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Summary

Plans for remediation of the Hanford underground storage tanks are currently being reevaluated.
As part of this process, many options are being considered for the Tank Waste Remediation System
(TWRS). The "clean option" described in the Volume 1, Overview, report proposes an aggressive
waste processing strategy to achieve the three major objectives:

, • greatly reduce tile volume of high-level waste (HLW) to lessen demands on geologic repository
space

• decrease by several orders of magnitude the amount of radioactivity and toxicity now in the
waste tanks that will be left permanently onsite as low-level solid waste (LLW)

• accomplish the first two objectives without significantly increasing the total amount of waste for
disposal.

This study has focused on process chemistry, as it provides the foundation for achieving the
clean option objectives. Because demonstrated separation steps have been identified and connected in
a flowsheet that meets these objectives, the study concludes that the process chemistry rests on a firm
technical basis. However, it should be remembered that the clean option is a set of goals, rather than
a flowsheet.

This Volume 2 report contains additional detail regarding the process steps and the material
balance considerations of the example flowsheet that was first used to illustrate the technical feasibility
of the clean option approach. This first flowsheet uses chemical processes that had been demonstrated
on a plant or laboratory scale as of mid-1992; it may not represent the final processes recommended
for achieving the clean option goals, but it is an example of how the goals can be met.

The flowsheet described here is based on processing all portions of the tank wastes in a
concurrent manner in a large, central facility. Alternative processing approaches would require some
flowsheet modifications. Two such alternatives that have received considerable attention since this
flowsheet was developed are 1) a "decoupled" or "phased implementation" approach in which
processing of the supernate and salt cake portions of the waste would begin before processing of the
sludge, and 2) the use of a number of small, field-deployed processing units instead of a single large,
central processing facility.

This report also contains much of the information on the development of the clean option goals
that was presented in the Volume 1, Overview, report. However, the information contained here is
more extensive and some is presented in a different manner.
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1.0 Introduction

Disposalof high.level tank wastes at the HartfordSite is currentlyenvisioned to divide the waste
between two principal waste forms: glass for the high-level waste (HLW) and grout for the low-level
waste (LLW), The draft flow diagramshown in Figure 1.1 was developed as partof the current
pl_ing process for the Tank Waste RemediationSystem (TWRS), which is evaluatingoptions for
tank cleanup. The TWRS has been establishedby the U.S. Departmentof Energy (DOE) to safely

, managethe Hartfordtankwastes. It includestank safety and waste disposal issues, as well as the
waste pretreatmentand waste minimization issues thatare involved in the "c ean option" discussed in
this report,

The "referencecase" illustra:_.din Figure 1.1 is similarto the system described by Grygiel et al.
(1991), andwill be used in this reportas a basis for comparisonwith the "clean option" presented
here. In the referencecase, chemical separationshave been proposedfor the tankwastes that are
sufficient to prevent the grout from becoming a transuranic(TRU) waste form according t.oU.S.
NuclearRegulatoryCommission (NRC) Class C LLW limits (10 CFR 61) However, in this case,
tens of megacuries of other radioactiveisotopes would become partof the grout, In additionto total
radioactivity,some mobile andlong-lived radionuclidesand the high nitratecontent contributeto the
long-term risks associated withthe grout disposal. For the HLW fraction, nonradioactivewaste
constituentswould lead to HLW glass volumes of over 10,000 canisters. These canisters would cost
severalbillion dollars to produce and dispose of in a geologic repository. When combined with
canistersexpected from other sites, the total volume would seriously impact the space presently
plannedfor DOE defense wastes at the Nevada repository.

This reportdescribes the results of a study led by Pacific Northwest Laboratory(a)to determine
if a more aggressive separationsscheme couldbe devised which could mitigateconcerns over the
quantityof the HLW and the toxicity of the LLW producedby the reference system. This more
aggressive scheme, which would meet NRC Class A restrictions(10 CFR 61), would fit within the
overall concept depicted in Figure 1.1; it would perform additionaland/or modified operations in the
areas identifiedas interimstorage, pretreatment,and LLW concentration. Additionalbenefits of this
scheme might result from using HLWand LLW disposal forms other than glass and grout, but such
departuresfrom the referencecase are not included at this time.

