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Abstract 

With the rapid increase industrialization in many countries, the pollution load on the 

environment is increasing. Radioactive cesium is of serious social and environment concern 

as it can be easily dissolved in water and has a high fission yield, long half-life (T1/2 = 30.17 

years). Although many research groups have made important contributions to search the 

high-efficiency sorbent for Cs+ ions, and the mechanisms of Cs+ adsorption are proposed, the 

detailed adsorption mechanisms still remain unclear. To search a high-efficiency adsorbent to 

remediate Cs+ ions from contaminated water is an issue that needs to be addressed urgently. 

Therefore, an accurate and detail mechanism is required and calls for contribution to 

understand the adsorption process in order to facilitate the development of more efficient 

adsorbent. Among the traditional methods for the elimination of radioactive nuclides, such as 

precipitation, adsorption, ion exchange, and membrane filtration, adsorption has been 

suggested to be a promising technology for the treatment of wastewater with trace levels of 

radioactive nuclide ions for its simplicity, low cost and efficiency, although the success of the 

adsorption process is dependent on the choice of the appropriate material. 

Plasma treatment is a useful means of surface modification, since it is solvent-free, 

time-efficient, versatile, and eco-friendly. The plasma-induced method can provide a wide 

range of different functional groups depending on the grafting material and the plasma 

discharge parameters, such as power, gas species, reaction time, and operating pressure. 

However, to the authors’ knowledge, only a few studies regarding the modification of 

bentonite by plasma treatment have been reported. With these in mind, we herein designed a 

series of bentonite- and carbon nanotube-based materials by plasma modification to 

understand the detail of Cs+ adsorption mechanisms.  

In this thesis, Chapter 1 presents the introduction of radioactive wastewater, including the 

fundamentals of radioactive wasterwater, the traditional treatments, an overview of the serious 

Fukushima Daiichi Nuclear Disaster and the fission and decay of radioactive cesium. The 

motivation and objectives of this thesis are also given in this chapter.  
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Chapter 2 introduces the principles of adsorption process, the application of adsorption in 

wastewater management and the influence factors for a successful adsorption separation 

process. The Langmuir isotherm and Freundlich isotherms, which are helpful to understand 

the adsorption mechanism, are also described in this chapter.  

Chapter 3 describes the theory of plasma surface modification, and a briefly introduce 

about the plasma-induced grafting method. The plasma-induced method is considered to be a 

good way to enhance the chemical functionality of material. Several examples about the 

plasma science in space science and astrophysics are also listed in this chapter. 

Chapter 4 provides the method to solve the question that “How important are the cation 

exchange and the hydroxyl exchange mechanisms to Cs+ adsorption?” to study the detailed 

adsorption mechanisms of Cs+. We have proved that the cation-exchange mechanism is much 

more effective than the hydroxyl group exchange. We cannot improve the Cs+ adsorption 

capacity of material for Cs+ only by increasing the amount of hydroxyl groups in any case.  

Chapter 5 shows the study about designing a novel adsorbent with good magnetic 

properties, low turbidity, and high stability in aqueous solution as well as a significant 

adsorption capacity for Cs+ ions. We found that the adsorption of Cs+ by chitosan grafted 

magnetic bentonite was dependent on both pH and ionic strength. In the presence of Mg2+, 

K+, Li+, and Na+ ions, the Cs+ exchange is constrained in the order of Li+ ≈ Mg
2+ < Na+ < K+, 

primarily as a result of the hydrated radii and hydration energies of these cations in aqueous 

solution.  

Finally Chapter 6 is the summary and the conclusion of this work. The key points provided 

by this thesis are given in this chapter.  
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CHAPTER 1 Radioactive Wastewater 

This chapter deals with a little introduction about the problems of radioactive 

wastewater, the treatment methods, the main research conents, as well as the 

motivation of this work.  

1.1 What is radioactive wastewater? 

 

Fig.1.1 Diagram of the nuclear fuel cycle, showing the various options: once-through; 

conventional closed cycle; advanced closed cycle with partitioning and transmutation. 

Resultant high-level waste streams are also indicated. 

Rapid increased in industrial development has led to the generation of large 

quantities of polluted industrial and municipal wastewaters. Wastewater, also written 

as waste water, is any water that has changed its natural characteristics and has been 

adversely affected in quality by anthropogenic influence.1, 2 Wastewater can originate 

from a combination of domestic, industrial, commericial or agricultural activities, 

surface runoff or stormwater, and from sewer inflow or infiltration.3, 4, 5 Nature water 
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is not normally reactive, but when adding some radioactive wastes such as 137Cs, 235U, 

etc., it produces highly reactive species, which cause nuclear radiation exposure. This 

kind of wastewater, which can affect human health and environment, also named 

radioactive wastewater.2, 6 

Table 1.1 Socurces of radioactive wastewater.8 

Source Typical radioisotopes Characteristics 

Nuclear research 
centers 

Might include relatively 
long lived, mixed with 
short lived 

Generally uniform batches with 
nearly neutral pH from 
regeneration of ion exchange 
resins 

Radioisotopes Lab. 
production 

Wide variety depending 
upon production and 
purity of targets 

Small volumes of high specific 
activity and high chemical 
concentrations 

Radio-labeling and 
radiopharmaceuticals 

14C, 3H, 32P, 35S, 125I 
Larger volume of low specific 
activity and small volume of 
predictable chemical composition 

Medical diagnosis 
and treatment 

99Tcm, 131I, 85Sr 
Large volumes of urine from 
patients and small volumes from 
preparation and treatment 

Scientific research 
Variable with short and 
long lived radioisotopes 

Extremely variable 

Industrial and pilot 
plants 

Depends upon 
application 

Volumes could be large and 
chemical composition underfined 

Laundy and 
decontamination 

Wide variety likely 
Large volumes with low specific 
activity but containing complexing 
agents 

Radioactive wastewater, which is generally believed to contain fission products, is 

any water systems that are either contaminated by radioactivity or radioactive itself, 

for which no further use.9 Radioactive wastewater is usally generated during nuclear 

fuel cycle operation, production and other applications of nuclear fission or 

radioisotope, such as industry, agriculture, research and medicine, as well as a 

byproduct of natural resource exploitation, which includes mining and processing of 

ores, combustion of fossil fuels, or production of natural gas and oil.8 Fig.1.1 shows 
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the diagram of the nuclear fuel cycle. The sources of radioactive wastewater are listed 

in Table 1.  

1.2 Nuclear radiation and health effects 

Radioactive wastewater is hazardous to most forms of life and the environment, 

and is regulated by government agencies in order to produce human health and the 

environment.10, 11 The radioactive wastewater can be easily into the environment 

during the leaks of nuclear reactor, such as those that occurred at Chernobyl12, 13, 14, 15 

in 1986, at Three Mile Island16, 17, 18 in Pennsylvania in 1979, and at Fukushima, 

Japan in 201119, 20, 21. These serious accidents have been received the attention about 

fission products that could make their way into the food chain when present in the 

natural environment22. The diagram of the radioactive waste spread into the 

environment is illustrated in Fig. 1.2. 

 

Fig.1.2 The diagram of the radioactive waste spread into the environment. 

The radioactive wastewater could give rise to significant radiation exposure and do 

great harm to all the surrounding creatures and human beings. A chart released by the 

Japanese ministry of culture, sports, science and technology explaining the levels of 
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radiation that humans are explored to in daily life,23, 24 see Fig. 1.3. Nuclear radiation 

arises from hundreds of different kinds of unstable atoms such as 131I, 137Cs, 90Sr, 

239Pu, and 242Am, which are mainly created in nuclear reactions.25, 26 The radioactive 

nuclides could make their way to the food chain through the radioactive wastewater 

and consequently into human tissues. As these radioactive nuclides decays, or breaks 

down, ionizing radiation released into the environment can directly damage living 

tissues that is exposed to it. Expecially the nuclear radiation can cause mutations to 

DNA to become cancerous cells.27 Prevously researches showed that lung, kidney 

and bones could receive the highest dose of radioactive uranium. Radiation poisoning 

or radiation sickness is a form of damage to organ tissue caused by excessive 

exposure to ionizing radiation.28, 29  

 

Fig.1.3 Radiation exposure in daily life. 

1.3 High-level waste 

In the nuclear power process, radioactive wastewater usually contains most of the 

radioactivity from the reprocessing of spent nuclear fuel, including liquid waster 

produced directly in reprocessing and any solid material derived from such liquid 
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waste that contains fission products in sufficient concentrations. This high level 

radioactive wastewater is defined as high-level liquid waste (HLW).29, 30, 31 The 

chemical composites of typical high level liquid waste and its characteristics are list 

in Table 1.2. High-level waste is the type of nuclear waste with higest activity, which 

contains over 95% of the total fission products and transuranic elements generated in 

the reactor core.32 Therefore, once accidentally nuclear leak occurred and released to 

the ground and sea, it must be a serious environmental crisis. 

Table 1.2 Composites of typical high level liquid waste. 

Composites 
Concentration 

(mol/L) 
Composites 

Concentration 
(mol/L) 

H+ 2.0 

 
Corrosion 
products 

Fe 0.054 

NO3
- 3.6 Cr 0.0096 

Fission 
products 

IA(Rb,Cs) 0.040 Ni 0.0034 

IIA(Sr,Ba) 0.040 Total 0.067 

III(Lanthanide) 0.148 PO4
3- 0.042 

Zr 0.074 

Actinides 

U 0.053 

Mo 0.017 Np 0.003 

Tc 0.085 Pu 0.002 

VIIIA(Ru, Rh, Pd) 0.0078 Am 0.009 

others 0.0042 Cm 0.003 

total 0.416 Total 0.070 

1.4 Wastewater management 

To ensure the protection of human health and the environment from the hazard of 

these high level wastes, a planned integrated radioactive waste management practice 

should be applied. Therefore, their safe management has received considerable 

attention worldwide.  
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Fig.1.4 The basic steps of radioactive waste management. 

Once accidentally nuclear leak occurred, radioactive waste will undergo some of 

the following stages depending on the type of waste and the strategy for its 

management.26, 30, 33, 34, 35 The initial step is pretreatment, which involves collection, 

segregation, chemical adjustment and decontamination and may also include a period 

of interim storage, with the aim to segregate waste into stream to isolate 

non-radioactive wastes or those materials that can be recycled.32 The second step is 

treatment. Typical treatment operations for the radioactive nuclides include 

sorption/ion exchange, chemical precipitation, evaporation, reverse osmosis, filtration 

and solvent extraction. The main features and limitation of these treatment processes 

are shown in Table 1.3. The third one is conditioning which involves transforming 

radioactive waste into a form that is suitable for handing, transportation, storage and 

disposal. This might also involve immobilization of radioactive waste, placing waste 

into containers or providing additional packaging. The following steps contain 

storage of radioactive waste to isolate it to help protect the environment, retrieval the 

waste package from storage, and disposal. These basic steps in radioactive waste 

management are shown in Fig. 1.4. 
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Table 1.3. Features and limitation of different aqueous liquid treatment optioins.8 

Technology Features Limitations 

Precipitation 

Suitable for large volumes and 
high salt content waste 

Easy non-expensive operations 

Low decontamination factor 

Efficiency depends on 
solid-liquid separation step 

Sorption/ 
Ion-exchange 

Good chemical, thermal and 
radiation stability 

Large choice of products 
ensuring high selectivity 

Affected by high salt content 

Blockage problems 

Regeneration and recycling 
often difficult employed 

Evaporation 

High econtamination factor 

Well established technology 

High volume reduction factor 

Suitable for a variety of 
radionuclides 

Process limitations (scaling, 
foaming, corrosion, volatility of 
certain radionuclides) 

High operation and capital costs 

Reverse 
osmoses 

Removes dissolved salts 

Economical 

Established for large scale 
operations 

High preesure system 

Limited by osmotic pressure 

Non-back washable, subject to 
fouling 

Ultrafiltration 

Separation of dissolved salts 
from particulate and colloidal 
materials 

Good chemical and radiation 
stability for inorganic membranes 

Fouling 

Organic membranes subject to 
radiation damage 

Microfiltration 
High recovery (99%) 

Low fouling when air backwash 

Sensitive to impurities in waste 
stream 

Solvant 
extraction 

Selectivity enables removal, 
recovery or recycle of actinides 

Generates aqueous and organic 
secondary waste 
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1.5 Fukushima nuclear accident 

The huge Great East Japn Earthquake with a magnitude 9.0 on the Richter scale 

occurred on March 11, 2011 and induced a large tsunami that triggered the serious 

accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP).20, 36, 37, 38 The 

location of the FDNPP is shown in Fig.1.5. The FDNPP due to the catastrophic 

accident in particular lost reactor cooling systems, resulting in several explosions 

from four reactors, which involved the dispersion and spread of radioactive materials, 

and thus from both the political and economic perspectives.9, 39 The first hydrogen 

explosion occurred at 15:36 Japan Standard Time (JST) on March 12 in unite 1, 

which the second one occurred at 11:01 on March 14 in unit 3. Worse still, two more 

explosions occurred in units 2 and 4 at approximately the same time around 06:00 on 

March 15.  

 

Fig.1.5 The location of the Fukushima Daiichi Nuclear Power Plant. 

