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ABSTRACT 

Development of Granulated Adsorbent for Clean-up of Water contaminated by Cesium 

by 

Esther Jemima Alorkpa 

A study was conducted on sol-gel synthesis of an adsorbent (phosphotungstic acid embedded 

in silica gel, H-PTA/SiO2) of radioactive cesium. A novelty of this work is covalent bonding 

of PTA to the surface of solid support that prevents leaching from the surface of the material. 

The sample was granulated with a binder, aluminium oxide (γ-Al2O3). Solid-state NMR and 

FT-IR spectroscopy were used to confirm the presence of Keggin units of PTA in the bound 

materials. Thermal analysis of H-PTA/SiO2 - γ-Al2O3 (50 %) showed that the water content 

in the bound material was appreciably lower than in the pure adsorbent. Quantitative 

determination of surface acidity of porous materials is an important analytical problem in 

characterization of the adsorbents. This problem was solved by reversed titration after 

saturation of the materials by anhydrous solution of pyridine. Batch and column adsorption 

tests showed that the adsorbent demonstrated high adsorption capacities towards cesium.  
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CHAPTER 1 

INTRODUCTION 

Origin, Properties and Chemistry of Cesium 

 Cesium was discovered by Bunsen and Kirchhoff in a Bavarian mineral spring. Cs 

occurs as a pollutant in the USA and Africa which are recognized as the major geographical 

sources of cesium. 133Cs is stable and it is known as the scarcest of alkali metals with minute 

economic value. Studies show that there are over twenty isotopes of cesium ranging from 

123Cs to 144Cs excluding 124Cs. All isotopes of cesium except for 133Cs are radioactive with 

either short or long half-lives. Among the isotopes of cesium, 137Cs had been reported of 30.2 

years of half-life. 134Cs has a half-life of approximately 2.07 years.1 135Cs had also been 

reported of 2.3 million years of half-life.2  

 134Cs decays via beta emission and produces one beta particle per each 

transformation. Research show that the mean energy produced from the beta emission of     

134Cs decay is 0.157 MeV and the mean energy produced from the emission of gamma rays is 

0.698 MeV.135 Cs undergoes beta decay and produces one beta particle per transformation 

with a mean energy of 0.188 MeV.3 During the radioactive decay of 137Cs, 92% of beta 

particles are emitted via excited state producing 89% of gamma radiation. However, 8% of 

the beta particles are emitted directly producing stable 137Ba as shown in Figure 1 below.4  

Cesium is very useful in brachytherapy for treating cancer. In addition, it is an 

excellent source of radiation in radiotherapy and disinfection of medical instruments.5 Also, it 

is less expensive and has demonstrated good characteristics making it a very useful substitute 

for radium in treatment of malignant disease.6 Over the years, Cs attracted little interest until 

the origination of nuclear power.1 
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Figure 1: Diagram of 137 Cs radioactive decay.4 

Distribution of Cesium into the Environment and its Impacts 

Research shows that the spreading of radioactive cesium into the environment is due 

to the release of 137Cs and 134Cs.7 137Cs is released into the environment by three ways. 

Nuclear weapons testing is one of the routes that led to the pollution of the atmosphere. 

Developed countries such as United States, the United Kingdom, Russia, France, and China 

were leading this radioactive contamination with massive nuclear tests in the atmosphere. In 

1963 there was a breakthrough with the passing of the Limited Test Ban Treaty (LTBT), 

banning the testing of nuclear weapons in all global environments, except for underground.8 

Though this treaty was passed banning all nuclear tests in the atmosphere, France and China 

continued nuclear testing in the atmosphere. 

The nuclear-armed states, represented by India, South Africa, Pakistan, North Korea, 

and Israel was the second category that developed after this period and they continued testing 

nuclear weapons underground.9  

With respect to all the nuclear tests carried-out in the atmosphere from 1945-1963, the 

USA and Russia were responsible for 82 % of all these tests. Between 1951 and 1992, 

nuclear tests totalled an explosive yield of approximately 530 Megatonnes, of which 83 % 

were due to the atmospheric nuclear tests carried out.10  

The discharge of waste effluents generated from nuclear fuel-reprocessing plants and 

nuclear reactors led to the second route. The last route is through the accidental leaks of 
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radioisotopes from nuclear power plants and this route is an environmental concern since the 

radionuclides speedily dispense into the environment.1  

The trace of radioactive substances in water bodies is mainly due to radionuclides 

washing off from the water-catchment areas. Radionuclides are rapidly redistributed and 

accumulated in aquatic plants, fish and soil sediments.11 The contamination of biological 

systems are due to the radiation exposure of aquatic organisms and humans connected by 

food-chains within the hydrosphere. The migration of 137Cs into water bodies led to 

contamination and damaged many aquatic habitants. Consequently, humans are at high risk 

since fish is a major source of food to humans. 12 

Cesium enters the human body and it spreads throughout the body at higher 

concentrations into the muscle tissues. Essentially, all cesium that is ingested is absorbed into 

the bloodstream through the intestines. However, cesium is excreted from the body quickly. 

The accumulation of cesium into the body poses health hazards from both gamma and beta 

radiation. This has become a concern due to the increased likelihood for causing cancer. 13 

The radioactivity emitted by cesium shows dietary exposure of adults at certain 

locales in Japan.14 After nuclear accidents, there was large exposure of radioactive 137Cs and 

this became a serious concern due to health problems associated with it.15 

Contamination of Land and Water from Nuclear Accidents 

Chernobyl Accident 

The Chernobyl nuclear power plant accident occurred on April 26, 1986. Studies 

show that its surroundings were contaminated with radionuclides. This accident affected the 

atomic power station in Ukraine and resulted in the spread of significant amounts of 

radionuclides. A complete breakdown of the nuclear reactor took place, and about 150 to 200 

million curies of radioactive substances were distributed into the atmosphere during the first 

week of the accident.16 
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The Chernobyl accident affected people about hundreds of kilometres away from the 

atomic power station resulting into several cancerous conditions with higher incidence of 

tumour type cancers. Thyroid tumours were the largest spread of cancers in the affected 

population.17 The flood plain of Pripyat River was contaminated by 134Cs and 137Cs due to its 

proximity to the nuclear plant.18 Several studies investigated Cs pollution of soil and water 

surfaces and they provided estimates of dissolved 137Cs in Chernobyl.19 

About 450 different radioactive materials were distributed into the atmosphere 

affecting Ukraine, Belarus and Russia. The radioactive cloud travelled to the Baltic states, 

Scandinavia, Europe and radioactive materials were even detected over North America. 