The evaluationof this aggressive separationsscheme addressedinstitutionalissues such as:

* radioactivityremaining in the HanfordSite LLW grout

. volume of HLW glass that must be shiPl_ offsite

* disposition of appropriatewaste constituents to nonwaste forms

(a) Pacific Northwest Laboratory is operated for the U,S. Department of Energy by Battelle
Memorial Institute under Contract DE-ACO6-76RLO 1830,
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* generatlon and disposition of secondary wastes

* emiulorm.

S_iflc goals for an aggressive separations scheme were developed based on these issues.
ThMe goals comprise the clean option. Once the specific goals were defined, a chemical process
flowshNt for a separations scheme was developed as an example of how the clean option could be
achieve. The flowsh_t was used as a basis to assess waste volumes, to consider the feasibility of
the proem chemistry, and to identify technical issues that must be resolved to achieve the clean

. option goals. Although the specific example flowsheet was used to guide the identification of
technology issues, alternative flowsbeet and technology approaches were considered sufficiently to
determine that the issues would be the same for a range of approaches.

This report (Vomme 2) contains a detailed description of the flowsheet and mass balance assess-
rnem for the first clean option example flowsheet, which was used for the assessments described in
the initial overview report (Volume i, Straalsund et al. 1992). Volume 2 also repeats much of the
background information given in Volume 1.

The fiowsheet presented here is based on the concurrent processing of all portions of the tank
wastes. Because of the currently higher degree of technical uncertainties in the sludge processing
area, it could be beneficial to begin treating the supemate and salt cake portions of the waste while
deferring sludge processing for several years to allow thne for the uncertainties to be resolved. Such
a "decoupled ' or "phased implementation" approach would require some flowsheet modifications.

Other fiowsheet modifications could be required if the waste processing were to be done in a
number of small, field-deployed units rather than in a large central facility. Process simplification,

even if at the expense of process performance, could be very important to such modifications.

The details presented in this report are a first step in providing the information needed to define
the processing operations in sufficient detail to allow a facility cost estimate to be made. This report
presents the stage of development as of December 1992. Subsequent efforts have led to some flow-
sheet modifications (generally simplifications), but the basic features are the same. Discussion of
those modifications will await completion of those efforts.

Finally, it should be reemphasized that the clean option is not a flowsheet, but rather is a set of
goals. The flowsheet details presented in this report are for the first example flowsheet, based on the
initial assumptions of the study. The use of other assumptions regarding the nature of the HLW and
LLW disposal forms could give significant improvements in both flowsheet simplicity and in predicted
long-term risk. Assumption of a third type of waste, a "decay storage" waste for St-90 and Cs-137
(and perhaps Ni-63), would also allow significant flowsheet simplification. Incorporation of such

potential improvements is left to await the outcome of additional study; in this report we continue to
' assume grout to be the LLW form and borosilicate glass of the composition currently planned for the

Hanford Waste Vitrification Plant (HWVP) to be the HLW form.
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2.0 Study Bases

The primary goal of the effort discussed in this report was to develop a reasonableexample
flowsheet describing some process steps typical of those likely to be required to meet the objectives of
the clean option. This flowsheet could then be used in preliminary evaluations of technical feasibility,
impacts on waste volumes, and costs. This section describes the objectives and goals to be met and
the wastes to be treated, and then describes the separations process requirements that are necessary to

. process the waste in accordance with these goals and objectives.

2.1 Clean Option Objectives

The Tank Waste Remediation System planned for Hanford encompasses several options,
including the clean option. The broad objectives of the clean option compared with the other options
being considered are listed below:

• minimize the residual radioactivity and chemical toxicity of the bulk of the waste, most often
referred to as LLW, to further reduce the long-term environmental effects on the Pacific
Northwest region

• decrease the volume of the HLW tz, reduce long-term demands on the geologic repository space

• accomplish the first two goals without increasing the amount of waste requiring disposal.

The specific goals developed to achieve these objectives are given in the following section.

2.1.1 Specific Goals for First Example Clean Option Flowsheet

The following goals have been adopted as the basis for formulating an aggressive but feasible
strategy for separating the components of the waste to meet the clean option objectives:

• The radioactivity in the waste will be removed from the bulk of the waste such that the
radionuclides in the remaining LLW will not exceed NRC Class A maximum allowable
concentrations for shallow land burial of radioactive materials.

