EFFICIENCY OF VERMICULITE AND IMITATIVE ZEOLITE
IN THE REMOVAL OF CESIUM AND IODINE
BY ION EXCHANGE

PORNTIP CHAIWATTANA

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR
THE DEGREE OF MASTER OF SCIENCE
(APPROPRIATE TECHNOLOGY FOR RESOURCE
AND ENVIRONMENTAL DEVELOPMENT)
FACULTY OF GRADUATE STUDIES
MAHIDOL UNIVERSITY
2004

ISBN 974-04-5443-7
COPYRIGHT OF MAHIDOL UNIVERSITY



Thesis
Entitled

EFFICIENCY OF VERMICULITE AND IMITATIVE ZEOLITE
IN THE REMOVAL OF CESIUM AND IODINE
BY ION EXCHANGE

...............

Miss Porntip Chaiwattana,
Candidate

Assoc. Prof. Malulee Tuntawiroon, Assoc. Prof. Rungjarat Hutajareon,
M.S. (Nucl. Med.) M.Sc. (Technology of Environmental
Co-Advisor ' Management)

Co-Advisor

.... g IQW
Assoc. Prof. Charlie Navanugraha, Asst. Prof. Chumlong Arunlertaree,
Ph.D.(Soil Science) Ph.D. (Fisheries)
Co-Advisor Co-Advisor

| (7 gpuw

3 @%7’" .............................................. W ........................
Assoc. Prof. Rassmidara Hoonsawat, Asst. Prof. Chumporn Yuwaree,
Ph.D. M.Sc.(Appropriate technology for resource
Dean ' development)
Faculty of Graduate Studies Chair

Master of science Programme in Appropriate
Technology for Resource and Environmental
Development '
Faculty of Environment and Resources Studies



Thesis
Entitled

EFFICIENCY OF VERMICULITE AND IMITATIVE ZEOLITE
IN THE REMOVAL OF CESIUM AND IODINE
BY ION EXCHANGE

was submitted to the Faculty of Graduate Studies, Mahidol University
for the degree of Master of Science
(Appropriate Technology for Resource and Environmental development)
on
November 1, 2004

..................................................

Miss Pomntip Chaiwattana,
Canghdate

Assoc. Prof. Malulee Tuntawiroon,

M.S. (Nucl. Med.) .S5¢ (Technology of Environmental
Member anggément)

N

......................................................................

Assoc. Prof. Charlie Navanugraha, Assoc. Prof. Rungjarat Hutajareon,
Ph.D. (Soil Science) M.Sc. (Technology of Environmental
Member Management)
; M Member
//‘(":g,? cereaes R - N SN AT (AN
" Mr. Sin Sl‘rlsékiﬂ, ‘ Asst. Prof. Chumlong Arunlertaree,
M.Sc. (Quaternary Geology) Ph.D. (Fisheries)
Member Member
¢ @ .
" Assoc. Prof. Rassmidara Hoonsawat, Assoc. Prof. Anuchat Poungsomlee,
Ph.D. Ph.D. (Human Ecology)
Dean ; o Dean
Faculty of Graduate Studies Faculty of Environment and Resources
Mahidol University Studies

Mahidol University



ACKNOWLEDGEMENT

The success of this thesis can be attributed to the extensive support and
assistance from my major advisor, Asst. Prof. Sayam Aroonsrimorakot, who gave
valuable suggestions and useful advice and my co-advisors. I would like to express my
sincere gratitude and deep appreciation to Assoc. Prof. Rungjarat Hutajaroen for his
supervision, critical reading of draft and his time for correcting and editing my thesis.
I would like to express my profound appreciation, wholehearted sense of gratitude and
indebtedness to Assoc. Prof. Charlie Navanugraha and Assist. Prof. Chumlong
Arunlertaree for their kindness, valuable advice, several helpful discussions and
providing suggestions for improvement in this research. And I especially appreciate
Assoc. Prof. Malulee Tuntawiroon for her guidance, suggestions and the wonderful
encouragement from the beginning to the end of this work.

I gratefully thank Mr. Sin Sinsakul for serving as a member of the thesis
examination committee and his valuable comments and advice

I wish to thank Prostar Thailand Co.,Ltd. for some financial support and some
material to carry out this thesis.

My special thank is given to Warabut Rapipan for his a lots helpful of
thinking and the kindness to help everything that he can do it. And the especially
thanks to all friends, AT 16, for their friendship and all enjoyable thing that we have
ever done throughout my study.

I wish to express my appreciation to Sukchai  Arnupapboon for his
assistance, helpful advice and greatly improved the manuscript. I would like to thank
Sirisak Viriyamanpong for his continuous encouragement and typing this thesis.

Most of all, my sincere and deepest gratitude is extended to my beloved
family; mother and sister for their insight, infinite supporting, understanding,
supervision assistance and constant encouragement throughout my study time. I really

could not achieve this success without them.

Porntip Chaiwattana



Fac. of Grad. Studies, Mahidol Univ. Thesis / iv

EFFICIENCY OF VERMICULITE AND IMITATIVE ZEOLITE IN THE
REMOVAL OF CESIUM AND IODINE BY ION EXCHANGE

PORNTIP CHAIWATTANA 4436167 ENAT/M

M.Sc.(APPROPRIATE TECHNOLOGY FOR RESOURCES AND
ENVIRONMENTAL DEVELOPMENT)

THESIS ADVISORS: SAYAM AROONSRIMORAKOT, M.Sc., RUNGJARAT
HUTAJAREON, M.Sc., CHUMLONG ARUNLERTAREE, Ph.D., CHARLIE
NAVANUGRAHA, Ph.D., MALULEE TUNTAWIROON, M.Sc.

ABSTRACT

The purpose of this experiment research was to investigate the efficiency of vermiculite and
imitative zeolite in the removal of cesium and iodine by ion exchange. The characteristics of the
adsorbents were analyzed prior to an adsorption study. The cesium and iodine removal efficiency at
pH 5, 7 and 9 was performed by column experiment. The initial concentration of cesium chloride
was set at 340 ppm and iodine at 170 ppm

Vermiculite exhibited the highest cesium removal efficiency as high as 99 percent at all pH
conditions and demonstrated a low level of iodine removal efficiency. The highest efficiency was
found to be 28.24 percent at pH 9. I.zeolite on the other hand exhibited the lowest efficiency of both
cesium and iodine removal. The highest efficiency for cesium was 40.06 percent at pH 7 and only
17.4 percent at pH 5 for iodine. When the mixture of vermiculite and i.zeolite was used, the cesium
removal efficiency as high as 94 percent at all pH conditions were observed. It can be concluded the
high efficiency of mixed adsorbent when compared with i.zeolite was from the high capacity of
cation adsorption of vermiculite. In case of iodine, it can be concluded that the mixture of
vermiculite and i.zeolite was obviously ineffective in improving the iodine removal efficiency.

In conclusion, it is safe to say that vermiculite and the mixed adsorbent exhibit an admirable
result in retaining cations such as cesium in the pH range from 5 to 9. The application of this finding
can extend to the liquid radioactive waste management technology to remove *’Cs. In case of
iodine removal, it is found that vermiculite and i.zeolite independently give out relatively lower
removal efficiency than that of activated charcoal at all pH conditions. The pH conditions at 9 and

5, however, are most suitable for vermiculite and i.zeolite, respectively.

KEY WORDS : VERMICULITE / IMITATIVE ZEOLITE / CESIUM / IODINE /
ADSORBENT
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CHAPTER 1
INTRODUCTION

1.1 State of Problem

At present, Thailand has been rapidly developed of nuclear technology both in
technical aspectual for specific usage. Many peaceful purposes such as medical,
scientific, agricultural and industrial have been introduced and applied for the well
being of Thai people and national economic development as a whole. The progress of
mentioned developments on the other side have obviously generated the huge amount
of radioactive waste (1), which eventually released and accumulated in the
surroundings environment, are awful and harmful to public nearby. Therefor, any
appropriate methodologies and technologies have to be adopted in confrontation with

the problems.

The office of Atoms for Peace (OAP) is the only one govermental agency
authorized to manage radioactive waste. Actually, before any specific treatment
procedures for the collective liquid waste, it has been treated through chemical
settlement process, in which the remaining radioactive sludge will be transferred to
stock and monitored in sediment pool. This sludge will be discharged after the stock
residue performs the certain low dose radiation as the natural background. On the
other hand, the remaining liquid solution from chemical settlement will further be
treated with the synthesis ion exchange process. The pass-through solution and used
resin will be transferred to sediment pool and monitored as mentioned process for

sludge before discharge (2).

It has been well accepted that the synthesis ion exchange resin is an expensive
procedure and has to be imported from abroad. Therefore, the more as nuclear
technology has been introduced, the more of radioactive waste will be needed the

treatment. This comes to the challenge objective for the fact finding of the feasibility
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of the usage of local raw materials instead of imported synthesis resin as well as

organic and inorganic materials in Thailand for radioactive waste treatment.

Therefore, this study has been designed as an the another attempts for finding
the mentioned materials, which is able to eliminate radioactive waste out, especially
natural material, which can be easier finding in the country and the price is more
cheaper. The mineral include zeolite, vermiculite, etc, have been reported of the
potential of radioactive absorption through ion exchange processes as well (3,4). In
particular the potential absorption on the fission products, such as Sr-90, Cs-137 and

I-131, have been notified as severely dangerous on biological affects (5).

1.2 Conceptual Framework

To approach the subject as mentioned in the hypothesis, the conceptual

framework has carried out as the following figure:

Preparation solutions of cesium and iodine solution

b Control Variables
Independent Variables - Vermiculite to i.zeolite
- pH value of cesium and iodine solutions _
- Types of adsorbent ratio
- Concentration of cesium
p and iodine solution
\ 4 - Adsorbents weight
Dependent Variables

- Adsorbents size
Efficiency of vermiculite and imitative zeolite

in the removal of cesium and iodine - Column size

L - Flow rate of solution

Appropriate type of adsorbent and optimum pH

value for cesium and iodine removal

Figure 1- 1 Conceptual Framework
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1.3 Objectives

1.3.1 To study the efficiency of vermiculite, imitative zeolite and mixture of

vermiculite and imitative zeolite for the removal of cesium and iodine.

1.3.2 To determine the optimum pH value of vermiculite and imitative

zeolite for the removal of cesium and iodine.

1.4 Hypothesis
Vermiculite and the mixture of vermiculite and imitative zeolite have
significant efficiency in the removal of fission products e.g. cesium and iodine when

compare with activated charcoal.

1.5 Scope of Study

1.5.1 The column experimental design is used in this study.

1.5.2 The effluents in this experiment are Cs" in cesium chloride solution and
iodine solution.

1.5.3 pH value of the solutions were adjusted at 5, 7 and 9.

1.5.4 Types of adsorbents are vermiculite, imitative zeolite and the mixture

of vermiculite and imitative zeolite (ratio 1:1 by weight) and activated charcoal.

1.6 Expected Results

1.6.1 The efficiency of vermiculite and imitative zeolite for removal of
cesium and iodine would be known.
1.6.2 The optimum pH value on cesium and iodine removal by vermiculite

and imitative zeolite would be indicated.
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1.7 Definitions

1.7.1 Adsorbent is the material used to adsorb or ion exchange with metal and
non-metal dissolving in water that are vermiculite and imitative zeolite and activated
charcoal.

1.7.2 1. zeolite is imitative zeolite that used in this study is a material
simulated to zeolite.

1.7.3 Bed Volume (BV) is the volume of the adsorbent that is packed in the
column.

1.7.4 Flow rate is the flow rate of the effluent through the column that volume
is amount of the absorbent volume. It is expressed in term BV/hr.

1.7.5 Efficiency is the ability of adsorbent in the removal of cesium and
iodine that is dissolved in water. It is expressed as % removal.

1.7.6 Adsorption is the removal of cesium or iodine from the solution. This

does not distinguish between physical adsorption and chemical adsorption.
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CHAPTER 2
LITERATURE REVIEWS

This research focused on the efficiency of vermiculite and imitative zeolite in
the removal of cesium and iodine. Related data in this research are as follows:

2.1 Radioactive waste management

2.2 Chemical and physical properties of cesium

2.3 Chemical and physical properties of iodine

2.4  Cation exchange property

2.5 Physio-chemical properties of vermiculite

2.6 Physio-chemical properties of zeolite

2.7 Relevant research

2.1 Radioactive waste management

Any activity that produces or uses radioactive materials generates radioactive
waste. Mining, nuclear power generation, and various processes in industry, defense,
medicine, and scientific research produce byproducts that include radioactive waste.
They can be in gas, liquid or solid form, and its level of radioactivity can vary.
Naturally occurring radioactive materials (NORMs) are widespread throughout the
environment (6), although concentrations are very low and they are not normally
harmful. The radioactivity of all nuclear waste decays with time. Each radionuclide be
contained in the waste has a half-life - the time taken for half of its atoms to decay and
thus for it to lose half of its radioactivity. Eventually all radioactive wastes decay into
non-radioactive elements. The waste can remain radioactive for a few hours or several

months or even hundreds of thousands of years.



Porntip Chaiwattana Literature reviews / 6

Nuclear fission products occurred from atomic reactor is notified as a severely
dangerous radioactive waste for the environment such as Sr-90, Cs-137 and I-131.
Particularly, radioisotope, having long half-life 30.17 year as cesium is seriously
harmful to humans if it is accumulated in over normal level. The radioisotope is
capable of transferring to human body in many ways such as consuming of plant
and/or animal. When it is accumulated in the human body, humans will have gamma-
ray source inside that mean humans will gain radioactive continuously. Its effect

makes that not only human body but also human genetic become abnormal.

2.1.1 Classification of Radioactive Waste

For short-term management and in particular for processing and temporary
storage, radioactive waste is split into three main categories. This categorisation is
carried out mainly on the basis of the waste's activity level and the nature of the

radiation emitted (7).

1) Low-level Waste

Low-level waste is a general term for all radioactive waste other than
those produce from reactors. They are derived from hospitals, laboratories and
industry, as well as the nuclear fuel cycle. It comprises paper, rags, tools, clothing, and
filters etc., which contain small amounts of mostly short-lived radioactivity. It is not
dangerous to handle, but must be disposed off more carefully than normal garbage.
Usually it is buried in shallow landfill sites. To reduce its volume, it is often
compacted or incinerated (in a closed container) before disposal. Worldwide it
comprises 90% of the volume but has only 1% of the radioactivity of all radioactive

waste.