Millions of people were exposed to high quantities of radioisotopes with millions of children 

suffering from thyroidal conditions.20 

After the deposition of radiocesium from the nuclear accident, it led to the distribution 

of radionuclides in alpine which affected alpine pastures that were used extensively in 

agricultural land for milk production.21 The aquatic system was reported to be contaminated 

after the Chernobyl accident. Sequentially, aquatic systems became the source of 

radionuclides due to the deposition of 137Cs and 90Sr in the terrestrial areas which lead to the 

transportation of higher number of radionuclides transported to groundwater, lakes, and 

rivers.22 Subsequently, the discharge of nuclear fuel from Chernobyl nuclear accident led to 

the transportation of 137Cs into the Siberian Arctic. Several studies show that the Barents Sea, 

Pechora Sea, Kara Sea, Ob River, and the Yenisey River were largely polluted by 137Cs.23  

Figure 2 below shows the effect of Chernobyl nuclear accident. 

Fukushima Daichi Nuclear Power Plant (FDNPP) Accident 

This nuclear accident occurred on March 11, 2011 in Japan. This disaster was 

triggered by the tsunami following the Tōhoku earthquake and affected several nuclear plants 

in Japan concurrently, thereby causing drastic contamination in Fukushima. 



14 
 

 

 Figure 2: Radiation contamination after Chernobyl disaster 

(ttp://chnm.gmu.edu/1989/items/show/173 accessed April 10, 2019, 11:44 am) 

The nuclear accident led to rapid transportation and distribution of radionuclides such 

as 137Cs and 134Cs into river sediments which in turn affected potable water.24 After the 

Fukushima disaster, most research conducted show that drinking waters around Fukushima 

were heavily contaminated with large amount of radioactive cesium.25 Thus, radionuclides 

were distributed into the atmosphere because of the nuclear accident.26 

The release of 131I and 137Cs led to severe atmospheric pollution.27 Consequently, the 

release of radioactive 137 Cs substances into the environment led to skin injuries and caused 
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acute radiation syndrome.28
 Figure 3 below shows contamination of surroundings around 

Fukushima. 

 

Figure 3: Radiation in the environment around Fukushima (US DOE) 

Adsorption of Cesium 

There have been several techniques to remove cesium from wastewater to prevent 

contamination. One such novel method is the application of macrocyclic ligand,                            

o-benzo-p-xylyl-22-crown-6-ether (OBPX22C6) as shown in Figure 4 and it is very useful in 

the adsorption of cesium from wastewater. There is a high propensity of the π electron of this 

crown ether to interact with the d-f hybrid orbital electron of cesium. Studies show that the  

d-f hybrid orbital is absent in sodium (Na) and potassium (K) ions and thus, the selectivity of 

the macrocyclic ligand for cesium is highly optimal. Easy scaling up and low power 

consumption in nuclear wastewater processing are the main advantages of the d-f hybrid 

adsorbent and less waste is produced. Research shows that the adsorption of cesium with 
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OBPX22C6 is better at low pH ranges. Notwithstanding, the high efficiency of the 

OBPX22C6 in the adsorption of cesium, is affected by co-existing metal ions.29  

 

 

 

 

 

 

 

 

 

Figure 4: O-benzo-p-xylyl-22-crown-6-ether.29 

Similarly, 1,3-[(2,4-diethylheptylethoxy) oxy]-2,4-crown-6-Calix [4] arene (Calix [4] 

arene-R14) is found to be one of the most promising extractant of cesium among crown 

ethers. This is as a result of the cavity of its ligand which matches well with the ionic radius 

of cesium. Calix [4] arenes R14 have higher affinity to remove cesium from wastewater. 

Group of arenes with similar structures are shown below in Figure 5.30 

Ion-exchangers are another kind of adsorbents that have been very useful in removing 

cesium because of their chemical and radiation stabilities, granulometric properties suitable 

for column operation and high ion-exchange capacity, and adsorption efficiency.31 They 

demonstrated good selectivity in the processing of wastewater containing cesium and the 

recovery of valuable metals. Inorganic ion exchangers of the class of tetravalent metal acids 

have appeared as promising effective materials due to their vital applications in separation 

science. For example, zirconium-based ion-exchangers have gained interest because of their 

good selectivity, reproducibility and excellent ion-exchange behavior.  
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Figure 5: Structures of Calix [4] arenes R14.30 

Nevertheless, ion-exchange studies with crystalline materials are often complex 

because of the formation of new crystalline phases. Amorphous ion exchangers, for example, 

zirconium (IV) selenoiodate, have advantage such as easy preparation. Their granular nature 

makes them suitable for column operation and they are more preferred than crystalline forms. 

Besides, they are quite stable in acidic medium.32  

Studies show that adsorption of cesium in clay unceasingly increased to attain a 

maximum percent at pH of 3. There was a change in the mechanism involved in initial and 

final stages of adsorption process at higher pH values and adsorption was almost constant 

throughout this pH values. Since the cesium cation has a large ionic radius and a small 

hydration number, it can compress the electric double layer around adsorbent particles and 

reduces the electrokinetic potential that favour its adsorption.33 
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 Clay colloids are also one of the effective means of adsorption of cesium, 

significantly enhancing its transport in ground water. Clay colloids exhibit small size and 

they can remain suspended in groundwater and be transported. Also, their large surface area 

enhances adsorption capacity for high solubility radionuclides such as cesium. Owing to the 

very small hydration energy of cesium, it can preferentially interact and adsorb to the surface 

of clay colloids.34 The coefficient of distribution of cesium and its percentage adsorption 

increases with pH. This effect may be due to the presence of amphoteric OH groups on the 

surface of clay colloids that can either be protonated at low pH or deprotonated at a high pH. 