• Even though not required in order to meet the Class A limits, the concentrations of technetium,
iodine, and uranium are reduced on an as low as reasonably achievable (ALARA) basis.

• Additional radioactivity will be removed from the LLW where significant reductions can be
e

achieved through minor modifications to the process scheme.

• The LLW will be disposed of in a manner that complies with U.S. Environmental Protection
Agency (EPA) and state regulations for disposal of hazardous wastes.

2.1



• The radionuclides that have been removed from the bulk of the waste will be disposed of within
about 1000 canisters of a borosilicate glass that meets current HWVP glass specifications.

• Waste minimization principles will be used to minimize the volume of LLW.

2.1.2 Assumptions and Rationale for Selection of Goals

One of the principal objectives of the clean option is to reduce the radioactivity and toxicity in
the bulk of the waste to a level that would be publicly acceptable and would reduce the long-term
environmental effects on the Pacific Northwest region. Drinking water standards were initially
considered as the limit for the concentration of radionuclides in the LLW stream; however, it was not
feasible to achieve the separation factors required to meet these standards. Instead, the NRC Class A
specifications were selected as the next most stringent standards that are legally established. In
general, these standard represent a high level of risk reduction. However, for the Hanford tank
wastes, several assessments (Droppo et al. 1991; Buck et al. 1991) have indicated that, if not retained
within the disposal system, Tc-99, 1-129, and U-238 are primary contributors to long-term radio-
activity-related risk even at concentrations allowed by the Class A limit. Thus, the clean option goals
include an additional reduction for these constituents.

Grout is an acceptable waste form for heavy metals and is assumed to be the waste form used
for the LLW in the specific clean option example outlined later in the report. To reduce the chemical
toxicity from other components, the clean option will include destruction of nitrates, nitrites, and
organics prior to grouting. Actual limits on nitrates, nitrites, and organics in the grout are not
defined.

Another main objective of the clean option is to reduce the volume of HLW that would require
disposal in a geologic repository. The target volume for the HLW, 1000 canisters of glass, appears
to be a reasonable one based on the following information:

• 1000 canisters is a quantity large enough to accommodate the heat generation from the
radionuclides in the Hanford tank wastes.

• 1000 canisters would yield a significant reduction in demands on repository space.

Borosilicate glass is assumed to be the HLW form. Work has been under way for a number of
years in the HWVP project to determine the concentrations of various constituents that can be accom-
modated by existing borosilicate vitrification technology. Hanford tank waste includes abundant non-
radioactive species such as iron, zirconium, and aluminum that would substantially increase the
volume of the glass beyond 1000 canisters if not diverted to the LLW stream. Also, less abundant
nonradioactive species exist that are sufficiently insoluble in molten glass that their concentrations
need to be limited in the feed to the HWVP.

The third principal objective of the clean option is to achieve the first two goals without substan-
tially increasing the amount of waste for disposal. This objective appears achievable through the
aggressive use of waste minimization and recovery and recycle of key chemicals used to process the
waste, such as nitric acid and sodium hydroxide.
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2.2 Wastes to be Treated

Hanford tank wastes are generally grouped in two categories, single-shell tank (SST) wastes and
double-shell tank (DST) wastes. In actual fact, each of these two groupings contains a variety of

wastes that have significant compositional variations. In this study, a feed composition representing
the average of all SST wastes was assumed for simplicity in flowsheet development. However, DST

" wastes were also included in estimating the quantities of waste and the radionuclide contents of the

wastes that would result from implementation of the flowsheet.

t

The total quantities of bulk chemical constituents and important radionuclides present in the SST
wastes, as assumed for this study, are given in Table 2.1. These values were developed in other
studies at Hanford and are accepted in this study as a basis for flowsheet development and waste
quantity comparisons, with the realization that results of future waste characterization work may give
a somewhat different picture. The quantities of bulk components present in the DST wastes are

generally smaller than those present in the SST wastes; exceptions are aluminum, fluoride, and
zirconium, where comparable quantities are present in the two types of waste. Thus, the data of
Table 2.1 provide a good approximation of the total quantities of bulk components present in Hanford
tank waste.