2) Intermediate-level Waste

This category of waste contains higher amounts of radioactivity and
may require special shielding. It typically comprises resins, chemical sludge and
reactor components, as well as the production and reprocessing of nuclear fuel and
contaminated materials from reactor decommissioning. Worldwide it makes up 7% of
the volume and has 4% of the radioactivity of all radioactive waste (7). It may be
solidified in concrete or bitumen for disposal. Generally short-lived waste (mainly

from reactors) is buried, but long-lived waste (from reprocessing nuclear fuel) will be
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disposed off deep underground. Smaller items and any non-solids may be solidified in

concrete or bitumen for disposal.
3) High-level Waste

High-level Waste is effectively derived from the operation of nuclear
reactor, fission products from the reprocessing of spent nuclear fuel and the spend fuel
it self. While only 3% of the volume of all radioactive waste, it holds 95% of the
radioactivity (7). It contains the highly radioactive fission products and some heavy
elements with long-lived radioactivity. It generates a considerable amount of heat and
requires cooling, as well as special shielding during handling and transport. If the
spent fuel is reprocessed, the separated waste is vitrified by incorporating it into
borosilicate (Pyrex) glass, which is sealed inside stainless steel canisters for eventual

disposal deep underground.

2.1.2 Radioactive Liquid Waste Management

In general, radioactive waste must be treated to prepare it for disposal.
Treatment methods reduce radioactivity and volume, change its physical form, or
make it safer to dispose in compliance with environmental regulations. Many different
treatment processes for radioactive liquid wastes are in use at nuclear establishments.
Selection of treatment methods depends on the quantity and form of the waste
material (8).

1) Delay and decay

Most of the radionuclides used will have half-lifes ranging from a few
hours to a few months. As indicated earlier, if it is possible to collect and store the
liquid wastes containing radionuclides with short half-lives for a sufficient time, this
will enable their discharge to the local sewers when the final activity level of the liquid
permits such discharge.

2) Chemical treatment

Most of the chemical treatment methods involved in radioactive waste
treatment are the adaptations of standard water treatment practice and have been
extensively used for processing large volumes of slightly contaminated wastes by

using designed equipment for continuous operation.
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It is feasible to utilize batch chemical treatment where the volumes
involved are small and where the nature of the wastes points to chemical treatment as
the best method. It is suitable for application where the required reduction of activity

is achieved when a mixture of radionuclides is present in a liquid.

Chemical coagulation involves destabilization, aggregation and binding
together of colloids. These colloids form chemical floes that adsorb, entrap or
otherwise bring together suspended matter. Commonly used coagulants are alums and
iron salts, lime and soda ash, etc. For removal of specific isotopes, special methods are
available, for example copper or nickel ferrocyanide is found to remove almost all the
cesium activity from liquid wastes. The user is advised to refer to the standard

literature for technical details and conditions of treatment.

The chemical treatment of liquid waste generates small volumes of
sludge with specific activity several times higher than that of the liquid treated. On the
rare occasions when chemical precipitation is practised, the sludge may be solidified
in suitable containers using Portland cement. The resulting product is treated as solid

waste and is disposed off appropriately.
3) Ion exchange

One of the simplest methods of decontaminating radioactive liquid
waste is to mix it in batches with ion-exchange resin; the contaminants are
concentrated on the exchanger. A more efficient method is to pack the resin in a
column and pass the liquid through it, allowing sufficient retention time. Regeneration
of the exhausted resin by suitable eluting solution will result in liquid wastes in which
almost all the ionic activity is concentrated and thus having a high specific activity.
Synthetic ion-exchange resins are quite expensive and when the amount of total
dissolved solids in the influent is high, most of the capacity of the resin is utilized by

Inactive ions.

Certain naturally occurring clay minerals such as vermiculite and
montmorillonite show excellent ion-exchange capacity for specific elements such as
cesium, which is not easily removed in conventional chemical treatment processes.
These materials can either be used in batch experiments or in columns. It has been

found that vermiculite removes almost all cesium activity from liquid wastes at pH10
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and above. The material is non-regenerable and can be conveniently handled as solid
waste.

4) Evaporation

Evaporation as a method of volume reduction can sometimes be
adopted profitably if the liquid to be evaporated has a low dissolved solids content.
The resulting concentrates, containing almost the entire activity in the feed, must be
handled by suitable methods. The process may involve special expertise and
equipment. It is therefore not generally recommended as a method of treatment for
ligiud wastes produced within laboratories, though on a smaller scale simple

evaporation techniques can be adopted beneficially.

2.2 Chemical and physical properties of cesium

Cesium (chemical symbol Cs) is a metal that may be stable (non-radioactive)

or unstable (radioactive).
2.2.1 Radioactive cesium

The most common radioactive form of cesium is cesium-137. Another fairly
common radioisotope is cesium-134. Cesium-137 is much more significant as an
environmental contaminant than cesium-134. It is also very useful in industry for its

strong radioactivity.

Radioactive cesium-137 is produced when uranium and plutonium absorb
neutrons and undergo fission. Examples of the uses of this process are nuclear reactors
and nuclear weapons. The splitting of uranium and plutonium in fission creates
numerous fission products. Cesium-137 is one of the most well known fission
products. It decays by emission of a beta particle and relatively strong gamma rays to
barium-137m. The half-life of cesium-137 is 30.17 years (5). Because of the chemical
nature of cesium, it moves easily through the environment. This makes the cleanup of

cesium-137 difficult.
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Cesium-137 is one of the most dangerous radioisotopes. Its can be affect to
people’s health in somatic effect and genetic effect. People may ingest cesium-137
with food and water, or may inhale it as dust. Its metabolism closely resembles that of
potassium. If cesium-137 enters the body, it is distributed fairly uniformly throughout
the body's soft tissues, resulting in exposure of those tissues. Slightly higher
concentrations of the metal are found in muscle, while slightly lower concentrations
are found in bone and fat. It is eliminated through the urine with a biological half-life

of 50-150 days (9).
2.2.2 Non-Radioactive cesium

Non-radioactive cesium occurs naturally in some amounts of the elements in
crustal rocks. Cesium is a shiny, silvery-white metallic, soft, ductile, good conductor
of heat and electricity. Its atomic number is 55 and the symbol is Cs. It belongs to a
group of elements called the alkali metals. Located in group 1 of the periodic table
(formerly known as group IA), which has only one electron in their outer shell.
Therefore, it is ready to lose that one electron in ionic bonding with other elements.
Cesium has the lowest melting point of any alkali metal, reacts violently with water
and due to its reaction with oxygen, so it should be stored in the absence of air (10).

Cesium is the most electropositive element and has the lowest ionization potential.

The physical properties of cesium are very interesting. It is the softest metal
and can even be cut by a knife. Some describe it as being like wax. Cesium is one of
three metals that are liquid at or near room temperature (the other two are gallium and
mercury). It is also a very reactive metal. For instance, when it mixes with cold water,
there is an explosive reaction. Its melting point is so low that it will melt while it is
held the hand. However, because it is so reactive, it can seriously burn the skin, so it
must be handled with great care (11). The physical properties of cesium shown in

Table 2-1.
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Table 2-1 The physical properties of cesium

Name Cesium
Symbol Cs
Group Alkali Metal
Discovered 1860
Atomic Number 55
Atomic Weight (g/mol.) 132.90543
Density @18°C (g/cm’) 1.892
Melting Point (°C) 28.64
Boiling Point (°C) 690
oxidation number 1

Ist ionizationenergy(kJ/mole) 375.7
Electronegativity 0.79
Atomic radius 265 pm
Structure cubic structure, body centered

Source : Sumran Preuksoontorn, 2000 (12)

2.3 Chemical and physical properties of iodine

Iodine (chemical symbol I) is a nonmetallic solid element. There are both

radioactive and non-radioactive isotopes of iodine.

2.3.1 Radioactive iodine

[-129 and I-131 are the most important radioactive isotopes in the
environment. lodine-129 has a half-life of 15.7 million years; I-131 has a half-life of
about 8 days. Both undergo beta decay. Some isotopes of iodine, such as 1-123 and
[-124 are used in medical imaging and treatment (13), but are generally not a problem

in the environment because they have very short half-lives.

Both 1-129 and I-131 are produced by the fission of uranium atoms during
operation of nuclear reactors and by plutonium (or uranium) in the detonation of
nuclear weapons. lodine reacts easily with other chemicals, and isotopes of iodine are

found as compounds rather than as a pure elemental nuclide. Thus, 1-129 and I-131
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found in nuclear facilities and waste treatment plants quickly form compounds with
the mixture of chemicals present.

Iodines are among the most widely used radionuclide, mostly in the medical
field. Because of its short half-life and useful beta emission, I -131 is used extensively
in nuclear medicine to treat thyroid disorders, such as cancer and Graves disease.
1-123 is widely used in medical imaging, I-124 is useful in immunotherapy and I -125
is sometimes used to treat cancerous tissue (14).

Wherever the spent nuclear fuel is handled, there is a chance that I -129 and
I -131 will escape into the environment. Nuclear fuel reprocessing plants dissolve the
spent fuel rods in strong acids to recover plutonium and other valuable materials. In
the process, they also release I-129 and 1I-131 into the airborne, liquid, and solid waste
processing systems. It can disperse rapidly in air and water, under the right conditions.
Because I -131 concentrates heavily in the thyroid gland, accidental releases into the
environment increases thyroid cancer cases in children as in the chernobyl accident.
However, it combines easily with organic materials in soil. This is known as “organic
fixation” and slows iodine's movement in the environment. Some soil minerals also
attach to, or adsorb, iodine, which also slows its movement.

Radioactive iodine can enter the human body by absorption to skin, ingestion
or inhalation. It can be inhaled as a gas or ingested in food or water. It dissolves in
water and moves easily from the atmosphere into humans and other living organisms.
For example, I-129 and I-131 can settle on grass where cows can eat it and pass it to
humans through their milk. It may settle on leafy vegetables and be ingested by
humans. Iodine isotopes also concentrate in marine and freshwater fish, which people
may then eat (9). When 1-129 or 1-131 is ingested, about 30% is taken up by the
thyroid gland. Any remaining iodine passes from the body with urine. lodine clearance
proceeds on the basis of two biological half-lives: one of 6 hours, representing
elimination of the whole body fraction (70%), and one of approximately 100 days,

representing elimination of the thyroid fraction (30%).

2.3.2 Non-Radioactive iodine
Iodine is a nonmetallic, purplish -black, crystalline solid, it forms compounds
with many elements, but is less active than the other halogens, which displace it from

iodides. Its atomic number is 53 and it is grouped with other elements that are called
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the halogen (12), although iodine is the least reactive of the elements in this group.
When iodine is heated, it sublimates, that is, it goes from a solid to a vapor without
going through the liquid phase. Care should be taken in handling and using iodine, as
contact with the skin can cause lesions; iodine vapor is intensely irritating to the eyes,
nose, throat and mucus membranes. The physical properties of iodine shown in
Table 2-2.

Iodine is essential to many life forms, including humans, and is found in
thyroid hormones. A lack of iodine in the body will result in a condition known as a
goiter where the thyroid gland in the neck becomes enlarged. In order to assure an
adequate amount of iodine in the diet, table salt is iodized. This approach has greatly
reduced the incidence of goiter since so many people regularly use table salt. Iodine is
used in a number of chemical and biological applications (15). lodine compounds are
used as a catalyst. It is used as a supplement in animal feeds. Silver iodide is used in
photographic emulsion. Potassium iodide and potassium iodate are used to fortify table
salt to assure adequate iodine in the human diet. It is also used to make inks and
colorants.

Table 2-2 The physical properties of 10dine

Name lodine
Symbol I
Group Halogen
Discovered 1811
Atomic Number 53
Atomic Weight (g/mol.) 126.9045
Density @ 293 K (g/cm’) 4.93
Melting Point (°C) 113.6
Boiling Point (°C) 185.24
oxidation number -1,+7
Ist ionization energy(kJ/mole) 1008.4
Electronegativity 2.66
Atomic radius (pm) 133
Structure Layers of 12

Source : Sumran Preuksoontorn,2000 (12)
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2.4 Cation exchange property

Clay minerals have the property of adsorption certain anions and cations and
retaining them in an exchangeable state; i.e., these ions are exchangeable for other
anions or cations by treatment with such ions in an aqueous solution. The exchange
capacity is measured in terms of equivalents per gram or more frequently per 100
gram of soil. Many factors influence cation exchange capacity such as nature of
cation, pH and temperature. There is no single capacity value that is characteristic of a

given group of clay minerals.
2.4.1 Causes of Cation Exchange
Cation exchange in clay minerals may result from 2 mechanisms(16):

1) Broken bonds: At the edges and corners of the layers, there may be
broken bonds or hydroxyl groups which represent positions available for the
substitution of cations. The number of broken bonds and hence the exchange capacity
due to this cause would increase as the particle size decrease. Also lattice distortions
would tend to increase broken bonds, and the exchange capacity would be expected to

increase as the degree of crystallinity decrease.

In the kaolinite and halloysite minerals, broken bonds are probably the major
cause of exchange capacity. In other clay minerals, it may partially be the cause of the
exchange capacity. Another cause of exchange capacity is substitutions within the

lattice, particularly in smectite and vermiculite.

2) Substitutions within the lattice structure: The substitution of
trivalent aluminum for quadrivalent silicon in the tetrahedral sheet and of ions of
lower valence, particularly magnesium, for trivalent aluminum in octahedral sheet
result in unbalanced changes in the structural units of some clay minerals. The
replacement is often referred to as “isomorphous substitution”. Sometimes such
substitutions are balanced by other lattice changes, for example, OH for O or by filling
more than two-thirds of the possible octahedral positions, but frequency they are

balanced by adsorbed cations.
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Since the charges resulting from substitutions in the octahedral sheet
would act through a greater distance than the charges resulting from substitutions in
the tetrahedral sheet, it would be expected that cations held because of the latter
substitution would be bonded by a stronger force than those held by forces resulting
from substitutions in octahedral sheet.

In minerals in which the exchange capacity is due primarily to broken
bonds, an increase is to be expected with decreasing particle size. In the case of
expanding-lattice minerals, where most of the exchange is on accessible basal plane

surfaces, it seems that particle size should make little difference.
2.4.2 Position of Exchangeable Cations

The entry of other cations into the interlayer spaces to balance the negative
change is possible depending upon the size of the entering cation and the strength of
the bonding between the layers. In clays having weaker interlayer bonding, e.g.
montmorillonite, exchange is facilitated by the ease with which water enters between
the layers on immersion in a solution, so that ions are free to move and exchange
within the interlayer spaces. Hence the exchangeable cations are present not only on
the external surfaces of the particle but also in between the unit layers. Their presence
causes a slight increase of the basal spacing or slightly higher when the compensating
cations are larger. The difference between the basal spacing of pyrophyllite and that of
montmorillonite is much less than the diameter of the compensating cations. Structure
of montmorillonite group derived from pyrophyllite structure by insertion of sheet of
molecular water containing exchangable cation between the pyrophyllite “t-o-t” layer,
leading to a structure that is essentially identical to that of vermiculite. Vermiculite
mineral may be derived from the talc structure by interlamination of water molecules
in definite sheet 4.98 A’. Apparently, these cations are partly sunk in the holes of the
tetrahedral sheet. The exchangeable cations resulting from broken bonds would be
expected to occur around the edges of the flakes and elongated units whereas the
exchangeable cation due to lattice substitutions are mostly on the basal plane

surfaces (17).
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2.5 Physio-chemical properties of vermiculite (18)

Vermiculite is a member of the phyllosilicate or sheet silicate group of
minerals. All vermiculite has the remarkable ability to expand to many times from its
original volume when heated — a property know as “Exfoliation”.

