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Study on Cesium Sorption Characteristics of Polysulfone

Carrier with HNOs; treated Bamboo Charcoal

Ni Wayan Sukma Taraning Rahayu

Department of Earth & Environmental Sciences
The Graduate School
Pukyong National University

Abstract

The cesium (Cs) sorption characteristics of a bead-type polysulfone
carrier contained HNOs3 treated bamboo charcoal (BC) in water system were
investigated and its Cs removal efficiency from water was also identified by
various laboratory experiments and sorption model studies. Results from batch
sorption experiments showed that the Cs sorption rate of the polysulfone
carrier with only 5% HNO; treated BC was very fast and the reaction
equilibrium reached within 1 hour having the Cs removal efficiency of 57.80%.
The Cs removal efficiency of the polysulfone carrier in water after 24 hours
reaction maintained > 69% at a wide range of pH and temperature conditions,
suggesting its applicability under various water system. Batch sorption
experiments were repeated for polysulfone carrier coated with two types of
microorganisms (Pseudomonas fluorescens and Bacillus drentensis), which
were well known for the high heavy metal removal efficiency in water. The

Vi-



Cs removal efficiency for microorganism coated polysulfone carrier was
increased by 19% and 18%, respectively, compared to that only polysulfone
carrier without microorganisms coated. The Cs desorption rate of polysulfone
carrier for 24 h was lower than 16%, showing the Cs was stably attached on
HNO:s treated BC in so much as its long-term use. The maximum Cs sorption
capacity (q,,) of the polysulfone carrier calculated from the Langmuir
isotherm model study was 60.9 mg/g, which was much higher than those of
other adsorbents from previous studies for 1 hour sorption time. The sorption
kinetic model study represented that the polysulfone carrier was well fitted to
the pseudo-second-order model. Results of the Cs sorption isotherm and
kinetic model study suggested that the relatively rapid sorption including
precipitation on the HNOs3 treated BC surfaces in a polysulfone carrier would
be one of the prevailing processes to remove Cs from water system. Results
of continuous column experiments showed that the column packed with
polysulfone carrier coated with microorganisms maintained more than 80% of
the Cs removal efficiency during 100 pore volumes flushing suggesting that
only 14.7 g of polysulfone carrier (only 0.75 g of HNOs treated BC included)
can successfully clean-up 7.2 L of Cs contaminated water (the initial Cs
concentration: 1.0 mg/l; the effluent concentration: < 0.2 mg/L). The present
results demonstrated that the polysulfone carrier with HNOj3 treated BC has a

remarkable potential to remove Cs from various water system.
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CHAPTER I. INTRODUCTION

Radioactive waste is one kind of extremely hazardous waste because it
consists of highly toxic radioactive materials. It is originated from the by-
products of nuclear power generation and other utilization of nuclear
technology such as radiation treatment. According to the report of the World
Nuclear Association (WNA), South Korea has a 23,172 MWe of total operable
nuclear reactor net capacity which is the 7' highest in the world (WNA, 2017)
(Fig. 1). These various activities in nuclear power plants and in the nuclear
industry have the potential for bringing serious problems of radioactive
contamination into surrounding environments such as soil, groundwater,
surface water, and seawater (Lee et al., 2016; Kurihara et al., 2018; Manabe et

al., 2020).

United States of America 97,565 Mwe

France

62,250 Mwe

China 45,498 MWe

Japan 31,679 MWe

Russia 28,419 MWe

South Korea

23,172 MWe
Canada 13,554 MWe
Ukraine 13,107 MWe

United Kingdom - 8,923 MWe

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000 110,000

Total Operable Nuclear Reactor Net Capacity (MWe)

Fig. 1. Total operable nuclear reactor net capacity in the top 10 ranks (modified

from WNA, 2017).



The radioactive cesium (Cs) has been known as one of the most
dangerous radioactive for human health and ecosystem because it has high
specific radioactivity and long half-life. The removal of radioactive Cs from
wastewater is very difficult because it likes to exist as a soluble form when it
is exposed to the environments (Gad and Pham, 2014; Awual et al., 2014).
The Environmental Protection Agency (EPA) categorized the stable '**Cs,
134Cs, and !¥’Cs as target compounds needed for cleanup activities (ATSDR,
2004). There has been increased public interest in the removal of radioactive
Cs from water environments contaminated by nuclear waste. Efficient and
sustainable technologies for the decontamination of radionuclide Cs from
contaminated water have been developed and they include chemical
precipitation, membrane process, solvent extraction, ion exchange,
electrochemical separation, and adsorption (Iwanade et al., 2012; Deng et al.,
2016; Alamudy and Cho, 2018; Ding et al., 2019; Tao et al., 2019; Wang and
Zhuang, 2020). Among these treatment methods, the adsorption has been
considered as one of the most effective removal processes due to the simplicity
of the process, the high Cs removal efficiency, and the relatively low-cost
(Ding et al., 2013; Zhang et al., 2018).

The adsorption in water system proceeds by (1) migrating the
concentration of adsorbate to the surface of adsorbent; (2) diffusing on the

external surfaces characterized by the available external surface on the



adsorbent; (3) diffusing on the internal pores of the adsorbent (Fig. 2). So far,
a variety of adsorbents such as clays, zeolites, metal oxides, chitosan, and
activated carbon, have been studied for the Cs removal from contaminated
water (Dechojarassri, et al.,, 2017; Wang, et al., 2018; Park, et al., 2019;
Falyouna, et al., 2020). However, these adsorbents are either expensive or
inefficient for practical application, showing low Cs removal efficiency at low
Cs concentration conditions. Therefore, the development of more efficient and
inexpensive adsorbents is necessary for the removal of Cs from water at the

wide range of Cs concentration.

+ »
Activated carbon, biochar, zeolite, etc. Cd™, methy !ffe biug, rgrgel 4.

Adsorbent

Occupied

.. binding site
Mono-layer Vacant

Active or
4—‘——_ energy site
Multi-layer o |
] £ i
‘_'__‘_‘Surface or
interface
,-’ [
Boundary
layer
“““ Ad’sorptmn

Absorptmn (for gas phase)

Fig. 2. Feasible sites of the adsorbent during the adsorption process (modified
from Tran et al., 2017).




Bamboo charcoal (hereafter ‘BC’) is known as the promising
adsorbent because of its many microporous structures, large surface area, high
mechanical strength, and chemical stability such as acid alkali resistance and
heat resistance (Lin et al., 2003). In the last few decades, BC has drawn interest
to the researchers as a novel adsorbent due to its special microporous structure
(Hameed et al., 2007; Wang et al., 2008). Fu et al. (2010) confirmed that 1 g
of BC has almost 400m’ surface area, thus indicating a high adsorption
capacity. The BC has been applied in a variety of adsorption fields such as
pharmaceutical, chemical, and metallurgical industries. According to previous
studies, the adsorption using BC was considered to have a great potential for
the Cs removal from water (Ahn and Lee, 2018; Khandaker et al., 2017). The
surface porous structure of BC can also be improved by the chemical
activation by using H3PO4, H2SO4, and HNOs which has significant effects on
Cs adsorption performance (Khandaker et al., 2017). Previous studies for the
activated BC to use an adsorbent are listed in Table 1.

