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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,
which 1imits their versatility; several mechanical decontamination methods are
described. ETectrochemical 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.






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
tocations (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:

e high pH oxidation and dissolution
high pH oxidation followed by tow pH dissolution
low pH oxidation and dissolution
Tow pH oxidation followed by low pH dissolution
Tow pH dissolution

low pH reduction and dissolution.
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Mechanical decontamination methods usually involve the removal of a
rejatively 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 contaminated 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 metal 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 laboratory program will provide suf-
ficient information to make reasonable selections for decontamination processes
for any given reactor.
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INTRODUCTION

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 rggulatory agencies and
industry began to express renewed concern about radiation and the environment,
and the interest in decontamination again began to grow. Today, there is
interest in decontaminating not only operating facilities but also facilities
that are scheduled for decommissioning.

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 availablie for decontamination for continued operations and
for decommissioning.

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 pltant 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.



In addition to performing a literature search and preparing a bibliog-
raphy, we have also attempted a Titerature review wherein information has been
collected and analyzed. The information is tabulated in Appendix A.

BACKGROUNO

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 ;adiation 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}, 1In the late sixties there was a rather abrupt loss of interest
in decontamination. Worden {1980) attributes this to the emphasis on growth in
the nuciear 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 reguirements 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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FIGURE 1. Options for Handling Contaminated Reactors

in this report is the use of natural decay time in Tieu of active decontamina-
tion (shown in Figure 1 as "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 1379)
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 decommissian
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,



METHODOLOGY

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
unigue 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 considered as a pre-
cursor to decommissioning as well as to further operation, A process may have
been rejected in the past because of unacceptable corrosion rates; however, for
decommissioning purposes, we need to know what these rates are, not just that
they were too high for a system being returned to service. 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
potentiai tities for review, Table 1 shows the key word Tist 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 1--
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 Tliterature references found with key words such as cost
or exposure were reviewed to provide input to other tasks in the program



D&D Terms: Decontamination Demolition
Decommissioning Reactor Dismantling
Reactor Decommissioning Fuel Assembly DismantTing
Materials: Pipes Soils
Concretes Coatings
Cements Films
Paints Asphalts
Methods: Electrochemical Coating Surface Coating
Chemical Coating Electrochemistry
Evaporation Abrasion
Solidification Abrasives

Contaminants

TABLE 1. Key Word List

Inorganic Acids

and Wastes: Fission Products Liquid Wastes
Spent Fuels Solid Wastes
Transuranic Elements Gaseous Wastes
Transuranic Compounds Waste Disposal
Actinides Waste Storage
Low-Level Radioactive Waste Processing
Wastes
High-Level Radioactive
Wastes
Exposure: Radiation Doses Environment
Dose Rates Surface Contamination
Radiation Effects Radioactivity
Environmental Effects Radionuclide Kinetics
Environmental Impacts
Reactors: Pressurized Water Reactors
Boiling Water Reactors
Light Water Gas Reactors
Cost: Cost/Benefit Analysis

Economics

and a broader background to the process review task and because there was a
sTight 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:



e Most computerized services provide comprehensive coverage only back
to about 1970.

e Publication may have been in an "obscure" journal (that is, a journal
not abstracted by the service or one not normally used for the par-
ticular subject).

e The selection of key words, combinations of key words, or other
reasons may lead to inadvertent rejection of tne particular
citation,(?)

Because of these possible omissions, a Timited manual search was made; and
the major, and expected, finding was that most of tne older documents {such as
from Hanford, Oak Ridge, and the numerous other laboratories doing decontamina-
tion work} were not listed, It was also found, howzver, that many of the older
documents are no longer in existence, except perhaps in personal files.

Laboratory Notebooks

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 effort placed on decontamina-
tion, these notebooks were expected to be a wealth of data, However, for the
most pertinent dates (prior to the late 1960s) no rzcords 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 Togbooks that are freguently inaccessible. In addition, most of the pro-
cess information in the old documents and logbooks is available, in at least
summary 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_qu1pment, which
for some reason was not included in any of the computer listings.




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 Timitations 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.






REVIEW OF DECONTAMINATION AND CHEMICAL CLEANING METHODS

Decontamination and cieaning 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 nonradicactive 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 yplues). Decon-
tamination in contrast requires a 10- or 100-fold improvement in the degree of
cieaning because of the ready detection of radioactivity.

In actual practice, decontamination is considered complete when it meets
the ALARA criterion (As Low As Reasonably Achievable) for the task. Thus,
reducing the original amount of radiocactivity to 1% of its original value may
reduce the attendant exposure rate enough to allow maintenance. On the other
hand, to release an item to unrestricted use by the pubtic will require a much
more thorough decontamination and the lower limit may be set by the background
radiation 1imit and the particular type of radioactivity--alpha, beta, or
gamma,

Effective chemical cleaning is truly a multidisciplinary field. To devise
a given process and apply it effectively requires an understanding of:

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

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

® the behavior of the contaminant after it is removed.



How these elements of the cleaning process behave as a function of temperature,
changes in construction materials, flow rate, radiation fields, and time deter-
mines whether cleaning occurs and whether the radicactivity 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-
stdered useful in decontamination work because they are too corrosive or
contain chemicals unacceptable for use in reactor systems. For example, chio-
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 decommissioning 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 Timitations of each type of process are discussed. Some
information is also presented on the purification of various process streams
resulting from decontamination so that a waste volume 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 radiation fields, even during normal
operation. During decommissioning operations, the entire plant comes under
scrutiny and must be considered for decontamination,
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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 Oivine 1979).

Zeolitic ion exchange materijals 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 jon-exchange material can be used to treat a very Targe 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 buik 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/1 (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 S50W-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 I, 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.
0f 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 jodine 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

Radiocactively contaminated water has been reported decontaminated by slur-
rying with grundite clay. [t 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 b 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 js 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:

e effectiveness - Decontamination must be adequate to meet the objec-
tives of the operation,

e efficiency - The process should not be unduly labor intensive, expo-
sure intensive, or costly in terms of eguipment, reagents, or waste
disposal,

e 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.

e waste production - A1l decontamination methods create radicactive
wastes. It is both desirable and usually necessary for compliance
with regulations to produce concentrated, solid waste that is not
subject to ieaching 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:

e high pH oxidation and dissolution
e high pH oxidation followed by Tow pH dissolution
® low pH oxidation and dissolution
Tow 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 Jow pH dissolution. In this case
there is still some dissolution in the first step, but the major purpose of the
AP 1s 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-1 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 Tow pH oxidant followed by a Tow 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 1little or no chromium js 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 the N-Reactor--a carbon steel system. CAN-DECON, the anly 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 crtt ion. One deve loped
for high-temperature stainless steel is RDS (reducing decontamination solu-
tion}, which uses hydrazine. For systems that can accept chloride, a solution
of hydroxytamine 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 H2504, H3P04, and
HNO3—HZSO4, 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 salutions because
the less stable water is not present to 1imit the parameters. Some of these

processes are listed in Table A.1 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 either 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 varjety 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 Toose scale and
crud from a variety of surfaces, and ultrasonic c¢leaning 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. QOther 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 polishing, 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
"spolvent" this method could be used to extract radionuctides from concrete or

soils.
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OPERATIONAL DATA

Operational information such as DFs, corrosion data, safety, and waste
disposal techniqgues 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 DF, 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 DF data; however,
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 Timited 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 DF or some relative effectiveness
or corrosion behavior with Tittle 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 “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 DECONTAMINATION 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 Tate 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. [t is hoped that this document and the follow-
ing laboratory program will provide operators and requlators alike with suffi-
cient information to make rational selections for any given reactor.
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APPENDIX A