Generally, vermiculite is secondary mineral forms as an alteration of biotite,
a mineral of mica group usually found in igneous rock. It is platy mineral

characterized by a layer lattice structure in which the silicate layer units have a
thickness of approximately 10-Angstrom units (1 A =10 metre). The main

elements present in the layers being magnesium, aluminium, silicon and oxygen and
the layers being separated by one or two sheets of water molecules associated with

cations such as magnesium, calcium, sodium and hydrogen. The layers being of

considerable lateral extent relative to the thickness of the basic 10 A  unit layer.

2.5.1 Chemical formula of vermiculite

Various chemical formula are given for vermiculite. The general formula
given below suggests a typical, which has been calculated from 65 vermiculite
analyses.

(Mg, Ca)os (Mg, Fe, Al)s o
(AL Si)s O;9 (OH)4. 8H,O

Where the components in the first set of parenthesis represent the ion-
exchangeable layer, the components in the second set of parenthesis compose the
cations of the octahedral layer, and the components within the brackets comprise the

tetrahedral layer (19).
2.5.2 Crystal structure of vermiculite

The basic structure of vermiculite as talc with interlayered water molecules.
A 2:1 silicate sheet composed of two flat layers of silica and alumina tetrahedral (the
tetrahedral layers), which are joined together in a layer composed of apical oxygen
atoms, and magnesium, iron, and hydroxyl molecules (the octahedral layer). Between
the 2:1 sheets lies the ion exchangeable layer. This layer will change in thickness
depending on the interlayer cation present and the arrangement of waters of hydration

associated with it. The structure of vermiculite is shown in Figure2-1.
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The basal d-spacing of vermiculite as obtained by using X-ray diffraction will
vary according to the composition of the ion exchangeable layer. The arrangement of
hydrated magnesium ions is in 14 A" vermiculite. Other common basal d-spacings
occur at 12 A’ (i.e., barium, sodium, and strontium vermiculites), and 10 A (i.e.,

potassium and ammonium vermiculites).

inter layer

Tetahedral

Si Al Si Al Si
Octahedral Al Mg Al Mg Al
Tetahedral Si Al Si Al Si

inter layer

Figure 2-1 The structure of vermiculite

2.5.3 Exfoliated vermiculite

The interlayer water is an essential component in the vermiculite. When a
particle of vermiculite is rapidly heated, the interlayer crystalline water transforms into
steam. The pressure of this steam evolution, forces the silicate layers apart from one
another and the vermiculite flake forms an elongate concertina like particle twenty to
thirty times its original thickness. This is why the name vermiculite from the Latin

vermicularis (worm-like) has been used for this group of minerals.
2.5.4 Characteristic of vermiculite

Vermiculite consists of golden/brown flakes, which are carefully classified
into five grades—each having a specified range of particle sizes. The coarsest grade
comprises particles ranging between 8§ mm and 2.8 mm, while the finest grade consists
of particles between 0.710 mm and 0.250 mm in size of vermiculite was analyzed, as

detailed in Table 2-3.
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Particle size distribution

Grade minimum 80% retained Loose bulk 3density mesh
(wm) kg/m
Large 800 — 280 700 — 850 20-50
Medium 400 — 140 800 —-950 40-120
Fine 200 —-171 850 - 1050 70-200
Superfine 100-35.5 850 - 1050 140-400
Micron 71 -25 850 - 1050 Less than 200

Source : Palabora Mining Company Limited, 2000(18)

Angle of Repose:
Specific Heat :

Specific Gravity:
pH Value:
Weight Loss:

Cation Exchange:

38° to 26° according to grade.

1.03 kJ/kg K. at 20°C
1.05 kJ/kg.K. at 30°C

2.5 to 2.6 depending on grade

8.5to 10
at 105°C-4.5 t0 6.5%
at 950°C-8.0 to 10.0%

The exchangeable cation normally present in vermiculite is

magnesium. The cation exchange capacity of Palabora

vermiculite is up to 600 milliequivalents per kg of vermiculite.

The rate of cation exchange will depend on exposed surface area,

therefore, the best results are obtained by using exfoliated

vermiculite.

2.5.5 Principal applications for vermiculite

Vermiculite i1s a very versatile mineral. There are a great number of

applications for vermiculite; the list of principal applications given below gives a

general guideline:
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Building products
- General building plasters (cement and gypsum based)
- Lightweight and insulating concretes
- Passive fire protection products
Industrial
- Automotive friction lining materials (brake and clutch linings)
- Pollution control materials
Horticulture
- Growing media and soil improvers
- Support for hydroponics
- Packaging material for fruits, bulbs and tubers
Agriculture
- Animal feedstuff additive

- Soil conditioner

2.6 Physio-chemical properties of zeolite

Naturally, zeolite is a group of Tectosiliactes that form a large group of
hydrous silicate. They have three-dimensional structures arising from a framework of
[SiO4]" and [AlO4]” coordination polyhedra (Figure 2-2) linked by all their
corners(20). The frameworks generally are very open and contain channels and
cavities in which are located cations and water molecules.

The word ‘‘zeolite’” has Greek roots and means ‘boiling stones’, an allusion
to the visible loss of water noted when the natural zeolites are heated. This property, of
course, illustrates their easy water loss and is described as ‘intumescence’. At present
some 39 naturally occurring zeolite species have been recorded and their structures
determined (21). In addition more than 100 synthetic species, the best known example
is zeolite A, which can be related structurally to naturally occurring zeolites, exhibits

the definitive zeolitic properties of ion exchange and reversible water loss.
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Oxygen

Oxygen

Figure 2-2 Representations of [Si04]" or [AlO4]" tetrahedral.

Source: Mumpton and Fishman (21)

Another characteristic of zeolite property arises from their molecular
framework structures in that the assemblages of tetrahedral creating their porous
structure happen to create regular arrays of apertures. These apertures are of such a
size as to be able to selectively take up some molecules into their porous structure,
whilst rejecting others on the basis of their larger effective molecular dimensions. This
is the property of ‘molecular sieving’, largely unique to zeolites and responsible for
their first commercial success (22). Molecular sieve is exploited on account of three
cation exchange properties. The cation eg. Na™ K', Ca*" are loosely bonded to the
tetrahedral framework and can be removed or exchanged easily by washing with a

strong solution of another ion.
The unit cell formula of a natural zeolite can be given as (23)

(Nay, K5, Ca, Ba) [ (Al Si O, ]. xH,O

2.6.1 Fundamental zeolite structural units

As stated earlier, all zeolites have framework (three-dimensional) structures
constructed by joining together [SiO4]* and [AlO4]* coordination polyhedra. By
definition these tetrahedra are assembled together such that the oxygen at each
tetrahedral corner is shared with that in an identical tetrahedron (Si or Al), as shown in
Figure 2-3. This corner (or vertex) sharing creates infinite lattices comprised of

identical building blocks (unit cells) in a manner common to all crystalline materials.
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Chain of A104and SiO4

Figure 2-3 Tetrahedral linked together to create a three-dimensional structure.

Source: Mumpton and Fishman (21)

In order to classify zeolite structures would be to relate them to the symmetry
of their unit cells. This would be cumbersome and is much simplified by the
observation that zeolite structures often have identical (or very similar) repeating

structural sub-units which are less complex that their repeating unit cells.

These recurring units are called ‘secondary building units’ (sbus) (24) and the
simplest, most utilitarian, classification describes all known zeolite frameworks as
arrangement linking eight sbus was shown in Figure 2-4. These denote only the
alumininosilicate skeleton (i.e. the Si, Al and O positions in space relative to each
other) and exclude consideration of the cation and water moieties sited within the
cavities and channels of the framework. The cation and water sites are complex and

only fully defined in certain zeolites as will become apparent later.
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1 > )
8 & G
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Figure 2-4 The secondary building unit (sbus) recognized in zeolite frameworks;
single four ring (S4R), single six ring (S6R), single eight ring (S8R),
double four ring (D4R), double six ring (D6R), complex 4-1, complex 5-1
and complex 4-4-1.

Source: Dyer (24)

It should be noted that the number of cations present within a zeolite structure
is determined by the number of [AlO4]> tetrahedra included in the framework. This
arises from the isomorphous of AI** for Si*" into the component polyhedra, causing a
residual negative charge on the oxygen framework. This negative charge is
compensated by those cation present in the synthesis and held in the interslices of the
structure on crystallization. The extent and location of water molecule incorporation
depends upon the overall architecture of the zeolite molecular structure, i.e. the size
and shape of the cavities and channels present, and the number and nature of the cation

in the structure.
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2.7 Relevant Research

Several zeolite has been identified as potential for metal removal from
effluent. Shevade and Fordn (25) used synthetic zeolites for removal of arsenic from
water. The removal efficiency of zeolites have been conducted to as a function of pH.
The resulting zeolite showed significant arsenate removal capacity over a wide initial
pH range of 2-12. Zeolite achieved this performance by buffering the initial pH to
within a range of 3.5<pH<7 where uptake of arsenate onto aluminol surface groups
was at a miximum. Sayed (26) used zeolite to decontaminate Zn, V, Cd and Hg ions
from waste water. The results proved that ionic strength and pH condition showed
strong effect on removal capacity. Natural zeolite was used by Elizondo et al (27) to
eliminate liquid radioactive wastes of '*’Cs and *’Sr. The influence of several factors
(pH of solution, grain size of the zeolite, etc.) on the process effectivity was studied. It
had been concluded that grain size of the zeolite and pH of solution were effective for
removal efficiency. The pH of used solutions was shown to be approximately 8 and
the flow velocity not exceeds 5 column volumes per hour. Zeolite having grain size
0.25-1.0 mm was recommended to use to eliminate °’Cs and *’Sr. Nantawan (28)
studied the removal of "*’Cs and *’Tc from liquid radioactive wastes by zeolite,
kaolinite, soil, AMP, quart and HAP. The study was conducted to examine removal
efficiency of all absorbent at the temperature 25-50 °C, pH range of 3-9, effect of
contact time between 10-20 minutes. It was observed that zeolite showed the best
efficiency for removal of *’Cs at pH range 3-9 and AMP showed the best efficiency
for removal of *’Tc about 80-90%, at 25°C and pH range 1-9.

Zeolites are well known for their ion exchange capacity. Chojnacki et al (3)
used natural zeolites for mercury removal from effluent. The mechanism of adsorption
by zeolites was found to be ion-exchange. Based on the chemical nature of zeolites, it
is assumed that the dominating mechanism of sorption was ion exchange in which
cations bind to negatively charge group on the sorbent surface. Due to the mechanism
recognized as ion-exchange, metal ions sorption was found to be strongly pH-
dependent. Ponizovsky and Tsadilas (29) studied on Lead (Pb*") sorption by zeolite at
pH 3, 4 and 5 to find the relationship between the amounts of Pb retained and ions
displaced from the soil into the solution. The research indicated that Pb retention by

zeolite can be viewed as an ion exchange since it is accompanied by the displacement
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of ions and the amounts of retained Pb and displaced cations are equivalent. Lead
sorption by zeolite was accompanied by the increase of Ca®", Na" and K* contents
insolution in the pH range 3-5. Abdelrahim et al (30) used different cationic forms of
a natural zeolite : Clinoptilolite which have cation-enriched (Na",K", NH," and Ca™)
for removal of '*’Cs. Batch equilibrium and column experiments were carried out. The
initial concentration of Cs* were varied in the range from 10° to 10" mol/dm’ at
temperature 25, 40, 60 and 80 °C. The results indicated that cation form (Na', K,
NH,;" and Ca®") in clinoptilolite showed significantly influenced for removal of *’Cs
and the high performance occurred at temperature less than about 60 °C. Zeolite
contains various types of cationic site. The overall negative charge of the anions is
balanced by cations that occupy the channels within the structure and can be replaced
with heavy metal ions.

The simultaneous removal of cation and anion radiotoxic nuclides such as
17Cs and '*I from radioactive liquid wastes has been studies by Song et al (31). As an
adsorbent material, the mixture of activated carbon and chabazite zeolite was used.
The mixing ratio of 7:3 of activated carbon to chabazite in weight fraction was found
to be optimum under the most conservative condition for the Cs™ and I" concentration
ratio. Experiment data and surface analysis indicated that Cs™ adsorbed onto the
activated carbon surface caused a synergistic effect on the adsorption of I'. As the
result, it was observed that removal efficiency of Cs’ ions were hardly affected by the
packing type. The homogeneously blended fixed bed caused the synergy effect on I"
adsorption due to the specific adsorption of Cs'. Sumathi et al (32) studied on
improving the adsorptive capabilities of clay mineral by mixing with biological
wasted. The mixture of coir pith and vermiculite have been tested in removing Cr(VI)
from effluent through batch and column experiments. The mixed adsorbent in column
were found very effective in removing Cr(VI). The high Cr(VI) removal efficiency of
mixed adsorbent may be attributed to the higher cation exchanger capacity (CEC) of
vermiculite. Solution pH had a marked influence on Cr(VI). This study showed that
mixing of the adsorbent gave more effective in removal of Cr(VI). Ching and Wu (4)
studied on the improvement of Cs leaching resistance of solidified radwastes with
copper ferrocyanine (CFC) and porous media including silica gel, bentonite,

vermiculite and zeolite as adsorbents. Good removal efficiency occurred at pHs



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Appro. Tech. for Res. and Env. Dev.) / 25

ranging from 3 to 12 with the best from 7 to 10. Vermiculite and zeolite were shown to
have better removal power than others adsorbents and vermiculite (80%) was chosen
to incorporate with CFC (20%) to make compound adsorbents because of its good
compatibility with CFC floc. Then, adding 0.25% of a compound adsorbent could
increase CS-leading resistance.