Because most of the batch experiments from previous researches were
performed by using the powdered form to gain the high Cs sorption capacity,
it is also necessary to investigate the Cs removal efficiency for reasonable
forms (sizes) of BC instead powdered form in order to easily apply in real field.
There exist other application problems such as the difficulty of separation of

powdered BC from water after the treatment and the low mechanical strength.



Table 1. Applications of BC as an adsorbent.

Modification Applications Reference
Modification with Adsorption of ammonia  Asada et al., 2006
H2SO4 gas

Activation with
carbon dioxide and
steam
Modification with
H>SO4 and NaOH
Activation with
H3PO4 and KOH

BC without treatment

Activation with
KMnOy and followed
by HNO;
Modification with
NaOH

BC without treatment

BC without treatment

Activation with ZnCl,
and FeCls
BC without treatment

BC without treatment

Adsorption of chromium

nickel, and cadmium

Adsorption of
chloramphenicol

Adsorption of lead (IT)

Adsortion of *11
(radioactive)

Adsorption of lead (IT)

Adsortion of arsenic

Removal of lead, copper
chromium and cadmium
Removal of carbon
dioxide

Removal of mercury

Removal of cesium

Removal of uranium

Wang et al., 2008

Fan et al., 2010
Lalhruaitluanga et
al., 2010

Chien et al., 2011

Wang et al., 2012

Liu et al., 2012

Lo et al., 2012

Huang et al., 2014

Tan et al., 2015

Ahn and Lee, 2018
Lee et al., 2018




To overcome these limitations, the effective immobilization of BC
powder in the polymeric matrix can be devised and this BC carrier as an
adsorbent could confer high resistance to physicochemical reactions and also
provide additional advantages such as easy separation from water after the
treatment and efficient regeneration. The selection of an optimal polymeric
matrix for BC carrier as an adsorbent is very important for the application of
immobilized BC to various water systems because the polymeric matrix
directly affects the mechanical strength, rigidity and pore properties of
adsorbent. Various polymeric materials such as alginate, polyacrylamide,
polysulfone, and polyvinyl alcohol have been used as immobilized matrixes
for heavy metal sorption processes in water (Mbareck et al., 2009; Wang et al.,
2018; Godiya et al., 2019). As a thermoplastic polymer matrix, polysulfone is
widely used in many applications due to its low cost, outstanding
manufacturing properties, resistance over a wide range of pH, high mechanical
strength, and thermal stability. The mechanical strength and good impact
stability of the material is crucial for handling the adsorbent (Ding and Bikson,
2010; DeMeuse, 2014; Shokri et al., 2016; Furuya et al., 2017). Based on Bai
et al (2003), the degree of mechanical strength and chemical resistance of the
immobilized matrix was in the order of polysulfone > polyisoprene >
polyvinyl alcohol > polyacrylamide > calcium alginate. This revealed that the

polysulfone carrier is mechanically steady and chemically resistant than using
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all other matrices. The use of polysulfone as a polymeric matrix to immobilize
BC in an adsorbent carrier for Cs removal in water system has never been
attempted before even in the laboratory. In this study, the bead-type
polysulfone carrier with HNO; treated BC was applied to the Cs removal from
water in batch and continuous column experiments.

Microorganisms play significant roles in the removal of Cs owing to
their good performance, low cost, and large available quantities. They can take
up radioactive metals via dependent metabolism (internalization of Cs through
cell wall) or independent metabolic pathways (adsorption of Cs on the surface
wall) pathways (Katsenovich et al., 2013; Kang et al., 2017). In order to
optimize the conditions for Cs removal efficiency of the polysulfone carrier,
two kinds of microorganisms (Pseudomonas fluorescens and Bacillus
drentensis) were coated on the polysulfone carrier surface and the change of
Cs removal efficiency for microorganisms coated carrier was also investigated.
This study would be helpful to understand the Cs adsorption mechanisms of
polysulfone carrier with HNOs treated BC and to evaluate the possibility for

the application of the polysulfone carrier to actual Cs treatment sites.



CHAPTER II. OBJECTIVES

The overall objective of this study is to develop a new effective
adsorbent consisting of the bead-type polysulfone carrier, immobilizing HNO;
treated BC and maintaining the high Cs removal efficiency. It is a novel
feasibility study because this new adsorbent can have the practical benefit of
lowering its manufacturing cost due to the use of a small amount of HNO3
treated BC (only 5 wt%) and dealing with various water system due to easy
production of various carrier types (in different size or shape). Several
laboratory works were performed to meet the objective and they were listed

below.

1. The bead-type polysulfone carrier (3 — 4 mm in diameter) with HNO3
treated BC was manufactured and it feasibility as an available
adsorbent to remove Cs from water was evaluated by several
laboratory-scale experiments. Reliable evidences for the adsorption
mechanisms of Cs was also provided by SEM (Scanning Electron
Microscope) and EDS (Energy Dispersive X-Ray Spectrometer)

analysis.

2. Batch adsorption and desorption experiment were performed at various

sorption conditions (contact time, BC amount in the carrier, adsorbent



dosage, pH, and temperature) to determine the optimal Cs adsorption
condition and to maintain the high Cs removal efficiency. The
adsorption characteristics and mechanisms of the polysulfone carrier
with 5% HNOs3 treated BC were also identified by the adsorption

kinetic and isotherm model studies.

The continuous column experiments were also conducted by
considering the kinetic effect of the Cs adsorption from water. Three
different adsorbents such as original BC granules without HNO;
treatment, polysulfone carrier having 5% of HNOs treated BC, and
polysulfone carrier coated with microorganisms were used in column
experiments. The total treated water volume and the mass of Cs
removed per unit polysulfone carrier mass were calculated in

continuous column experiments.

The effect of microorganisms (Pseudomonas fluorescens and Bacillus
drentensis) coated on the polysulfone carrier surface on the Cs removal
efficiency was also verified through batch and continuous column

experiments.