As a result of these explosions, huge amounts of radionuclides such as 131I, 134Cs, 

137Cs, 132Te,140Ba, 140La and 90Sr were emitted into the surrounding environment, and 

the eventual impact them will have on human health. The serious Fukushima nuclear 
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accidents had contaminated a vast area in Japan. The total amounts of 131I and 137Cs 

discharged into the atmosphere between 10:00 JST on March 12 and 00:00 JST on 

April 6 were estimated to be approximately 1.5 × 1017and 1.3 × 1016Bq, 

respectively.20, 37, 39, 40 Therefore, the situation has become extremely severe for Japan 

since the countermeasures to deal with the nuclear accident had to be carried out 

along with dealing with the broader disaster. The serious accident became not only an 

issue for Japan itself but also an issue requiring internation crisis management, and it 

has raised concerns around the world about the safety of nuclear power generation. 

1.6 Radioactive cesium 

 

Fig.1.6 A brief description of the fission and decay pathway of 137Cs to 137Ba. 

The radionuclides cesium (137Cs and 134Cs) are the products of uranium fission41 

and are biological hazard.42, 43, 44, 45 Morisawa et al reported that the fallout of 137Cs 

was higher than 90Sr in Japan after Chernobyl. Radioactive cesium can stay in the 

environment for more than a century. The fission and decay pathway of 137Cs to 137Ba 

is discribed in Fig.6.  

The serious Fukushima nuclear accident had releasted a significant amount of radioactive 

nuclides into the Pacific marine ecosystem.19 Among the radionuclides emitted during the 

nuclear leak, 137Cs with a long half-life of 30.1 yeas and 134Cs with a long half-life of 2.1 yeas 

were of serious concern. There has been some reported evidence that radioactive cesium are 

being released into the environment from the malfunctioning nuclear reactions in Japan. The 

sorption and migration of radiocesium are important processes to evaluate its 
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physicochemical behavior in the natural environment.In addition, the radionuclide cesium 

could make its way into the food chain when present in the natural environment.22 So the 

establishment of removal technology ofradio cesium from the nuclear waste before its 

discharge to the environment is very necessary. 

1.7 Motivation and objectives of thesis 

The Fukushima incident contaminated a vast area in eastern Japan 22 and, once the 137Cs 

enters the food chain through uptake by plants, it can be readily ingested by both animals and 

human beings46. For these reasons, the capture of 137Cs from wastewaters is currently an 

urgent priority. At present, the most commonly used methods for the separation and 

preconcentration of radionuclides include precipitation, solvent extraction, membrane dialysis, 

and adsorption 19, 47, 48, 49. Among these methods, adsorption is both simple and economically 

feasible, although the success of the adsorption process is dependent on the choice of the 

appropriate material. Inorganic cation exchangers, such as crystalline silicotitanates, zeolites, 

clay minerals, and layered sulfide frameworks, have been studied for separation of Cs+ ions, 

because of the ability of these adsorbents to withstand intense radiation, elevated 

temperatures, and high ion-exchange capacity.19, 47, 48, 49, 50, 51, 52, 53 Although many research 

groups19, 42, 54, 55 have made important contributions to search the high-efficiency sorbent for 

Cs+ ions, and the mechanisms of Cs+ sorption are proposed, the detailed adsorption 

mechanisms still remain unclear. Obviously, an accurate and detail mechanism is required and 

calls for contribution to understand the adsorption process in order to facilitate the 

development of more efficient adsorbent. This is very important for us to choose and design 

materials as a high-efficiency sorbent for Cs+ ions.  

Plasma treatment is a useful means of surface modification, since it is solvent-free, 

time-efficient, versatile, and eco-friendly56, 57, 58. It considered being a good way to enhance 

the chemical functionality of material. 57, 59, 60 The research on improving adsorption capacity 

of materials by plasma-induced grafting technique has profound significance in environmental 

pollution management.61 
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In the context of Cs+ wastewaters, the informations of an accurate and detail mechanism 

for Cs+ sorption as well as the designing non-toxic, low-cost, and high-efficiency adsorbent 

are important and useful for therapy of animals and humans affected by nuclear accident. 

Therefore, the motivation and objectives of this thesis are : 

1) Use the Ar RF plasma-induced method to synthesize the CNTs- and bentonite-based 

composites as sorbents for Cs+ ions in aqueous solutions  

2) To understand “How important are the cation exchange and the hydroxyl exchange 

mechanisms to Cs+ adsorption?”  

3) Use the radio frequency Ar-plasma-induced method to prepare chitosan-grafted 

magnetic bentonite (CS-g-MB)  

4) To design a better adsorbent by the plasma-induced graft method with good magnetic 

property, low turbidity, and a significant adsorption capacity for Cs+ ions.  

5) The stabilities of the new adsorbent in contaminated actual seawater and in simulated 

groundwater should be performed.  

6) To give the future directions of new and selective adsorbents for the removal of Cs+ 

ions in groundwater or wastewater.  
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CHAPTER 2 Liquid-Solid Adsorption 

This chapter discussed briefy about the fundamental theory of adsorption, the 

application of adsoriton in wastewater management and the influence factors for a 

successful adsorption process. The difference of adsorption and absorption are 

discussed. The Langmuir isotherm and Freundlich isotherm, which are helpful to 

understand the adsorption mechanism, are also described.  

2.1 Fundamental theory 

Adsorption at liquid-solid interface is the process of transferring material from a fluid 

phase to a solid phase (e.g., the adsorption of an organic pollutant on activated carbon).1, 2, 3, 4 

In other words, adsorption is a separation process in which material or adsorbate is 

concentrated from a bulk vapor or liquid phase on to the surface of a porous solid.5, 6, 7 In this 

system, the transferring material being adsorbed refers to adsorbate, while the solid material 

being used as the adsorbing phase is defined as adsorbent. A simple model of the liquid-solid 

adsoroption mechanism is described in Fig. 2.1.8, 9, 10  

 

Fig. 2.1 Liquid-solid adsorption mechanism. Blue spheres are solute molecules. 
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Generally, the adsorption capacity (Qe, mg/g) and removal efficiency (E%) are calculated 

according to Eqs., (2-1) and (2-2) to evaluate the adsorption efficiency11, 12, 13, 14, 15:  

( )o t
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C C V
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-
=           (2-1) 
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-
= ´          (2-2) 

whereCo is the initial concentration of adsorbate in solution (mg/L), Ct represents the 

concentration of adsorbate in supernatant at time t, W is the mass of adsorbent (g), V 

represents the total volume of the solution (L). 

The driving force for adsorption is the reduction in interfacial tension between the fluid and 

the solid adsorbent as a result of the adsorption of the adsorbate on the surface of the solid. 

The surface or interfacial tension (σ) is the change in free energy (G) resulting when the area 

between two phases (A) is increased. The definition of interfacial tension (σ)
16 is:   
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¶
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¶
         (2-3) 

The adsorption process is generally classified as physisorption (characteristic of weak van 

der Waals forces) and chemisorption (characteristic of covalent bonding) according to the 

forces involved in the binding at the surface. It may also occur due to electrostatic attration. 

Physical adsorption is the result of nonspecific, relatively weak van der Waals forces and 

adsorption energy usually not excessding 80 kJ/mol, with typical energies being considerably 

less.17, 18 Physically adsorbed molecules may diffuse along the surface of the adsorbent and 

typically are not bound to a specific location on the surface.19, 20, 21 Being only weakly bound, 

physical adsorption is easily reversed. On the other hand, chemisorption is much stronger than 

the physisorption with adsorption energy up to about 800 kJ/mol for chemical bonds. A 

chemical bond involves sharing of electrons between the adsorbate and the adsorbent and may 

be regarded as the formation of a surface compound. Due to the bond strength, chemical 

adsorption is difficult to reverse. In addition, physical adsoroption takes place on all surfaces 

provided that temperature and pressure conditions are favorable. Chemisorption, however, is 
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highly selective and occurs only between certain adsorptive and adsorbent species and only if 

the chemically active surface is cleaned of prvioulsy adsorbed molecules.  

Sun et al. studied the adsorption processes of U(VI) ions on graphene and graphene 

oxides (GOs) by DFT calculation to understand the adsorption mechanisms.22They 

selected the –COOH, -COC and –OH functional groups as representative groups on 

GO, and employed the different GO models with uranyl ions to describe the 

adsorption of U(VI) ions on GOs with different oxygen-containing groups.(Fig. 2.2) 

According to the optimized structures and binding energies of uranyl ions on 

graphene and GOs, they fond the adsorption of U(VI) on graphene was physisorbed 

while the adsorption of U(VI) on GOs with COOH, OH or COO- functional groups 

were chemisorption.  

 

Fig. 2.2 The DFT optimized geometries of the graphene_uranyl complexes and GOs_uranyl 

complexes. 
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2.2 Absorption vs. Adsorption 

Basically, “absorption”
23, 24 and “adsorption”

5, 25, 26 are both sorption process but different 

phenomena. The term sorption encompasses both processes, while desorption is the reverse of 

it. Absorption is the process in which a fluid is dissolved by a liquid or a solid (absorbent).27, 

28, 29, 30 Adsorption is the process in which atoms, ions or molecules from a substance (it could 

be gas, liquid or dissolved solid) adhere to a surface of the adsorbent. Adsorption is a 

surface-based process where a film of adsorbate is created on the surface while absorption 

involves the entire volume of the absorbing substance. More differences of the two processes 

are listed in Table 2.1.  

Table 2.1 Comparion chart of the adsoroption and absorption processes. 

 Adsorption Absorption 

Definition 
Accumulation of the molecular species 
at the surface rather than in the bulk of 
the solid or liquid  

Assimilation of molecular species 
throughout the bulk of the solid 
or liquid 

Phenomenon A surface phenomenon A bulk phenomenon 

Heat exchange Exothermic process Endothermic process 

Temperature Favoured by low temperature No effect 

Rate of reaction 
It steadily increases and reach to 
equilibrium 

A uniform rate 

Concentration 
Concentration on the surface of 
adsorbent is different from that in the 
bulk 

It is same throughout the material 

2.3 Adsorption in wasterwater treatment 

Water pollution caused by heavy metal ions and radioactive nuclides is a crucial worldwide 

environmental problem with significant effect on human health and environment.31, 32 A 
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number of conventional methods for the wasterwater treatment have been reported such as ion 

exchange, electrochemical reduction reverse osmosis, chemical precipitation, and membrane 

filtration.33, 34, 35, 36 However, since some of them have a few problems such as their 

operational demerits, high cost and time-consuming. As an economically feasible, simple and 

efficient method, adsorption technique has been widely applied in wasterwater management. 

The detailed motications for the use of adsorption processes in wasterwater treatment are 

summarized as following: 

1) The pollutants in the wastewater are toxic or hazardous 

2) The pollutants are difficult to remove via the conventionally secondary treatment 

3) Some of the pollutants are volatile and cannot be transferred to the atmosphere 

4) The pollutants have the potential for creating noxious vapors or odors, or for impacting 

color to the wastewater 

5) There have many drawbacks for the conventional methods  

6) The concentration of pollutants is so low that it is difficult to remove them via other 

methods 

2.4 Influence Factor for Adsorption 

The success of the adsorption process is dependent on the choice of the appropriate 

material and the environmental conditions such as pH, ionic strength, and other 

parameters. The appropriate material with good chemical stability, large specific 

surface area, hollow, layered nanosized structures, no color and low turbidity has 

been proved to be good candidates as adsorbent.32, 37 

2.4.1 Specific surface area 

The monolayer of chemisorptions capacity is strongly corresponds relate to the quantity of 

number of accessible active sites of adsorbent. The efficient utilization of the adsorption sites 

correspond to the specific surface area of adsorbent.38, 39, 40, 41, 42 Specific surface area is a 

property of solids which is the total surface area of a material per unite of mass, solid or bulk 

volume, or cross-sectional area. Generally, the amount adsorbed is only a fraction of a 
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monolayer. Therefore, to adsorb a substantial amount of material, the adsorbent must have a 

large specific surface area. The specific surface area of typical adsorbents ranges from 0.1 to 

1.0 km2/kg, i.e. the area of a football field in a kg of adsorbent. Some common examples of 

adsorption are the carbon canister to adsorb gasoline vapor in automobile fuel tanks, silica gel 

packets to adsorb moisture from packaged electronic or optical equipment, and carbon “filter” 

to deodorize drinking water. 42, 43 The specific surface area can be measured by N2 adsorption 

using the BET isotherm. This has the advantage of measuring the surface of fine structures 

and deep texture on the particles. However, the results can differ markedly depending on the 

substance adsorbed.  

2.4.2 Dispersion vs. Solubilization 

Basically, “dispersion” and “solubilization” are different phenomena.44, 45, 46, 47, 48 In 

statistics, dispersion denotes how stretched or squeezed a distribution is. In dispersion, it is 

possible to identify interfaces among components of different chemical nature or composition, 

as in the case of phase equilibra, whereas in solution the components are mixed at the 

molecular scale. Thus, the interface or better interphase plays a dominant role in the 

liquid-solid adsorption. The adsorbent with good dispersion could avoid agglomerating 

and bundling44, 49, 50, 51, resulting in extending of the active surface for adsorption,52, 53 

therefore, more efficient utilization of the respective adsorption sites could be 

achieved in the sorbent.  

Solubilization is a short form micellar solubilization, a term used in colloidal and 

surface chemistry. It is the process of incorporating the solubilizate into or onto the 

micelles. Materials with poor solubilization will always exist in the form of 

agglomerates, and this agglomeration can assist in avoiding significant increases in 

the turbidity of untreated water as well as in the separation of the material from the 

solution.54, 55, 56, 57 In addition, color and turbidity are very important factors with 

regard to drinking water, and therefore the removal of turbidity from untreated water 
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is an important factor in water management. So an appropriate adsorbent in water 

management should also exhibits low solubilization and no color.   

