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ABSTRACT 

Pacific Northwest Laboratory (PNL) conducted an comprehensive literature 
review of actual reactor decontamination processes that are currently avail­
able. In general, any decontamination process should be based on the following 
criteria: effectiveness, efficiency, safety, and waste production. The infor­
mation that was collected and analyzed has been divided into three major cate­

gories of decontamination: chemical, mechanical, and electrochemical. 
Chemical methods can be further classified as either low-concentration, single­
step processes or high-concentration, single- or multistep processes. Numerous 
chemical decontamination methods are detailed. Mechanical decontamination 

methods are usually restricted to the removal of a contaminated surface layer, 
whlch limits their versatility; several mechanical decontamination methods are 
described. Electrochemical decontamination. is both fast and easily controlled, 
and numerous processes that have been used in industry for many years are 

discussed. Information obtained from this work is tabulated in Appendix A for 
easy access, and a bibliography and a glossary have been provided. 
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SUMMARY 

There is an increasing realization by the public and the nuclear industry 
that decontamination of nuclear facilities is necessary for both continued 
operations and decommissioning. Processes used as a precursor to decommis­
sioning may include more destructive measures than allowable for facilities 

that will be restored to operation; however, they are expected to have the 
potential for a greater degree of decontamination. 

This report is the result of a comprehensive literature review wherein the 
authors have collected and analyzed information on actual decontamination pro­
cesses that are currently available. Processes that are acceptable for the 
primary system are reviewed, as are those that are acceptable for interior 
structural members (such as concrete or painted surfaces) and for exterior 
locations (such as concrete or soil). Applicability is based on such factors 
as extent of decontamination, corrosiveness, waste produced, and time required 
for application. Decontamination of activated materials such as fuel-cladding 
and bio-shield components is beyond the scope of this program except for possi­
ble removal of loose surface deposits. 

The information presented in this report is also tabulated in Appendix A 

for easy access. The information has been divided into three major groups: 
chemical decontamination methods, mechanical decontamination methods, and elec­
trochemical decontamination methods. 

Chemical methods are further subdivided into low-concentration, single­
step processes and high-concentration, single- or multistep processes. Within 
these classifications the chemical processes can be summarized into six groups: 

• high pH oxidation and dissolution 
• high pH oxidation followed by low pH dissolution 
• low pH oxidation and dissolution 
• low pH oxidation followed by low pH dissolution 
• low pH dissolution 
• low pH reduction and dissolution. 
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Mechanical decontamination methods usually involve the removal of a 
relatively thick surface layer and as such are generally less versatile 

than chemical methods. They are restricted to exposed surfaces that are 
accessible from some exterior point. Probably the best-known mechanical 
methods involve pneumatic spalling of contaminatea concrete surfaces and 
grit blasting of steam generator surfaces. 

Electrochemical processes have the advantage of being fast, readily con­
trollable, and effective; however, it is generally necessary to have the sec­
ondary electrode in the immediate vicinity of the area being cleaned. The 

best-known electrochemical process is electropolishing, which is used to remove 
the outer surface of a meta 1 object. 

The recent increased emphasis on decontamination has prompted the U.S. 
Nuclear Regulatory Commission {NRC) to sponsor projects that will fill some of 
the information gaps for currently existing processes. This document, its 

future supplements, and the complementary laboratC~ry program will provide suf­
ficient information to make reasonable selections for decontamination processes 
for any given reactor. 
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INTROOUCTION 

The need for reactor decontamination and suitable decontamination pro­
cesses has been recognized for many years. This need was universally accepted 

until the late 1960s when, at least in the United States, industry took the 

position that radiation levels were not increasing and that decontamination 

problems were under control. Toward the mid-1970s r~gulatory agencies and 
industry began to express renewed concern about radiation 

and the interest in decontamination again began to grow. 

interest in decontaminating not only operating facilities 

that are scheduled for decommissioning. 

and the environment, 
Today, there is 
but also facilities 

With this in mind, the Division of Safeguards, Fuel Cycle, and Environ-
mental Research of the U.S. Nuclear Regulatory Commission (NRC) and the Divi­
sion of Engineering (NRC) requested that Pacific Northwest Laboratory (PNL)(a) 

examine the options available for decontamination for continued operations and 

for deconmissi oning. 

A large number of suitable or potentially suitable processes for reactor 

decontamination were examined. Processes were reviewed that are acceptable for 
both the primary system and the containment system structural members (such as 

concrete or painted surfaces) and for exterior locations (such as concrete and 
soil). Because this study was also directed towards decommissioning work, many 
processes were examined that may have higher corrosion rates than normally con­
sidered acceptable for continued operation but that may provide improved 
decontamination. 

This report discusses only the actual physical and chemical decontamina­
tion processes available. It is true, however, that a successful decontamina­
tion is not solely dependent on the decontamination process because other 
factors (such as plant design, planning, procedures, training, and management) 
may be equally or more important. The role of these other factors will be 

developed in future reports from this program. 

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial 
Institute. 
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In addition to performing a literature search and preparing a bibliog­
raphy, we have also attempted a literature review wherein information has been 
collected and analyzed. The information is tabulated in Appendix A. 

BACKGROUND 

Early in the history of radiochemistry and reactor technology decontamina­
tion was not considered because of the lack of radiation detection instruments . 
and a poor understanding of radiation effects. However, the effects of expo-
sures to high radiation fields soon became understood; and improved radiation 
detectors permitted easy radiation monitoring. Today, the public and the 
nuclear industry are more concerned about radiation effects than ever before. 
At the same time, instrumentation permits detection of low levels of radioac­
tivity on surfaces that may appear clean. 

In the fifties and early sixties the need for reactor decontamination was 

clear cut, and reactor designs {for example, Dresden-1) included decontamina­
tion features. During this time considerable effort was expended on decontami­
nation research and development (R&D) both in the United States and abroad 
(Ayres 1970). In the late sixties there was a rather abrupt loss of interest 

in decontamination. Worden {1980) attributes this to the emphasis on growth in 
the nuclear industry; however, it should be observed that radiation levels 
appeared to be leveling off in various operating plants. Thus, with radiation 
levels "under control" the need for new decontamination effort ceased in the 
United States. Interestingly, other countries did not stop their work. 
Canada, for example, continued its efforts, which led to the CAN-DECON low­
concentration process. Towards the mid-1970s an interest in decontamination 
was rekindled in the United States. This was due in part, such as in the case 

of Dresden-1, to the realization that exposure rates were increasing and that 

critical component inspection and maintenance was scheduled (Worden 1980). In 
addition, decommissioning requirements influenced the interest in decontamina­

tion. 

As shown in Figure 1, decontamination is an important operational step in 

the options open for decommissioning. One process that will not be discussed 
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STORAGE 

FIGURE 1. Options for Handling Contaminated Reactors 

in this report is the use of natural decay time in lieu of active decontamina­
tion (shown in Figure 1 as 11 Safe Storage). 

Several factors of decommissioning led to the accelerated interest in 
decontamination, including increased numbers of facilities to be decommissioned 
and possible recovery of construction materials. There are currently over 
60 shutdown reactor facilities, although many are quite small (Erickson 1979) 
and not all will require decontamination before dismantling. A large push in 
decommissioning and presumably decontamination is expected in the next 
20 years, especially internationally; France alone expects to decommission 
80 nuclear installations by the year 2000 (Manion 1979). Such a large number 
of facilities may provide an important source of construction materials. 
Manion states that thousands of tons of potentially recoverable metals are 
present in a single reactor. 
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METHOOOLOGY 

At the beginning of this program, three major methods of obtaining infor­

mation were considered: manual and computerized searches of the literature, 

review of old Hanford notebooks, and discussions with Hanford and other person­

nel. The purpose of this three-fold approach was to characterize decontamina­

tion processes that are in use, that may have been tested and rejected in the 

past, or that are currently under development. Each of these sources provides 
unique contributions to the technology. In looking at currently available pro­

cesses, we have limited ourselves to U.S. publications; but some interaction 
from foreign experience is expected. Previously rejected processes were 

reviewed because for this report decontamination was being 

cursor to decommissioning as well as to further operation. 

been rejected in the past because of unacceptable corrosion 

decommissioning purposes, we need to know what these rates 

they were too high for a system being returned to service. 

considered as a pre­

A process may have 

rates; however, for 

are, not just that 

Finally, new pro-
cesses, even if proprietary factors prevent a discussion in the report, provide 

an insight that may suggest application or modification of other nonproprietary 
processes. 

Literature Survey 

Various abstracts and abstract services (including the Decontamination and 

Decommissioning data base, Nuclear Science Abstracts, and Environmental Aspects 
of the Transuranics data base) were used in the computerized search to collect 

potential titles for review. Table 1 shows the ke_y word list that was gener­
ated for the search, which produced well over a quarter of a million citations. 

The number of citations was reduced about 10% by grouping (which eliminated 

some duplication) into the categories shown in Table 1. By combining Group !-­

decontamination and decommissioning (D&D) terms--with each of the other groups, 

the total number of citations was reduced to about 2500. 

The title, abstract, and key words associated with each title were then 

examined; and only papers dealing with decontamination and cleaning processes 
were considered. Other literature references found with key words such as cost 

or exposure were reviewed to provide input to other tasks in the program 
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D&D Terms: 

Materials: 

Methods: 

Contaminants 
and Wastes: 

Exposure: 

Reactors: 

Cost: 

TABLE 1. Key Word List 

Decontamination 
Decorrmi s s i on i n g 
Reactor Decommissioning 

Pipes 
Concretes 
Cements 
Paints 

Electrochemical Coating 
Chemical Coating 
Evaporation 
Solidification 
Inorganic Acids 

Fission Products 
Spent Fuels 
Transuranic Elements 
Transuranic Compounds 
Actinides 
Low-Level Radioactive 

Wastes 
High-Level Radioactive 

Wastes 

Radiation Doses 
Dose Rates 
Radiation Effects 
Environmental Effects 
Environmental Impacts 

Pressurized Water Reactors 
Boiling Water Reactors 
Light Water Gas Reactors 

Cost/Benefit Analysis 
Economics 

Demolition 
Reactor Dismantling 
Fuel Assembly Dismantling 

Soils 
Coatings 
Films 
Asphalts 

Surface Coating 
Electrochemistry 
Abrasion 
Abrasives 

Liquid Wastes 
Solid Wastes 
Gaseous Wastes 
Waste Disposal 
Waste Storage 
Waste Processing 

Environment 
Surface Contamination 
Radioactivity 
Radionuclide Kinetics 

and a broader background to the process review task and because there was a 
slight chance one would actually discuss a specific process rather than comment 
on the need. 

A computerized search provides a very rapid means of scanning compilations 

of commercial (including government) abstract services. It does not neces­
sarily provide an all-inclusive search because: 
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• Most computerized services provide comprehensi·y~e coverage only back 
to about 1970. 

• Publication may have been in an 11 0bscure 11 journal (that is, a journal 
not abstracted by the service or one not normally used for the par­
ticular subject). 

• The selection of key words, combinations of key words, or other 
reasons may lead to inadvertent rejection of t1e particular 
citation. (a) 

Because of these possible omissions, a limited manual search was made; and 

the major, and expected, finding was that most of t1e older documents {such as 
from Hanford, Oak Ridge, and the numerous other labJratories doing decontamina­
tion work) were not listed. It was also found, however, that many of the older 

documents are no longer in existence, except perhaps in personal files. 

Lab ora toC1.__!i oteb oaks 

It was proposed that retired Hanford laboratory notebooks be used as a 
source of otherwise inaccessible information on decontamination. In view of 

the large number of programs and the extensive effo·rt placed on decontamina­
tion, these notebooks were expected to be a wealth Jf data. However, for the 
most pertinent dates (prior to the late 1960s) no r·ecords were kept of who was 
assigned to specific books. The only records found for these dates have been 
in personal files that were not always complete because they often reference 
other logbooks that are frequently inaccessible. In addition, most of the pro­
cess information in the old documents and logbooks is available, in at least 
sunmary form, in either Ayres (1970) or Weed (1962). 

(a) Probably the most noteworthy example of such an omission is that of 
J. A. Ayres• book Decontamination of Nuclear Reactors and Equipment, which 
for some reason was not included in any of the computer listings. 
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Discussions 

Discussions with persons knowledgeable in the decontamination field and 

particularly ones currently working in the area were largely limited to indica­
tions of the direction in which decontamination R&D is moving; few specific 

details could be obtained. Typically, the researcher was either willing to 
discuss a new process in detail only on a proprietary basis or was not willing 

to discuss the program except in a general fashion. 

The overall result of the limitations noted is that this report deals 
almost exclusively with published data. However, based on discussions with 
other experienced coworkers on areas of concern with respect to certain 

decontamination chemicals and other background information, it was possible to 
provide the comprehensive review of possible decontamination processes pre­
sented in this report. 
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REVIEW OF DECONTAMINATION AND CHEMICAL CLEANING METHODS 

Decontamination and cleaning are distinguished in this search as separate 
processes even though they can be the same procedure. As pointed out by Ayres 
(1970) the difference is a matter of degree of cleaning and the emphasis on 
species removed. Both processes are considered because cleaning, being a 

broader subject, can bring in a fresh viewpoint for decontamination needs. 

Decontamination is defined as the general removal of superficial dirt and 

oxides from surfaces; cleaning refers to the removal of nonradioactive mate­
rials. Decontamination should be considered to be a part of cleaning because, 
in general, only a small fraction of the material removed during decontamina­
tion is radioactive. Ayres (1970) suggests that it is possible to distinguish 
between the two processes by the degree of cleaning. Cleaning is considered 
complete when 99% of the crud is removed or basically when it is no longer 
visible or when some other condition returns to "normal" (for example, when 

heat transfer in a heat exchanger returns to original startup ~lues). Decon­

tamination in contrast requires a 10- or 100-fold improvement in the degree of 
cleaning because of the ready detection of radioactivity. 

In actual practice, decontamination is considered complete when 
the ALARA criterion (As Low As Reasonably Achievable) for the task. 
reducing the original amount of radioactivity to 1% of its original 

reduce the attendant exposure rate enough to allow maintenance. On 

it meets 
Thus, 

value may 

the other 

hand, to release an item to unrestricted use by the public will require a much 
more thorough decontamination and the lower limit may be set by the background 
radiation limit and the particular type of radioactivity--alpha, beta, or 

galllTI a. 

Effective chemical cleaning is truly a multidisciplinary field, To devise 

a given process and apply it effectively requires an understanding of: 

• the chemistry of the base material, the contaminant, and the cleaning 
solution 

• the kinetics of removal (rates of dissolution and mass transport) 

• the behavior of the contaminant after it is removed. 
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How these elements of the cleaning process beha~e as a function of temperature, 
changes in construction materials, flow rate, radiation fields, and time deter­
mines whether cleaning occurs and whether the radioactivity can be removed or 
whether it redeposits. 

Although some reagents and processes frequently used in cleaning are capa­
ble of yielding satisfactory decontamination factors (DFs), they are not con­
sidered useful in decontamination work because they are too corrosive or 
contain chemicals unacceptable for use in reactor systems. For example, chlo­

ride and fluoride are especially corrosive to stainless steel and Zircaloy com­
ponents, respectively; and sulfides are ordinarily to be avoided when Inconel 
is present. If safety during the decOITITiissioning process is not compromised, 
higher corrosion rates are acceptable in the case of decontamination for decom­
missioning because the equipment will be either disposed of or salvaged for its 
component materials. 

In this section, the various reactor areas that require decontamination 

are discussed. Decontamination methods are tabulated by basic type--chemical, 
mechanical, or electrochemical--and then by the type of material being 
reviewed. General characteristics of the processes and some detailed data are 

presented, and general limitations of each type of process are discussed. Some 
information is also presented on the purification of various process streams 
resu 1t i ng from decontamination so that a waste vo 1 ume reduction option may be 
considered. 

SYSTEM CHARACTERISTICS 

The term reactor decontamination often implies decontamination of only the 
primary system. Although this viewpoint is very narrow and incorrect from the 

standpoint of decommissioning, it may be somewhat justified because the primary 
system is a major source of radiation exposure associated with power produc­

tion. Perrigo et al. (1979) noted that other parts of the reactor complex, 
notably the radwaste system, can have high radicttion fields, even during normal 
operation. During decommissioning operations, the entire plant comes under 

scrutiny and must be considered for decontamination. 

10 
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BWR and PWR System Characteristics 

The two basic types of power reactors--pressurized water reactors {PWRs) 
and boiling water reactors {BWRs}--differ both in materials of construction and 
operating conditions. Consequently, the applicability of a given decontamina­
tion solution varies depending on reactor type. The primary system of a pres­
surized light water reactor {LWR) (see Figure 2) uses 200 to 300°C water as 
the coolant. Sufficient pressure is maintained to keep the water as a liquid 
at all times. A hydrogen overpressure is used to maintain low oxygen levels 
and results in corrosion products containing reduced species. The major com­
ponents of a PWR system are the core, pressure vessel, primary side of the 
steam generator, primary pumps, primary system piping, the pressurizer, and 
associated instrumentation. 

The following percentages are indicative of the relative amounts of alloy 
surface area in contact with the primary coolant: Inconel, 65 to 70%; 
Zircaloy, 25 to 28%; stainless steel, 4 to 6%; and Stellite or other hard sur­
facing alloys, about 1% {Choppin et al. 1979; Uhl and Shaw 1976}. The choice 
of these materials and the amounts present determine the type of contamination, 
the type of films that form in the primary system, and the ease of decontamina­
tion. Except in the case of dilute solutions, Zircaloy {fuel} probably will 
not be in the reactor during decontamination. In discussions with a number of 
people concerned with radiation exposure, it appears that housekeeping {that 
is, the adherence to operating specifications) is a factor that overrides the 
effect of material. A review of some unpublished data indicates that for 
essentially identical plants, radiation fields and often plant exposure rates 
can be significant in one and small in the other. 

To generate power from the reactor heat, a PWR transfers the heat from the 
pressurized primary system to a lower pressure, nominally uncontaminated sec­
ondary system. Steam generated in the secondary system is used to drive the 
turbines for electrical power generation. Because of leaks in the steam gen­
erator and the direction of the pressure gradient {low on the secondary side}, 
the secondary side may also become contaminated to some degree. The secondary 
system uses a different water chemistry and different materials than the pri­
mary system, which results in different types of corrosion products. 

11 
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FIGURE 2. Simplified Diagram of a Pressurized Water Reactor {PWR) 
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Direct-cycle BWRs (see Figure 3) permit boiling in the reactor vessel with 
the steam that is generated fed directly to the turbines. BWRs operate with a 
slight excess of oxygen, and the corrosion products tend to be in the oxidized 
form; chromium is a prime example--it exists as the insoluble Cr+3 in a PWR 
but as the soluble Cr+6 in a BWR. The principal components of a BWR system 
are the core, pressure vessel, steam and condensate piping, steam turbine, con­
densate pumps, and condenser as well as associated instrumentation. Although 
component materials vary from one facility to another, the following percent­
ages are indicative of the areas of major component alloys within the primary 
system: stainless steel, 38 to 42%; carbon steel, 16 to 20%; Zircaloy, 40 to 
44%; and Inconel, less than 1% (Choppin et al. 1979; Uhl and Shaw 1976). As 
noted for PWR systems, Zircaloy may not be present in the reactor during decon­
taminaton. Further, adherence to operating specifications can significantly 
influence attendant radiation fields. 

Other Systems 

In addition to the containment building and its immediate piping, 
radioactive contamination is also encountered in turbine buildings, radwaste 
buildings, and contaminated laundry. Although piping and storage systems are 
designed to contain radioactivity (except for controlled releases), leaks 
occur in practice due to deterioration of components or operational error. 

Only within the reactor vessel and the reactor shield will there be radio­
active products generated within structural materials. All other areas will 
have only surface contamination introduced from other sources. This includes 
contamination that has soaked into permeable materials such as concrete. 

Decontamination of activated materials such as fuel cladding, vessel, 
internal hardware, and bio-shield components is beyond the scope of this pro­
gram except for removal of loose surface deposits to prevent possible spread of 
the contamination. All other piping and structural materials are possible 
decontamination subjects, including the interior of radioactive material trans­
port piping, the exterior of any other piping or tubing, concrete (painted or 
bare), other painted surfaces, floor coatings, and soil (spills that penetrate 
cracks in the concrete or occur outdoors). 

13 
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FIGURE 3. Simplified Diagram of a Boiling Water Reactor (BWR) 

Concrete surfaces within nuclear facilities become contaminated with 
radionuclides by spills, leaks, or accidental release of contaminated vapors. 

If it is determined that the contamination has not significantly penetrated the 
surface, vacuuming and scrubbing with a mild detergent may give satisfactory 
results. In most cases where concrete, particularly uncoated concrete, has 
become contaminated by liquids, the contamination will have significantly pene­
trated the concrete. Successful decontamination ~ethods in the past have 
centered on removing the concrete surface to the required depth so that the 
remaining concrete can be given an unconditional release. There is, however, 
considerable research interest in techniques such as electrodialysis that would 

transport the radionuclides in solution out of the concrete, offering many 

orders of magnitude reduction in waste volume. 

14 

. . 



CHEMICAL DECONTAMINATION METHODS 

The terms 11 high-concentration 11 and 11 dilute 11 or 11 low-concentration11 pro­
cesses are generally reserved for the decontamination of reactor coolant piping 
systems and their associated unit operations equipment. Solutions used to 
chemically decontaminate structural components, tools, laboratory ware, or 
other nonprocess equipment are ordinarily not so distinguished. The distinc­
tion arises because reactor coolant system design requires that a fill and 
drain process be used to flush out concentrated chemicals properly. To prevent 
the fuel elements from overheating during the drain cycle and to prevent possi­
ble corrosion attack on the fuel, it is removed from the reactor and is not 
cleaned. Therefore, most of the radioactivity on the surface of the fuel 
elements--the source of contamination--is not eliminated by the cleaning pro­
cess. With dilute processes, which use a feed and bleed technique, the fuel 
can remain in the core and be decontaminated. Furthermore, high-concentration 
systems require a larger chemical and radwaste handling facility than do low­
concentration systems (Perrigo and Divine 1979). Hand tool and component 
chemical decontamination uses a concentrated process because total solution 
volumes are relatively low, the operation is small enough to be easily 
controlled, and high DFS are desired and easily obtained. 

Most of our decontamination experience has been for the purpose of contin­
ued operation (for example, decontamination of the primary system). Decommis­
sioning expands the application of decontamination work to all portions of a 
facility; therefore, the chemistries and techniques involved must be appropri­
ate not only to piping and process systems but also to other construction mate­
rials . In addition, the available power in a shutdown plant may be reduced so 
that minimal flow and temperature conditions may prevail. To compensate, time, 
corrosion, and concentration restraints are more relaxed. 

To the extent that separation is possible, the designations of high- and 
low-concentration processes will continue to be applied to maintain continuity 
with established nomenclature. 
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High-Concentration Processes 

Generally, solutions with greater than 2000 ppm (0.2%) of reagent fall 
into the high-concentration classification (Remark and Miller 1979). High­
concentration systems are usually more corrosive to the base metal, more expen­
sive, and harder to remove and require more expensive preparation and waste 
treatment systems than their dilute counterparts. However, high-concentration 
processes are effective in removing contamination 1n a single step. 

High-concentration processes are generally divided into one-step or two­
step processes plus required flushes. In either, additional steps or cycles 
can be performed, but they are generally repeats of the initial process(es). 

