ratios were investigated until [amino 

acid]/[indole] = 24. At [amino acid]/[indole] = 0, AST-120 and KB had higher indole 

adsorption amount because of their higher surface areas, as described. 

  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 10 15 20

g(
r)

r (Å)

indole

Trp

Phe



63 
 

 

 

Fig. 3.10 Indole adsorption rates on MC (red), AST-120, (green), and KB (black) measured 

in a mixed amino acids solution. 

 

Interestingly, the indole adsorption ratio of MC was independent of the amino acid 

concentration, while the amount decreased for AST-120 and KB as the amino acid 

concentration increased. Finally, at [amino acid]/[indole] = 24, MC had a higher adsorption 

ratio (65%) than AST-120 (20%) and KB (23%). The excellent selectivity of MC can be 

attributed to two reasons. For amino acids with larger sizes compared to indoles (~ 0.6 nm), 

such as tryptophan (~ 0.9 nm) and phenylalanine(~ 0.7 nm)  29, 30, both AST-120 and KB have 

high adsorption capacities, as shown in Fig. 3.6, where smaller size of indole hampers the 

adsorption in AST-120 or KB and decreases the indole adsorption amount. MD simulation (Fig. 

3.9) revealed that hydrated molecular size of indole (1.4 nm) is also smaller than that of 

tryptophan (1.8 nm) and phenylalanine (1.8 nm) (Fig. 3.9). In contrast, because MC has an 

extremely low capacity for both tryptophan and phenylalanine owing to the appropriate size of 

the pores where bigger size molecule come forward, the adsorption of indole on MC was not 

inhibited by these molecules. Moreover, amino acids with smaller sizes compared to indole, 

these aliphatic amino acids probably have higher solubility in the buffer solution because of 

the hydrophilicity of the molecules, and therefore, have weaker hydrophobic interactions with 

these adsorbents and may have little effect on adsorption on not only MC but also AST-120 

and KB 31. As a result, the dosage of the indole adsorbent could be reduced by 70%, 
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corresponding to a reduction in the daily ingestion from 6 g/day to 1.76 g/day. Further reduction 

is possible by increasing the surface area of the MC. 

 

3.4 Summary of the chapter 3 

MC with a uniform diameter of 3.1 nm was synthesized, and its indole adsorption behavior 

was investigated. The adsorption behaviors were compared with those of conventional carbon 

adsorbents used for CKD treatment (AST-120) and conventional carbon black (KB), both of 

which have higher surface areas than MC. The adsorption analysis at equilibrium revealed that 

a higher surface area was associated with a larger maximum indole adsorption, as expected; 

however, the adsorption amount per unit surface area (specific adsorption) was independent of 

the surface area. We found that MC had remarkably high specific adsorption. Such efficient 

adsorption on the MC surface may be because of the size fitting of the indole molecule onto 

the pore surface, which enables efficient Van der Waals interactions between the MC pore 

interior surface and the indole. In addition, MC exhibited remarkable indole adsorption 

selectivity (65%) in the presence of various amino acids. The MC pores did not accommodate 

molecules larger than indole, such as tryptophan and phenylalanine, and molecules smaller 

than indole were not adsorbed onto the MC surface because of their hydrophilicity. The present 

results will contribute to the reduction of adsorbent dosage for patients with CKD. 
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Chapter 4 

Kinetics of polybenzimidazole and indole adsorption on carbon materials  

 

4.1 Introduction 

Modification of carbon surfaces by polymer represents a fascinating and promising area of 

research with numerous positive aspects and potential applications 1. Carbon surfaces can be 

modified to possess specific characteristics such as surface area, pore size distribution, and 

functional groups 2. This versatility allows for customizing the adsorption capacity and 

selectivity of polymers based on the desired application. Polymer adsorption kinetics involves 

understanding how polymers interact with surfaces, specifically focusing on the rate and 

mechanisms by which polymers adhere to solid substrates such as carbon surfaces. This process 

is fundamental in various fields including environmental science, materials science, and 

biomedical engineering. Understanding polymer adsorption kinetics on carbon surfaces is 

crucial for optimizing applications in various industries. This makes them advantageous over 

traditional methods due to their ability to achieve desired outcomes more quickly and 

efficiently 3. By studying the factors influencing adsorption and employing appropriate 

experimental and theoretical approaches, researchers can enhance the efficiency and 

effectiveness of polymer-based technologies. However, polymer adsorption kinetics on carbon 

surfaces is a complex phenomenon influenced by polymer characteristics 4, carbon surface 

properties, and environmental conditions. Despite the various applications of polymer-coated 

carbon materials, systematic studies regarding adsorption behaviours including the adsorption 

kinetics remain limited. 

In this chapter, my focus was to investigate the PBI adsorption kinetics onto various types of 

carbon black by adsorption kinetic models. Three types of carbon black, including Vulcan, 

Ketjen Black (KB), and Acetylene Black (AB), which have different surface morphologies and 

chemical compositions, were selected to assess the effect of the surface morphology as well as 

the chemical composition of the carbon materials for PBI adsorption. The unit structure of PBI 

(referred as PBI-monomer), that is, 1,3-bis(1H-benzo[d]imidazol-2-yl) benzene, was used as 

the control and tested to clarify the effect of the polymeric structure. 

