
Introduction

1)Since the energy demand in the world has been

increasing rapidly and the resources of gas and oil are

becoming less and there are many burning issues

including the increasing global efforts to reduce CO2

emissions from all the energy sectors, nuclear energy is

becoming vital for the welfare of society and a potential

an industrial growth tool for all the nations. Therefore,

nuclear industry has been expanded, and the demand for

nuclear fuel cycle service has continuously increased.

After an installation of nuclear facilities there has always

been a problem with the decontamination technologies to

cleanup hot particulate from the inner surface of a hot
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cell by the easiest and economical way, which caused a

strong impetus to develop new ideas. Although, there are

several methods and some instruments are available for

this purpose, however due to their peculiar design, size

and other characteristic limitations, they are not fit to

remove the hot particulate from a hot cell at the Korea

Atomic Energy Research Institute. More stringent

environmental regulations require an improved collection

efficiency of hot particulate in a nuclear hot cell creating

a need for further research aimed at enhancing the

decontamination technology, especially for a sub micron

size or smaller particles. Recently, the PFC (Perflu-

orocarbonate) decontamination technology [1-3] has

become one of the most effective methods for the

removal of radioactive contaminated fine particulate

adhered to the inner surface of a hot cell during spent

fuel experiments. Particles that are a micron size or
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Abstract:Recently, PFC (perfluoro carbonate) decontamination technology was found to be excellent for the

removal of smaller sizes of hot particulate from a hot cell. Due to the high cost of a PFC solution, it is

necessary to purify it and reuse it for the next decontamination process. This study presents the results of a hot

particulate separation from a contaminated PFC solution by the manufactured filtration equipment. SEM

(Scanning Electron Microscope) results showed that contaminated hot particulates was present in the PFC

solution, and their size ranges were from 0.2 to 10 µm, however, the radioactive level of the PFC solution was

very high. Ceramic filter was found to be highly stable with the high alpha radioactivity. The equipment

mainly consisted of two sizes of filters, 1.4 µm primary filter and 0.2 µm final filter. Removal efficiency of

these filters was found to be more than 99 %. Turbidity of the PFC solution increased with the particulate

concentration. Turbidity and pressure play a significant role in the removal efficiency. The removal efficiency

initially was slightly low at a high pressure, but it gradually increased with the time, the change was found to

be greater when the turbidity was high. At a low pressure and a high concentration, the removal efficiency

was relatively high and remained constant with time. At a high pressure and a high concentration, the removal

efficiency in the beginning was low but it gradually increased with time. The flux was high at high pressure

for individual filters, and it slightly decreased with time but in the case of the final filter this change was a

little high. When the experiment was executed with both filters insitu, the flux remained constant.
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smaller size generally adhere tenaciously, due to

secondary valence forces, with other solid surfaces inside

the hot cell, and cannot be removed by the simple

mechanical processes. However, contacting the particle-

contaminated inner surfaces of a hot cell with a diluted

solution of a fluorinated surfactant of a high molecular

weight in an inert PFC liquid under sonic shear condi-

tions resulted in an effective removal of micron or

smaller sized particles from solid surfaces. Because of its

convenient handling and lack of secondary waste

products, the PFC decontamination technology is becom-

ing very popular. Due to its high cost, it is necessary to

reuse the PFC solution. However, contaminated fluori-

nated carbonate solutions has a very high radioactivity

due to presence of hot particulate. Research activities

have been primarily focused on selection of a suitable

filter to develop filtration equipment, also to minimize

the volume of secondary waste. Owing to a literature, the

polymer membrane materials have been advanced, and

the manner in which they are utilized within membrane

systems has remained essentially unchanged [4]. To

select new filter with higher stability, better selectivity,

increased-radiation tolerance, lower energy requirements,

and longer life expectancy, several conditions were

necessary. However, the initial motivation for hot par-

ticulate separation was the selection of the filter design

for processes that operate at high pressures and relatively

high radiation environments. Several scientists have used

Table 1. Restricted Conditions for the Equipment Design

Part Name Restricted condition

Filter Housing
Free movement
Container size
Flux
Equipment size
Filters
Removal efficiency
Filter size

Easily exchange by manipulator
Wheel trolley
~10 L
> 0.2 L/min
Below 1 × 0.8 m (0.85 × 0.75 × 0.55 m)
Primary and Final filter
> 97 %
Cylindrical, 0.7 × 25 cmφ

ceramic microfiltration membrane in the past for

recovery and separation of titanium pigments and fine

particles, due to its excellent material properties [5,6].