Although the major emphasis in this section will be on the removal of 
activated corrosion products, it is necessary to consider that on occasion fuel 
debris from ruptured fuel elements may have to be removed. It has been 
inferred (Divine 1973) that some processes (Table A.l, No. 51) perform both 
types of decontamination simultaneously albeit with relatively high corrosion 
rates. In contrast, there are other processes (Table A.l, No. 52 and 53) that 
have very low corrosion rates and are designed to remove only fuel debris. ~ 
Fuel removal processes are combinations of acids (organic or inorganic), oxi­
dizing agents, and complexants for plutonium and uranium. 

Multistep Processes 

Two-step processes that are used for corrosion product removal are most 
suitable for films generated in PWR conditions. The first step generally is an 
oxidizing step designed to convert Cr+3 and other reduced species to a more 
soluble oxidized state. Typical examples of two-step processes are alkaline 
permanganate (AP) followed by a complexant/acid solution (Table A.l, No. 38) or 
nitric acid followed by a complexant/acid solution; that is, an oxidizing step 
followed by a dissolution step. 

The AP solution {3 to 20% NaOH, 1 to 5% KMn04) is typically used at 100 
to 110°C for anywhere from 2 to 24 hr. On stainless steel, Inconel, and 
Incoloy the permanganate oxidizes the Cr+3 to Cr+6 (as Cr04=), which is 
soluble. As will be discussed later, the remaining films are usually removed 
by complexants or acids. With stainless steel, the surface crystal structure 
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is destroyed by AP, leaving a relatively homogeneous layer of disintegrated 
crystals (Ayres 1971}. The decontamination obtained with AP alone is essen­
tially zero. Although the 51cr is almost totally removed, it generally con­
tributes little to the radiation field and, therefore, little to the OF. The 
AP has little apparent effect on carbon steel films formed after exposure to 
high-temperature water, with only some slight corrosion noticeable (Ayres 

1970}. 

Stainless steel films with high nickel content and little chromium are not 
appreciably affected by AP and remain insoluble to hot dilute acids (Ayres 
1970). 

Unpublished laboratory data taken at room temperature show that copper is 
uniformly attacked in AP at a rate of 0.13 ~m/hr (0.005 mil/hr). Based on dis­
cussions in Uhlig (1948} attack is expected to be high at higher temperatures. 

Materials such as chromium and some of the Haynes Stellites suffer local­
ized attack (Weed 1962; Ayres 1971}. Weed tabulates the effect of varying the 
sodium hydroxide concentration. There is an initial rapid increase in corro­
sion ratefwith increasing concentration, but the rate of increase slows and may 
decrease as the concentration passes 180 g/1 NaOH. Similarly, the corrosion 
rate peaks at about 7.5 g/1 KMn04 and then decreases. The effectiveness of 
AP in oxidizing Cr+3 increases as the temperature exceeds 100°C but so does 
the corrosion rate. Weed's data show significant fluctuation but suggest cor­
rosion rates of 0.1 to 0.3 mil/hr for these alloys. Because KMn04 is highly 
oxidizing, organic-based materials are also attacked. 

It is important to note, however, that pure NaOH must be used; the usual 
technical grade contains around 1% NaCl. Any residual chloride left in the 
system can cause stress corrosion cracking (SCC) of 300 series stainless steel 
(SS). Possible corrosion effects of residual NaOH also mean that the solution 
should be thoroughly removed by flushing and draining of deadlegs. 

Dibasic ammonium citrate (AC) solution preceded by AP (APAC) and a water 
rinse is capable of removing 90 to 98% of deposited corrosion product activity 
from smooth surfaces such as stainless steel. It is ineffective on material 
entrained in crevices or deadleg areas (Abrams and Salterelli 1966) and on 

17 



scaled 347 SS (Ayres 1971). The AC step neutralizes any residual NaOH and dis­
solves residual Mn02 from the AP step and then attacks the remaining corro­
sion product film. A dilute AC step can be used after initial rinses to remove 
excess AP before proceeding to the main AC solution to keep the main AC solu­
tion at full strength. OFs from 5 to 20 are reported, depending upon the 
extent of redeposition of the corrosion products (Remark 1978). 

The AC step is generally applied for 24 to 48 hr at about 95°C. Ayres 
(1971} reports that the corrosion rate for carbon st eel does not change greatly 
between 85 and 95°C. Weed (1962} reports carbon steel corrosion rates of 
approximately 2.5 ~m/hr (0.1 mil/hr} and suggests 1.3 ~m/hr (0.05 mil/hr) as an 
allowable upper limit. Corrosion rates can be limi:ed to this value with 
inhibitors such as 1,3-diethyl-2-thiourea. 

Weed (1962) also summarizes laboratory decontamination data from different 
sources; see Table 2 for the results of varying the AC step. In most cases 
these are changes of the form of the citrate but other chemicals are included 
for comparison. In Table 3 the effect of velocity on the OF is shown; tests 5, 
6, and 7 demonstrate the variability of results from similar tests. 

The spent APAC solutions can be deionized with mixed bed demineralizers, 
and the resins can be treated as solid wastes (Cerre 1970). 

The APAC with ethylenediaminetetraacetic acid (EOTA) process (APACE) is 
the same procedure as the previous one but with EDTA added to the second step 
to serve as a complexing agent. An EOTA concentration from 0.25 to 0.5% by 
weight will help prevent redeposition of active corrosion products (Ayres 
1971). 

The two-step AP-oxalic acid process (APOX) has been somewhat successful in 
removing aged films on high-temperature SS water piping. The oxalic acid step 
is typically run at 85°C for about 2 hr to give a OF (without redeposition) 
of 16 (Weed 1968; Ayres 1971). Contact times beyond this begin to form the 
insoluble ferrous oxalate. Once formed, the redeposition films cannot be 
removed by flushing. In these cases, it is sometimes necessary to use a third 
solution containing dibasic AC to achieve satisfactory decontamination (Weed 
1968). Redeposition was a strong influence in the development of the citrox 
process. 
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TABLE 2. Conditions Evaluated and Results Obtained on 
Stainless Steel with the Modified Alkal1nj 
Permanganate-Ammonium Citrate Procedure a 

Concentration, Exposure Temperature, Decontamination 
Reagents g/1 Time 1 hr oc Factor 

1-A. Pretreatment with: 
sodi urn hydro xi de 10 4 25 
potassium permanganate 5 

1-B. Final treatment with: 
ammonium citrate 100 1 85 34 
sodium citrate 100 1 85 50 
ammonium citrate- 100 1 85 100 

rodine-130 12.5 
sodium citrate- 100 1 85 33 

rodine-130 12.5 
citric acid 100 1 85 8 
citric acid- 100 1 85 41 

hydrogen peroxide 30 

2-A. Pretreatment with: 
sodium hydroxide 50 0.5 95 
potassium permanganate 50 

2-B. Final treatment with: 
oxalic acid 50 0.5 95 35 
ammonium citrate 50 0.5 95 12 
citric acid 100 0.5 90 11 (b) 
nitric acid 10 vol% 0.5 95 12 

3-A. Pretreatment with: 
sodium hydroxide 100 0.5 85 
potassium permanganate 50 

3-B. Final treatment with: 
nitric acid 10 vol% 0.5 85 6 
nitric acid 10 vol% 1 25 8 

4-A. Pretreatment with: 
sod i urn hydroxide 100 0.5 95 
potassium permanganate 50 

4-B. Final treatment with: 
nitric acid 10 vol% 0.5 85 17 
oxalic acid 100 0.5 50 17 
ammonium citrate 50 0.5 85 23 
ammonium citrate 50 0.5 95 >SO~C~ 
citric acid 50 0.5 99 20 c 

(a) Weed 1962. 
(b) Pretreatment (2-A) = 60 min contact. 
(c) Pretreatment (4-A) at wooc. 
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TABLE 3. Effect of Velocity on the Decontamination Factor 
Achieved with the Alkaline Permanganate-Amrnonium 
Citrate Procedure 

Linear Velocity Average 
of Decontaminants, Decontamination 

Test(a) mes Factor 
1 0.046 46 
2 0.076 92 
3 0.12 93 
4 0.30 1,150 
5 1.5 657 
6 1.5 158 
7 1.5 8,820 
8 3.0 27,000 

(a) AISI Type 304 SS. 

Ayres (1971) describes the AP-citrox process and states that of the many 
variations of acid step "the reagent that has given the best results during an 
actual reactor decontamination is citrox .... '' The citrox formulation is given 
in Table A.1, No . 33. Dilute citrox may be used as an intermediate step to 
remove the last traces of AP. 

The principal application of the AP-citrox process has been on stainless 
steel, but success has also been noted on Inconel and carbon steel. No sulfate 
can be present in the citrox or the Inconel corrosion rate will be very high 
(Ayres 1966}. 

Inhibited 9% sulfamic acid by itself is an excellent reagent for removing 
films from carbon steel (Ayres 1966}; and when used in conjunction with an AP 
pretreatment, it has been shown to be effective on stainless steel and aluminum 
with only minimal corrosion (Manion 1980). The sulfamic acid portion of the 
treatment is performed at 70 to 80°C for 2 to 6 hr, and typical DFs are about 
20 (Ayres 1970}. 
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Stainless steel, low and high carbon steels, and ferrous alloys containing 
chromium, molybdenum, tungsten, manganese, nickel, and other transition metals 
have all been descaled by treatment in AP followed by pickling in HCl, H2so4, 
or other nonoxidizing acids (Posselt and Anderson 1967). These processes have 
not been tested as decontamination agents on all of the metals in reactor sys­
tems. The adherent magnetite films that form on stainless steel in PWRs can be 
removed with a two-step treatment of AP followed by 10% HN03 (Ayres 1966). 
Components from the steam generators at Shippingport and Sena and from the N­
Reactor at Hanford have been decontaminated using AP followed by sulfuric acid, 
diamrnonium citrate, or ammonium oxalate plus diammonium citrate. All reagents 
contained a suitable corrosion inhibitor such as listed in Tables A.1, 
Nos. 29-101; and DFs were about 10. 

In laboratory tests, stainless steel conditioned in AP has been treated 
with a 3% solution of triethylenetetraamine hexaacetic acid (TTHA), citric 
acid, hydrazine, and hydroxylamine of equal proportions by weight. At 98°C a 
OF of 20 was reported after 30 sec of treatment, and within 5 min the OF was 
250 with a light tan film remaining on the surface. Complete defilming was 
reported after 1 hr with a OF of 4000. Similar results were obtained when 
EDTA was used instead of TTHA; the pH of each solution was 7 to 8 (Ayres 1971). 
An advantage to certain reagents such as hydrazine, hydroxylamine, EDTA, and 
some organic acids is that they decompose in heat and radiation fields to form 
harmless substances such as ammonia and carbon dioxide (Ayres 1966). Use in 
large systems would be difficult if decomposition, corrosion, or redeposition 
are too fast because of the time required to feed and remove the chemicals. 

Decontamination Techniques Using Acids 

Acidic decontamination reagents (mineral acids) are used in concentrations 
of 5 to 15% with an inhibitor such as propynol or formaldehyde. Uniform corro­
sion rates are generally 0.02 to 0.2 mg/cm2-hr (0.3-3 m/yr for iron) and are 
acceptably low for short time use. The primary danger lies in the possibility 
of a localized attack such as pitting; however, this is of little consequence 
for decommissioning if the rate is sufficiently low. 
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Uninhibited hydrochloric acid is useful in removing corrosion product 
films but is extremely corrosive to mild steel and can cause sec of 300 series 
SS. A process of adding hydrazine to the HCl to raise the pH to 8.5 and reduce 
carbon steel corrosion rates to less than 23 ~m/hr (0.01 mil/hr) has been 
reported for use on boilers and piping systems (Ayres 1971). 

The primary applications for HCl in decontamination work have been with 
stainless steel (non-300 series), Cr-Mo steel, carbon steel, and copper alloys. 
Application of the process at a solution temperature of 70°C for 2 hr typi­
cally achieves a DF of 10 (Manion 1980). 

Nitric acid is used on systems of austenitic stainless steel or aluminum. 
These materials passivate in the presence of strong oxidizing agents and there­
fore fail to corrode as rapidly as might be expected. 

Stainless steel DFs of greater than 1000 have been achieved with the fol-
lowing extremely corrosive procedure (Christensen 1959): 

• water rinse and do not al l ow to dry 

• scrub with 30% HN03 
• scrub with 20% NaOH-10% Na tartrate for 30 min 
• 10% oxalic acid for 1 hr; rinse 
• 3% HF-20% HN03, if necessary. 

Overall, this procedure will uniformly corrode the surface at somewhat 
less than 254 ~m/hr (10 mil/hr). The NaOH-tartrate acts as a complexant to 
prevent redeposition. The efficiency increases with temperature; 55°C is 
typical for the HN03 and 60 to 80°C is typical for the complexant. Because 
the application requires scrubbing, the procedure is not suitable for use 
inside long reaches of piping or in high-radiation fields. 

Aluminum can be completely decontaminated with a solution of 10% 
HN03-3% HF at room temperature although corrosion is severe and caution needs 
to be exercised in its use . Further, because of the chemical behavior of HF, 
operators must be carefully trained in its use (Christensen 1959). 

Nitric acid has been used for up to 24 hr at 99°C to remove most of the 
uranium contamination from Zircaloy fuel cladding (Table A.1, No. 106). The 
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nitric acid is followed with an ammonium oxalate-AC-ammonium fluoride-hydrogen 
peroxide solution to remove the remaining uranium and etch the Zircaloy (Platt 

1975). 

A 10% nitric acid solution at 75°C has been used to remove uranium metal 
and uranium oxides from stainless steel and Inconel systems (Ayres 1971). 
Copper alloys have also been decontaminated (Manion 1980; Loucks 1971). The 
latter procedure is recommended only for component cleaning where the degree of 
corrosion can be monitored. 

Brass has been decontaminated with concentrated nitric acid (4 parts acid 
to 1 part water) by treatment for 5 sec at 50°C (Ayres 1971). This is clearly 
a batch process requiring good control. 

Sulfuric acid in dilute inhibited form is recognized as useful for 

defilming some metals. Sulfates of calcium, barium, and strontium are insol­
uble and may form, causing redeposition of contamination and blocking of narrow 
passages (Ayres 1971). 

Anhydrous H2so4, concentrated H2so4, H3Po4, and H2so4-HN03 have been used 

successfully to remove plutonium oxides from piping systems. Concentrated H3Po4 
and H2so4-HN03 (95% H2so4-5% HN03) have been successful in dissolving mixed 
Pu02-uo2 oxides (Ayres 1966; Lerch 1975; Divine 1973). At 155°C, the corrosion 

rate of 304 SS in the various acids is less than 1 mil/day (the H3Po4 has to be 
inhibited with ferric ion). Unpublished data show that Zircaloy-2 has a cata­
strophic corrosion rate in H2so4-HN03 at 250°C; samples are destroyed in a few 
hours. 

Mixtures of sulfuric acid, oxalic acid, and phenylthiourea have been used 
to decontaminate in-reactor coolant loops composed of aluminum, carbon steel, 
and Zircaloy-2 with DFs of 3 to 4. 

Inhibited sulfamic acid (NH2so3H) has been used to decontaminate mild 
steel and aluminum. It avoids reprecipitation and usually does not cause 
severe attack at galvanic junctions. Monel and nickel that have been exposed 
to water at 300°C or lower can be cleaned by immersion in 25% sulfamic acid 

for 1 hr at boiling (Ayres 1971) . While not as active as phosphoric acid, this 

23 



acid has been used with some effectiveness on carbon steel where it is mildly 
corrosive. Treatment for 4 hr at 80°C will typically give a DF of 3 on carbon 
steel (Meservey 1970). 

A solution of oxalic acid and hydrogen peroxide can be used to polish mild 
steel (Ayres 1971). A smooth surface with a bright finish can be obtained in 
15 min at 35°C. Typical concentrations will be 0. 25 M H2c2o4 and 0.3 M H2o2• 
The cleaning action and corrosiveness are controll ed by adjusting concentra­

tions and temperature: At high temperature, oxali c acid rapidly destroys the 
peroxide; recommended temperatures run up to 60°C (Ayres 1971). 

A solution composed of 0.4 M oxalic acid, 0.1 M HF, and 0 to 1.0 M H2o2 
was used to decontaminate stainless steel, and a DF of 12 was reported after 
treatment for 2 to 4 hr at 25 to 95°C (Ayres 1971). 

Solutions containing oxalic acid, citrate, and peroxide can be used for 
decontaminating mild steel at room temperature if the peroxide concentration is 
lower than 0.08 M (Ayres 1971) . 

Material from ruptured fuel elements has been removed from reactor cores 

by a buffered mixture of oxalic acid and hydrogen peroxide (Ayres 1966). 
Uranium- and plutonium oxide-contaminated Zircaloy- 2, stainless steel, and car­
bon steel have been decontaminated with this same mixture plus gluconic acid. 

DFs were about 6 with less than 0.10 ~m/hr (0.004 mil/hr) of corrosion (Divine 
1973). 

Citric acid is used in combination with other reagents in both high and 
low concentrations. Its principal function is to complex with ferrous ions, 
preventing their redeposition. Citric acid added to oxalic acid complexes the 
iron and reduces ferrous iron concentration to such a low value that the fer­
rous oxalate precipitate will not form. 

Hydrofluoric acid has been used to decontaminate stainless steel in solu­
tions that include ammonium oxalate, AC, and hydrogen peroxide. In tests with 
HF concentrations of 0.5 M, plutonium DFs of 400 to 1700 have been obtained . 
With 0.1 M HF, the same tests will give DFs of 20 to 100. Nitric-hydrofluoric 

acid decontamination solutions will give approximately the same results (Platt 

1975; Dillon et al. 1976). 
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The zirconium oxide layers from corroded fuel hulls have been removed in a 
gaseous mixture of HF and argon at 600°C followed by aqueous organic acid 
stripping (see Table A.1, Nos. 107-119) (Platt 1975). 

NS-1 

Dow Chemical Company markets the proprietary process NS-1 principally for 
the decontamination of stainless steel and carbon steel in BWR systems. 
Reported DFs range from 5 on a heat exchanger system, to 500 on a test con­
ducted in the out-of-reactor portion of a loop at the Dresden-1 reactor, and to 
2000 in a test loop with radioactive samples. The reagents are circulated 
through the reactor system for 100 to 200 hr at 210 to 250°F under a nitrogen 
blanket. 

A Dow study of the corrosive properties of NS-1 was conducted in prepa­

ration for its use at Dresden-1. Most of the testing was performed at 250°F 
for around 100 hr to simulate the expected use. Higher temperature testing was 
also performed to study corrosion and sec at 275°F and effects of NS-1 decom­
position at 575°F. The tests were performed under a nitrogen blanket and with 
oxygen access permitted. 

Results of the tests showed that for 1020 carbon steel, some low alloy 
steels, 2-1/4 Cr-1 Mo, and 400 series SS, the corrosion rates were about 0.003 

to 0.014 ~m/hr (Dow 1977). The effect of temperature in some cases was 
significant. Incoloy 800 at 250°F had corrosion rates of 0.002 ~m/hr, whereas 
at 275°F the reported rates were 10 times larger. Although the reason for this 
rather large increase is not known because of the proprietary nature of the 
solution composition, discussions with various workers in this field suggest 
that the inhibitor breaks down in this temperature range. 

This information is but a small sampling of the data presented in the 
original documentation, which also describes the work needed to qualify the new 
decontamination solvent. 
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Dilute Processes 

Dilute solutions contain less than 0.2% reagent and generally less than 
0.1%. Their primary advantage over concentrated solutions is that they are 
dilute enough to be removed with a relatively small amount of ion-exchange 
resins that can be readily tied into t he primary system and require no rinses 
or spent solution storage. Consequently, a feed and bleed mode of operation 
can be used that allows the fuel to remain in the core and be cleaned, if 
desired. The level of decontamination reagent can be maintained by continuous 
addition or by on-line regeneration. Because of t heir low concentration and 
generally short use time, the OF attained is small (usually less than 5). 

Another reason for the low OF is that with the lar ge source of radioactive 
material present on the surface of the fuel, some transportation of radioac­
tivity is expected, especially to originally low activity sites; this might 
give rise to a OF of less than 1 in low flow areas . 

Complexing Agents 

EDTA and its homologues nitriloacetic acid (NTA); diethylenetriamine­
pentaacetic acid (DPTA); TTHA; and hydroxyethylenediaminetriacetic acid 

(HEDTA) complex with iron, nickel, cobalt, chromium, and many other di- and 
trivalent ions. The formation of the complexes increases the solubility of the 
complexed ions and therefore enhances their removal from deposits, scales, or 
corrosion films. Even if a radionuclide is not specifically complexed, the 
complexant may remove a sufficient number of other ions to cause the film to 
disintegrate and release radionuclides in particulate form. The stability of 
the complexes under changing thermal, pH, and radiolytic effects tends to 
increase with increasing molecular weight. 

High-temperature films from mild steel and the conditioned high­

temperature films on stainless steel can be removed with a mixture of citric 
acid and EDTA (Na salt) at a pH of around 7. The removal rate becomes effec­

tive at around 100°C and improves with increasing temperatures in pressurized 
systems up to the decomposition temperature of the chelating agent. Ammonium 
hydroxide and hydrazine are the reagents most often used for pH control. 
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Hydrazine is preferred because it reduces ferric ion to the more soluble fer­
rous and reduces the tendency for pitt~ng (Ayres 1971). When used alone, typi­
cal concentrations of these complexing reagents will be 400 to 500 ppm. 

NUTEK L-106. This is a proprietary reagent supplied by Nuclear Technology 
Corporation and is the forerunner of the CAN-DECON chemicals. It was used suc­
cessfully to decontaminate the Douglas Point Generating Station in Canada with 
DFs of 6 to 10. The contaminated solution is regenerated with an ion exchange 
resin in the same fashion as CAN-DECON. 

CAN-DECON. This proprietary process was developed by Atomic Energy of 
Canada Limited (AECL) and Ontario Hydro; it is a dilute application of reagents 
normally used in higher concentration processes (such as citric acid, oxalic 
acid, and EDTA). Because it was developed for use in the Canadian heavy water 
reactors (HWRs), there was an incentive to use as low a concentration as pos­
sible to minimize the amount of hydrogen exchange with the deuterium in the 
heavy water. The final concentration was about 1000 ppm (0.1%). 

Duri ng the decontamination operation, which runs for 24 to 48 hr at 85 to 
125°C, the solution is filtered and partially regenerated by passage through 
cation exchangers. Complete regeneration is not possible because of the loss 
of active chemicals through radiolysis. At the end of the operation, the 
chemicals are removed by mixed bed ion exchangers. 

Manion (1980) suggests that normal DFs of about 5 to 10 can be increased 
to about 15 if temperatures are increased to 150°C and concentrations are 
increased to 0.5 wt%--the maximum allowed in a heavy water system. The process 
has not proven suitable for PWRs because of a difference in corrosion product 
films. 

Other Reagents. Although all of the processes described above have been 
liquids, other forms are possible. Ayres (1971) briefly discusses foams and 
gels formulated with hydrochloric acid; Dippel, Hentschel, and Kunze (1976b) 
describe a paste. It would appear that many of the previously described sys­
tems could be incorporated as a foam, gel, or paste. 
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Foams have advantages and disadvantages when compared with liquids. Typi­
cally foam is more usable in vertical dual pass heat exchanger tubes because it 
will fill the tube and not drain out the downstream side. Further, thin films 
will probably yield faster reactions, less total liquid volume will be 
involved, and there will be little velocity effect. However, the lower mass of 
the foam will make temperature control more difficult and provide less cleaning 
capacity. No information is available on decontamination ability or corrosion 
behavior. 