DECONTAMINATION METHODS (TABLES)




AP: Ailkaline Permanganate

AC: Ammonium Citrate

citrox: Inhibited CITRate OXalate Reagent

OPG: Oxalic acid, hydrogen Peroxide, Gluconic acid

TABLE A.1. Chemical Methods of Decontamination
Application Reagent/Concentration/Process DF/%.* Reference Condition Comments
Aluminum 1. HNO; Ayres 1971 Used on surfaces passivated by axidizing
BNWL-B-90 acids.
2. a) Scrub with Na-EDTA + 2% detergent  10-1000 Christensen 1959
rinse b} cover with wet Na-EDTA rags LAMS-2319
and allow to soak for 1 hr ¢} remove rags
and rinse
3 a) Water rinse b 10%. citric acid 100-500 Christensen 1359 Corrosion nil.
scrub ¢} 10% HNO; scrub LAMS-2319
4. Inhibited sulfamic acid Ayres 1971 Does not promote reprecipitation, no severe
= BNWL-B-90 attack at galvanic junctions.
= 5. 50% HNO, 29-72 Ayres et al. 1962 70°C
HW-7125%
Brass 6. Nitric acid (4 parts acid to 1 part water) Ayres 1971 5 sec at 40°C Also used to remove ceramic fuel residues
BNWL-B-30 {PuO,) fram piping systoms.
7. a) Wipe with acetone or alcohol Christensen 1959
by emery cloth ¢y 5% AC LANS-2319
Carbon Steel 8. Inhibited HCI {propynol, Ayres 1971 HCl very corrosive to mild steel, stress cracks
formaldehyde, inhibitors} BNWL-B-90 stainless. Typically 15% HCl and 1% inhibitor
by volume,
9. 0.4M ammonium oxalate + 0.16M citric Ayres 1971 90-95°C Citric acid complexes the iron ions and
acid + 0.3M H:0O, BNWL-B-90 prevents formation of insoluble oxalates.
10. 0.5% solution of EDTA + citric acid Ayres 1971 pH 6-8, 90-100°C
+ hydrazine BINWWL-B-90
11. Buffered oxalic acid + H;O, Divine 1973 80°C, 1-4 hr ~20 mg/dm?-day corrosion. OPG: 0.025M
+ gluconic acid {QPC) Ayres 1970 H:O; + 0.013 gluconic acid.
12. Inhibited ammonium citrate or Ayres et al. 1962 Corrosion should be less than 0.2 mils per
sodium bisulfale Hw-71259 cycle.
13. Inhibited 9% sulfamic acid Ayres 1966 Typical inhibitors are formaldehyde or
BNWL-5A-751 propynol, 5%.

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

TABLE A.1. ({Contd)
Application Reagent/Concentration/Process DF /%> Reference Condition
Carbon Steel 14. a} Recirculate with AP followed by 3300 Ayres et al. 1962 60-90°"C
{Contd]) water b) recirculate with sodium bisulfate Hwy-71259
followed by water
15. OPG followed by an inhibited oxalic-  10-30 Ayres and Perrigo 1966 QOPG: B0°C. 1-4 hr
suifuric reagent {Sulfox} BNWL-5A-666 Sulfox: 45-70°C,
1hr
16. APAC 90-99% Abrams and Salterelli 250°F for 24 hr
15966, WAPD-299
17. 10% NaOH + 3% KMnO, followed by 11-360 Weed 1968 105°C and about
HC.0,425g/1 + {NH,): HCH-O; 50 g/ + BNWL-711 80°C
Fe; 2 g/1 + mi diethylthiourea 1 g/
Fe, {504}
18. 0.3M H,50, + 0.1M oxalic acid 3-4 Ayres 1970 25°C, 40 min
+ phenylthiourea [Sulfox)
19. 0.4 wt% NUTEK L-106 6 Lit. Review of Chem,, 160°C
Water Cooled Nuclear
Decon Processes for
Reactors NP-1033
20. Buffered mixture of oxalic acid and Ayres 1966 80°C, 1-4 hr
hydrogen peroxide BNWL-3A-75]
21, N5-1 2-10 Remark 1579
RDTPL-79-35
22, a) Waler rinse b} scrub with 10%, citric 20 Christensen 1959
acid + 5% detergent; rinse ¢} scrub with LAMS-2318
0.3M citric actd + 0.1% detergent + 0.5M
HClrinse d) scrub with M HNO;
e) repeat d) as necessary
23 0.,0017M EDTA + 0.00119M citric acid 2 Kratzer 1979 100°C, 70 I/m flow
+ (.00198M oxalic acid UNI-1425 pH 4.8
24, D.0UN7M EDTA + 0.00119M citric acid 16y Kratzer 1979 160°C, 70 1/m flow
+0.00198M oxalic acid 108+ ¥ UNI-1425 pH 2.2
25, 0.602M HEEDTA + 0.002M citric acid 25y Kratzer 1979 pH 2.6

+ 0.002M ascorbic acid

500y +8

LINI-1425

If fission products and rupture debris arc
present, precede this process by recirculation
with a solution containing sadium carbonate,
sodium bicarbonate, and hydrogen peroxide,
Sodium bisulfate 3 to 10% by weight.

Sulfox: 0.3M HS0, + 01M H.C,0, + 1 /1
inhibitor [phenylthioureal. OPG: 0.025M
HC,0,4 + 0.5M H, O, + 0.013M gluconic acid.

AP: 2.58M NaOH + 0.2M KMnO,.
AC: 0.4M (NH.j, HC,H;O> (AC).

Report provides & comparison of carrosion
data for Haynes 25, 305, and 316 55, 17-4 pH
88, 440 55, A212 carbon steel, and others.

May not be applicable to ULS, reactors
because of construction material differences.

0.025M oxalic acid, 0.5M H O,

NS-1is a proprietary product of Dow
Chemical Company.

~1000 mg/dm-d corrosion {13 pm/d}.

~1500 mg/dm-d carrosion (18.5 um/d).