Adsorption of indole on mesoporous carbon is an intriguing area of research that combines 

aspects of surface chemistry, material science, and environmental remediation 5. High surface 
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area and pore volume, providing sufficient adsorption sites for molecules like indole. Moreover, 

tunable pore sizes and surface functionalities, which can be tailored for specific adsorption 

applications 6. Larger surface area and appropriate pore size distribution facilitate high 

adsorption capacities and efficient mass transfer kinetics. Higher concentrations of indole in 

solution generally lead to increased adsorption until saturation is reached. Kinetic studies (e.g., 

pseudo-first-order, pseudo-second-order models) provide insights into the rate at which indole 

molecules adsorb onto mesoporous carbon. Mechanistic understanding involves examining the 

role of surface interactions and diffusion within the mesoporous structure. Indole adsorption 

on mesoporous carbon is a complex phenomenon influenced by surface properties, indole 

characteristics, and solution conditions. Understanding these factors is essential for optimizing 

adsorption processes and developing efficient carbon-based materials for environmental and 

industrial applications. In this chapter I also, we systematically compared the kinetics of indole 

adsorption on MC and AST-120, in which carbon black (Ketjen black, KB) with a wide pore 

size range was also used to clarify the effect of pore size uniformity.  

 

4.2 Material and methods 

4.2.1 Materials used 

✓ N, N-dimethylacetamide (DMAc), Kishida Chemical Co. (Osaka, Japan) 

✓ N-metyl-2-pyrrolidone (NMP), Millipore Sigma (St. Louis, USA) 

✓ Dimethyl sulfoxide (DMSO), FUJIFILM Wako Pure Chemicals Corp (Tokyo, Japan) 

✓ Vulcan XC-72R (Vulcan), Cabot Chemicals Co. (Boston, USA) 

✓ Ketjen black 600JD (KB), Lion Specialty Chemicals Co. (Tokyo, Japan) 

✓ Acetylene black (AB), Denka Co. (Tokyo, Japan) 

✓ Poly[2,2’-m-(phenylene)-5,5’-bibenzimidazole] (polybenzimidazole: PBI), Sato Light 

Industrial Co., Ltd. (Mie, Japan). 1,3-bis(1H-benzo[d]imidazol-2-yl)benzene (PBI-

unit) was synthesized via condensation of isophthalic acid and 1,2-phenylenediamine 

using polyphosphoric acid as a condensation reagent. 

✓ AST-120 (Kremezin), Mitsubishi Tanabe Pharma Co. Ltd. (Osaka, Japan).  

✓ Second fluid for dissolution test (99% H2O, 0.7% KH2PO4 and 0.09% NaOH, pH=6.8), 

Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ Indole (special grade), Fujifilm Wako Pure Chemical (Tokyo, Japan). 

✓ The mesoporous carbon (MC) was same as synthesized in chapter 3. 
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4.2.2 Equipment’s used 

The UV-vis absorption was detected using a V670 spectrophotometer (JASCO, Tokyo, Japan). 

Planetary micro mill, Pulverisette 7 (FRITSCH, Germany) and ZrO2 balls with a diameter of 1 

cm. Oven (Eyela, Tokyo, Japan) and Mechanical shaker (AS-ONE, Osaka, Japan) were also 

used for drying and shaking, respectively.  

 

4.2.3 Kinetic experiments and models 

The adsorption kinetics of PBI onto carbon materials (Vulcan, KB, AB) were experimented by 

carbons (1 mg) and 0.01 mg/mL PBI (DMAc) solution (10 mL) in 13.5 mL screw tube. The 

solutions were shaken at the interval of 10, 30, 60, 120, 180, 240 and 300 min at 200 rpm in a 

temperature controlled neo shaker at 298K and the PBI concentration was measured by UV-

Vis (347 nm) for every time interval after filtration. Moreover, to compare the adsorption 

mechanism of PBI with the PBI-unit structure, similar time course was experimented for PBI 

monomer onto Vulcan at 298 K as well. In the operation of adsorption kinetics, solution phase 

to adsorbent surface it is primarily affects the rate of adsorption by the diffusion and mass 

transfer into particles 7. In order to investigate the efficiency of carbons and the mechanism to 

adsorb PBI, pseudo-first-order model, pseudo-second-order model, Elovich model and intra-

particle diffusion model have been considered 8. 

The linear form of pseudo first order- 

ln (Гe – Гt) = ln (Гe) – k1 (t) ………. (Eq. 4.1) 

Where, k1 is the rate constant, Гe and Гt are the amount of adsorption at equilibrium and at 

certain time, t, The values of k1 and Гe were calculated from the plot of ln (Гe – Гt) vs time. 