No useful information was found on gels. Ayres (1971) notes the use of 
phosphoric acid gelled with hydroxyethyl cellulose to clean ferrous metals. A 
similar gel and one suitable for aluminum are commercially available in most 
hardware stores. 

Dippel, Hentschel, and Kunze (1976b) describe a cleaning paste used on 
stainless steel (German steel 1.4541, which is si~ilar to AISI 321 SS). 
Cleaning pastes usually consist of a filler, a carrier, and an acid or mixture 
of acids as the active agent. Generally, the pastes used in pickling opera­
tions are not effective for decontamination because the acids they contain are 
not highly efficient. Good results have been achieved with a paste containing 
a mixture of hydrofluoric and nitric acids with a small amount of hydrochloric 
acid. Polyethylene granulate has been used as a filler and titanium dioxide 
powder as the carrier. A drawback of this system is that the filler and car­
rier materials constitute a substantial portion of the radioactive wastes that 
are produced while providing no decontamination action themselves. However, 
the final volume is still small compared to liquids and does not require a vol­
ume reduction treatment such as evaporation. 

The paste Dippel describes gave DFs of 50 to 100 at room temperature; no 
corrosion data were provided. At present it is applied manually, but there is 

potential for mechanical application. 

Molten salts are decontamination agents that do not contain inactive addi­
tives. It has been shown that molten salt mixtures yield high DFs especially 
against firmly adhering corrosion layers. Some representative examples of 
molten salt mixtures studied include: KCl/NaCl/AlC1 3; Na0H/KOH/Na2o2; 
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Na0H/KOH/Na202/Na2co3; Na2co3; NH4H2Po4; KH2P04; and NH 4H2P04/KH2Po4• The most 
suitable salts with respect to corrosion, decontamination, and waste f orm 
compatibility appear to be the phosphates. Temperatures range from 100 to 300°C 
with DFs of 20 to 100. 

Salt melts can be applied by a hot spraying technique that makes it pos­
sible to apply salt powders to metallic surfaces in layer thicknesses of 0.1 mm 
(0.004 in.) (Dippel, Hentschel, and Kunze 1976a). 

In general, the chemicals involved in decontamination solutions exhibit no 
special problems; but standard safety precautions clearly must be taken because 
of the strong oxidants (fire hazards}, complexants, in particular oxalic acid 
(physiological hazards}, or strong acids (burns). In addition, some chemicals 
that have been used in decontamination solutions are now classified as poten­
tial carcinogens and require either a substitute or special care in storage and 
handling. 

MECHANICAL DECONTAMINATION METHODS 

Mechanical decontamination methods are generally less versatile than 
chemical methods, and they are restricted to exposed surfaces that are acces­
sible from some exterior point. For example, both chemical and mechanical 
methods can be used in pipelines; a "pig" can be mechanically pushed through 
the line and around corners to abrade the surface. However, the mechanical 
system will not be able to handle a tank in the pipeline without a discrete 
break at that point. 

The processes that are described in this section are suitable for surfaces 
(concrete, paint films, corrosion product films) and the bulk sectioni ng of 
equipment and structures. The cleaning of any surface should meet the follow­
ing criteria: 

• minimal personnel exposure (direct and inhalation) 
• minimal recontamination of previously cleaned surfaces 
• minimal volume of contaminated material to be stored 
• minimal time required for removal 
• minimal offsite release. 
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Spalling 

The concrete spaller that was developed by PNL has three basic parts: a 
hydraulic cylinder, a push rod, and a bit with expanding wedges (see Figure 4). 

The cylinder activates the push rod, which is installed inside the bit. The 
bit is fabricated of steel tubing and the inside diameter tapers at one end. 
It is split into four equally spaced pieces parallel to its axis; a circular 
wedge is machined into the tubing at the tapered end. 

The push rod is installed inside the tubing. To produce the spalling 
effect, the rod is pushed towards the end of the bit, which has been placed 
into a predrilled hole . The wedges are thus forced radially outward against 

the walls of the hole. As the push rod approaches the bottom of the drilled 
hole, it forces the wedges away, spalling a 5-cm deep crater (Smith, Konzek, 
and Kennedy 1978). 

The initial drilling of the hole is the single most time-consuming portion 

of the process . Holes are most effectively drilled in a triangular pattern on 
20-cm centers, and each hole can be expected to take about 10 to 15 sec using a 
compressed air drill . On this basis it will take about 10 min/m2 (-1 min/ft2) 
to drill and spall a concrete surface (Halter and Sullivan 1980a; Halter and 

Sullivan 1980b). 

Flame Spalling 

This technique uses heat-induced differential expansion to scale as much 
as an inch of material from concrete surfaces. A high-temperature flame is 
slowly passed on the order of 60 min;m2 (5 min/ft2) over the surface, 
producing small particles of dust and rubble (Halter and Sullivan 1980a; Halter 
and Sullivan 1980b). A relatively large air filtration system is required to 

prevent airborne contamination from spreading. No actual decontamination tests 

have been performed. 

Scarifier 

The scarifier is a tool composed of multiple air-operated piston heads, 
each of which is faced with five-point or nine-point tungsten carbide bits. It 
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is effective on walls and floors when used in conjunction with a high­
efficiency particulate air (HEPA)-filtered vacuum system to contain contami­

nated dust at the source. A seven-piston floor unit is capable of removing up 
to 10 min/m2 (1 min/ft2) of surface concrete to a depth of 5 em (1 in.) 
(Manion 1980). 

Water Cannon 

The term water cannon describes two types of high-pressure jet spalling 

devices. One is a hand-held, modified 0.458 magnum smoothbore gun that fires 
glycerine capsules at close range onto the contaminated concrete surface. 
Cleanup is facilitated by a glycerine coating around all of the rubble pro­
duced, which contains not only the original contaminated concrete but also gun­
powder combustion products. The process is relatively slow, running around 
1 m2/hr (0.2 ft2/min) of surface removed. 

The second type of water cannon is a compressed gas-actuated piston that 

forces small bursts of water at high velocities through a nozzle at up to five 
shots per second. Typically, it is mounted on a heavy piece of equipment such 

as a back hoe. Spalling rates are on the order of 2.5 hr/m2 (0.25 hr/ft2) 
(Beitel and Schlienger 1978). The experience reported is based on laboratory 
tests or on cured concrete plates (Platt 1975). 
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Scrubber 

This hand-held tool uses a gang of carbide-tipped bits to chip away con­
crete surfaces by rapid impaction. A dust shield with a vacuum attachment is 
placed around the bits to collect the dust produced. The scrubber is rela­
tively slow and difficult to use on walls and ceilings. A light water spray is 

sometimes used to reduce airborne contamination; however, there must not be too 
much water applied since this could result in runoff that would spread contami­
nation (Halter and Sullivan 1980a; Halter and Sul l ivan 1980b). 

Jackhammers and Impactors 

These two devices are similar in effect and drive a pick or chisel point 
into concrete surfaces with high-energy impacts at a rate of several times per 
second. 

Compressed air-powered jackhammers are readily available and easily used 
by one man; however, they are primarily used on floors because they are heavy 

and hard to maneuver. Impactors are more appropriate for removing contaminated 
concrete wall and ceiling material. Impactors are powered by air or 
hydraulics and are positioned with linkages similar to those found on tractor­
mounted back hoes and excavators (Ureda 1976; Halter and Sullivan 1980a; Halter 
and Sullivan 1980b). 

Explosives 

Explosives can be used for surface removal with excellent control of both 
the amount of material removed and the extent of airborne contamination. 

The first stage of concrete surface removal by explosives is to drill 
holes to hold the charges. Constrained by the shape of the wall and thickness 
of the concrete, these holes may be drilled parallel to and about 130 mm 
(5 in.) from the surface, outside of any reinforcing steel. When the entire 

length of the surface to be removed is drilled, explosives are inserted in the 

holes and backfilled with sand, if necessary, to produce the desired amount of 
surface removal. When it is physically impossible to drill holes parallel to 

the surface, they may be drilled perpendicular on 300-mm (1-ft) centers over 
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the entire surface; each hole should be 130 mm (5 in.) deep. After the explo­
sives are inserted, the holes are sealed with mortar. 

Blasting mats and water spray are used to contain the dust and flying 
debris accompanying the explosion. The blasting mats are roughly 3 x 4 m and 
weigh 1600 kg (10 x 12ft, 3500 lb). Water is sprayed from 1 min before to 

15 min after the explosion. 

Blasting sequences must be such that air pressure surges are minimized. 
After blasting, the air filtering systems should be checked to verify that they 

have not been damaged. 

Strands of blasting cord twisted together and placed on a tube inserted in 
the hole are reported to be effective as are partial sticks of dynamite. 
Liquid explosives have been used where it is difficult to insert solids. 

There are several types of explosives in common use for concrete removal, 
including: 

• pentaerytritol tetranitrate (PETN) in the form of detonating cord -

This is primarily used to blast bore holes up to -5 m (16 ft) in 
depth and to spall surfaces down to about 200 mm (8 in.). 

• high-velocity gelatin dynamite (85%) - Shallow holes ranging in depth 
from about 0.45 to 1.5 m (18 in. to 5 ft) are effectively broken out 

with this material, which is used when a concentration of energy is 
needed in a particular area. 

• cast TNT - This explosive gives a large amount of fragmentation with 
less heaving effect than dynamite. 

• liquid explosive - This can be used to spall surfaces and make shaped 
charges. 

• water gel explosive - This material is best used where a larger sized 

rubble is desired and no reinforcing bar is present. It contains a 
large amount of aluminum and is often used as a partial replacement 
for the 85% dynamite (Smith, Konzek, and Kennedy 1978; Halter and 
Sullivan 1980a; Halter and Sullivan 1980b). 
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Explosives are also excellent choices when it is necessary to section 
large structures . Anderson (1980) provides an excellent summary of these tech­
niques. Although all the techniques described in the Anderson report require 
expertise in application, the use of explosives is one case where only an 
expert should be used. 

Abrasive Blasting 

An abrasive material--such as sand, Al 2o3, B2o3, glass beads, or magnet­

ite grit--is propelled against the contaminated surface at high velocity to 
remove activity and some of the substrate. By varying the size and conditions 
of application, the surface can be scoured, polished, or peened (Spencer 1980). 
The usual size for effective wet blasting is 60 to 5000 mesh (Spencer 1980); 
larger particles will cause faster surface removal (Remark 1978}. 

There is no single technique or abrasive material that is universally 
applicable. The construction material, type of contamination, extent of decon­

tamination desired, and complexity of the surface must all be considered. 
Voids smaller than the abrasive are not cleaned effectively unless enough mate­
rial is removed to enlarge the opening. Steel and concrete are usually sand­

blasted with pressures of 0.4 to 0.45 MPa (80 to 90 psig). 

Dry blasting with sand propelled by compressed air is the most widely used 
technique industrially . Dust is a problem with this technique, which can be of 
critical importance in decontamination; therefore, most emphasis lies in wet 
blasting for decontamination applications . 

Wet blasting techniques maintain fine finishes while providing enough 
action for effective decontamination. In the wet process, sand is mixed with 
water and propelled by air. Two disadvantages are apparent in the wet tech­
nique: 1) the waste water as well as the sand must be retained and monitored 

prior to disposal and 2) fine sand particles that are formed by destruction of 
the abrasive are wet and adhere to the surface being cleaned. Often this resi­

due must be removed by brushing with a vacuum. Clearly, though, airborne par­

ticulates are reduced. 
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DFs on exposed smooth surfaces of contaminated laboratory equipment will 
range from 10 to 50 (Halter and Sullivan 1980a; Smith, Konzek, and Kennedy 
1978; Hill 1970). 

Steam generator head decontaminations attempted at Gena and Sena using 

this technique have had limited success (Remark 1978}. A major problem in a 
steam generator water box decontamination is that although the local DF may be 

high the exposure DF may be low due to shine from nearby sources. 

Metal removal in the metals finishing business can be held down to 0.1 mil 
(Spencer 1980). In mechanical decontamination processes it normally runs 

higher--about 5 mils. 

A technique using carbon dioxide pellets as the abrasive media has been 

tested and is reported to be somewhat slower than sand blasting (Halter and 
Sullivan 1980b}. 

Vibratory Finishing 

Vibratory finishing is a process that uses the scouring action of 
vibrating abrasive media to remove burrs and prepare surfaces for further 
treatment (Hignett 1980}. It is also useful for the removal of gross contami­
nation when it is unnecessary to obtain complete decontamination of the part. 

The use of steel media with sodium hydroxide as the cleaning compound 
effectively reduces contamination levels on plutonium-contaminated glass and 
uranium-contaminated molybdenum. DFs range from around 20 down to nonsmearable 

levels (Arrowsmith and Allen 1978; Platt and Powell 1980; Allen, Arrowsmith, 
and McCoy 1980). 

Ultrasonic Cleaning 

Use of an ultrasonic effect in a soaking bath improves decontamination 
efficiency by providing vigorous agitation and imparting a physical force at 
the surface of the work. Agitation keeps fresh solution supplied to all parts 

of the surface material being cleaned. It is important to use as efficient a 
soak bath as possible because the ultrasonic action will not necessarily decon­
taminate a surface effectively in its own right. For example, a detergent 
solution will not remove high-temperature oxide film from stainless steel, even 
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with ultrasonics. If the condition of the surface is of little regard at the 
end of the decontamination process, exposure time and power can be increased to 
improve the OF and processing time. However, increased power may cause pitting 

of the surface. 

An ultrasonic facility consists of three principal elements: 

• the generator, which converts low-frequency alternating current to 

high-frequency current 

• the transducer, which produces the ultrasonic waves 

• the tank, which contains the bath and the contaminated piece. 

Vibrations are generated by supplying an alter nating current to cause 
changes in dimension by either ferromagnetic or piezoelectric phenomena. The 
vibrator may be an electrostrictive or a magnetostr ictive transducer. This 
transducer, placed either in solution or bonded to the tank, generates vibra­

tions in the fluid with a frequency greater than the upper limit of audible 
sound (16 to 20 kHz). These vibrations cause waves of alternating high and low 
pressures. At the low-pressure cycle, small bubbles form on the contaminated 
surface that collapse with enormous force during the following high-pressure 

cycle. Some reports indicate that pressures may be as high as 10,000 psi and 
temperatures up to 11000°C (Ayres 1971). These conditions are transient and 

last on the order of microseconds. 

From reports published to date, it is not yet possible to state the opti­
mum frequency, temperature, power, time, dimensions, geometry, and bath compo­
sition for an ultrasonic bath. The range of interest for ultrasonic cleaning 
is 20 to 100 kHz; but because power requirements increase rapidly above 50 kHz, 
the 20 to 50 kHz range is more common with 40 kHz being a typical industrial 
value (Geckle 1980). However, good effectiveness has been achieved with fre­

quencies down to 20 to 22 kHz, temperatures at 15 to 20°C below the boiling 

point, and power well above the threshold for cavitation (Platt and Powell 
1980; Ayres 1971). As noted by Geckle (1980) the audible component at these 

lower frequencies can be extreme, causing serious health problems. 
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The threshold for cavitation is a function of the liquid being used, fre­
quency, and temperature. For water, the threshold of cavitation is 0.39 W/cm2 

(2.5 W/in. 2) at 20 kHz and room temperature. The average power intensity 
throughout the bath is determined by dividing the average power of the trans­
ducer by the tank cross section (Ayres 1971). 

Tanks and baskets containing the transducers, solution, and material to be 
decontaminated are preferably constructed of some hard material such as metal 
or glass because soft materials absorb energy. Glass is more efficient than 
metal. 

Manion (1980) reports DFs from 2 to 200 but provides no details or refer­
ences. Ayres (1971) reports that a two-step process using AP and NT-600 (an 
undefined proprietary compound} in an ultrasonic bath cleaned 3 to 4 times 
faster than without the ultrasonics. Insufficient data are available to pro­
vide exact information on OF improvement, but it is estimated to be several 
orders of magnitude. 

Liquid Honing 

In the metal finishing industry, liquid honing is used to clean surfaces 
prior to electroplating, remove burrs, and reduce internal stresses (Spencer 
1980}. In the nuclear industry it has been used on components contaminated 
with beta and gamma fission products to achieve DFs of around 11 on rubber and 
100 on mild steel in 5 min or less. The liquid honing process combines a liq­
uid containing 30 vol% abrasive particles with a stream of air at 0.5 MPa 
(100 psi). This abrasive mixture is propelled against the surface to be 
cleaned by a hand-held gun. Typical surface removal is around 0.01 mm 
(0.4 mils) (Arrowsmith and Allen 1978}. 

Strippable Coatings 

Strippable coatings consist of plastic membranes such as polyethylene, 
caseins, and polyvinyl chloride (the latter are carcinogenic and have low 
threshold limit values). They are used both as protective coverings to prevent 
contamination of the permanent surface and as a means of removing contamination 

from surfaces (Bernaola and Filevich 1970). The coatings are best applied by 
brush, and two or more coats are usually necessary to insure that the material 
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has sufficient tensile strength to be removed from the surface. Bonding to 

most substrates is in the 0.01 to 0.07 MPa (2 to 10 psi) range while the ten­
sile strength of a dry layer ranges from 0.5 to 1.5 MPa (100 to 300 psi). 

Curing occurs within 24 hr. Some advantages of this technique are high DFs for 
smearable activity (see Table 4), proven technology, and readily available 

equipment. Disadvantages include the possibility for high man-rem exposure 
during application and removal, undetermined DFs for tight oxide layers, time 
consuming, and the presence of chlorides and fluorides in some coatings 
[Imperial(a) 1976; Bernaola and Filevich 1970]. Coatings left in place for 

extended periods are often difficult to remove. Frequently, a single layer of 
cheese cloth set underneath the coating will alleviate this problem. Strip­
pable coatings are also helpful in protecting surfaces during processes that 
may lead to contamination. 

Water/Steam Jet (Hydrolazing) 

Contamination present in loose scale or crud can be removed by a water 

spray at very high pressure. Jets delivering water or steam at 2 to 70 MPa 
(400 to 14,000 psi) are capable of removing smearable contamination with over­

all DFs ranging from 3 to 50 (Combs et al. 1980; Ayres 1971). If pressures of 
50 to 280 MPa (10,000 to 56,000 psi) are used, concrete can be cut (Halaris and 
Bortz 1980; Combs et al. 1980). This method generates a large amount of liquid 
waste, but it may be possible to recirculate and reuse the water since no 
chemicals are used. Flows are generally 40 to 200 1/min (10 to 50 gal/min). 
The equipment for this technique is readily available, and vendors can be 
brought in to do the job. 

Advantages of the process include proven usefulness for smearable 
activity, remote handling capability, and low man-rem exposure if remotely 
operated. Disadvantages include high waste volumes, hazards because of high 
pressures, high man-rem exposure if manually operated, and potential for driv­

ing contamination further into the surface (concrete) (Ayres 1971; Halaris and 
Bortz 1980; Combs et al. 1980). 

(a) Imperial Professional Coatings Corp., New Orleans, Louisiana. 
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TABLE 4. Decontamination of Different Surface~ ) 
with a Single Application of Coating\a 

Material 
Stainless Steel 
Glass 
Formica 
Glazed Tiles 
Granite Mosaic 
Calcareous Paving Tile 

Tile Joints 
Smooth Concrete 
Rough Concrete 
Smooth Wood (pine) 
Brick 

Decontamination 
Factor 

100 
100 

100 

25 

14 
11 

10 

8 

2.6 
2.9 
1.7 

(a) Coating was solution of copolymers of 
polyvinyl chloride {83 to 85%) and vinyl 
acetate (15 to 17%) with additives in the 
solvent; hardened in 3 min and reached 
required properties in 2 hr (Bernaola and 
Filevich 1970). 

Vacuum (Wet or Dry) 

This technique is sometimes useful on contamination from airborne deposi­
tion that has not adhered strongly to the surface or from gross spills. Suit­
able filters must be placed over the exhaust to prevent resuspension of the 
contamination. The primary advantage of the process is the speed with which it 
can be applied. As would be expected, DFs range from good on hard, nonporous 

surfaces to poor on porous ones (White and Dunaway 1975). 

Sectioning 

Although sectioning is not strictly a decontamination method, it is a 
potential first step in component decontamination. Sectioning is required when 
one of several conditions occur: 
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• the interior of the structure is contaminated by neutron activation 
or diffusion from the exterior 

• the structure cannot be cleaned in place due to access restrictions 

• economics do not favor decontamination . 

Plasma Arc Torch. Plasma arc cutting uses an extremely high-temperature, 
high-velocity gas arc between an electrode and the piece to be cut. The pro­
cess can be used on any metal. The arc is produced when the gas passes through 
a nozzle with a small diameter orifice. Standard-duty cutting requires voltage 
supplies of 120 to 240 V; heavier materials--up to 5 em (2 in . )--require up to 
400 V. The intense heat produced by this localized energy melts the metal and 
produces a high-quality saw-like cut. If an inert gas is used, the cutting 
action depends on the heat alone. Cutting gases containing oxygen can markedly 
increase the cutting speed on materials such as mild steel and cast iron. The 

chemical energy obtained by the combination of oxygen with the base metal is 
added to the arc heat to permit higher cutting speeds. Stainless steel, alumi­
num, and other nonferrous metals are usually cut with a mixture of argon and 
hydrogen or nitrogen and hydrogen. Carbon steel, cast iron, and al l oy steels 
are cut with nitrogen and oxygen, supplied separately to the torch and mixed in 

the nozzle. 

The equipment used is largely the same as that for gas tungsten-arc 
welding except that an electrical lead is taken from the ground and passed 
through a resistor to the nozzle of the torch. The circuit between the nozzle 
and the electrode is completed by a high-frequency spark, producing a pilot arc 
that initiates the main arc from the electrode to the work piece. 

The plasma cutting process can be used in air or underwater, and it is 
adaptable to automation and to the piercing and cutting of holes in large 
plates and vessels (Smith, Konzek, and Kennedy 1978; Wehmann et al. 1975). 

Arc Saw. The arc saw is reported to be an efficient and cost-effective 
means of sectioning metal components prior to decontamination for decommission­
ing. By modifying commercially available standard equipment , a prototype saw 

has been built to rotate a 1-m (36- in . ) diameter, 6-mm (1/4-in . ) thick copper 
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or mild steel blade with an 11.2-kW (15-hp) motor. Blade speed is approxi­
mately 880 rpm with cooling by a water spray installed in the blade guard. The 

power source is modified to provide de power at 7500 A and 80 V open circuit. 
This low-voltage, high-amperage current passes through the arc saw blade to the 
grounded work piece, melting the base metal while producing a narrow kerf. 

A variety of metal types and shapes can be cut without binding because any 
shift in the work piece causes a shift in the electrical leading edge of the 
blade; in other words, the current that was formerly passing from the narrow 

tip of the blade to the work piece temporarily shifts to the side of the blade. 
The result is a momentary slowing of the cutting speed and the cutting of a 

wider kerf to accommodate the shifting. 

A material cut-to-blade wear factor of 20 to 1 has been reported. It is 
anticipated that by increasing blade diameters to 2 to 3 m (6 to 10 ft} larger 
diameter stock will be serviceable and blade wear ratios and associated costs 

will be reduced (Smith, Konzek, and Kennedy 1978). This equipment has been 
tested only under laboratory conditions on nonradioactive material (Beitel and 
Schlienger 1976). 