The effects of the solution environments on membrane

filtration performance have been reported by several

researchers [7-12]. A contaminated characteristic of hot

particulate was investigated and a filtration process was

presented to remove suspended radioactive particulate

from the contaminated PFC solution, generated for PFC

decontamination. There were several limitations to

design and build this filtration equipment such as its

shape and size due to the hot cell back door size and the

hot cell area, manipulator-handling capacity, filter design

and size, PFC solutions requirement for decontamination,

easy movement, high flux rate, etc. Therefore, the

objective of this study was to survey the hot cell layout,

measure the hot particulate sizes and select the suitable

Figure 1. Three-dimensional view of PFC filtration apparatus.
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design, and then construct the equipment according to

the limitations of the hot cell structures for placing the

equipment in a hot cell. Ceramic filters, filter housing,

and a new constructed equipment of three-dimensional

view are shown in Figure 1. Due to use of the stainless

steel materials, convenient methods of construction, and

easy handling of the filtration equipment, it may be

adapted for use in extreme operating conditions such as

high radioactivity, high pressure, various concentration

and temperature ranges. In this study, we used alumina

particles as mock particles, because it is insoluble in PFC

solution and its small portion could be recognized easily

in solutions. This filtration equipment has two filters, a

circulation pump, a container and several valves. In this

paper, the feasibility of using a dynamic membrane with

a ceramic tube to separate the mock alumina particles

from PFC solution was investigated, and the performance

of the filtration equipment is reported.

Figure 2. A perspective experimental diagram for filtration equipment.

(a) (b) (c)
Figure 3. SEM micrographs of different filter membrane after the custody in hot cell (α-radioactivity) for 10 months (top : a view

for original membrane and bottom : a view for after 10 months). (a) ceramic filter, (b) polyvinylidene fluoride filer, and (c)

polypropylene filter.
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Experimental

Equipment

There were many limitations to design and build the

filtration equipment, and these restrictions are summa-

rized in Table 1. The ceramic filter and filter housing

used in this study are shown in Figure 1. The filtration

equipment equipped with two cylindrical shape ceramic

filters was manufactured: primary filter is 1.4 µm pore

size and final filter is 0.2 µm pore size. Both filters are

easily removable pieces by manipulator, which are 25 cm

long and 0.7 cm diameter in size, and placed in side of

steelness steel housing. The recirculation loop consists of

three pressure gauges, valves and piping. It’s also

equipped with the two large containers (10 L each

capacity) and a circulating pump. All parts of the

equipment are fitted on the wheel trolley so that they

may be very easy to move from one place to other. In

this instrument we have used two filters, but the

experiment can be performed with using individual filter

or both filters with different sizes of mock particulates in

PFC solutions. The size of the equipment is 0.85 × 0.75

× 0.55 m, which is convenient to introduce in hot cell

through the back door (1 × 1 m) and inter cell door (1 ×

0.8 m). The volume of container is 10 liter, which

permits to use non-stop decontamination process for

several minutes.

Materials andMethods

Al2O3 particles with the sizes of 0.3 µm, and 2.0 3.0

µm (Sigma-Aldrich Inc., HPCRC, Japan), and the PFC

solution were used as the test aerosol. The Al2O3 porous

ceramic tube filter used as a support in this work was

1T1-70 module produced by Pall Corp., USA. The

support specifications are: a diameter of 0.7 cm and a

length of 25 cm and a pore size of 0.2 µm or 1.4 µm. The

perfluoro carbonate solvent (PF-5070) produced by St.

Paul Inc., USA, was a transparent solution. All experi-

ments were performed at room temperature. Al2O3

suspensions with different concentrations were prepared

and their turbidities were measured by turbidimeter (HF

Scientific Corp.).

The schematic experiment setup is shown in Figure 2.

Before starting the experiments with mock particulate,

the instrument was firstly charged with PFC solution by

circulating the neat PFC solution for a while. The PFC

solution and mock particles (alumina) are generated as

slurry and taken in the feed tank, and are firstly sent to

the primary filter (pore size, 1.4 µm, Membralox 1T1-70

ceramic membrane) through the volumetric pump via

back pressure valve and flow meter, flow meter control,

and then the inlet flow rate was measured. Backpressure

valve controlled the excess of pressure on filter case and

the excess volume was sent to the tank by air chamber.

