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ABSTRACT 

The plant’s chemists main responsibility is the establishment and monitoring of an adequate 
water chemistry to minimize corrosion and in PWRs, to control the neutron flux.  

But this is by no means the only way in which chemical applications contribute to the 
performance and safety of a NPP during its entire life: 

The use of special coatings and treatment protects the plant’s components from aggressive 
environmental conditions. The chemical scale removal in steam generators improves the power output 
of aging plants, helping even to achieve permissions for NPP life extension. The use of special 
adhesives can replace welding in complicated or high-dose areas, even underwater. And chemical 
decontamination is used to remove activity from the components of the primary circuit prior to 
maintenance or replacement works in order to decrease the radiation exposure of the plant’s 
personnel, employing revolutionary methods of waste minimization to limit the amount of generated 
radioactive waste to a minimum. 

The AREVA Group, in its pursue of excellence in all stages of the nuclear cycle, has devoted 
years of research and development to be able to provide the most advanced technological solutions in 
this field. The awareness of the existing possibilities will help present and future nuclear professionals, 
chemists and non-chemists alike, to benefit from the years of experience and continuous development 
in chemical technologies at the service of the nuclear industry. 

1 CHEMISTRY AND NUCLEAR POWER 

Over the last decades the nuclear industry has been, together with major human undertakings 
like the exploration of space and medical investigation, one of the main drives of technical and 
scientific progress. The very principles of nuclear power generation were some of the biggest 
breakthroughs in science ever, and many of the present advances in technological fields such as 
robotics, telemetry and automation have been stimulated by its special needs. This is also the case of 
many advances in chemical technology, a few of which will be presented here. In relation with a 
nuclear power generation that of the chemist might perhaps not be the first professional profile that 
springs to mind, but there are many ways in which chemical applications and services contribute to the 
safety and performance of the plant. 

The involvement of chemistry in the nuclear cycle starts at its very beginning, both of every fuel 
cycle with the production of the nuclear fuel and of the nuclear power plant itself, during its 
construction phase. There are, for instance, many special coatings which are applied not only for 
corrosion or environmental protection of the structural materials, but also to provide the non-porous 
easily decontaminable surfaces required within the controlled area. The choice of the construction 
materials themselves is also largely determined by their chemical composition and characteristics, 
such as corrosion behavior, or the products of their activation in the reactor’s neutron field. And there 
are chemists involved in their development, qualification and application. Chemistry -and chemists- 
accompany a nuclear power plant throughout its entire life cycle, including decomissioning. 
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2 CHEMISTRY ASSISTS DURING OPERATION 

Among the many tasks of chemists during operation, corrosion control is probably one of the 
most important. This issue is essential for maintaining adequate operating conditions, for two reasons: 
One is maintaining the physical and structural integrity of the primary circuit and preserving the original 
characteristics of the plant including power output. Corrosion can affect the plant’s performance over 
time, especially in PWRs, through scale formation on the heat exchange surfaces of the steam 
generators that hinders heat transfer, and the necessity to plug damaged tubes. The second reason is 
the prevention of the activity build-up caused by dispersion in the primary circuit of corrosion products 
which have been activated in the neutron field of the reactor. Their incorporation into growing oxide 
layers within and outside of the reactor vessel results in an increase of the radiation exposure of the 
plant’s personnel. The determination of optimal operating conditions for corrosion control has been the 
subject of a decades-long collaboration and experience exchange between utilities and AREVA or 
other OEMs. As a result, a set of recommended parameters and best practices has emerged. 

The application of a specific, optimized water chemistry contributes to the reduction of oxide 
formation during the fuel cycle, and to the removal of a part of the corrosion products during shut-
down. Shortly after start-up oxygen, for instance, is quickly displaced off the coolant, and hydrogen is 
added -in PWRs and also in many BWRs- to create a reducing environment which slows down oxide 
formation and results in thinner, more compact oxide layers. 

The analysis and determination of the composition of the oxide layers on the surfaces of the 
primary circuit has enabled to identify optimum water chemistry parameters for minimum oxide 
formation and oxide dissolution, resulting in a reduction of corrosion product activation: While 
dissolution of the iron-only oxide magnetite reaches a minimum at pH 6.9 at operating conditions, 
nickel ferrites, which are the common oxide in plants with nickel rich materials, reach minimum 
dissolution in a pH range of 7.2 to 7.4. 