Thus, at higher pH, the negative charge on the clay increases and the adsorption of cesium 

ion also increases. Though the clay colloids are effective in adsorption of cesium, their 

efficiency is drastically reduced in the presence of high concentrations of sodium and calcium 

ions.35  

Insoluble hexacyanoferrates are other substances that have been employed for 

removing cesium from liquid wastewater containing radionuclides such as cesium. Research 

shows that insoluble hexacyanoferrates shows high affinity and selectivity for cesium ions. 

However, this method has certain disadvantage such as pressure drop when used in column 

application. This can be reduced by attaching supporting material such as polyacrylonitrile 

(PAN). PAN is an organic binder with good solubility in polar organic solvents, 

immobilization properties, and strong adhesive forces with inorganic materials. Other studies 

conducted on PAN-based potassium nickel hexacyanoferrate (II) K2Ni(H2O)[Fe(CN)6] 

showed high selectivity for removal of cesium from liquid wastewater.36 

Furthermore, copper ferrocyanide Cu2[Fe(CN)6], CuFC, is an inorganic metal 

complex that has been used extensively to remove cesium from liquid waste due to its good 

adsorption property. It also has high affinity for cesium over a wide pH range. However, 

CuFC adsorption capacity may be reduced by mass or volume occupied by the support 
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materials and this causes the kinetics of adsorption to be slower due to the mass transfer 

within the material.37 

The application of electrocoagulation process for removing cesium from aqueous 

solution demonstrated high efficiency for removal of cesium from wastewater. This method 

uses different anode materials such as aluminium, iron, magnesium, and zinc. With 

galvanized iron as a cathode, it demonstrated 96 % removal of cesium. Magnesium was used 

as the cathode and the adsorption process follows the second order kinetics model with good 

correlation of Langmuir and Freundlich adsorption isotherm model. Langmuir adsorption 

isotherm favors monolayer coverage of adsorbed molecules for adsorption of cesium.38  

Silicate-based multifunctional nanostructured materials with magnetite and Prussian 

blue showed effective removal of cesium ions from aqueous media by avoiding the use of 

organic solvents. This method is also effective even at high concentration of sodium chloride 

which allows their application in the removal of radioactive 137Cs. It is easy and has quick 

recovery of the pollutant -loaded adsorbents by means of a magnet.39  

However, these adsorption techniques have some disadvantages associated with their 

application. There are number of cations such as potassium (K) and sodium (Na) that can 

block their sorption sites, hence they must be pre-treated with chemicals before use. Also, 

inorganic adsorbents are expensive and very difficult to separate from solutions because of 

their microcrystalline nature which causes secondary waste disposal problems.40  

Heteropolyacids (HPAs) 

Heteropolyacids are complex acids containing oxygen, hydrogen, non-metals and 

metals such as molybdenum, vanadium or tungsten. They form a conjugate anion known as 

polyoxometalate and they have a well-known structure such as Keggin (HnXM12O40) as 

shown in Figure 6 and Dawson (HnX2M18O62.)
41 The X in the Keggin structure represents the 
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central atom while M represents the heteroatom. The heteroatom is either tungsten (W) or 

molybdenum (Mo) while the central atom is either phosphorus (P) or silicon (Si).42  

HPAs’ unique catalytic activity is the result of their super acidity.43 The strong acidity 

of HPAs is caused by delocalization of negative charge on large anions with Keggin 

structure. HPAs can form insoluble salts with cesium metal cations.44 

When the heteroatom of HPA is tungsten or molybdenum, it makes it highly active in 

many catalytic reactions such as condensation, hydration and polymerization.45 HPAs 

demonstrate unique properties such as high thermal stability and high proton mobility which 

is attributed to their abilities to catalyse several reactions in both heterogenous and 

homogenous catalysis systems. Phosphotungstic acid (PTA, H3PW12O40) is known to be the 

strongest HPA with Keggin structure and it is widely used in catalytic hydrolysis and 

dehydration.42 Hence, HPAs have been widely used as acidic, oxidation and electrophilic 

catalysis in industries. They are environmentally friendly and harmless. Therefore, they are 

solid acids that can replace harmful solutions such as sulphuric acid (H2SO4) and hydrogen 

fluoride (HF).46 

Pure HPAs have certain limitations in catalytic applications due to their low surface 

area and non-porosity. Therefore, for improvement of their catalytic activity, they should be 

immobilized onto a support with large surface area. Silica, zeolites, mesoporous carbon, and 

alumina are examples of these supports that have been studied and concluded to be efficient. 

Increasing the concentration of their acidic sites will also enhance their catalytic activity. 47 
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Figure 6: Keggin structures of H3PW12O40
 (Walter G. Klemperer) 

Immobilization of HPAs 

Impregnation Method 

Several techniques have been applied in the immobilization of HPAs. Impregnation is 

one of the common methods for immobilization of HPAs such as PTA on several supports. 

Studies showed that the catalytic activity and the stability of HPAs depend on the properties 

of the support, the type of HPA used, and the concentration of the impregnating solution. The 

impregnation of mesoporous carbon supports with PTA and molybdophosphoric acid 

(H3PMo12O40) showed that carbon is a suitable support for HPAs. Studies on removal of 

cesium from liquid waste using impregnated zeolite materials showed higher selectivity and 

capacity for Cs. Natural and synthetic mordenite also demonstrated high selectivity for Cs. 

