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The article describes a protype of a modular installation designed to decontaminate protective closing in liquefied 
freons environment (further — Installation) and its design development process. It describes in detail the laboratory 
modelling stage implemented to identify the performance parameters of the process and to select a formulation for a 
most effective decontaminant. The prototype installation was manufactured at the laboratory stage of protective clos-
ing decontamination in liquefied freons environment. It was assembled and tested at an actual radiochemical facility. 
A series of experiments has demonstrated the feasibility of further research with the obtained decontamination coef-
ficients of up to 30 and 48 for α- and β-emitters respectively. In the future, the proposed waterless decontamination 
method is supposed to reduce the volumes of secondly radioactive waste by up to 300—400 times as compared to the 
commonly applied water decontamination approach.
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Introduction

Personnel engaged in the operation of nucle-
ar power facilities (NF) use personal protective 
equipment (PPE), which is subject to contamina-
tion, including the radioactive one. To provide safe 
working environment for the employees, the ad-
opted standards [1] require PPE decontamination 
in accordance with effective regulations (NRB-99, 
OSPORB-99, etc.). Under the existing system for 
special clothing decontamination, woven products 
are treated with aqueous solutions of surface-ac-
tive agents (SAA) and decontaminating additives 
in drum-type washing machines. According to the 
inventory of radioactive substances (RS), secondary 
radioactive waste (RW) resulting from such wash-
ing refers to the category of low-level waste (LLW). 

According to the adopted practice, such liquid ra-
dioactive waste (LRW) is sent for evaporation and 
subsequent solidification (most commonly imply-
ing waste immobilization into cement waste forms). 
However, such processing methods are complicated 
due to great inventories of inorganic salts and SAA 
present in the effluents of special laundries (from 
100 to 140 kg of reagents per 1 ton of PPE), which 
results in some 40—70 m3 of secondary RW [1] and 
accounts for a considerable portion of all RW gen-
erated by the enterprise in general (from 20 % to 
50 % depending on some specific features) [2].

The LRW volume can be reduced if some alter-
native methods are applied, in particular, decon-
tamination in a liquefied gas environment [3]. This 
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method is commonly referred to in the industry as 
supercritical fluid extraction, which is widely used 
in food, perfume, medical and other industries as it 
enables quite efficient extraction of target compo-
nents from natural raw materials [4], [5]. 

In case of the fluid decontamination method, ra-
dionuclides (RN) are removed from surfaces by cer-
tain solutions based on liquefied gases [6]. These 
solutions can be subsequently quite easily sepa-
rated from the spent mixture by pressure variation 
in the system. Based on this method the volume of 
secondary waste may be reduced by up to 300 times 
(this value depends on the amount of decontami-
nating additives introduced, the number and dos-
age of which may vary) compared to general prac-
tice based on aqueous solutions [7], [8]. In this case, 
secondary RW includes a mixture of SAA, various 
activators and cleaning enhancers and all contami-
nants were successfully transferred from the sur-
face of the PPE to the decontamination solution.

This work is a continuation of a research by JSC 
V. G. Khlopin Radium Institute in the field of super-
critical and fluid extraction [9], [10].

This paper describes a pilot unit designed for spe-
cial clothing decontamination in liquefied freon.

Laboratory stage

The use of gases at supercritical parameters im-
plies operations performed under high pressure 
(over 100 atm), which requires more metal-inten-
sive equipment, additional safety systems, expen-
sive compressor devices, etc.

A series of studies exploring the options proposed 
to implement this process at lower pressure levels 
was conducted by the employees of the V. G. Khlo-
pin Radium Institute [11], [12]. Firstly, these studies 
revealed that the decontamination process could 
also proceed quite effectively at pressures cor-
responding to the liquefied gas region and super-
critical parameters were not required to be attained. 

Secondly, the fundamental possibility of using liq-
uefied freons characterized by lower liquefaction 
pressure instead of the generally accepted carbon 
dioxide was demonstrated. 