The linear form of pseudo second order - 

 t/Гt = 1/k2(Гe)
2 + t / Гe …………. (Eq. 4.2)  

Where, k2 is the rate constant, Гe and Гt are the amount of adsorption at equilibrium and at 

certain time t, The values of k2 and Гe were obtained from the plot of t/Гt vs time. 

The linear form of Elovich model - 

 Гt = (1 / β) ln (αβ) + (1 / β) ln (t) ……….. (Eq. 4.3) 
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Where, α and β are the initial rate of adsorption and desorption constant, respectively. The 

values of α and β were got from the plot of  Гt  vs ln (t). 

Weber and Morris intra-particle diffusion model - 

Гt = ki(t)
1/2 + C………… (Eq. 4.4) 

Where, ki and C are the intra-particle diffusion rate constant and the boundary layer thickness, 

respectively. The values of ki and C were calculated from the slope and intercept of Гt vs (t)1/2  

plot. 

For Indole adsorption, 10 mL of indole and second fluid for dissolution test solutions (0.1 

mg/mL) containing 2.0 mg of MC were shaken at 120 rpm (310 K). The solutions were shaken 

at the interval of 2, 4, 6, 10, 30, 60, 120, 180, 240 and 300 min in a temperature controlled neo 

shaker and UV-Vis was used to measure the concentration for every time interval after filtration. 

Similarly, to assess the adsorption kinetics, the data were fitted to pseudo-first-order model (Eq. 

4.1), pseudo-second-order model (Eq. 4.2), Elovich model (Eq. 4.3) and intra-particle diffusion 

model (Eq. 4.4). 

 

4.3 Result and discussions 

4.3.1 PBI adsorption kinetics 

Fig. 4.1 shows the time course of the PBI adsorption onto different Vulcan, KB and AB in 

DMAc measured under shaking at 298 K. The amount of PBI adsorbed on carbon surface was 

calculated based on the change of the concentration of PBI solutions before and after the 

adsorption experiments, in which the PBI having molecular weight of Mn ~15000 was used. 

As a control, 1,3-bis(1H-benzo[d]imidazol-2-yl)benzene, unit structure of PBI (denoted as 

PBI-monomer), was also tested to clarify the effect of polymeric structure. Compared to the 

PBI unit showing the spontaneous reaching to the equilibrium (< 1h), PBI took more than 60 

min to reach plateau region. Slower adsorption kinetics of polymer rather than that of small 

molecules is characteristic to the polymer adsorption. PBI adsorption amount at the equilibrium 

(> 120 min) was in the order of KB > Vulcan > AB. On the other hand, adsorption of PBI-

monomer unit for Vulcan was much lower than that of PBI polymer. 
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Fig. 4.1 Adsorption time course of PBI/Vulcan, PBI/KB, PBI/AB and PBI-monomer/Vulcan 

system in DMAc at 298 K 

 

Fig. 4.2 Kinetic model fitting of (a-c) PBI adsorption on Vulcan, KB and AB (d-e) PBI and 

PBI-monomer adsorption on Vulcan where (a, d) pseudo-first-order model (b, e) pseudo-

second-order model (c, f) Elovich model at 298K 

 

To analyse the PBI adsorption kinetics, time course of the adsorption profile was fitted in the 

following kinetic models pseudo-first order model, the pseudo-second order model, Elovich 
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model (Fig. 4.2). It was found that the profiles were fitted to pseudo-second order model with 

high R2 values (Table 4.1), indicating that the adsorption of PBI onto carbon materials is 

suitable for the efficient adsorption where the trend of adsorption capacity. The fitting 

parameters of Гe and k2 indicating the amount of adsorption at equilibrium under the given 

concentration and the adsorption rate constant, respectively, are in the order of KB (0.075 mg 

mg-1) > Vulcan (0.042 mg mg-1) > AB (0.022 mg mg-1) for both parameters. The trend follows 

the trend of total surface area of the carbon (KB (1338 m2g-1) > Vulcan (206 m2g-1) > AB (59 

m2g-1) from chapter 2). It is quite reasonable that the materials with larger surface area provide 

greater qe values.  However, the Гe value does not linearly increased with the surface area, 

indicating the surface was not evenly adsorbed by PBI. We considered that the PBI does not 

go into mesopore due to the size of the molecules and only outer surface and part of micropore 

surface were used as the adsorption sites. As for the k2 value, the value is also in the order of 

KB > Vulcan > AB, suggesting the faster adsorption of PBI for higher surface area of the 

carbons. On the other hand, when the adsorption kinetics of the PBIs’ unit structure was 

measured, the adsorption capacity, Гe and the adsorption rate constant, k2 both were higher 

onto Vulcan for polymer than the PBI-monomer unit. Faster adsorption of small molecules 

than polymers are general trend for the adsorption onto the solid surface 9. We consider the 

difference is coming from the size of the molecules and smaller molecules are favourable for 

the rapid adsorption. However, when the adsorption amount is compared, polymer has larger 

value than that of unit molecule. This difference indicates the high Гe and adsorption rate of 

polymer, which might be due to the multipoint interactions between adsorbent and adsorbate.  