CHAPTER II1. MATERIAL AND METHODS

3.1 Design of experiments

This study was composed of systematic experiments investigating (1)
the Cs sorption/desorption of polysulfone carrier with HNOs treated BC, (2)
the Cs sorption of polysulfone carrier coated with microorganisms, and (3) the

kinetic of Cs sorption, which was summarized in the schematic flowchart in

Fig. 3.
- N\
Surface activation
of BC by HNO3
N \L o
4 N N\
Cultivation of
Preparation of > microorganisms
polysulfone carrier (Pseudomonas fluorescens
and Bacillus drentensis)
N 4
e ] N\
Batch iorlt’)“on , Continuous
. experiments by using
Batch experiments microorganisms coated COh_lmn
on the polysulfone carrier experiments
J
Investigation of carrier Identification of Estimation of sorption
properties (SEM-EDS sorption and characteristics (Isotherm
analysis) desorption capacity and kinetic study)

Fig. 3. Flowchart for the overall processes of the study.
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3.2 Materials and chemical reagents

The Cs'? standard solution (1000 mg/L + 2 mg/L in 2% w/w HNO3),
hydrochloric acid (HCI, 37.0%), N, N-dimethyl formamide (DMF, 99.8%), and
polysulfone (Mw = 35,000 g/mol) were purchased from Sigma Aldrich Ltd..
Sodium hydroxide (NaOH, 97.0%), and nitric acid (HNOs, 69-70%) was
purchased from Daejung company and J.T.Baker, respectively. BC used in
this study was purchase from GEX (Aqua Plus). The BC blocks were crushed
and sieved with a 100-mesh sieve (particle diameter: < 150um), which were

stored for further experimental use.

3.3 Surface activation of BC by HNO3

Main mechanisms of HNOj3 treatment was to activate surface oxygen
as well as an acidic functional group on the surface of the adsorbent and to
increase the sorption performance by the increase of pore opening. It was
verified that the surface activation of BC with HNOj increases its Cs sorption
capacity by Khandaker et al., (2017). The main reason for the Cs sorption
capacity increase was the widening of the pores after the activation treatment,
and there existed some enhancement in the meso/macropore region and

reduction in the microporous range. This surface activation was mainly due to

-11 -



the transition of microporous into mesoporous on BC after a highly corrosive
nitric acid activation process. For the surface activation of BC with HNO3, 10
grams of powdered BC was mixed with 100 mL of HNOj solution (69-70%)
and they were heated in a hot plate at 120 C for 6 hours. The HNOj3 treated
BC was washed several times with distilled water until the pH washed solution

was stable (>pH 3) and was dried in an oven at 100 C for 24 hours (Fig. 4).

Mixed with HNO, - Washing pH
at 120°C for 6 h stabilization

Powder bamboo
charcoal

Dried in an oven
at 100 °C for 24 h

Powder bamboo
charcoal

Fig. 4. Schematic process of HNO;3 treatment for BC increasing Cs sorption

capacity.
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3.4 Preparation of polysulfone carrier with HNOjs treated BC

The selection of the immobilization matrix for BC is a key factor in the
application of immobilized BC for the real field because the polymeric matrix
determines the mechanical strength and chemical resistance of an adsorbent.
Among the polymeric matrix, polysulfone has the advantages of low cost, high
mechanical strength, and resistance over a wide range of pH (Shokri et al.,
2016; Furuya et al., 2017). Several previous studies have revealed the potential
application of polysulfone as the polymeric carrier to improve the separating
performance, surface properties, the porosity as well as the easy processability
(Melvin et al., 2017; Cojocaru et al., 2017; Benkhaya et al., 2020). The process
of producing the polysulfone carrier with HNOs treated BC was as follows;
ten grams of polysulfone was shaken in 90 mL of DMF (N, N-dimethyl
formamide) solvent solution at 125 rpm for 16 hours at room temperature to
prepare a polysulfone solution. Polysulfone solution was mixed with HNO3
treated BC 0%, 1% (1g), 2% (2g), 5% (5g), and 10% (10g) and the mixed
slurry was dropped with a constant speed into 80% of methyl alcohol solution
through a syringe with a needle size of 18G to produce the uniform bead type
carrier (3 — 4 mm in diameter) (Fig. 5). The polysulfone carrier were washed

with distilled water for 1 hour on a rotary shaker and then dried at room

-13-



temperature (22 + 1 C), which was used for further batch and column

experiments (Fig. 6).

Nitric acid treated
bamboo charcoal ‘

Carrier (beads type)

DMEF solution 90 mL
+ Polysulfone 10 g
(125 rpm for 16 hours)

N s

Stirring bath Mixed slurry 80% methyl alcohol
| | | |

Fig. 5. Schematic to produce the polysulfone carrier with HNOs treated BC.

Fig. 6. Polysulfone carriers with 0, 0.5, 1, 2, 5, and 10% HNO3; treated BC
(from the far right).
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3.5 Batch sorption experiments

Batch experiments were performed to investigate the Cs sorption
capacity of the polysulfone carrier with HNOs treated BC (adsorbent) under
different experimental conditions. A stock solution (1000 mg/L) of Cs'*® was
prepared prior to the experiments. The different Cs concentrated solution,
which was prepared by the appropriate dilution from the stock solution, was
used for batch experiments. For the sorption experiment, 0.6 g of adsorbent
was added to 30 mL of Cs solution (2 wt% of adsorbent in solution) at various
temperatures and reaction time conditions at 125 rpm. All batch experiments
were conducted by using the polysulfone carrier having 5% HNOj3 treated BC
except for a test identifying the effect of BC amount in polysulfone carrier.
Each experiment was triplicated and the average value was used as the final
value for the result. After the sorption reaction, the adsorbent was separated
from the solution by a 0.8 pm syringe filter (16592-K, Sartorius) and stored
into 15 mL polypropylene tubes prior to analyzing the Cs concentration in
solution. The Cs concentration of the collected sample was analyzed using an

Inductively Coupled Plasma/Optical Emission Spectrometer (ICP/OES;

Optima 7000DV, Perkin Elmer) to calculate the Cs removal efficiency.
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The effect of the sorption time on the Cs removal was also observed in
batch experiments with different sorption time intervals (10, 30, 60, 120, and
240 minutes). A 0.6 g of polysulfone carrier was added to 30 mL of Cs solution
(initial Cs concentration: 1 mg/L). The Cs concentration of the supernatant
was analyzed and the Cs removal efficiency of the adsorbent (polysulfone
carrier) was calculated using the following equation:

Removal ef ficiency (%) = % x 100 M)
Where C, is initial concentration (mg/L), C; is final concentration (mg/L).
From the results of Cs concentration in solution, the equilibrium sorption time
was determined. The equilibrium sorption time was applied for the following
batch experiments.

To investigate the effect of BC amount in the carrier on the Cs sorption,
the sorption batch experiments were performed with polysulfone carrier
having different BC amounts of 0, 0.5, 1, 2, 5, and 10%. The 0.6 g of
polysulfone carrier was mixed with 30 mL of the Cs solution and the mixture
was stirred at 125 rpm at room temperature (22 + 1 C) for 1 h. In order to
find out the optimum adsorbent amount in solution, the batch experiment was

duplicated with different adsorbent dosages of 0.03, 0.15, 0.3, 0.6, and 0.9 g
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in 30 mL of solution (0.1, 0.5, 1, 2, and 3%). Other conditions in experiment
were the same as those of earlier experiments.