2.4.3 pH value 

The initial solution pH is an important parameter in adsorption process, which 

affects the protonation or deprotonation of functional groups from the adsorbent 

surface and the distribution of adsorbate in aqueous solutions.58, 59, 60, 61, 62 The 

pH-dependence of many heavy metal ions and radioactive nuclides adsorption had 

been studied extensively.63, 64, 65, 66, 67 

 

Fig. 2.3 Distribution of Pb(II) species as a function of pH based on the equilibrium 

constants. 

As the change of solution pH, many acid or basic functional groups such as –OH, 

-COOH and -NH2 will have proton transfer reaction in aqueous solution, resulting in 

the point of zero charge (pzc) of material.68, 69, 70 The point of zero charge describes 

the condition when the electrical charge density on a surface is zero. Therefore, when 

the pH is equal to the pHpzcvalue, the electrode potential of material is zero.69 When 

the pH is lower than the pHpzcvalue, the surface of material is positively charged, 
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which is not good for the adsorption of positively metal ions. However, when the 

pH >pHpzc, the surface of material is negaticely charged, which benefits to absorb the 

positive metial ions.32 

Changes in the solution pH can also affect the distribution of adsorbate species in 

solution. For example, the different hydrolysis constants (logk1=6.48, logk2=11.16, 

and logk3=14.16) suggest that the Pb(II) species are present as Pb2+, Pb(OH)+, 

Pb(OH)2
0, and Pb(OH)3- at different pH values, see Fig. 2.3.32, 71 At pH < 7, the main 

species is Pb2+, while the main species present in the pH range 7-10 are Pb(OH)+ and 

Pb(OH)2
0. From the precipitation constant of Pb(OH)2(s) (1.2×10-15), at a Pb(II) 

initioal concentration of 120 mg/L, Pb(II) ions begin to form a precipitation at pH 

~8.1.71, 72 Therefore, in the suspension of the mixture solution at pH>8.1, it is difficult 

to avoid the precipitation of Pb(OH)2. In addition, according to the solubility 

equilibrium equations:  

( ) ( )2
Pb OH Pb OH OH

+ -+((Pb OH(     (2-4) 

( ) 2Pb OH Pb OH
+ + -+2Pb2+ -

    (2-5) 

The equilibrium of the reactions will be shifted with the adsorption reaction and 

the pH value. So the change of pH value plays an important part in the adsoriton 

process. 

2.4.4 Ionic strength 

The ionic strength of a solution is a measure of the concentration of ions in that 

solution. Ionic compounds, when dissolved in water, dissociate into ions.73, 74 The 

total electrolyte concentration in solution will affect important properties such as the 

dissociation or the solubility of different salts. One of the main characteristics of a 

solution with dissolved ions is the ionic strength. The ionic strength can influence the 

double electrode layer thickness and interface potential of solid particles, thereby can 

affect the binding of the adsorbed species. Special, outer-sphere surface coordination 

is more impressionable to ionic strength variations than inner-sphere surface 
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coordination as the background electrolyte ions are placed in the same plan for 

our-sphere surface complexes.37, 73 

The ionic strength (I) of the solution was calculatedby the following equation 75: 

2

1

1

2

n

i i

i

I c z
=

= å     (2-6) 

where ci is the ionic concentration (M, mol/L), zi is the charge of the ion and the summation 

is used to account for all ions in the solution. 

2.4.5 Other factors 

Except the influence factors mented above, other factors such as temperature, pore size, 

foreign ions, and color of the adsorbent’ solution are all relate to the success of the 

adsorption process.  

2.5 Adsorption isotherms 

 

Fig. 2.4 Forms of experimental adsorption isotherms. 
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Adsorption is usually described through isotherms, that is, the amount of adsorbate on the 

adsorbent as a function of its pressure or concentration at constant temperature. The quantity 

adsorbed is nearly always normalized by the mass of the adsorbent to allow comparison of 

different materials. To date, 15 different isotherm models were developed. The classification 

of experimental adsorption isotherms are shown in Fig.2.4. Langmuir and Freundlich 

isotherm models are the most widely used ones among the abundant isotherm models, to fit 

the experimental data to understand the adsorption mechanism.20, 32, 37 

2.5.1 Freundlich adsorption isotherm 

The so-called Freundlich empirical equation was firstly proposed by van Bemmelen in 

1888.76, 77 The first mathematical fit to an isotherm was published by Freundlich and 

Küster (1894) and is a purely empirical formula for gaseous adsorbates.78, 79, 80 It is 

known in literature as Freundlich equation, because Freundlich assigned great importance to it 

and popularized its use. The Freundlich equation is:  

1

n
x

kC
m
=         (2-7) 

whereχ is the quantity of adsorbate adsorbed in moles, m is the mass of the adsorbent, C is the 

concentration of adsorbate. k and n are empirical constants for each adsorbent-adsorbate pair 

at a given temperature. As the temperature increases, the constants k and n change to reflect 

the empirical observation that the quantity adsorbed rises more slowly and higher 

concentration are required to saturate the surface.  

2.5.2 Langmuir adsorption isotherm 

In 1916, Irving Langmuir hypothesized that a given surface has a certain number of 

equivalent sites that a species can “stick”, eigher by physisorption or chemisorptions.81 Based 

on the theory, he derived Langmuir equation and presented his model for the adsorption of 

species onto simple surfaces. Langmuir, for the first time, introduced a clear concept of the 

monomolecular adsorption on energetically homogeneous surface. The statement proposed by 
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Langmuir was applied to chemisorptions and with some restrictions to physical adsorption.82 

In 1932, Langmuir was awarded the Nobel Prize in chemistry for his discoveries and 

researches in the realm of surface chemistry. Inherent within this model, the following basic 

assumptions of Langmuir adsorption isotherm are valid specifically for the simplest case83: 

1) The surface of the adsorbant is in contact with a solution containing an adsorbate which is 

strongly attracted to the surface. 

2) The surface has a specific number of sites where the solution molecules can be adsorbed. 

3) The adsorption involves the attachment of only one layer of molecules to the surface, i. e. 

monolayer adsorption.  

 

Fig. 2.5 The general form of the Langmuir isotherm. 

The chemical reaction for monolayer adsorption can be represented as follows: 

( ) ( )
adsorpton

desorption
A g B s AB+

desorption

adsorpton

desorption
AB

adsorpton

desorption
      (2-8) 

where A (g) is the adsorbate, B(s) is adsorbant and AB represents a solute molecule bound to a 

surface site on B. The equilibrium constant Kadsfor this reacton is given by: 
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[ ]

[ ][ ]ads

AB
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A B
=          (2-9) 

where [A] denotes the concentration of A, while the other two terms [B] and [AB] are 

two-dimensional analogs of concentration and are expressed in unites such as mol/cm2. The 

complete form of the Langmuir isotherm considers in terms of surface converage θ, which is 

defined as the fraction of the adsorption sites occupied. Given these definitions, we can 

rewrite the term [ ]

[ ]

AB

B

 as  
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Therefore, the equilibrium constant Kads can be rewritedas : 
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Rearranging, we obtain the final form of the Langmuir adsorption isotherm (Fig.2.5): 
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CHAPTER 3 Plasma Surface Modifications 

In this chapter, the plasma physics and radio frequency charge are introduced 

briefly. Several examples about the plasma science in space science and astrophysics 

are listed. This chapter is mainly related to the theory of plasma modification in 

nanomaterial. But, as always, the idears and concepts developed in the field proved to 

be of a wide and interest for the theory. In this thesis too, we only deal with the 

plasma-induced process, one of the methods about the plasma surface modification.  

3.1 What is plasma? 

Plasma is matter heated beyond its gaseous state, heated to a temperature so high that atoms 

are stripped of at least one electron in their ourter shells, so that what remains are positive 

ions in a sea of free electrons.1, 2 These components have many of the properties of a normal 

gas.3 For example they can be describled by their particle density and temperature. However, 

a plasma has two characteristic properties. Firstly, the electric charge density of the two 

species is so large that any substantial separation would lead to a very restoring force, and as a 

consequence that ion and electron charge densities in a plasm are almost equal. The second 

property is the ability to carry a current as result of a relative drift between the ions and 

electrons.  

 In the ionization process, not all the atoms have to be ionized: the cooler plasmas used in 

plasma processing are only 1-10% ionized, with the rest of the gas remaining as neutral atoms 

or molecules. The extent of ionization depends on the power source and determines the 

temperature of the plasma.4 

Outside the earth in the ionosphere or outer space, almost everything is in the plasma state. 

In fact, what we see in the sky is visible only because plasmas emit light. Thus, the most 

obvious application of plasma science5 is in space science and astrophysics.5, 6, 7, 8 Here are 

some examples (Fig. 3.1): 

1) Aurora borealis 

2) Solar wind 

3) Magnetospheres of earth and Jupiter 
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4) Solar corona and sunspots 

5) Comet tails 

6) Gaseous nebulae 

7) Stellar interiors and atmospheres 

8) Galactic arms 

9) Quasars, pulsars, novas, and black holes 

 

Fig. 3.1 The plasma in space sicence and astrophysics. 

3.2 Radio frequency discharge 

To ionize and heat a plasma, electrical power is applied either at radio frequency 

(RF) or at a microwace frequency.9, 10 The vast majority of sources use the 

industrially assigned frequency is 13.56 MHz. Some work at a harmonic or 

subharmonic of this, and some experimental sources run at frequencies higher or 

lower than this range. RF source are usually driven by a solid-state power amplifier 

with a buit-in oscillator to generate the signal.9, 10  
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Regarding their structure, the radio frequency sources can work with a high or low 

power supply. It influences the properties of the plasma and thus its potensial 

applications. The impedance matching can be eigher inductive (high powered 

discharges) or capacitive. The RF discharge device used in this work is shown in Fig. 

3.2. More details about the experimental device and conditions are described in the 

following chapters.11  

 

Fig.3.2 Schematic view of experimental setup of inductively coupled RF plasma. (1) RF 

powers supply, (2) Matching Box, (3) Glass jar, (4) Cupper coil connected to the water 

cooling system, (5) Sample place, (6) Pressure gauge, (7) Gas inlet, (8) Leaking valve, (9) 

Gas outlet connected to the turbo and rotary pump. 

3.3 Plasma surface modification 

Plasma treatment is a useful means of surface modification, since it is solvent-free, 

time-efficient, versatile, and eco-friendly12, 13, 14. Plasma treatment utilizes gases such as Ar, 

O2, N2, NH3, CF4, and H2O to insert or substitute functional groups onto the substrate or to 

creat radicals, electrons, ions, and VUV/UV light to strongly interact with the surfaces of 

materials and create active sites for the binding of functional groups.10, 15, 16, 17, 18, 19 A 

reasonable set of steps for plasma surface interaction is as follows (Fig.3.3).  
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Surface modification processes of low temperature plasma were first developed in the 

1960s.20, 21, 22 They have been widely recognized and several successful applications have 

emerged in the last 20 years. For surface modification application, low temperature plasma 

has many particulary appreciated advantages for instance, free radicals, charged particles, 

especially, energetic electrons. Researches have been extended to include the surface 

modification of carbon nanotubes (CNTs) by plasma treatment to improve its physical and 

chemical properties.13, 15, 23, 24, 25 The CNTscan be activated easily in plasma treatment 

process25and without altering the material bulk properties.25, 26, 27, 28 In our earlier work, we 

confirmed that a radio frequency Ar plasma is able to split C-C bonds to increase the 

reactivity of the surfaces of CNTs as the result of Ar ion bombardment 23, 24, 26, 29.  

 

Fig.3.3 Schematic diagram of plasma surface interaction. 

3.4 Plasma-induced grafting method 

Plasma treatment is an effective tool for the surface modification with amine, carboxy, 

hydroxyl, and aldehyde groups, because of its compatibility with well-established chemical 

reactions for grafting of organic materials such as chitosan, carboxymethyl cellulose, cysteine, 

and acrylamide.8, 30 This process through plasma treatment to graft the organic material on the 

substrate called plasma-induced method. Plasma-induced grafting technique is an efficient 
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method in the field of surface modifications.12, 13, 14 It considered being a good way to 

enhance the chemical functionality of material. This technique always consistes of two-step 

successive processes: surface activation of substrate and organic material grafting process. 

This plasma-induced method can provide a wide range of different functional groups 

depending on the grafting material and the plasma discharge parameters, such as power, gas 

species, reaction time, and operating pressure.The research on improving adsorption capacity 

of materials by plasma-induced grafting technique has profound significance in environmental 

pollution management.13, 23, 31 

We have used the plasma-induced method to decorate poly (N,N-dimethylacrylamide) 

(PNDA) on the surface of CNTs to synthesize the MWCNT/PNDA composites. The 

composite shows excellent dispersion property and high-efficient properties in the 

preconcentration and separation of Co(II) ions from aqueous solutions.29 The proposed 

mechanisms of N2 plasma induced grafting PNDA on MWCNTs are shown in Fig. 3.4. 