 

Fig. 4.3 Intra-particle diffusion model (Weber-Morris) plot of (a) PBI on Vulcan (black 

solid), KB (red solid) and AB (green solid) (b) PBI (black solid) and PBI-monomer (red 

solid) on Vulcan at 298 K. 
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We also found that the trend of surface area including micropores and mesopores was KB > 

Vulcan > AB in chapter 2, which allow us above explanation. Such behaviour is characteristic 

to the polymer adsorption onto solid surface 10, 11. Since the pseudo-first order model can 

effectively pronounce adsorption kinetics but they cannot reveal the mechanism. In contrast, it 

is known that the intra-particle diffusion model (Weber-Morris) can predict the importance of 

intra particle diffusion in controlling the adsorption process and good for finding the reaction 

pathways and adsorption mechanisms 8. If the Гt vs. t1/2 graph of intra-particle diffusion model 

gives a straight line passing through the origin, then the diffusion is strictly intra-particle.  

 

Table 4.1 Kinetics Parameter table of PBI adsorption 

Pseudo first order model 

 Гe (mg mg-1) k1 (min-1) R2 

PBI/Vulcan  0.012 3.20 × 10⁻3 0.64 

PBI/KB 0.048 1.23 × 10⁻3 0.89 

PBI/AB 0.025 1.58 × 10⁻3 0.77 

PBI-monomer/Vulcan 0.004 0.93 × 10⁻3 0.33 

Pseudo Second order model 

 Гe (mg mg-1) k2 (mg mg-1 min-1) R2 

PBI/Vulcan  0.042 1.90 × 10⁻3 0.99 

PBI/KB 0.075 2.26 × 10⁻3 0.99 

PBI/AB 0.022 0.17 × 10⁻3 0.99 

PBI-monomer/Vulcan 0.011 0.50 × 10⁻3 0.99 

Elovich model 

 α (mg min-1) β (mg mg-1) R2 

PBI/Vulcan  169.34 × 10⁻2 2.76 × 102 0.86 

PBI/KB 1035.30 × 10⁻2 1.81 × 102 0.98 

PBI/AB 0.51 × 10⁻2 2.87 × 102 0.95 

PBI-monomer/Vulcan 47.8 × 107 31.06 × 102 0.47 

Intra particle diffusion model (Weber-Morris) 

 ki (mg mg-1 min-1/2) C (mg mg-1) R2 

PBI/Vulcan  0.75 × 10⁻3 3.03 × 10⁻2 0.68 

PBI/KB 1.19 × 10⁻3 5.33 × 10⁻2 0.95 

PBI/AB 0.77 × 10⁻3 0.86 × 10⁻2 0.86 

PBI-monomer/Vulcan 0.07 × 10⁻3 0.96 × 10⁻2 0.44 
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To analyze the PBI adsorption mechanism, the time course of the adsorption profile was also 

plotted based on the intra-particle diffusion model (Eq. 4.4), revealing the diffusion process of 

molecules inside the adsorbent. As shown in Fig. 4.3, the plots presented multilinearity, 

indicating that three diffusion steps occurred. The first step was completed within 10 min (not 

fitted by the lines), which may be considered as the external surface adsorption (bulk diffusion). 

In the second step, indicated by the gradual adsorption from 10 to 60 min, the PBI diffused 

from the exterior of the carbons into the pores of the carbons (intra-particle diffusion). The 

third step can be attributed to the final equilibrium stage, in which intra-particle diffusion 

started to decelerate owing to the decrease in the polymer concentration in the solution 3. In the 

third step, only KB demonstrated a gradual increase, whereas both Vulcan and AB remained 

nearly constant. For KB, owing to the high surface area, the concentration of PBI decreased in 

the second step and the impact of the concentration became more pronounced. However, PBI-

monomer and Vulcan system it remains nearly constant even from the beginning due to small 

molecule is easy for external surface adsorption (bulk diffusion) as well as intra-particle 

diffusion. We consider this difference is coming from the size of the molecules and smaller 

molecules are superior for the rapid adsorption. 

 

4.3.2 Indole adsorption kinetics and activation energy 

To investigate the kinetics of indole adsorption on MC, AST-120, and KB and to determine 

the time required to reach adsorption equilibrium, time-course adsorption experiments were 

carried out using 0.1 mg/mL indole solution in the second fluid for dissolution at 310 K (Fig. 

4.4). The adsorption of indole was evaluated from the UV–vis absorption changes of indole at 

268 nm. Indole adsorption spontaneously reached a plateau region for both MC and KB (<10 

min). In contrast, much slower adsorption kinetics were observed for AST-120. The adsorption 

rate is primarily dominated by the particle size 12 and large AST-120 particle (>300 μm). In 

fact, AST-120 crushed by ball milling showed spontaneous adsorption similar to that of MC 

and KB (Fig. 4.5). 
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Fig. 4.4 Time course of indole adsorption on MC (red), AST-120 (green), and KB (black) at 

310 K. 

 

 

Fig. 4.5 Indole adsorption time course adsorption on demolished AST-120 at 310 K. 