The pH and temperature of the solution may also affect the Cs sorption
capacity and the sorption batch experiment with different pH and temperature
condition was repeated, investigating their effects on the Cs removal
efficiency. The initial pH of the solution was titrated from 3 to 11 by using 1
M of HCIl or NaOH solution and the final pH of the solution after the
experiment was measured by a pH meter (ORION Star-A211, Thermo
scientific). The initial Cs concentration of the solution was 1 mg/L and other
experimental conditions were the same as those of earlier experiments.
Sorption batch experiments were duplicated at different temperature
conditions (5, 10, 15, 20, and 30 C) to investigate the effect of temperature

on the Cs removal efficiency.
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3.6 Desorption experiments

Since the Cs is a radioactive isotope, it is crucial to observe the release
Cs back to the water system after the treatment. Domestic and International
radioactive waste management laws are active to prevent negative effects
caused by the release of Cs from the adsorbent. Therefore, it is important to
evaluate the Cs desorption capacity or rate of adsorbent used for water
treatment. In this study, the desorption batch experiment was performed to
quantify how much of sorbed Cs on polysulfone carrier was released after the
sorption experiment. The polysulfone carrier having sorbed Cs was dried at
50 C in an oven for 24 h and 0.6 g of dried polysulfone carrier was mixed
with 30 mL of distilled water. The mixture was stirred at 125 rpm to lead the
Cs desorption from polysulfone carrier and the supernatant was sampled by
using a filtered syringe at different desorption time intervals (1, 3, 6, 12, and
24 h). The Cs amount from the carrier after the desorption experiment was
determined from the Cs concentration in solution which was analyzed by
ICP/OES. The desorption rate for the polysulfone carrier was calculated using

the following equation:

Amount of Cs desorbed (mg/L) x 100 (2)

. L) —
Desorptlon rate ( /0) Amount of Cs adsorbed (mg/L)
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3.7 Eftect of microorganisms coated on the polysulfone carrier on

the Cs sorption capacity

The purpose of this experiment is to investigate the effect of
polysulfone carrier coated by microorganisms on the removal of Cs. Two
microorganisms which were reported as good adsorbents for heavy metals
were purchased from the Korean Culture Center of Microorganisms (Mao et
al.,2011; Kim et al., 2017). For the experiment, Pseudomonas fluorescens was
cultivated in nutrient agar (3.0 g beef extract, 5.0 g peptone, and 15.0 g agar),
and Bacillus drentensis was cultivated in trypticase soy agar (17.0 g pancreatic
digest of casein, 3.0 pancreatic digest of soybean meal, 5 g NaCl, 2.5 g
K2HPOq4, 2.5 g glucose, and 15.0 agar) (Fig. 7). The polysulfone carrier coated
with microorganisms was prepared by adding the polysulfone carrier into the
microorganism cultivated solution and leave for 24 h, to allow the
microorganisms to be coated with the carrier (Fig. 8). Batch sorption
experiments were repeated with polysulfone carrier coated with each
microorganism (Pseudomonas fluorescens or Bacillus drentensis). The 0.6 g
of polysulfone carrier coated with microorganisms was added to 30 mL of Cs
contaminated solution and the mixture was stirred at 125 rpm at room
temperature (22 + 1 C) for 1 h. The Cs removal efficiency of microorganism

coated polysulfone carrier was compared to that of only polysulfone carrier.
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Fig. 7. Cultivated microorganisms (Pseudomonas fluorescens and Bacillus

drentensis) for the sorption experiment.

Polysulfone carrier

- W
Polysulfone carrier coated
a’ls with microorganisms used in
- the sorption batch experiment

Microorganisms (Pseudomonas fluorescens
and Bacillus drentensis) cultivated solution
stirred at 125 rpm for 1 h

Fig. 8. Preparation the polysulfone carrier coated with microorganisms

(Pseudomonas fluorescens and Bacillus drentensis).
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3.8 Continuous column experiments

Since most of the previous sorption studies have been limited to batch
experiments, the confirmation of the potential of adsorbents to remove Cs in
a non-equilibrium condition becomes necessary to successfully design the
operation process in the real field. By the continuous column experiment, this
kinetic effect on the Cs removal of water treatment systems can be investigated.
In this study, continuous column experiments were performed to consider the
Cs removal efficiency of the polysulfone carrier in a nonequilibrium condition.
A glass column (3 cm of internal diameter and 33 cm in length) was used in
column experiment and the experimental setup is shown in Fig. 9. Four
different adsorbents such as original BC granules without HNOs treatment (16
— 18 mm in diameter); polysulfone carrier having 5% of HNO; treated BC;
polysulfone carrier coated with microorganisms (Pseudomonas fluorescens
and Bacillus drentensis). A glass column was packed with 7.3 g of BC
granules, representing 10 times of total BC amount in the polysulfone carrier
packed column. The void spaces of this column was additionally packed with
silica beads (8 — 9 mm in diameter) to maintain the constant flow in the column.
The second column was fully packed with 51.4 g of BC granules (no times of

total BC amount in the polysulfone carrier packed column). Two others were

_21 -



packed with 14.7 g of only polysulfone carrier and polysulfone carrier with
microorganisms, respectively.

The column was saturated with distilled water while two pore volumes
of distilled water were flushed through the column by an up-flow system at
1.5 mL/min. Then the Cs contaminated solution (initial Cs concentration: 1
mg/L) consistently flowed into the column at the rate of 1.5 mL/min for 250
pore volumes (about 18 Liters) (Fig. 9). The flushed solution was sampled
from the effluent of the column at certain time intervals (from 1 h to 200 h)

and its Cs concentration was analyzed by ICP/OES.
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Fig. 9. Column experiments with four different adsorbents ((a) packed with
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7.3 g of original BC granules; (b) packed with 51.4 g of original BC granules;
(c) packed with polysulfone carrier only; (d) packed with polysulfone carrier

coated with microorganisms.
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3.9 SEM-EDS analysis for the polysulfone carrier

SEM (Scanning Electron Microscope; TESCAN, Czech, VEGA 1I
LSU) and EDS (Energy Dispersive X-Ray Spectrometer; Horiba Scientific)
analysis were performed to visualize the structure of polysulfone carrier and
to understand its compositional characteristics after the sorption process. The
SEM uses a focused electron beam of high-energy electrons to generate
various signals produced by electron—sample interactions. The higher the
accelerating voltage applied on the electron beam, the larger the interaction
volume. In EDS, an X-ray spectrum emitted by the specimen provides both
qualitative and quantitative information, allowing identification of which
elements are present in the sample and the amount of each element (Girao et
al., 2017). For SEM/EDS analyses for Cs adsorbed polysulfone carrier, batch
experiments by using 30 mL solution with high Cs concentration (500 mg/L)
were performed for 1 hour. After 1 hour reaction, the polysulfone carrier was
analyzed by SEM coupled with EDS. For the analysis, polysulfone carrier
granules were mounted on a stainless steel stab with a double stick tape
followed by high vacuum evaporation coating with a thin layer of platinum by
using a plasma sputter coater to increase the electron conduction and to
improve the quality of the micrographs. All image were obtained by

accelerating the voltage of 15 kV.
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3.10 Study on the Cs sorption characteristics of polysulfone carrier