The constituents of the Hartford tank wastes are divided among three categories: supernate, salt
cake, and sludge. Supernates are liquid phases that generally contain high concentrations of soluble
salts such as sodium nitrate, sodium hydroxide, etc. Salt cakes are solid phases that contain salts that
crystallized out as a result of evaporative concentration of supernates; they can be dissolved in water.
Sludges are solid phases containing primarily insoluble hydroxides that precipitated out when the
(acidic) process waste solutions were made basic for storage in the carbon steel underground storage
tanks.

The quantities of barium and of the lanthanide elements present in the wastes are of special
significance to development of a flowsheet capable of meeting the clean option goals. This is because
the chemical similarities between barium and strontium and between lanthanides and americium make

their separations difficult and because such separations are required if strontium and americium are to
be disposed within - 1000 canisters of HWVP-type glass. As noted in Table 2.1, the estimated
lanthanide value is the midpoint between two estimates that differ by a factor of -- 10. The estimated
barium content is even more uncertain; some estimates are lower than that given in Table 2.1 by a

factor of several hundred. Recent evaluations by the author indicate that the current "best" estimate
should be lower than that given here by a factor of --.10; however, the higher value is retained in this
report to be in accord with that of Volume 1.
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Table 2.1. Bulk Constituents of Total SST Waste

L Gram
AI

Am 9.05 x 107 2.44 x 109
Ba --4 x 101
Bi 4 x 106(b) -- 104

Ca 1.25 x 106 5 x 108 "
Cr 3.25 x 106 2.61 x 108

Cs 2.21 x 106 1.30 x 108 .
4.2 x 103 1.15 x 108

Fe 1.12 x 107 5.6 x 105(b)
Fig 4.49 x 103 6.27 x 108
K 9 x 106(b) 9.00 x 105

Lanthanides 6 x 105(b,c) 4 x 108
Mn 8 x 107
Na 2.18 x 106
Ni 2.25 x 109 1.20 x 108

3.04 x 106 5.17 x 10 Io
Np 2.0 x 102 1.78 x 108Pd

Pu --,2 x 104 4.7 x 104(b)
Si 2.4 x 103 ---2 x I06(b)

Sr 7.93 x 106 5.8 x 105(b)2.22 x 108
Tc 4.11 x 105 3.60 x 107(b)---5x 103
Th 5.6 x 104 --5 x 105

U 5.9 x 106 1.3 x 107Co)
Zr 2.70 x 106 1.4 x 109(b)
CI 1,13 x 106 2.46 x 108

CO3 2.68 x 107 4.00 x 107
F 4.24 x 107 1.61 x 109

Fe(CN)6 1,52 x 106 8.05 x 108
H20 2.49 x 109 3.22 x 108

I 4.3 x 103 4.48 x 101o
NO3 1,56 x 109 5.6 x 105(b)

NO2 1.04 x 108 9.67 x 1010
OH 4.80 x 109
po 4 5.38 x 108 9,15 x 109
SO4 9.20 x 107 8.74 x 109

1.72 x 107 1.65 x 109

(a) From values in HDW-EIS (DOE 1987) unless indicated otherwise.(b) Separate estimate.

(c) Midpoint between 1.7 x 106 in HDW-EIS and 2.0 x I05 inseparate estimate.
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2.3 Separations Required to Meet Objectives

Stated in its simplest form, the initial objectives of the clean option would lead to disposal of all
radionuclides in two fractions, a LLW fraction that contains very minimal radioactivity, to be
disposed of onsite, and a HLW fraction to be disposed of in a geologic repository, with each fraction
being environmentally acceptable and having the minimum possible volume. Not surprisingly, the

" tank contents require that trade-offs be made between radionuclide contents and volumes of the waste
fractions. However, the contents do not preclude attainment of the initial goals of having a LLW
fraction that meets NRC Class A criteria and a HLW fraction that occupies -- 1000 canisters of

" HWVP-type glass. This is discussed in more detail in the following sections.