 

The profiles were fitted to three conventional linearized kinetic models: the pseudo-first-order 

(PFO) (Eq. 4.1), pseudo-second-order (PSO) (Eq. 4.2), and Elovich models (Eq. 4.3) to analyze 

the adsorption kinetics  13, 14. The profiles were well fitted to the PSO model (Fig. 4.6b), and 

the highest correlation coefficients of R2 = 0.99 were obtained for MC, AST-120, and KB 

(Table 4.2). From the rate constant (k2) values, we found the order is KB > MC > AST-120, 

suggesting the micropores structure in the KB and MC may play a vital role in determining the 

adsorption rate.  
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Fig. 4.6 Fitting of indole adsorption time course behaviour onto MC (red), AST-120 (green) 

and KB (black) in phosphate buffer at 310 K for (a) PFO model (b) PSO model and (c) 

Elovich model. 

 

The rate constant values (k2) in the PSO model allowed us to evaluate the activation energy 

(Ea) for indole adsorption by measuring other temperature conditions (Fig. 4.7 and Fig. 4.8). 

The activation energies (Ea) for indole adsorption on MC and AST-120 were calculated using 

the Arrhenius equation (Eq. 4.5) using k2 15 

ln (k2) = ln (A) – Ea /RT……………..(Eq. 4.5) 

where, A, R, and T are the Arrhenius factor, the gas constant (8.314 J/mol K), and temperature 

(K), respectively. Ea was thus calculated from a plot of ln (k2) versus 1/T. The Ea values were 

19.94 kJ/mol, 27.13 kJ/mol, and 6.59 kJ/mol for MC, AST-120, and KB, respectively, 

confirming that the adsorption is not chemisorption (40–800 kJ/mol) but physisorption (5–40 

kJ/mol) 15, 16 and MC possesses a lower energy for diffusion. Generally, higher activation 

energy arises for bigger molecules must deform or reorient more to fit into smaller pores. MC 

possesses a lower energy for diffusion than AST-120 since indole molecule fitted to the pore 

size of MC. A lot of micropores than MC might be a reason for high activation energy for 

adsorption processes. On the other hand, available surface area for adsorption is closely related 

to pore size. Smaller pores generally have a higher surface area per unit volume, leading to 

more interactions between the adsorbate molecules and the material's surface. We consider that 

the difference of the Ea for MC, AST-120 and KB reflects the difference of indole adsorption 

process (diffusion and adsorption). Because MC, AST-120 and KB have similar surface 

chemical compositions (Table 1), difference of the Ea might reflect the difference of diffusion 
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barrier inside the pore. Ea value of MC (19.94 kJ/mol) was lower than AST-120 (27.13 kJ/mol) 

but higher than KB (6.59 kJ/mol), indicating that the MC has superior pore size distribution for 

indole diffusion compared to AST-120 but the KB offers better pore structure for indole 

diffusion than MC. From the above experiment, we determined the time required to attain 

equilibrium was 120 min. 

 

 

 

Fig. 4.7 Indole adsorption time course onto (a) MC and (b) AST-120 and (c) KB at 298K, 

310 K and 323K 

 

 

 

Fig. 4.8 Arrhenius plots for adsorption of indole on MC, AST-120, and KB at 298 K, 310 K, 

and 323 K. 
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General understanding of the adsorption of small molecules onto porous material surface is 

consist of the four steps 1) transport in the solution phase known as “bulk transport” (quick 

process), 2) diffusion from the bulk solution to the exterior surface through a hydrodynamic 

boundary layer or film so called film diffusion (slow process), 3) diffusions into interior surface 

of the adsorbent particles so called intra-particle diffusion (slow process) and 4) adsorption 

onto the surface (quick process) 17. Therefore, the rate of the adsorption is dominated film 

diffusion and/or intra-particle diffusion. In the gas phase adsorption, it is well known that the 

intra-particle diffusion is the dominant but both film diffusion and intra-particle diffusion is 

affected (mixed diffusion) 18-20. The time course of the adsorption profile of MC, AST-120 and 

KB were also plotted based on the intra-particle diffusion model (Eq. 4.4). Considering the fact 

that the adsorption of indole reached plateau spontaneously on MC, it is clear that both 

diffusions were very fast for MC compared to AST-120. On the other hand, for AST-120, film 

diffusion and/or intra-particle diffusion was much slower. Because both MC and AST-120 has 

similar chemical composition, film diffusion of MC and AST-120 might be similar. Hence, we 

consider that difference of the intra-particle diffusion between MC and AST-120 differs the 

adsorption kinetics. The weber plot (Fig. 4.9) nature indicating that the early stage is the 

diffusion of adsorbate from solution to the MC surface, and the second stage is the slow 

diffusion of adsorbate from the adsorbent surface to the inside pore, called internal diffusion 

process and rate-limiting stage as well. 