 

Fig.3.4 The synthesis route of MWCNT/PNDA composites by plasma-induced grafting 

route method. 
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CHAPTER 4 Study on the Adsorption Mechanism of Cesium ion 

4.1The importance of cation exchange and the hydroxyl exchange in Cs
+
 

sorption 

Radioactive cesium contamination of water is of serious social and environment concern 

as it is the product of uranium fission1. These fission products can be easily dissolved in water 

during the leaks of nuclear reactor, such as those that occurred at Chernobyl in 1986, at Three 

Mile Island in Pennsylvania in 1979, and at Fukushima, Japan in 20112. The serious 

Fukushima nuclear accidents had contaminated a vast area in Japan. These serious accidents 

have been received the attention about fission products that could make their way into the 

food chain when present in the natural environment3. The radionuclide cesium-137 (137Cs) has 

a long half-life of 30.1 y and is biological hazard.4 The sorption and migration of radiocesium 

are important processes to evaluate the physicochemical behavior of radiocesium in the 

natural environment. So the establishment of removal technology ofradio cesium from the 

nuclear waste before its discharge to the environment is very necessary. Ding et al.5 

synthesized a framework sulfide as Cs sorbent, and proposed that the ion-exchange was the 

main mechanism for Cs removal. Yang et al.2 demonstrated a method to capture137Cs from 

contaminated water by using titanate nanotubes and nanofibers. Lin et al.6, 7 synthesized 

copper ferrocyanide immobilized within a mesoporous silica matrix as a novel Cs sorbent. 

Although many research groups2, 4, 8, 9 have made important contributions to search the 

high-efficiency sorbent for Cs+ ions, and the mechanisms of Cs+ sorption are proposed, the 

detailed adsorption mechanisms still remain unclear. Obviously, an accurate and detail 

mechanism is required and calls for contribution to understand the adsorption process in order 

to facilitate the development of more efficient adsorbent.  

Previous researches show that the ion exchange mechanism is the very important part for 

Cs+ sorption.5, 7, 10, 11 In addition, the ion exchange process contains exchange with cation and 

with some functional groups (such as hydroxyl groups and carboxyl groups). The monovalent 
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cesium ions can be competed for reactive sites by monovalent Group I and divalent Group II 

cations. Recently, Dwivedi et al.4 showed that the resorcinol-formaldhyde resin had an 

exceptionally high affinity for Cs+ ions which was attributed to the presence of the –OH group. 

Functional groups on the substance surface affect the chemical functionality.  In addition, the 

ionization of hydroxyl groups can affect the pH of the solution and the surface charge of the 

material. Yang et al.2 demonstrated that the competitive effect of highly concentrated 

hydronium ions can decrease the adsorption capacity of the adsorbents at low pH. Therefore, 

how important are the cation exchange and the hydroxyl exchange mechanisms to Cs+ 

sorption? And whether can we improve the sorption capacity of the material by increasing the 

amount of hydroxyl groups? This is very important for us to choose and design materials as a 

high-efficiency sorbent for Cs+ ions. 

Carbon nanotubes (CNTs)12, 13 and bentonite14, 15 have been proved to be good candidates 

as adsorbents owing to their good chemical stability and relatively large specific area. 

Bentonite is a 2:1 type aluminosilicate with high cation-exchange capacity (CEC)14, 16, 17, the 

unit layer which consists of one Al3+ octahedral sheet between two Si4+ sheets.18, 19 It is a good 

candidate as buffer material for disposingthe high-level radioactive waste. To modify 

bentonite by intercalation or sorption has been reported by many researchers16, 20, 21, 22, 23, 24. 

Chitosan (CS) is a nontoxic, hydrophilic, and biocompatible compound having a large number 

of hydroxyl groups with high activity as adsorption sites25, 26. Various techniques have been 

reported to graft CS on different materials to modify hydroxyl groups and to improve the 

dispersion property and the adsorption capacity for metal ions.25, 27, 28 Plasma-induced grafting 

techniqueis an efficient method in the field of surface modifications.27, 29, 30 It considered tobe 

a good way to enhance the chemical functionality of material. The research on improving 

adsorption capacity of materials by plasma-induced grafting technique has profound 

significance in environmental pollution management.30, 31, 32 

In order to understand the effect of hydroxyl groups on Cs+ adsorption process, herein 

we synthesized the CS-g-CNTs and CS-g-bentonite composites by the plasma-induced 
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grafting method13 and compared their adsorption capacities with the pristine CNTs and 

bentonite for Cs+ ions. In this work, CNTs and bentonite were used as low33, 34 and high14, 16, 17 

CEC materials, respectively. The interactions of Cs+ ion with the CS-g-CNTs and 

CS-g-bentonite composites were researched by cesium adsorption experiment. Based on the 

excellent CEC of bentonite, we also compared the bentonite-based material with the 

CNTs-based materials to evaluate the effect of cation-exchange on Cs+ adsorption process. 

Our approach is depicted in Fig. 4.1. The effects of pH, ionic strength and contact time on Cs 

sorption process were also investigated to understand the mechanism of Cs+ adsorption 

reactions.  

 

Fig. 4.1. Schematic illustration of the research approach. 

4.2 Experimental details 

4.2.1 Instruments and reagents 

The pristine CNTs were synthesized by chemical vapor deposition using Ni-Fe 

nanoparticles as catalysts as previously reported13, 32. Bentonite was obtained from 
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Gaomiaozicounty (Inner Mongolia, China). Chitosan 100, phosphoric acid, cesium chloride, 

sodium hydroxide, magnesium chloride, sodium acetate, and potassium chloride were 

available from Wako Pure Chemical Industries, Ltd. All chemicals used were of analytical 

grade and used without further purification. Milli-Q water was used to prepare all the 

solutions in the experiments.  

Table 4.1 Summary table of reagents used in this study. 

Reagents degree Compony 

CNTs >97% Shenzhen Nanotech Port Co., Ltd 

Bentonite Gaomiaozi county Inner Mongolia, China 

Chitosan 100% Wako Pure Chemical Industries, Ltd. 

H3PO4 Analytical grade Wako Pure Chemical Industries, Ltd. 

CsCl Analytical grade Wako Pure Chemical Industries, Ltd. 

NaOH Analytical grade Wako Pure Chemical Industries, Ltd. 

MgCl2 Analytical grade Wako Pure Chemical Industries, Ltd. 

CH3COOH Analytical grade Wako Pure Chemical Industries, Ltd. 

KCl Analytical grade Wako Pure Chemical Industries, Ltd. 

NaCl Analytical grade Wako Pure Chemical Industries, Ltd. 

HCl 37% Wako Pure Chemical Industries, Ltd. 

CsCl standard solution 1001 mg/L Wako Pure Chemical Industries, Ltd. 

LiCl Analytical grade Wako Pure Chemical Industries, Ltd. 

Table 4.2 Summary table of instruments used in this study. 
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Instruments Model Compony 

Pipet 200µl, 1000µl Wako Pure Chemical Industries, Ltd. 

FE-SEM JSM-7001F JEOL 

XRD (Cu Kα radiation) RINT-Ultima Rogaku 

XPS (Mg Kα X-ray source) ESCA-3400 Shimadzu 

TGA DTG-60A Shimadzu 

BET BELSORP MINI II BELSORP 

pH meter pH 15-7Mo LABINDIA 

Atomic absorption 
spectroscopy 

Solar S4-AA THERMO ELECTRON 

4.2.2 Synthesis of CS-g-CNTs and CS-g-bentonite composites by plasma induced 

grafting procedure 

In this study, we employed an inductivelycoupled radio frequency plasma device, described 

in our previous papers.35, 36 A schematic diagram of the compact experimental setup is shown 

in Fig. 4.2. The plasma-induced grafting chitosan on CNTs and bentonite consisted of two 

successive processes: surface activation and chitosan grafting.  For instance, 0.1 g pristine 

CNTs were treated using Ar plasma for 10 min at a pressure of 50Pa with an RF power of 

80W. Ar plasma treatment is expected to activate the surfaces by bond breaking due to Ar-ion 

bombardment and to increase the reactivity of CNTs surface.37 Then 150 mL 1.5g/L CS 

solution was immediately injected into the plasma treated CNTs to anchor CS at 80ºC. After 

stirring vigorously for 24 hours, the CS-g-CNTs composites were collected by centrifuging, 

washed several times with 0.01 mol/L H3PO4 solution and distilled water, and finally dried in 

a vacuum oven at room temperature.  
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Fig. 4.2. Schematic view of experimental setup for inductively coupled RF plasma. 

4.2.3 Sample characterization 

After the plasma induced grafting procedure, the samples were characterized by using 

field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), Thermo-gravimetric analysis (TGA) and 

Brunauer-Emmett-Teller (BET). The surface morphology was obtained by FE-SEM 

performed on a JEOL JSM-7001F electron microscope. The crystal structures were analyzed 

by XRD (ROGAKU, RINT-Ultima). The XPS measurements were performed by Shimadzu 

ESCA-3400 equipped with an Mg Kα X-ray source. The crystal structures were analyzed by 

XRD equipped with Cu Kα (λ=0.15418nm) radiation. TGA was performed using a Shimadzu 

DTG-60A analyzer under 25%/Ar/75% air atmosphere, and the samples were hearted at a rate 

of 10ºC/min from 35 ºC to 800 ºC. The BET equation was obtained with a BELSORP MINI II. 

The pH of suspensions was measured using LABINDIA pH meter. Elemental chemical 

analyses for sodium solution were analysis by atomic absorption spectroscopy (THERMO 

ELECTRON, Solar S4-AA).  
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4.2.4 Cesium adsorption experiment 

3.6 mg adsorbent was added to 6 mL aqueous solution of CsCl at concentrations ranging 

from 1.0 ppm to 42.0 ppm. The system was adjusted to the desired pH by adding small 

volumes of 0.01 or 0.1 mol/L HClO4 or NaOH. The suspension was then shaken at ambient 

temperature for the required contact time. After appropriate time intervals, the adsorbent was 

separated from the solution by centrifuging at 14000 rpm for 30 min, and then the supernatant 

was filtered through a 0.45 µm membrane filter. Aliquots of supernatants were sampled to 

determine the concentration of Cs+ ions in solution by atomic absorption spectroscopy.  

The adsorption capacity (Qe, mg/g) and removal efficiency (E%) are calculated 

according to Eqs., (4-1) and (4-2):  

( )o t
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=          (4-1) 

( )
% 100o t
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C C
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C

-
= ´         (4-2) 

Where Co is the initial concentration of Cs+ in solution (mg/L), Ct represents the concentration 

of Cs+ in supernatant at time t, W is the mass of adsorbent (g), V represents the total volume of 

the solution (L). 

4.3  Results and discussion 

4.3.1 Material characterization 

The CS-g-CNTs and CS-g-bentonite composites were synthesized via a two-step method by 

low-temperature plasma-induced grafting procedure in Ar atmosphere; see Fig. 4.2. 

According to N2-BET measurements, the surface area for CNTs, CS-g-CNTs, bentonite and 

CS-g-bentonite composites are 71.29 m2/g, 78.82 m2/g, 18.52 m2/g and 27.92 m2/g, 

respectively. The morphology and microstructures of the samples were characterized by SEM. 

The CNTs (Fig. 4.3a) have very smooth surfaces and the nanotubes are highly bundled with 
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about 10~30 nm in diameter. Afterloaded CS,many nanoplate-like CS nanostructures with a 

fairly uniform size of about 0.88 µm in diameter coated on the surface can be seen (Fig.4.3b). 

The SEM images show distinctly that the nanoplate structures are randomly decorated on the 

surface of CNTs, indicating that CS-g-CNTscomposites are synthesized successfully. The 

stacking morphology of CS-g-CNTs is due to the strong interaction between CNTs and the 

hydroxyl group of CS.26 Fig.4.3c reveals that the bentonite has a rough surface with same 

crumples and a three-dimensional network structure.  

 

Fig.4.3 SEM images of pristine CNTs (a), CS-g-CNTs (b), pristine bentonite (c) and 

CS-g-bentonite (d) 

A comparison is also made between pristine bentonite and CS-g-bentonite composite. The 

SEM image of CS-g-bentonite (Fig. 4.3d) shows agglomerated structure with a surface 

abundant in folds. And the crumpled structures are apparently much more transparent than 

that of bentonite, which can be attributed to the rearrangement of bentonite layers, suggesting 
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the existence of partial exfoliation of the bentonite layer.23, 38 Therefore, due to the introduced 

CS, the bentonite layer has partially opened.39The results suggest the formation of 

CS-g-bentonite structures exist some degree of intercalated and exfoliated structures. In other 

words, the CS was intercalated into the bentonite interlayer as many previously reported19, 40 

rather than immobilized on the surface of bentonite.  
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Fig. 4.4 XPS spectra of survey scan (a), Si 2p spectrum (b), N 1s spectrum (c), O 1s spectrum 

(d), C 1s spectrum of CS-g-CNTs (e), and C 1s spectrum of pristine CNTs (f). 

In order to verify the above viewpoint, the element characterizations of the obtained 

samples were analyzed by XPS. Fig. 4.4a shows the presence of Si, C, N and O in the surface 

of samples. For all the samples, the survey spectra show mainly carbon (C 1s) and oxygen (O 

1s) species (Fig. 4.4a). The spectra of XPS for CS-g-bentonite and bentonite exist the 

characteristic peaks of Si 2s and Si 2p, which attribute to the tetrahedral silica sheets of 

bentonite.19, 38 From Fig. 4.4b, we can also find that the Si 2p spectrum of CS-g-bentonite 

shows double strong peaks. This is due to the new bond formation of silica with CS, which 
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can cause deformation of the silica tetrahedral sheets. And the further proof was offered from 

the decreased O 1s peak intensity in CS-g-bentonite (Fig. 4.4a). These results confirmed the 

effective connection of CS onto bentonite.  

Table 4.1. Curve fitting results of XPS C1s spectra of CNTs and CS-g-CNTs 

peak (%) 

Content 
C=C C-C C-O C=O O-C=O 

B.E. (eV) 284.4 285.4 286.2 287.6 288.9 

CNTs 74.2 14.2 9.33 1.00 1.25 

CNTs-g-CS 60.0 16.7 21.2 1.02 1.16 

Since nitrogen only exists in chitosan41 not in CNTs and bentonite, the atomic concentration 

of N can be an indication of the extent of surface coverage by CS. However, no peak belongs 

to nitrogen that can be observed in CS-g-bentonite composites as previously reported19, 22. 