Bors et al (33) studied on iodine adsorption on organo-clay mineral. Clay
minerals are characterized by an excellent adsorption capability for cations, but are
generally ineffective in adsorbing anions. The weak adsorptive capabilities of clays for
anionic radionuclides (like iodine, selenite and pertechnetate) can be improved
substantially by replacing the natural inorganic interlayer cations of the clay minerals
with organic cations of certain chemical structures. The resulting organo-clay minerals
were capable of adsorbing iodine and pertechnetate. Riebe et al (34) reported on
experiments for the selection of four different organic cations (hexadecylpyridinium,
benzethonium, hexadecyltrimethylammonium and 1, 12-dipyridiniododecane), which
showed best capabilities for the adsorption of radioiodine by organo-vermiculites. For
all organo-vermiculites showed increased adsorption capabilities for anion with
increasing contents of organic cations. The mechanisms of adsorption capabilities for
anion on organo-vermiculites were clarified by Dultz et al (35). It has been assumed
that the anion adsorption should be due to the uptake of organic cations in an excess of
the CEC, predominantly in the interlayer spaces as ion pair. For all investigated
organo-clay minerals, the uptake of molecules in the form of cation-pairs seemed to be
the relevant mechanism for the observed anion exchange capacity. The organo-
vermiculites contain considerable amounts of inorganic cations due to incomplete ion
exchange. Therefore, organo-vermiculites were likely to be effective adsorbents for
anionic as well as for cationic pollutants for different geotechnical applications. Sinha
et al (36) studied the removal of "*'T from simulated effluents containing the isotope by
ion-exchange/adsorption (using anionic exchangers and activated carbon) process. In
an identical set of experiments with a view to study the removal of molecular iodine,
the effluent was contained inactive elemental iodine with concentration of about 170
mg/l I at pH 5.6, was passed through column at a flow rate of 7-8 BV/hr. All of the
schemes, passing through anion exchange resin columns were found to be the most

effective, indicating that iodine was present mostly as anions.
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Preliminary screening for the optimum values of variables

This study was designed to column experiment. From the previous report in the
literature for the removal of cesium and iodine used of vermiculite and i.zeolite. There
were many reasons caused of occurring different efficiency of removal. Thereby, this
study concerned to measure removal efficiency of cesium and iodine by vermiculite
and i.zeolite with different factor conditions in order to distinguish different removal
efficiency. The factor conditions were shown as following.

1) Reagent’s pH value: The removal efficiency of the adsorbent was
influenced by pH condition. From the relevant research, it was found that vermiculite
mixed with copper ferrocyanine (CFC) showed highest efficiency for removal of
B7Cs at pH ranging from 7 to 10 (4). Zeolite showed the best efficiency for removal of
7Cs at pH range 3-9 (28). Thereby, the recent study emphasizes on determining the
optimum pH condition at pH 5, 7 and 9 for cesium and iodine removal.

2) Cesium and iodine concentration: The initial concentration of cesium was
340 mg/1 (330 ppm) to simulate '*’Cs gamma activity of energy 661 keV (31). In case
of iodine, the initial concentration was 170 mg/l (170 ppm) to simulate *'T gamma
activity of energy 364 keV (36).

3) Flow rate: The unit of solution flow rate used in this study was Bed
volume per hour (BV/hr). Bed volume was defined as the volume of 10 grams of the
adsorbent packed into a column. As the result from Song et al (31) and Singha et al
(36), the optimum cesium chloride solution flow rate was 14 BV/hr and the optimum
iodine solution flow rate was 7 BV/hr, respectively.

4) The adsorbents: Ching and Wu (4) reported that vermiculite was one of the
best absorbent for removal of *’Cs. Moreover, when vermiculite was mixed with
others absorbent. It was found that removal efficiency was increased such as mixing of
vermiculite and CFC, it was used as cement composition for protecting ’Cs
radioactive waste leaking to environment. Song et al (31) studied the removal of
cesium and iodine by mixed adsorbent, it was observed that the removal efficiency
was hardly affected by the grain size and packing type. The homogeneously blended
type showed highest efficiency for removal of cesium and iodine. From the results,
vermiculite and i.zeolite were sieved to give the optimum particle size of 60-80 mesh

(180-250 um) and packing type was homogenous blended fixed bed.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Framework of the study

This research was conducted at the laboratory of the Faculty of Environment

and Resource Studies, Mahidol University. The methodology was designed to carry

out the efficiency of vermiculite, I.zeolite in removal of cesium and iodine at the

various pH values of 5, 7 and 9, in comparison with the activated charcoal. The

process to approach the mentioned solution was designed and conducted step by step

as followed:

Cesium chloride solution with Cs concentration
of 340 mg/1 and iodine solution with
I, concentration of 170 mg/1

¢

Vermiculite and
zeolite analysis

- Classified
particle size

- CEC
- pH
- XRD

Passing through column of three types of
adsorbent with flow rate of 14 BV/hr for
cesium and 7 BV/hr for iodine

Adjusted pH to
5,7and 9

g

v

!

v

Vermiculite I.zeolite Ver:l.zeo

v

Activated charcoal

v

v !
v

Efficiency of each of adsorbent in the cesium and iodine removal
(Extinctive concentration of cesium was analyzed by Atomic
Absorption Spectrophotometer and iodine was analyzed by titration

with sodium thiosulphate)

v

Data Analysis

Figure 3-1 Diagram of the experimental procedure
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3.2 Experimental Process Design

In this study, the experimental methodology is split plot design that separated
into 2 steps, the first step was to study on the characteristics of the adsorbents and the
second step was to study the effect of pH conditions on the cesium and iodine removal
efficiency, using vermiculite and i.zeolite as an adsorbent. The experiment was
separately conducted into 18 treatments. Each treatment was replicated in three times.

Moreover 6 treatments, which were column contained of the activated charcoal, were

additionally conducted as the control treatment (Table 3-1).

Table 3-1 Conclusion of the entire treatments of the experimental design

Treatment No. pH Types of adsorbent Solution

1 5

2 7 Vermiculite CsCl
3 9

4 5

5 7 [.zeolite CsCl
6 9

% 5

8 7 Vermiculite : I.zeolite (1:1) CsCl
9 9

10 5

11 7 Activated charcoal CsCl
12 9

13 5

14 7 Vermiculite I
15 9

16 5

17 7 I.zeolite I
18 9

19 5
20 7 Vermiculite : I.zeolite (1:1) I,
21 9
22 5
23 7 Activated charcoal I
24 9
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3.3 Materials and Methods

The equipments of this experiment were calibrated for increasing accuracy.
All chemicals had been used in this study are analytical grade. Glasswares were
cleaned by Nitric Acid (HNO3) 50% conc. in order to clear out any heavy metal on the

glassware surface. Items of equipments and materials were as followed:

3.3.1 Equipments
The equipments used in the experiment were as followed:
1) Atomic Absorption Spectrophotometer
2) pH meter (Orion EA 940)
3) X-ray diffractrometer
4) Sieve Shaker
5) Sieve no. 20, 40, 60, 80, 100, 120 and 140 mesh
6) Hot Air Oven (Contherm 260 M)
7) Weighting Balance (Avery WA 205)
8) Polyethylene Bottles

9) Pumps

10) Glass containers
- Column of 2 cm Diameter - Burette
- Volumetric Flask - Volumetric Pipette
- Erlenmeyer Flask - Beaker

3.3.2 Chemical substances
The chemical reagents from Merck (AR grade) for all experiments were as
followed:

1) Cesium chloride (CsClI)
2) lodine (1)
3) Potassium lodide (KI)
4) Potassium biiodate (KH(103))
5) Sodium thiosulphate (Na,;S,05)
6) Ammonium hydroxide (NHsOH)
7) Acetic acid (CH;COOH)
8) Sulfuric Acid (H2SO4)
9) Nitric Acid (HNO3)
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3.3.3 Chemical preparation
1) Cesium chloride solution (340 mg/l)
Dissolve 1.27 g of cesium chloride (MW 168.35) in 1,000 ml of
distilled water to make a cesium concentration of 1 mg/ml. Diluted 340 ml to 1,000 ml
with de-ionized distilled water and then adjust pH to 5, 7 and 9 with acid-base
solution.
2) lodine solution (170 mg/1)
Dissolve 1.00 g of iodine in 1,000 ml of distilled water. Diluted 170
ml to 1,000 ml with de-ionized distilled water and then adjust pH to 5, 7 and 9 with
acid-base solution.
3) Acid - base solution preparation
Base (1N) solution, dissolve 4.00 g of NH4OH in distilled water and
make up to 100 ml.
Acid (0.5N) solution, add 25 ml of 1 N CH3;COOH in 25 ml of

distilled water.

3.4 Experimental Procedures

The procedures to reach the objectives of this study were divided into 3 parts
as followed:
3.4.1 Adsorbent characteristic and preparation
The quality of vermiculite and I.zeolite were examined before
preparing the adsorbents.
1) Characteristic of vermiculite and I.zeolite
The clay mineral used in this study was vermiculite from Palabora

Mining Company Limited, i.zeolite HSCAS from Protector Ltd. and analytical grade
activated charcoal. Before testing, vermiculite and I.zeolite were heated at 105 C for
30 min. The quality to be tested (shown in the appendix A) was as followed:

a) Screening to classify particle sizes by sieving

b) Determining the Cation Exchange Capacity (CEC)

c) Check pH value by pH meter
d) Determining the mineral in the sample by X-ray diffraction (XRD)
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2) Adsorbent preparation
Adsorbents, including vermiculite and i.zeolite were heated at 105 °C
for 30 min. The particle size of 180-250 um that used in this experiments were

distinguished by sieve n0.60-80 mesh.

3.4.2 Efficiency of cesium removal
The study of cesium removal efficiency consisted of the following steps:

1) Ten grams of each adsorbent was added into 4 sets of 2 cm-diameter
column. Each set contained vermiculite, i.zeolite, a mixture of vermiculite and i.zeolite
(ratio 1:1 by weight) and activated charcoal.

2) The height of the adsorbent in the column was adjusted in order that
the flow rate could be calculated. Before conducting the experiment, the column was
rinsed for three hours with deionized distilled water to release air bubbles and adjust
the final flow rate to 14 BV/hr.

3) The cesium chloride solution, which was set at pH level of 5,7 and 9
and concentration at 340 mg/l was poured through the column with controlled flow
rate at 14 BV/hr by pressured pump.

4) After flowing continuously through column for 1 hour, collect 14
BV of outlet solution to analyze the extinctive concentration of cesium by Atomic
Absorption Spectrophotometer.

5) The column was regenerated by Nitric Acid (HNO3) 50% conc. in
order to clear out any heavy metal on the glassware surface.

6) The 2" and the 3™ treatments were repeated as previous process

mentioned above.

3.4.3 Efficiency of iodine removal
The study of iodine removal efficiency consisted of the following steps:

1) Ten grams of each adsorbent was added into 4 sets of 2 cm-diameter
column. Each set contained vermiculite, 1.zeolite, a mixture of vermiculite and i.zeolite

(ratio 1:1 by weight) and activated charcoal.
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2) The height of the adsorbent in the column was adjusted in order that
the flow rate could be calculated. Before conducting the experiment, the column was
rinsed for three hours with de-ionized distilled water to release air bubbles and adjust
the final flow rate to 7 BV/hr.

3) The iodine solution, which was set at pH level of 5, 7 and 9 and
concentration at 170 mg/l was poured through the column with controlled flow rate at
7 BV/hr by pressured pump.

4) After flowing continuously through column for 1 hour, collect 7 BV
of outlet solution to analyze the extinctive concentration of iodine by titration method
with sodium thiosulphate.

5) The column was regenerated by Nitric Acid (HNO3) 50% conc. in
order to clear out any heavy metal on the glassware surface.

6) The 2™ and the 3" treatments were repeated as previous process

mention above.

Influent

adsorbents

1 height

Figure 3-2 Experimental column.
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3.5 Data Analysis

The data analysis was separated into 2 sections, as followed:

3.5.1 Data record
The extinctive concentrations were recorded to determine the removal
efficiency using the formula below. Each treatment was performed in triplicates. The

data description was reported as mean and graph presentation.

The removal efficiency was calculated, according to the formula:

The removal efficiency (%) =(A-B)x 100
A
Where ; A = initial concentration, mg/l

B = final concentration, mg/1

3.5.2 Statistical analysis

The effect of pH on cesium and iodine removal by different types of
adsorbents was statistically compared by using Analysis of Variance. (ANOVA).
When significant differences were observed, the Duncan’s new multiple range test

(DMRT), multi-comparison test at a 95% confidence level was further determined.
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CHAPTER 4
RESULTS

This study determined cesium and iodine removal efficiency by using natural
materials such as vermiculite, i.zeolite and their mixtures (vermiculite and i.zeolite) at
different pH conditions (5, 7 and 9). The efficiency was determined through the
comparison with activated charcoal. The results of experiment were shown under 3

topics as the following:

4.1 Characteristics of vermiculite and i.zeolite
4.2 Efficiency of cesium removal

4.3 Efficiency of iodine removal

4.1 Characteristics of vermiculite and i.zeolite

Cation exchange capacity (CEC), pH value, particle size and compound
investigation of the samples by X-ray diffraction of vermiculite and i.zeolite were

shown in Appendix.
4.1.1 Vermiculite characteristics

The vermiculite used in this study was slightly alkaline at pH 8.5. The cation
exchange capacity (CEC) was 218 meq/kg. The particle size as high as 89 percent was
found in the range of 20-60 mesh (250-850 um). The sample was mainly composed of

vermiculite. Its characteristics was summarized in Table 4-1.
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4.1.2 1.zeolite characteristics

The i.zeolite used in this study having an acidic pH (4.34). The cation
exchange capacity (CEC) of i.zeolite was 136 meq/kg. The particle size as high as 40
percent was found in the range of 60-100 mesh (150-250 um). After X-ray diffraction
analysis of the studied sample indicated that they are mainly quartz. Then, the so-
called zeolite was imitated sample, possibly trader named for particular purposed. Its

characteristics was summarized in Table 4-1.