 

 

 

Fig. 4.9 Intra-particle diffusion model (Weber-Morris) plot of Indole on KB (black solid), 

MC (red solid) and AST-120 (green solid) 
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Table 4.2 Kinetic parameters of indole adsorption on MC, AST-120 and KB at 310 K 

Pseudo first order model 

 Гe (mgmg-1) k1 (min-1) R2 

AST-120 0.49 1.66 × 10-3 0.56 

MC 0.05 0.89 × 10-3 0.40 

KB 0.22 0.05 × 10-3 0.57 

Pseudo Second order model 

 Гe (mgmg-1) k2 (mgmg-1min-1) R2 

AST-120 0.29 1.04 × 10-2 0.99 

MC 0.28 60.95 × 10-2 0.99 

KB 0.22 154.19 × 10-2 0.99 

Elovich model 

 α (mgmin-1) β (mgmg-1) R2 

AST-120 4.34 × 10-2 17.70 0.92 

MC 1.74 × 1029 280.18 0.73 

KB 1.64 × 1097 1072.07 0.82 

Intra particle diffusion model (Weber-Morris) 

 ki (mgmg-1min-1) C (mgmg-1) R2 

AST-120 15.59 × 10-3 5.80 × 10-2 0.74 

MC 0.94 × 10-3 26.54 × 10-2 0.53 

KB 0.27 × 10-3 21.64 × 10-2 0.73 

 

From the Table 4.2, we got the higher C value for MC than AST-120, which is an arbitrary 

constant representing the boundary layer thickness of adsorbent. Basically, when C values is 

equal to zero the diffusion process thought to be intra-particle or, by other words if 

the Гt vs. t1/2 graph gives a straight line passing through the origin, then the diffusion is strictly 

intra-particle. Subsequently the adsorbent particles are homogenously mixed through the 

solution and surrounded by boundary layer. So, the outcome effect is due to boundary layer 

struggle and it decreases due to higher speed of agitation 21. The higher C value results also 

recommend that the multistep mechanism instead of strict intra-particle. Consequently, the 

movement of the adsorbate falls and the desorption process arises, and the adsorption and 

desorption jointly force to reach equilibrium. 
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4.4 Summary of the chapter 4 

In conclusion, we have studied the adsorption kinetics of PBI and Indole onto different carbon 

materials to come forward the reaction pathway and the possible mechanism behind it. The PBI 

adsorption kinetics indicating that the adsorption of PBI onto carbon materials is suitable for 

the efficient adsorption where the trend of adsorption capacity, qe and the adsorption rate 

constant, k2 was KB > Vulcan > AB. The qe and k2 values showed obvious difference and KB 

showed greatest values among three, suggesting that faster adsorption of PBI onto KB. We also 

found that the trend of surface area including micropores and mesopores was KB > Vulcan > 

AB which allow us above explanation where the intraparticle diffusion into the porous carbons 

have a significate role as well. PBI-monomer adsorption is quite low due to availability of 

adsorption-desorption, since the size of the molecules is much smaller than that of PBI. The 

difference is coming from the size of the molecules and smaller molecules are superior for the 

rapid adsorption. For, indole adsorption kinetics indole was spontaneously adsorbed on MC 

(<10 min) because of the small particle size, while it took more than 50 min to reach 

equilibrium for AST-120. The adsorption of indole on MC is faster than that on AST-120, 

suggesting the size and pore of MC may play a vital role in determining the adsorption rate 

while demolished AST-120 similar to MC, and the larger portion of physisorption play active 

role which is relatively quicker. The adsorption of Indole onto MC and AST-120 as well was 

mainly physisorption confirmed be activation energy. Similarly, the pseudo-second-order 

model was the best fitted model for Indole adsorption and the micropores may play an energetic 

role in defining the adsorption rate than AST-120. The intraparticle diffusion is a rate- 

controlling step in the adsorption of Indole together with the adsorption reaction. 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemistry/physisorption


82 
 

4.5 References 

(1) Khodabakhshi, S.; Fulvio, P. F.; Andreoli, E. Carbon black reborn: Structure and chemistry 

for renewable energy harnessing. Carbon, 2020, 162, 604-649. 

(2) Jariwala, D. H.; Patel, D.; Wairkar, S. Surface functionalization of nanodiamonds for 

biomedical applications. Mater. Sci. Eng.: C, 2020, 113, 110996. 

(3) Wang, W.; Zheng, B.; Deng, Z.; Feng, Z.; Fu, L. Kinetics and equilibriums for adsorption 

of poly(vinyl alcohol) from aqueous solution onto natural bentonite. Chem. Eng. J., 2013, 214, 

343-354.  

(4) Fleer, G. J. Adsorption of polymers. In Reagents in Mineral Technology, Routledge, 2018, 

105-158. 

(5) Sakintuna, B.; Yürüm, Y. Templated Porous Carbons:  A Review Article. Ind. & Eng. Chem. 

Res., 2005, 44 (9), 2893-2902. 