Table 2. Comparative Analysis of the Tested Membrane Filters

Parameters

Membrane

Poly propylene
Poly vinylidene

fluoride
Ceramic

Temperature High High High

Efficiency > 95 % > 95 % > 95 %

Flux Medium High Medium

Resistance against

Radioactivity
Low Low High

Fragility Low Low High

Price Low Middle High

After passing through the primary filter, the filtrate

entered the final filter (pore size, 0.2 µm, Membralox

1T1-70 ceramic membrane). The ball valve managed to

adjust the transmembrane pressure differential, and final

filtrate was collected in another tank. Two filters were

used in this instrument, and the experiment can be

performed with using only one filter or both filters

according to the contaminated particle sizes.

Results and Discussions

The limitation characteristics to build the filtration

equipment are given in Table 1. In comparison with other

polymer filters, the ceramic filters were found to be the

most suitable for a radiological environment. The com-

parative characteristics data is given in Table 2. After

keeping these three different filters inside a hot cell for a

period of 10 months, the SEM pictures of these filters

(Figure 3) showed that the pores shape of ceramic filter

only remained similar to that of original. But in case of

other filters (like polypropylene and poly vinylidene

fluoride filter), the pore shapes have been changed. This

is due to the presence of hydrogen in their structures. The

ceramic filters do not contain hydrogen in their structure,

thus cannot generate hydrogen gas in the presence of

uranium, cesium and plutonium particles. This is in

contrast to standard filters made of polymeric materials

that will generate gaseous hydrogen under alpha

radiation [13]. Therefore, we have used ceramic filters

for our filtration equipment. They offer high temperature

stability, strength, and compactness [14-16]. Moreover,

the ceramic filters are easily available in the cylindrical

form.

The SEM analysis results showed the size range of hot

particulate in the PFC solutions was between 0.2 to 10

µm, as illustrated in Figure 4. Since here two pore sizes

(primary filter pore size is 1.4 µm and final filter pore

sizeis 0.2 µm) of ceramic filters were used in this system.

Mock particulates in PFC solutions of bigger than 1.4 µm

sizes wereseparated by primary filter and then smaller

size of mock particulates were separated by final filter.
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Figure 5. Measured turbidity as a function of concentrations

for different size particles.

The experiment was performed in three different ways,

(a) by the primary filter, (b) by final filter, and (c) by

both filters, with the different size of mock particles

under different pressures and concentrations to obtain the

best condition for this equipment. The results are

discussed below and illustrated in Figure 5 to 10.

Turbidity of the solution increased with the rise of the

particles concentration in the solution, as shown in

Figure 5, it may be due to the mock Al2O3 particles are

insoluble in PFC solutions. Therefore, the turbidity of the

suspension was found to be linear with concentration.

The changes of filtrate turbidity with filtration time are

determined. The filtrate turbidity is somewhat high at

initial stage of filtration, then decreases rapidly and

stabilizes, which indicates the used ceramic filter has

good removal efficiency. All experiments were executed

at ambient temperature. The Figure 6 showed the

removal efficiencies of filters, under different pressure at

constant concentration.

Figure 6(a) shows the removal efficiency for primary

filter, and the results were found to be unusual; it’s

decreased as the pressure increased. When the pressure

was a little increased, the fluctuation of the removal

efficiency was not seen, but at high pressure the

fluctuation was noticed after 10 min in usual manner

(Figure 6(a)). When pressure was a little increased, the

removal efficiency gradually increased but at high

pressure was seen almost constant with time. Figure 6(b),

describes the removal efficiency for the final filter, the

results show that the difference of the removal efficiency

along the pressure increase was bigger; it increases until

20 min, but it slightly decreases after 20 min, which is

may be due to the deposition of particles on the filter

surface. Also, this fluctuation showed that in case of

middle pressure, the removal efficiency was initially

lower but gradually increases with time. In case of high

pressure, the removal efficiency was suddenly decreases

after 5 min but later increases as usual. When the

experiment was performed with both primary and final

filter, the result trend was similar to the previous two

trends at all pressure (Figure 6(c)).