Table 4-1 Physical properties of vermiculite and i.zeolite

Properties Vermiculite I.zeolite
pH* 8.5 4.34
CEC (meq/kg) 218 136

Particle Size* (% / kg)

20-40mesh (850-425 yim) 48.06 16.70
40-60mesh (425-250 ym) 41.02 15.36
60-80mesh (250-180 pm) 2.81 24.18
80-100mesh (180-150 pm) 3.77 15.90
100-120mesh (150-125 pm) 0.97 8.50
120-140mesh (125-106 pm) 0.91 9.22
> 140 mesh ( < 106pm) 2.46 10.13

* Average values
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4.2 Efficiency of cesium removal

The study of cesium removal efficiency was presented into two parts, they
were the efficiency of cesium removal through the four treatment groups of adsorbents

and the statistical analysis of the results.
4.2.1 The efficiency of cesium removal

Adsorbents were divided into four group; vermiculite, i.zeolite, a mixture of
vermiculite and i.zeolite (ratio 1:1 by weight) and activated charcoal. The initial
concentration of cesium was set at 340 mg/l (340 ppm) as cesium chloride in three-pH
conditions (pH values were 5, 7 and 9) through out with flow rate of 14 BV/hr. The

results were shown in Table 4-2 and Figure 4-1.
1) The efficiency of cesium removal by vermiculite

Vermiculite was packed at the height of approximately 16 centimeters.
The flow rate of initial cesium solution was mostly constant at 698-708 ml/hr. The
residual cesium of the passed - through solution was found to be 0.56 mg/l at the
conditions of pH 5.0, 0.644 mg/l at pH 7.0 and 0.122 mg/l at pH 9.0. The results in
Table 4-2 showed that vermiculite under the pH ranges from acidic to alkaline had the

potential of cesium removal. The removal efficiency was as high as 99 percent.
2) The efficiency of cesium removal by i.zeolite

Synthetic zeolite was packed at the height of approximately 5.5
centimeters. The flow rate of initial cesium solution was mostly constant at 237-247
ml/hr. The residual cesium of the passed - through solution was found to be 276.42
mg/l at pH 5.0, 203.80 mg/l at pH 7.0 and 242.35 mg/l at pH 9.0. Table 4-2 showed
the result which indicated that i.zeolite had the lowest removal efficiency among the 4
designed adsorbents under the various pH. At pH 5, the cesium removal efficiency

was as low as 18 percent.
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3) The efficiency of cesium removal by the mixture of vermiculite

and i.zeolite

A mixed adsorbent of vermiculite and i.zeolite was packed at the height
of approximately 10 centimeters. The flow rate of initial cesium solution was mostly
constant at 435-445 ml/hr. The residual cesium of the passed - through solution was
found to be 10.63 mg/l at pH 5.0, 16.74 mg/1 at pH 7.0 and 19.08 mg/1 at pH 9.0. The
experimental performance can be concluded that the mixture of vermiculite and
i.zeolite under various pH from 5.0 to 9.0 had the potential of cesium removal higher

than 94 percent (Table 4-2).

4) The efficiency of cesium removal by activated charcoal

Activated charcoal was packed at the height of approximately 8
centimeters. The flow rate of initial cesium solution was mostly constant at 247-
357ml/hr. The residual cesium of the passed - through solution was found to be 4.28
mg/l at pH 5.0, 8.67 mg/l at pH 7.0 and 12.81 mg/I at pH 9.0. The results in Table 4-2
showed that activated charcoal under the various pH had the potential of cesium

removal higher than 96 percent.

The results in Table 4-2 showed that most of adsorbents were able to remove
cesium at the average of 94 percent except for the i.zeolite which the cesium removal
efficiency was lower than 40 percent. However, it could be noted that the mixture of
vermiculite and i.zeolite at a ratio of 1:1 by weight increased the removal efficiency
from 40 to 95 percent. This indicated that i.zeolite had less effect on cesium removal.

The removal efficiency was strongly affected from the adsorption of vermiculite.
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Figure 4-1 Cesium removal efficiency at different pH conditions

4.2.2 Statistical Analysis of cesium removal

The statistical analysis was focused on comparisons of adsorbent efficiencies
(Figure 4-1 and Table 4-2) under various pH by ANOVA and the Duncan’s new
multiple range test at 95% confidence level as shown in Table 4-2. and Figure 4-1.

Detail of statistical analysis was shown in appendix.

1) Efficiency of adsorbents

The differences in cesium removal efficiencies with four different
groups of adsorbent were investigated.

a) Vermiculite

The efficiency of cesium removal by vermiculite at pH 5,7 and 9 were
99.98%, 99.81% and 99.97%, respectively as shown in Figure 4-2. Statistical analysis
showed that the cesium removal efficiency of vermiculite was not different
significantly with the variation of pH. This indicates that the cesium sorption on to
vermiculite was not affected by pH condition. The high removal efficiency was also

obtained at all pH range studies.
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b) I.zeolite

The experimental results of the sorption capacity of cesium onto
i.zeolite were shown in Table 4-2 and Figure 4-3. The efficiency of cesium removal by
i.zeolite at pH 5, 7 and 9 were 18.7%, 40.1% and 28.72%, respectively. The removal
efficiency of i.zeolite at pH 7 was significant different (P<0.05) from those at pH 5
and 9. The removal efficiency gradually increased from pH 5 to pH 7, where the
highest efficiency was obtained and gradually decreases from pH 7 to pH 9. The
results suggested that cesium sorption onto i.zeolite was influenced by the variation of

pH.

c¢) The mixture of vermiculite and i.zeolite.

The efficiency of cesium removal by the mixture of vermiculite and
1.zeolite at pH 5, 7 and 9 were 96.87%, 95.39% and 94.39%, respectively as shown in
Table 4-2 and Figure 4-4. Statistical analysis showed that the cesium removal
efficiency was not different significantly at all pH conditions. The best adsorption
occurred at all pH values. The highest efficiency was observed at pH 5, and then
slightly decreased from pH 5 to 9. Similar to vermiculite, the removal efficiency of the

mixed adsorbents was not depended on pH condition.

d) Activated charcoal

The efficiency of cesium removal by activated charcoal at pH 5, 7 and
9 were 98.74%, 97.45% and 96.23%, respectively as shown in Table 4-2 and Figure 4-
5. Statistical analysis showed that the cesium removal efficiency with activated
charcoal was not different significantly at all pH range studies. The highest efficiency
was observed at pH 5 and tended to decrease slightly from pH 5 to pH 9. The result of
cesium sorption onto activated charcoal was similar to vermiculite and a mixture of

vermiculite and i.zeolite removal efficiency.
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Figure 4-4 The cesium concentrations and removal efficiency at pH pH 5, 7 and 9 by

the mixture of vermiculite and 1.zeolite.
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2) pH condition
The cesium removal efficiency of adsorbent over various pH ranges

were shown in Table 4-2 and Figure 4-1.

a)pH 5

The cesium removal efficiency using i.zeolite, the mixture of
vermiculite and i.zeolite, vermiculite and activated charcoal were 18.70%, 96.87%,
99.98% and 98.74%, respectively. Statistical analysis showed that the cesium removal
efficiency of i.zeolite was significantly lower than the other adsorbents (P<0.05).
While the removal efficiency of activated charcoal was not different significantly from

vermiculite and the mixture of vermiculite and 1.zeolite.

b)pH 7

The cesium removal efficiency of i.zeolite, the mixture of vermiculite
and 1.zeolite, vermiculite and activated charcoal were 40.05%, 95.08%, 99.81% and
97.45%, respectively. Statistical analysis showed that the cesium removal efficiency of
1.zeolite was significantly lower than the other adsorbents (£<0.05). Due to the poor
cesium removal power of i.zeolite, the efficiency of the mixture of vermiculite and
i.zeolite was significantly lower than vermiculite (P<0.05). This indicated that
vermiculite played a dominating role in the removal of cesium. In addition, the cesium
removal efficiency of activated charcoal was not different significantly from those of

the vermiculite and the mixture of vermiculite and i.zeolite.

c)pH9

The cesium removal efficiency of i.zeolite, the mixture of vermiculite
and 1.zeolite, vermiculite and activated charcoal were 28.72%, 94.39%, 99.97% and
96.23%, respectively. Statistical analysis showed that the cesium removal efficiency of
i.zeolite was significantly lower than the other adsorbents (P<0.05). The cesium
removal efficiency of vermiculite was significantly higher than the mixture of
vermiculite and i.zeolite (P<0.05). This was due to the strong effect of vermiculite on
removal of cesium. In addition, the cesium removal efficiency of activated charcoal
was not different significantly from those of vermiculite and the mixture of

vermiculite and i.zeolite.
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For the pH study, it could be concluded that the removal of cesium from CsCl
solution by activated charcoal, vermiculite and the mixture of vermiculite and i.zeolite
were found to be pH-independent while the and cesium removal using i.zeolite was

found strongly significant to pH-dependent.
3) The mixing of vermiculite and i.zeolite

The cesium removal efficiency of vermiculite was higher than i.zeolite
in all of pH range studies (Figure4-1 and Table 4-2). The mixing of vermiculite with
1.zeolite decreased the removal efficiency of cesium. Statistical analysis showed that
the cesium removal efficiency of vermiculite was significantly higher (P<0.05) than
the mixture of vermiculite and i.zeolite at pH 7 and pH 9 but the difference was not

significant at pH 5.

4.3 Efficiency of iodine removal

The study of 1odine removal efficiency was presented in two parts, they were
the efficiency of iodine removal through the four treatment groups of the adsorbents

and the statistic analysis of the results.
4.3.1 The efficiency of iodine removal

Adsorbents were divided into four groups; vermiculite, i.zeolite, the mixture
of vermiculite and i.zeolite (ratio 1:1 by weight) and activated charcoal. The initial
concentration of iodine was set at 170 mg/l (170 ppm) for three-pH conditions (pH 5,
7 and 9) and it was flow through each experiment with flow rate of 7 BV/hr (as details
shown in Table 4-3 and Figure 4-6).

1) The efficiency of iodine removal by vermiculite

Vermiculite was packed to a height of approximately 16 centimeters.
The flow rate of initial iodine solution was mostly constant at 247-357 ml/hr. The
residual iodine of the passed - through solution was found to be 168.58 mg/1 at pH 5.0,
161.28 mg/l at pH 7.0 and 121.99 mg/l at pH 9.0. The removal efficiency showed in
Table 4-3 could be concluded that vermiculite demonstrated low efficiency of iodine
removal within a pH range of 5 to 9. The differences in iodine removal ranged from

1 - 28 percent.
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2) The efficiency of iodine removal by i.zeolite

I.zeolite was packed to a height of approximately 5.5 centimeters. The
flow rate of initial iodine solution was mostly constant at 116-126 ml/hr. The residual
iodine of the passed - through solution was found to be 140.35 mg/I at pH 5.0, 149.04
mg/l at pH 7.0 and 161.67 mg/l at pH 9.0. As shown in Table 4-3, iodine removal by

i.zeolite within the pH ranges from 5 to 9 was lower than 17 percent.

3) The efficiency of iodine removal by the mixture of vermiculite
and i.zeolite

Vermiculite and i.zeolite were packed to a height of approximately 10
centimeters. The flow rate of initial iodine solution was mostly constant at 215-225
ml/hr. The residual iodine of the passed - through solution was found to be 144.89
mg/l at pH 5.0, 164.04 mg/l at pH 7.0 and 142.92 mg/Il at pH 9.0. As shown in Table
4-3, it could be concluded that the iodine removal efficiency under pH ranges from 5

to 9 were lower than 15 percent.

4) The efficiency of iodine removal by activated charcoal

Activated charcoal was packed to a height of approximately 8
centimeters. The flow rate of initial iodine solution was mostly constant at 171-181
ml/hr. The residual iodine of the passed - through solution was N.D. (non-detectable)
within pH range from 5 to 9. This could be concluded that activated charcoal under the

various pH had the potential of iodine removal as high as 99 percent (Table 4-3).

As shown in Figure 4-6, most of the adsorbents were able to remove iodine
lower than 29 percent except activated charcoal that showed the removal efficiency as
99 percent at all pH range studied. This could be concluded that activated charcoal had

the highest potential of iodine removal.
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Figure 4-6 lodine removal efficiency at different pH conditions

4.3.2 Statistical analysis of iodine removal

The statistical analysis was focused on the comparisons of adsorbent
efficiencies (Figure 4-6 and Table 4-3) under various pH by ANOVA and the
Duncan’s new multiple range test at 95% confidence level. Detail of statistical

analysis was shown in Appendix.
1) Efficiency of adsorbents

The differences in iodine removal efficiencies with in four different

groups of adsorbents were investigated and the results were described as follows.
a) Vermiculite

As shown in Table 4-3 and Figure 4-7, the efficiency of iodine removal
by vermiculite at pH 5, 7 and 9 were 1.03%, 5.13% and 28.24% respectively.
Statistical analysis showed that the iodine removal efficiency of vermiculite at pH 9
was significant difference (P<0.05) from those at pH 5 and 7. The removal efficiency
of vermiculite increased gradually from pH 5 to pH 7, and then increased rapidly as
the pH value rised up to 9, where the highest efficiency was obtained. The data
showed that iodine sorption onto vermiculite was strongly influenced by pH condition.

The increasing pH value effected to the increasing efficiency of iodine removal.
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b) I.zeolite

The experimental results on sorption capacity of iodine onto i.zeolite
were shown in Table 4-3 and Figure 4-8. The efficiency of iodine removal by i.zeolite
at pH 5, 7 and 9 were 17.44%, 12.33% and 4.90%, respectively. Statistical analysis
showed that the iodine removal efficiency of i.zeolite at pH 5 was significant
difference (P<0.05) from those at pH 7 and 9. The highest removal efficiency of
1.zeolite was observed at pH 5 and then tended to decrease slightly from pH 5 to pH 9.
The results also showed that pH condition had strong effect on iodine sorption onto
i.zeolite.

¢) The mixture of vermiculite and i.zeolite.

As details shown in Table 4-3 and Figure 4-9, the efficiency of iodine
removal by the mixture of vermiculite and i.zeolite at pH 5, 7 and 9 were 14.77%,
3.51% and 15.93%, respectively. Statistical analysis showed that the iodine removal
efficiency of the mixture of vermiculite and i.zeolite at pH 9 was significant difference
(P<0.05) from those at pH 5 and 7. The results of iodine sorption onto the mixture of
vermiculite and 1.zeolite showed strongly effected to pH dependence. The removal
efficiency of the mixed adsorbents decreased gradually from pH 5 to pH 7, and the
lowest efficiency was obtained as the pH increased gradually from pH 7 to pH 9.

d) Activated charcoal

As shown in Table 4-3 and Figure 4-10, the iodine concentration in the
effuents were N.D.(non-detectable) at all pH studies, the minute concentration was
lower than detection limit. Statistical analysis showed that the iodine removal
efficiency of vermiculite was not different significantly at the various pH. It was
considered that the iodine sorption onto activated charcoal was not affected by pH

condition. The high removal efficiency was obtained at all pH range studies.
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Figure 4-9 The iodine concentrations and removal efficiency at pH 5, 7 and 9 by

the mixture of vermiculite and i.zeolite.
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2) pH condition

The iodine removal efficiency of adsorbent at various pH conditions

were shown in Table 4-3 and Figure 4-6.

a)pH 5

The iodine removal efficiency of i.zeolite, the mixture of vermiculite
and i.zeolite, vermiculite and activated charcoal were 17.44%, 14.77%, 1.03% and
>99%, respectively. Statistical analysis showed the difference regarding the iodine
removal efficiency among i.zeolite, vermiculite, activated charcoal and the mixture of

vermiculite and 1.zeolite were significant at P<0.05.

b) pH 7

The 1odine removal efficiency of i.zeolite, the mixture of vermiculite
and i.zeolite, vermiculite and activated charcoal were 12.33%, 3.51%, 5.13% and
>99%, respectively. Statistical analysis showed that the iodine removal efficiency of
the mixture of vermiculite and 1i.zeolite was not different significantly from
vermiculite. The iodine removal efficiency of activated charcoal was significantly

higher than i.zeolite, vermiculite and the mixture of vermiculite and i.zeolite (P<0.05).

c)pH9

The iodine removal efficiency of i.zeolite, the mixture of vermiculite
and i.zeolite, vermiculite and activated charcoal were 4.90%, 15.93%, 28.24% and
>99%, respectively. Statistical analysis showed that the difference of iodine removal
efficiency was different significantly among i.zeolite, vermiculite, activated charcoal

and the mixture of vermiculite and i.zeolite.