(6) Inagaki, M.; Toyoda, M.; Soneda, Y.; Tsujimura, S.; Morishita, T. Templated mesoporous 

carbons: Synthesis and applications. Carbon, 2016, 107, 448-473. 

(7) Mezenner, N. Y.; Bensmaili, A. Kinetics and thermodynamic study of phosphate adsorption 

on iron hydroxide-eggshell waste. Chem. Eng. J., 2009, 147 (2), 87-96. 

(8) Tran, H. N.; You, S.-J.; Hosseini-Bandegharaei, A.; Chao, H.-P. Mistakes and 

inconsistencies regarding adsorption of contaminants from aqueous solutions: A critical review. 

Water Res., 2017, 120, 88-116. 

(9) Parfitt, G. D.; Rochester, C. H. Adsorption from Solution at the Solid/liquid Interface; 

Academic Press, 1983. 

(10) Valderrama, C.; Cortina, J. L.; Farran, A.; Gamisans, X.; Lao, C. Kinetics of sorption of 

polyaromatic hydrocarbons onto granular activated carbon and Macronet hyper-cross-linked 

polymers (MN200). J. Colloid Interface Sci., 2007, 310 (1), 35-46. 

(11) Khedri, D.; Hassani, A. H.; Moniri, E.; Ahmad Panahi, H.; Khaleghian, M. Efficient 

removal of phenolic contaminants from wastewater samples using functionalized graphene 

oxide with thermo-sensitive polymer: Adsorption isotherms, kinetics, and thermodynamics 

studies. Surf. and Interf., 2022, 35, 102439. 

(12) Boyd, G. E.; Adamson, A. W.; Myers, L. S., Jr. The Exchange Adsorption of Ions from 

Aqueous Solutions by Organic Zeolites. II. Kinetics1. J. Am. Chem. Soc., 1947, 69 (11), 2836-

2848.  

(13) Wang, J.; Guo, X. Adsorption kinetic models: Physical meanings, applications, and 

solving methods. J. Hazard. Mater., 2020, 390, 122156. 



83 
 

(14) Magdy, Y. H.; Altaher, H. Kinetic analysis of the adsorption of dyes from high strength 

wastewater on cement kiln dust. J. Environ. Chem. Eng., 2018, 6 (1), 834-841. 

(15) Karunanithi, R.; Ok, Y. S.; Dharmarajan, R.; Ahmad, M.; Seshadri, B.; Bolan, N.; Naidu, 

R. Sorption, kinetics and thermodynamics of phosphate sorption onto soybean stover derived 

biochar. Environ. Tech. & Innov., 2017, 8, 113-125. 

(16) Devi, B.; Baruah, N. P.; Bharadwaj, A.; Devi, A. Adsorptive removal of fluoride ions from 

aqueous solution using activated carbon supported tetrametallic oxide system. Chem. Eng. Res. 

Des., 2023, 197, 380-391.  

(17) Weber, W. J.; Smith, E. H. Simulation and design models for adsorption processes. 

Environmental Science & Technology 1987, 21 (11), 1040-1050. DOI: 10.1021/es00164a002. 

(18) Fierro, V.; Torné-Fernández, V.; Montané, D.; Celzard, A. Adsorption of phenol onto 

activated carbons having different textural and surface properties. Micro. Meso. Mater., 2008, 

111 (1), 276-284.  

(19) Allen, S. J.; McKay, G.; Khader, K. Y. H. Intraparticle diffusion of a basic dye during 

adsorption onto sphagnum peat. Environ. Pollut., 1989, 56 (1), 39-50. 

(20) Bizi, M. Sulfamethoxazole Removal from Drinking Water by Activated Carbon: Kinetics 

and Diffusion Process. Molecules, 2020, 25, 4656. 

(21) McKay, G.; Otterburn, M. S.; Aga, J. A. Fuller's earth and fired clay as adsorbents for 

dyestuffs. Water, Air, Soil. Pollut., 1985, 24 (3), 307-322.  



84 
 

Chapter 5 

Conclusions and perspectives 

5.1 Conclusions 

Porous carbon materials play a critical role in modern materials science and technology due to 

their ability to tailor properties such as pore structure, surface chemistry, wettability, and 

reactivity. These materials continue to drive innovation across diverse sectors, offering 

solutions to challenges in energy storage, environmental sustainability, and biomedical 

applications. Throughout the thesis, the aim was to see the adsorption phenomenon of polymer 

and small molecule onto various types of carbons using adsorption isotherm measurements. 

In chapter 2, three carbon types Vulcan, KB, and AB, which have different surface 

morphologies and chemical compositions, were selected to judge the effect of the surface 

morphology as well as the chemical composition of the carbon materials for PBI adsorption. 