This is due to the XPS analysis is only used to ensure the elemental composition at the surface. 

Therefore, the CS is intercalated into the bentonite interlayer structure instead of on the 

surface. The result is consistent with the SEM results.  

The N 1s peak (400.5 eV) of CS-g-CNTs composites was found in Fig. 4.4a and 4.4c, 

which was attributed to the amino groups in chitosan. This indicates CS has been grafted on 

the surface of CNTs, and therefore the CS-g-bentonite composites are successfully 

synthesized. Besides, after plasma and CS grafting treatment, the O 1s (533 eV) peak 

intensity increased (Fig. 4.4a and d), which was assigned to the hydroxyl groups of CS. On 

the other hand, the C 1s peak intensity decreased after the plasma induced grafting procedure, 

because during the pre-treatment, Ar plasma broke carbon double bonds in the graphene 

structure as previously reported32, 35. The comparison of C 1s region of CNTs and CS-g-CNTs 

are shown in Fig. 4.4e and 4.4f.And more detailed analysis is shown in Table 4.1. The C1s 

spectra can be deconvoluted into five Gaussian peaks32: (1) the C=C peak (284.4 eV); (2) the 
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carbon in C-C peak (285.4 eV); (3) the C-O peak (286.2 eV), (4) the carbonyl carbon (C=O, 

287.6 eV); and (5) the carboxylate carbon peak (O-C=O, 288.9 eV). As can be seen from the 

quantitative analysis (Table 4.1)of C 1s spectra of CNTs and CS-g-CNTs, the peak fractions 

of C=C and O-C=O decrease, whereas the C-C and C-O fractions increase after grafting CS. 

It is reasonable because: a) the C=C bonds were partly broke during the plasma treatment; b) 

CS is a polysaccharide, which contains large amount of C-C, C-OH, and C-O-C groups.42, 43 

The XPS analysis presents a confirmation of the success of the CS immobilized on CNTs and 

bentonite structures. It was concluded that CS was grafted on the surface of CNTs, while the 

CS are intercalated into the bentonite interlayer in CS-g-bentonite composites.  

 

Fig. 4.5 TGA curves of CNTs, CS-g-CNTs, bentonite, and CS-g-bentonite. 

The chitosan content in CS-g-CNTs and CS-g-bentonite composites can be determined by 

thermogravimetric analysis (TGA) to be about 36.7 wt% and 8.7 wt%, respectively. (see Fig. 

4.5). The TGA curve of CS-g-CNTs showed three steps of weight loss. About 7.2% of weight 

loss occurred from room temperature to around 130 ºC, which was attributed to the 

elimination of absorbed water. As shown in Fig.4.5, the weight loss of CNTs is negligible 

before 500 ºC. Therefore, the second weight loss about 36.7% from 150 ºC to 500 ºC 

corresponding to the content of chitosan in the hybrid material. Up to 800 ºC, the weight loss 
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is mostly attributed to the combustion of CNTs. For CS-g-bentonite, the same trend of 

degradation was also observed. As mentioned above, the weight loss of 6.3% before 130 ºC is 

attributed to the loss of moisture. The weight loss of bentonite is negligible from 150 to 500 

ºC. Therefore, the second weight loss about 8.4% was caused by decomposition of chitosan in 

the CS-g-bentonite composites. 

 

Fig. 4.6 XRD patterns of pristine bentonite, plasma treated bentonite, and CS-g-bentonite. 

In addition, the XRD patterns of the obtained samples were characterized, which is a 

powerful technique to help to clarify the microscopic status of the intercalated molecule in the 

bentonite structure.The XRD patterns of pristine bentonite and plasma treated bentonite 

exhibit the (001) diffraction peak at 2θ = 7.2°, corresponding to the typical reflections of 

montmorillonite (see Fig. 4.6).44  However a negative shift in the position of the d001 peak 

from 12.2Å to 15.2Å, showing an expansion of the basal interplanar distance, indicating the 

intercalation of the CS molecule in the bentonite structure.19, 45 
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Fig. 4.7a shows the removal of Cs+ from aqueous solution by bentonite at pH 7.0 as a 

function of contact time. It is noted that the adsorption of Cs+ ions increases quickly with 

increasing contact time and a saturation value of 89% is reached at 7h. After contact time 

about 10 h, the adsorption of Cs+ on bentonite maintains level with increasing contact time. 

The same trends of the contact time effect for Cs+ onto the other sorbents were also observed; 

see Fig. 4.8. In the following experiments, the contact time for all the Cs+ sorption 

measurements was kept 24h.  

4.3.3 pH effect and adsorption isotherms. 

 

Fig. 4.7 (a) Kinetic curve of Cs+ adsorption by bentonite, (b) Effects of initial pH and 

sorbent forCs+ adsorption,(c) Adsorption isotherms forCs+ uptake by the sorbents, and (d) 

Effect of ionic strength forCs+ adsorption on bentonite, with T=20 ± 1 ºC, 

msorbent/Vsolvent=0.6g/L, [Cs+]initial=10.0 mg/L. 
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An additional important characteristic of Cs+ sorption is pH-dependence. The pH effect 

of Cs+ sorption has been studied by many researchers2, 46, 47, and the results indicated that pH 

of solution exerts a modest effect on the uptake of Cs+ ions. It is noted that the adsorption of 

Cs+ ions increases gradually with increasing pH (Fig.4.7b), because the highly concentrated 

hydronium ions are able to compete with Cs+ ions to uptake onto the sorbents at low pH. In 

order to investigate the effects of cation exchange and hydroxyl exchange on Cs+ sorption 

process, the comparisons of these sorbents for Cs adsorption capacity are made (Fig.4.7b). 

The removal of Cs+ ions decreased in the order of bentonite > CS-g-bentonite > CS-g-CNTs > 

CNTs. And a further proof was offered by the adsorption isotherms, as shown in Fig.4.7c. The 

Langmuir13 and Freundlich13isotherm models, both of which are the most widely used among 

the abundant isotherm models, were applied to fit the experimental data to understand the 

adsorption mechanism. The Langmuir (Eq. 4-3) and Freundlich (Eq. 4-4) models are 

expressed as follow: 

1
m L e
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L e

Q K C
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Where Qe is the equilibrated cesium ion concentration,Qm (mg/g) is the maximum sorption 

capacity,KL (L/mg) is the Langmuir adsorption constant and and1/nis the Freundlich 

adsorption constant. 

The parameters calculated from Langmuir and Freundlich isotherms are listed in Table 

4.2. One can see that the Langmuir model fits the experimental data better than the Freundlich 

one. It can be calculated that the sorption capacity Qm of Cs+ on CS-g-CNTs is 0.333mmol/g, 

which is about 1.4 times higher than that ofCs+ on CNTs (0.235mmol/g). Based on low CEC33, 

34, CNTs-based materials capture the Cs+ ions mainly by the width of tubes and the functional 

groups on the surface. The enhanced sorption of Cs+ on CS-g-CNTs is due to the modified 

hydroxyl groups which are derived from the grafted CS. Therefore, the effect of hydroxyl 
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groups to the Cs+ adsorption process onto the CNTs-based materials is positive. Compared to 

the CS-g-CNTs, the sorption capacity of Cs+isabout 3 times higher than that of Cs+ 

onCS-g-bentonite (1.164 mmol/g) and 4 times higher than that of Cs+ onbentonite (1.334 

mmol/g). Due to the excellent CEC of bentonite, we can see that the cation-exchange 

mechanism is much more effective than that of hydroxyl exchange in Cs+ adsorption process.  

 

Fig. 4.8 The effects of contact time for Cs+ adsorption onto CNTs, CS-g-CNTs, and 

CS-g-bentonite. T=20 ± 1 ºC,msorbent/Vsolvent=0.6g/L, [Cs+]initial=10.0 mg/L. 

  Table 4.2 Sorption constants for Langmuir and Freundlich isotherm models. 

Sorbent 

Langmuir Freundlich 

Qm 

(mmol/g) 

KL 

(L/mmol) 
R

2 n 
KF 

(mmol/g) 
R

2 

bentonite 1.334 4.69 0.999 2.13 1.248 0.963 

CS-g-bentonite 1.164 3.16 0.997 1.88 0.974 0.963 

CS-g-CNTs 0.333 3.82 0.998 2.22 0.273 0.955 

CNTs 0.235 4.99 0.991 2.52 0.203 0.978 
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  Compared to the bentonite, one can see that the sorption capacity of Cs+ on CS-g-bentonite 

is clearly lower by 13%, which may be due to the grafted CS. We considered that there are 

two main reasons for the decreased adsorption capacity of Cs+ on bentonite after modified 

with hydroxyl groups: 1) the first is the partial exfoliation of the bentonite layer resulted from 

the intercalated CS; and 2) the second one is the lower ion-exchange properties of hydroxyl 

groups than the bentonite layer structures.16, 48 

4.3.4 Effect of ionic strength. 

The effect of the background electrolyte concentrations on Cs+ adsorption to bentonite at 

pH 7 is shown in Fig. 4.7d. Due to the isomorphous substitution within the bentonite layers 

(e.g. Al3+ replaced by Mg2+ or Fe2+), the clay layer is negatively charged, which is 

counter-balanced by cations (e.g., Na+, Ca2+) in the galleries between layers.18, 49 In the four 

different Na+ solution concentrations, the adsorption capacity increases with the decreasing 

ionic strength, because a large fraction of the cation ions at the interlayer are exchanged with 

Na+ions and thus the uptake of Cs+ ions is decreased. The main mechanism of Cs+ adsorption 

on bentonite is cation-exchange. The effect of other cations is also shown in Fig. 4.7d. One 

can see that the sorption of Cs+ on bentonite is strongly dependent on the background cations. 

The sorption of Cs+ is mainly dominated by strong cation exchange with cation (i.e., alkali 

metal and alkaline earth metal ions) such as Mg2+, Na+, and K+ ions. This is due to the Cs+ 

ions leak chemical unique characteristic and can be competed for reactive sites by monovalent 

Group I and divalent Group II cations. And the adsorption capacity decreased in the following 

sequence: Mg2+ ≈ Li
+> Na+> K+. The ionic radius and the configuration of the hydrated metal 

ions in aqueous solution are listed in Table 4.3. It is noted that the ionic radius increased in 

the reverse order of Mg2+ ≈ Li
+< Na+< K+< Cs+. The alkali metal ions are highly hydrated. 

The smaller the size of the ion, the greater is the degree of hydration. Thus, the effective size 

of the hydrated Li+ ions is much bigger than that of hydrated Cs+ ions. Therefore, it is more 

difficult for Li(H2O)6
+ to compete the adsorption sites of the sorbent than Cs(H2O)12

+. For 

Mg2+ and Li+ ions, they have the same configuration and ionic radius, resulting in the same 
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hydrated radius. Among these cations, the presence of K+ strongly constraints the Cs+ 

adsorption, because with similar radius and hydration energy46, K+ can compete more 

effectively against Cs+ ions on the sorbent surface.50  Therefore, the adsorption capacity and 

the hydrated radiuses of the cations are in the same sequence: Mg2+ ≈ Li
+> Na+> K+. With 

increasing the hydrated radius of the cations in solution, the Cs adsorption capacity constraint 

decreases.  

Table 4.3 The M-O bond distance, ionic radius and configuration of hydrated metal ions in 

aqueous solution. 

Aqua complex M-O distance /Å Mn+’s ion radius/Å Configuration References 

Li(H2O)6
+ 2.10 0.76 Octahedron 51, 52, 53, 54 

Na(H2O)6
+ 2.43 1.09 Octahedron 53, 55 

K(H2O)8
+ 2.84 1.50 Square antiprism 53, 55 

Cs(H2O)12
+ 3.25 1.91 12-coordination 53, 54, 55 

Mg(H2O)6
2+ 2.10 0.76 Octahedron 53, 54 

Finally, the results indicate that based on the high CEC, bentonite-based composite can 

be considered as promising material for the cesium contamination management. And the 

effect of hydroxyl groups to Cs+ adsorption process is dependent on the property of the matrix. 

For the material based on low CEC such as CNTs, the effect of hydroxyl groups is positive. 

For the material based on excellent CEC such as bentonite, the effect of hydroxyl groups is 

weak or negative. One can draw a conclusion that  

we cannot improve the Cs+ adsorption capacity of material only by increasing the 

amount of hydroxyl groups in any case. Therefore, the spatial structure and CEC of the 

material are very important factors for choosing the sorbent for Cs+ removal from radioactive 

waste water. 

4.4 Conclusions 
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In summary, we have successful synthesized the CS-g-CNTs and CS-g-bentonite 

composites by the plasma-induced grafting method. This study demonstrates that 

cation-exchange mechanism is much more effective than the hydroxyl group to Cs+ 

adsorption process. And the effect of hydroxyl groups to Cs+ adsorption is dependent on the 

property of the matrix. We cannot improve the Cs+ adsorption capacity of material only by 

increasing the amount of hydroxyl groups in any case.  The sorption of Cs+ ions was strongly 

dependent on pH andbackground cations. And it was mainly dominated by strong cation 

exchange with alkali and alkaline-earth cations. The spatial structure and CEC of the material 

are very important factors for high-efficiency sorbent for Cs+ ions. Our findings are important 

for estimating and optimizing the sorbent for Cs+ ions and give the future directions of new 

and selective adsorbents for the removal of Cs+ ions in groundwater or wastewater.  
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CHAPTER 5 Highly Effective Removal of Cs
+
 by Low Turbidity Chitosan-Grafted 

Magnetic Bentonite 

5.1 Introduction 

  The hazards of radioactive cesium contamination have attracted significant attention 

following the crisis at the Fukushima Daiichi Nuclear Power Plant in Japan in 20111. 