The Cs sorption capacity and kinetic behavior for polysulfone carrier
with HNOs3 treated BC were investigated to understand the Cs sorption
characteristics of polysulfone carrier in detail. For the kinetic study, sorption
batch experiments at different sorption time intervals were fitted to curves of
two sorption kinetic models such as the pseudo-first-order and pseudo-second-
order model. The kinetic study of the sorption was processed helpful to
determine the sorption rate and to understand the characteristics of the possible
sorption mechanisms.

The sorption isotherm model indicates that the distribution of the
adsorbed molecules between the liquid and solid phase when the sorption
process reaches an equilibrium (Ho et al, 2002). Two typical sorption
isotherm models (Langmuir and Freundlich isotherm model) were also used
to evaluate the Cs sorption capacity of polysulfone carrier. For the sorption
isotherm model study, the sorption batch experiment was repeated with
different initial Cs concentration in solution. Kinetic experimental data were
applied to determine the Cs sorption equilibrium time, whereas the isotherm
fitting data were used to provide the maximum Cs sorption capacity for the

polysulfone carrier (Fig. 10).
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Fig. 10. Illustration of the data acquisition design for kinetic (a) and isotherm

study (b).

3.10.1 The Cs sorption kinetic study

The Cs sorption rate and kinetic behavior for polysulfone carrier with
HNO:s treated BC were evaluated by the kinetic model study. The Cs sorption
kinetics reflect the evolution of the sorption process versus time. Two kinetic
models used to study the kinetic behavior were the pseudo-first-order model
and the pseudo-second-order model. Pseudo-first-order and second-order
kinetic models could generally simulate the physical and chemical sorption
processes. For the kinetic experiment, 0.6 g of polysulfone carrier and 30 mL
Cs contaminated solution (initial Cs concentration: 1 mg/L) were reacted for

different contact times such as 10, 30, 60, 120, and 240 minutes.
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3.10.1.1 Pseudo-first-order kinetic model

In the pseudo-first-order kinetic model, the Lagergren (1898) showed
that the sorption capacity in equilibrium condition (g,) and sorption rate
constant (K;) are important factors, determining the sorption capacity on the
adsorbent and understanding the sorption behavior. The pseudo-first-order
kinetic model assumes that the rate of occupation of the sorption site is
proportional to the number of unoccupied sites (Kumar, 2006). The influence
of the initial concentration of the value K; depend on the sorption system. The
value of K; will decrease as the initial concentration increase. A larger sorption
rate K; usually represents a quicker adsorption rate (Mishra and Hussain,
2018). Parameter values of pseudo-first-order kinetic model can be acquired
by plotting graphs of log (g, — q;) versus t. The obtained slope and intercept

from the linear fitting are used to estimate the value of g, and K; in equation

(3).

K 3

where, K is the rate constant of sorption min™'. The g, and g, are the amount

of Cs adsorbed (mg/g) at equilibrium and at time t.
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3.10.1.2 Pseudo-second-order kinetic model

The pseudo-second-order kinetic model was applied to calculate the
value of g, The pseudo-second-order kinetic model is based on the
assumption that the rate-limiting steps may be chemical sorption involving
valence forces through sharing or exchange of electron between adsorbent and
adsorbate (Kumar, 2006). The equilibrium time achieved at a shorter time as
the value of K increases. When its value is relatively high, the equilibrium
condition is reached in a very short period. Parameter K> decreases with an
increase in the initial concentration (Mishra and Hussain, 2018). Value of

parameters for pseudo-second-order kinetic model can be determined by

plotting a graph of qi versus t in equation (4).
t

t 1 1
+—t )
qe

qt B K,q?

where, K5 is the pseudo-second-order rate constant (g/mg.min). The q, and g,

are the amount of Cs adsorbed (mg/g) at equilibrium and at time t.
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3.10.2 Sorption isotherm study

The Cs sorption isotherm study of polysulfone carrier was conducted
to understand the main mechanism of Cs sorption on the polysulfone carrier.
The experimental sorption data were fitted to the Langmuir and Freundlich
isotherm models. The Cs sorption batch experiments were conducted using
0.6 g of polysulfone carrier and 30 mL of Cs contaminated solution (initial Cs

concentration range: 0 to 10 mg/L).

3.10.2.1 Langmuir isotherm

The Langmuir isotherm model is principally valid when the
monomolecular layer sorption occurs on the adsorbent surface. It results from
the homogeneous sorption which supports that all the sorption sites are equally
capable of adsorbing pollutants irrespective of the status of the adjacent sites.
The Langmuir isotherm was also applied to evaluate the maximum sorption
capacity (q,,) which represents the capacity produced from the complete
single layer coverage of adsorbent surface (Langmuir, 1916). The linear form

of Langmuir sorption isotherm model is written as:

&)
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where C, is concentration of Cs in solution at equilibrium time (mg/L), q, is
the amount of Cs adsorbed (mg/g) at equilibrium, g,, is Langmuir constant
related to the maximum amount of Cs sorption (L/mg), and K; is Langmuir
constant connected to the energy of sorption (L/mg).

The separation factor or equilibrium parameter (R;) is an
dimensionless constant that expresses the characteristic of Langmuir isotherm.
The value of separation factor (R;) can be used to determine whether the
additional sorption is favorable or unfavorable (Ho et al., 2002; Khandaker et
al., 2017). The lower value of R; indicate the higher affinity of adsorbent to

adsorbed and it can be calculated from Langmuir sorption constant in equation

(6).

1
T aERe ©

where C, is initial concentrations of Cs solution (mg/L). The effect of

separation factor on the Langmuir isotherm shape is summarized in

Table 2.

-30-



Table 2. Effect of separation factor R; on isotherm shape (Ho et al., 2002;

Khandaker et al., 2017).