This method was used for low-level radioactive waste with higher improvements in the 

distribution coefficient of cesium and it is a cheaper method.48 However, impregnation 

method is not effective since physically adsorbed PTA on the support can easily leach out.49 

Covalent Immobilization 

Chemical immobilizers provide one promising means of removal of cesium from 

aqueous solutions. Generally, immobilized chemicals have high affinity for cesium ions even 



22 
 

at highly acidic conditions. There are a lot of differences in chemical immobilizers in their 

adsorption capacity for cesium. A study was conducted on immobilization of HPA on 

mesoporous materials (SBA-15 and MCM-41) by chemical bonding with the introduction of 

amine groups into the system during aminosilylation procedure. The method resulted in 

strong anchoring of the heteropolyanions and prevented leaching of HPAs.50, 51 

Seaton et al. conducted a research on covalent immobilization of PTA and obtained a 

hybrid material containing silica gel and PTA. Keggin units of PTA were covalently bonded 

to silicon (Si) atoms via oxygen bridges. It was observed that covalent Si-O-W bonding 

demonstrated high stability of PTA against leaching. It was also stable in water and did not 

decompose in neutral and acidic media. In recent time, researchers have started to focus their 

attention on this method of immobilization to eliminate the drawbacks of impregnation 

method.52 

Research Objectives 

The objective of this work was the synthesis and the instrumental characterization of 

H-PTA/SiO2, an adsorbent for removing cesium from the environment. In addition, 

granulation of H-PTA/SiO2 with an inorganic binder; aluminium oxide, ɣ-Al2O3, and its effect 

on the performance of the adsorbent has been characterized as well. Covalent immobilization 

method will be employed to avoid leaching and the product obtained using this method was 

expected to be more stable than the product obtained using impregnation method. Finally, an 

alternative analytical method for determination of surface acidity of base-sensitive materials 

has been developed. 
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CHAPTER 2 

EXPERIMENTAL/METHODOLOGY 

Materials Used 

The precursors for the adsorbent (H-PTA/SiO2, 1) synthesis, phosphotungstic acid 

hydrate (PTA) and tetraethyl orthosilicate (TEOS): were purchased from Acros Organics 

(Morris Plains, NJ). Pluronic P123 with MW=5800, a pore-forming agent, was purchased 

from Sigma Aldrich (St. Louis, MO).  

The salts used in the adsorption studies, cesium chloride (CsCl), potassium chloride 

(KCl) and sodium chloride (NaCl), were purchased from Fischer Scientific (Pittsburg, PA).  

The base used for acidity determination, pyridine was purchased from Acros Organics 

(Morris Plains, NJ).  

The binder used for the adsorbent, aluminium oxide, γ-Al2O3 (2) was purchased from 

Strem Chemicals, Incorporated (Newburyport, MA). The solvents used for the adsorption 

studies were ethanol, tetrahydrofuran (THF) and acetone. 

Synthesis and Granulation 

Sol-gel Method 

The active material for the adsorbent, 1 was synthesised by sol-gel method and the 

procedure was adapted from an earlier published article.53 Three solutions were prepared: 50 

g of Pluronic P123 was dissolved in 150 mL of ethanol, and separately, 18 g of PTA and 72 g 

of TEOS were dissolved in 50 mL of ethanol. To obtain the highest effectiveness of the 

adsorbent, the initial contents of the reagents were chosen from data obtained from the 

previous article. The solutions of TEOS/PTA and 20 % HCl (150 mL) were simultaneously 

added dropwise to the solution of the surfactant under stirring. The reaction mixture obtained 

was then refluxed for 24 h. The gel-like mixture obtained was filtered and washed with 

deionized water to completely remove all the acid in the gel. It was further rinsed with 
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acetone, air-dried overnight and calcined at 500 oC for 5 h. This temperature was chosen 

based on literature because it is enough for complete removal of the template.54 The Keggin 

structure was still stable at these conditions. 

The preparation of Cs-exchanged material, Cs-PTA/SiO2 (3) was done by mixing    

8.2 g of 1 with 100 mL of 0.13 M solution of CsCl. The mixture was stirred overnight, 

washed by deionized water, and air-dried overnight. 

Granulation Process 

For obtaining granulated adsorbent, 1 and 2 were mixed and dispersed in deionized 

water. The mixture was then sonicated in a FS20D ultrasonic bath for 30 min and filtered 

afterwards. The dry product obtained 1-2 was calcined at 300 o C for 3 h. It was then 

compressed into tablets at a pressure of 7 metric tons and separated (1-2 mm fraction) using 

Fisher Scientific test sieves. 

Using this procedure, three samples (2 g) each were prepared by mixing 1 and 2 with 

different ratios. First sample was prepared with the 1:1 ratio, second sample with the 1:9 ratio 

and third sample with the 3:7 ratio. Composition of the dry products were: 1-2 (10 %),              

1-2 (30 %), and 1-2 (50 %). 

Structural and Instrumental Characterization 

X-ray Fluorescence (XRF) Study  

X-Supreme 8000 XRF analyser (Oxford Instruments, Abingdon, UK) was used to 

determine the elemental compositions of the material. 

Elemental Analysis   

The concentration of cesium (Cs) and tungsten (W) in the samples were determined 

by atomic absorption spectrometry (AAS) using Shimadzu AA-6300 Spectrometer       

(Kioto, Japan). Samples for measurement were prepared by dissolving the materials in 48 % 

HF (VWR International, Radnor, PA). This was then followed by neutralization by     
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NH4OH (25 %) to pH=7. 0.1 g of adsorbent was dissolved in 10 mL of HF and diluted after 

neutralization to approximately 25-30 mL. This would result in a concentration of tungsten 

(W) in the solution in the range of 100-500 ppm. This was the calibration curve chosen for 

analysis of W, which is very high for a typical element in AAS, but it worked using the high 

temperature burner. For calibration of Cs, solutions in the range 5-50 ppm were prepared. 

Fourier-Transform Infrared (FT-IR) Spectroscopy 

All FT-IR spectra were recorded in KBr pellets on Genesis II spectrometer 

(Shimadzu, Kyoto, Japan). 

Nuclear Magnetic Resonance (NMR) Spectroscopy  

Solid state NMR spectra were acquired on a Bruker AVANCE 400 spectrometer 

(Rheinstetten, Germany). For 31P spectra recordings, 85 % H3PO4 was used as the reference 

standard based on the literature. It was conducted at 162 MHz, pulse length: 5 μs, delay time: 

10 s, number of scans: 10,000.  

27Al spectra were recorded at 104.26 MHz, pulse length: 3 μs, delay time: 1 s, number 

of scans: 128. Samples were dried at room temperature in vacuum until constant weight was 

obtained before taking all measurements. 