Among the commercially available options, the 
most suitable one accounted for freon R-134a 
(1,1,1,2-tetrafluoroethane) [13]: it was compliant 
with fire and explosion safety requirements, was 
ozone-friendly and had lower liquefaction parame-
ters compared to carbon dioxide commonly applied 
for supercritical extraction.

A laboratory model of the future unit was de-
signed to identify the optimal parameters for the 
anhydrous decontamination process, as well as to 
test the decontamination formulations (Fig. 1).

The unit consists of two cylindrical steel cells (70 
ml each) of the autoclave type connected in series. 
Each cell is equipped with a mixing mechanism and 
a heating system. The solvent is supplied from the 
source tank via a high-pressure piston pump. Af-
ter the process is complete, the reaction mixture is 
released into a tank with acetone, where the sol-
vent passes into the gas phase (from which it can 
be subsequently condensed), whereas the mixture 
components are absorbed.

Laboratory research methodology

Cell 1 is designed to prepare the decontamina-
tion mixture, while cell 2, where the decontami-
nation takes place, contains the sample subject to 
decontamination.

The mixture is prepared as follows: the required 
amount of decontamination additives is added to cell 
1, after which it is sealed and heated to an operating 
temperature. Then 30 ml of liquefied gas are dosed 
into it at a given pressure, after some 5—10 minutes 
required for the decontamination additives to dis-
solve another 25 ml of liquefied gas are added and 
it takes another 5—10 minutes for the solution to 
homogenize. The total volume of the mixture under 

Fig. 1. Schematic diagram showing a laboratory model of the unit
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a single decontamination cycle accounted for 55 ml. 
This method was chosen based on the experiments 
on the dissolution of the proposed decontamination 
additives, as it demonstrated the highest rate and 
completeness of their dissolution. 

Simultaneously with the preparation of the de-
contamination mixture, cell 2 (containing the 
sample subject to decontamination) is also heated 
to a specified temperature and filled with pure li
quefied gas at an indicated pressure. Thus, its sharp 
changes can be avoided when the decontamination 
medium is pumped through cell 2, since the mix-
ture boils and the decontamination additives get 
released from the solution.

Next, the prepared decontamination mixture is 
squeezed from cell 1 to cell 2 with a portion of pure 
liquefied gas. After this, the decontamination stage 
starts with mixing in cell 2; the system is kept in this 
state for 20 minutes to transfer contaminants from 
the surface of the sample into the decontamination 
mixture. Then the spent solution is squeezed out of 
cell 2 with a portion of pure liquefied gas. The pro-
cess runs until a double volume of the decontami-
nation mixture passes through it. Flushing with a 
portion of pure freon removes the remaining part 
of decontamination agents and contaminants from 
the cell and the sample.

A tank filled with acetone is adjusted at the out-
let of cell 2. Pressure change drives the gas phase 
separation with the other components of the spent 
solution absorbed in the acetone volume.

Results of the laboratory stage

The operating temperature was set at 60 °C, since 
if the temperature accounted for less than 40 °C, the 
decontamination process could not proceed to the 
required extent [1], and if it was increased to 80 °C, 
some irreversible changes in the structure of some 
fabrics and fittings were expected. The operating 
pressure corresponding to this temperature on the 
saturation line accounted for 15 atmospheres (for 
R-134a freon).

In addition to the developed design of the unit, 
laboratory studies included some experiments fo-
cused on the individual decontamination capacity 
of previously selected additives that were run to se-
lect a proper decontamination formula. These addi-
tives were selected based on the following criteria: 
solubility in a liquefied freon environment, fire and 
explosion safety and commercial availability. Fur-
ther, possible combinations of most effective addi-
tives were studied. To study the decontamination 
efficiency, fabric fragments (cotton, lavsan, blended 
fabric) with pre-applied nitric acid solutions of ra-
dionuclides most commonly found at radiochemical 

plants (137Cs, 90Sr, 60Co, 99Tc, 65Zn, 233U, 239Pu) were 
used as samples subject to decontamination.