-~ 20-600 mg/dmi-d corrosion (0.2-7.5 pm/d),



Carbon Stecl
{Contd}

Concrete

£'Y

Copper

Glass

Inconel and
Incoloy

Inconel

TABLE A.1. (Contd)
Reageni/Concentration/Process DF /% Reference Condition Comments
26, 0.002M HEEDTA + 0.002M citric actd 12-36 ¥ Kratzer 1979 pH 3.3 ~500-7500 mg/ dm?-d corrosion (6.5-95 um/dj).
+0.004M hydrazine 60-80 v + 8 UNI-1425
37, 0.002% HEEDTA + 0.002M citric acid negligible Kratzer 1979 pH7 12200 mg/dm-d corrosion {28 am/d).
+ 0.0120 hydrazine LINI-1425
28. 0.002M HEEDTA + 0.002M citric acid 400 v Kratzer 1979 pH 4.9 ~10,000 mg/dm?-d corrasion {130 um/d}).
+ 0.0065M hydrazine 190 v + 3 UNI-1425
29. Spray salutions of water, 10% caustic 150 Moore 1974 80°C, 135 psig Spray through a rotating nozzle; large
and 10% nitric acid or 10% nitric acid with WASH 1332 {74 volumes of waste solution.
hydroxylamine sulfate
30. a) Hand cleaner and brush b} mop; if Christensen 1959
unsuccessfuf, mop with 15% HCI LAMS-2319
31 Spray: a) water b) 10% HNO, <) 10% Wehman et al. 1975 80°C 135 psig
NaOH di 10% HNO, with hydroxylamine CONEF-750827
acid sulfate
32. Equal parts of phosphorus, nitric, and Ayres 1971 1-2 min at 60-70°C.  Polishing.
aceltc acids BNAWL-B-90
33. 2-10% polyvinyl alcohol in water 70-97% Christensen 1959 25°C
+ 1% EDTA + 15-20% ethyl alcohol + 0.02'% LAMS-23719
sadium carbonate; brush or spray
34, 0% HNQ, + 3 HF Christensen 1959 55°C Efficiency increases with temperature.
LAMS-2319
35. a) Water rinse b scrub with Na-EDTA 100 Christensen 1959 Caorrosive, but no rate given.
or 20% HNO; + 3% HF LAMS-2319
36, Amino acetates or polyphosphates Dippel, Hentschel, up 16 200°C, usually Comparable to citric acid-based solutions.
plus a surfactant and Kunze 1977 60°C, 10 min
KFK 2500
37. a) AP by 25% HNO, + 25%, HF Ayres 1971 a) near boiling for  First step conditions the film;
BNWIL-B-90 1-2hr by 70-80°C
High-Concentration Reagents
38. a} AP b} AC 5-20 Remark 1978 al 90°C b) 105°C AP preconditions and oxidizes the corrosion

78:5332-01

product film, rinsing required between
reagents. AP: 2.5M NaOH + 0.2M kMnOy;
AC: 0.4M AC
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Application Reagent/Concentration/Process
Inconel 39, a) AP b) oxalic acid
{Contd)

monel and Nickel

Stainless Steel

40. a) AP b) oxalic acid ¢) AC

41.  a) AP b) citrox

Low-Concentration Reagents
42, NUTEK L-106
43, Chelating agents such as EDTA,

citric acid, and oxalic acid

44. Hydrazine

45.  Hydrogen peroxide

46. Hydrogen peroxide plus chelant
{EDTA)

47. Hydrogen peroxide-hydrazine

48. 0.0017M EDTA + 0.00114M citric acid

+ (0.00198M oxalic acid

49, 25% sulfaric acid

50. Amino acetates or polyphosphates
plus a surfactant

TABLE A.1.

Reference

(Contd)

Condition

20-240

1-3 expecied

2-6 expected

2-15 expected

2-8 expected

Remark 1978
78:5332-01

Remark 1978
78:5332-0

Remark 1978
78:5332-01

Rermark 1978
78:6312-01

Remark 1978
78:6332-01

Remark 1978,
78:6332-01

Remark 1978
78:6332-01

Remark 1978
78:6332-01

Remark 1978
78:6332-01

Remark 1978
78:6332-01

Kratzer 1979
UINI-1425

Ayres 1971
BNWL-B-90

Dippel, Hentschel,
and Kunze 1977
KFK 2500

a) 90 C

a) 90°C

less than 70°C

100°C

100°C, fill-soak-
drain, 1-2 days

100°C, 70 1/m flow
pH 4.8

1 hr at boiling

Up to 200°C,
usually 60°C,
10 min

Camments

AP: 2.5M NaOH + 0.20M KMnQy;
oxalic acid; 0.025M.

Step ¢} prevents redeposition of oxalate
precipitates, concentrations the same as in
numbers 38 and 39 ahove.

1.5 te 2 mils corrosion of stainless steel per
application: 1.5 mils/hr on carbon steel.
Citrox: 0.2M citric acid +0.3M oxalic acid.

All reagents less than 2000 ppm (0.2%);
regenerate in cation exchange columns.

1-4 days for total PWR primary system
decontamination.

Enhances solubility of crud deposils: use as a
dilute solution in fill-soak-drain method
1-2 weeks preparation, 8-24 hr for
decontamination.

Concentrations in low ppm range; wiil not
solubilize iron.

Chelant will solubilize iron; fill-soak-drain
method.

H>Q; solubilizes Co-58 and nickel, but not
iron. Hydrazine reduces from the more
soluble divalent state. No rinses between
solutions required.

Negligible corrosion.

Metal exposed to water at 570°F ar lower.

Comparable to citric acid-based solutions.
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TABLE A.1. (Contd)
Application Reagent/Concentralion/Process DF A% Reference Condition
Stainless Steel 51. a) AP by sulfuric acid + diammanium 10 Remark and Miller AP at 90°C
[Contd) citrate 1979, RDTPL-79-35
32 Soak in a solution of ammaonium 406-1700 Platt 1975 pH 2-4
axalate. citrate, hydrofluoric acid, BNWL-1952 Section 5
and hydrogen peroxide
53. AP - citrox 20-30 Ayres 1966 AP: 105°C for 2 hr
BNWL-5A-751 Acid: B0°C for 2 hr
BNWL-SA-b6b ar longer
54. Acidify coolant with boric acid and Lit. Review of Chem. Cool system
maintain reducing environment with H; Decon Processes for
- . ) wWater Cooled Nuclear
55. aJ_cnrux. by AP ¢ nitric-oxalic 3120 Reactors NP-1033
and dilute citrox
96, 200 HNO, + 307 HF Ayres 1971 55-65“C
BNWL-B-90
57. 6.5% HS04 + 6.5% HF + 87% H,0 Ayres 1971 Elevated or room
+250g Cr.0, ANWL-B-90 temperature
58. a} AP b} dilule complexing agent or Ayres 1977 90°C
dilute acid BENWL-B-90
59. EDTA + citric acid hydrazine Ayres 1971 pH 6-8, $0-100°C
BNWL-B-90
60. 0.4M HC,0, + 0.1 HE + 0.0-7.0M Ayres 1971 2.4 hr at 90-95°C
H:3; BNWL-B-90
&1, ay 0.2% oxalic acid b) add 5 ml of 300 Ayres 1971 18 min at 35°C
300 HLO, per liter o,y 20 BNWL-B-90 and 1966
BNWL-5A-751
62. EDTA {or NTA, DPTA, TTHA) + citric Ayres 1971 pH 6-8, 90-100°C
acid BNwWL-8-90
63. 70-80% H PO, or chromous sulfate Ayres 1971 85°C
solution {0.4M Cr SOy + 0.5M H;504) BNWL-B-90
64, KCI/NaCl/AICH; (salt melts) 96, Dippel 1976 130°C, 45 min

Comments

al AP; 10% NaOH + 3% KMnOy b} 0.3M
H:50. + 0.28 {NH‘;);{HC&HsO?.

.4M AC, (.48 ammonium oxalate, 0.5M HF,
0.02M H, O,

AP, 25M NaOH + 0.2M KMnQy; citrox: an
inhibited mixture of citric and oxalic acids,
0.2 citric acid + 0.3M oxalic acid; principally
sIC o contamination,

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

Citrox; (.2M citric acid + 0.3M oxalic acid;
dilute citrox: 0.03M citric acid + 0.02M oxalic
acid; 0.2M nitric acid.

First step conditions the film; dilute is less
than 2000 ppm.

Peroxide promotes corrosion in lower
concentration, inhibits at higher.

Polishing, derusting, and decontaminating.

Rate increases with temperature; regulate pH
with hydrazine; definitions given in text.