Surface Acidity 

Reversed titration method was used to measure the concentrations of surface acidic 

sites in the samples.  0.1 g of the sample was dehydrated at 100 o C overnight and dispersed in 

6 mL of 0.012 M solution of pyridine in THF. The solvent was dried using NaOH before 

titration. The solvent (THF) was chosen because Keggin units are unstable in aqueous media 

at high pH. It was filtered, diluted with 100 mL of deionized water, and the amount of 

pyridine remaining was determined by titrating with 0.02 M HCl using Orion 350 pH meter 

(Thermo Scientific, Pittsburg, PA) until pH=3. Figure 7 below shows an outline of the 

reaction of HPA with pyridine. 
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Figure 7: An outline of the reaction of HPA with pyridine 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

SEM images were obtained on a Zeiss DSM 940 scanning electron microscope 

(Oberkochen, Germany) at 20 kV. Before imaging, the samples were coated with gold.  

TEM images were obtained on a JEOL 1230 electron microscope (Tokyo, Japan) at 

80 kV. Prior to measurement, the samples were dispersed in a 50 % ethanol solution using a 

W-385 sonicator (Heat Systems Ultrasonic, Newtown, CT) for 2 min before imaging.  

Particle Size Distribution 

Particle size analysis was done using dynamic light scattering method on a Zetasizer 

Nano ZS90 (Malvern, UK). Prior to measurement, samples were sonicated for 5 min. 

X-ray Diffraction (XRD) 

XRD patterns were recorded on a Dron 2.0 diffractrometer (St. Petersburg, Russia) 

using an X-ray tube with a copper anode and a nickel filter at 30 kV and 15 mA. The patterns 

were collected in the range of angles 2θ from 5 to 40°.  

Porosity 

The porous characteristics of the samples were determined using Quantachrome Nova             
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2200e porosimeter. (Boynton Beach, FL). The samples were degassed at 300 °C in a vacuum 

for 2 h before measurement. N2 was used as an adsorbate for recording the 

adsorption/desorption isotherms. The Brunauer–Emmett–Teller (BET) surface areas were 

calculated from the adsorption branch of isotherms to be in the range of P/Po = 0.2-0.4.  

Total pore volumes, pore size distributions, and average pore diameters were 

determined using Density Functional Theory (DFT) method. Saito–Foley (SF) method was 

used to calculate the micropore volumes and average diameters. NovaWin v.11.02 software 

was used to perform all calculations.55  

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

TGA was provided by Robertson Microlit Lab. (Ledgewood, NJ). TGA was 

conducted on a Perkin Elmer TGA 7 analyser.   

DSC analysis was also provided by Robertson Microlit Lab. (Ledgewood, NJ). DSC 

analysis was conducted on a Pyris Diamond differential scanning calorimeter                

(Perkin Elmer, Waltham, MS) in a sealed pan. The heating rate was 10 oC/min. 

Adsorption Studies 

Batch Tests 

Batch tests were conducted by dispersing 2 g of the adsorbent in 10 mL of CsCl 

solution with Cs + contents 0.15, 0.37, 0.75, and 1.5 mmol/L. The mixture was incubated for 2 

hours at 40 oC in a circulating water bath, (Thermo Scientific, Pittsburg, PA). The remaining 

concentration of Cs in the solutions were then measured using AAS.  

Column Tests 

Column tests were conducted on 1-2 (50 %) from CsCl solutions using 0.15 mmol/L 

concentration. Also, mixed solutions contained 0.15, 0.37, 0.75, and 1.5 mmol/L of KCI or 

NaCl. The solutions were then passed through a column containing 2 g of the granulated 
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adsorbent (1.8 cm3) with the flow rate of 0.08 mL/min (0.044 mL/cm3
ads.min). The samples 

(2 mL) were collected every 25 min and analysed by AAS.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

Synthesis and Granulation 

Sol-gel Synthesis and Ion-exchange 

A gel-like mixture was formed about 40 min after the start of reflux. Organic 

components were completely removed within the temperature range of 480-500 °C. Product 1 

yielded 21 g, corresponding to a complete conversion of TEOS and PTA to the product.   

Sample 3 was found to contain 17.1 % of PTA (0.059 mmol/g) and 2 % of Cs (0.15 

mmol/g). Hence, the molar ratio of 3 after adsorption was 2.55. Characteristics of 1, 2, 3, and 

other synthesized materials are shown in Table 1 below. 

Granulation  

After granulation process, three products were obtained. Their compositions were:  

90 % of 1 and 10 % of 2 [1-2 (10 %)], 70 % of and 30 % of 2 [1-2 (30 %)], and 50 % each of  

each of 1 and 2 [1-2 (50 %)]. 

Structural and Instrumental Characterization 

XRF Study 

Based on X-ray fluorescence study, the elemental composition of 1-2 (50 %) was: 

Al2O3, 43.77 %; SiO2, 51.59 %; WO3,4.32 %; P2O5, 0.32 %. Hence the material contained 

4.73 % of PTA.  

FT-IR Spectroscopy 

Figure 8 below shows the FT-IR spectrum of 1 with characteristic bands of silica gel 

at 803 cm-1 (νsSi–O–Si), 1080 cm-1 (νasSi–O–Si), 1638 cm-1 (adsorbed water), and      3480 

cm-1 (νOH).  The band at 958 cm-1 (νasW–O–W) demonstrated the presence of Keggin units 

in the silica structure.54 The following typical bands were observed in the spectrum of 2: a 

broad band at 835 cm-1 is ascribed to the tetrahedrally-coordinated Al3+, multiple bands at 
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1627-1654 cm-1 of adsorbed water, and the band at 3448 cm-1 (νOH). In 1-2 (50 %), the band 

at 835 cm-1 was shifted to 817 cm-1 in respect to 2 whereas in the 1-2 (10 %), and 1-2 (30 %) 

it was not detected. 