Flame Cutting. Flame cutting is an established process using commercially 

available 3-m long by 19-mm diameter (10-ft by 3/4-in.) thin-walled conduit 
burning bars. Each bar may contain up to seven dissimilar metals in the form 
of strands and is encased in an outer tube into which oxygen is forced during 
the burning process. The complete rod is consumed as it burns. When there is 
about 0.5 m (20 in.) left, the oxygen supply is shut off and the reaction 
stops. The remaining section of the first bar can be attached to a second bar 
and the burning process continued, thus minimizing material waste. 

Advantages of this procedure include the capability of remote operation, 
fast cutting, adaptability to irregular surfaces, and a controlled rate of 
material removal. Disadvantages include the production of toxic gases and 
smoke, large gas consumption, potential for spreading gross contamination via 
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the smoke, and the requirement of a through starter hole made by a core drill 
to provide an outlet gas flow path [UPA(a) 1974; Smith, Konzek, and Kennedy 

1978]. 

Thermic Lance. This device can be hand held or remotely operated and uses 
powders of materials that are similar to the strands of the burning bar. The 
powders are forced through a tube or nozzle with oxygen and ignited to form a 
high-temperature cutting medium. 

Advantages of this process include fast hole punching speed, ability to 

cut both concrete and steel, adaptability to irregular surfaces, and a con­
trolled rate of material removal. Disadvantages include the production of 
smoke and toxic gases, the need for a rock jack t o break away cut concrete sec­
tions, consumption of large amounts of bottled oxygen, and the possibility that 

the smoke will spread gross contamination (UPA 1974). 

Shear/Punch. A heavy-duty double-cut hydraulic shear/punch has been used 
to cut 25-cm (9-in.) wide strips of 0.5-cm (1/4-in.) stainless steel or 1-cm 
(3/8-in.) mild steel (Platt and Powell 1980). No cutting waste is produced 
since the kerf material is 0.5-cm (1/4-in.) strips that can be decontaminated 
by some other means, and there is very little ent rainment of surface contamina­
tion on the sheared edge. The typical cycle time for each cut with this system 

is 10 sec. Accordingly, if the cut material is to be 25 x 15 em (9 x 6 in.), 
then 1 linear m (3 linear ft) of 25-cm (9-in.} wide strips or 0.75 m2 

(2.25 ft2) of material can be sectioned per minute. A clear disadvantage of 
the system is that it can handle stock no larger than 25 em; larger material 
must be sectioned by some other means. 

Radioactive testing of the equipment has been performed by sectioning 

strips of stainless steel from plutonium-contaminated glove boxes (Platt and 

Powell 1980). 

(a) United Power Association, Elk River, Minnesota. 
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Negative Rake Cutting. A circular saw blade specifically designed for 
cutting Plexiglas® has been developed (Platt and Powell 1980). The desirable 

feature of this blade is its negative rake that cuts while preventing material 
from loading onto the teeth of the blade. Under normal working conditions for 
contaminated material, 3 to 5 m/min of 1-cm (3/8-in.) Plexiglas can be cut. 

Core Boring. This technique uses a diamond-tipped core drill similar to 
that used in conventional mining operations. Its use is feasible for the 

removal of concrete walls up to 0.6 m (2 ft) thick. The process has been suc­
cessfully used in the laboratory portion of this program to obtain samples from 
various reactors for decontamination. As part of the same program, a metal 
hole is now being used to take samples from selected pipe specimens. 

Disadvantages of this method include uneconomically slow concrete removal 
and the need to collect and decontaminate cooling water (UPA 1974}. 

Melting. Melting metal components provides a possible means of decontami­

nation if the contamination is either not soluble in the molten metal or more 
soluble in the slag (Dillon et al. 1976; Ayres 1970}. PNL has studied an 
Inductoslag process for reducing the volume of fuel cladding hulls (Nelson and 
Montgomery 1980; Dillon et al. 1976} that uses induction heating to melt the 
metal, e.g., Zircaloy or stainless steel. Hulls are fed continuously in the 
top and a solidified product mass is extracted from the bottom. Dillon et al. 
(1976) note the possibility of metal decontamination during the melting 
process. 

One tested application is the decontamination of lead (Ayres 1970). The 
process destroys the shape of the material but ultimately causes only a 2% 
material loss for essentially complete decontamination. The lead is heated to 
400°C, a mixture of high melting minerals (e.g., Al 2o3, 30%; Si02, 30%; 
CaO, 40%) is added, and this temperature is maintained for 20 min. At the end 
of the process the slag is scraped off and discarded to radioactive waste. 

®Registered trademark of the Rohm and Haas Company, Philadelphia, 
Pennsylvania. 
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Since there is some danger of atmospheric contamination with this process, the 
furnace must be vented and filtered before release to the atmosphere (Ayres 
1970). 

Soil Decontamination. Because soil decontamination is a considerably dif­

ferent process from other methods of decontamination, the techniques used will 
be grouped here rather than as separate processes. As with other "structures," 
soil can be either removed or decontaminated. In t ne latter case, the decon­
tamination probably would be done in a vessel rather than in situ although 

there may be electrochemical processes that might be applicable to in si tu 
decontamination. 

Ayres (1970} describes many examples of and procedures for immediate 
responses to unexpected contamination, including vacuuming, flushing, and coat­

ing; dilution, by plowing the activity under, is al so discussed. However, 
these methods are not acceptable for decommissioning purposes. Similar proce­
dures are described by White and Dunaway (1975). 

Lindsay, Michels, and Martinez (1973) describe an actual soil decontamina­
tion at the Rocky Flats Plant, Golden, Colorado, using polyurethane foam. An 
area of about 4 m2 was coated with a 5-cm deep layer of foam; after it set, 
the dried foam and 85% of the activity was removed. 

Excavation and removal of the soil to an approved burial site has i ts 
analogies with various sectioning processes described above, and this process 
has been used for many years (Horan and Cunningham 1971; Olsen et al. 1980; 
White and Dunaway 1975). With care, all of the radioactive contaminant can be 
cleaned up if the activity does not penetrate too deeply. However, the waste 
volume will be large and airborne contamination can be a problem. 

In view of the large waste volume, Rocky Flats personnel have been experi­
menting with selective decontamination {Olsen et al . 1980}. Their work has 

been with wet screening, attrition scrubbing at high and low pH, and cationic 
flotation; no results have been presented for the cationic flotation. Wet 

screening consists of screening the wet soil adjusted to greater than pH 11 
with NaOH. In a test of soil contaminated with plut onium and americium, 76% of 
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the soil finer than 35 mesh had 99.9% of the activity removed. The rema1n1ng 
24% of the soil contained the balance of the activity with some being present 
in the waste solution. 

Attrition scrubbing is essentially autogenous grinding in a mill with pH­
adjusted water. When the pH was adjusted to a high (unstated) value, 99.9% of 
the activity after four cycles remained with the fines that constituted 20% of 
the original soil. 

A low pH solution (Table A.1, Nos. 120-122) was used to wash/scrub the 
soil five times; the fines and the wash solution contained well over 99.9% of 
the original activity. There is the theoretical possibility of decontaminating 
a large area biologically by cultivating and harvesting crops known to concen­
trate a particular element. Loco weed, for instance, will selectively concen­
trate selenium from soil; however, as yet, no practical application has been 
found for this technique. A polyurethane foam that cures to a solid has been 
used for stabilizing contaminated soils and is reported to have a high capacity 
for picking up contamination at a relatively low cost (Lindsay, Michels, and 
Martinez 1973). 

ELECTROCHEMICAL DECONTAMINATION METHODS 

Electrochemical decontamination methods have the advantage of being fast 
and easily controlled. Various processes have been in existence and used in 
industry for many years (Jumer 1980; DeBarr and Oliver 1968); they have also 
been used in metallurgy and the chemical laboratory. In recent years interest 
has developed in the use of electrochemical methods, particularly electropol­
ishing, for decontamination. 

Electropolishing 

Surface-contaminated metals from nuclear facilities can often be rapidly 
decontaminated to unrestricted release conditions by electropolishing. For 
example, SS tools contaminated with plutonium oxide have been reduced from more 
than 1 million dis/min-100 cm2 to background in less than 10 min (Arrowsmith 
and Allen 1978). 
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In this process, the object to be decontaminated serves as the anode in an 

electrolytic cell (see Figure 5) {Allen, Arrowsmi t h, and Budke 1978). Within a 
certain range of voltage to current density there occurs a progressive dissolu­
tion of the surface material. If the voltages and current densities are too 
low, the surface is attacked nonuniformly, causing etching rather than pol­

ishing; voltages that are too high cause severe pitting of the surface (see 
Figure 6). Radioactive material that is on the surface or entrapped in surface 
imperfections is removed and released into the electrolyte. Typically less 
than 0.05 mm (2 mils) of material are removed with one treatment. 

Operating conditions using a phosphoric acid electrolyte typically have 
solution temperatures of 40 to 80°C, concentrations of 40 to 80%, electrode 

potentials of 8 to 12 V (de), current densities of 50 to 500 A/ft2, and time 
intervals of 5 to 30 min (Jumer 1980; Allen, Arrowsmith, and Budke 1978). 

Hydrogen evolved from this process may require venting. 

Electropolishing tanks are constructed of stainless steel because they can 
be decontaminated by making the walls anodic. Support equipment for an elec­
tropolishing system includes a de power supply, rinse tanks, a ventilation sys­
tem, and a means of temperature control and mixing of the solutions. 

In situ electropolishing is being developed f or use on those components 
that cannot be immersed in a typical electropolishing cell. This capability 

should be especially useful in decommissioning wor k to decontaminate tanks, 
large process equipment pipe interiors, or other large metallic surfaces prior 
to dismantling. Contact in situ electropolishing consists of an insulated unit 
holding the cathode at a fixed distance from the anodic surface to be decon­
taminated. Electrolyte is pumped through the unit at a slight negative pres­
sure; a test unit is reported to decontaminate 20 cm2 (3 in. 2) of stainless 
steel in 5 min using a phosphoric-sulfuric electrolyte at a current density of 

550 A/ft2 and a potential of less than 12 V (de) (Allen, Arrowsmith, and 

Budke 1978). 
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ANODE 

PART TO BE DECONTAMINATED 

STAINLESS STEEL 
/CATHODE 

STAINLESS STEEL 
TANK 

FIGURE 5. Schematic of the Type of Electropolishing Cell 
Used to Decontaminate Metal Surfaces 

Pumped stream electropolishing, where the cathode is the pipe nozzle, has 
been developed to the point where a 1.3-cm (0.5-in.) diameter stream of phos­
phoric acid electrolyte conducting a current of 2 A can reduce the radiation 
level on a plutonium-contaminated carbon steel component--the anode--from 
15,000 dis/min-100 cm2 to background in less than 2 min. 

Electrobrushing 

Electrobrushing is an electropolishing process on selected areas. The 
component to be decontaminated is the anode while the electrobrush serves as 
the cathode. The brush itself is a cellulose sponge wetted by a continuous 
feed of an electrolyte such as 5% sulfuric acid solution inhibited with 1 g/1 
ethylquinolinlium. Decontamination is by scrubbing at a current of 15 to 40 A 

at 15 to 20 V, and DFs of around 30 are reported at a rate of 0.6 m2/hr 
( 6 tt2 /hr) • 
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FIGURE 6. Relationship of Current Density and Cell Voltage 
for Electropolishing Showing Optimum Operating 
Region for Electrochemical Decontamination 

Some advantages of this system are in situ capability, high DFs, proven 
usefulness on PWR films, and readily available equi pment. Because the process 
removes base metal and because of the experience by Allen, Arrowsmith, and 
Budke (1978) and Arrowsmith and Allen (1978), the process is also expected to 
be quite applicable to BWR systems. Disadvantages of the system include the 
production of large volumes of aqueous radioactive waste and excessive attack 
of the surface by the electrolyte; in addition, if the decontamination is per­
formed manually rather than remotely, the man-rem exposure may be high. 

Electrochemical Cutting 

This is a process for electrochemically cutting an irradiated fuel 
assembly as described in the patent disclosure by Wurm (1972). The fuel assem­
bly serves as the anode while the cutting tool functions as the cathode. The 
tool itself is connected to the fuel assembly and consists, in part, of a row 
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of channels through which electrolyte passes against the assembly. It is 
equivalent to the industrial process of electrochemical machining (DeBarr and 
Oliver 1968; Wurm 1972). 

The electrolyte consists of a molten salt of alkali nitrate in which a 
fluoride of the group NaF, KF, and LiF is dissolved in a concentration of 1 to 
10 mol%. 

Molten Salt Descaling 

Molten salt descaling has not, to the authors' knowledge, been used for 
decontamination. It is used industrially to remove sealer, paints, and a num­

ber of other coatings (Mazia 1980), and there are baths to suit nearly every 
purpose (see Table 5). 

Advantages of all molten salt descaling baths include negligible base 
metal attack, low viscosity, and excellent wetting (Mazia 1980). The wetting 
insures that the oxide is rapidly heated upon immersion, which contributes to 
the detachment of the scale. Final scale removal occurs in a water quench fol­
lowed by a dilute acid rinse, if needed. Whether these processes affect the 
metallurgical state of the components (for example, sensitization) will depend 
on the alloy and the immersion time. 

The electrolytic bath operates in a similar manner but can be electrolyt­
ically polarized to oxidize or reduce surface deposits. 

Electrodialysis. 

Electrodialysis as described by Grant and Scherpers (1978) is a waste 
treatment process whereby an aqueous solution containing ionic contaminants is 
loaded on a mixed bed ion exchange resin in the center compartment of an elec­
trodialysis cell. Electrodes at opposite sides of the cell apply a voltage 
across the resin, causing cations to migrate through the resin toward the anode 
and anions to migrate through the resin toward the cathode. 

The resin on the anode side of the cell is bordered by an anion-selective 
membrane, and the anode itself is partitioned off by a cation-selective mem­

brane. In this way, hydrogen ions (actually hydronium ions, H30+) generated 
at the cathode pass through the cation-selective membrane and combine with the 
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TABLE 5. Metal Cleaning Salt Baths 

TyPe of Salt B_ac:...:t;,;.;h ____ _ 
High-Temperature Oxidizing 
Intermediate-Temperature Oxidizing 
Low-Temperature Oxidizing 
Reducing 

Reversible Electrolytic (oxidizing reducing) 
Paint Stripping (oxidizing with catalysts) 
Vitreous Enamel Stripping 
Molybdenum and Other Refractory Metal Descaling 

Special Purpose Baths 

(a) Temperature depends on application. 

Operating 
Temperature, 0c 

450-540 
370-480 
200-220 
370-400 
440-470 

450-480 
480-510 
425-450 

(a) 

anions from the original solution to form a relatively pure acid. In a like 
manner, concentrated base is generated on the anodic side of the cell. Water 
that is essentially free of ionic species is generated from the center compart­

ment. 

The technique is still under development, and numerous cell configurations 

with and without ion exchange resins in the various compartments have been 
used. A similar system has been demonstrated for the treatment of PWR waste 
streams to recycle lithium as the hydroxide and borate as boric acid. The 
purity of the effluent produced is sufficient for use as demineralized water. 

Energy consumption of liquid waste treatment is reported comparable to 
evaporation. Capital equipment, space requirements, and labor costs are 
reported to be less; recycled materials reduce both procurement and waste dis­

posal costs. 

Electrodialysis has also shown promise for the leaching of contaminants 

from porous material (such as chloride from concrete on bridges) and, there­
fore, will be tested in later phases of this program. Figure 7 shows a 
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DECONTAMINATION SOLUTION 

CONTAMINATED SOIL 

(-) (+) 

FIGURE 7. Trench Decontamination by Electrodialysis 

conceptual process for using electrodialysis to decontaminate soil. There are 
still problems with leakage between gaskets and semipermeable membranes leading 
to recontamination of the process stream. The degree of concentration is 
limited by back diffusion and the solubility of the concentrating salts (IAEA 
1964). (a) 

RADIOACTIVE WASTE DECONTAMINATION 

A brief review of methods of decontaminating(b) radioactive waste is 
presented because such wastes are generated during decontamination. One would 
expect that the radwaste treatment facility at a plant could handle these 
wastes, but as noted by Perrigo et al. (1979) such capability is unlikely. 

(a) International Atomic Energy Agency, Vienna, Austria. 
(b) The processes may be viewed as a decontamination of the bulk of the waste 

or volume reduction of the radioactive fraction. 
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The major shortcomings of operating radwaste facilities include one or 
more of the following: 

• lack of remote maintenance 
• lack of interim storage (shielded or unshielded) 
• no adequate solidification system 
• shortage of storage space for the final solidified waste. 

An older plant undergoing decommissioning might be at a greater disadvantage 
because plans to eliminate all radioactive materials would militate against 
onsite storage and any new facility to process the waste. 

Radwaste is usually classified by its source, its physical state (gas, 
liquid, or solid), or its activity level. High-level waste (HLW) is defined as 
that which evolves from the first cycle extraction during fuel reprocessing. 
HLW treatment does not fall within the scope of decontamination for decommis­
sioning. Decontamination work produces wastes of practically any activity 
level depending on the particular equipment being decontaminated. Except in 
the case of failed fuel cleanup, little fission product activity is expected. 

The intent of this section is to introduce techniques to reduce the volume 
of solutions that become active in the course of decontamination work. Most 
decontamination methods involve a liquid stage at some point in the process. 

Precipitation 

Many of the active species entrained in decontamination solutions can be 
removed by precipitation. Methods of this type have been used for treating 
large volumes of aqueous solutions. Separation of the supernate and the solids 
can be accomplished by settling, filtration, or centrifugation. 

In some cases the contaminants to be 
pended solids, as with liquid wastes from 
spent electrolytes from electropolishing. 

removed may already exist as sus­
vibratory finishing processes and 
It has been shown that particles as 

small as 1 micron can be removed by centrifugation. Diluted, neutralized 
phosphoric acid and spent sodium nitrate electrolytes have both been treated in 
this way. Polyelectrolytes (polymers of high molecular weights) can often be 
used to increase the effectiveness of the centrifuge. Three of these, all 
acrylamide copolymers, have been tested to show that the settling rates of 
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solids may be accelerated for dilute, neutralized phosphoric acid electrolytes, 
sodium nitrate electrolytes, and liquid wastes from vibratory finishing using 
ceramic media. Each polyelectrolyte was effective for a specific waste (Platt 
and Powell 1980). Those contaminants that remain in solution can be removed by 
coprecipitation, adsorption of ions on freshly formed precipitates, or flocula­
tion of collodial material (IAEA 1964). Methods for the removal of specific 
ions are outlined below. 

Cesium can be coprecipitated in the presence of nickel sulfate (NiS04) or 
copper sulfate (Cuso4) and potassium ferrocyanide [K4Fe(CN)6] in the pH range 
of 2 to 10. Introduction of a floculating agent such as ferric hydroxide 
[Fe(OH)3] may be required removal of the precipitate (IAEA 1964; Kolychev and 
Sedov 1968). 

Calcium and several other polyvalent radioactive cations can be removed as 
their insoluble phosphates in a pH range of 10 to 12. The amount of phosphate 
required varies with the nature of the waste solution but is always in excess 
of the stoichiometric amount. 

Radioactive strontium can be removed by coprecipitation with a radiologi­
cally stable strontium salt in the presence of excess phosphate ions at a high 
pH (IAEA 1964; Kolychev and Sedov 1968; Wiley 1976). 

Rare earths and some alpha emitters can be floculated by the introduction 
of ferric or ferrous salts and regulation of the pH. 

Solutions containing a variety of radionuclides can sometimes be decon­
taminated by the simultaneous addition of several precipitating agents. Some­
times, however, this is impossible because of the need to adjust pH to a 
different optimum level for each contaminant radionuclide. 

Mixtures of several polyvalent cations can be decontaminated by adding 
trisodium phosphate and a ferric salt at a pH of 10 to 11 (IAEA 1964). 

Iodine has been removed very effectively from aqueous solutions by use of 
hydrated ferric oxides activated by silver ions (Malasek 1967). 

53 



Filtration 

Many waste treatment techniques, such as precipitation, produce a sludge 
that must be separated from the decontaminated solution; filtration has been 

used to accomplish this. Gravity filtration through sand or anthracite beds 
has been used on certain materials; this method is relatively inexpensive 
although filter runs are short and volume reduction is low (Metcalf and Eddy 
1972). Standard pressure or rotating drum filters have been used on radwastes. 

A precoating of diatomaceous earth or similar material may be required, and 
centrifugal filters may be used to increase the filtration rate. 

Sometimes the sludge can be completely frozen to optimize volume reduction 
and filterability. It appears that freezing concentrates the ions around col­
loidal particles giving rise to coagulation. After thawing, the product fil­
ters rapidly and a dry cake results (IAEA 1964). 

Evaporation 

For waste volume reduction and concentration, evaporation is the most 
effective and universal method but also one of the most expensive. Except for 
very small amounts of radionuclides entrained in steam, volatile organic com­
pounds, and the few directly volatile radionuclides such as tritium, contamina­

tion is almost quantitatively separated. To prevent steam from carrying active 
ions along in large droplets, it is frequently passed through baffle plates, 
packed columns, venturi scrubbers, reflux systems, or filters to achieve DFs in 
the range of 104 to 106 (IAEA 1964). 

An important obstacle to successful decontamination by evaporation is the 
presence in solution of foam and scale-forming substances. Studies on com­
bating these problems have focused on changing the composition of the solution 

by prior removal of the surfactants and scale-producing agents and changing the 
evaporation conditions. Some success has been reported in the use of anti­
foaming agents (Krause 1977; Mende 1974; Malasek 1967). 

Ion exchange on synthetic resins is widely used for the decontamination of 
wastes with salt concentration of less than 1 g/1 (Kolychev and Sedov 1968). 
This process is attractive because of its ease of operation and adaptability to 
remote and automatic control. If only cation exchange is required, the acidic 
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+ or H form of resin is usually used. If it is known what specific cation is 

present, other more selective resins may be used. Anion exchange can be used 

to advantage when a particular isotope (for example, iodine, sulfur, and phos­

phorus) iS present in an anionic form. Normally, anion exchange is used after 

cation exchange. This two-step process is an effective and frequently used 

technique. 

Organic exchangers are normally insoluble organic polymers with specific 

groups deliberately introduced to supply the exchangeable ion. The most common 

of these are the sulphonic, phenolic, and carboxylic groups in the case of cat­

ion exchangers and quaternary ammonium, tertiary, secondary, and primary amines 

in the case of anion exchangers (IAEA 1964). 

The advantages of these resins include high exchange capacity, good sta­

bility, easy regeneration, and rapid exchange. It should be noted that regen­

eration capability is not as important as effectiveness and total capacity 

because many reactor operators are going to one cycle use only for simplicity 

(Perrigo and Divine 1979). 

Zeolitic ion exchange materials have been shown to be effective for cesium 

and strontium removal. In particular, Zeolon-900 is reported to be effective 

on cesium while Amberlite-200 best adsorbs strontium (Wilding and Rhodes 1974). 

Because Zeolon-900 is highly selective for cesium, a relatively small quantity 
of ion-exchange material can be used to treat a very large quantity of cesium­

contaminated water. 