R; value Type of isotherm
(R,>1) Unfavorable
(R=1) Linear

(0 < R,<1) Favorable
(R,=0) Irreversible

Furthermore, the surface coverage () is one of the factors that is
used to understand the sorption behavior of the Langmuir isotherm. The value
of surface coverage can be determined by plotting surface coverage versus
initial Cs concentration. When the calculated (6) close to 1, it indicates that
the surface of adsorbent was nearly covered with a monomolecular layer for
the Cs removal (Lalhruaitluanga et al., 2010; Khandaker et al., 2017). The

equation for (0) is expressed as:

1+ K,

where K; is the Langmuir constant and C; is the initial Cs concentrations

(mg/L).
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3.10.2.2 Freundlich isotherm

The Freundlich isotherm model is more available to represent the
heterogeneous sorption process than the Langmuir isotherm model, supporting
that the proportion of the amount of adsorbate into a given mass of adsorbent
is inconstant at different concentrations in solution (Freundlich, 1906). The

equation for the Freundlich isotherm model is written as:

logq, = logKr + nlogC, (8)

where C, is the equilibrium Cs concentration (mg/L), q,. is the amount of Cs
adsorbed per unit mass of the adsorbent at equilibrium (mg/g), Ky is
Freundlich constants that related to sorption capacity (L/mg), and n is
sorption intensity. The Freundlich isotherm constants can be calculated from

the slope and intercept of the linear plot between logg, and logC,.
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CHAPTER 1V. RESULTS AND DISCUSSION

4.1 Batch sorption studies for Cs

4.1.1 Estimating of the Cs sorption time

The Cs removal efficiency of polysulfone carrier at different sorption
time was calculated from the results of sorption batch experiments, which was
used to determine the Cs sorption equilibrium time for the further study (Fig.
11). The result showed that the Cs sorption rate was fast and the reaction
reached in equilibrium within the first 240 min. The Cs removal efficiency of
the polysulfone carrier was 57.80%, which was considered sufficient,
compared to those of previously used adsorbent. Even the Cs removal
efficiency increased with the increase of sorption time, its increasing pattern
became gentle after 60 min of sorption time, representing the fast Cs sorption
process of polysulfone carrier. This result suggested that the polysulfone
carrier with HNOs3 treated BC have enough number of free active space,
causing the fast Cs sorption at the initial stage (Qing, 2010). Rapid sorption
kinetics of adsorbent is very important for its application in wastewater
treatment, resulting in short operation time and low operation cost. These

experimental results were used for the further sorption kinetic study.
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Fig. 11. Effect of different reaction times on Cs sorption.

4.1.2 Effect of BC amount in polysulfone carrier on the Cs
sorption

The result of Cs removal efficiency according to different BC amount
in polysulfone carrier is shown in Fig. 12. The Cs removal efficiency increased
with the increase of BC amount in polysulfone carrier. For 2% of BC amount
in polysulfone carrier, the Cs removal efficiency was less than 45%. However,
the Cs removal efficiency increased to 62.37% and 68.45% with 5% and 10%
BC in the polysulfone carrier, respectively. These results indicate that 5% BC
in polysulfone carrier is enough for the Cs removal in water, thus this

condition was used for further batch sorption experiments.
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Fig. 12. Effect of different BC amount in carrier on the Cs sorption.

4.1.3 Effect of adsorbent dosages on the Cs sorption

The Cs sorption experiments were repeated with different adsorbent
dosages in solution at room temperature in order to determine the optimal
adsorbent dosage for the Cs removal. The change of the cesium removal
efficiency by using the different doses of polysulfone carrier in solution is
shown in Fig. 13. As the amount of the polysulfone carrier increased in
solution, the available sites for Cs became abundant but instead relative Cs
amount in solution decreased (Liu et al., 2012; Sakamoto et al., 2016). The Cs

removal efficiency was greatly increased from 11.17 to 72.67% with increased
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adsorbent dosages (from 0 to 3%), representing that the number of active sites
proportionally increased as well as the sorption rate. The Cs removal
efficiency does not change significantly in the further increase of adsorbent
dosages (>2%). Thus 2% of polysulfone carrier in solution was used as the

optimum amount of adsorbent for the experiments.
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Fig. 13. Effect of polysulfone carrier dosages on the Cs sorption
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4.1.4 Effect of solution pH on the Cs sorption

Many studies reported that the sorption capacity of adsorbent was
dependent on the pH of the solution. The pH of the solution has greatly
affected the sorption process and capacity due to its impact on the surface
property of the adsorbent, the ionization in solution, and dissociation (Ghaedi
et al.,, 2011). The effect of pH on the Cs sorption capacity of polysulfone
carrier at equilibrium condition is shown in Fig. 14. The Cs removal efficiency
increased from 43.47% to 54.07% with the increase of pH (from 3 to 5), and
remained steady up to pH 11. The relatively high Cs removal efficiency
(average of 58.14%) maintained at a wide range of pH conditions. The low
removal efficiency at lower pH conditions can be related to the high
concentration of H" ions competing with the Cs ions for the sorption site in
the adsorbent (Saberi et al., 2010). However, the Cs removal efficiency of the
polysulfone carrier with HNO3 treated BC was > 40% even at pH of 3,
indicating that this adsorbent is suitable for the treatment of Cs contaminated

water at low pH condition.
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Fig. 14. Effect of solution pH on Cs sorption.

4.1.5 Effect of temperature on the Cs sorption

Temperature also can be one of the important factors for the Cs
sorption capacity because it can affect the diffusion rate of the adsorbed
molecules and the sorption rate. Fig. 15 represents the Cs removal efficiency
of the polysulfone carrier at various temperature conditions. The result
suggested that the Cs removal efficiency of the polysulfone carrier was not
significantly affected by temperature. The high Cs removal efficiency (more
than 69%) was maintained at the range of 5 C to 30 T, verifying its

applicability for a wide range of temperatures.
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Fig. 15. Effect of temperature on Cs sorption.

4.2 Desorption experiments

The desorption characteristics are very important for the field
application of the adsorbent because the desorption rate can be used as a
criterion to evaluate the possibility of subsequent pollution due to the Cs
release from the polysulfone carrier. The results in Fig. 16 showed that the
average of Cs desorption rate for the polysulfone carrier was 14.64% for 24 h
of desorption time, the polysulfone carrier with HNOs treated BC maintain the

strong attraction force of Cs on the carrier surface. It can be ascribed that the
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chemical sorption is the main sorption mechanisms for Cs, which is stable to

desorbed by distilled water (Chen et al., 2013).
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Fig. 16. The Cs desorption rate of the polysulfone carrier with HNOs treated