The results indicated that the highest efficiency for iodine removal were
28.24% at pH 9, 17.44% at pH 5 and 15.93% at pH 9 for vermiculite, i.zeolite and the
mixture of vermiculite and i.zeolite, respectively. The iodine removal efficiency by

activated charcoal was >99.99 % at pH range from 5 to 9.
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3) The mixing of vermiculite and i.zeolite

The iodine removal efficiency of i.zeolite, vermiculite and the mixture
of vermiculite and i.zeolite were summarized in Table 4-3 and Figure 4-6. Statistical
analysis showed that the iodine removal efficiency of the mixture of vermiculite and
1.zeolite was significantly different from vermiculite and i.zeolite. Comparison of their
highest efficiencies at each pH condition could be concluded that the mixing of

vermiculite and i.zeolite decreased the removal efficiency.
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CHAPTERS
DISCUSSION

5.1 The efficiency of cesium removal

The study about the efficiency of cesium removal in cesium concentration at
340 ppm through the treatment groups of adsorbents (they are vermiculite, i.zeolite
and the mixture of vermiculite and i.zeolite.) by using column experiment technique,
the efficiency of cesium removal by vermiculite is high as 99 percent at all pH
conditions. This level of vermiculite’s efficiency is better than the other three
adsorbents. The reason caused by the high cation exchange capacity (CEC) of
vermiculite, which is an indicator of how well it is able to attract positive ions and
cation exchange capacity increases when increasing pH value (17). This finding result
is consistent with the study by Samathi et al (32), who found that the high efficiency
of vermiculite in the removal of Cr(VI) resulted from its high CEC value. The pH
value of solution had a mark influence on Cr(VI) removal which showed high
efficiency at pH ranges from 5 to 9. In addition, this study also shows that the cesium
removal efficiency by vermiculite is superior at the pH ranges from 5 to 9 and
increases as the value of pH rises. Similar results was obtained by Ching and Wu (4)
who discovered that the efficiency of vermiculite in removing Cs* was deviated
according to pH values. That was, it is increasing as pH rises in the range of 3-12 and
the best efficiency should be achieved at pH around 7-10. Thus, the significance of pH
is realized in the process of removing cesium, Irena et al (37). Various studies on
removal of Hg(I) and Ag(I) by vermiculite found that the mechanism of absorption by
vermiculite was found to be an ion-exchange. The maximum removal of Hg(Il) and

Ag(I) from solution occurred at pH 5 to pH 7.

In case of cesium removal by i.zeolite, the study finds that the efficiency of
cesium removal by i.zeolite at pH of 5 is 18.7 percent and the highest efficiency is
40.66 percent at pH 7 and then decreases to 28.72 percent at pH 9. It seems to be that

the highest efficiency is achieved at the neutral pH condition, and continually
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decreases when it is either in the acidic or the alkaline regions. Thereby, it can be
concluded that the mechanism of cesium removal by i.zeolite is ion-exchange, and the
values of pH play a significant role in removing cesium. This is again consistent with
the study by Nuntawan (28), whose experimental result showed that pH was the most
important factor on the adsorption of cesium from solution by i.zeolite and the most
effective pH range for cesium absorption was from 7 to 9. Berteti (38) and Elizondo
(27), similarly concluded that pH values played an important role in effectively
removing cesium and that the highest efficiency could be found at the pH range of 7-8.
Consistently, Shevade (25) summarized that the efficiency of arsenate absorption by
aluminol surface groups in zeolite is influenced by the pH conditions. Ponizovsky and
Tsadilas (29) found that in removing Pb" by zeolite, the efficiency of zeolite was
dependent on the pH condition and the mechanism of ion-exchange had been
increased as the value of pH rises. Bailey et al (39) also concluded that the adsorption
mechanism of zeolite was an ion-exchange in the tetrahedral structure by AI’" and
Si*". Abdelrahim and Yucel (30) found that zeolite which had cation-enriched
(Na" K", NH;" and Ca™) showed significantly influence on removal of Cs-137. The
overall negative charge of the anions was balanced by cations that occupied the

channels within the structure, and could be replaced with heavy metal ions.

Finally, for the efficiency of cesium removal by the mixture of vermiculite
and 1i.zeolite, it was found that the mixed adsorbent exhibited a relatively high level of
efficiency at 94 percent at all pH conditions. When comparing with vermiculite and
1.zeolite, it could be obviously observed that the mixed adsorbent has higher effective
to removal cesium than i.zeolite (40.1 percent) but lower than vermiculite (99
percent). The result of mixing vermiculite and i.zeolite at the 1:1 ratio by wieght gives
off the efficiency level close to activated charcoal because of the excellent property of
vermiculite in the cesium removal. The consistency can be found in the study by
Sumathi et al (32), who used the one-to-one mixture of vermiculite and coirpith to
remove Cr(VI) in wasted water. The efficiency level was achieved at 93 percent. This
level was higher than those of vermiculite and coirpith when used independently in the
removal process. Moreover, he also found pH values played a crucial role in the

ionization of vermiculite, and the adsorption of Cr(VI) was an ion-exchange process.
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Song et al (31) further found that the mixture of activated carbon and zeolite (as
chabazite), to be used to remove *’Cs and '*I in liquid radioactive waste which were
the cationic and anionic adsorption, adsorbs Cs™ and I" more effectively than when
they were used independently. This is due to the fact that the homogeneously blended
fixed bed caused the synergy effect on I" adsorption due to the specific adsorption of
Cs'.

In conclusion, the efficiency of cesium removal by vermiculite is as high as
the activated charcoal at all pH conditions. I.zeolite, on the other hand exhibits the
lowest efficiency among the rest of adsorbents but when the mixture of the two
adsorbents is used, the efficiency is significantly increases approximately equal to that
given by activated charcoal at all pH conditions. This implied to the superior removal

property possessed by vermiculite.

5.2 The efficiency of iodine removal

In studying the efficiency of iodine removal in iodine concentration at 170
ppm through the treatment groups of adsorbents (they are vermiculite, i.zeolite and the
mixture of vermiculite and i.zeolite) by using column experiment technique,
vermiculite has low efficiency of iodine removal in all pH conditions. The levels were
low as 1.03 percent, 5.13 percent and 28.24 percent at the pH values of 5, 7 and 9,
respectively. The trend seems to be that the efficiency of iodine removal is dependent
on the value of pH. It is increases when the pH value rising. The highest efficiency is
reached at pH 9 which is close to normal pH condition of vermiculite has effective in
removal efficiency. It can be concluded that vermiculite is capable for the iodine anion
removal as consistently found by Li and Bowman (40) and Krishna et al (41), who
revealed that different types of clay minerals, such as montmorilonite, kaolinite,
palygorskite and sepiolite can act as anion exchangers in adsorbing diavalent anion

chromate in solutions.

In case of iodine removal by i.zeolite, the study finds that the highest
efficiency of 17.4 percent is reached at pH 5 and it tends to decrease as the value of

pH increases. That is, the removal efficiency are found at 12.3 percent and 4.9 percent
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at pH 7 and 9, respectively. The acidic condition of i.zeolite is recognized at pH 4.3 as
same as the pH value of the highest removal efficiency is effected to the potential of
iodine removal. To summarize, i.zeolite is capable for the iodine anion removal as
consistently found by Li and Bowman (40) and Krishna et al (41), who revealed that

different types of clay minerals can act as anion exchangers.

Finally, for the efficiency of iodine removal by the mixture of vermiculite
and i.zeolite, the study finds that the efficiency of iodine removal at pH 5 is 14.77
percent. The lowest efficiency is found at pH 7 and then rises to 15.93 percent at pH 9.
Thus, the lowest efficiency is detected at the neutral pH condition, it increases as the
condition changes to either the acidic or alkaline sides. Bors (33) studied the efficiency
improvement of clay mineral by mixing organic cation with the clay, which in general
could adsorb cations acceptably well but poorly captured anions. As a result, the
adsorption property of the organo-clay mineral was improved. Riebe et al(34) on the
other hand studied the mixture of vermiculite and four groups of organic cations,
those were (HDPY'), (DpyDD*"), (Be") and (HDTMA®). As a result, adsorption
improvement was noted in the four cases of organo-clays. The continuation of Riebe’s
study was carried by Dultz et al (35), who dwelled in the mechanism of adsorption. He
then found that organo-clay minerals contained the molecules of cation-anions pairs,

which helped to improve the adsorption of anions such as iodine.

In summary, the efficiency of iodine removal by vermiculite and i.zeolite are
much lower than the activated charcoal. The mixture of vermiculite and i.zeolite has
no effect in improving the iodine removal efficiency. Thus, activated charcoal gives
the highest efficiency in the removal of anions such as iodine. On the other hand,
despite their low iodine removal efficiencies, vermiculite and i.zeolite can be applied

for the removal of iodine at the normal pH conditions instead.

From the study of cesium and iodine removals by three groups of adsorbents,
vermiculite performs extremely well in removing cations such as cesium at all pH
conditions while its anion removal of iodine is rather poor. That is, the highest
efficiency of iodine removal is noted at pH 9, which is close to pH condition of
vermiculite. In case of i.zeolite, the efficiency of cesium removal is lower than

vermiculite. The pH condition also plays a crucial role in determining its efficiency in
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removal of both cesium and iodine. Its highest efficiency of cesium removal is found
at pH 7, while the highest efficiency of iodine removal is seen at pH 5, which is close
to its normal pH condition. Finally, the one-to-one mixture of vermiculite and i.zeolite
exhibits the slightly lower efficiency of cesium removal than vermiculite. The mixing
of adsorbents on the other hand shows no improvement in iodine removal. Thus, the
mixture only leads to efficiency improvement in cesium removal but not in the

removal of iodine.
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CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

In this study, two types of natural materials, vermiculite and i.zeolite, are
separately examined as adsorbents for cesium and iodine at various pH values from
5.0 to 9.0. The optimum pH condition is then identified and taken as the practical
choice. In improving the efficiency of removal, vermiculite and i.zeolite are mixed in
an appropriate proportion. The result on characteristics study indicated that
vermiculite was slightly alkaline at pH 8.5 and mainly composed of vermiculite. The
i.zeolite was acidic at pH 4.34 and mainly composed of quartz.

In the case of cesium removal, vermiculite gives rise to the highest removal
efficiency as 99 percent at all pH conditions and there is no any apparent effect of pH
condition on the removal. This high effect was from the high cation exchange capacity
of vermiculite itself. For the removal of iodine, vermiculite demonstrates a lower
removal efficiency than that of activated charcoal, whose efficiency is recorded as
high as 99 percent. The pH condition is also found to have great influence on the
adsorption of iodine. Sequentially, the removal efficiency of iodine by vermiculite
increases as the value of pH in the solution increases. The highest efficiency is marked
as high as 28.24 percent at pH 9.

I.zeolite on the other hand exhibits the low efficiency of cesium removal,
which is largely influenced by pH conditions. The highest efficiency of 40.06 percent
is achieved at pH 7, and then decreased toward more acidic or alkaline values. On the
other side of the coin, the efficiency of iodine removal by i.zeolite increases as the
value of pH in the solution decreases and the highest efficiency is recorded at as high
as 17.4 percent at pH 5.

When the mixture of vermiculite and i.zeolite is used, the cesium removal
efficiency as higher than 94 percent at all pH conditions is observed. This is equivalent

to the efficiency accomplished by activated charcoal. It can be concluded
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that the cause of high effective of mixture adsorbent when comparing with i.zeolite
was the high capacity of cation adsorption of vermiculite. The reason is simply that
vermiculite can adsorb cations more effectively than i.zeolite. In case of iodine, it can
be conclude that the mixture of vermiculite and i.zeolite is obviously ineffective in

improving the iodine removal efficiency.

In conclusion, it is safe to say that vermiculite and the mixed adsorbent
exhibit an admirable result in retaining cations such as cesium in the pH range from 5
to 9. The application of this finding can extend to the liquid radioactive waste
management technology to remove *’Cs. In case of iodine removal it is found that
vermiculite and i.zeolite independently give out relatively lower removal efficiency
than that of activated charcoal at all pH conditions. The pH conditions at 9 and 5,

however, are the most suitable for vermiculite and i.zeolite, respectively.

6.2 Recommendations

1) The application of the findings in this research can be extended to
employ vermiculite and i.zeolite in the removal process of radioactive cesium and
iodine from liquid radioactive wastes. The required conditions; such as adsorbent
weight and flow rate of the solution, then could be explored further to fit the scheme.

2) Generally, 89 percent of vermiculite particle size in nature is range from
250-850 um in diameter but in this study a 180-250 um sized vermiculite is used,
which accounts for only 2.81percent of the overall. The grinding is thus needed. It is
recommended that the efficiency of cesium removal by vermiculite 250-850 um in
diameter should be further studied in the more practical approach for the real-practice
applications.

3) The efficiency of cesium removal by vermiculite is found at 99 percent or
higher. The further study might be needed in discovering the greater potential of
vermiculite’s sorption capacity.