Some salt melts limited by their corrosive
proporties.



9°Y

TABLE A.1. (Contd)
Application Reagent/Concentration/Process DF /% Reference
Stainless Steel 85. N5-1 5-8 Rohner, Summary
[Contd) ANS Trans,
November 1978
66. 1.0M oxalic acid + 0.02M H,;O; Divine 1573
+0.013M gluconic acid
67. Oxalic peroxide (OPG) followed 10-30 Ayres and Perrigo 1966
by sulfur BNWL-5A-666
B8, 2-10% polyvinyl alcohol in water + 1% 70-97'% Dippel 1976
EDTA +15-20% ethyl alcchol + 0.02%
sodium carbonate; brush or spray
69. a} AP by AC Remark 1978
78:6332-01
70. a) AP b) oxalic acid
71. a) AP b) oxalic acid ¢ AC
72. a) AP b) citrox
73, 1M HNG, Ayres 1971
BNWL-B-90
74. Salt mixes 90-95% Dippel, Hentschel,

75. AP followed by nitric acid

76. AP followed by AC (APAC)

and Kunze 1976
KFK 2375

Ayres, Perrigo,
and Weed 1966
BNWL-5A-938

Ayres, Perrigo,
and Weed 1966
BNWL-5A-938

Candilion

Comments

120°C, 100-200 hr

60°C

a) 30°C b 105°C

a) 90°C
a) 90°C

a) 90°C

1-2 hr

AP: 105°C for 1 hr
AC: 80°Cfor 1 hr

Extensive preparation time required.

~20 mg/dmi-d corrosion.

Sulfox: 0.3M H:504 +0.1M H.C0, + 1 g/
inhibitar; OPG: 0.025M H,C,0.+ 0.5 H.0; +
0.013M gluconic acid.

AP preconditions and oxidizes the corrosion
product film, rinsing required belween
reagents. AC prevents redeposition of
oxalate precipitate.

AP, AC, and oxalic acid concentrations as
before.

1.5 106 2 mils corrosion of stainless steel per
application; 1.5 mils/hr on carbon steei.

Used on surfaces passivated by oxidizing
acids.

Cleansing pasles prepared by mixing
cambinations of MF, MHNQO,;, and HC| with a
hydrofluoric acid-resistant, highly dispersed
baryte type material such as a KH;PO, molten
salt.

AP 10-18% NaOH + 3% KM,Oy; 10% HNO,.

Ineffective an staintess films exposed to 250-
300°C water for extended periods,
concentrations as before,
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Application

Stainless Steel
iContd)

Reagent/Concentration/Praocess

TABLE A.1. {Contd)

DF /%* Reference Condition

Caomments

77 AP - citrox

78. AP followed by mixture of 3% TTHA,
citric acid, N H., and NH-OH

79, 0.0017M EDTA + 0.00719M citric acid
+(.007198M oxalic acid

80 0LOOT17M EDTA + 0.00119M citric acid
+ 0.00798M oxalic acid

81. 0.002M HEEDTA + 0.002M citric acid
+ 0.004M Hydrazine

82, Spray solutions of water, 10% caustic,
and 10¢% nitric acid or 10% nitric acid with
hydroxylamine sulfate

83 al 1.0M oxalic acid b] AP o) citrox

84 AP

85 AP-cilrox

86. AP followed by oxalic acid (APOX}

87. AP followed by sulfamic acid (AP-5ul}

Ayres. Perrigo,
and Weed 1966
BNWL-5A-938

20 ar 30 sec Ayres 1966
250 at 5 min BNWL-5A-2460

98°C, pH 7-8

4000 at 1 hr

2 Krarzer 1979 100°C, 70 1/min
LINI-1425 flow, pH 4.8

16 ¥ Kratzer 1979 100°C, 170 |/min

160 + UNI-1425 flow, pH 2.2

12-36 ~ Kratzer 1979 pH 3.3

60-B0y + 3 UNI-1425

150 Moore 1974
WASH 1332 (74)

80°C, 135 psig

Qertal et al. 1978

BNWL-TR-290
v} hMeservey 1970 105°C, 24 hr
20 Ayres 1970 AP at 110°C, citrox
at 80°C, 24 hr
16 tMeservey 1970 AP at 105°C, OX at
85°C, 24 hr
20 Ayres 1970 AP at 105°C, Sul at

70°C, 24 hr

Concentrations as before,

EDTA can replace TTHA. 0.2M citric acid,
0.0 NH,, 0.1M NH.OH.

~0.56 mg/dm2-d corrosion {0.08 um/d}.
~261 mg/dm’-d corrosion (3.3 um/d),
200 mg/sdmi-d corrosion (4.6 gm/sd).

Spray through a rotating nozzle, large
volumes of waste solution.

Rheinsberg plant.

An oxidizing agent that reacts with the
chromium in the carrosion film, converting it
to an oxide, which is dissolved by the alkaline
solution. Normally used in a multistep
process. Not corrosive to stainless steel;
mildly corrosive to carbon steel. AP: 10%
NaQH + 3% KMnQOy.

Citrox is a mixture of citric and oxalic acids
plus an inhibitor. Citrox neutralizes residual
AP, dissolves MnQ;, and complexes the iron
oxides. Concentrations as before.

Useful for aged films on high-temperature
stainless steel. 0.9M oxalic acid.

Similar in effectiveness to AP-citrox. Used on
stainless steel, carbon steel, and aluminum.
0.98 sulfamic acid.
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TABLE A.1. (Contd)

Application Reagent/Concentraticn/Process DF s Reference Condition Comments

Stainless Steed 88. AP foltowed by AC (APAC) 2 with redep. Ayres 1970 120°C, 48 hr In dilute form the AC removes residual MnQO;

{Contd) 50 with no from the AP solution and neutralizes that

redep. solution. In concentrated form the AC attacks

the remaining corrosion film. Redepaosition is
a problem. Not carrosive 10 stainless steel;
corrasive to carbon steel. 0.4M AC.

89. APAC followed by EDTA {APACE]) 50 Ayres 1970 120°C, 48 hr 0.002M EDTA added 10 prevent redeposition
of iron oxides. AP; 10% NaOH + 3% KMnO..

9. CAN-DECON, proprietary 5-15 Manion 1980 85-125°C, pH 3.5 A mixture of weak acids and a chelating
agent, can be modified for higher DFs,

0.7 wt%.
91. Citric acid 80-90%, lohnson et al. 1979 150°C, pH 3.5 0.0005M citric acid.
BM-5A-970
92, EDTA 80-90% Oertal et al. 1978 100°C 0.00002M to 0.062.
BNWL-TR-290
Iohnson 1979
BMN-5A-770
93. HEDTA B0-90% Johnson et al. 1979 90-180°C, pH 3.5-7 0.002M.
BMN-5A-970 130°C, pH 5.5 with
NH.,OH

94. Hydrochloric acid (HCl} 10 Loucks 1571 70°C. 2 hr Applicable only when no subseguent use is
expected because of high corrosiveness. Has
been used with stainless steel, Cr-Mo steel,
carbon steel, and copper alloys. 15-20 vo! %.
Formaldehyde is a typical inhibitor.

95. Nirric acid (HNO;) 10 Carlson 1970 75°C, 1 hr Useful on U, Pu, and their oxides in stainless
steel and Inconel systems. Has been used very
effectively in conjunction with potassium
permanganate. Extremely corrosive to carbon
steel, 5-10 vol %. Often inhibited with
diethylthiourea.