Foam Separation 

The removal of radioactive species from aqueous solutions by foam separa­

tion takes advantage of the concentration difference between surface layers and 
the bulk regions of solutions containing surfactants. Surfactants reported 

include lauryl sulphonate. fatty acid salts. and industrial foaming agents such 

as Sapogen T-Gel and Sulfapol. These materials concentrate at the surface of a 
solution and can be removed by creating stable aqueous foams. Removal of non­

surface active agents such as metal ions requires that they be complexed into 

the foam (Malasek 1967). 
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A method of purifying low-level aqueous wastes that is based on the prin­
ciple of complete desalting of the solutions has been developed in the Soviet 
Union. This process replaces high molecular weight organic ion-exchange resins 
with partially sulfurated bitumen and various inorganic sorbents. Although 
this technique will give solutions that are activity free to acceptable stan­
dards, it has a number of shortcomings--one of which is the need to reprocess a 
large volume of regeneration solutions if the content of the salts in the ini­

tial solutions is greater than 0.5 to 1 g/l (Rauzen and Trushkov 1972). 

Volume requirements can be reduced from zeolite- and bitumen-based systems 
by the use of such proprietary reagents as dualite ARC-359, Dowex 50W-X8, 
Chelex 100, or Hz0-1. In particular, these have been studied for the removal 
of cesium, strontium, and plutonium. 

Gas Scrubbing 

It is occasionally necessary to remove radioiodine from gas streams before 

their uncontrolled release. Several methods of accomplishing this have been 
reported in addition to the general method of using activated charcoal. Deuber 

and Birke (1978) have reported the use of the sorbtion material DSM 11. The 

removal efficiency for iodine-131 in the form of I2 was greater than 99.9%, 
and residence time was 0.1 sec. Removal of iodine-131 in the form of HIO was 
less than 1% with the same residence time at 40°C and 50% relative humidity. 
Of the sorbtion materials tested, IPH (supplied by Nuclear Energy Services, 
Inc.) proved to be the most suitable for removing HIO under the same condi­
tions. Both molecular iodine and methyl iodide have been removed from air 
streams by electrolytic scrubbing using a solution of cobalt in dilute nitric 
acid. At a current of 4 A, iodine DFs are about 100 (Mailen and Horner 1976). 

Miscellaneous Processes 

Radioactively contaminated water has been reported decontaminated by slur­
rying with grundite clay. It has been shown that this clay slurry is particu­
larly effective for removing the radioisotopes cerium-141, -144, 
praseodymium-144, zirconium-95, niobium-95, barium-140, lanthanum-140, 
strontium-90, and yttrium-90. It was less effective for ruthenium-106 and 

rhodium-106 and very poor for iodine-131. 
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It appears that 1000-ppm clay in water is adequate for batch treatment 

with greater concentrations being wasteful of clay (Lacy 1954). 

Clays and soils can also be used for fixation of radioactive effluent by 

absorption and fixation of the activity on siliceous materials. These mate­
rials, when fired to a high temperature, fix the activity in such a form that 
it is not leached appreciably by natural waters. The solid wastes produced are 
then buried (Amphlett 1956). This process is analogous to the vitrification 
processes currently under study for HLW. 
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PROCESS REVIEW 

Numerous sources have been examined for possible use in decontamination. 
Most of the processes have been developed to meet specific decontamination 
needs and, therefore, are not satisfactory for other cases. As an example of 
this, consider that over 100 chemical, 25 mechanical, and 5 electrochemical 

decontamination processes have been tabulated. Further, this tabulation is by 
no means complete. Ayres (1970), Choppin et al. (1979), and Remark (1981) pro­
vide other compilations with Ayres being the most comprehensive. In addition. 
there are a few processes that are currently being investigated but are not yet 

described in the literature for proprietary reasons. 

It is believed that, of the published processes, the major variations and 
some minor ones are included in this report. In reviewing the tabulated pro­
cesses and considering the needs of decontamination, it is clear that the 
decontamination process should be based on the following criteria: 

• effectiveness - Decontamination must be adequate to meet the objec­
tives of the operation. 

• efficiency- The process sho~ld not be unduly labor intensive, expo­
sure intensive, or costly in terms of equipment, reagents, or waste 

disposal. 

• safety - The process must not expose personnel to undue hazards or 
compromise the structural integrity of buildings or systems. The 
degree of structural integrity required will, or course, depend on 
whether the decontamination is being performed for reuse or 
decommissioning. 

• waste production - All decontamination methods create radioactive 
wastes. It is both desirable and usually necessary for compliance 
with regulations to produce concentrated, solid waste that is not 

subject to leaching after burial. 

The next few sections summarize the findings of this report. Three groups 
are described--chemical, mechanical, and electrochemical decontamination 
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processes. Each process is further broken down and representative examples are 
given. Operating information is also discussed. 

CHEMICAL DECONTAMINATION PROCESSES 

Chemical decontamination techniques are first divided into high- and low­
concentration processes. In this section the chemical behavior is emphasized 

over physical differences. Chemical processes can be further divided into six 
groups: 

• high pH oxidation and dissolution 
• high pH oxidation followed by low pH dissolution 

• low pH oxidation and dissolution 
• low pH oxidation followed by low pH dissolution 
• low pH dissolution 
• low pH reduction and dissolution. 

An example of the high pH oxidation and dissolution is AP, which will dis­
solve chromium oxide and attacks various hard surfacing alloys, organics, and, 
to some extent, copper. AP followed by citrox or any other acid step is an 
example of high pH oxidation followed by a low pH dissolution. In this case 
there is still some dissolution in the first step, but the major purpose of the 
AP is conditioning the corrosion product; most of the decontamination occurs 

with the dilute acid step. These processes are generally applied to PWR sys­
tems that operate under reducing conditions. 

A similar use is made of low pH oxidation and dissolution. For example, 
nitric acid can be used as both oxidant and acid, particularly in the case of 
uranium oxide fuel debris removal; not being a sufficiently strong oxidant, it 

cannot oxidize cr3+. Because the composition is proprietary, the placement 

of NS-1 in this ranking is uncertain; however, NS-l is a low pH solvent that is 
thought to be mildly oxidizing because it can be used to remove copper from BWR 

systems. On the other hand, it is not strongly oxidizing because it is unsuit­
able for PWR use. 

A procedure that is similar to the high pH oxidation and low pH dissolu­
tion process uses nitric acid as a low pH oxidant followed by a low pH 
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dissolution step such as citrox. This process is suitable for the removal of 
fuel and fission product debris and can be used for corrosion product removal 
if little or no chromium is present. 

There are several examples of solutions for low pH dissolution. The best 

known of these are phosphoric acid and CAN-DECON; others have been noted in 
Appendix A. Inhibited phosphoric acid has been used successfully for many 

years in theN-Reactor--a carbon steel system. CAN-DECON, the only dilute pro­
cess tested on a reactor-scale operation, has also seen success in carbon steel 
systems; variations are being examined for use in PWRs. 

Low pH strongly reducing systems are not common because reactions with 
water tend to make them unstable; for example, the Cr++ ion. One developed 

for high-temperature stainless steel is RDS (reducing decontamination solu­

tion), which uses hydrazine. For systems that can accept chloride, a solution 
of hydroxylamine hydrochloride has proven useful for dissolving magnetite. 

All of the above solutions, and the only solutions tested in-reactor, have 
been aqueous. Molten salts and anhydrous acids, such as H2so4, H3Po4, and 
HN03-H2so4, have also been used in the laboratory for descaling and dissolu­

tion. These and other nonaqueous systems can have a wider range of basicity, 
acidity, and reducing and oxidizing potential than aqueous solutions because 
the less stable water is not present to limit the parameters. Some of these 
processes are listed in Table A.l in Appendix A. 

MECHANICAL DECONTAMINATION PROCESSES 

Mechanical methods of decontamination will usually involve a greater 
degree of surface removal than either chemical or electrochemical methods. 
These methods can be broadly designated as ~ither techniques for the removal of 
surfaces or techniques for the bulk sectioning of equipment and structures. 

Abrasive blasting is perhaps the best-known technique for the removal of 

a variety of contaminated surface materials. An abrasive material is propelled 
against the contaminated surface a high velocity to remove activity and some of 
the substrata. The procedures are well established and several variations are 
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described in the literature. Other surface removal procedures include 

spalling (concrete surfaces), hydrolazing for the removal of loose scale and 
crud from a variety of surfaces, and ultrasonic cleaning for the decontamina­

tion of small components with relatively complex geometries. 

Explosives are used primarily as a means of sectioning large pieces of 
equipment so that they can be decontaminated by some other means, if desired. 
Explosives may also be used to remove concrete surface layers that have been 
significantly penetrated by contamination. Other sectioning techniques include 
the arc saw for metal cutting, the plasma arc torch, and flame cutting. 

Although mechanical methods are generally not as versatile as chemical 
methods, they do provide a comparatively straightforward means of decontamina­
tion for those surfaces that can tolerate harsher treatment. 

ELECTROCHEMICAL DECONTAMINATION PROCESSES 

Electrochemical processes have a major advantage over chemical processes 
since they can be terminated on demand. On the other hand, it is generally 

necessary to have the secondary electrode in the immediate vicinity of the area 
being cleaned. Their use is generally confined to components rather than 
piping systems. The best-known electrochemical process is electropolishing, 
which is used to remove the outer surface of a metal object. As the surface is 
removed, the contamination is undercut; the electrolyte characteristics (vis­
cosity and chemistry) act to prevent contamination from redepositing. Because 
of the high current densities required for polish·ing, the process is very 
rapid. 

Other electrochemical processes, such as electrodialysis, are used indus­
trially to purify liquids and have been tested as a means of extracting chlo­

ride from concrete on bridges. A possibility exists that with the proper 
11 solvent 11 this method could be used to extract radionuclides from concrete or 

soils. 
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OPERATIONAL OATA 

Operational information such as DFs, corrosion data, safety, and waste 

disposal techniques is not always provided and may not be provided in terms 

that are readily usable for decontamination procedures. No one process has 

presented all the data necessary for use, although the AP-citrox method comes 

close. For AP-citrox, Ayres (1970) provides comprehensive data on all four of 

the above topics. Little significant OF, corrosion, or safety data have been 

developed since that time although new regulations may be more limiting on han­

dling the chemicals. Some new, proprietary information is in the offing on the 

solidification of AP-citrox. 

NS-1 is well documented, particularly in the safety, waste disposal, and 

corrosion aspects, by Dow Chemical. They have also generated OF data; howeve~ 
these data are not as comprehensive as those for AP-citrox due to the lack of 

reactor experience. 

Phosphoric acid is well documented in all areas by United Nuclear Indus~ 

tries. Due to its limited use on carbon steel, the total data base is not 

large. 

The CAN-DECON process has the necessary data available but not necessarily 

in AECL or Ontario Hydro documents. No information has been seen, for example, 

on the safety of the process. Because of the dilute nature of the chemicals, 

however, this information is readily available in standard chemistry sources. 

Electropolishing is another process that is fairly well documented, but 
because of its newness for decontamination and current limitations on applica­
bility, its data base, too, is rather small. In this process, of course, the 

term corrosion rate is somewhat meaningless because the process purposely 
removes the surface at a controlled rate. 

The other processes generally emphasize OF or some relative effectiveness 

or corrosion behavior with little information on waste disposal or safety. It 

should be noted that no corrosion data are presented in the table in Appendix A 

for the chemical processes, except occasionally in the remarks, and that only 

general surface loss information is presented for the other processes. In the 

case of the chemical processes, this was done for two reasons. For processes 
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such as AP-citrox, so much data are available that it is not feasible to do 
more than make general comments. For most other processes, little specific 
data are available--rather the reference has comments that 11 corrosion is 
severe, negligible, • 

The discussion on waste disposal given by Perrigo et al. (1979) is still 
valid and should be reviewed. As noted, there are some new processes under 

development, but they are still proprietary and no new information is 
available. 

CURRENT STATUS OF OECONTAMINATION PROCESSES 

The present status of decontamination processes is one of flux. In the 
1950s and 1960s there was considerable effort expended to develop new pro­

cesses. During the late 1960s and early 1970s, however, interest decreased 
and little progress was made in the United States in this area. Recently there 

has been renewed interest in developing decontamination processes, especially 
towards dilute chemical or mechanical processes although the more developed of 

the new techniques are based on concentrated chemicals. 

Although the NRC has placed some emphasis on the development of new pro­
cesses, their major thrust is towards filling some of the gaps in the data of 

presently existing processes. It is hoped that this document and the follow­
ing laboratory program will provide operators and regulators alike with suffi­
cient information to make rational selections for any given reactor. 
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APPENDIX A 

DECONTAMINATION METHODS (TABLES) 



, 
~ 

AF' Alkaline PPrmanganate 
AC: Ammonium Citrate 
ntrox Inhibited CITRate OXdlate Reagent 
OPG Oxalic acid, hvdrogen Peroxide, Gluconic acid 

TABLE A.l. Chemical Melhods of Decontaminalion 

Application Reagent/Concpntratiun/Prucw>s DF/'1;,* RE"ference Condition 
----· 

Aluminum 

Brass 

Carbon Steel 

1. HN0 1 

2. a) Scrub with Na-EDTA + 2% det.:rgent 10-1000 
rin;e b) cover with wet Na-EDTA rags 
dnd dllow to ;oak for 1 hr c) remove rag1 
and rime 

.3. a) WatN rinw bllO'X. litric a<id 
scrub c) 10% HNO,scrub 

4. Inhibited sulfamic and 

5. 50'!{, HNO, 

6. Nitric acid (4 parts acid to 1 part Wdler) 

7. a) Wipe with acetonE" or dlcnhol 
b) emery cloth c) 5% AC 

B. Inhibited HCI (propynol, 
formaldehyde. inhibitors) 

9. 0.4M ammonium oxalate+ 0.16M ntr1r 
acid+ 0.3M H,O, 

10. 0.5% solution of EDTA +citric acid 
+ hydrdZine 

11. Buffered oxalic acid+ H,O, 
+gluconic J<id (OPG) 

12. Inhibited ammonium citrate or 
<,Qdtum bisulfatP 

13. Inhibited 9'X, sulfamic acid 

100-500 

29-72 

*DF =decontamination factor; DF unless identified as percent. 

Ayres 1971 
BNWL-B-90 

Christensen 1959 
LAMS-2319 

Christensen 1959 
LAMS-2319 

Avres 1971 
BNWL-B-90 

AyrE'S €"t al. 1962 
HW-71259 

Ayres 1971 
BNWL-B-90 

Christemen 1959 
LAMS-2319 

Ayre~ 1971 
BNWL-B-90 

Ayres 1971 
BNWL-B-90 

Ayres 1971 
BNWL-B-90 

Divine 1973 
Ayres 1970 

Ayres et al. 1962 
HW-71259 

Ayres 1966 
BNWL-SA-751 

70°C 

5 sec at 40°C 

90-95°C 

pH 6-8, 90-100°C 

80°C, 1-4 hr 

Comment; 

Used on surfaces pa,;,ivclted by ox1d1zing 
acids. 

Corrosion nil. 

Does not promote reprE>cipitation, no severe 
attack at galvanic junctions. 

Abo used to remove ceramic fuE>I residues 
(PuO,) from piping systems. 

HCI very corrosive to mild steel, stress cracks 
stainless. Typically 15% HCI and 1% inhibitor 
by volume. 

Citric acid complexes the iron ions and 
prevents formation of insoluble oxalate;. 

~20 mg/dm 2-day corrosion. OPG: 0.025M 
H,O, + 0.013 gluconic acid. 

Corrosion should be less than 0.2 mils per 
cycle. 

Typical inhibitors are formaldehyde or 
propynol, 5%. 



)> 

N 

Application 

Carbon Steel 
(Contd) 

Reagent /Con ce ntrat ion /Process DF/'X,* 

14. a) Recirculate with AP followed by 2·300 
water bj recirculate with sodium bisulfate 
followed by water 

15. OPG followed by cln inhibited oxalic- 10-30 
sulfunc reagent (Sullo~\ 

16. APAC 90-99% 

17. 10% NaOH +]'X, KMnO, followed by 11-360 
H,C,O, 25 g/l + {NH,), HC,H.o, 50 g/1 + 
Fe, 2 g/1 + ml diethylthiourea 1 g/1 
Fe,(SO,), 

18. 0.3M H,so, + 0.1M oxalic acid 
+ phenyhhiourea (Sulfox) 

19. 0.4 wt% NUTEK L-106 

20. Buffered mixture of oxalic acid and 
hydrogen peroxide 

21 NS-1 

3~4 

6 

2-10 

22. a) Water rinse b) ~uub with 10'}(, tit ric 20 
acid+ 5% detergent; r1nse c) 1nub with 
0.3M citric acid +0.1% detergent+ O.SM 
HCI rinse d) scrub with 6M HNO, 
e) repeat d) as nece;;My 

23. 0.0017M EDTA + 0.00119M citric acid 
+ 0.00198M oxalic Jcid 

24. 0.0017M EDTA + 0.00119M citric acid 
+ 0.00198M oxalic acid 

25. 0.002M HE EDT A+ 0.002M citm aCid 
+ 0.002M ascorbic acid 

2 

16 y 

110f:i+y 

25] 
500-y+f:i 

TABLE A.l. (Contd) 

Referenn: 

Ayres et al. 1962 
HW-71259 

Ayres and Pemgo 1966 
BNWL-SA-666 

Abrams and Salterell1 
1966. WAPD-299 

Weed 1968 
BNWL-711 

Ayres 1970 

Lit. Review of Chern., 
Water Cooled Noel eM 

Decon Proces>c> for 
Reactors NP-1033 

Ayres 1966 
BNVvl-SA-751 

Remark 1979 
RDTPL-79-35 

Christensen 1959 
LAMS-2319 

Kratzer 1979 
UNJ-1425 

Kratzer 1979 
UNl-1425 

Kratzer 197'l 
UNI-1425 

Conditio.:':_ ___ _ 

60-90°C 

Comments 

If fi'.1ion product; dnd rupture debris M(' 
present, precede thi> pro<e;~ by recirculation 
with a ;olution containing sod1um rarbonate, 
sodium bkMbonate, and hydrogen perox1de. 
Sodium bi>ulf~te 3 to 10'X, bv weight. 

OPG BOo C. 1-4 hr Sulfox. 0.3M H,SO, +0.1M H,C,O, + 1 g/1 
Sulfox· 45-70°C, inhibitor (phenylthiourea). OPG 0.025M 
1 he 

250°F for 24 hr 

105°C and about 
80°C 

25°C, 40 m1n 

1oooc 

sooc, 1-4 hr 

H2C 10 4 + 0.5M H10, + 0.013M gluconic acid. 

AP: 2.5M NaOH + 0.2M KMnO,. 
A C. 0.4M (NH,j, HC,H,O, {AC). 

Report provide; a comparison of corrosion 
data for Haynes 25, 305, and 316 55, 17-4 pH 
55,440 SS. A212 carbon steel. and othcr<,_ 

Mdy not b(' dpplitdble to U.S. reactors 
because of construction materidl difference;_ 

0.025M oxalic acid, 0.5M H,O,. 

NS-1 IS a proprictdry product of Dow 
Chemical Company. 

100°C. 70 1/m flow ~-1000 mg/dm 2-d rorrosiOil (13 ,um/dj_ 
pH 4.8 

100°C. 70 1/m flow ~ 1500 mg/dm'-d corrosion {18.5 J-!rll/d)_ 
pH 2.2 

pH 2_6 -- 20-600 mg/dm'-d corrmion (0.2-7.5 1-'m/di. 
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ApplicatiOn 

C drbon StP('I 
(Contd) 

ConcretE' 

Copper 

Glass 

lnconel and 
lncoloy 

In cone I 

RP<tgt•nt /(one t'nl r ~I ion/Pro((''' 

26. 0.002M HHDT A+ 0.002M citric Kid 
+ 0.004M hydrazinf' 

27. 0.002M HE EDT A+ 0.002M citrrc acid 
+ 0.012M hydrazine 

28. 0.002M HEEDTA + 0.002M citric acid 
+ 0.0065M hydrazine 

or ;•;;,• 

12-36y 
60-80 -, + {3 

neglrgtble 

400 y 
1900y+{3 

29. Spray solutions of water, 10'!{, cau;til 150 
and 10% nitric acid or 10')(, nitriC aCid with 
hydroxylamine sulfate 

30. a) Hand cleaner and brush b) mop; if 
unsucn:s>ful, mop with 15')(, HCI 

31. Sprdy. dl wdter b) 10',\, H~O, c) 10'\, 
NaOH d) 10% HN01 with hydroxylamme 
acid sulfate 

32. Equal parts of phosphorus, nitric, dnd 
arf'tic <~cids 

jj_ 2-10% polyvinyl alcohol irl water 70-97'% 
+ 1'% EDTA + 1S-20% ethyl alcohol+ 0.02'\, 
>odium carbon~tP brush or >pray 

J4_ 20'::, HNOJ + 3 HF 

35. a) Water rmsf' b) scrub with Na-EDT A 100 
or 20~{, HNO, + 3'% HF 

36. Amino acetate; or polypho1phate> 
plus a surfactant 

37. a) AP b) 2S'X, HNO, + 2S"!i, HF 

Htgh-Concentration Reagents 
38. a) AP b) AC 5-20 

TABLE A.1. (Contd) 

ReferenlT 

Kratzer 1979 
UNI-1425 

Kratzer 1979 
UNf-1425 

Kraller 1979 
UNI-1425 

Moore 1974 
WASH 1132 (74) 

Christensen 1959 
LAMS-2319 

Wf'hman et al. 1975 
CONF-750827 

Ayres 1971 
RNWL-B-90 

Christensen 1959 
LAMS-2319 

Chri>tensen 1959 
LAMS-2319 

Chmtensen 1959 
LAMS-2319 

Dippel, Hentschel, 
and Kunze 1977 
KFK 2500 

Ayres 1971 
BNWL-B-90 

Remark 1978 
78:5332-01 

Condition 

pH 3.3 

pH 7 

pH 4.9 

80°(, 135 p;ig 

80°C 135 psig 

Comments 

~soo-7500 mg! dm'-d corrosion (6.5-95 J.!m/d). 

112200 mg/dm'-d corrosion (28 J.!m/d). 

~10.000 mg/dm'-d corrosion (130 11m/d). 

Spray through a rotating nozzle; large 
volumt:> of waste solution. 

1-2 min at 60-70°C Polishing. 

25°C 

55°( Efficiency increa>es wtth temperature. 

Corrn>ive, but no rate given. 

up to 200°C, usually Compardble to citric acid-ba>f'd solutions. 
60°(, 10 min 

a) near boiling for First step conditions the film, 
1-2 hr b) 70-80°C 

al 90°C b)105°C AP preconditions ~nd oxidizes the torrosion 
proclun film, rinsing required b<·tween 
rf'agents. AP: 2.5M NaOH + 0.2M kMn0 4 ; 

AC: 0.4M AC 
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Application ReagenUConcemratron/Proct.>>l 

lnconel 
(Contdj 

39. a) AP bj oxalic acid 

40. a) AP bl oxalic acid c) AC 

41. a) AP bj citrox 

Low-Concentration Reagenb 

42 NUTEK L-106 

43. Chelating agents such as EDTA, 
citric ac1d, and oxalic acid 

44 . Hydraline 

45. Hydrogen peroxide 

46. Hydrogt.>n peroxide plus chelant 
{EDTA) 

47. Hydrogen peroxidt.>-hydrdline 

48. 0.0017M EDTA + 0.00114M crtric acid 
+ 0.00198M oxalic acid 

Monel and Nickel 49. 25% sulfamic acid 

Stainless Steel 50. Amino acetates or polyphosphat~s 
plus a surfactant 

TABLE A.1. (Conld) 

DF/%" Reference 

5-20 Remark 1978 
78:5332-01 

5-20 Remark 1978 
78:5332-01 

20-240 Remark 1978 
78:5332-01 

Remark 1978 
78:6332-01 

2-12 Remark 1978 
78:6332-01 

Remark 1978. 
78:6332-01 

1-3 expected Remark 1978 
78:6332-01 

2-6 expected Remark 1978 
78:6332-01 

2-15 Pxpectt?d Remark 1978 
78:6332-01 

2-8 expected Remark 1978 
78:6332-01 

2 Kratzer 1979 
UNI-1425 

Ayres 1971 
BNWL-B-90 

Dippel, Hentschel, 
and Kunze 1977 
KFK 2500 

Condition Commen'''''-------------

a) 90°C 

a) 90°C 

a) 90°C 

le;~ than 70°C 

1oooc 

100°C, fill-soak­
drain, 1-2 days 

AP. 2.5M NaOH + 0.2M KMnO,; 
oxalic acid. 0.025M. 