In PWR the primary coolant contains, however, boric acid in variable amounts during the cycle 
to keep a constant power output. In the first stages of the cycle the concentration of boron in the 
coolant is kept high at around 1200 ppm B, to compensate for the higher reactivity of the new fuel, and 
is reduced during the course according to the fuel burn-up until the end of the cycle, where no boron is 
present in the coolant. As a result of the addition of boric acid the primary coolant is acidic, especially 
at the first stages of every cycle. To compensate for this an alkalizing agent is added, in a 
concentration adjusted according to the amount of boric acid present to maintain the target pH for 
corrosion minimization. The alkalizing agent of choice in many plants is lithium hydroxide. Other 
alkalizing agents, such as potassium hydroxide, can be and have been used. Lithium presents some 
advantages over them, including a very low thermal neutron absorption cross section. The amount of 
alkalizing agent in the coolant is, however, limited to a few ppm. Higher contents can cause selective 
corrosion of the zirconium containing materials of the fuel assemblies. Chemists also found a solution 
to this problem: The use of boron-10 enriched boric acid. This boron isotope, which is present in 
natural boron in a proportion below 20%, is the one “useful” for neutron absorption (its neutron cross 
section being over 750 000 times that of boron-11). Thus, the use of boron-10 enriched boric acid 
enables to achieve the same levels of neutron flux control at much lower acid concentrations, which in 
turn lowers the amount of lithium hydroxide necessary to compensate the pH [1]. 

Chemical countermeasures have also been developed to minimize the incorporation of the 
corrosion products that do get activated in the oxide layers outside the reactor vessel. This is achieved 
through the injection of a zinc compound into the coolant. Zinc has a much higher preference for the 
sites in the oxide structure that would otherwise be occupied by the strong gamma-emitter cobalt-60 
[2]. In presence of zinc cobalt dissolves in lower amounts and remains longer in the coolant, and can 
thus be removed more effectively by the reactor water clean-up systems. The zinc used to this end is 
depleted in the isotope zinc-64, to prevent the formation of the also strong gamma emitting zinc-65. 

Chemistry and chemists contribute in these and other ways to the maintenance of the plant and 
to the prevention of activity build-up and, through that, to the reduction of radiation exposure. 
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3 CHEMISTRY INCREASES PERFORMANCE 

The decay of plant efficiency over time due to oxide formation on heat transfer surfaces and to 
sludge accumulation in steam generators is a specific problem of PWRs. Oxides act as isolators and 
hinder heat transfer. Also, corrosion often leads to damaged tubes which have to be plugged, resulting 
in a loss of net heat transfer surface. One option to correct this is an exchange of the steam 
generators. This has been conducted in many plants with satisfactory results, and the necessary 
technology and know-how are available. Replacing a steam generator is, however, costly and time 
consuming. Chemistry can offer an alternative. 

In steam generators the temperature gradient and the flow conditions favors the deposition and 
accumulation of dissolved and suspended substances. Deposition is higher on the secondary side, 
due to steam generation, space geometry and a higher proportion of non-austenitic materials, as 
compared to the primary circuit. The oxides consist primarily of the iron-oxide magnetite, with minor 
fractions of other metals depending on the materials used on the secondary circuit, such as copper. 
The amount of oxide accumulated in the steam generator varies from plant to plant, and is dependent 
on secondary water chemistry and operating conditions and time. Typical values at the time of 
application range from 300 to 3000 kg magnetite per steam generator. The removal of the iron oxide 
takes place using complexing agents, such as EDTA, with the addition of reducing agents for 
corrosion minimization. If the process by itself would be too aggressive towards the base metal of the 
steam generator the addition of corrosion inhibitors is necessary. Advanced processes, such as 
AREVA’s HTCC (high temperature chemical cleaning) do not, however, require of their use. 

The chemical cleaning can be integrated in a refueling outage, using the residual heat after 
reactor shutdown to achieve the required process temperature and requiring a treatment time inferior 
to 24h for the removal of the oxide in the steam generator. 