The interactions among the polymer-solvent-carbon interface, surface crystallinity, and porous 

morphology played vital roles in the PBI adsorption mechanism and kinetics. The temperature-

dependent analysis revealed that PBI adsorption is an entropy-driven process. The higher KL 

and coverage ratio for AB (with its sp2-rich surface) can be explained by the weaker interaction 

between the solvent molecules and graphitized surface, and solvents with weaker interactions 

with PBI (e.g., PBI/DMSO) leading to a higher entropy gain upon PBI adsorption. These 

findings will significantly contribute to the analysis of polymer adsorption onto carbon 

materials, for which existing literature is limited to our knowledge. 

 

Fig. 5.1 Overview of PBI adsorption onto carbon materials  
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In chapter 3, the indole adsorption by adsorption isotherm on MC, AST-120 and carbon black 

(Ketjen black, KB) with a wide pore size range was used to clarify the effect of pore size 

uniformity. Selectivity studies were performed in the presence of various amino acids at 

different concentration ratios [amino acid]/[indole] = 0–24. Although a higher indole 

adsorption capacity was realized at a low concentration (<0.1 mg/mL), the admirable 

selectivity of MC at a high amino acid concentration ratio of [amino acid]/[indole] > 5 was 

newly observed. 

In chapter 4, the adsorption kinetics of PBI and Indole over carbon materials has been explored 

where the trend of adsorption capacity, qe and the adsorption rate constant, k2 was KB > Vulcan 

> AB. The adsorption of indole on MC is quicker than that on AST-120, suggesting the pore 

structure and the particle size of MC may play a vital role in determining the adsorption rate, 

and the larger portion of physisorption play active role which is relatively quicker. The 

intraparticle diffusion is a rate- controlling step on indole adsorption together with the 

adsorption reaction. Indole adsorption spontaneously reached a plateau region for both MC and 

KB (<10 min). In contrast, much slower adsorption kinetics were observed for AST-120. The 

adsorption rate is primarily dominated by the particle size and large AST-120 particle. 

Overall, the study reveals that adsorption of PBI was more thermodynamically favorable on 

carbon surfaces with a higher crystallinity (lower oxygenation) owing to the easier detachment 

of solvent molecules from the carbon surface, leading to a higher adsorption constant. The 

outstanding selectivity of MC can lower the dose of the adsorbent, which may improve the 

treatment strategy for CKD patients. 

 

5.2 Future perspectives 

The adsorption of molecules onto carbon surfaces can present several challenges and 

complexities due to the nature of both the molecules and the carbon adsorbent.  

Basically, polymers are large molecules with varying molecular weights and chain lengths. 

Adsorbing such large molecules onto carbon surfaces can be challenging due to steric 

hindrance and the need for sufficient surface area. Polymers can adopt different conformations 

in solution, including extended and coiled forms. Adsorption onto carbon surfaces may be 

influenced by the ability of the polymer to maintain its conformation upon adsorption, affecting 

the surface coverage and interaction strength.  
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Polystyrene (PS) is a long solid glassy homopolymer with phenyl groups and it has short-range 

van der Waals interactions, thousands of atoms as well as high stiffness and amorphous non-

crystalline structure. Due to PS different molecular weight availability and cost, it is good 

opportunity to study by PS and CB to investigate the porous surface effect. Polystyrene is a 

versatile polymer widely used in everyday products and industrial applications due to its ease 

of processing, mechanical properties, and affordability. While it offers valuable benefits in 

packaging, construction, and medical fields, ongoing efforts are focused on improving its 

recyclability and reducing its environmental impact. Understanding the properties and 

applications of polystyrene helps in appreciating its role in modern materials science and 

industry. However, the solubility of PS in organic solvent for adsorption studies can impact 

adsorption behavior and it is difficult to choose.  

 

 

 

Fig. 5.2 Approach of PS wrapping onto carbon black  

 

If the coating state of PS can be elucidated, it will be possible to know how strong it is adsorbed 

to the carbon material. So, it is possible in future to clarify the superiority of PS to adsorption 

to carbon materials compared to various molecular weight PS as well as other polymers.  

Moreover, regarding indole adsorption, in the soft template method, an amphiphilic block 

copolymer serving as a template is mixed with a molecule serving as a carbon source to form 

an ordered nanostructure, and this nanostructure is carbonized to obtain ordered mesoporous 

carbon. In the time of MC preparation it is possible direct control of structure and morphology 

by changing template like Poly(ethylene glycol)-block-poly(propylene glycol)-block-



87 
 

poly(ethylene glycol) (P123) or Synperonic (R)F68, triblock copolymer of poly(ethylene 

oxide) and poly(propylene oxide) instead of Pluronic(R)F-127. Although a higher indole 

adsorption capacity was realized at a low concentration (<0.1 mg/mL), the excellent selectivity 

of MC at a high amino acid concentration ratio of [amino acid]/[indole] > 5 was newly observed.  

However, the medicinal profile of MC including its pharmacological properties, therapeutic 

uses, dosage forms, pharmacokinetics (absorption, distribution, metabolism, and excretion), 

and potential side effects as a CKD patients’ drug have not been studied since it is obvious. In 

future, it is possible to check the medicinal profile provides healthcare professionals and 

patients with essential information to ensure safe and effective use of medications.  
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