Stt.>p c) prevents redeposition of oxalate 
precipitates, concentration; the ~a me as in 
numbers 38 and 39 above. 

1.5 to 2 mil-; corrosion of stainless steel per 
application. 1.5 mils/hr on carbon steel. 
Citrox: 0.2M citric acid+ 0.3M oxalic Kid. 

All reagents less than 2000 ppm (0.2'X,): 
regenerate in <dtion exchange columns 

1-4 days for total PWR primary system 
decontaminatror1. 

Enhances solubllrty of crud dt.>po-;it>: u;e a; a 
dilute -;olution in fill-soak-drain method 
1-2 weeks prt?paration, 8-24 hr for 
decontamination. 

Concentrations in low ppm range, will not 
oo!ubi!i.-c iron. 

Chelan! will solubilize iron; fill-soak-drain 
method. 

H10 2 solubilizes Co-58 and nickel, but not 
iron. Hydrazine reduces from the more 
soluble divalent state. No rinses betwE>en 
solution> required. 

100°C, 70 1/m flow Negligible corrosion. 
pH 4.8 

1 hr at boiling 

Up to 200°C, 
usually 60"C, 
10 min 

Metal exposed to water at 570°f or lower. 

Comparable to citric acid-based solutions. 
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Applicdtion 

Stamless Stcel 
(Contd) 

Reagent /Conc('n 1 r~ 1 ion /Pron'" 

51. <~I AP b) sulfurrc acid +diammonium 
citrate 

52. Soak 1n a 1olution of ammonium 
oxalate. citrate, hydrofluori< acid, 
.Jnd hydrogen peroxide 

53. AP- citrox 

54_ Acidify coolant with boric and ~nd 
maintain reducing environment With H, 

55. a) citrox bi AP c) nitric-oxalic 
and dilute mrox 

56. 20'X, HNO, + 3Q'J{, HF 

57. 6.5% H,SO, + 6.5% HF + 87% H 20 
+ 250g cr,o, 

58. a) AP b) dilutE' complexing .lgent or 
dilute ac1d 

59. EDTA +Citric acid hydr.wnc 

60 0.4MH,C,0 4 +0.1MtH+0.0-1.0M 
H,O, 

61. al 0.2% oxalic acid bl add 5 ml of 
30'X, H,O, per l1ter 

62. EDT A (or Nl A, DPTA, TTHA) +citric 
acid 

63. 70-SO'X, H ,PO, or chromous sulfJtC 
:.olution (0.4M Cr 504 + O.SM H 2S04 ) 

64. KCI/r--..aCI!AICI,(salt melts) 

nr I%* 

" 
400-1700 

20-30 

3-120 

300 
1'- y 20 

96'}, 

TABLE A.1. (Contd) 

Reference 

Remark and Millt>r 
1979, RDTPL-79-35 

Platt1975 
BNWl-1952 Section 5 

Ayres 1966 
BNWl-SA-751 
BNWL-SA-666 

Lit RE>viPW of Chem. 
Decon Processes lor 
Water Cooled Nud('M 
Rcactors NP~1033 

Ayrc'> 1971 
BNWL-B-90 

Ayres 1971 
BNWL-B-90 

Ayre' 1971 
BNWL-B-90 

Ayres 1971 
BNWL-B-90 

Ayres 1971 
tlNWL-B-90 

Ayres 1971 
BNWL-B-90 and 1966 
BNWL-SA-751 

Ayres 1971 
BNWl-B-90 

Ayres 1971 
BNWL-8-90 

DippE>I1976 

ConditiOn 

AP at 90°C 

Comment<; 

al AP: 10'!;, NaOH + 3% KMnO, b) 0.3M 
H,SO, + 0.2M {NH4),HC,H,07. 

pH 2-4 0.4M AC, 0.4M ammonium oxalate, O.SM HF, 
0.02M H,O,. 

AP: 105°C for 2 hr AP, 25M NaOH +0.2M KMnO,; citrox· an 
A(id. sooc for 2 hr Inhibited mixture of citric and oxalic acid:., 
or longer 0.2M citric acid+ 0.3M oxalic .J(id, principally 

-"Co contamination. 

Cool system 

55-65°C 

Elevated or room 
temperature 

gooc 

pH 6-8, 90-100°C 

2-4 hr at 90--95°C 

15 min at 35°C 

pH 6-8, 90-100°C 

ssoc 

130°(, 45 min 

May not be applicable to U.S. reactors 
because of construction material differences. 

Citrox. 0.2M citric acid+ O.JM oxalic acid; 
dilute citrox: 0.03M citric acid+ 0.02M oxalic 
acid, 0.2M nitric ac1d. 

F1rst step conditions the film; dilute is IE'S'> 

than 2000 ppm_ 

PE>roxidc promotes corrosion in lower 
concentration, inhibits at higher. 

Polishing, derustrng, and decontaminating. 

Rate increases with temperature; rE'gulate pH 
with hydrazine; definitions given in text. 

Some :.alt melt; limited by their corrosive 
prOp('rtl('<,_ 
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Application 

Stainles; Steel 
(Contdl 

Reagent /Co ncentr at ion /PrO(('<,<, 

65. NS-1 

66. l.OM oxalic and+ 0.02M H,O, 
+ 0.013M gluconic and 

67. Oxalic peroxide (OPGI followrd 
by sulfur 

DF/'X,• 

5-B 

10-30 

68. 2-10'k, polyvrnyl alcohol in water+ 1% 70-97'Y. 
EDT A + 15-20% ethyl alcohol + 0.02'X, 
sodium carbonate; bru-;h or spray 

69. a) AP bl AC 

70. a\ AP b) oxalic acid 

71. a) AP b) oxalic acid cl AC 

72. a) AP bl citrox 

73. 1M HNOJ 

74. Salt mix('<, 90-95';{, 

75. AP followed by nitrrr ~nd 

76. AP follow('d by AC (APAC) 

TABLE A.1. (Contd) 

Reference 
-----·-· 

Rohner, Summary 
ANS Tran;. 
Novembl.'r 1978 

Divine 1973 

Ayres and Perrigo 1966 
BNWL-SA-666 

Diprwl1976 

Remark 1978 
78:6332-01 

Ayre~ 1971 
BNWL-B-90 

Dippel. Hentschel. 
and Kunze 1976 
KFK 2375 

Ayres. Perrigo, 
and WePd 1966 
BNWL-SA-938 

Ayres, Perrigo, 
and Wl.'ed 1966 
BNWL-SA-938 

Condition Commrnt<, 
'--=--=----

1200C. 100-200 hr 

60"C 

a) qooc bi 105°C 

d) 90°C 

a) 90°C 

a) 90°C 

1-2 hr 

Extenstve preparat1011 trme required. 

"20 mg/dm'-d corrosion. 

Sulfox· 0.3M lt,so, +0.1M H,c,o, + 1 g/l 
inhibitor; OPG: 0.025M H,C,O, + 0.5 H·0 1 + 

0.013M ghHonicMid. 

AP preconditions and oxidizes the corrosion 
produrt film, rin<;rng wquJWd bl.'tWI.'('n 
rPagl.'nt<,_ AC prPvents redeposition of 
oxalate precipitate. 

AP, AC, and oxalrc acid concentrations as 
bdore. 

1.5 to 2 mils corrosion of stainless steel per 
appltcatton: 1.5 mtls/hr on rMbon <,teei. 

Used on surfaces pa;sivated by oxidiLing 
acid>. 

Clean;ing p.J;tes prepMed by mixing 
combrnations of HF, HN0 1, and HCI with a 
hydrofluoric acid-resistant, highly di;per;ed 
barytr type material <,uch a<, a KH,PO, rnoltl.'n 
<;alt. 

AP. 10-18';;, NaOH + 3'X, KM,O,; 10~:. HNO,_ 

AP: 105°C for l hr lneffectivt> on <;tainiP<;<; films exposed to 250-
AC. 80°C for 1 hr 300cc water for extended periods, 

concentration> as before. 
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TABLE A.1. (Contd) 

Application Reagent/ConcPnlr dlion/Process OF r , * R efe re nr e Condit ion ,C"oO'm"m""'"""""'-------

Stainle;' Steel 
(Conidi 

77_ AP- citrox 

7l:L AP iollowed by mixturP of J'X, TTHA, 
Citric acid, '-J,H,, and NH,Otl 

79. 0.0017M EDTA + 0.00119M citric ac1d 
+ 0.001981\.1 oxalic ac1d 

80. 0.0017M EDTA +0.00119M citri< ~tid 
+ 0.001'l8M ox~lil ~lid 

81 0.002M HEEDT A. + 0.002M citric acid 
+ 0.004M Hvdraz1ne 

20 at 30 sec 
250 at 5 min 
4000 at 1 hr 

2 

16' 
160-:i+/J 

12-36 y 
60-80 1' + fl 

82. Spray solutions of w~ter, 10% cau>tic, 150 
and10'¥, nitric acid or 10~;, nitric acid with 
hydroxylamtnP sulfate 

83. ai1.0M oxalic Mid bi AP c) citrox 

84 AP 

85. AP-ntrox 

0 

20 

86. AP followed by oxalic and (A PO XI 16 

87. AP followed by sulfam1c acid (AP-Sul) 20 

Ayres. Pemgo, 
~nd Weed 1966 
BNWL-SA-938 

Ayres 1966 
RNWL-SA-2460 

KratzPr 1979 
UNI-1425 

Kratzer 1979 
UNI-1425 

Krat7er 1979 
UNI-1425 

Moore 1974 
WASH 1332 (74) 

Oenal et al. 1978 
flNWL-TR-290 

Me;ervey 1970 

Ayres 1970 

Meservev 1970 

Ayres 1970 

98°C, pH 7-8 

100oe, 70 1/min 
flow. pH 4.8 

100oc, 170 1/min 
flow, pH 1.2 

pH 3.3 

sooc. 135 psig 

105°C. 24 hr 

Concentrations as before. 

EDTA can replace TTHA. 0.2M citric acid, 
0.01M 1\.:H,-, 0.1M NH.QH_ 

-~0.56 mg/ dm'-d corros1on (0.08 1-'m/d). 

··261 mg/dm'-d corrosion (3.3 1-'m/d). 

--200 mg/dm'-d corrrYiJOn (4.6 1-' m/d)_ 

Spray through a rotatmg nozzle, large 
volumes of wa;te ;olution_ 

Rheinsberg pi ani. 

An oxidi7.ing agent that react> with th!' 
chromtum in the corros1on film, converting it 
to an oxide, which is di»olved by th<o> alkaline 
solution. Norm~lly u;ed in~ multrstep 
process. Not corrosive to stainless steel: 
mildly corrosive to cMbon ;teel. AP: 10'!!, 
N~OH + 3'X, KMnO,_ 

AP at 110°C. mrox Citrox is a mixture of citric and oxalic and<; 
dt 80°C, 24 hr plus an inhibitor. Citrox neutralizes residual 

AP, dissolves Mn02, and complexe; the iron 
oxide>. Concentrations a; before_ 

AP at 105°C, OX at Useful for aged films on high-temperature 
85°C. 24 hr >tdinlw,s ;teel. 0.9M oxalic Kid. 

AP at 105°C, Sui at Similar in effectivene» to AP-citrox. U>ed on 
70°C. 24 hr >t~inlr>; >te<o>l, cMbon ;terl, ~nd aluminum. 

0.9M sulfamrc acid_ 
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A ppl icat ion Reagent!C oncent ratio n/Proces; 

Stainless Steel 
(Contd) 

88. AP followed by AC (APAC) 

89. APAC followed by EDT A (APACE) 

90. CAN-DECON, proprietary 

91. Citric acid 

92. EDT A 

93. HEDTA 

94. Hydrochloric acid (HCI) 

95. NitriC acid (HN0 1) 

96. NS-1 

97. Nitriloacettc acid (NTA) 

TABLE A.1. (Conld) 

DF/%" Reference 

2 with redep. Ayres 1970 
50 wrth no 
redep. 

50 

5-15 

80-90°-\, 

80-90% 

80-90% 

10 

10 

2-12 

80-90'\', 

Ayres 1970 

Manion 1980 

Johnson et al 1979 
BN-SA-970 

Oertal et al. 1978 
8NWL-TR-290 
Johnson 1979 
BN-SA-770 

Johnson et al. 1979 
RN-SA-970 

Loucks 1971 

Carlson 1970 

Dow 1970 

Johnson et dL 1979 
BN-SA-970 

Conditton Comments 

12ooc, 48 hr 

12ooc, 48 hr 

85-125°C, pH 3.5 

In dilute form the AC removes residual Mn02 

from the AP solution and neutraliLe; that 
solution. In concentrated form the AC attacks 
thf' remaining corrosion film. Redeposition i; 
a problem. Not corrosive to stainle;; ~teel, 
corrosive to carbon steel. 0.4M AC. 

0.002M EDTA added to prevent redeposition 
of iron oxides. AP: 10% NaOH + 3% KMn04• 

A mixture of weak acids and a chelating 
agent, can be modtfred for higher DFs, 
0.1 wt%. 

150°C. pH 3.5 O.OOOSM citric acid. 

100oc 0.00002M to 0.002. 

90-180°C. pH 3 5-7 0.002M. 
130°C, pH 5.5 with 
NH,OH 

70°C. 2 hr Applicable only when no subsequent use is 
expected because of high corrosiveness. Has 
been used wrth stamless steel, Cr-Mo :.teel, 
carbon steel, and copper alloys. 15-20 vol %. 
Formaldehyde is a typical inhibitor. 

75°C, 1 hr 

120°C, 100-200 hr 

180°C, pH 5.5 

Useful on U, Pu, and their oxides in stainless 
steel and lnconel systems. Has been used very 
effectively in conjunction with potassium 
permanganate. Extremely corrostve to carbon 
steel. 5-10 vol %. Often inhibited with 
diethylthiour('a. 

Fluid maintained under a nitrogen blanket. 
5 mils/yr corroston rates for carbon and stain­
less steel. Proprietary product of Dow Chem­
ical Company. 

Surface structurf' was charactf:'rized to deter­
mine its effect on the DF. 0.2M. 



» 
co 

Application 
---

Sta•nlf'ss ~I eel 
(Contdt 

TABLE A..1. (Contd) 

Reagent. Conrt>ntr dlion/Procf'<;<; DF /'){, • "'"'"'''"'''"""'"''--------

98. o,~lic ,icid iOXt 

99. Oxalic pf'roxid<o> iOPPi 

100. Sulfamic acid (NH_,SO,Hi (Sull 

101. Sulfuric Kid {H 2S04) 

102 .. \Ja011/KOH/No 10,-

103. Na0HIKOHII'.a,0 2/Na,CO, 

104. NH,H ,pQ4 

105. KH,PO, 

106. NII,H,PO,/KH_.PO, 

107. a) AP b) ntrox 
lOll. 5-20% oxalic acid+ 0.1'};, EDT A 

109. NUTEK l-106 

110. AC +EDT A 
111_ a) AP b) AC + dmmonium oxai<Jt(' 

112. NS-1 

80-90'\. 

20 

l 

2 

95-99'X, 

93-97'X, 

97-99'};, 

97-99'X, 

98'X, 

6-25 

4-10 
2-56 
12-350 

2-10 

Mf',('rVf'y 1970 
and Carlson, 1970 

M('SNWY 1970 
Ayres 1970 

Ayres 1970 

Cdrl'>on 1970 

Dippel. Hentschel, 
~nd Kun<e 1975 
KFK-2375 

D1ppt>l, H('ntsrhd. 
and Kunze 1976 
KFK-2375 

Dippel, Hent\chel-, 
dnd Kurue 1976 
KFK-2375 

Dippel. Hentschel, 
,md Kunze 1976 
KFK-2375 

Dippel, Hentschel. 
Jnd KunL<o> 1976 
KfK-2375 

Remark and Miller 1979 
RDTPL-79-35 

Remark dnd Miller 1979 
RDTPL-79-35 

Remark and Miller 1979 
RDTPL-79-35 

Condition 

2 hr dl 90°C, 
pH 3.6 

80°C, 1 hr. pH 4.5 

45-80°C. 1-4 hr 

70°C. 1 hr 

280°C, 45-60 min 

280°C, 15-45 min 

220°C, 15 min 

280°C, 45 mm 

2800C, 45-60 min 

180°F 
180°f 

Comments 

0.0005M. Remove\ ru~t from iron, reacts with 
stainless stef'l to form insolubl(' fPrrous 
oxalate. 

Mixture of 0.025M oxalic acid and 0.5M hydro­
gen peroxide. Principally U>('d to clean oxides 
of U and Pu. Frequently also includes 0.25M 
Nd 1C,O,, 0.006M per acetic acid and 0.007M 
oxine_ 

Most u>eful of carbon ;teel. Not a; prone to 
redeposition as II,P04• 

Used for localized contamination free from 
calcium. Highly corro;ive to base metals. 
5-10 vol '){, 

No concentration; or proportion; provided 
ior entries 102-106. 

Some salt melts limited by their corro>ive 
propertie;; hot sprayinfi; good waste volume 
rt>duction_ 

Prevents mpper redepo1ition, cation 
exchange on waste. Proprietary product of 
Nuclear Technology Corporation. 
AC at 4'X,; EDTA at 3'X •. 
AP 10% NaOH + 3% KMnO,; AC at 4'X,; 
ammonium oxalate at 3-5%. 

Solidify waste. Proprietary product of Dow 
Chemical Coompany. 
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Application 

Stainlp<;<; StPel 
(Contd) 

Paint 

Pla<;tin 

Polyethylene 

Reagent !Co ncent rat ion /Process LJF/'x,• 
-------

113. 10'X, N~OH + 3'X, KMnO, followPd 
by H.C,0,25g/l + INH4);HC,H,O, SO g/1 + 11-360 
Fe,(SO,), 2g/l 
+ diethylthiourea 1g/l 

114. HNO, and NaOH 

115. NdOH/KMnO,. HN0 1, and EDTA 

116. NS-1 

117. APACE recirculatE' AP. follow wrth a 
water flush, then rer~rculate inhibited AC 
follow with~ water flush 

118. a) RecirculatE' with AP followed by 
water b) recirculate with a sodium bi<;ul­
fate followed by water 

a) Soak in AP b) pickle in HCI or H .SO, or 
othE'r nonoxidrzrng acid 

119. AP + 3-lO'X. organic add'> and/or 
chPiant and/or inhibitor 

3-10 

2-3 

85-99'){, 

120. Water flush followed by0.4 MH,C,O,, 20 
O.SM Naf, ).3 MH,O, 

121. Use same procedures a; for gla><; 
and stdinless steel 

122. 2-1ou,;:, polyvinyl alcohol in water 
+ n;, EDTA + 15-20% ethyl alcohol 
+ 0.02% sodium carbonate 

20 

70-97'(;, 

TABLE A.l. (Conld) 

Reference 

Weed 1968 
BNWL-711 

Haya'>hr et al. 
paper 13 

Hayashi et al. 
pappr13 

Van NiC'da, ANS 
Trans., june 1978 

Ayres et al. 1962 
HW-71259 

Ayr('s f"1 al. 1962 
HW-71259 

Posselt and Anderson 
1967 

Literature RE>viPw of 
Chern. Decom. ProceSSP> 
for Water Cooled Nuclear 
Reactors NP-1033 

Goldberg, Testing 
I.E. C. Prod Res D~·v 
17 (1) 25-27 (1978) 

Christensen 1959 
LAMS-2319 

Dippel1976 

Condition 

80-105°C 

Comments 

Provides comparison of torrosion data for 
Haynes 25. 304. and 316 SS, 17-4 pH SS. 440 SS. 
A 212lMboo steel. and other~ 

Acid evaporator 10 reprocessing pldnt. NaOH 
was morr rfff'ctive than HNO, in Ru removal. 

Followed the HN0 1 and NaOH step<> of #113. 

>100°(. 100-200 hr Low surface tension fluid leaks through hydro­
statically {1.5 x operating pre%urP) threaded 
joints. Proprietary product of Dow Chemical 
Company. 

10 min 
25 or sooc 

No carbon steel in ;y<;tPm, if rupture debri; 
and fi;sioo products are pre~rnt. the APACE 
procPdure should be prrcPded by recircula­
tion with 10 voi'X, HN0 1. Phenylthiourea ~nd 
acridinp ~pp<'ar to be good inhilwors. 
AP: 3'\, KMnO, + 10'};, NaOH, AC: 4%. 

If fission products and rupture dt:>bris are 
prC<,C'nt, precede this procf"ss by recirculation 
with a solution containing sodium carbonate, 
sodium bicarhonate and hydrogen peroxide. 
Sodium bisulfate at 2'.\, by volume. 

Cited fur descaling. Acid a1 3-S~i. by volume. 

Acrds can include citric or glycolic acid. 
Chelants cdn include EDTA or its homo­
logues. Inhibitors can includf' formaldehyde 
or diethylthiourf'a. 

Plate glas>, epoxy, and epoxy phenolics gen­
Prally give OF of 20. Procedure was devel­
oped at ORNI <l<, coatings te;t proct:>dure. 

Apply by spray or bru<,h. 



,. 
~ 
~ 

Applrcation 
-----

Porcelarn 

PVC 

Rt'fr~ctory 

Soil 

Wood 

7in ~loy 

lADLE A.1. (Contd) 

RP.JgPnt /(oncentr at ion/Process /)~ ;•::,• RPferPnce 

123. a) Rinse b) boil in saturated ammo· 
nrum carhonatP for 30 min c) ;oak in 5'\', 
ammonium brflourrde for 30 min 

124. Amino acetates or polyphosphates 
plus d <,urlactanl 

125. 2-10'X, polyvrnyl akohol in water 
+1'\, FDTA + 15-20'7;, ethyl alcohol 
+ 0.02'\, sod rum< Mbonate 

126 .. -'lnhJ•drous H,~o •. H .PO, 
or HNO, (100%1 

127. Wet screening with solutions of 
oxalic~lid and sodium hexameta­
phosphate 

70-97')<, 

180 'X, 

128. 2-10'\, polyvrnyl alcohol in water 70-97')(, 
+ 1';;, EDTA + 15-20% ethyl alcohol 
+ 0.02'X, '>odium larbonate: brush or spray 

129. Bufff'rl'd ox ali< d(id + H,O, 
+gluconic acid 

130. 0.4 M H, C,O, + O.lM HF + 0.0-1.0M 
H_,o, 

131 Ar-H~ followed by aqueous fluoride 10' 
solution 

1.12. 20 hr 111 8M HNO, followed by 4 hr 
in BM HNO, at ggcc and a water rinse. 
Furthrr IP~th('d with J 0.4M ammonium 
oxalate, 0.16M an1monrum crtrate, 0.1M 
Mnrnoniurn fluoridp_ 0.3M H,O, at 95°( 
for a total of 12 hr in five fresh 30 rnl 
aliquot' of ;olution 

to 60'X, 
alpha 
removal 

133. 0 0017M EDTA +0.00119M citric acid 2 
+ 0.00198M ox ali< Mid 

Christensen 1959 
I AMS-2319 

KFK 2500 
Halbjahr 1977 

Dippel 1976 

Ayre; 1971 
81\WL-B-'lO 

KochPn Pt al. 1979 
RFP-2803 

Oippe11976 

Divine 1973 

Ayres 1971 
1:\NWL-R-90 

Platt 1975a, b 
RNWL 1936 and 
BNWL-1913 

Platt 1975d, b 
BNWL-1936 and 
RNWL-1913 

Krat<er 1979 
UNI-1425 

Condition 

L'p to 200°(, 
u~ually 

60°(, 10 rnin 

280°C,15-45 min 

2-4 hr at 95°C 

600°C for 45 min 

100°(, 70 1/rnin 
flow, pH 4.8 

Comments 

efficiency inneaw; wirh temperature. 