Reports after application quote improvements of the effective heat transfer area of 9% [3] and 
increases in the main steam pressure of 3 bars [4]. 

The chemical cleaning of steam generators as a method of restoring performance in aging 
power plants is becoming more and more important, as the average plant’s age increases: Of the 245 
steam generators treatments performed AREVA with this technology since 1985, over 50 have taken 
place during the last 5 years. 

 

4 CHEMISTRY REPAIRS 

A very interesting possibility provided by chemical technology is repair method alternative to 
welding, through the use of adhesive materials on an epoxy, silicone, polyurethane or vinyl-ester 
basis. The development of radiation resistant adhesives, designed and tested to withstand energy 
doses exceeding 20 MGy, offers a series of remarkable advantages, especially in situations where 
leakages due to corrosion have to be repaired. 

The damaged surface is coated with the specifically chosen adhesive for the repair, which is 
then covered by a plate of stainless steel or other required material. Since the cover plate is not in 
direct contact with the base metal no galvanic corrosion can occur. Thermal or mechanical stresses at 
the damaged spot are compensated by the elastic adhesive layer, and are thus not transferred to the 
cover plate. The adhesive can be applied even under water, either by divers or by mechanical 
manipulators. The main application field of this technology is nowadays the repair of spent fuel pools 
and fuel transfer channels. One of its main advantages is that it is not necessary to locate the exact 
spot of the failure before the repair. Since a wide surface area can be covered it makes possible to 
repair minor leakages even when their exact location can not be determined, or to apply a prophylactic 
protection to a problematic area. 
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5 CHEMISTRY REDUCES RADIATION EXPOSURE 

Chemical decontamination for the reduction of radiation exposure is probably one of the most 
interesting fields of application of chemical technology in nuclear power plants, due to the challenging 
conditions that have to be faced and the creative solutions that have been found. 

Decontamination consists primarily of the removal of the oxide layers growing on the surfaces of 
the primary coolant circuit internals, in which the activation products generated in the neutron field of 
the reactor have been incorporated. The degree of contamination varies from plant to plant and within 
a plant from location to location, depending on flow, temperature, materials, oxide characteristics, and 
many other factors, but every nuclear plant whose reactor has been critical is to a higher or lesser 
extent contaminated in this way. The objective of the decontamination is to reduce the radiation 
exposure of the personnel that has work at or in the vicinity of contaminated components, according to 
the ALARA principle: to keep radiation exposure as low as reasonably achievable. The method for the 
removal of the contamination doesn’t necessarily need to be a chemical treatment. The removal of 
primary side oxide depositions inside steam generator tubing has been performed very successfully by 
mechanical means, such as AREVA’s SIVABLAST-technology, through high pressure high speed 
blasting of the contaminated oxides with corundum or stainless steel beads. And, for this scenario, the 
application of a mechanical decontamination method presents many decisive advantages over any 
others. Mechanical applications are, however, limited by the losses of kinetic energy in complicated 
geometries, and are thus only applicable to single simple components with easily accessible surfaces. 
Geometric limitations do not apply, on the other hand, to chemical decontamination methods which 
rely on the interaction of a water-borne chemical agent with the oxide layers. This enables the 
treatment of components with complicated geometries, such as reactor coolant pumps, and opens the 
possibility to the simultaneous treatment of whole sub-systems or even to full system 
decontaminations. 

Historically chemical decontamination methods derive from scale removal methods used in the 
conventional industry, but the necessity to dispose of the generated effluents as radioactive material 
as lead to many very interesting developments in the field of waste reduction, which could eventually 
find an application in non-nuclear fields. 

