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ABSTRACT

This research paper provides theoretical scientific evidence for removing tritium from ALPS treat-
ed water in Fukushima Daiichi. This research is a theoretical study about the possibility of using a 
membrane thermal separation process for removing tritium from ALPS treated water in Fukushi-
ma Daiichi power plant. The negative effects of the presence of tritium in natural water are the 
main reason for this research on separation of tritium from nuclear power plant water. In previous 
research studies there are references to separation of tritium by a thermal membrane process. This 
pervaporation process based on experimental research. This paper describes thermodynamics 
based on the separation of tritium from ALPS treated water as scientific evidence.

INTRODUCTION

Following a major earthquake, a powerful tsuna-
mi disabled the power supply to nuclear reactors 
in Fukushima Daiichi nuclear power plant. On 
Friday 11 March 2011, an accident contaminated 
the soil and the water environment in a large area 
in Fukushima prefecture. The main contaminants 
are radioactive caesium and tritium in water. The 
main reason for this paper is to provide thermody-
namics principles for tritium separation from ALPS 
treated water. Tritium is a radioactive hydrogen iso-
tope with a half-life of 12.5 years that is emitted by 
a nuclear reactor cooling system (Ondareva, et al., 
2022). More than 500 large reactors exist around the 
world. Tritium is produced during the operation of 
nuclear reactors of all types. Tritium is present in 
many organic compounds, including those which 
are biologically important. Tritium is associated 
with radiological risk if the human body absorbs it 
in organic molecules throughout the environment 
along food chains to its potential human consumer 
(Bell, et al., 2006). Inorganic tritium is bonded to the 
carbon skeleton of organic molecules. In this case, 
non-exchangeable tritium is formed in aquatic life. 

The interaction of tritium with aquatic life, plants, 
or fish causes tritium accumulation and retention 
in biological structures, then in the food chain, and 
finally in the human body. Tritium in the human 
body is replaced by the hydrogen in DNA molecules 
and increases cancerogenic risk due to radiation ef-
fects on the human body. These negative effects of 
the presence of tritium in natural water are the main 
reason for the separation of tritium from nuclear 
power plant water. As shown in Figs. 1-3 the com-
plete process for treatment contaminated water and 
quantity contaminated water in fukushima Daiichi 
plant (Belovodsky, et al., 1985; Balzhiser, et al., 1972; 
Embury, et al., 1986). 

METHODOLOGY
Theory and Formula

Theoretical design for any process is evaluated 
through the difference in chemical potential be-
tween first state and second state. The second state 
has lower chemical potential for the process. Any 
system has tendency to moving in more stable state. 
The stable state has lower molar Gibbs free energy 
and more entropy (Frilette, et al., 1978).
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Fig. 1 Complete process for treatment contaminated water and quantity con-
taminated water in fukushima Daiichi plant.

Fig. 2 A graphical representation of advanced liquid processing system for treatment of contaminated water. Note: ( ) 
Storage capacity for ALPS etc. treated Water*; ( ) Storage capacity for Cesium/Strontium-treated water; ( ) Amount of 
ALPS etc. treated water* currently being stored; ( ) Amount of Cesium/Strontium-treated water currently being stored.

Fig. 3 Amount of treated water being stored broken down by the sum of the 
ratios of the concentrations required by law (estimate).
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The process is based on generating chemical potential 
difference less than zero for required compound to be 
separated from liquid mixture on membrane side and 
vacuum side of membrane and other compounds have 
chemical potential greater than zero in Fukushima daii-
chi ALPS treated water, there is mixture of HTO and 
light water. The main processes for separating HTO from 
light water are used pervaporation and vacuum mem-
brane distillations (Galeriu, et al., 2010). The four ther-
modynamic rules, which provide an axiomatic basis, are 
used to describe any thermodynamic system. Based on 
the first law, energy can move across physical systems 
as heat, work, and material transfer. The second rule 
establishes the existence of a quantity known as entro-
py, which measures the state of order of a system and 
can be used to calculate the amount of useful work that 
can be extracted from the system. Entropy describes the 
thermodynamic direction in which a system can evolve. 
The vapour pressure for HTO 35.57097 Kpa at 75.6°C and 
the light water vapour pressure is 39.503423 Kpa. This 
process is used vacuum pressure at vacuum membrane 
side is 37 kpa and heating the liquid mixture at 76°C be-
fore entering membrane compartment in liquid side this 
separating light water from mixture by evaporation and 
concentrating HTO in liquid phase and enrichment HTO 
in mixture. Since drinking water supplies in Europe had 
been harmed by the war, membrane filters were used to 
test for water safety. Membrane has been known since 
the eighteenth century, but it was rarely used outside of 
the laboratory until the end of World War II. Membranes 
were not, however, widely utilized because of their un-
reliability, sluggishness, low selectivity, and high costs. 
Microfiltration and ultrafiltration technologies were the 
first to use membranes extensively. Large plants have 
been using these separation techniques, along with elec-
trodialysis, since the 1980s, and a number of knowledge-
able businesses now supply the market. Vacuum Mem-
brane Distillations (VMD) is amongst the most favorable 
MD configurations. In this process, the vapour is with-
drawn by exerting a vacuum pressure to the permeate 
side of the membrane, which is kept as just lower than 
the saturation pressure of volatile components in the hot 
feed (Chae, et al., 2018; Habibi, et al., 2010; Cox, et al., 
1982; Holtslander, et al., 1984; Quisenberry, et al., 1979).