Comparable to c1tric acid-ba~ed solutions. 

Apply by brush or spray. 

Plutonium and amerrcium contamination. Soil 
wetted with the acid/phosphate solution and 
passed through a 2.4-mm screen. 

20 mg/dm'-d <orrosion. 

55 1-1m ;uri ace removal, -;pargrng of the melt 
wilh HF rncreases corrosion by sixfold 

~- 2.7 mg/dm'-d corrosion (0.4 1-'m/d). 
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Application Redgent/ConrPntr Jlton/Proce;> or ;•v.• 

Zircaloy 
(Contrll 

2-1/4CR-1Mo 

Grea;e clnd Oil 
RPmovJI 

134. Mohen sal! bathol 37'X, NJF, 37'¥, LiF, 
and 26% Zrf 

135. HF-Ar followed by organic acid 
\tripping 

136. NaF-LiF-ZrF 4 fus!'d <;alt 

137. Molten zinc chlonde 

138. Double leKhing in 8M HNO, fol­
lowed by leaching Ill cln Jmmonium 
oxalclte-citrate-peroxide solution 

56'};, alpha 
removal 

139. 50'\, HNO,-HF Nch {1 min) lollowNI 99'¥, 
by <oncentrated HNO, 

140. 0.4M (NH,I 2C20 4 +0.1M H,O, 

141_ HF ga; followed by (NH 4),C,O,. 
(NII,J,H C,H,O-, H,Q .. NH.F 

142. Ammoniated EDTA + citrtc and 

143. Cau<;li< 

144. 1 wt'X, Ltssapol (non-.ionit wetting 
dgent) + 1.2 wt'Ji, sodtum carbonat!'+ 2 
wt'X, sodium tripolyphosphate + 0.1 wn:, 
sodium carbonyrnethylcellulo;e 
+ 0.5 wt'A, EDTA 

145. 1.5 wt'X, Comprox (anionic wettir1g 
agent!+ 2.5 wt'X, <;odium <;ulldte + 0.6 wt'X, 

sodtum carbonate+ 2wt'X, cttrt< Mid+ 1 
wt'!b EDTA 

9'l.7'\. 

TABLE A.l. (Contd) 

Rd!'rencP 

Platt 1975a, b 
BNWI.-1936 and 
BNWL-1913 

Platt 1977 
BNWL-2245, 5('(tton 5 

Platt 1977 
BNWL-2245, ~Pet ton 5 

StE'indiE'r ('t Jl 1975 
ANL-8152 

Platt 1975< 
BNWL-1952. Section 2 

Dillon et al. 1976 
IAEA-SM-207169 

Dillon <o"t di. 1976 
IAEA-SM-207/69 

Dillon PIal 1976 
IAEA-SM-207/69 

Hdmpton 1979 
GEFR-00449 

Marsh and PPrklrl<; 
1978 
AERE-R-92&7 

Ayres 1971 
BI\<Wl-B-90 

Ayres 1971 
BNWL-B-90 

Condt11or1 
------

705°C 

HF-Ar clt 600°C 

704°( up to 

60 min 

500°( for 1 hr 

24-hr total. 
up to 99°C 

90°( for two 
2 hr pertodl 

(ornm<o"nt<; 

2.5-501-'m/hr on Zr-4 at 6500C wtth HF 'parge. 

75'};, I if", 25'.~;. Ar. 

Typrcal molt' pt'rcentages 38 NaF-24 
liF-38ZrF. 

Zr + 2 ZnCI,- ZrCI 4 + 2 Zn. 

Solution developed by Meservey. 

HF-30 min clt &OO"C. HF temperatur<o" range 550-620°C. 
aqueous,1.2 hr 
ill 85°C 

souc 0.4 gprn, 
40gpm 

Up to 185°( 

pH 9.5 

pH 3, 70-sooc 

Slclll' removal from prototypically foole-d 
steam generator tube<,, 100'X, FDT A. 2'!-;, citrtc 
a lid. 1'\. hydrazine, 0. 1'\, radiac 33. 

0.5 J.<m/hr in boiling 70% NaOH (185°C), 
intpnt ol artirlr i<; rorro<;ion re<;istdnce. oxy­
gen must be elimmated. 

1'X, soluTton_ Used as a detergent. 

Detergent but will attack m<o"tal. 
O.B'X, ;olulion. 
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TABLE A.2 Mechaniul Decontamination Methods (coni d) 

\,>[1 "'~' > '[)f i<H Mote"al UnP ~ppfn HIOC 

.. "///; 5 
o' ,::· j' or' ,~ "I' ;c }"' 

~ ~ ~ ~ ~ " ~ ~ -------1-i'-;?-,'--!-'l'"_:t--i'----------

,----
M~lhoJ on<e 

lond bl01t1n~ 
fi,IHH' >pol'l•>e 

bpfOI<\O; 

l,nk lwmn<>< 
lmpoc10r 
,, H<hher 

\v""' '"""'-"' '>poller 

'>t"PI'•'hlo· < "·"'' ·W 
PV( & , ln\1 .nctJ«' 

'""' 
Lltc,l'OHH' 

\\·,olo·• ion«·~'"' 

f'enn· < uHn1~ 

Hla>1'"~ 

The'""' 1,,,,.,.,,,,,," 

(or~ ho''"" 

''''"""' 
toll 

Plo•m.1d'< ,,.,,, 

At< '•"' 

lp"·''"" 

s;nubOrng 

Wol<·r Cannon 

~b""'"' 

1 ltrosontCI 

'""'"'r 

Hollo' and 
'"II"·'" 19!Wo 

>tout h. Kout<•k 
<~nd ~en~<·d\' 
1'!'H 

~ernaolo 19(,) 

Bo·rn.wlo 1965 

,,,., 1g71 

A"e' 1~71 

\mt:f Kocrt•k 
.md ko·nrH'"• 
19;-8 

\\·o·hn1.,1n 

"'·'' l'J~; 
Wohm.<nn ,.,_,,,.n 
Ylomon 1980 

Rt·<'>o•k 
1'>7>) 

PI'"' t9'in 

~orn Ind. 
,,.,o p,,u';on 
ITJ 

~"""'" 1980 

.\1,\n•on 1'JM 

"'•,1 k, , ••tl mw, ·low 

l"rP"U .. r '"''·" e, 

"""'"" <<Oil• "'""K'· Jnd ·1om 

"e~u :or •' .tl,ou·o 

'"'""""''II;"'"'""' 
Jnd 11om 

""'"'"I'"""'"'"' 
"'' ''"" """" '""'""' and floor 

trre~ul.rr '""·" ,., 
·•·«ron ''"II' «•tl·n"' 
and ill!or 

uoden,,,.,., '" 

,,.,,, '""'"" 
"'"'"""'" .... Ill 
'""'"~'· ,;,," 
r <>r" ro•[(• •uriOt e1 

"""' omooth '"''"''' 

ro11m·to 

meql1 

' '""'"'" '"' '" , .. 

' ' 

I'"'· '"" 
! 

"' 

'' 

, I, 
. ' 

I 

I 

" 

/''"'"" ""'""' 1 '-\an 1oo 1980 
, \\,l'<'''·'"'""'·"·"P' I ,

980 
conuele"nl«<'l 

I MOO''"" I\ J<e• , ·'"'""'·,II<> 

' A'"'' 1970 lead ,,kl,ng 

d~" '" "' 
h~•• 1nduc~d '""' 
'e"'"'"' 
olul< 10 .llr 

'I ow•"·"d <>0 ""II' 
I ""'"•ble <cd,<eP' 

I I / ' I 1' owkw,nd o-n wall> 
, / "' •·<>•hie surf a< e> 

, c "' , pilot hoiP' "·qu~r~d 

I 

I. 
I 

. i 

I· ,, 
' 
I I 
I 

I I ' 

L I 

IH'<fl~lbl(• 
no~l·~·hl<· 

iO-i ,,.,, 

1-'"' 

~ Hll ,., 

!'\, 
mO<ertal 
lo11 

I' 

' 

. I 

'' 

I 

, I. 
' 

I '! 

II 

; 

not '"''"'ble I<H I'"'""' 
m•ler"l 

1lov. dr;rng 

JH bm r1<• <on1am•n.l­
trun,63gar mru 
tJdV.0\1<' 

I ' smoke ~-· , I 
! "'""'"1ptlon 

1 add''"'""'< '"''"g OOt 
,.-bo., notse 

,moko bottle<! O, 

r nolrn~ "'"'" 

'~""""" "''"" 
"·'"'''"''" d·rll 

cr~h '''""""'' 1o 
op<'t.<1tng 

'"'" 

brgh "'1'"""0 10,~, D> 

'"""""·'I fnr ·' "'" 

>ome danger ol 

'"'""pher" 
contJmrnJtoon 

Lle•• rrptron 

,olot , oiiM v. rth ,h,"l' I r '"'~"lor t1 n~ ·'""' "" 

'""'""''"''"'" """ ... , 

'I 

ltHH ""'"· oteol •tne<, orrd "'IW m,n lw • ut •n ortt· 
opel alton 

Rt•n)(M oper,tllon plot hule-. dnlhl, rtTN, < 011 H-. T 

""'"' '"' '''~'''"""' 
C.n<>OI hole ~un< hrn~ '1"''''1 remote"!"""'""~ up to 
10" 

'"" "b"""" 

1-r"h ten•per -'"" ,. , hr, 11 • oloC"1V ' ""''"' 11•d "' 
lwW•<'''" o·lo·• lrod<• onrl ""'" ,., 

<f,-rrr <fro bl,l<>(', /U 1 rn.<ll'trJI blo<i(• W<',H lot tor 

""""'" nl L-1 --rn dr.orno'1<·t r,,-,.,, "" ,, l!-r·1 pt((h In,, 
depth nt .olwu< l •n ''"" """!' J <palltn~ 1o<>l "" '' 
r ,.,., '''" ,, t,r;wwd rn.lndr~l " "'"'", ·d rn10 th~ ''' '"" 
d,,b;, 1>11 to Of>dlllh<• '"'""'''' 

l '"'' ul "'' rrwchdnll ,oil; lr '""""" <•d , "'"'"r" r10110n, not 
th,, Whllb C.O' "rm\C tn pi,,,.,"''''' •001IH !-< HIOd 

~ "" ·'',.,.,,,,,,I ·'"''"' 
\moll <"hot gl\' """ '""d lw <5, ,olriH't l>lo"k ,h.-lh l 

>2-m""''" 
boron 1nmroh· p.lltt<le• lorr.-ollr> <<rn~re .. ed ~·" '"' 

'" I•·• "'P"'"ed "' •- ''·' 1.,,.. 

'""' ultr • .,onn one•g1 '" •' lr'lurd tu "~''""' orHitomol·<' 
tt ln1<, chem" ,rl ll>lvt'll11 "' lrqu "" wll h ,ol>r "" e• odolo·r: 
"'•" IH" ""'d, IB-90 kHt 

multrplo• orr-npo·r,Hod P''"'" hP.<ll• ,.,,.-h or"''"' lr """ 
\-or 9-potn1 tu ng,ll>n < ,rrbrolo· br1' 

r ""'l"'''''"d go< actuated I"""" "'' < rn ~ ""'II quo,,""'' 
nf "'""' 1 hroll~h ,1 rronle 458 "'·'~"'1m •11'01>1 hlrnr<· 
'"I<• ltr('l ~1_~, o·r rne l ap,~l" 

,,h, meltrn~" < o111pl~<o 'mr>lurt' of hrgh ""'llong 
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Meth"o"d ___ _ 

1. Ad:.orpt1on 

2. Ad~orptton 

3. Adsorption. 
Activated Carbon 

4. Adsorpt1on.lnorgamc 

5. Adsorptton, 
Iron Zeolite 

6. Adsorption/ 
Ga; Scrubbmg 

7. Coagulation 

8. Coclgulation 

9. Coagulation 

10. Coagulation Jon 
h<hange 

11. Condensation, Low 
Temperature 

12. Electrod1alys1s 

13. Electrodialysis 

14. Electrophoresi'> 

Rekrence 

Herald, Robert;, and 
Williams 1978 
MLM-2566 

Wiley 1976 
DP-1408 

Strclub 1972 

RauzPn dnd I rmhkov 1972 
LDC 621.039 7, 66.074.7 

Verot 1968 

Deuber and B1rke ·1978 
KFK-2600 

Malasek 1967 

Kalandiya 1973 
L'DC 663.632: 541.183.1, 
539.173.8 

Kolychev and Sedov 1968 

Merr('r dlld Ames 1977 
BNWL-2274 

Koly<-hev et al. 1968 
LJDC 627.034.75 

Kolychev and Sedov 1968 

Kolychev and ~edov 1968 

Kolyrhev clnd Sedov 1968 

TABLE A.4. Radioactive Waste Decontamination 

Application =--------
Aqueous wastes 

Waste supt:>rnate<, <ontaining Sr, Pu 

Aqueous deacrtvatton wa<;tes 

Aqueous deactivation wastt:><; 

Aqueous deactivation wastes 

Iodine removal from stack gas 

Low-level waste water 

Aqueou<, w~<;te<, 

Aqueous wastes 

Activated laundry Waste 

Removal of Kr. Xe, and I 
from gase<, 

Aqueous waste 

Low-level a(jucous waste ~olution; 

Low-level a(jUf'OUS wa<;te <,olution; 

Description 

Adsorption by bont:> char or IRA-9038 at pH 3-10: DF = 145 for U. 

Pu adsorbed by Duo lite ARC-339; Sr, adsorbed by Chelex 100 or precipi­
tated as Sr,(PO,),; Sr DF = 300; Pu DF = 20. 

Clarifier-contactor w;ed for sedimentation of suspensions with activated 
carbon: DFs 90-99'X.; volume concentration+ 99%. 

Deactivation by the use of partially sulferared bitumen in an otherwise 
ion-exchange tyw process; DF of 10-100. 

Deactivation by adjusting solution pH to 1-3, percolatmg it over fmely 
divided active iron at a temperature below 70°C, raising the pH to a 
value of 7-10, M1d contacting the liquid with synthetic Z('Oiite<;_ 

Sorb with DSM II to remove '''I as 1: or HIO; DF = 100 at 40°C and SO% 
rdativ(' humidity. 

Sorption of "P, "5, and "'I on ionic precipitate>, barium sulphat(' and 
carbonate, hydrated oxide, of iron, aluminum, and zinc-aluminum. 

Use of calc1um and 1ron phosphates at a pH of 9.5 allows 96% removal of 
Sr and 77% of U fi:.1ion product~. 

f('rrou<, or clluminum sulphdte used as coagulant- pH 8-10; 70-80'-'L 
activity removal;sludge volume 0.5'X. of initial volume. 

Waqe water treated with Ft:>+'. Mg+', and ca+' salt-; at pH 11to coagu­
late suspended solids and scavenge radionuclides. I on exchange 
removes residucll C> Jnd Sr. 

Low-temperature condensation followed by ('Xtraction strippmg wnh 
organic reagents or filtration with f1bered materials such as FP tissue or 
glass fiber. 

1) desalination, 21 ion exchange, 3) electrodialysis to recover acid and 
alkali from spent rE>generation soluf,on. 

Ions separated by forced diffusion through a semipermeable 
m('mbrane: power consumption 1 kWh/m' of wastes. 

I on separated by electromotively forced diffusion through an 
PIPctrolyte. 
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Method Reference 

15. Evaporation 

16. Evaporation 

17. Evaporation 

18. Evaporation/Filtration/ 
E I eel rophoresis/1 on 
Exchange 

19. Filtration 

20. Foam Flotation 

21. Foam Flotation 

22. Foam Separation 

23. Foam Flotation 

24. Freezing and Thawing 
Followed by Settlement 
and Filtration 

25. Incineration 

26. lon Exchange 

27. ion Exchange 

28. ion Exchange 

29. Natural and Mineral 
Sorbents 

Kolychev and Sedov 1968 

Malasek 1967 

Kolycht'"v and Sedov 1968 

Kolychev ('! al. 1968 
UDC 627.034.75 

IAEA 1964 

IAEA 1964 

Forminykh et al. 1973 
UDC 16.066.661.185 

Malasek 1967 

Lindqy. Michels. and 
Martinez RFP-1949 

IAEA 1964 

Bahr et al, 1976; KFK-2418 

IAEA 1964 

SAl 1978 Y /OWI/TM-36/22 

Malasek 1967 

Mdldsek 1967 

TABLE A.4. (Contd) 

Application 

Aqueous waste volume- reduction 

Rt'"move radioisotopes from water 
and concentrate regeneration 
solutions 

Aqueous wastes 

Aqueous wastes from primary loop1 

SludgP removal 

Cs, Sr. and rJrp Parth l<ltiOrl r<o>movdl 
from aqueous solu11ons 

Aqueous wastes contdining 
colloidal particles 

Waste water 

Contammated soil 

Sludge removal 

Combustible :.olids and orgdnic 
liquids 

Cation exchange 
Anion exchange 

Low-level waste water 

Natural waters 

Waste water 

Description 

Suitable lor Wd'>l<o>~ hdving a) high total 1olid:. concentration, b) small 
volume wah relatively high activity, C) rwed of high DF u;ing standard 
evaporation technology, constrained by mm1mization of carryover. 

DF of 10'-10' possible 1f no organics pre-sell!; fo~ming sometimes a prob­
lem; filtering vapor will increase DF. 

Ust'"ful when thew'" 110 foaming agent 1n waste and salt concentration 
1s less than 1'X .. 

Four-step process using quart~ and anthracite dS filtNing media, th<o>n 
cationite; steam from evaporation is decontaminated m a packed 
scrubber: >lodges from evaporators are bound in concrete. 

Pressure and rotating drum filters. A precoat of diatomeceous earth may 
b(" requirt>d. 

Uses the concentration difference existing between surface layers and 
the bulk regiom of sulutiom contdining surfac<o> dltive ;ulut<o>l. 

Use of quaternary ammonium salts a> foam formers and gelatin as a sur­
fact-ant, 60-76 mg/1 of surfKtdl11, wmoves 90-90'X, of the ddy 

R<o>moval of Sr, C1. and Ce u~ing Iaury I sulphonate. fatty acid ;a Its. and 
1om(" mdu1trial foaming agpnt>; volume rPduction to 0.1-1 O'X,. 

Cumm<o>rcially dvailable foam in d 2-in. thiCk layer on soil will ltdbilino> 
contamination and provJd<'" a proteclive cover. 

Completely freeze the sludge to concentrate the electrolytes around 
the colloidal particle>, giving rise to coagulation. Filters rapidly after 
thawing. 

1000-12000"C 100:1 volume reduction, ashes fixed in concrete. 

Hydrogen ion e~change lor mixed i;otopel. 
Limited utility <o>xcept for iodine, sulfur, and phosphorous. 

1) ion exchange to remove hardnes:.. 21 cation e~change. 3) anion 
exchang<o>. DF ~-1000. 

Used as a second step in combination with chem"rcal treatment or evapo­
ration; Ca, Sr, Y, Zr. Ru. C:.. and Ce removed; r<o>sins nut de1uib<o>d. 

Zeolitically transferred pum1ce, rhyoiJt(', hasalti(, and !('phritic tuffs best 
for cesium; rhyodactic tuffs best for strontium. 
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Method 

30. Natural Sorbent> 
Coagulated rn an EIPrtric 
rreld 

31 ion Exchange 

32. ion [xch.mg<-' 

33. ion Exchange 

J4. ion Exchange 

35. ion Exrhdllge 

3&. Leaching 

37. Molecular Siew<,/Ga., 
~crubbing 

38. Osm01i1, Reverse/ 
UltrJ-filtration 

39. Precipitation 

40. Precipitation 

RelerPnn· 

Malasek 1%7 

Verot 1%8 

Wilding and Rhodes 1974 
ICP-1048 

lin 1973 
ORNL-4792 

Ryabrhikov et al. 1974 
t..:DC 621.039.73 

Kolychev and Sedov 1968 

Lagerwerff and Kemper 1975 

Deuber and Birke 1978 
KFK-2600 

Koemt and RobNt> 1968 
MLM-2448 

IAEA 1964 

Plan and Powell1980 
PNL-3000-4, Section lj 

TABLE A.4. (Contd) 

Application 

Waste watf'r 

Low-lf'vf'l wa-;te water 

~uel >tor age basrr1 watf'r 

Aqu<:'ou; deactivation wastes 

Aqueou> effluents 

Aqueous wa>1es 

ComaminJted soil 

Kr and Xe removal from arr 

low-level wastf' wJt('r 

C<:'sium removal from water 

Sulfur and radium removal from 
water; >trontium removal from 
water; rare earth removal; calcium 
removal; C-; and polyvalent cation 
removal 

Radionuclide mrxes 

Electrolyte 'olutiom 

DP>crrption 

Similar to previou; naturalsorbents except coagulation through alumi­
num denrodes; 0.2'X, concentration of the suspensron, current den>ity 

0.01 A/em'. 

Adjust pH to between 1 and 3, pa» over finely divided active iron at le;\ 
than 70°C, rai;E" pH to 8-10, Jnd contKt solution with synthPitr Z('olite>. 

"'C1 removed by leolite\ (zeolon 900); Sr-90 remowd by organic tat ion 
resins (Amberlite-200(. 

R<:'sin type: strong-Kid ration and strong-base anion exchange resins of 
polystyrene matrix; mixed bed units most widely employed in sizes 
rrtnging from 2-8 It 'rn d'tameter to 3-6ft 'rn depth, feed 1-50 gpm of 
waste per >(juare foot of uoss-sPctional area; temperature around 140"F. 

Pubdtion sorption columns used in conjunnion with ion exchange 
resins; OF around 12; 50-100 vibrations per minute; amplitude of 5-10 
mm; proce~; about 1 m•/hr. 

Usually a 2-stage process using H-form strong-acid re<>in and OH form 
weak-base an ron resins; will rf'move foaming agents. 

Leach with 0.06 N CaC(, to remove Sr. 

Acrd-resr>tatH molecular sieves, such as Norton Zeolen. 

Contact wa>te solution with a semipermeable membrane; volume 
rf'durtion of 200;1, OF= 10'-101. 

CoprE-cipitation in thE" presence of NiSO, or CuSO, and K,Fe(CN)o, pH 
of 7-10, may require ferric hydroxide for flocculation. 