4) The relatively high efficiency of cesium removal makes vermiculite to be
an attractive choice for the removal process ahead of all other natural resources

available therefore no need of modification is required.
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Figure A-2 X-Ray Diffraction pattern of i.i.zeolite

Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Appro. Tech. for Res. and Env. Dev.) / 69

70

1.38

[2T]

60

1.54

50

llllllllllll'lllli

40

3.34

30

20

10

ill[llllllfII'I'IIIIIIIIIIIIIII|IIII|IIII|

[%]
100 -
64 -

0

Copyright by Mahidol University



Porntip Chaiwattana Appendix / 70
Table A-1 The result of cesium removal
pHS pH7 pH9
TYPE No Con Eff Con Eff Con Eff
(ppm) (%) (ppm) (%) (ppm) (%)
1 0.043 99.987 0.056 99.984 0.123 99.964
2 0.054 99.984 1.780 99.476 0.116 99.966
vermiculite
3 0.072 99.979 0.097 99971 0.097 99971
MEAN 0.056 99.983 0.644 99.810 0.112 99.967
1 280.640 | 17.459 | 211.740 | 37.724 | 240.870 | 29.156
) 272.720 | 19.788 | 206.140 | 39.371 | 252.350 | 25.779
1.zeolite
3 275900 | 18.853 | 193.520 | 43.082 | 233.820 | 31.229
MEAN 276.420 | 18.700 | 203.800 | 40.059 | 242.347 | 28.722
1 7.320 97.847 7.850 97.691 27.780 91.829
vermiculite 2 24.430 92.815 17.380 94.888 23.990 92.944
:1.zeolite 3 0.145 | 99.957 | 24990 | 92.650 | 5.480 | 98.388
MEAN 10.632 96.873 16.740 95.076 19.083 94.387
1 0.053 99.984 22.588 93.356 12.084 96.446
) 2 0.195 99.943 0.628 99.815 13.022 96.170
activated
charcoal 3 12.579 96.300 2.787 99.180 13.312 96.085
MEAN 4.276 98.742 8.668 97.451 12.806 96.234
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Table A-2 The result of iodine removal
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pH 5 pH 7 pHO
TYPE No Con Eff Con Eff Con Eff
(ppm) (%) (ppm) (%) (ppm) (%)
1 168.185 1.068 161.671 4.900 116.663 | 31.374
2 168.777 1.070 160.486 5.596 123.770 | 27.194
vermiculite
3 168.777 0.960 161.671 4.900 125.546 | 26.149
MEAN | 168.580 1.033 161.276 5.132 121.993 | 28.239
1 137.390 | 19.182 | 150.419 | 11.518 [ 161.078 5.248
2 142.128 | 16.395 | 149.234 | 12.215 | 161.671 4.900
1.zeolite
3 141.536 | 16.744 | 147.458 | 13.260 | 162.263 4.551
MEAN | 140.351 17.440 | 149.037 | 12.331 161.671 4.900
1 145.089 | 14.654 | 163.447 3.855 143.312 | 15.699
. B 2 146.866 | 13.608 | 164.039 3.506 143312 | 15.699
vermiculite
:1.zeolite 3 142.720 | 16.047 | 164.632 3.158 142.128 | 16.395
MEAN | 144.892 | 14.770 | 164.039 3.506 142918 | 15.931
| N.D. >99 N.D. >99 N.D. >99
) 2 N.D. >99 N.D. >99 N.D. >99
activated
charcoal 3 N.D. >99 N.D. >99 N.D. >99
MEAN N.D. >99 N.D. >99 N.D. >99
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Table A-4 Cesium ANOVA

ANOVA
efficiency
Sum of
Squares df Mean Square F Sig.
Between (Combined) 32424.709 11 2047.701 536.759  .000
Groups Linear Term  Contrast 2436.818 1 2436.818 443.730  .000
Deviati
emraton 29987.891 10 2008.789 546.061  .000
Within Groups 131.800 24 5.492
Total 32556.509 35

Table A-5 Post Hoc Tests Homogeneous Subsets

Subset for alpha = .05
type of adsorbent N
1 2 3 4 5

i.zeolite pH 5 3 18.70000

i.zeolite pH 9 3 28.72133

i.zeolite pH 7 3 40.05900

ver-i.zeo pH 9 3) 94.38700

ver-i.zeo pH 7 3 95.07633

charcoal pH 9 3 96.23367| 96.23367

ver-i.zeo pH 5 3 96.87300 96.87300

charcoal pH 7 3 97.45033( 97.45033

charcoal pH 5 3 98.74233( 98.74233
vermiculite pH 7 3 99.81033
vermiculite pH 9 3 99.96700
vermiculite pH 5 3 99.98333

Sig. 1.000 1.000 1.000 0.054 0.099

Means for groups in homogeneous subsets are displayed.

a Uses Harmonic Mean Sample Size = 3.000.
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Table A-6 Cesium Multiple Comparisons

Pairwise Comparisons
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95% Confidence
Mean
. [|nterval for Difference
(I) type of adsorbent (J) type of adsorbent Difference | Std. Error Sig.
Lower Upper
(I-7)
Bound Bound
charcoal pH 5 charcoal pH 7 1.292 1.913 0.506 -2.657 5.241
charcoal pH 9 2.509 1.913 0.202 -1.440 6.458
vermiculite pH 5 -1.241 1.913 0.523 -5.190 2.708
vermiculite pH 7 -1.068 1.913 0.582 -5.017 2.881
vermiculite pH 9 -1.225 1.913 0.528 -5.174 2.724
i.zeolite pH 5 80.042 1.913 0.000|  76.093 83.991
i.zeolite pH 7 58.683 1.913 0.000 54.734 62.632
i.zeolite pH 9 70.021 1.913 0.000|  66.072 73.970
ver-i.zeo pH 5 1.869 1.913 0.338 -2.080 5.818
ver-i.zeo pH 7 3.666 1.913 0.067 -0.283 7.615
ver-i.zeo pH 9 4.355 1.913 0.032 0.406 8.304
charcoal pH 7 charcoal pH 5 -1.292 1.913 0.506 -5.241 2.657
charcoal pH 9 1.217 1.913 0.531 -2.732 5.166
vermiculite pH 5 2588 1.913 0.198 -6.482 1.416
vermiculite pH 7 -2.360 1.913 0.229 -6.309 1.589
vermiculite pH 9 -2.517 1.913 0.201 -6.466 1.432
i.zeolite pH 5 78.750 1.913 0.000 74.801 82.699
i.zeolite pH 7 57.391 1.913 0.000 53.442 61.340
i.zeolite pH 9 68.729 1.913 0.000| 64.780 72.678
ver-i.zeo pH 5 0.577 1.913 0.765 -3.372 4.526
ver-i.zeo pH 7 2.374 1.913 0.227 -1.575 6.323
ver-i.zeo pH 9 3.063 1.913 0.122 -0.886 7.012




Fac. of Grad. Studies, Mahidol Univ.

M.Sc. (Appro. Tech. for Res. and Env. Dev.) / 75

Pairwise Comparisons

95% Confidence
Mean
, |Interval for Difference
(I) type of adsorbent (J) type of adsorbent Difference | Std. Error Sig.
Lower Upper
(I-7)
Bound Bound
charcoal pH 9 charcoal pH 5 -2.509 1.913 0.202 -6.458 1.440
charcoal pH 7 -1.217 1.913 0.531 -5.166 2.732
vermiculite pH 5 -3.750 1.913 0.062 -7.699 0.199
vermiculite pH 7 -3.577 1.913 0.074 -7.526 0.372
vermiculite pH 9 -3.733 1.913 0.063 -7.682 0.216
i.zeolite pH 5 77.534 1.913 0.000 73.585 81.483
i.zeolite pH 7 56.175 1.913 0.000 52.226 60.124
i.zeolite pH 9 67.512 1.913 0.000 63.563 71.461
ver-i.zeo pH 5 -0.639 1.913 0.741 -4.588 3.310
ver-i.zeo pH 7 1.157 1.913 0.551 -2.792 5.106
ver-i.zeo pH 9 1.847 1.913 0.344 -2.102 5.796
vermiculite pH 5 charcoal pH 5 1.241 1.913 0.523 -2.708 5.190
charcoal pH 7 2.533 1.913 0.198 -1.416 6.482
charcoal pH 9 3.750 1.913 0.062 -0.199 7.699
vermiculite pH 7 0.173 1.913 0.929 -3.776 4.122
vermiculite pH 9 1.633E-02 1.913 0.993 -3.933 3.965
i.zeolite pH 5 81.283 1.913 0.000 77.334 85.232
i.zeolite pH 7 59.924 1.913 0.000 55.975 63.873
i.zeolite pH 9 71.262 1.913 0.000 67.313 75.211
ver-i.zeo pH 5 3.110 1.913 0.117 -0.839 7.059
ver-i.zeo pH 7 4.907 1.913 0.017 0.958 8.856
ver-i.zeo pH 9 5.596 1.913 0.007 1.647 9.545
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Pairwise Comparisons
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95% Confidence Interval

Mean
. for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference | Std. Error |  Sig.
Lower Upper
(I-1)
Bound Bound

vermiculite pH 7 charcoal pH 5 1.068 1.913 0.582 -2.881 5.017
charcoal pH 7 2.360 1.913 0.229 -1.589 6.309

charcoal pH 9 3.577 1.913 0.074 -0.372 7.526

vermiculite pH 5 -0.173 1.913 0.929 -4.122 3.776

vermiculite pH 9 -0.157 1.913 0.935 -4.106 3.792

i.zeolite pH 5 81.110 1.913 0.000 77.161 85.059

i.zeolite pH 7 59.751 1.913 0.000 55.802 63.700

i.zeolite pH 9 71.089 1.913 0.000 67.140 75.038

ver-i.zeo pH 5 2.937 1.913 0.138 -1.012 6.886

ver-i.zeo pH 7 4.734 1.913 0.021 0.785 8.683

ver-i.zeo pH 9 5.423 1.913 0.009 1.474 9.372

vermiculite pH 9 charcoal pH 5 1.225 1.913 0.528 -2.724 5.174
charcoal pH 7 2.517 1.913 0.201 -1.432 6.466

charcoal pH 9 3.733 1.913 0.063 -0.216 7.682

vermiculite pH 5 -1.633E-02 1.913 0.993 -3.965 3.933

vermiculite pH 7 0.157 1.913 0.935 -3.792 4.106

i.zeolite pH 5 81.267 1.913 0.000 77.318 85.216

i.zeolite pH 7 59.908 1.913 0.000 55.959 63.857

i.zeolite pH 9 71.246 1.913 0.000 67.297 75.195

ver-i.zeo pH 5 3.094 1.913 0.119 -0.855 7.043

ver-i.zeo pH 7 4.891 1.913 0.017 0.942 8.840

ver-i.zeo pH 9 5.580 1.913 0.008 1.631 9.529
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95% Confidence Interval

Mean
. for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference | Std. Error |  Sig.
Lower Upper
(I-1)
Bound Bound

i.zeolite pH 5 charcoal pH 5 -80.042 1.913 0.000 -83.991 -76.093
charcoal pH 7 -78.750 1.913 0.000 -82.699 -74.801

charcoal pH 9 -77.534 1.913 0.000 -81.483 -73.585

vermiculite pH 5 -81.283 1.913 0.000 -85.232 -77.334

vermiculite pH 7 -81.110 1.913 0.000 -85.059 -77.161

vermiculite pH 9 -81.267 1.913 0.000 -85.216 -77.318

i.zeolite pH 7 -21.359 1.913 0.000 -25.308 -17.410

i.zeolite pH 9 -10.021 1.913 0.000 -13.970 -6.072

ver-i.zeo pH 5 -78.173 1.913 0.000 -82.122 -74.224

ver-i.zeo pH 7 -76.376 1.913 0.000 -80.325 -72.427

ver-i.zeo pH 9 -75.687 1.913 0.000 -79.636 -71.738

i.zeolite pH 7 charcoal pH 5 -58.683 1.913 0.000 -62.632 -54.734
charcoal pH 7 -57.391 1.913 0.000 -61.340 -53.442

charcoal pH 9 -56.175 1.913 0.000 -60.124 -52.226

vermiculite pH 5 -59.924 1.913 0.000 -63.873 -55.975

vermiculite pH 7 -59.751 1.913 0.000 -63.700 -55.802

vermiculite pH 9 -59.908 1.913 0.000 -63.857 -55.959

i.zeolite pH 5 21.359 1.913 0.000 17.410 25.308

i.zeolite pH 9 11.338 1.913 0.000 7.389 15.287

ver-i.zeo pH 5 -56.814 1.913 0.000 -60.763 -52.865

ver-i.zeo pH 7 -55.017 1.913 0.000 -58.966 -51.068

ver-i.zeo pH 9 -54.328 1.913 0.000 -58.277 -50.379
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Pairwise Comparisons
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95% Confidence Interval

Mean
, for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference | Std. Error |  Sig.
Lower Upper
(I-1)
Bound Bound

i.zeolite pH 9 charcoal pH 5 -70.021 1.913 0.000 -73.970 -66.072
charcoal pH 7 -68.729 1.913 0.000 -72.678 -64.780

charcoal pH 9 -67.512 1.913 0.000 -71.461 -63.563

vermiculite pH 5 -71.262 1.913 0.000 -75.211 -67.313

vermiculite pH 7 -71.089 1.913 0.000 -75.038 -67.140

vermiculite pH 9 -71.246 1.913 0.000 -75.195 -67.297

i.zeolite pH 5 10.021 1.913 0.000 6.072 13.970

i.zeolite pH 7 -11.338 1.913 0.000 -15.287 -7.389

ver-i.zeo pH 5 -68.152 1.913 0.000 -72.101 -64.203

ver-i.zeo pH 7 -66.355 1.913 0.000 -70.304 -62.406

ver-i.zeo pH 9 -65.666 1.913 0.000 -69.615 -61.717

ver-i.zeo pH 5 charcoal pH 5 -1.869 1.913 0.338 -5.818 2.080
charcoal pH 7 -0.577 1.913 0.765 -4.526 3.372

charcoal pH 9 0.639 1.913 0.741 -3.310 4.588

vermiculite pH 5 -3.110 1.913 0.117 -7.059 0.839

vermiculite pH 7 -2.937 1.913 0.138 -6.886 1.012

vermiculite pH 9 -3.094 1.913 0.119 -7.043 0.855

i.zeolite pH 5 78.173 1.913 0.000 74.224 82.122

i.zeolite pH 7 56.814 1.913 0.000 52.865 60.763

i.zeolite pH 9 68.152 1.913 0.000 64.203 72.101

ver-i.zeo pH 7 1.797 1.913 0.357 -2.152 5.746

ver-i.zeo pH 9 2.486 1.913 0.206 -1.463 6.435
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95% Confidence Interval