96. NS-1 2-12 Dow 1970 120°C, 100-200 hr  Fluid maintained under a nitrogen blanket,

5 mils/yr corrosion rates for carbon and stain-
fess steel. Proprietory product of Dow Chem-
ical Company.

97. Nitriloacetic acid (NTA) 80-50% Johnsen et al. 1979 180°C, pH 5.5 Surface structure was characterized to deter-

BN-5A-970

mine its effect on the DF. 0.2M.
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Application

Stainless Steel
{Contd]

100.

L

102

103.

104.

105.

106,

107.
108.

108,

110,
111.

TABLE A.1. (Contd)
Reagent/Concentration/Process [IF /5 Reference Condition
98, Osalic acid (OX) B0-90%. Meservey 1970 2 hr at 90°C,
and Carlson, 1970 pH 3.6
99, Oxalic peroxide (OPP) 20 Meservey 1970 80°C, 1hr, pH 4.5
Ayres 1970
Sulfamic acid (NH:5QH) (Sull 3 Ayres 1970 45-80°C, 1-4 hr
Sulluric actd {H:504) 2 Carlson 1970 70°C, 1 hr
NAOH/KOH/Na O, 55-99'%, Dippel. Hentschel, 280°C, 45-60 min
and Kunzse 1976
KFK-2375
NaOQH/KOH/Na:0,/Na; X O, 93-97%, Dippel, Hentschel, 280°C, 15-45 min
and Kunze 1974
KFK-2375
NHH.PO, 97-99%, Dippel, Hentschel, 220°C, 15 min
and Kunze 1976
KFK-2375
KH,PO, 97-99'%, Dippel. Hentschel, 280°C, 45 min
and Kunze 1976
KFK-2375
NHHPOL/KH PO, 984, Dippel, Hentschel, 280°C, 45-60 min
and Kunze 1976
KFK-2375
a] AP by cilrax 6-25 Remark and Miller 1979 180°F
5-20% oxalic acid + 0.1% EDTA RDTPL-79-35 180°F
NUTEK |-106 4-10 Remark and Miller 1979
2-56 RDTPL-79-35
12-350
AC+EDTA
al AP b) AC + ammonium oxalale
NS-1 2-10 Remark and Miller 1979

2.

RDTPL-79-35

Comments

0.0005M. Removes rust from iron, reacts with
stainless steel to form insoluble ferrous
oxalate.

Mixture of 0.025M oxalic acid and 0.5M hydro-
gen peroxide. Principally used to clean oxides
af U and Pu. Frequently also includes 0.25M
Na,C O, 0.006M per acetic acid and 0.007M
oxine.

Maost useful of carbon steel. Not as prone to
redeposition as H;PO,.

Used for localized contamination free from
calcium, Highly corrosive to hase metals.
5-10 vol %,

No concentrations or proportions provided
tar entries 102-106.

Some saft melts limited by their corrosive
properties; hot spraying; good waste volume
reduction.

Prevents copper redeposition, cation
exchange on waste. Proprietary product of
Nuclear Technology Corporation,

AC at 4%,; EDTA at 3%,

AP 10% NaOH + 3% KMnGy: AC al 4%
ammonium oxalate at 3-5%.

Solidify waste. Proprietary product of Dow
Chemical Coompany.
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TABLE A.1. (Contd)
Application Reagent/Caoncentration/Process DF ./ u* Reference Condition Comments
Stainless Steel 113, 10% NaOQH + 3% KMnO, followed
{Contd] by H.C:0,25g/1 + (NH.,HCiH-O: 50 g/ +  11-360 Weed 1968 80-105°C Provides comparison of corrosion data for
Fe{5Q.), 2871 BNWL-711 Haynes 25, 304, and 316 58, 17-4 pH 55, 440 58,
+ diethylthiourea 1g/ A 212 carbon steel, and others
114. HNO; and NaOH 3-10 Hayashi et al. Acid evaporator in repracessing plant. NaOH
paper 13 was more effective than HNG, in Ru removal.
115. NaQH/KMnQ., HNQ5, and EDTA 2-3 Hayashi et al. Followed the HNO, and NaOH steps of #113.
paper 13
116, N5-1 B5-99%, Van Nicda, ANS =>100°C, 100-200 hr  Low surface tension fluid leaks through bydro-
Trans., June 1978 statically {1.5 x operating pressure) threaded
joints. Proprietary product of Dow Chemical
Company.
117. APACE: recirculate AP, follow with a Ayres et al. 1962 No carbon steel in system; if rupture debris
water flush, then recirculate inhibited AC, Hw-71259 and fissian products are present, the APACE
follow with a water flush pracedure should be preceded by recircula-
tion with 10 vol% HNO,. Phenylthiourea and
acridine appear to be good inhibitors.
AP 3% KMNRO, + 10% NaOH; AC: 4%,
118. a) Recirculate with AP followed by Ayres et al. 1962 If fission products and rupture debris are
water b} recirculate with a sodium bisul- HW-71259 present, precede this process by recirculation
fate followed by water with a solutian conraining sodium carhonate,
sodium bicarbonate and hydrogen peroxide.
Sodium bisulfate at 2% by volume.
a) Soak in AP h) pickle in HCl or H,50, ar Passelt and Anderson Cited for descaling. Acid al 3-5% by volume.
other nonoxidizing acid 1967
119. AP + 3-10%, organic acids and/or Literature Review of Acids can include cilric or glycolic acid.
chelant and/or inhibitor Chemn, Decom. Pracesses Chelants can include EDTA or its homo-
tor Water Cooled Nuclear logues. Inhibitors can include formaldehyde
Reactors NP-1033 ar diethylthiourea.
Paint 120. Water flush followed by0.4 MHC.Q., 20 Goldberg, Testing 10 min Plate glass, epoxy, and epoxy phenaolics gen-
0.5M NaF, 1.3 MH.O; L.LE.C. Prod Res Dev 25 or 80°C erally give DF of 20. Procedure was devel-
17 (1} 25-27 (1974 oped at ORN! as coatings test procedure.
Plastics 121, Use same procedures as for glass 20 Christensen 1959

Polyethylene

and stainless steel

122. 2-10% polyvinyl alcohol in water 70-97%
+ 1% EDTA + 15-20% ethyl alcohol

+0.02% sodium carbonate

LAMS-2319
Dippel 1576

Apply by spray or brush.
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Application

Porcelain

P¥C

Refractory

Soil

Wood

Zircaloy

TABLE A.1. (Contd}
Reagenl/Concentration/Process DE/ % Relerence Condition
123. a} Rinse b) bail in saturated ammo- Christensen 1959
nium carhanate for 30 min ¢} soak in 5% 1L AMS-2319
ammonium biflouride for 30 min
124. Amino acetates or polyphosphates KFK 2500 Up to 200°C,
plus & surfactant Halbjahr 1977 usually
60°C. 10 min
125, 2-10% polyviny| alcohal in water 70-97% Dippel 1976
+ 1% FDTA + 15-20% ethyl alcohol
+0.02% sodium carbonate
126. Anhydrous H,50,, H;PO, Ayres 1971
or HNO; {100%) BNWL-B-90
127. Wet screening with solutions of 180 % Kochen et al. 1979
oxalic acid and sodium hexameta- RFP-2803
phosphate
128. 2-10% polyvinyl alcohol in water 70-97% Dippel 1976
+ 1% EDTA + 15-20% ethyl alcahol
+0.02% sodium carbonate: brush or spray
129, Buffered oxalic acid + H,O, Civine 1973 280°C, 15-45 min
+ gluconic acid
136, 0.4 M H: C:04 + 0IM HF + 0.0-1.0M Ayres 1971 2-4 hr at 95°C
BNWL-B-50

H.02

131, Ar-HF followed by agueous fluoride 10+
solution

132, 20 hr in BM HNO, followed by 4 hr 10 60
in 8M HNOj; at 99°C and a water rinse. alpha
Further leached with g .48 ammonium removal
oxalate, 0.16M ammonium citrate, 0.1M

armmonium fluoride. 0.36M HO, at 95°C

for a total of 12 br in five fresh 30 ml

aliquots of solution

133, 0.0017M EDTA + 0.00119M citric acid 2
+0.00198M oxalic actd

Platt 1975a, b
ANWL 1936 and
BNWL-1913

Plat1 1975a, h
BNWL-1936 and
BNWL-1913

Kratzer 1979
LUNI-1425

600°C. for 45 min

100°C, 70 |/min
flow, pH 4.8

Comments

Efficiency increases with temperature.