The original treatments with concentrated inorganic acids were gradually replaced by softer 
processes employing organic acids which caused a lower attack of the base metal, and avoided the 
problems of localized corrosion caused by hydrochloric acid and other halogenoid substances. The 
difficulties in solving chromium oxides with organic acids were overcome by introducing an oxidation 
step, which turned chromium depositions into a more soluble form. The remaining iron and nickel 
oxides were then removed with solutions of organic acids, by reducing and/or complexing means. A 
major improvement to chemical decontaminations was achieved through the introduction of ion 
exchangers. They made possible to bind the dissolved radioactive products into a solid matrix whose 
handling and behavior in case of spills was much more convenient than that of radioactive liquids. The 
following step in the quest for the minimization of the amount of generated radioactive waste was the 
optimizing the use of dilute processes, which enabled to achieve the same degree of decontamination 
effectiveness at a much lower level of “secondary waste”. For process comparison only, the term 
secondary waste was introduced: While primary waste refers to the amount of oxides and 
radionuclides present in the plant, secondary waste refers to the chemicals and materials that are 
used for the contamination removal. In the end all waste is obtained together, intermixed, and 
everything has to be disposed of as radioactive waste. But where primary waste is dependant of the 
plant’s history and its amount can not be influenced by the decontamination, the amount of secondary 
waste relates to the chosen decontamination process and can, thus, be influenced. A major 
breakthrough in waste minimization was introduced by Atomic Energy of Canada Ltd with their 
CANDECON process (CANDU Decontamination), the first regenerative decontamination process, 
designed to avoid the dilution of the heavy water used as moderator in CANDU reactors with light 
water from resins, reaction and even crystallization water in the chemicals added. Cation exchangers 
were employed during the decontamination process for the online removal of the dissolved metals, 
freeing the anionic decontamination chemicals and releasing them again into the solution to continue 
reacting with remaining oxides. The introduction of regenerative processes made it possible to 
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decontaminate with far under-stoichiometric amounts of chemicals. The British Central Electricity 
Generating Board developed later the LOMI process (Low Oxidation State Metal Ion), which also was 
a regenerative process, at least during the application in Magnox reactors, for which it was conceived 
(and, alas, only there). It uses Vanadium-(II) accompanied with organic acids to remove the oxide 
layers. In the process Vanadium oxidizes to V-(III), but the radiation field in the Magnox-core reduced 
it back to Vanadium-(II), regenerating the reducing effect of the solution. Although in its application 
outside this kind of reactors the regeneration effect is not present, and therefore much higher amounts 
of radioactive waste are generated, many plants, specially in the U.S., still use this process due to its 
high oxide dissolution speed. The next two steps in waste reduction were made by Siemens’ nuclear 
division, now integrated into the AREVA Group, with the HP CORD UV process. The oxidizing agent 
for chromium removal, potassium permanganate, was substituted by permanganic acid, eliminating 
the waste generated by the potassium fraction and lowering the pH of the solution without the need of 
an additional acid. The oxidation with permanganic acid is faster and more efficient than with alkaline 
or nitric potassium permanganate, with much lower corrosion [5]. Furthermore, the in situ 
decomposition of the organic acids used in the decontamination was introduced. In a reaction 
catalyzed by UV-light and requiring only the addition of H2O2, which generates no residue, the organic 
acids are transformed into gaseous carbon dioxide. Only the metals, fixed on ion exchangers, are to 
be disposed of as radioactive waste. Developments in this field continue even today, with the study of 
the applicability of alternative decontamination and oxidizing agents, such as ozone, or the perfection 
of methods to remove even the smallest amounts of residual contamination in preparation for 
decommissioning of the nuclear plant after the completion of its life cycle. 

6 CONCLUSION 

The professional profile of the chemist is perhaps not the first to spring to mind when thinking 
about the nuclear industry, and many professionals with chemical background possibly fail to consider 
the nuclear industry as a viable career option. There are, however, many different and exciting 
possibilities in this field where chemists and chemically interested professionals can contribute to the 
safe, dependable and reliable operation of nuclear power plants.  

And there are many ways in which non-chemists can benefit from a wide range of innovative 
and creative solutions offered to them based on a different, chemical approach. 

The AREVA Group, in its pursue of excellence in all stages of the nuclear cycle, has devoted 
years of research and development to be able to provide the most advanced technological solutions in 
this field. The awareness of the existing possibilities will help present and future nuclear professionals, 
chemists and non-chemists alike, to benefit from the years of experience and continuous development 
in chemical technologies at the service of the nuclear industry. 

If you want to know more about this exciting field of nuclear technology and the possibilities it 
offers do not hesitate to contact the author or an AREVA representative in your region. 
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