Coprecipitation of barium-sulphate may require ferric hydroxrde for 
flocculation. Addition of dn inactiVE' strontium salt in the pre>ence of an 
excess of phosphate ions at high pH. flocculation with ff'rricor ft?rrou> 
Sdlt; and regulation of pH. Precipitate as calcium phosphate rna Ca-P0 4 

ratio of 1/1.6; pH 10-12 or lime-soda treatment. Precipitate C-; with 
either copper or nickel ferrocyanide; remove polyvalent cattons with 
tri-sodium phosphatE' and a ferric salt; pH 10. 

Flocculation with ferric salt> followE-d by the calcium pho:.phate 
treatment. 

l_;;eful on eleurolytes such as HN0 1, NaNO,, and NaOH; precipitate 
with acrylamide copolymers; rentrafuge will remove particles up to 
1 micron. 
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Method 

41. Precipitation 

42. Pr('cipitation/Foam 

Contaction 

43. Gds Scrubbing 

44. Gas Scrubb1ng 

45. Scrubbing of Soils 
with Water 

ReiNe nee 

Bagretsov et al. 1970 
UDC 621.039.714 

Kmg, Shimozato, 
and Holmes 1968 
ORNL-3803 

Groen1er 1973 
ORNL-TM-4125 

Mallen and Horner 1976 

Horton and Albene>ius 1976 

TABLE A.4. (Contd) 

Application 

Aqut"ous dE>anivation wd~tes 

Low-l('vel wa<;te wat('r 

Iodine removal from air 

Air streams 

Soils: volume reduction for 
Pu contamination 

Description 

Nickel ferrocyanid<:> ~~ 100 mg/liter rPmov<·s Cs to+ 99'X,; pH ranges 
8-11, f1lter precipitate and evaporate. 

Two-1tep proce<;s: 1) pt<"Cipitate Ca. Mg, and radionuclide<; m a sludge­
blanket clarification step using grundite clay 2) countercurrent foam 
contacting, Sr DF = 1050. 

Counte-rcurrrnt cuntacting with HN0 1 removes iodine 1n thP form 
methyl iodine; 70% HN0 1 at 80°C; Df = 10•. 

Molpcular iodinP and methyl iodide removed by electrolytic scrubbing 
using a solution of cobalt in dilute nitric acid; DF ~ 100. 

Water scrubbing separated out a clay-silt fraction containing ~-95% of the 
Pu but comprising only one-third uf thP tutcll soil. 
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APPENDIX B 

GLOSSARY OF TERMS 

Definitions of words directly related to decontamination and decommis­
sioning (D&D) are given in this section. This listing is an adaption of that 

(a) given by G. J. Konzek and C. R. Sample. 

Abnormal Environmental Occurrence: An event that 1) results in noncompliance 

with, or is in violation of, an Environmental Technical Specification or 2) 
results in uncontrolled or unplanned releases of chemical, radioactive, or 
other discharges from the plant in excess of federal, state, or local regula­
tions. 

Activity: Sometimes used for the term 11 radioactivity, 11 particularly when 

referring to an amount of radioactivity; i.e., the number of nuclear transfor­
mations occurring in a given quantity of material per unit of time. 

Airborne Radioactive: Radioactive particulates, mists, fumes, and/or gases in 
the air. 

ALARA: A philosophy to maintain exposure to radiation As Low As is Reasonably 
Achievable. 

Alpha-Bearing Waste: Waste containing alpha-emitting radionuclides, usually 
actinides. 

Alpha Decay: Radioactive decay in which an alpha particle is emitted. This 
transformation lowers the atomic number of the nucleus by two and its mass 
number by four. 

Alpha Particle: A positively charged particle emitted by certain radioactive 
materials. It is made up of two neutrons and two protons; hence, it is 

(a) Konzek, G. J., and C. R. Sample. 1978. 
Facilities - An Annotated Bibliography. 
Laboratory, Richland, Washington. 
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identical with the nucleus of a helium atom. It ·is the least penetrating of 
the three common types of radiation (alpha, beta, and gamma) emitted by radio­
active material. 

Alpha Emitter: A radionuclide that undergoes transformation by emission of 
alpha particles. 

Background: That level of radioactivity from sources existing without the 
presence of a nuclear plant, adjusted for any change occurring during the life­
time of a nuclear facility such as might result from atmospheric weapons 
testing. 

Barriers: Engineered or natural obstacles that delay or prevent radionuclide 
migration from the repository. 

Beta Decay: Radioactive decay in which a beta particle is emitted or in which 

an orbital electron capture occurs. 

Beta Particle: An electron of either positive or negative charge that has been 

emitted by an atomic nucleus in a nuclear transformation. 

Biological Shield: A mass of absorbing material placed around a reactor or 
radioactive source to reduce the radiation to a level that is safe for human 
beings. 

Boiling Water Reactor (BWR}: A reactor in which ~1ater, which is used as both 
coolant and moderator, is allowed to boil in the core. The resulting steam can 
be separated from the water and fed either direct~y or through a heat exchanger 

to a turbine-generator. 

Buffer Zone: Zone around the disposal areas of a repository established to 
insure a safe distance from surrounding strata and for human activities (exca­
vating, etc.). 

Chemical Limits: Maximum concentrations or quantities imposed upon chemical 

releases in gaseous or liquid effluents discharged from a facility and consis­

tent with known air or water quality standards. 

B.2 



Concentrated Reagents: Decontamination solutions containing more than about 
2000 ppm of reagent. 

Contamination: Radioactive material or materials that has been deposited on 

the surfaces of structures or equipment or that has been mixed with another 
materia 1. 

Continuing Care Period: The surveillance and maintenance phase of Safe Stor­

age, with the facility secured against intrusion. 

Curie {Ci): The special unit of radioactivity: 1 curie= 3.7 x 1010 nuclear 

transformations per second. Several fractions of the curie are in common 

usage: 

• millicurie - One-thousandth of a curie (mCi} = 3.7 x 107 

disintegrations per second (dps}. 

• microcurie- One-millionth of a curie (~Ci} = 3.7 x 104 dps. 

• nanocurie- One-billionth of a curie (nCi) = 37 dps. 

• picocurie -One-millionth of a microcurie (pCi). Replaces the term 

""c = 0.037 dps. 

Decay, Radioactive: A spontaneous nuclear transformation in which a particle, 

gamma radiation, or x radiation is emitted following orbital electron capture 
or spontaneous fission of the nucleus. 

Decommissioning: Preparation of the nuclear facilities for retirement from 

active service accompanied by the execution of a program to reduce or stabilize 
radioactive contamination to reduce the potential health and safety impacts on 
the public. 

Decontamination: Those activities employed :co reduce the levels of radioactive 
contamination in or on structures and equipment. 

Decontamination Agents: Those chemical materials used to effect decontami­

nation. 



Decontamination Factor (OF): Defined as the original amount of radionuclide 
(A

0
) divided by the final amount {Af). In some cases, decontamination 

effectiveness is reported in terms of percent of contamination removed 

Dilute Reagents: Decontamination solutions generally containing less than 
2000-ppm reagent. 

De minimus Level: That level of contamination below which regulatory control 

is not required. 

Disintegration, Nuclear: Spontaneous nuclear transformation (radioactivity) 
characterized by the emission of energy and/or mass from the nucleus. The 
process is characterized by a definite half-life. 

Disintegration Rate: The rate at which disintegrations occur, characterized in 
units of time, i.e., disintegrations per minute (dpm), etc. 

Dismantlement: Those actions required to remove all radioactive or contami­
nated material from the facility, thus permitting unrestricted release of the 
property. 

Dispersion: A process of mixing one material within a larger quantity of 
another. For example, the mixing of material released to the atmosphere with 

air causes a reduction in concentration with distance from the source. 

Disposal: The disposition of materials with the intent that the materials will 
not enter man's environment in sufficient amounts to cause a health hazard. 

Dose, Absorbed: The mean energy imparted to matter by ionizing radiation per 
unit mass of irradiated material at the place of interest. The unit of 
absorbed dose is the rad. One rad equals 0.01 joules/kilogram in any medium 

(100 ergs per gram). 
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Dose, Equivalent: Expresses the amount of effective radiation in man, 
expressed in rems, when modifying factors have been considered. The product of 
absorbed dose multiplied by a quality factor multiplied by a distribution 

factor. 

Dose, Occupational: The exposure of an individual to radiation imposed by his 

employment other than natural background and medical exposures. 

Dose, Radiation: As commonly used, it is the quantity of radiation absorbed in 

a unit mass of a medium, frequently a human organ. 

Dose Rate: The radiation dose delivered per unit time and measured, for 

instance, in rems per hour. 

Entombment: The encasement of radioactive materials in concrete or other 
structural material sufficiently strong and structurally long-lived to assure 
retention of the radioactivity until it has decayed to levels that permit 
unconditional release of the site. 

Exposure: A measure of the ionization produced in air by x or gamma radiation. 
It is the sum of the electrical charges on all ions of one sign produced in air 
when all electrons liberated by photons in a volume element of air are com­
pletely stopped in air, divided by the mass of the air in the volume element. 
The special unit of exposure is the roentgen. 

Exposure Decontamination Factor: Defined as original exposure rate divided by 

the final exposure rate. This can differ from OF for at least two reasons. 

First, OF is measured on the basis of the item cleaned and there may be other 
uncleaned areas nearby that contribute to the exposure rate. Consequently, a 
OF of 1000 might be achieved, but due to "shine11 the exposure OF might be only 
4. Second, the source might be contaminated with both beta and gamma emitters. 
Initially, the high gamma field would hide the beta field. After a successful 
decontamination that removed essentially all of the gamma emitters, one might 
find a high exposure due to the remaining beta emitters. 

Facility: The physical complex of buildings and equipment within a site. 
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Fission: The splitting of a heavy nucleus into two lighter nuclei (nuclides 
of lighter elements), accompanied by the release of a relatively large amount 

of energy and generally one or more neutrons. Fission can occur spontane­
ously, but usually it is caused by nuclear absorption of gamma rays, neutrons, 
or other particles. 

Fission Products: The lighter nuclides (fission fragments) formed by the fis­

sion of heavy elements. It also refers to the nuclides formed by the fission 
fragments radioactive decay. 

Fuel Assembly: A grouping of fuel elements that supply the nuclear heat in a 
nuclear reactor. A fuel element is the smallest structurally discrete part of 

a reactor core or fuel assembly that has nuclear fuel as its principal con­
stituent. 

Gamma Rays: High-energy, short-wavelength, electromagnetic radiation. Gamma 
radiation frequently accompanies alpha and beta emissions and always accompa­
nies fission. Gamma rays are very penetrating and are best stopped or shielded 
against by dense materials such as lead or depeleted uranium. The rays are 
similar to x-rays but are usually more energetic and are nuclear in origin, 

i.e., they originate from within the nucleus of the atom. 

Greenhouse: A temporary structure, frequently constructed of wood and plastic, 

used to provide a confinement barrier between a radioactive work area and the 

environs. 

Half-Life, Biological: The time required for a biological system, such as a 
man or animal, to eliminate, by natural processes, half the amount of a sub­

stance (such as a radioactive material) that has entered it. 

Half-Life Effective: The time required for a radionuclide contained in a bio­
logical system such as a man or animal to reduce its radioactivity by half as a 
combined result of radioactive decay and biological elimination. 

Half-Life, Radioactive: The time in which half the atoms of a particular 
radioactive substance disintegrate to another nuclear form. Each radionuclide 
has a unique half-life, and measured half-lives vary from millionths of a 

second to billions of years. 
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High-level liquid Radioactive Waste: Wastes resulting from the operation of 
the first cycle solvent extraction system, or equivalent, in 
reprocessing irradiated reactor fuels (10 CFR 50, App. F.2). 

a facility for 
It also applies 

generally to self-heating radioactive wastes of other origins, where the rate 
of heat evolution becomes of concern in waste disposal. 

Hot Spots: Areas of radioactive contamination of a concentration higher than 
average. 

Irrmobilization: Treatment and/or emplacement of material (e.g., radioactive 
contamination) so as to impede its movement. 

Interim Care Period: A period of time starting after the decommissioning 

activities cease and wherein periodic surveillance and maintenance takes place. 
The duration of time can vary from a few years to more than 100 years; also 
called the continuing care period. 

Interim Storage: Storage operations for which 1) monitoring and human control 
are provided and 2) subsequent action in which final disposition is expected. 
Concepts for interim storage include bulk or compartmented storage of solid, 

liquid, and gaseous wastes. 

Ion Exchange: A chemical process involving the absorption or desorption of 
various chemical ions in a solution onto a solid material, usually a plastic or 
resin. The process is used to separate and purify chemicals, such as fission 
products or "hardneSS 11 in water (i.e., water softening). 

Isotope: One of two or more atoms with the same atomic numbers (the same 
chemical element) but with different atomic weights. Isotopes usually have 
very nearly the same chemical properties but somewhat different physical prop­
erties. 

Jetting: A technique for pumping a liquid or a gas by use of high-pressure 
air, steam, or water through specially designed nozzles. 11 Jet 11 is short for 
ejector. 

License: Formal document issued by the Regulatory Body for major stages in the 

development of a nuclear facility defined by regulations permitting the holder 
(implementing organization) to perform specified activities. 
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Liquid Radioactive Waste: Solutions, suspensions, and mobile sludges contami­
nated with radioactive materials. 

Long-Lived Nuclides: Long-lived radionuclides are those for which decay does 
not provide an adequate method of control. 

Low-Level Waste (LLW): Wastes containing types and concentrations of radio­
activity such that no shielding or relatively little shielding is required to 
minimize personnel exposure. 

Management (Waste): The planning, execution, and surveillance of essential 

functions related to control of radioactive waste, including treatment, solidi­
fication, interim or long-term storage, transportation, and disposal. 

Man-Rem: A measure of population dose calculated by summing the dose equiva­
lent in rem received by each person in the population. For occupational 
workers it is also used as the absorbed dose of one rem by one person with no 
rate of exposure inferred. 

Megawatt-Day per Metric Ton: A unit for expressing the burnup of fuel in a 
reactor; specifically, the number of megawatt-days of heat output per metric 
ton of fuel in reactor. 

Millirad: A unit of absorbed dose equal to one thousandth of a rad (see Dose, 
Absorbed). 

Milliroentgen: A submultiple of the roentgen equal to one-thousandth of a 
roentgen (see Roentgen}. 

Monitoring: Taking measurements or observations for recognizing adequacy, sig­
nificant changes in, conditions, or performance of a facility. 

Nuclear System: Generally includes those systems most closely associated with 
the reactor vessel that are designed to contain or be in communication with the 
water coming from or going to the reactor core. The nuclear system includes 

the following: 

• reactor 
• reactor assembly and internals 

• reactor core 
• neutron monitoring system 
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• reactor coolant recirculation system 
• control rod drive system 
• residual heat removal system 
o chemical volume and control system (PWR} 
o emergency core cooling (ECC} systems. 

Nuclide: A species of atom characterized by its mass number, atomic number, 

and nuclear energy state, provided that the mean life in that state is long 
enough to be observable. 

Offsite: Beyond the boundary line marking the limits of plant property. 

Onsite: Within the boundary line marking the limits of plant property. 

Pathway: A route and sequence of processes by which radioactive material may 
move to man•s environment and to man. 

Power Reactor: A generator of heat through controlled nuclear fission. Such 
heat energy, in turn, is used to generate power. 

Pressurized Water Reactor (PWR): A power reactor in which heat is transferred 
from the core to a heat exchanger by water kept under high pressure to achieve 

high temperature without boiling in the primary system. Steam is generated in 
a secondary circuit. 

Primary Wastes: Wastes that are generated as part of a primary operation. 
Secondary wastes are generated from a supporting operation, such as waste 
treatment. 

Process Cells: Heavily shielded rooms housing radioactive processing 
systems. 

Process Equipment: The functional equipment items or systems associated 
directly with the operation of a chemical or mechanical operation. 

Protective Clothing: Special clothing worn by a person in a radioactively 
contaminated area to prevent contamination of his body or personal clothing. 

Protective Survey: An evaluation of the radiation and its hazards incidental 
to the production, use, or existence of radioactive materials. It normally 
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includes a physical survey of the arrangement and use of equipment and measure­

ments of the radiation dose rates under expected conditions of use; also called 
protection survey. 

Rad: The unit of absorbed dose. The energy imparted to matter by ionizing 
radiation per unit mass of irradiated material at the place of interest. One 

rad equals 0.01 joules/kilogram of absorbing material. 

Radiation: 1) The emission and propagation of radiant energy; for instance, 
the emission and propagation of electromagnetic waves or of sound and elastic 
waves. 2) The energy propagated through space or through a material medium; 
for example, energy in the form of alpha, beta, or gamma emissions from radio­

active nuclei. 

Radiation Area: Any area that is accessible to personnel in which there 
exists radiation at such levels that a major portion of the body could receive 

a dose in excess of 2 millirems in any 1 hour or a dose in excess of 
100 millirems in any 7 consecutive days. 

Radiation Background: See Background. 

Radiation Leakage {Direct): All radiation coming from a source housing except 
the useful beam. 

Radiation, Scattered: Radiation that has been deviated in direction during its 
passage through a substance. It may also have been modified by a decrease in 
energy. 

Radiation, Stray: The sum of leakage and scattered radiation; also called 
11 Shine." 

Radioactive Material: Any material or combination of materials that spontane­
ously emits ionizing radiation and has a specific activity in excess of 
0.002 microcuries per gram of material [49 CFR 173.389(e)]. 

Radioactive waste: Any material containing or contaminated with radionuclide 

at concentrations greater than the values that competent authorities would con­
sider acceptable in materials suitable for uncontrolled use or release and for 

which there is no foreseen use. 
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Radioactivity: The property of certain nuclides of spontaneously emitting par­
ticles or gamma radiation or of emitting x radiation following orbital electron 

capture or of undergoing spontaneous fission. Often shortened to activity. 

Radioactivity, Artificial: Man-made radioactivity produced by particle bom­

bardment of electromagnetic irradiation. 

Radioactivity, Induced: Radioactivity produced in a substance after bombard­
ment with neutrons or other particles. The resulting radioactivity is 11 natural 
radioactivity 11 if formed by nuclear reactions occurring in nature and 11 artifi­
cial radioactivity~~ if caused by man. 

Radioactivity, Natural: The property of radioactivity exhibited by more than 
50 naturally occurring radionuclides. 

Radiological Protection: Protection against the effects of internal and exter­
nal human exposure to radiation and to radioactive materials. 

Radionuclide Migration (Subsurface): The movement of radionuclides through 

porous and permeable strata due to subsurface water flow and/or by diffusion. 

Rem: Acronym for roentgen equivalent man. A unit of dose equivalent in rems 
is numerically equal to the absorbed dose in rads multiplied by the quality 
factor, the distribution factor, and any other necessary modifying factors. 

Remote Maintenance: Maintenance by remote means, i.e., the human is separated 
from the item being maintained by a shielding wall. 

Repository: The site and all facilities where waste disposal takes place. 

Repository (Federal): A site owned and operated by the federal government for 
long-term storage or disposal of radioactive materials. 

Roentgen: A unit of exposure to ionizing radiation. It is that amount of 
gamma or x-rays required to produce ions carrying one electrostatic unit of 
electrical charge (either positive or negative) in 1 cm3 of dry air under 

-4 standard conditions. One roentgen equals 2.58 x 10 coulomb per kilogram of 
air (see Exposure). 
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Safe Storage: Those actions required to place and maintain a nuclear facility 

in such a condition that future risk to public safety from the facility is 
within acceptable bounds and that the facility can be safely stored for as long 
a time as desired. 

Safety-Related: Structures, systems, and components, whose functions tend to 
prevent or mitigate the exceeding of safety limits as defined in Regulatory 
Guide 3.6 and set forth in Technical Specifications that are part of the Oper­
ating License for a nuclear power plant. Quality Assurance Programs as defined 
in Appendix B of 10 CFR 50 are not required for safety-related items except 

those defined also as 11 Q". 

Scarfing: A removal technique used to decontaminate concrete mechanically by 
chipping, cutting, jackhammering, or blasting the surface layer{s) away. 

Secondary Wastes: Forms and quantities of all wastes that result from treat­
ment of primary wastes or effluents. 

Shallow Land Burial: Disposal of radioactive waste by burial with at least 
6 ft of overburden with or without engineered barriers. 

Shield: A body of material used to reduce the passage of particles or radia­
tion. A shield may be designated according to what it is intended to absorb 
(as a gamma ray shield or neutron shield) or according to the kind of protec­
tion it is intended to give (as a background, biological, or thermal shield). 
It may be required for the safety of personnel, to reduce radiation enough to 
allow use of counting instruments for research, or for locating contamination 

or airborne radioactivity. 

Short-Lived Radionuclides: Those radionuclides for which decay provides an 
adequate method of control (time periods of less than 100 years). 

Shutdown: The time during which a site is not in productive operation. 

Site: The geographic area upon which the facility is located that is subject 
to controlled public access by the facility licensee {includes the restricted 

area as designated in the NRC license). 
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Solid Radioactive Waste: Material that is essentially solid and dry but may 
contain sorbed radioactive fluids in sufficiently small amounts as to be 

immobile. 

Solidification: Conversion of radioactive wastes {gases or liquids) to dry, 
stable solids. 

Surface Contamination {Radioactive): The deposition and attachment of radio­
active material to a surface. 

Surveillance: Those activities necessary to assure that the site remains in a 

safe condition, including periodic inspection and monitoring of the site, main­
tenance of barriers to access to radioactive materials left on the site, and 
prevention of activities on the site that might impair these barriers. 

Survey: An evaluation of the radiation hazards incident to the production, 
use, release, disposal, or presence of radioactive materials or other sources 
of radiation under a specific set of conditions. 

Transuranic Elements: Elements with atomic number (Z number) greater than 92. 
All transuranic elements are artificially produced and are radioactive. 

Transuranic Waste: Any waste material measured or assumed to contain more than 

a specified concentration (e.g., presently proposed as 10 nanocuries of transu­
ranic elements per gram of waste) of transuranic elements. 

Underground Disposal: Disposal of waste in a geological medium at any appro­

priate depth below the ground surface so as to interpose the medium as a pro­
tective barrier between man and the waste in such a manner as to prevent the 
disturbance and dispersal of the wastes by surface physical, biological, and 
human activities and to inhibit the escape of the waste into man's environment. 
The medium may also serve to protect and enhance the performance of any addi­
tional containment for the wastes and engineered barriers that may be provided. 
Furthermore, engineered features may be used to support or enhance the perfor­
mance of the medium. 

Underground Solid Waste Storage Area: Area within an exclusion area where 
radioactive solid waste is stored by burial. 
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Waste Disposal: A condition where the waste itself is abandoned from the time 

it is put into the ground or elsewhere. The site is not necessarily abandoned 
but may be subject to monitoring and surveillance. There is no intention to 
recover the waste or attend to it in any way although its recovery may be tech­
nically possible. 

Waste Storage: A condition where the waste itself is not abandoned; it is 

accessible for inspection, recovery, and repacking, etc., and there is an 
intention to carry out such work. 

Waste, Radioactive: Equipment and materials (from nuclear operations) that are 

radioactive and for which there is no further use. 

X-Ray: A penetrating form of electromagnetic radiation emitted either when the 
inner orbital electrons of an excited atom return to their normal state (char­
acteristic x-rays) or when a metal target is bombarded with high-speed elec­

trons. X-rays are always nonnuclear in origin, i.e., they originate external 
to the nucleus of the atom. 
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