Mean
, for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference | Std. Error |  Sig.
Lower Upper
(I-1)
Bound Bound

ver-i.zeo pH 7 charcoal pH 5 -3.666 1.913 0.067 -7.615 0.283
charcoal pH 7 -2.374 1.913 0.227 -6.323 1.575

charcoal pH 9 -1.157 1.913 0.551 -5.106 2.792

vermiculite pH 5 -4.907 1.913 0.017 -8.856 -0.958

vermiculite pH 7 -4.734 1.913 0.021 -8.683 -0.785

vermiculite pH 9 -4.891 1.913 0.017 -8.840 -0.942

i.zeolite pH 5 76.376 1.913 0.000 72.427 80.325

i.zeolite pH 7 55.017 1.913 0.000 51.068 58.966

i.zeolite pH 9 66.355 1.913 0.000 62.406 70.304

ver-i.zeo pH 5 -1.797 1.913 0.357 -5.746 2.152

ver-i.zeo pH 9 0.689 1.913 0.722 -3.260 4.638

ver-i.zeo pH 9 charcoal pH 5 -4.355 1.913 0.032 -8.304 -0.406
charcoal pH 7 -3.063 1.913 0.122 -7.012 0.886

charcoal pH 9 -1.847 1.913 0.344 -5.796 2.102

vermiculite pH 5 -5.596 1.913 0.007 -9.545 -1.647

vermiculite pH 7 -5.423 1.913 0.009 -9.372 -1.474

vermiculite pH 9 -5.580 1.913 0.008 -9.529 -1.631

i.zeolite pH 5 75.687 1.913 0.000 71.738 79.636

i.zeolite pH 7 54.328 1.913 0.000 50.379 58.277

i.zeolite pH 9 65.666 1.913 0.000 61.717 69.615

ver-i.zeo pH 5 -2.486 1.913 0.206 -6.435 1.463

ver-i.zeo pH 7 -0.689 1.913 0.722 -4.638 3.260

Based on estimated marginal means

* The mean difference is significant at the .05 level.

a Adjustment for multiple comparisons: Least Significant Difference (equivalent to no
adjustments).
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Table A-8 lodine ANOVA
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ANOVA
efficiency
Sum of Squares df Mean Square F Sig.
Between (Combined) 54707.937 11 4973.449 4673.086 .000
Groups Linear Contrast 29202.443 1 29202443 27438.813 .000
Term Deviation
25505.495 10 2550.549 2396.514 .000
Within Groups 25.543 24 1.064
Total 54733.480 35
Table A-9 Post Hoc Tests Homogeneous Subsets
Subset for alpha = .05
type of adsorbent N
1 2 3 4 5 6 7
vermiculite pH 5 3 1.03333
ver-i.zeo pH 7 3 3.50667
i.zeolite pH 9 3 4.90000
vermiculite pH 7 3 5.13333
i.zeolite pH 7 3] 12.33333
ver-i.zeo pH 5 3 14.77000
ver-i.zeo pH 9 3 15.93333 ] 15.93333
i.zeolite pH 5 3 17.44000
vermiculite pH 9 3 28.23667
charcoal pH 5 3 100.00000
charcoal pH 7 3 100.00000
charcoal pH 9 3 100.00000
Sig. 1.000 0.079 1.000 0.180 0.086 1.000 1.000

Means for groups in homogeneous subsets are displayed.

a Uses Harmonic Mean Sample Size = 3.000.
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Table A-10 lodine Multiple Comparisons

Pairwise Comparisons
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95% Confidence Interval for

Mean X
Std. Error]  Sig. Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
Lower Upper
(I-D)
Bound Bound

charcoal pH 5 charcoal pH 7 0.000 0.842 1.000 -1.738 1.738
charcoal pH 9 0.000| 0.842 1.000 -1.738 1.738

vermiculite pH 5 98.967| 0.842 0.000 97.228 100.705

vermiculite pH 7 94.867| 0.842 0.000 93.128 96.605

vermiculite pH 9 71.763| 0.842 0.000 70.025 73.502

i.zeolite pH 5 82.560| 0.842 0.000 80.822 84.298

i.zeolite pH 7 87.667| 0.842 0.000 85.928 89.405

i.zeolite pH 9 95.100| 0.842 0.000 93.362 96.838

ver-i.zeo pH 5 85.230| 0.842 0.000 83.492 86.968

ver-i.zeo pH 7 96.493| 0.842 0.000 94.755 98.232

ver-i.zeo pH 9 84.067| 0.842 0.000 82.328 85.805

charcoal pH 7 charcoal pH 5 0.000 0.842 1.000 -1.738 1.738
charcoal pH 9 0.000| 0.842 1.000 -1.738 1.738

vermiculite pH 5 98.967| 0.842 0.000 97.228 100.705

vermiculite pH 7 94.867| 0.842 0.000 93.128 96.605

vermiculite pH 9 71.763| 0.842 0.000 70.025 73.502

i.zeolite pH 5 82.560| 0.842 0.000 80.822 84.298

i.zeolite pH 7 87.667| 0.842 0.000 85.928 89.405

i.zeolite pH 9 95.100| 0.842 0.000 93.362 96.838

ver-i.zeo pH 5 85.230| 0.842 0.000 83.492 86.968

ver-i.zeo pH 7 96.493| 0.842 0.000 94.755 98.232

ver-i.zeo pH 9 84.067| 0.842 0.000 82.328 85.805
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Pairwise Comparisons

M.Sc. (Appro. Tech. for Res. and Env. Dev.) / 83

95% Confidence Interval for

Mean X
Std. Error | Sig. Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
(1) Lower Upper
Bound Bound
charcoal pH 9 charcoal pH 5 0.000 0.842 1.000 -1.738 1.738
charcoal pH 7 0.000 0.842 1.000 -1.738 1.738
vermiculite pH 5 98.967 0.842 0.000 97.228 100.705
vermiculite pH 7 94.867 0.842 0.000 93.128 96.605
vermiculite pH 9 71.763 0.842 0.000 70.025 73.502
i.zeolite pH 5 82.560 0.842 0.000 80.822 84.298
i.zeolite pH 7 87.667 0.842 0.000 85.928 89.405
i.zeolite pH 9 95.100 0.842 0.000 93.362 96.838
ver-i.zeo pH 5 85.230 0.842 0.000 83.492 86.968
ver-i.zeo pH 7 96.493 0.842 0.000 94.755 98.232
ver-i.zeo pH 9 84.067 0.842 0.000 82.328 85.805
vermiculite pH 5 charcoal pH 5 -98.967 0.842 0.000 -100.705 -97.228
charcoal pH 7 -98.967 0.842 0.000 -100.705 -97.228
charcoal pH 9 -98.967 0.842 0.000 -100.705 -97.228
vermiculite pH 7 -4.100 0.842 0.000 -5.838 -2.362
vermiculite pH 9 -27.203 0.842 0.000 -28.942 -25.465
i.zeolite pH 5 -16.407 0.842 0.000 -18.145 -14.668
i.zeolite pH 7 -11.300 0.842 0.000 -13.038 -9.562
i.zeolite pH 9 -3.867 0.842 0.000 -5.605 -2.128
ver-i.zeo pH 5 -13.737 0.842 0.000 -15.475 -11.998
ver-i.zeo pH 7 -2.473 0.842 0.007 -4.212 -0.735
ver-i.zeo pH 9 -14.900 0.842 0.000 -16.638 -13.162
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Pairwise Comparisons
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95% Confidence Interval for

Mean .
Std. Error Sig. Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
1) Lower Upper
Bound Bound

vermiculite pH 7 charcoal pH 5 -94.867 0.842 0.000 -96.605 -93.128
charcoal pH 7 -94.867 0.842 0.000 -96.605 -93.128

charcoal pH 9 -94.867 0.842 0.000 -96.605 -93.128

vermiculite pH 5 4.100 0.842 0.000 2.362 5.838

vermiculite pH 9 -23.103 0.842 0.000 -24.842 -21.365

i.zeolite pH 5 FRS0Y 0.842 0.000 -14.045 -10.568

i.zeolite pH 7 -7.200 0.842 0.000 -8.938 -5.462

i.zeolite pH 9 0.233 0.842 0.784 -1.505 1.972

ver-i.zeo pH 5 -9.637 0.842 0.000 -11.375 -7.898

ver-i.zeo pH 7 1.627 0.842 0.065 -0.112 3.365

ver-i.zeo pH 9 -10.800 0.842 0.000 -12.538 -9.062

vermiculite pH 9 charcoal pH 5 -71.763 0.842 0.000 -73.502 -70.025
charcoal pH 7 -71.763 0.842 0.000 -73.502 -70.025

charcoal pH 9 -71.763 0.842 0.000 -73.502 -70.025

vermiculite pH 5 27.203 0.842 0.000 25.465 28.942

vermiculite pH 7 23.103 0.842 0.000 21.365 24.842

i.zeolite pH 5 10.797 0.842 0.000 9.058 12.535

i.zeolite pH 7 15.903 0.842 0.000 14.165 17.642

i.zeolite pH 9 23.337 0.842 0.000 21.598 25.075

ver-i.zeo pH 5 13.467 0.842 0.000 11.728 15.205

ver-i.zeo pH 7 24.730 0.842 0.000 22.992 26.468

ver-i.zeo pH 9 12.303 0.842 0.000 10.565 14.042
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95% Confidence Interval

Mean X
Std. Error | Sig. for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
(-0 Lower Upper
Bound Bound

i.zeolite pH 5 charcoal pH 5 -82.560 0.842 0.000 -84.298 -80.822
charcoal pH 7 -82.560 0.842 0.000 -84.298 -80.822

charcoal pH 9 -82.560 0.842 0.000 -84.298 -80.822

vermiculite pH 5 16.407 0.842 0.000 14.668 18.145

vermiculite pH 7 12.307 0.842 0.000 10.568 14.045

vermiculite pH 9 -10.797 0.842 0.000 -12.535 -9.058

i.zeolite pH 7 5.107 0.842 0.000 3.368 6.845

i.zeolite pH 9 12.540 0.842 0.000 10.802 14.278

ver-i.zeo pH 5 2.670 0.842 0.004 0.932 4.408

ver-i.zeo pH 7 13.933 0.842 0.000 12.195 15.672

ver-i.zeo pH 9 1.507 0.842 0.086 -0.232 3.245

i.zeolite pH 7 charcoal pH 5 -87.667 0.842 0.000 -89.405 -85.928
charcoal pH 7 -87.667 0.842 0.000 -89.405 -85.928

charcoal pH 9 -87.667 0.842 0.000 -89.405 -85.928

vermiculite pH 5 11.300 0.842 0.000 9.562 13.038

vermiculite pH 7 7.200 0.842 0.000 5.462 8.938

vermiculite pH 9 -15.903 0.842 0.000 -17.642 -14.165

i.zeolite pH 5 -5.107 0.842 0.000 -6.845 -3.368

i.zeolite pH 9 7.433 0.842 0.000 5.695 9.172

ver-i.zeo pH 5 -2.437 0.842 0.008 -4.175 -0.698

ver-i.zeo pH 7 8.827 0.842 0.000 7.088 10.565

ver-i.zeo pH 9 -3.600 0.842 0.000 -5.338 -1.862
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95% Confidence Interval

Mean X
Std. Error | Sig. for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
-3 Lower Upper
Bound Bound

i.zeolite pH 9 charcoal pH 5 -95.100 0.842 0.000 -96.838 -93.362
charcoal pH 7 -95.100 0.842 0.000 -96.838 -93.362

charcoal pH 9 -95.100 0.842 0.000 -96.838 -93.362

vermiculite pH 5 3.867 0.842 0.000 2.128 5.605

vermiculite pH 7 -0.233 0.842 0.784 -1.972 1.505

vermiculite pH 9 223} ) 0.842 0.000 -25.075 -21.598

i.zeolite pH 5 -12.540 0.842 0.000 -14.278 -10.802

i.zeolite pH 7 -7.433 0.842 0.000 -9.172 -5.695

ver-i.zeo pH 5 -9.870 0.842 0.000 -11.608 -8.132

ver-i.zeo pH 7 1.393 0.842 0.111 -0.345 3.132

ver-i.zeo pH 9 -11.033 0.842 0.000 -12.772 -9.295

ver-i.zeo pH 5 charcoal pH 5 -85.230 0.842 0.000 -86.968 -83.492
charcoal pH 7 -85.230 0.842 0.000 -86.968 -83.492

charcoal pH 9 -85.230 0.842 0.000 -86.968 -83.492

vermiculite pH 5 13.737 0.842 0.000 11.998 15.475

vermiculite pH 7 9.637 0.842 0.000 7.898 11.375

vermiculite pH 9 -13.467 0.842 0.000 -15.205 -11.728

i.zeolite pH 5 -2.670 0.842 0.004 -4.408 -0.932

i.zeolite pH 7 2.437 0.842 0.008 0.698 4.175

i.zeolite pH 9 9.870 0.842 0.000 8.132 11.608

ver-i.zeo pH 7 11.263 0.842 0.000 9.525 13.002

ver-i.zeo pH 9 -1.163 0.842 0.130 -2.902 0.575
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Pairwise Comparisons
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95% Confidence Interval

Mean X
Std. Error | Sig. for Difference
(I) type of adsorbent |(J) type of adsorbent| Difference
@0 Lower Upper
Bound Bound
ver-i.zeo pH 7 charcoal pH 5 -96.493 0.842 0.000 -98.232 -94.755
charcoal pH 7 -96.493 0.842 0.000 -98.232 -94.755
charcoal pH 9 -96.493 0.842 0.000 -98.232 -94.755
vermiculite pH 5 2.473 0.842 0.007 0.735 4212
vermiculite pH 7 & 5624 0.842 0.065 -3.365 0.112
vermiculite pH 9 -24.730 0.842 0.000 -26.468 -22.992
i.zeolite pH 5 -13.933 0.842 0.000 -15.672 -12.195
i.zeolite pH 7 -8.827 0.842 0.000 -10.565 -7.088
i.zeolite pH 9 -1.393 0.842 0.111 -3.132 0.345
ver-i.zeo pH 5 -11.263 0.842 0.000 -13.002 -9.525
ver-i.zeo pH 9 -12.427 0.842 0.000 -14.165 -10.688
ver-i.zeo pH 9 charcoal pH 5 -84.067 0.842 0.000 -85.805 -82.328
charcoal pH 7 -84.067 0.842 0.000 -85.805 -82.328
charcoal pH 9 -84.067 0.842 0.000 -85.805 -82.328
vermiculite pH 5 14.900 0.842 0.000 13.162 16.638
vermiculite pH 7 10.800 0.842 0.000 9.062 12.538
vermiculite pH 9 -12.303 0.842 0.000 -14.042 -10.565
i.zeolite pH 5 -1.507 0.842 0.086 -3.245 0.232
i.zeolite pH 7 3.600 0.842 0.000 1.862 5.338
i.zeolite pH 9 11.033 0.842 0.000 9.295 12.772
ver-i.zeo pH 5 1.163 0.842 0.180 -0.575 2.902
ver-i.zeo pH 7 12.427 0.842 0.000 10.688 14.165

Based on estimated marginal means
* The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to
no adjustments).
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