Table 1: Characteristics of H-PTA/SiO2, Cs-PTA/SiO2,  H-PTA/SiO2 bound with γ-Al2O3.
54 

Properties                                 Samples 

1 2 1-2 (10 %) 1-2 (30 %) 1-2 (50 %)  3 

BET surface (m2/g) 286.9 230.7 414.7 424.1 574.1 294.1 

Pore volume (cm3/g) 0.38 0.64 0.32 0.39 0.65 0.27 

Average pore half width (Å) 16.6 7.1 3.3 3.3 3.3 9.2 

Micropore volume (cm3/g) 0.073 0.06 0.10 0.11 0.15 0.073 

Average micropore size (Å) 2.26 0.45 0.45 0.45 0.45 2.26 

Particle size (nm) 1163 736 744 754 656 642.9 

PDI 0.165 0.16 0.80 0.66 0.47 0.286 

Acidity (mmol/g) 0.32 0.37 0.44 0.35 0.21 0.47 

 

NMR Spectroscopy 

Solid state 31P NMR spectrum of 1-2(50%) is presented in Figure 9 below. Two peaks 

were observed: an intense peak at −14.7 ppm and a shoulder at −5.5 ppm. The first peak is 

characteristic for Keggin units of bulk hydrated phosphotungstic acid. The shoulder signifies 

phosphorus species from fragmented Keggin units.56 

 Solid state 27Al NMR spectrum of 1-2(50%) is shown in Figure 9 below. Two major 

peaks were shown at 14.4 ppm and 61.5 ppm and were characteristic of γ-Al2O3.  They 

correspond to hexa-coordinated (AlO6) and tetra-coordinated (AlO4) aluminium species, 

respectively. Also, a small sharp peak at 4.7 ppm was found in commercial γ-Al2O3. It is 

distinctive for hydrated aluminium cations Al(OH)n(H2O)6-n
(3-n) + (n = 0-2).57         
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Figure 8: FT-IR spectra of 1, 2, 1-2 (10 %), 1-2 (30 %) and 1-2 (50 %).54
                 

Figure 9: 31P and 27Al NMR spectra of 1-2 (50 %).55 

Surface Acidity 

The results obtained from the determination of surface acidity showed the presence of 

highly acidic sites. After adsorption of Cs, the number of acidic sites increased as shown 

above in Table 1.  

SEM and TEM   

 Sample 1-2 (50 %) consisted of two solid phases as shown below in Figure 10.  
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It also consisted of spherical particles of the aluminium oxide having diameters 1-5 μm which 

were covered by smaller particles of silica having irregular shapes and their sizes vary from 

0.1 to 1 μm. It was found that particles tend to agglomerate. However, large conglomerates of 

silica particles were absent. 

TEM imaging showed microstructure of the silica particles with irregular shapes. 

They were formed by small spherical nanoparticles of 5-20 nm diameters as shown below in 

Figure 10. Dark spots were seen in some of the particles which indicate the presence of 

tungsten. 

(a) 

 

(b) 

 

 

Figure 10: (a) SEM images of 1, and 1-2 (50 %)54, and (b) TEM images of 1-2 (50%).5 
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Particle Size Distribution 

Figure 11a shows the particle size distribution of H-PTA/SiO2, γ-Al2O3 and 1-2 (50 %). 

Three groups of particles were observed in sample 1. Larger particle sizes were found within 

300-2000 nm which represent 66 %, and the smaller particles between 100-300 nm indicates 

31.7 % of the material. The remaining 2.2 % consisted of conglomerates up to 6000 nm. The 

binder (2), consisted of particles within the range of 700-1100 nm. Curve 1-2 (50 %) 

represents the bound material. Large conglomerates of silica particles were almost absent in 

the bound material. Figure 11b shows particle size distribution of 1-2 (50 %) before (black) 

and after (red) adsorption of cesium. Before adsorption of cesium, particles sizes were found 

in the range of 900-1800 nm. The particle size distribution changed after adsorption of Cs+ 

and this triggered a significant decrease of the average size as shown above in Table 1. It was 

found within the range of 400-1000 nm. The polydispersity index (PDI) of the material 

decreased after adsorption due to deagglomeration. Also, the particle size distribution of       

γ-Al2O3 and its effect in all bound materials are shown in Table 1 above. 

(a)                                                                    (b) 

Figure 11: (a) Particle size distribution of 1, 2, and 1-2 (50 %).54, (b) Particle size 

distribution of 1-2 (50 %) before (black) and after (red) adsorption of cesium.55 
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XRD Study 

XRD patterns showed presence of amorphous silica gel as shown in Figure 12 below.          

The diffractogram shows a broad peak at 26.2°. Bragg’s equation was used to determine the   

d-spacing (average size of repeating units) which corresponds to this peak that was found at    

0.34 nm. The characteristic patterns of γ-Al2O3 were found to be weak and their positions at 

2θ = 20.4°, 33.0°, 37.2° and 39.2° correspond to (111), (220), (311) and (222) planes, 

respectively.58 Also, PTA patterns were not identified  because of to its low content but peaks 

at 2θ = 10.2° and 21.2° might be appertaining to its (110) and (222) planes.59 

 

Figure 12: XRD patterns of 1-2 (50 %).55 

Porosity 

Non-bound material 1 demonstrated a mesoporous structure but contained a 

significant fraction of micropores in its structure with macropores being absent. The pores 

were classified into five distinctive groups by size: 1.5 and 1.8 nm (micropores), and 2.8, 3.3, 

and 4.2 nm (mesopores). The micropore and total pore volumes decreased after adsorption of 

Cs+ likewise the BET surface area as shown above in Table 1. N2 adsorption/desorption 

isotherms in Figure 13 belong to the type IV. The binder, γ-Al2O3, was mesoporous, however, 

its pore size distribution showed a high volume of macropores. The various sizes of the pores 
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are 4.5-6.2 and above 6.3 nm. The loop at P/Po=0.7-1.0 signifies an important contribution of 

mesopores formed by inter-crystalline spaces in γ-Al2O3. The hysteresis loop obtained can be 

classified under H1 type, and this is typical for well-defined cylindrical mesopores. 