Comparable to citric acid-based solutions,

Apply by brush ar spray.

Plutonium and americium contamination, Sail
wetted with the acid/phosphate solution and
passed through a 2.4-mm screen,

20 mg/dmi-d corrosion.

55 um surface removal, sparging of the melt
with HF increases corrosion by sixtold.

~2.7 mg/dmi-d corrasion (0.4 um/d).
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TABLE A.1. ({Contd)
Application Reagent/Concentralion/Process DF /% Reference Condition Comments
Zircaloy 134. Molten salt bath ol 37% NaF, 37'% LiF, Platt 1975a, b 705°( 25-50 umshr on Zr-4 at 650°C with HF sparge.
{Contd) and 26% Zrf BNWI.-1936 and
BNWL-1913
135. HF-Ar followed by organic acid Platt 1977 HF-Ar at 600°C 75% HE, 25% Ar.
stripping BNWL-2245, Section 5
136. NaF-LiF-ZrF, fused salt Platt 1977 704°C up ta Typical male percentages: 38 NaF-24
BNWL-2245, Section 5 &0 min LiF-38 ZrF,
137. Molten zinc chloride Steindler ¢t al. 1975 500°C for 1 hr Zr +2ZnCl, — ZrCly+ 2 Zn.
AMNL-B152
138. Double leaching in 88M HNO, fol- 56% alpha Platt 1975¢ 24-hr 1otal,
lowed by leaching in an ammonium removal BNWL-1952, Section 2 up to 99°C
oxalate-citrate-peroxide solution
139, 50% HNQOs-HF etch {1 min) lollowed  99'% Ditlon et al. 1976
by concentrated HNO, {AEA-SM-207 /69
140. 0.4M {NH4)C 20, +0.3M HLO» Dillon et al. 1976 90°C for two Salution develaped by Meservey.
IAEA-SM-207 /69 2 hr periods
141. HF gas followed by (NH4),C /O,. 99,.7%, Dillon er al. 1976 HF-30 miin at 600°C, HF lemperature range 550-620°C.
INH b :H CiH.O - HAD . NHGF IAEA-SMA-207 769 aqueous-1.2 hr
al 85°C
142, Ammoniated EDTA + citric acid Hampton 1979 80~C, 0.4 gpm, Scale removal from prototypically fouled
GEFR-00449 4.0 gpm steam generator tubes, 100 EDTA, 2% citric
acid, 1% hydrazine, 0.1%, radiac 33.
2-1/4 CR-1Mo 143. Causlic Marsh and Perking L' to 185°C 0.5 um/hr in boiling 70% NaOH (185°C};
1978 intent of article is corrosion resistance, oxy-
AERE-R-9267 gen must be eliminated.
Grease and Oil 144, 1 wit% Lissapol (non-fonic wetting Ayres 1971 pH 9.5 1% solution. Used as a detergent.
Remaoval agent} + 1.2 wt¥ sodium carbonate + 2 8NWL-B-90
wt' sodium tripolyphosphare + 0.1 wi.
sodium carhonymethyleellulose
+ 0.5 wit's EDTA
145. 1.5 wi's Comprox (anionic wetting Ayres 1971 pH 3, 70-80°C Detergent. but will attack metal.
agent} + 2.5 wt% sadium sulfate + 0.6 wt', ENWL-B-50 0.8% solution.

sodium carbonate + 2wt cilric acid + 1
wit% EDTA



[

TABLE A.2 Mechanical Decontamination Methads
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TABLE A.2 Mechanical Decontamination Methods (contd)
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TABLE A.3 Electrochemical Decontamination Methods

. _— Waste
Method Listed Application DF Reterence

Surface Loss Produced Speed Limitation Commenls

i solutren af ammanium s alae, citrate, hvdrafluoric brpdragen

peroxice

Electropolishing x| x Platt 1977 conducton
arily
1041y Plast 1975¢ coanducton
anly
oW Allen et al. 0.3-2 mils size limited by
1978 electrapolish-
ing facility
4 X Arrowsmith 2 mifs LSt Starl reda-
and Allen 1978 tively Clean
100- | ink Rermark 1978
0 | 100
3 Mesorvey 1970 | 2 mils
Electrobrushing 4 30(4-30 IAEA 1964 small surlace layers
anly
33 Rermark 1975 smiall large amauns
of radwaste
Electrodialysiy TAFA 1964 suspende:d
solids not
remaved
IAFA T964 salt leakage;
back
diffusion
Llectrochemical 4 ? Wurm 1972 condud tors
Cutting anfy
Electroprecipiration Lee 1973 conlamingtian
miust be capable
of torming an
insoluble iron
compound

Lpto 0.2 of Pu-contammated surface arca per liter af elecira-
Iyte (phasphoric avidh. Ohject to be decontaminated serves as
elecirade tanode) with surface dissolution,

Examined 3 electrolyres: 11 a Meservey solution, 2) 80%, H PO,
31 59°% HPO-15% HAOL, 41 B M AND, and 51 8 M HNG -1 M
Hi. Best resuls with 4 and 5. Salution maintained a1 50-60°C for
20 min; vurrent T Amp at 100 A/t

Up ro 20 £t at o time, 40-80'% H.POL electrolyte ar 40-807(0

Paotential 8-12 ¥ideh, current densities 50-250 47t 5-30 min.
Fffective Pu, U, Ra, Ca, %r.Cs, Am,

U M5 electralyie, 100-150 A man-rem D of 400 tubes not
cleaned first; ressonably long preparanen time,

40-80'% H,PO, efectrolyte; 40-807C; B-12 Vidc), 50-250 Asfr-,

Rubbing sponge with & continuous foed of 3% H.SO, inhibited
with g1/ ethylquinalium; 15-40 armps ar 15-20 volis.

Selective alectropolishing, man-rem DF 410 without prehminany
tubie ¢ leaning.

A memibrane process using an eledtrode porential 10 ranspeortions
from a feed solution.

L eed salutions up ta 1000 pgom.

Steps:  ¢onnedt assembly as an anode, connect o lool with arow
of channels as a cathade, pass an clectrolyte through the than-
nels against the assembly. Flectrolyte is a molten salt of alkai
nilrate.