Although three years have passed, concerns regarding radioactive 137Cs have come to the 

forefront as the most significant concern because of the harmful health effects of this isotope 

and its potential to persist for decades 2. The Fukushima incident contaminated a vast area in 

eastern Japan 3 and, once the 137Cs enters the food chain through uptake by plants, it can be 

readily ingested by both animals and human beings 4. For these reasons, the capture of 137Cs 

from wastewaters is currently an urgent priority. 

At present, the most commonly used methods for the separation and preconcentration of 

radionuclides include precipitation, solvent extraction, membrane dialysis, and adsorption 5, 6, 

7, 8. Among these methods, adsorption is both simple and economically feasible, although the 

success of the adsorption process is dependent on the choice of the appropriate material. 

Bentonite has traditionally been employed as an inorganic cation exchanger and, in addition 

to being stable under conditions of intense radiation and elevated temperatures, exhibits high 

cation exchange capacity 9, 10, 11. Bentonite is a geological term for soil materials with high 

contents of a swelling clay mineral, typically montmorillonite12. The layered structure of 

bentonite consists of two silica tetrahedral sheets fused to one alumina octahedral sheet, and 

the main chemical composition of bentonite can be summarized as 

Ex(H2O)4{(Al2-x,Mgx)2[(Si,Al)4O10](OH)2}, where E indicates exchangeable cations between 

the layers, including Na+, Ca2+, K+, and others (Fig. 5.1a). Bentonite is capable of capturing 

Cs+ ions through these exchangeable cations12, 13, 14. It is also known that solutions of 

bentonite will typically have a net negative charge due to the isomorphic substitutions of of 

Si4+ for Al3+ and Al3+ for Mg2+. 15 
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Fig.5.1. Schematic structures of bentonite (a) and (b) chitosan. 

Color and turbidity are very important factors with regard to drinking water, and therefore 

the removal of turbidity from untreated water is an important factor in water management. 

The most common technique for the removal of turbidity uses both alum and polyaluminum 

chloride as coagulants. However, extensive alum intake has been associated with Alzheimer’s 

disease 16, 17 and therefore novel materials with good adsorption properties and poor 

dispersion that do not increase the turbidity of water during the remediation process are 

required. Previous studies have identified chitosan as an eco-friendly coagulant and flocculant 

18. Previous studies have identified chitosan as an eco-friendly coagulant and flocculant due to 

its high cationic charge density, long polymer chains, bridging of aggregates, precipitation in 

neutral or alkaline pH conditions as well as its non-toxic and non-corrosive properties 18, 19. 

Ahmad et al had successfully harvested of microalgae cells by coagulation using chitosan 20. 

Chitosan (CS, Fig.5.1b) is a hydrophilic, nontoxic copolymer with abundant amino and 

hydroxyl groups that allow it to exhibit significant adsorption capacity for dyes and metal ions 
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21, 22, 23. As such, the enhancement of the coagulation abilities of kaolinite and bentonite 

suspensions by the addition of modified chitosan has been studied 24, 25, 26. Diverse methods 

have also been applied to synthesize chitosan-modified bentonite and the bentonite/chitosan 

composite matrix has been widely used to adsorb heavy metal ions 24, 25, organic pollutants 10, 

dyes 25, 27, and other environmental contaminants 28. 

 

Fig. 5.2.Synthesis route of CS-g-MB and the design for exchange experiment. 

Plasma treatment is a useful means of surface modification, since it is solvent-free, 

time-efficient, versatile, and eco-friendly 29, 30, 31. During this process, the radicals, electrons, 

ions, and VUV/UV light generated by the plasma discharge strongly interact with the surfaces 

of materials and create active sites for the binding of functional groups. In our earlier work, 

we confirmed that a radio frequency (RF) Ar plasma is able to rupture C=C bonds to increase 

the reactivity of the multi-walled surfaces of carbon nanotubes as the result of Ar ion 

bombardment 32, 33, 34, 35. This plasma-induced method can provide a wide range of different 

functional groups depending on the grafting material and the plasma discharge parameters, 

such as power, gas species, reaction time, and operating pressure. However, to the authors’ 

knowledge, only a few studies regarding the modification of bentonite by plasma treatment 

have been reported. 
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Previous research studies have shown that -OH groups play a very important role in the Cs+ 

ion adsorption process 4, 36, 37. With this in mind, we attempted to design a novel 

chitosan-grafted magnetic bentonite (CS-g-MB) with a large Cs+ ion adsorption capability and 

low turbidity in water solution, so as to avoid significantly increasing the turbidity of raw 

untreated water. In the present study, we used an RF-driven Ar plasma technique to obtain the 

first-ever synthesis of CS-g-MB. A schematic showing the formation of CS-g-MB and the 

exchange processes is presented in Fig.5.2. The objectives of this study were as follows: 1) to 

attach chitosan to bentonite; 2) to readily separate the treated bentonite from the adsorption 

medium by a simple magnetic process; 3) to achieve low turbidity in aqueous solutions; 4) to 

generate a material that was stable in both groundwater and seawater; and 5) to realize high 

efficiency in the removal of Cs+ ions. This combination of goals was made possible by taking 

advantage of the abundant functional groups of chitosan and the spatial structure of bentonite, 

as well as through the application of magnetic nanoparticles. In the present study, a series of 

batch experiments were conducted under different physicochemical conditions, varying the 

ionic strength, pH, solid/liquid ratio, and competitive cations. A comparison of the 

performances of the CS-g-MB composite in contaminated actual seawater and in simulated 

groundwater was also performed. 

5.2 Experimental details 

5.2.1 Instruments and reagents 

Bentonite was obtained from Gaomiaozicounty (Inner Monolia, China).Chitosan 100, 

ferric chloride (FeCl3•6H2O), anhydrous CH3COONa, ethylene glycol, sodium dodecyl 

sulfate, and all other chemicals were purchased from Wako Pure Chemical Industries, Ltd. All 

reagents used in the experiments were of analytical purity without further purification.  

Table 5.1 Summary table of reagents used in this study. 

Reagents degree Compony 



CHAPTER 5 Highly Effective Removel of Cs+ by Low Turbidity Chitosan-Grafted Magnetic Bentonite 

70 

 

CH3COONa Analytical grade Wako Pure Chemical Industries, Ltd. 

Ethylene glycol Analytical grade Wako Pure Chemical Industries, Ltd. 

Sodium dodecyl sulfate Analytical grade Wako Pure Chemical Industries, Ltd. 

FeCl3•6H2O Analytical grade Wako Pure Chemical Industries, Ltd. 

Bentonite Gaomiaozi county Inner Mongolia, China 

Chitosan 100% Wako Pure Chemical Industries, Ltd. 

H3PO4 Analytical grade Wako Pure Chemical Industries, Ltd. 

CsCl Analytical grade Wako Pure Chemical Industries, Ltd. 

NaOH Analytical grade Wako Pure Chemical Industries, Ltd. 

MgCl2 Analytical grade Wako Pure Chemical Industries, Ltd. 

CH3COOH Analytical grade Wako Pure Chemical Industries, Ltd. 

KCl Analytical grade Wako Pure Chemical Industries, Ltd. 

NaCl Analytical grade Wako Pure Chemical Industries, Ltd. 

HCl 37% Wako Pure Chemical Industries, Ltd. 

CsCl standard solution 1001 mg/L Wako Pure Chemical Industries, Ltd. 

LiCl Analytical grade Wako Pure Chemical Industries, Ltd. 

Table 5.2 Summary table of instruments used in this study. 

Instruments Model Compony 

Pipet 200µl, 1000µl Wako Pure Chemical Industries, Ltd. 

FE-SEM JSM-7001F JEOL 

XRD (Cu Kα radiation) RINT-Ultima Rogaku 

XPS (Mg Kα X-ray source) ESCA-3400 Shimadzu 
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TGA DTG-60A Shimadzu 

BET BELSORP MINI II BELSORP 

pH meter pH 15-7Mo LABINDIA 

Atomic absorption 
spectroscopy 

Solar S4-AA THERMO ELECTRON 

5.2.2 Preparation of magnetic bentonite 

In this study, the magnetic bentonite was prepared by the hydrothermal process according 

to a literature with a few modifications.38 In general, 0.81g ferric chloride, 40 mL ethylene 

glycol and 200 mg bentonite were mixed and stirred for 3h. Then 3.6g NaAc and 1.0 g 

sodium dodecyl sulfate were added with constant stirring for 1h. The mixture was sealed in a 

Teflon-lined stainless steel autoclave and maintained at 180ºC for 10h. After that, the 

products were separated with a permanent magnet and then washed with ethanol and Milli-Q 

water for several times, and finally dried at 50 ºC. 

 

Fig. 5.3 Schematic view of experimental setup for inductively coupled radio frequency 

plasma. 

5.2.3 Preparation of CS-g-MB composites 
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In our experiments, the inductively-coupled radio frequency plasma device we employed 

had already been described in our previous papers.39, 40 A schematic diagram of the compact 

experimental setup is shown in Fig.5.3. The CS-g-MB composite was synthesized via a 

two-step method by low-temperature plasma-induced grafting procedure in Ar atmosphere. 

The plasma induced grafting procedures consist of two successive processes: surface 

activation and chitosan grafting, as described in Ref.37. After the plasma induced grafting 

procedure, the CS-g-MB composites were gathered by a permanent magnet, washed several 

time with 0.01 mol/L H3PO4 solution and Milli-Q water, and finally dried at 60 ºC. The 

synthesized particles were characterized by BET (BELSORP MINI II), FE-SEM (JEOL 

JSM-7001F), XRD equipped with Cu Kα radiation (λ=0.154 nm), XPS (Shimadzu 

ESCA-3400) with Mg Kα X-ray source, magnetic measurement (MPMS-XL SQUID 

magnetometer) and TGA (Shimadzu DTG-60A) analysis with a heart rate of 10 ºC/min from 

35to 800 ºC.  

5.2.4 Cesium adsorption experiment 

The CS-g-MB sample was used as cesium cation exchanger to determine its removal 

efficiency. A sample of 3.6 mgwas immersed in 6 mL CsCl solution in a polypropylene tube, 

and then NaClO4 solution was added as the background electrolyte solution. The pH was 

adjusted with NaOH or HCl solution. After ultrasonic treatment for 30 min, the samples were 

shaking for 24 h. And finally, the solution phases were separated with a permanent magnet. 

The concentration of Cs+ ions in the solution phase was determined by atomic absorption 

spectroscopy (Thermo Scientific Solar S4-AA). The amounts of Cs+ exchange with the 

samples were calculated based on the differences between Cs+ concentrations in the solution 

before and after the experiment. Similar cation effect experiments were performed using 

MgCl2, LiClO4, and KClO4. The schematic of the formation of CS-g-MB and the exchange 

processes are shown in Fig.5.2. 

The amount of Cs+ ions removed by CS-g-MB were calculated according to Eqs.(5-1): 
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+ 0

0

( )
Cs  removed (%) 100%tC C

C

-
= ´     (5-1) 

where C0 and Ct represent the initial and at time t concentrations (mg/L) of Cs+ ions, 

respectively, W is the mass of sorbent (g), V represents the volume of the suspension (L) and 

132.9 is the standard atomic weight of cesium.  

5.3 Results and discussion 

5.3.1 Material characterization 

 

Fig. 5.4 XPS spectra of survey scan (a), Fe 2p spectrum (b), and C 1s spectrum of bentonite 

(c) and CS-g-MB (d). 

The CS-g-MB composite was synthesized via a plasma-induced method. More detailed 

information on the experimental setup and experimental details are described in supporting 

information. The surface areas of the original bentonite and the synthesized CS-g-MB 
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composite were determined by N2 Brunauer-Emmett-Teller (BET) measurements to be 18.52 

and 31.7 m2/g, respectively. The X-ray photoelectron spectroscopy (XPS) data in Fig. 5.4a 

indicate the presence of Al, Si, C, O, and Fe on the surfaces of the bentonite and CS-g-MB 

composite. The spectrum of the CS-g-MB composite shows characteristic peaks for N 1s 

(402.6 eV), indicating the effective connection of chitosan onto the bentonite structure 37, 41, 

while the characteristic Si peaks are attributed to the silica sheets of bentonite25, 42. The Fe 2p 

peak of the bentonite is due to the substitution of Fe3+ for Si4+ in the bentonite structure. In 

contrast to the bentonite, the Fe 2p peak in the CS-g-MB spectrum is muchmore intense, an 

effect that is related to the magnetic properties of the bentonite. A twinned Fe 2p peak is seen 

in Fig.5.4b, and the binding energies of these two peaks indicate the formation of an Fe3O4 

phase in the composite rather than Fe2O3
43, 44. 

 

Fig. 5.5 FT-IR spectra of CS-g-MB composite. 

It should also be noted that the C 1s spectrum of the CS-g-MB composite is quite 

different from that of the bentonite (Fig.5.4c and 5.4d). The characteristic C peaks in this 

spectrum are attributed to the organic carbon in the bentonite. Many studies have shown that 

organic matter can be stabilized by intimate association between clay mineral particles 45, 46, 47. 