Isotherms of N2 adsorption/desorption and pore size distributions of raw and bound 

materials are shown in Figure 13c and 14 (a, b). The shape of hysteresis loop is characteristic 

(a)                                                                    (b) 

 

(c) 

 

Figure 13: (a) N2 adsorption isotherm of 1, and 2 (b) N2 adsorption isotherm of 1-2 (10%),    

1-2 (30 %), and 1-2 (50 %)54 (c) N2 adsorption/desorption isotherms of 1-2 (50 %) before (a) 

and after (b) adsorption of cesium.55  
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for bimodal mesostructures which indicates two mesoporous phases. The pores of SiO2 

denote the first step of capillary condensation at the P/Po range of 0.4-0.7 whereas larger 

pores of γ-Al2O3 represent the second step at 0.7-1.0. Figure 14c below shows pore size 

distribution graph with three independent pore groups. The groups of 5-10 and 12-20 Å 

represent pores of SiO2 whereas pores > 20 Å pertain to γ-Al2O3. The two maxima at 25 and 

35 Å were observed for the last group. Following the adsorption of Cs+, a rearrangement of 

silica pores occurred and the smaller pores with maximum at 7-8 Å increased at the cost of 

the larger 16 Å pores.    

Thermal Analysis 

The TGA curve of 1-2 (50 %) showed loss of 4.2 % of its weight in the course of 

heating up to 100 °C, this can be attributed to evaporation of physically adsorbed water as 

shown in Figure 15 below. Afterwards, the weight loss (3 %) became gradual up to 480 °C, 

which can be ascribed to the removal of chemically bonded water in silica gel and alumina. 

Also, the dehydration of PTA hexahydrate to its anhydrous state occurred at the same 

temperature. Decomposition of the material became more intensive at 480 and 700 °C and the 

sample lost 1.3 % of weight. DSC analysis was used to detect the phase change in 1. The 

DSC thermogram showed small endothermic peak with the enthalpy ΔH = 33.7 J/g at 164 °C. 

In addition, an endothermic step was observed between 165 and 214 °C. This can be 

attributed to the peak at 187 °C in the DCS curve of 1 and it corresponds to a decrease in the 

PTA lattice size.60 The slope of the baseline is due to the gradual change of the specific heat 

capacity of the sample due to the gradual dehydration that occurred. The change in slope at 

540 °C denotes an irreversible decomposition of PTA into P2O5 and WO3
.    
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(a)                                                         (b)                                                       

 

(c) 

   

Figure 14: Pore size distribution of adsorbents and bound materials (a) Pore diameter of 1, 

254 (b) Pore diameter of bound materials (c) Pore half width of before (a) and after (b) 

adsorption of Cs.55 
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 Figure 15: DSC and TGA curves of 1-2 (50 %).54 

Adsorption Studies 

Batch Tests 

Based on the study of adsorption of cesium on pure materials, there was high 

adsorption capacity of pure 1 and very slight ability of the binder to adsorb cesium as shown 

in Figure 16 below. It was observed that the adsorption capacities of all bound materials were 

lower as compared to the non-bounding material, 1 and the adsorption of cesium decreased 

with decreasing contents of 1. This inconsistency can be ascribed to a partial silica pore 

blocking by a binder. Hence, additional increase of its amount does not make any significant 

change in the adsorption capacity. Moreover, the adsorption was dependent on the 

concentration of Cs+ in the solutions. 

Column Tests 

The results obtained from column tests showed that the adsorbent demonstrated good 

adsorption capacity towards cesium as shown below in Figure 17. After adsorption, 

concentration of Cs+ cations decreased from 0.150 to 0.029-0.046 mmol/L. Hence, the 

average concentration of cesium after the experiment was 0.037 mmol/L. There was no effect 

on Cs+ adsorption upon addition of NaCl or KCl to the CsCl solution. In all experiments, Cs+ 
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concentration after adsorption varied between 0.025 and 0.044 mmol/L in the presence of 

NaCl, and between 0.027 and 0.051 mmol/L in the presence of KCl. However, the values 

obtained from the experiment varied slightly and this is attributed to non-uniform flow of the 

solutions through granulated material. 

 

 

Figure 16: Adsorption of Cs from CsCl solutions (20, 50, and 100 mg/L) on bound 

materials.55 

Direct and indirect analysis were used to determine the total amount of cesium 

adsorbed from 20 mL of the CsCl solution. Also, the dissolution of the Cs-treated adsorbent 

in HF followed by AAS analysis showed that the content of Cs in the sample was 0.134 mg/g 

(0.0134 wt %). Therefore, the total amount of adsorbed cesium was 0.268 mg. AAS analysis 

of CsCl solution after adsorption showed a decrease in concentration by 0.114 mmol/L and 

this value corresponded to 0.303 mg of the adsorbed Cs (0.0152 wt %), which correlates with 

the data obtained by direct analysis. The adsorbent maintained a stable adsorption rate and 

did not show any tendency to decreasing its adsorption ability to the end of the experiment. 
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Figure 17: Graph of adsorption of cesium on 1-2 (50 %) from CsCl solution (0.15 mmol/L) 

and its mixtures with NaCl and KCl (0.15-1.5 mmol/L).54 

Discussion 

As it is clear from the chemistry of adsorption of cesium, adsorption capacity 

corresponds to the number of adsorption sites, which are embedded Keggin units. Acidic 

protons of PTA are exchanged by cesium cations. Thus, the adsorption capacity depends on 

the concentration of accessible acidic protons in the material. 

Quantitative determination of surface acidity of porous materials is an important 

analytical problem in characterization of the adsorbents. Common solid-state titration method 

is not applicable to the PTA-containing materials. PTA can exist in acidic media only and 

hydrolyses in basic media to PO4
3- and WO4

2-.66 As a result, it decomposes during titration 

process that made direct titration impossible. 

Comparison of the granulated form of an adsorbent with its powder form showed that 

the former had significant advantages over the latter which had higher permeability, larger 

bulk density, and easy handling. Therefore, an adsorbent material should be compressible and 

compactible. The synthesized modified silica gel could not be efficiently granulated in its 

pure state hence it required a binder. Contrary to silica gel, γ-Al2O3 is simply compressible. 
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Its granules showed excellent mechanical properties concerning elastic and elastic–plastic 

material behavior.61 H-PTA/SiO2 was the active ingredient used and the binder was γ-Al2O3. 