A series of experiments run to determine the 
decontamination efficiency of additives and their 
mixtures yielded a data array, i. e., a series of ma-
trices with decontamination coefficients. Based on 
their analysis, the additives and their combinations 
considered as most effective under an anhydrous 
decontamination process were identified.

These tests contributed to the selection of a uni-
fied additive mixture providing satisfactory decon-
tamination coefficients across the entire spectrum 
of the studied radionuclides (from 10 to 100 in total 
over 3 decontamination cycles). The decontamina-
tion formula included a mixture of SAA, chemical 
cleaning enhancers, organic derivatives of phos-
phoric acid, aromatic hydrocarbons of complex 
structure and substituted carboxylic acids. The 
components were added according to the additive 
principle; no synergistic effects were detected. For 
clarity, Table 1 shows the decontamination coeffi-
cients based on the selected formula for the radio-
nuclides and samples of PPE materials used in the 
study over 3 decontamination cycles.

Table 1. Deactivation coefficients for the proposed 
universal decontamination formulation

Radionuclide Cotton fabric Blended fabric Lavsan
137Cs 33.6 56.9 68.0
60Co 11.2 10.6 21.8
90Sr 12.5 10.9 12.1
99Tc 16.3 16.7 15.6
65Zn 12.4 13.2 15.7
233U 11.5 9.7 10.4

239Pu 5.9 6.1 6.3

Experimental unit for special clothing 
decontamination in liquefied freon

Based on the laboratory data obtained, technical 
design requirements for an experimental unit were 
developed (Table 2).

Table 2. Technical characteristics of the developed 
experimental unit

Parameter Value
Operating temperature, °C 60

Operating pressure, atm. 15

Peak power, kW ≤12

One-time PPE loading, kg Up to 3

Reactor volume, l 60

Solvent recycling +
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Fig. 2 shows schematically the anhydrous decon-
tamination process.

Based on the specified technical characteristics, 
an experimental unit was designed and assembled. 
The layout was based on an integrated circuit. Thus, 
all process units were installed on a welded frame 
exteriorly covered with protective panels constitut-
ing to a single casing accounting for a safety bar-
rier in case of an emergency depressurization of 
the equipment elements. Inside, the unit was also 
fitted with supply and exhaust ventilation and a fil-
ter system designed for substance removal from its 
volume in case of depressurization.

The operator loads contaminated PPE and decon-
tamination additives in the required quantity into 
the reactor. Then, he seals the reactor and turns on 
the “washing” program on the control panel. Fur-
ther process is fully automated and takes about 
2 hours in total (excluding some preparatory op-
erations). After the unit is started in an automatic 
mode, the reactor and evaporator are evacuated, 
then about 20 liters of liquefied freon are fed into 
the reactor and appropriate operating conditions 
are provided (Table 1) by electric heating of the out-
er reactor wall. Then the “washing” process starts. A 
perforated drum is installed inside the reactor. It is 
rotated by an electric drive with a magnetic clutch. 
The “washing” stage itself takes 20 minutes, then 
the spent decontaminating mixture is removed 
into the evaporator tank. The mixture is drained by 
gravity when the shut-off valve between the reactor 
and the evaporator is opened. At the next stage, the 
reactor is filled again with freon and the “rinsing” 
process takes place (also 20 minutes). After that, 
the freon is discharged again into the evaporator. 
Then the “rinsing” stage is repeated once more. 
Upon its completion, the refrigeration machine is 
switched on: it provides highly efficient regenera-
tion of freon from the spent mixture in the receiver 
and has its own “clean” freon circuit, which does 
not get mixed with the one circulating through the 
reactor. After freon regeneration is completed, at-
mospheric air is let into the reactor, the operator 
opens it and removes clean PPE.

The described unit has been developed and tested 
on real PPE samples (cotton, lavsan and blended 
fabrics) considering the conditions inherent in an 
operating radiochemical enterprise (a scientific and 
experimental complex in the city of Gatchina). Pre-
liminary tests (Table 3) showed that this unit operat-
ed in a normal mode providing the decontamination 
of special clothing contaminated with radionuclides. 
It was also shown that the option providing for more 
than two decontamination cycles turned out to be im-
practical, since it was not able to provide somewhat 
considerable reduction in residual contamination. 