The C 1s spectrum of the bentonite in Fig. 5.4c can be deconvoluted into three components: 

(1) a C=C peak (284.4 eV); (2) a C-O peak (286.2 eV); and (3) a carboxylate carbon peak 
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(O-C=O, 289.2eV). It is remarkable that the C 1s spectrum of the CS-g-MB composite in 

Fig.5.4 is different from that of the bentonite. The carboxylate carbon peak has been replaced 

by an amide peak (N-C=O, 288.4 eV), indicating that chitosan was grafted onto the bentonite 

through the reaction of amino groups with carboxylate groups. A further proof that the FT-IR 

spectra also reveal the existence of CO-NH functional group in CS-g-MB composite was 

offered (Fig.5.5). During the plasma treatment, many reactive species, such as radicals, 

electrons, and ions, are generated by the plasma discharge and can readily interact with the 

surface of the material to create active sites for further modification 39, 48. In our previous 

work, we have confirmed that an RF Ar plasma can break C-C bonds to increase the reactivity 

of carbon nanotubes following Ar ion bombardment 32, 33, 34, 35. The increased intensity of the 

C 1s and C-O peaks also result from the grafted chitosan. More detailed information and 

analysis are presented in Table 5.3. These data clearly show that the C, N, and Fe 

concentrations have greatly increased, indicating that the CS-g-MB composite was 

synthesized successfully. 

Table 5.3 Peak results of XPS Spectra. 

 peak 
Start BEa 

(eV) 
End BEa (eV) FWHMb (eV) % 

bentonite C 1s 281.85 291.35 1.86 9.59 

 Si 2p 99.45 106.40 1.69 16.15 

 O 1s 527.50 536.35 2.14 73.66 

 Fe 2p 704.76 740.50 4.63 0.60 

CS-g-MB C 1s 281.85 291.15 1.54 20.81 

 Si 2p 99.45 106.40 1.80 10.92 

 O 1s 527.50 533.62 2.50 62.60 

 N 1s 396.45 405.45 2.69 2.48 

 Fe 2p 704.76 740.5 5.03 3.19 

a: binding energy; b: full widths at half maximum. 



CHAPTER 5 Highly Effective Removel of Cs+ by Low Turbidity Chitosan-Grafted Magnetic Bentonite 

76 

 

 

Fig.5.6. SEM images of pristine bentonite (a), MB (b) and CS-g-MB composite (c and d). 

In order to verify the above, the morphologies and microstructures of the samples were 

characterized by SEM. Fig.5.6a shows that the bentonite displays rock-like macroparticles 

with rough, crumpledsurfaces. Following magnetic modification, some cracks and small 

structures are observed on the surface of the magnetic bentonite (MB) (Fig.5.6b), indicating 

the partial exfoliation of the bentonite layer during the hydrothermal process. Several 

spherical magnetic nanoparticles are also observed on the MB surface, which is consistent 

with the results of a previous study 38. After chitosan coating, much thinner structures are 

observed in the CS-g-MB (Fig.5.6d), and therefore the bentonite structures were exfoliated 

into smaller pieces. We believe that this change is closely related to the intercalation of the 

chitosan into the bentonite layers. From the high-resolution SEM images of the CS-g-MB 

(Fig.5.6e), we can also see that the surface of the CS-g-MB composite consists of spherical, 
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magnetic Fe3O4 nanobeads with diameters of approximately 150 nm. In addition, these 

sphere-like structures are randomly distributed over the surface. 

 

 Fig.5.7. The elemental mapping of the homogenous dispersion of Al, Si, Fe, O, and N 

elements in the CS-g-MB.  

In addition, from the high-resolution SEM images of the MB and CS-g-MB composite 

(Fig. 5.6c and 5.6e), many spherical magnetic Fe3O4 nanobeads with diameters of 130-180 

nm were observed and randomly distributed over the surface. The further proof about the 

spherical magnetic particles was provided by the elemental mapping of the CS-g-MB 

composite (Fig. 5.7). It can be seen that N exists homogeneously in CS-g-MB composite, 

indicating that chitosan was grafted onto magnetic bentonite.  

The XRD patterns of the samples were used to evaluate the basal spacing between layers 

of the clay, as shown in Fig. 5.8a and Table 5.4. The three curves all show a large peak at 2θ 

= 26.7º, corresponding to the pattern of quartz, suggesting that the bentonite consists of quartz 

phase (Fig. 5.8a). 49 Fig. 5.8b shows the comparison XRD patterns of MB with the standard 

reference materials (Fe3O4 and δ-FeOOH). The serious of characteristic peaks of MB at 2θ = 

30.3º, 35.6º, 43.3º, and 57.2º, correspond to the diffractions of (220), (311), (400), and (511) 

crystal faces of Fe3O4 with a face-centered cubic structure (JCPDS card No. 19-0629).50, 51 

The weak peaks of the bentonite near 2θ = 35.6º is due to the substitution of Fe3+ for Si4+ in 
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the bentonite structure. In contrast to MB and CS-g-MB, the diffraction peaks near diffraction 

peaks in bentonite patterns are much weaker, which is related to the additional magnetic 

properties of MB and CS-g-MB. During this series of modification processes, the (001) 

reflection of the bentonite shifts gradually from 7.06º to 6.05°, implying the formation of an 

exfoliated structure resulting from the chitosan addition, and confirming that the CS-g-MB 

composite was successfully synthesized.  

 

Fig. 5.8. (a and b) XRD curves of bentonite, MB and CS-g-MB. 

Table 5.4. The diffraction angle (2q) and interlayer spacing (d001) of samples. 

Samples 
2q d001(nm) 

bentonite 7.06 1.25 

MB 6.60 1.34 

CS-g-MB 6.05 1.46 

From Bragg’s Law, we can determine that the chitosan addition had an impact on the 

spacing of the bentonite layers. Bragg’s Law is expressed as in Eq. (5-2): 

2dsin nq l=           (5-2) 

where d is the spacing between the planes, θ is the angle between the incident and reflected 

rays, n is the order of the reflection, and λ is the X-ray wavelength. It was determined that the 

d001 spacing in natural bentonite was 1.25 nm. However, after the additions of the magnetic 
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Fe3O4 nanobeads and the chitosan, the d001 values increased to 1.34 and 1.46 nm, respectively, 

values that are consistent with the SEM results in Fig. 5.6. These results suggest an exfoliated 

structure resulting from the chitosan addition, and confirm that the CS-g-MB composite was 

successfully synthesized.  

 

Fig. 5.9. TGA curves of bentonite and CS-g-MB. 

  The weight percentage of grafted chitosan in the CS-g-MB composite can be estimated by 

thermogravimetric analysis (TGA). Fig. 5.9 presents the TGA curves of the bentonite and 

CS-g-MB under a flow of Ar atmosphere. The approximate 6.8% mass loss of the bentonite 

up to 100 ºC is attributed to the elimination of absorbed water. The weight loss (  1.8%) 

from 100 to 550 ºC can be negligible. The second stage of mass loss (~ 5.8%) from 550 to 

800 ºC is due to the self-dehydroxylation of the hydroxyl groups on the surface of the 

bentonite 52. The initial mass loss of about 6.3% from 35-160 ºC seen in the TGA curve of the 

CS-g-MB is primarily attributed to the evaporation of absorbed water and ethanol. A distinct 

mass loss of approximately 16.2% between 160 and 550 ºC that is not seen in the bentonite is 

possibly due to the loss of grafted chitosan. In addition, we believe that there are two possible 

reasons for the mass loss from 550 to 800 ºC. The first is, again, the self-dehydroxylation of 

hydroxyl groups on the bentonite surface. The second is the phase transition from Fe3O4 to 
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FeO. O’neill 
53 had showed that there have following chemical reactions between 560 ºC <T 

<997 ºC: 

3 4 2
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However, FeO is the only thermodynamically stable species during this temperature.53, 54 

Therefore, in the present work, the Fe3O4 content was less than 8.7 wt% while the chitosan 

content was approximately 16.2 wt%. 

 

Fig.5.10. Magnetization curve of CS-g-MB composite at 300 K (a) and a comparison of 

turbidity of (A) bentonite, (B) CS-g-MB composite and (C) MB suspensions imaged after 2.5 

hours (b).The inset figure of (a) shows the magnetic property of (B) CS-g-MB composite and 

(C) MB solution under an external magnetic field. 

Further investigations of the CS-g-MB composite were performed using a vibrating 

sample magnetometer. The magnetic hysteresis curve of the sample measured at 300 K shows 

features typical of magnetically soft ferrites (Fig. 5.10a). The saturation magnetization value 
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of the CS-g-MB composite is 13.9 emu/g, indicating the good magnetic property that is 

critical for separation. The magnetic separation of the sample was also assessed in water by 

placing a magnet near a glass bottle containing a dispersion of the material. In this manner, 

complete magnetic separation could be achieved in less than 10 min. The inset to Fig. 5.10a 

shows that both the CS-g-MB suspension (B) and the MB suspension (C) were attracted 

toward the magnet within a short time period, demonstrating the high magnetic sensitivity of 

our product, which could be very convenient with regard to the practical applications of these 

materials as adsorbents. 

 

Fig. 5.11 Visual images of bentonite, CS-g-bentonite, MB and CS-g-MB suspensions 

obtained after 2 days. (Sorbents =1.4 g/L) 

Materials with poor dispersion properties will always exist in the form of agglomerates, 

and this agglomeration can assist in avoiding significant increases in the turbidity of untreated 

water as well as in the separation of the material from the solution. In Fig. 5.10a, the 

magnetically separated portion of the CS-g-MB suspension (B) is not clear, an effect that is 

related to the presence of larger agglomerates than are found in the MB suspension (C). A 

comparison of the turbidities of bentonite, CS-g-MB composite, and MB suspensions is 

provided in the inset to Fig. 5.10b, and it is evident that the visual appearance of turbidity is 
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drastically different among these three samples. The addition of chitosan to the MB greatly 

changes the turbidity of the MB suspension, and the poor dispersion of the CS-g-MB 

composite confirms that chitosan was successfully grafted onto the MB. Furthermore, the 

turbidity of chitosan grafted bentonite (CS-g-bentonite) suspension was also compared, 

indicating the sorbent without magnetic nanoparticles could not be separated directly from the 

aqueous solution by gravity (Fig. 5.11). Furthermore, with magnetic nanoparticles, it is a great 

advantage that we can realize a quick separation the cesium ions and remove the adsorbents to 

improve the turbidity by the magnet.  

These results indicate that the enhanced coagulation by plasma modification represents a 

viable, advanced technology with applications in wastewater management. These results thus 

suggest future approaches in which new adsorbents can be readily separated from the 

solution, thus avoiding any increases in the turbidity or color of the water. 

5.3.2 Cation exchange results 

The pH-dependence of Cs+ ion adsorption has been studied by many researchers 4, 55, 56, and 

the results indicate that the pH of a solution has a significant effect on the uptake of Cs+ ions. 

From Fig. 5.12a, it is evident that the removal of Cs+ ions increases gradually with rising pH. 

The observed pH-dependence of Cs+ removal by the CS-g-MB composite may stem from 

competition for adsorption by hydronium ions, as well as the deprotonation states of 

functional groups. The pHzpc was detected as 4.3 for CS-g-MB suspension (Fig. 5.13). 

The effective hydrated radius of the hydronium ion (0.280 nm as H3O
+) is smaller than that 

of Cs+ (0.329 nm), and therefore the hydronium ions can more readily attach to adsorption 

sites. At low pH, it is conceivable that the highly concentrated H3O
+ ions are able to compete 

with Cs+ ions, such that there are fewer sites available for Cs+. As well, the majority of the 

amino and hydroxyl groups in the CS-g-MB composite, which originate from the grafted 

chitosan, are protonated at low pH, resulting in electrostatic repulsion between the composite 

and Cs+ ions. With increasing pH, the competition from the hydronium ions is reduced, as is 

the degree of protonation of the functional groups in the composite. Thus, in the combined 
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bentonite/chitosan structure, the abundant functional groups allow more efficient utilization of 

adsorption sites at higher pH.  

 

Fig. 5.12. (a) Effect of initial pH and ionic strength ([Cs+]initial=4ppm, m/V=1.0 g/L), (b) 

effect of adsorbent dose for Cs+ ion adsorption by CS-g-MB composite ([Cs+]initial=4ppm, 

pH=6.5), (c) effect of different competitive cations with the different concentration of cesium 

ion ([Mn+]initial=0.01mol/L, m/V=1.0 g/L and pH=6.5), and (d) the effect of initial Cs+ 

concentration for Cs+ adsorption by materials (m/V=1.0 g/L, pH=6.5 and 

[Na+]initial=0.01mol/L). 

The exchange capacity for Cs+ ions approaches nearly 80% at pH > 8 and an ionic strength 

(I) of 0.01 M (using an initial Cs+ concentration of 4 ppm and a composite concentration of 

1.0 g/L). The ionic strength (I) of the solution was calculated by the following equation57: 
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Where ci is the ionic concentration (M, mol/L), zi is the charge ofthe ion and the summation is 

used to account for all ions in the solution. 

 

Fig. 5.13. Zeta potential as a function of pH for CS-g-MB composites. 