The Keggin structure of PTA in the adsorbent was not affected when compressed with 

a binder. The solid state 31P NMR spectrum demonstrated similarities to the spectrum of  

non-bound material.52 Two major signals were observed at 14.4 and 61.5 ppm in 27Al 

spectrum present in the commercial alumina. Nevertheless, a small sharp signal at 4.7 ppm 

was detected in the spectrum of the raw material.58 The reaction between superacidic PTA 

and γ-Al2O3 during the adsorbent processing generated this signal.62 

This study showed that the acidity of the materials was dependent on various factors 

such as contents and accessibility of acidic sites in the porous structure but not limited to this. 

However, based on the XRF data obtained, their number in bound H-PTA/SiO2 did not 

concur related to the contents of PTA, which was 0.016 mmol/g. The titration data and the 

BET surface area were used to calculate the surface densities of Keggin units and accessible 

acidic sites in the adsorbent as 0.034 and 0.67 sites/nm2 respectively. Also, the formation of 

additional acidic sites can be attributed to the hydration of Keggin units and the formation of 

additional surface hydronium cations. Okuhara et al. discussed that the bulk PTA can adsorb 

up to 17.7 amine molecules per Keggin unit.63  

Banerjee et al. showed that aluminum can substitute up to 2.31 protons of PTA with 

retention of the Keggin unit’s structure.64 Conversion of these cations from the alumina 

network to silica-embedded PTA generates additional micropores and increases the number 

of accessible surface acidic sites. The changes observed in microstructure might be due to the 

interactions between highly acidic protons of Keggin units and γ-Al2O3, consequential to 

partial neutralization of PTA by Al3+ cations.65 Table 1 above shows that the acidity of         

1-2 (10 %) was even higher than the acidity of any of its components. 
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TEM image shown above in Figure 10b affirmed nanostructures of these small 

particles that were formed by nanocrystallites in the range of 10-20 nm. The empty spaces 

between the nanocrystallites have a width of 2-4 nm, which is attributed to the second group 

of pores in the pore size distribution graph as shown above in Figure 14c. 

The results obtained from particle size distribution study showed that the adsorbent 

material demonstrated a strong tendency towards agglomeration. The non-bound                  

H-PTA/SiO2 typically exists in the form of 100-500 nm sized particles.52 However, particles 

of this size ranges were not observed in the bound material, which formed large 

conglomerates > 1 μm in size as shown in Figure 11a above. The material consisted of two 

clearly distinct phases as shown above in Figure 10a. Also, smaller particles of H-PTA/SiO2 

were strongly bound to the alumina surface as seen clearly from particle size distribution 

graph. Unpredictably, the particle size distributions in 1-2 (50 %) was identical to that of the 

binder but was distinguishable from the pure adsorbent 1. One of the most prominent 

characteristics of the bound materials was full absence of particles below 300 nm, even 

though the fraction in the bound adsorbent was expected to be at least 10-15 %. The 

mesopore volume and surface area were affected because some part of 1 was embedded in 

macropores of the binder. 

The porous characteristics of the bound adsorbent integrated characteristics of its two 

components: medium surface alumina binder with larger mesopores, and high-surface         

H-PTA/SiO2 with micropores and smaller mesopores.54 The porous structure of H-PTA/SiO2 

and the non-modified silica gel were similar, but PTA increased the average pore size and the 

total pore volume.53  

After comparison of the thermal behavior, of 1-2 (50 %) with the data obtained for 

pure 1, it is clearly seen that the water content in the bound material was significantly 
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lower.52 Sample 1 lost 16 % of its weight between 25 and 700 °C, whereas the total weight 

loss of 1-2 (50 %) was just 8.5 %.  

At the temperature of the experiment, adsorption of cesium occurs only on embedded 

PTA sites. Adsorption sites of embedded PTA were characterized, and it was found that they 

fall into two groups by their accessibilities. The first group have easily accessible sites 

located on the external surface of crystallites. There are no diffusion limitations, hence 

adsorption on these sites is fast. The second group have adsorption sites located inside the 

pores. The rate of intraparticle diffusion limits access to these sites. The adsorption on these 

sites was slow and the equilibrium establishes after about 1 h. in consideration of the low 

concentration of Cs+ in the solutions, the second group (silanol) provided relatively low 

contribution to the total adsorption.52 The effect of competing cations Na+ and K+ was 

negligible in this range of concentrations. The binder also possesses surface functional groups 

able to adsorb Cs+: Al–OH (2), however, it did not bind cations of alkali metals irreversibly 

Based on the results of column tests, 69-81 % of the initial amount of Cs+ was 

adsorbed at the studied adsorption conditions. For solutions containing K+, this value was 

almost the same: 66-81 %. However, in the presence of Na+, it was slightly higher at          

70-85 %. The amount of PTA in the adsorbent was 0.016 mmol/g. Considering that each 

molecule of PTA has 3 exchangeable protons, a maximum adsorption capacity of the 

adsorbent is anticipated to be 0.048 mmol/g or 0.644 wt % of cesium. However, only 2.08 % 

of acidic protons in PTA were exchanged by cesium after 250 mins of adsorption. 

Specific adsorption per mass of active ingredient of adsorbent was H-PTA/SiO2 

because amount of H-PTA/SiO2 is lower than the other compositions but adsorption is the 

same. Adsorption per unit mass of H-PTA/SiO2 is higher. 
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Conclusion 

To obtain an effective adsorbent for removal of cesium, silica gel containing 

embedded phosphotungstic acid was granulated with an inorganic binder: γ-Al2O3 due to low 

cost. The obtained material demonstrated high porosity with high BET surface area and 

contained both micropores and mesopores in its structure. Quantitative determination of 

surface acidity of porous materials is an important analytical problem in characterization of 

the adsorbents. This problem was solved by reversed titration after saturation of the materials 

by anhydrous solution of pyridine. This approach can be applied to analysis of base-sensitive 

materials of various compositions. The bound material showed effective adsorption of Cs+ in 

the presence of cations of other alkali metals.  The adsorbent characteristics were changed by 

ion exchange of H+ with Cs+. Deagglomeration of large particles, and microporosity were 

observed.  
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