Figure 7 showed the removal efficiency for both filters

for three different concentrations at different pressure,

100 and 300 kPa, respectively. When the pressure was

100 kPa, the removal efficiencies at beginning was rather

high and remained constantly during all the experiments

(Figure 7(a)). But when the pressure was increased to

300 kPa, the trend was similar but for high concentration

was seen unusual; at beginning the removal efficiency

was lower but gradually increased (Figure 7(b)). It may

be at higher concentration and high-pressure that the

filter surface get the high particle concentration so that

(a) (b) (c) (d)

Figure 4. SEM micrographs of hot particulates adhered on the inner surface of hot cell: (a) SEM image of spent nuclear fuel grain,

(b) SEM image of spend nuclear fuel cladding, (c) SEM image after spend nuclear fuel cutting (d) SEM image after oxidation &

reduction of spent fuel.
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(a)

(b)

(c)
Figure 6. Variations of the removal efficiency as a function of

time under different pressure. (a) Final filter, (b) primary filter

and (c) both filters.

pores of filter may be blocked for a while. Also, it’s not

advisable to do experiment at high-pressure environ-

ments due to the vibration of the equip ment.

(a)

(b)

Figure 7. Variations of the removal efficiency as a function of

time under different concentrations for both filters. (a) At low

pressure, (b) at high pressure.

The variations of flux with the time are shown in Figure

8, 9 and 10, for individual and both filters at the different

pressure and concentrations. Figure 8 shows the effect of

pressure and concentration of mock particles on flux of

primary filter. The flux increased as the system pressure

increased in a range of 100 500 pKa. Higher flux was

obtained at high pressure around the 300 pKa. Initially

the flux was quite high for primary filter but slightly

decreased with time at high pressure, but it was almost

constant at 100 pKa. Figure 8 also shows that while

concentration was increased at two fold, the results were

similar. When the same experiment was repeated with

using only final filter, the flux results were illustrated in

Figure 9. It shows the higher flux was obtained at higher

pressure as well as primary filter, but total flux was quite

low, and flux decreased with time at high pressure but

was constant at 100 pKa. Figure 9 also shows the con-

centration effect; flux decreased with time when con-

centration was increased, and at low pressure, the change
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(a)

(b)

Figure 8. Variations of the flux as a function of time under

different pressure and concentrations for primary filter. (a) Low

concentration, (b) high concentration.

was negligible but at high pressure, it was a little high.

Figure 10, showed the flux results for both filters; when

the experiment was executed with both filters, in situ, the

flux became higher with the pressure increase. But in

comparison with individual filter, the flux of both filters

was lowered than that of the primary filter and was

higher than that of the final filter, Figure 10 also shows

flux was constant with time at any pressure, and it

decreased as the concentration increases.

The effect of the pressure and concentration on flux are

shown in above Figure 8 to 10. In case of both filters, the

flux was found to be constant with time, but in case of

the primary and the final filters was reduced with time. It

was noticed that the flux was increased with the rise of

pressure up to a limiting value but after that remained

constant. In case of the primary filter and both filters,

there were no any significant change was seen with the

concentration change.

(a)

(b)

Figure 9. Variations of the flux as a function of time under

different pressure and concentrations for final filter. (a) Low

concentration, (b) high concentration.

Conclusion

A Filtration system for the removal of mock particles

from a fluorinated solvent has been developed here,

which will separate hot particulates from contaminated

perfluoro carbonate solution and permits the reuse of this

solution as a part of the decontamination tool and

reduced the secondary wastewater. Ceramic filters were

found to be highly stable with the high alpha radi-

oactivity. This study results showed that more than 99.8

percent of the contaminant mock particles were captured

by ceramic filters. Therefore, the removal efficiency of

this equipment was found to be excellent for the con-

taminated PFC solution. Since the filtration system oper-

ates in a closed loop under an ambient condition, it

would significantly reduce the risk of exposure of hot

particulates to people and the environment. Since the
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(a)

(b)

Figure 10. Variations of the flux as a function of time under

different pressure and concentrations for both filters. (a) Low

concentration, (b) high concentration.

flux along time was constant in the filtration system with

both filters, even though under the low to high pressure

and high particles concentration, it was highly recom-

mended to use both filters for hot particulate separation.

Depending on the nature of contaminants, almost 99.8

percent of the hot particulates can be removed with this

system, and the clean PFC filtrate was produced for the

next decontamination process. The filtration equipment

has simple, safe, highly automated filtration process, and

doesn’t use additional toxic or oxidizing chemicals, and

doesn’t need very high pressure or temperature for proc-

essing. It lowered the risk for impact to the environ-

ment, and has no gaseous effluent containing hot partic-

ulate. Also, it is very convenient to exchange a filer

housing by manipulator in the filtration system. Since the

filtration equipment was furnished with wheels and a

trolley, it may be very easy to move from one place to

another. Overall, the filtration equipment is very com-

pact, safe, and efficient.
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