The Pervaporation (PV) is a membrane separation pro-
cess for separating liquid mixtures wherein the upstream 
of dense PV membranes is in contact with feed liquids 
and the downstream is kept at vacuum state. These two 
processes vacuum membrane distillations and pervapo-
ration are same principles, but the difference is mem-
brane type (Rubel, et al., 2019; Mikhailova, et al., 1997; 
Weinberg, et al., 1981; Garbinsky, et al., 1979). The chem-
ical potential of tritiated water HTO and light water in 
the feed and the vapour at vacuum side, the difference 
in chemical potential of HTO and light water in feed side 
and vacuum side is given by
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The isothermal condition, the chemical potential differ-
ence (J/mol) between the feed side and vacuum side is 
given by assuming that the activity coefficient is unity 
and the partial molar specific volume of HTO and light 
water (Pilmer, et al., 1973; Yamanishi, et al., 2020).

RESULTS AND DISCUSSION

Thermodynamics principles for any chemical or physical 
process, this thermodynamic base is explained main pro-
cess parameters in symbolic logic form, the molar Gibbs 
free energy or chemical potential function is explained 
for any process from one state to second (Dolan, et al., 
1992). The system is moved in direction of increasing en-
tropy and decreasing Gibbs free energy to overcome this, 
applying another potential such as vacuum pressure in 
second state or any other potential as in any separation 
process. These equations from 1 to 5 are the main design 
process equations and main parameters. Considering 
these equations for design separation thermal membrane 
process (membrane distillations and pervaporation) as in 
the ALPS treated water in Fukushima Daiichi. The inter-
actions between large sets of things are investigated and 
categorized in thermodynamics. The ideas of the thermo-
dynamic system and its surroundings are crucial to this. 
The average movements of the particles that make up a 
system establish its attributes, which are then connect-
ed to one another through equations of state. In order 
to represent internal energy and thermodynamic po-
tentials, properties can be combined. These expressions 
are helpful for establishing the prerequisites for equilib-
rium and spontaneous events. Nuclear power plant the 
Fukushima Daiichi. Nuclear waste effluent treatment is 
the largest ever nuclear waste treatment process. The 
only remaining problem is tritium removing from ALPS 
treated water in Fukushima Daiichi. Nuclear power 
plant for using membrane distillations process and per-
vaporation process the only adjusting process parame-
ters for removing tritium from light water the main pa-
rameters for using membrane distillations process and 
pervaporation process are tritium mole fraction and light 
water mole fraction and process temperature and mem-
brane type for pervaporation and vacuum pressure on 
permeate side on membrane to enrichment tritium in 
process feed side. Pilot study also providing more and 
details information for increasing process performance. 
The mole fractions for tritium and light water play im-
portant role based on the value of mole fraction in first 
term in equations 4 and 2. Providing numerical value for 
the possibility for removing tritium from mixture or no. 
These thermodynamics principles are played crucial role 
in design any process for any purpose (Moir, et al., 1985; 
Wee, et al., 2008).
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CONCLUSIONS

• Tritium is harmful for aquatic life; Tritium is associated 
with radiological risk if the human body absorbs it in or-
ganic molecules throughout the environment along food 
chains to its potential human consumer.

• Thermal membrane process, Membrane distillations 
and pervaporation are abled for separation tritium from 
light water but the adjustment process parameters and 
thermodynamic analysis are very important for reaching 
separation tritium from light water.

• Pervaporation membrane process was used in sepa-
ration tritium in many previous experimental research 
study without any thermodynamic analysis.

• Thermal membrane process such as membrane distilla-
tions and pervaporation are very useful, more economic 
and not sophisticated, suitable for removing tritium from 
ALPS treated water in Fukushima Daiichi Nuclear pow-
er plant.

• The equations are derived for mixture of light water 
and tritium hydroxide HTO due to lack for details analy-
sis for ALPS treated water.

• In case the result of equations 2 and 4 negative, which 
meaning the tritium and light water will cross mem-
brane in permeate side. Use membrane distillations with 
sweeping gas membrane distillations and use very low 
pressure in gas side less than vapour pressure of light 
water and higher than tritium heavy water HTO and add 
to equation chemical potential function mole fraction 
term in permeate side.
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