Table 3. Results obtained for real special clothing 
samples decontaminated at a unit under conditions 

specific for a radiochemical enterprise

Decontamination cycle Кd (α-contaminant) Кd (β- contaminant)

1 5—5.5 24

2 6 2

3 1 1

Total 30 48

The given decontamination coefficients (Kd) 
demonstrate the fundamental possibility of spe-
cial clothing decontamination in a liquefied freon 
environment that was provided in the developed 
unit. As it comes to the efficiency of this method, 
the initial and ultimate radioactive contamination 
levels turned out to be more indicative in this re-
spect. Fig. 3 and 4 show their comparison diagrams 
for the 6 special clothing samples tested. These fig-
ures show that such decontamination may remove 
some considerable radionuclide inventory during 
the decontamination process.

Preliminary experiments showed that in certain 
cases, it was possible to achieve residual contami-
nation levels that were below the threshold ones. 
Further research and more advanced operational 
process may enable stable decontamination re-
gardless of the contamination nature and the initial 
activity levels.

Fig. 2. Decontamination flowchart

Fig. 3. Comparison diagram showing the initial and ultimate 
levels of α-contaminants in special clothing samples
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Moreover, it should be noted that in addition to 
radioactive contaminant removal, PPE treatment 
from household contaminants, in particular, lubri-
cants and coolants, soot, dust and sweat and grease 
traces was observed as well (Fig. 5).

Fig. 6 shows the ultimate design of the unit. It is 
currently equipped with an automated control sys-
tem and a user-friendly interface minimizing the 
operator's involvement in the operational process.

After several decontamination cycles, secondary 
waste is removed from the evaporator via a drain 
hole at the bottom of the tank.

Secondary RW from the anhydrous decontamina-
tion process is a thick oily liquid involving spent 
decontamination additives and contaminants re-
moved from the surface of special clothing (radio-
nuclides, bodily secretions, dust, soot, lubricant-
coolants). They are removed in a manual mode in 
the experimental PPE decontamination unit.

Conclusion

Under this study, laboratory research was per-
formed to determine the operating parameters for 
the anhydrous decontamination process, namely, a 
pressure of 15 atmospheres and a temperature of 
60 °C. Freon-134a was selected as a solvent. Initial 
data were also compiled to develop a pilot anhy-
drous decontamination unit.

A series of experiments exploring the effective-
ness of decontamination additives and their mix-
tures provided a data array, i. e. a series of ma-
trices with decontamination coefficients. Based 
on the obtained data, the additives and their 
combinations considered as most effective un-
der the anhydrous decontamination process were 
identified.

A pilot anhydrous decontamination unit was de-
veloped: it was tested under the conditions of an 
operating radiochemical plant on real PPE samples 
provided solvent recycling in the circuit of the unit. 
These tests have demonstrated the feasibility of 
further research in the field of anhydrous decon-
tamination; the decontamination coefficients for 
the unit under given conditions and the decon-
tamination mixture formulation have been speci-
fied, which averaged up to 30 and 48 for α- and 
β-contaminants respectively. The efficiency of the 
unit in removing non-radioactive contaminants 
has been demonstrated as well.

In the future, further research is planned to col-
lect the statistics and to optimize the decontamina-
tion formulation considering the needs of specific 
enterprises, which is supposed to reduce the cost of 
the process and increase its efficiency. In addition, 
further upgrading of the unit is planned to increase 
its efficiency and reduce the time spent on a single 
decontamination cycle. In addition, studies are be-
ing conducted to explore how the secondary waste 
from the anhydrous decontamination process can 
be managed.

Fig. 4. Comparison diagram showing the initial and ultimate 
levels of β-contaminants in special clothing samples

а	 b
Fig. 5. A sample of special clothing containing household 
contaminants before (a) and after (b) decontamination

Fig. 6. Actual appearance of the experimental unit sample 
for anhydrous PPE decontamination
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