BC.
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4.3 Batch experiment with polysulfone carrier coated by

microorganisms

Previous studies reported that microorganisms could offer a significant
fraction of the reactive surface area and numerous functional groups such as
phosphate, carboxyl, and amide groups to interact with radionuclides on the
cell wall. These organics could be attached on the adsorbent surface through
the immobilization process and finally enhanced the active sorption sites of
the prepared adsorbents (Li et al., 2014). Moreover, microorganisms activities
are well known to have a remarkable influence on the chemical and migration
behaviors of radionuclides by altering the speciation, solubility and sorption
properties (Katsenovich et al., 2013; Li et al.,, 2014). Results for the Cs
removal efficiency from the batch experiment with polysulfone carrier coated
by microorganisms are shown in Fig. 17. The average Cs removal efficiency
of the polysulfone carrier without microorganisms coated was 73.83%.
However, when the polysulfone carrier coated with Pseudomonas fluroescens
and Bacillus drentensis were used in sorption batch experiments,their Cs
removal efficiencies were 88.27% and 87.18%, respectively. The presence of
microorganisms on the surface of polysulfone carrier increased the Cs removal
efficiency by 19% and 18%, compared to that of polysulfone carrier without

microorganism coated.
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The higher Cs removal efficiency for microorganism coated polysulfone
carrier could be ascribed to the thicker peptidoglycan framework on the cell
walls which provides more functional groups accelerating in the interaction
with Cs (Fang et al, 2011). In addition, the Cs immobilzation by these
microorganism cells could be presumably due to the properties of an outer
membrane, which permits Cs diffusion inside the cells and their uptake by the
local polyphosphate bodies (Li et al., 2014). According to previous studies
(Kang et al., 2017; Zhao et al, 2016), the Cs sorption by living
microorganisms can be explained as a two-step process. The Cs were initially
adsorbed to the surface of cells by ion-exchange and electrostatic interaction,
and then the Cs entered into the cytoplasm of microorganisms across the cell
membrane. These Cs immobilization mechanisms by microorganisms coated

on polysulfone carrier surface led to an increase in the Cs removal efficiency.
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Fig. 17. Sorption result of polysulfone carrier coated with microorganisms.
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4.4 Continuous column experiments

Fig. 18 shows the results of the Cs removal efficiency in continuous
column experiments using four different adsorbents. In the column
experiments using only BC granular as an adsorbent, both of two columns
packed with 7.3 and 51.4 g of BC granules shows the low Cs removal
efficiency. The Cs removal efficiency of the column experiments for 7.3 g and
51.4 g of BC granule maintained below 20% for 250 pore volumes flushing
(the maximum Cs removal efficiency of the was 28%, occurred at the early
stage of flushing). However, the Cs removal efficiency for the column packed
with polysulfone carrier without microorganism coated maintained over 80%
until 50 pore volumes of flushing and reached the lowest removal efficiency
of 2% at 182 pore volumes. Different results for the Cs removal efficiency
were shown in the column with the polysulfone carrier coated with
microorganisms. The polysulfone carrier coated with Bacillus drentensis and
Pseudomonas fluorescens showed 99% of Cs removal efficiency for 70 pore
volumes of flushing in column experiments. The Cs removal efficiency of both
of microorganisms coated polysulfone carrier maintained more than 80%
during 100 pore volumes of flushing, suggesting that only 14.7 g of
polysulfone carrier can successfully clean-up 7.2 L of Cs contaminated water

(1 mg/L of initial Cs concentration). From the results of column experiments,
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it was investigated that the coated microorganisms positively affect the Cs

removal efficiency of polysulfone carrier from solution.
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Fig. 18. Results of continuous column experiments packed with four different
adsorbents ( ((a) packed with 7.3 g of original BC granules; (b) packed with
51.4 g of original BC granules; (c) packed with polysulfone carrier only; (d)

packed with polysulfone carrier coated with microorganisms.
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4.5 SEM-EDS analyses for the Cs sorbed polysulfone carrier

SEM and EDS analysis were carried out to identify the structure and
compositional components of the polysulfone carrier. The outer and inner
surface of polysulfone carrier were visualized by SEM analysis (Fig. 19). The
SEM images of the polysulfone carrier after the sorption experiment showed
that the polysulfone carrier with HNOs3 treated BC has complicated porous
structures that would have contributed well to the Cs sorption sites embedded
in the polysulfone carriers. The EDS analysis was performed along with SEM
images to measure the Cs amount of the selected spots on the polysulfone
carrier. From the EDS spectra, the adsorbed Cs amount was 10.00 and 4.08%
ofthe total component weight on the outer and inner surface of the polysulfone
carrier, respectively, indicating that the Cs was successfully adsorbed on outer

and inner space of polysulfone carrier.
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Fig. 19. Results of SEM/EDS analyses for the polysulfone carrier after the

Cs sorption experiment.
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4.6 Sorption kinetic study

Kinetic study of the sorption process is helpful to understand the
sorption mechanism and the Cs amount sorbed on the polysulfone carrier at
different sorption times (0 — 240 min) in the batch experiment was fitted to the
pseudo-first-order and pseudo-second-order kinetic models. Based on the
fitted plots and calculated parameters, the calculated g, values obtained from
the pseudo-first-order model does not give reasonable values. The results
suggested that this kinetic model does not suitable for the Cs sorption process.
The rate constant of pseudo-second-order kinetic is listed in Table 3 and the
experimental results were plotted in Fig. 20. The experimental values of
sorption fit well with the calculated values by the pseudo-second-order kinetic
model with the correlation coefficients (R?) 0.933 and the experimental g,
values were similar to the calculated g, values. This suggests that the Cs
sorption of the polysulfone carrier followed the pseudo-second-order kinetic
model and the major sorption mechanisms of Cs is chemisorption rather than
physisorption and the sorption rates were dependent on active sites and not on

Cs concentration (Liu et al., 2019).
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Table 3. The pseudo-second-order sorption rate constant from experimental

and calculated g, values.

Experimental value Calculated value
K> R?
qe (mg/g) qe (mg/g)
0.039 1.090 0.036 0.9933
8,000
y = 25.541x + 598.61
R?=0.9933
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Fig. 20. Pseudo-second-order kinetic model for sorption of Cs.
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4.7 Sorption isotherm study

Sorption isotherms were studied to determine the maximum Cs
sorption capacity of the polysulfone carrier with HNO; treated BC for a wide
range of initial concentration of Cs (0 to 10 mg/L) (Fig. 21). The equilibrium
data were obtained from experimental results, which are fitted to the Langmuir
and Freundlich isotherm models. Table 4 shows the sorption isotherm
parameters obtained from these model studies. From the correlation
coefficient (R?), the Langmuir model (R>=0.996) was better fitted to
experimental results for the removal of Cs, compared with the Freundlich
model (R?>=0.987). This was confirmed that mostly monolayer coverage
sorption takes place on the adsorbent surface (polysulfone carrier) and the Cs
was homogenously distributed on the carrier surface (Crini et al., 2007).
According to the isotherm study by using the Langmuir model, the maximum

Cs sorption capacity (g,,) of polysulfone carrier was determined to 60.89

mg/g.

Table 4. The average Langmuir and Freundlich isotherms parameters for the

sorption of Cs.