  The adsorption of Cs+ ions thus depends on the type and concentration of cations 

competing for adsorption. In Fig.5.12a, we primarily consider the concentration of the 

background electrolyte. Here, the solutions had ionic strengths of 0.01, 0.1, and 1.0 M based 

on the addition of 0.01, 0.1, and 1.0 M NaClO4, respectively. We can see that, within the ionic 

strength range of 0.01 to 1.0 M, the removal of Cs+ ions by the CS-g-MB composite is 

obviously affected by ionic strength. The percentage removal of Cs+ions increases with 

decreasing ionic strength, which is in agreement with the results of previous studies 5, 37. We 

propose that there are two main reasons for this phenomenon. The first is the water activity 

effect and the large difference in ionic hydration energy between the exchanging species58, 59, 

60, 61. With increasing ionic strength, the water activity decreases and those cations, such as 

Cs+, with low hydration energies increase their extent of hydration to a greater extent than 

ions with high hydration energies, such as Na+ 62, 63. The second reason is that, at low ionic 

strength, fewer Na+ ions are available to compete with Cs+ ions as exchangeable cations, 

either at bentonite layers or at the functional groups of the chitosan. Therefore, the principal 

mechanism of Cs+ ion adsorption by CS-g-MB composite is cation exchange. The cation 
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exchange capacity of a material is thus a very important factor to consider when selecting a 

highly efficient sorbent to remove Cs+ ion from radioactive wastewater. 

  The effects of the CS-g-MB concentration on Cs+ ion removal were also investigated. As 

shown in Fig.5.12b, the removal percentage increased rapidly as the solid/liquid ratio was 

increased. This trend was not unexpected, since higher concentrations of the adsorbent 

correspond to more active sites for Cs+ ion adsorption. 

  An additional important characteristic of Cs+ adsorption is the significant effect of the 

competing cation species. In Fig. 5.12c, we assess the effects of competition by monovalent 

alkali and divalent alkaline-earth II cations (Li+, Na+, Mg2+, and K+) with respect to the 

removal of Cs+ ions. These four cations were selected due to their natural abundance in water. 

Our results indicate that, at a concentration of 0.001 M, the removal of Cs+ ions is decreased 

in the order of Li+ ≈ Mg
2+ > Na+ > K+. The results therefore demonstrate that the presence of 

these four cations can inhibit Cs+ adsorption and that K+ has the most significant effect. This 

relative effect is thought to result from the hydrated radius and the hydration energy of the 

cations in aqueous solution. The bare and hydrated radii of the cations are given in Table 5.5, 

from which it is evident that, as the atomic number increases, so does the ionic size, resulting 

in a decrease in the hydrated radius and the absolute value of the enthalpy of hydration. The 

hydrated radius of 0.331 pm for K+ is very close to that of 0.329 pm for Cs+, and both ions 

also have similar hydration energies 64. For this reason, K+ ions can compete more effectively 

with Cs+ ions for adsorption on the CS-g-MB composite. It is important to note that the 

hydrated radii decrease in the order of Mg2+ > Li+ > Na+ > K+ > Cs+ > H3O
+, which is almost 

the same as the descending order of Cs+ adsorption capacity. The Cs+ ions are exchanged in 

the form of Cs(H2O)n
+ during the cation exchange process, since ions in solution are always 

hydrated; that is, tightly bound to water molecules through ion-dipole interactions 63, 65, 66. In 

addition, the number of water molecules contained in the primary hydration shell will vary 

with the radius and charge of the ion and so the structures of hydrated metal ions in aqueous 

solution display a variety of configurations dependent on the size and electronic properties of 
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the ion. Persson has demonstrated that Li(H2O)6
+ and Mg(H2O)6

2+ ions are of the same size 

and have similar octahedral configurations 67. Therefore, in the present study, Li+ and Mg2+ 

ions in the form of Li(H2O)6
+ and Mg(H2O)6

2+ generated similar reductions in the adsorption 

of Cs+. 

A comparison of the exchange efficiencies of chitosan, bentonite, and the CS-g-MB 

composite is provided in Fig. 5.12d. The removal percentagedecreases in the order of chitosan 

< CS-g-MB < bentonite, and there is thus an obvious difference between chitosan and the 

CS-g-MB composite.Previous research has shown that the -OH groups play a very important 

role in the Cs+ ion adsorption 4, 36, 37. However, in our case, we consider that the low removal 

efficiency of chitosan is strongly related to the structure of this material 68, 69. In addition, 

decreased removal efficiency was observed for the CS-g-MB composite compared to 

bentonite, whichresults from a combination of effects, including the exfoliation of the 

bentonite layers and the exchange reaction between Fe3+ and the exchangeable cations of 

bentonite 28, 37, 70. 

Table 5.5 The bare and hydrated radii of cations. 

Ion Ionic radius(nm) Hydrated radius(nm) 

H3O
+ 0.115 0.280 

Li+ 0.094 0.382 

Na+ 0.117 0.358 

K+ 0.149 0.331 

Cs+ 0.186 0.329 

Mg2+ 0.072 0.428 

Compiled from Refs.63, 71, 72, 73  

Equilibrium isotherms can provide useful information on the adsorption mechanism. In this 

study, we examined the relationships between removed Cs+ ions and the residual amounts in 

aqueous solutions at sorption equilibrium, employing different water systems (actual seawater 
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and simulated groundwater) to estimate the stability of CS-g-MB (Fig. 5.14a). The seawater 

used in the present research was taken from the Pacific Ocean near Hamamatsu, Japan. 

Simulated groundwaterwas also prepared and further information about the two water systems 

is provided in Table 5.6. 

Table 5.6. Concentration of some selected major cation ions and pH value of the two water 

systems. 

Water system 
Na+ 

(ppm) 

Mg2+ 

(ppm) 

Ca2+ 

(ppm) 

K+ 

(ppm) 
pH 

Seawater 4381 1002 544.8 403.2 7.61 

Simulated groundwater 115 120 35 195 5.02 

We chose the Langmuir and Freundlich isotherm models74, 75, both of which are widely 

used to simulate experimental data (Fig. 5.14a). The Langmuir (Eq. 5-4) and Freundlich (Eq. 

5-5) models are expressed as follows: 

1
m L e

e

L e

Q K C
Q

K C
=

+
   (5-4) 

1/
F

n

e eQ K C=    (5-5) 

where Qe is the equilibrated Cs+ concentration, Qm (mg/g) is the maximum sorption capacity, 

KL (L/mg) is the Langmuir adsorption constant, KF (mol1-n Ln/g) is the adsorption capacity 

when the Cs+ equilibrium concentration is equal to 1, and 1/n is the Freundlich adsorption. 

Table 5.7. Sorption constants for Langmuir and Freundlich isotherm models. 

CS-g-MB 

Langmuir Freundlich 

Qm 

(mmol/g) 

KL  

(L/mmol) 

R
2 n 

KF  

(mmol/g) 

R
2 

Simulated groundwater 1.21 7.72 0.936 2.28 1.35 0.918 
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Seawater 1.12 4.38 0.913 1.96 1.13 0.826 

 

Very similar Cs+ adsorption isotherms were determined for adsorption from contaminated 

seawater and simulated groundwater, as shown in Fig. 5.14a. The maximum adsorption 

capacity (Qm) of Cs+ on the CS-g-MB composite in the contaminated simulated groundwater 

(1.21 mmol/g) was greater than that in contaminated seawater (1.12 mmol/g), as can be seen 

from the data in Table 5.7. The synthesized material was able to remove 76% of Cs+ ions 

from the contaminated pure water at CsCl(aq) concentration as 4 ppm (Fig. 5.14b), while a 

rapid decrease in simulated groundwater and seawater. We believe that these results are 

closely related to the ionic strengths of the three water systems. The concentrations of the four 

competitive cations (Li+, Mg2+, Na+, and K+) in the actual seawater were higher than in the 

simulated groundwater and pure water, indicating a higher ionic exchange in seawater. During 

these trials, it was also found that the adsorption material was stable in both the contaminated 

seawater and groundwater over long periods of time. 

 

Fig. 5.14. Adsorption isotherms (a) and removal efficiency (b) for Cs+ions by CS-g-MB 

composite in Milli-Q water, real seawater and simulated groundwater ([Cs+]initial=4ppm, 

m/V=1.0 g/L).  Symbols denote experimental data, solid lines represent model fitting of the 

Langmuir equation, and dash lines represents the model fitting of the Freundlich 

equationconstant. 
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From Table 5.7, it is also apparent that the Langmuir isotherm generated a better fit to our 

experimental data compared to the Freundlich model, which indicating that monolayer 

coverage of the adsorbate is the main adsorption mechanism. In addition, the maximum 

adsorption of Cs+ ions on the CS-g-MB composite was 10.0% lower than the amount 

adsorbed on pure bentonite (1.33 mmol/g), which is consistent with the results in Fig. 5.12d. 

As noted, the decreased adsorption of Cs+ions on the composite is attributed to the exfoliated 

bentonite structure and the isomorphic substitution of Fe3+ for Si4+. The adsorption capacities 

of Cs+ ions on various materials as reported in the literature are summarized in Table 5.8, and 

the CS-g-MB composite shows a higher adsorption capacity than a number of other sorbents. 

Taking into consideration the good magnetic properties, low turbidity, and stability in 

aqueous solution of the CS-g-MB composite, it appears to be a good candidate for the 

removal of Cs+ions from contaminated groundwater and seawater. These results should thus 

assist in the application of bentonite-based materials to the remediation of nuclear waste and 

drinking water and thus allow the development of new adsorbents that can be easily removed 

from solution and that do not increase either the turbidity or color of the water being treated. 

Table 5.8. Comparison of maximum sorption capacity for Cs+ ions by various sorbents. 

Sorbents Csmax (mmol/g) References 

CNTs 0.24 37 

bentonite 1.33 37 

Prussian blue 0.99 4 

Prussian blue+CNT 1.08 4 

SAMMS 1.14 76 

CoFC@Glass-Py 1.30 77 

CS-g-MB 1.21 This work 

5.3.3 Mechanisms of Cs
+
 ion adsorption by the CS-g-MB composite 



CHAPTER 5 Highly Effective Removel of Cs+ by Low Turbidity Chitosan-Grafted Magnetic Bentonite 

90 

 

Based on the characterization and Cs+ ion exchange experimental investigations, a cation 

exchange mechanism involving hydrated Cs+ ions is considered to be the main mechanism for 

Cs+ ion adsorption on the CS-g-MB composite. In the present study, the cation exchange 

mechanism appears to consist of two parts: the Cs(H2O)n
+ ions exchange with the 

exchangeable hydrated cations ([M(H2O)n]
a+) consisting of monovalent Group I (a=1) and 

divalent Group II (a=2) metals (such as Na, Ca, and K) between the layers, while Cs(H2O)n
+ 

ions exchange with chitosan functional groups such as -OH groups.Possible cation exchange 

mechanisms are described schematically in Fig.5.15. 

 

Fig.5.15 The possible cation exchange mechanism of Cs+ ion sorption on the CS-g-MB 

composite. 

5.4 Conclusions 

We successfully synthesized chitosan-modified magnetic bentonite via an RF Ar plasma 

method. The CS-g-MB composite shows very good magnetic properties as well as low 

turbidity and high stability in seawater and aqueous solutions and has a significant adsorption 

capacity for Cs+ ions. The Cs+ ion exchange reaction of the CS-g-MB was found to vary with 
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both pH and ionic strength, and is primarily controlled by a cation exchange mechanism.In 

the presence of Mg2+, K+, Li+, and Na+ ions, the Cs+ ion exchange reaction is reduced in the 

order of Li+ ≈ Mg
2+ < Na+ < K+, largely as the result of variations in the hydrated radius and 

hydration energy between these cations in aqueous solution. The results indicated that 

enhanced coagulation generated by plasma modification is an advanced yet feasible process 

with applications in wastewater management. The results presented herein should therefore be 

helpful with regard to the application of bentonite-based materials for the remediation of 

nuclear waste and drinking water.We hope that this work will allow for the future 

development of new adsorbents that are readily separated from solution and that do not 

negatively affect either the turbidity or color of the water being treated.  
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CHAPTER 6 Conclusions 

This thesis focuses on the management of Cs+constaiminated wastewater within 

the adsorption method. The carbon nanotube- and bentonite-based composites were 

successfully synthesized by the plasma-induced grafting method and application 

them for the remediate Cs+ ions from the contaminated wastewater.  

This thesis contributes to not only the development of application of plasma 

modification in wastewater management and the high-efficiency adsorbent for Cs+ 

ions, but also clarifying Cs+ adsorption mechanisms in aqueous solution. 

The key points provided by this thesis are following: 

1) We have demonstrates that cation-exchange mechanism is much more effective 

than the hydroxyl group to Cs+ adsorption. In addition, the effect of hydroxyl 

groups to Cs+ adsorption is dependent on the property of the matrix. We cannot 

improve the Cs+ adsorption capacity of material only by increasing the amount of 

hydroxyl groups in any case.  

2) The spatial structure and cation-exchange capacity of the material are very 

important factors for high-efficiency sorbent for Cs+ ions. Our findings are 

important for estimating and optimizing the sorbent of Cs+ ions and give the 

future directions of new and selective adsorbents for the removal of Cs+ ions in 

groundwater or wastewater. 

3) We designed the chitosan-grafted magnetic bentonite (CS-g-MB) by 

plasma-induced grafting method to enhance coagulation of magnetic bentonite in 

water.  

4) The CS-g-MB composite shows good magnetic properties, low turbidity, and 

high stability in aqueous solution and exhibits significant adsorption capacity for 

Cs+ ions.  

5) The adsorption of Cs+ by CS-g-MB is dependent on both pH and ionic strength. 

In the presence of Mg2+, K+, Li+, and Na+ ions, the Cs+ exchange is constrained in 
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the order of Li+ ≈ Mg
2+< Na+< K+, primarily as a result of the hydrated radii and 

hydration energies of these cations in aqueous solution.  

6)  The enhanced coagulation achieved by plasma modification represents a viable 

yet advanced technology for wastewater management, and is capable of 

synthesizing new adsorbents that can be readily separated from solution and that 

avoid increasing the turbidity and color of the water being treated. 
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