Electric current will pass through contaminated elactrolvte
between an anode of some insaluble mon compound and a
cathode so as o produce anodically an insoluble iron compound
while cathadically reacting the contaminans to produce an insol-
uble hydroxide,
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Method

1. Adsorption

2. Adsarption
3. Adsorption,
Activated Carbon

4. Aadsorption, lnorganic

5. Adsorption,
Iran Zeolite

6. Adsorption/
Gas Scrubbing

7. Coagulation

4. Coagulation

9. Coagulation

10. Coagulation-lon
Exchange

11. Condensation, Low
Temperature

12. Electrodialysis
13. Electrodialysis

14. Etectrephoresis

Reference

TABLE A.4.

Application

Radioactive Waste Decontamination

Description

Herald, Raberts, and
williams 1978
il hA- 2566

Wiley 1976
DP-1408

Straub 1972

Rauzen and Irushkov 1972

UDC 621.0397; 66.074.7

Verot 1968

Deuber and Birke 1978
K FE-2600

Malasek 1967

Kalandiya 1973

L'DC 663.632; 541.183.1;
539.173.8

Kolychev and $Sedov 1968

Mercer and Ames 1977
BNWL-2274

Kolychev et al. 1968
LDC 627.034.75

Kolychev and Sedov 1968

Kalychev and Sedov 1968

Kolychev and Sedov 1968

Agueous wastes

Waste supernates cantaining 5r, Pu

AgQuepus deactivation wastes

Aqueous deactivation wastes

Aqueous deactivation wastes

lodine removal from stack gas

Low-level waste water

AgQueous wastes

Aguepus wastes

Aclivated laundry waste

Removal of Kr, Xe, and |
irom gases

Aqueous waste

Low-level aqueous waste solutions

Low-level aqueous waste solutions

Adsorption by bone char or IRA-9038 at pH 3-10; DF =~ 145 for U.

Pu adsarbed by Duclite ARC-339; §r, adsorbed by Chelex 100 or precipi-
tated as 5r, (PO, St DF = 300; Pu DF = 20

Clarifier-contactor used for sedimentation of suspensions with activated
carbon;: DFs 90-99%.: volume concentration + 99%,

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

Deactivation by adjusting solution pH to 1-3, percolating it over finely
divided active iron at a temperature below 70°C, raising the pH to a
value of 7-10, and contacting the liquid with synthetic zeolites.

Sorb with DSM 1 to remove 1] as |: or HIO; DF = 100 at 40°C and 50%
relative humidity,

Sorption of #2P, %5, and %1l on ionic precipitates, barfum sulphate and
carbonate, hydrated oxide, of iron, aluminum, and zinc-aluminum.

Use of calcium and iron phaosphates at a pH of 9.5 allows 96% removal of
Sr and 77% of Ui fisston products,

Ferrous or aluminum sulphate used as coagulant - pH 8-10; 70-80%.
activity removal;sludge volume 0.5% of initial volume.

Waste waler treated with Fet?, Mg*2, and Ca*2salts at pH 11 10 coagu-
late suspended solids and scavenge radionuclides. lon exchange
removes residual Cs and Sr.

Low-temperature condensation followed by extraction stripping with
organic reagents or filtration with fibered materials such as FP tissue or
glass fiber.

1) desalination, 2) ion exchange, 3] electrodialysis to recover acid and
alkali from spent regeneration solution,

lons separated by forced diffusion through a semipermeable
membrane; power consumption 1 kWwh/m? of wastes,

'on separated by electromotively forced diffusion through an
clectrolyte,
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Method

Reference

TABLE A.4. (Contd)

Application

Description

15. Evaporation

16. Evaporation

17. Evaporation

18. Evaporation/Filtration/s
tlectrophoresis/lon
Exchange

19. Filtration

20. Foam Flotation

21. Foam Fotation

22. Foam Separation

23. Foam Flotation

24. freezing and Thawing
Followed by Settlement
and Filtration

25 Incineration

26. lon Exchange

27. lon Exchange

28. lon Exchange

29. Natural and Mineral
Sorbents

Kolychev and Sedov 1968

Malasek 1967

Kolychev and Sedov 1968

Kalychev et al. 1968
UDC 627.034.75

1AEA 1964

TAEA 1964

Forminykh et al. 1973
UDC 16.066.661.185
Malasek 1967

Lindsay, Michels, and
MMarrinez RFP-194%

IAEA 1964

Bahr et al, 1976; KFK-2418
IAEA 1964

SAl 1978 Y/OWI/Th-36/22

pdalasek 1967

Malasek 1967

Aqueous waste valume reduction

Remove radioisotopes from water
and concentrate regeneration
solutions

Aqueous wastes

Aqueous wastes from primary loops

Sludge removal

Cs, Sr, and rare earth calion removal
fram aguecus solutions

Aqueous wasles conlaining
colloidal particles

Waste water

Contaminated soil

Sludge remaval

Combustible salids and organic
liquids

Cation exchange
Anion exchange
Low-leve| waste water

Natural waters

Waste water

Suitable for wastes having a) high total selids concentration, b) small
volume with relatively high activity, ¢) need of high DF using standard
evaporation technology, constrained by minimization of carryover.

DF of 105-10° possible if no organics present; foaming sometimes a prob-
lem; filtering vapor will increase DF.

Useful when there is no foaming agent in waste and sall concentration
is less than 1%.

Four-step process using quartz and anthracite as filtering media, then
cationite; steam from evaporation is decontaminated in a packed
scrubber; sludges from evaporators are bound in concrete.

Pressure and rotating drum filters. A precoat of diatomeceous earth may
be required.

Uses the concentration difference existing between surface layers and
the bulk regiony of solutions containing surface active solutes,

Use of quaternary ammenium salts as foam formers and gelatin as a sur-
factant; 60-76 mg/| of surfactant; removes 96-90% of the clay.

Removal of Sr, Cs, and Ce using lauryl sulphonate, fatty acid salts, and
some industrial lfoaming agents; volume reduction to 0.1-1.0%.

Commercially available foam in a 2-in. thick layer on soil will stabilize
contamination and provide a protective cover.

Completely freeze the sludge 1o concentrate the electrolytes around
the colloidal particles, giving rise to coagulation. Filters rapidly after
thawing.

1000-12000°C 100:1 volume reduction; ashes fixed in concrete.

Hydrogen ion exchange for mixed isotopes.
Limited utility except for iodine, sulfur, and phosphorous.

1) ion exchange to remove hardness, 2] cation exchange, 3) anian
exchange, DF = 1000,

Used as a second step in combination with chemical treatment or evapo-
ration; Ca, 5r, Y, Zr, Ru, Cs, and Ce removed; resins not described.

Zeolitically transferred pumice, rhyolite, hasaltic, and tephritic tuffs best
for cesium; rhyodactic tuffs best for sirontium.
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Method

Reference

TABLE A.d. (Contd)

Application

30. Natural Sorbents
Coagulated in an Electric
Field

31. lan Exchange

32. lon Exchange

33. lon Exchange

34, lon Exchange

35. ion Exchange

36. Leaching

37. Molecular Sieves/Gas
Scrubbing

38. Osmosis, Reverse/
Ultra-filtration

39, Precipitation

40. Precipitation

Malasek 1967

Yerot 1968

Wilding and Rhodes 1974
ICP-1048

Lin 1973
ORNL-4792

Rvabchikov et al. 1974
UDC 621.039.73

Kolychev and Sedov 1968

Lagerwerlf and Kemper 1975

Ceuber and Birke 1978
KFK-2600

Koenst and Roberts 1968
MMLM-2448

IAEA 1964

Platt and Powell 1980
PHL-3000-4, Section 5

Waste waler

Low-level waste water

Fuel storage basin water

Aqueous deactivation wastes

Agueous effluents

Agueous wastes

Contaminated soil

Kr and Xe removal from air

Low-level waste waler

Cesium removal from water

Sulfur and radium removal from

water; strontium removal from

water; rare earth removal; calcium
removal; Cs and polyvalent cation

remaval

Radionuclide mixes

Electralyte solutions

Description

Similar to previous natural sorbents except coagulation through alumi-
num electrodes; 0.2% concentration of the suspension, current density
0.01 Ascmi,

Adjust pH to between 1 and 3, pass over finely divided active iron at less
than 70°C, raise pH to 8-10, and contact solution with synthetic zeolites.