Langmuir isotherm Freundlich isotherm
m (mg/g) K, (L/mg) R’ Ke (mg/g)  n R?
60.89 9.175 0.996 99.289 1.415 0.987

-49 -



0.7
y = 0.0018x + 0.0164
0.6 - R2 = 0.9964
)
€
N
0
Q
o
S~
[}
0-0 T T T
0 100 200 300
1/C, (L/mg)
3.0
y = 0.7067x + 1.9969
R2 = 0.9873
2.0 -
Q
o
o14]
o
1.0 A
0-0 T T T
3 -2 -1 0 1
log C,

Fig. 21. Equilibrium isotherm curve fitting to two isotherm models: Langmuir

model (a), and Freundlich model (b).
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According to the Langmuir isotherm model, the favorability of the Cs
sorption process can be explained by the separation factor (R;). The
calculated separation factor (R;) values at different initial Cs concentrations
is presented in Fig. 22(a). The values of R; were in the range of 0 to 1 (0 <
R;< 1), indicating that the polysulfone carrier was favorable under a wide
range of initial concentration in the sorption process. The R; values were also
on a sharp decline with the increase of the Cs initial concentration and
maintained below 0.1, suggesting that the Cs sorption of polysulfone carrier
was more favorable at higher concentrations. The surface coverage values (0)
increased with the increase of initial Cs concentration in Fig. 22(b). The
surface coverage value (8) was close to 1, as the Cs initial concentration was
higher than 10 mg/L, representing that the adsorbent surface was closely
covered with a monomolecular layer of adsorbate (Khandaker et al., 2017).
The value of the exponent n in the Freundlich isotherm equation can give an
indication of the favorability and capacity of the adsorbent. When the value of
n is higher than 1, the adsorbent is considered to have additional potential for
sorption by using mechanisms such as inner layer attraction and
multimolecular layer formation. In this study, the value of Freundlich
exponent n was 1.415, indicating that polysulfone carrier with HNO3 treated
BC has a possibility of the favorable Cs sorption at high Cs initial

concentration range (Crini et al., 2007). Considering the higher correlation
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coefficient, the Cs sorption mostly follow the Langmuir isotherm model.
Additionally, the Freundlich isotherm model also can be useful for
understanding the Cs sorption mechanism in the situation of high Cs
concentration. Results of the Cs sorption isotherm and the kinetic study
suggested that relatively rapid sorption (including precipitation onto the HNO3
treated BC surface in a polysulfone carrier) would make this one of the
prevailing processes for removing Cs from the water system.

Based on the literature review, several studies have been carried out to
remove the Cs using the different adsorbents material and the results in this
study were compared with those found in the literature (Table 5). The present
study found the maximum Cs sorption capacity was 60.89 mg/g, which was
much higher than those of previous studies, verifying the great Cs sorption
capacity of polysulfone carrier with HNOs treated BC. Thus it might be a

promising adsorbent for Cs removal from water.
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initial concentration for the Cs sorption of the polysulfone carrier.
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Table 5. Comparison of the Cs sorption capacities (q,, in mg/g) for different

adsorbents.

Adsorbent materials

Sorption
capacity (mg/g)

Reference

Cocoanut shell activated carbon
Pine cone

Touene-ethanol extracted pine cone
Immobilized nickel
hexacyanoferrate-sericite beads
Silica gel embedded
phosphotungstic acid
Ammonium-pillared

montmorillonite/Fe304

Maghemite PV A-alginate beads

Magnetic prussian blue/graphene
oxide nanocomposites caged in

calcium alginate microbeads

Nitric acid modified bamboo
charcoal

Conjugate adsorbent

Polysulfone carrier with HNO;
treated BC

Modified hydroxyapatite
Mesoporous hybrid adsorbent
Lithium-modified montmorillonite

caged in calcium alginate beads

0.76

5.75

7.01

13.88

20.80

27.53

28.32

43.52

45.87

50.23
60.89

69.49
97.63
100.25

Caccin et al., (2013)
Ofomaja et al., (2015)
Ofomaja et al., (2015)
Jeon (2016)

Seaton et al., (2017)

Zheng et al., (2017)

Majidnia and Idris
(2015)

Yang et al., (2014)

Khandaker et al.,
(2017)

Awual et al., (2014a)
(This study)

Metwally et al., (2017)
Awual et al., (2016b)
Xia et al., (2018)
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CHAPTER V. CONCLUSIONS

There is an imperative and urgent need for removing Cs from water
solution due to its radioactivity, toxicity, and mobility, which may pose a
serious threat to the human and ecosystem. The powdered form of HNO;
treated BC has been recently used as an absorbent to remove Cs from water.
However, there exist some limitations for its usage in the real field such as
high production cost and additional treatment needed to separate from water.
This study introduces a bead-type polysulfone carrier with HNO; treated BC
as an effective and low-cost adsorbent due to the use of a small amount of
HNO:s treated BC (only 5 wt%). This adsorbent exhibited the relatively high
Cs removal efficiency even in the low initial Cs concentration (1 mg/L). The

findings of this study can be concluded as below:

1. The use of polysulfone polymer has excellent mechanical strength and
good ability to hold strongly the HNOs treated BC as well as easy
separation capability from water after treatment (instead of powder
form). The feasibility of the bead-type polysulfone carrier for the
removal of Cs could be verified through both batch and continuous
column experiments. The results of SEM and EDS analyses revealed

that the polysulfone carrier has the complicated porous structure and
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the Cs was successfully adsorbed on the outer and inner space of the

polysulfone carrier.

. From results of batch experiments, it was investigated that the
polysulfone carrier with HNOs treated BC is available to remove Cs
within 1 hour reaction, having the high Cs removal efficiency of 57.8%.
The high Cs removal efficiency (>60%) maintained at a wide range of
pH and temperature conditions. Moreover, the Cs desorption rate of
polysulfone carrier with HNO; treated BC for 24 h was <16%,
suggesting that the Cs sorption stability of the polysulfone carrier is

very high.

. From results of Langmuir sorption isotherm model study, the
maximum Cs sorption capacity (g,,) of polysulfone carrier with HNO3
treated BC was 60.9 mg/g, which was much higher than those of other
adsorbents in previous studies. Results from the Cs sorption kinetic
model studies represented the polysulfone carrier with HNOs treated
BC showed the pseudo-second-order kinetic model pattern, suggesting

that the chemisorption is the probable mechanism for the Cs sorption.
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4. The Cs removal efficiency from batch experiment with polysulfone
carrier coated by two microorganisms increased by 18%, compared to
that without coated microorganism. The continuous column
experiments showed that the polysulfone carrier coated with
microorganisms maintained more than 80% of Cs removal efficiency
during 100 pore volumes flushing, suggesting that only 14.7 g of
polysulfone carrier can successfully clean-up 7.2 L of Cs contaminated
water (initial Cs concentration: 1 mg/L). These result indicated that the
polysulfone carrier coated with microorganisms could positively affect

the Cs removal efficiency of polysulfone carrier from solution
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