1w Cs removed by zeolites (zeolon-900}; Sr-9¢ removed by organic cation
resins (Amberlite-200).

Resin type: strong-acid cafion and strong-base anion exchange resins of
palystyrene matrix; mixed bed units most widely employed in sizes
ranging from 2-8 ft in diameter to 3-6 ft in depth; teed 1-50 gpm of
waste per square foot of cross-sectional area; temperature around 140°F.

Pulsation sorption columns used in conjunction with ion exchange
resins; DF around 12; 50-100 vibrations per minute; amplitude of 5-10
mm; process about 1 méshr,

Usually a 2-stage process using H-form strong-acid resin and OH-form
weak-base anion resins; will remove foaming agents,

Leach with 0.66 N CaCl:z to remove 5r.

Acid-resistant molecular sieves, such as Norton Zeolen.

Contact waste solution with a semipermeable membrane; volume
reduction of 200:1; DF = 10210

Coprecipitation in the presence of NiSQ. or CuSQ, and K.Fe{CN)g; pH
of 7-10, may require ferric hydroxide for flocculation.

Coprecipitation of barium-sulphate may require ferric hydroxide for
flocculation. Addition of am inactive strontium salt in the presence of an
excess of phasphate ians at high pH. Flocculation with ferric or ferrous
salts and regulation of pH, Precipitate as calcium phosphate in a Ca-PO,
ratio of 1/1.6; pH 10-12 or lime-soda treatment. Precipitate Cs with
either copper or nickel ferrocyanide; remove polyvalent cations with
tri-sodium phosphate and a ferric salt; pH 10.

Flocculation with ferric salts foilowed by the calcium phosphate
treatment.

Useful on electrolytes such as HNOs, NaNO;, and NaOH; precipitate
with acrylamide copolymers; centrafuge will remove particles up to
1 micron,



2e’y

Method

Reference

TABLE A.4. (Contd)

Application

47. Precipitation

42, Precipitation/Foam

Contaction

43. Gas Scrubbing

44, Gas Scrubbing

45. Scrubbing of Soils
with Water

Bagretsov et al. 1970
uDC 621.039.714

King, Shimozato,
and Holmes 1968
ORNL-3803

Groenier 1973
ORNL-Th-4125

Mailen and Horner 1976

Horten and Albenesius 1976

Aqueous deactivation wastes

Low-level waste water

lodine removal from air

Adir streams

Soils: volume reductian for
Pu contamination

Description

Nickel ferrocyanide at 100 mg/liter removes Cs to + 99%; pH ranges
8-11, filter precipitate and evaporate.

Two-step process: 1) precipitate Ca, Mg, and radionuclides in a sludge-
blanket clarification step using grundite clay 2} countercurrent foam
contacting, Sr DF == 1050.

Countercurrent contacting with HNO, removes iodine in the form
methyl iodine; 70% HNQ, at 80°C; D7 = 104

Molecular iodine 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 ene-third of the total 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

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 "radiocactivity," particularly when
referring to an amount of radicactivity; 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. Decommissioning of Nuclear
Facilities - An Annotated Bibliography. NUREG/CR-0130, Pacific Northwest
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 water, 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.



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
material.

Continuing Care Period: The surveillance and maintenance phase of Safe Stor-

age, with the facility secured against intrusion.

10

Curie (Ci): The special unit of radioactivity: 1 curie = 3.7 x 107" nuclear

transformations per second. Several fractions of the curie are in common

usage:

e millicurie - One-thousandth of a curie {mCi} = 3.7 x 10?
disintegrations per second (dps).

e microcurie - One-millionth of a curie (uCi) = 3.7 x 104 dps.
e nanocurie - One-billionth of a curie (nCi) = 37 dps.

e picocurie - One-millionth of a microcurie {pCi}. Replaces the term
uue = 0.037 dps.

Decay, Radicactive: 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 nublic.

Decontamination: Those activities employed o reduce the levels of radicactive

contamination in or on structures and equipment.

Decontamination Agents: Those chemical materials used to effect decontami-

nation.

S



Decontamination Factor (DF): Defined as the original amount of radionuclide
[AO) divided by the final amount (Af). In some cases, decontamination
effectiveness is reported in terms of percent of contamination removed

100 [(A )] 100(1 - 3¢

Dilute Reagents: Decontamination solutions generally containing Tess than
2000-ppm reagent,

De minimus Level: That level of contamination below which regulatory control

is not reguired.

Qisintegration, Nuclear: Spontaneous nuclear transformation (radiocactivity)

characterized by the emission of energy and/or mass from the nucleus. The
process 1S 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.

Dismant]ement: 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, Radjation: 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 radiocactive materials in concrete or other
structural material sufficiently strong and structurally Tong-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 ali 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 DF for at least two reasons.
First, DF 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
DF of 1000 might be achieved, but due to "shine" the exposure DF 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 nucliei {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 freguently 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 bijological 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 regquired for a radionuclide contained in a bio-

logical system such as a man or animal to reduce its radiocactivity by half as a
combined result of radioactive decay and biological elimination.

Half-Life, Radioactive: The time in which half the atoms of a particuiar
radioactive substance disintegrate to another nuclear form. Each radionuclide

has a unigue half-1ife, 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 a facility for
reprocessing irradiated reactor fuels (10 CFR 50, App. F.2). 1t 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.

{mmobilization: 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,
ligquid, and gaseous wastes.

[on 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” 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. "Jet" 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 reguired 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:

e reactor

e reactor assembly and internals

® reactor core

e neutron monitoring system
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reactor coolant recircultation system
control rod drive system

residual heat removal system

chemical volume and control system {PWR}

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 Tife in that state is long
enough to be observable.

Offsite: Beyond the boundary line marking the limits of plant property.
Onsite: Within the boundary 1ine marking the 1imits 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): A1l 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.

Radjation, Stray: The sum of leakage and scattered radiation; also called
"shine."

Radiocactive Material: Any material or combination of materials that spontane-

ously emits jonizing radiation and has a specific activity in excess of
0.002 microcuries per gram of material ({49 CFR 173.3B9(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 "natural
radioactivity" if formed by nuclear reactions occurring in nature and "artifi-
cial radicactivity" if caused by man.

Radjoactivity, Natural: The property of radicactivity 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 jonizing 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 crn3 of dry air under
standard conditions. One roentgen equals 2.58 x 10"4 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 1imits 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 "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).

B.12



Solid Radioactive Waste: Material that is essentially solid and dry but may

contain sorbed radiocactive 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 radiocactive 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 radiocactive materials or other sources
of radiation under a specific set of conditions.

Transuranic Elements: Elements with atomic number (Z number) greater than 92.

A1l 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 alsc 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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