2.3.1 HLW-driven Separations Requirements

The separations requirements that are driven by requirements on the HLW fraction are
concerned primarily with the quantities of the bulk chemical constituents of the wastes that can be
contained within - 1000 canisters of HWVP-type waste. Estimation of the number of canisters that
would result from separate vitrification of each of the waste constituents provides an indication of
which constituents can be completely accommodated in - 1000 canisters and, for those that exceed
that amount, an indication of the extent of separation that is required from those waste constituents
that are to be disposed of in glass.

Table 2.2 shows estimates of the mass percentage increases in the glass composition allowed by
the addition of some individual waste constituents, based on current plans for the HWVP. Many of
these estimates were derived from the current HWVP feed specifications, and assume a 25% waste
oxide:75 % glass frit mixture in the vitrification process. Where values needed for this study were not
available from the HWVP information, they were estimated separately as indicated in the table. The
actual percentage of sodium in the glass is higher than is indicated here because of the sodium content
of the glass frit. It should be possible to increase the sodium content of the waste feed by decreasing
the sodium content of the frit, but that is not assumed here.

It should be emphasized that these HWVP-type glass "limits" have not been challenged or
evaluated in this study. It is probable that some of them could be increased as a result of additional
consideration. Mixed effects that might occur when more than one of these waste constituents is
added to the glass at the same time are also not addressed here, except for the intuitive judgment that
the total number of canisters required to contain all the waste constituents will be less than the
number obtained by summing all the individual values.

Table 2.3 contains estimates of the number of HWVP-type glass canisters that would be required
to dispose of the Hanford SST+DST waste constituents, based on 1650 kg of glass per canister, if
none of the constituents were routed to LLW instead. Also listed in Table 2.3 are estimated percent-

. ages of the various waste constituents :hat could be accommodated in 1000 canisters of HWVP-type
glass, again considering each constituent on an individual basis. These data indicate that appreciable
separation from the radioactive constituents--TRUs, technetium, cesium, and strontium--will be
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Table 2.2. Allowable Additions to Glass in Waste Feed

Waste Maximum Weight
Constituents ......percent(a) Basis

AI 3.4 HWVP feed specification

Ba 4.5 HWVP feed specification

Bi 12 Estimate from glass formulation expert .

Ca 3.6 HWVP feed specification

Cr 0.34 HWVP feed specification

Cs 23 Molar equivalent to Na, K; heat loading
more restrictive

Fe 12 HWVP feed specification

Lanthanides 1.7 WVP feed specification

Mn 3.2 HWVP feed specification

Na 3.8 HWVP feed specification

Ni 1.6 HWVP feed specification

Pd 0.22 HWVP feed specification

Si 2.0 HWVP feed specification

Sr 4,8 Midpoint of molar equivalence to Ba and Ca

Tc 0.22 Assume the allowed percentage for Pd

Th 7.0 Assume to be analogous to U and Zr

TRU 1.0 HWVP feed specification

U 6.8 HWVP feed specification

Zr 7.4 HWVP feed specification

F i.7 HWVP feed specification

PO4 1.3 HWVP feed specification

SO4 0.7 HWVP feed specification

(a) Gram of constituent per 100 g of glass.
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Table2.3.EffectofImportantConstituentsonCanisterCount

AllowedAdditionto

WasteConstituentsNumberofCanisters(a) _ HLW. %(t))

. Na Ix 106 0.I

PO4 4 x 10s 0,2

• SO4 2 x 10"s 0.5 !

Cr 8 x 104 1.2

F 6 x 104 1.7

AI 5 x 104 2.0

U 1 x 104 10

Ba 7 x 103 14

Ni 7 x 103 14

Si 7 x 103 14

Lanthanides 5 x 103 20

Zr 5 x 103 20

Fe 4 x 103 25

Ca 2 x 103 50

Mn 2 x 103 50

Pd 1 x 103 100

Bi 1 x 103 100

Sr 5 x 102 100

Tc 5 x 102 100

Th I x 102 I00

TRU 5 x I01 lO0

Cs < Ix IOt(c) 100

(a) Includes both SST and DST wastes.
(b) To meet the goal of 1000 canisters,

, (c) Heat loading considerations would require a higher number.
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required for all of the bulk chemical constituents, except perhaps bismuth, in order to meet the
1000-canister goal for disposal of the radioactive constituents. To be prudent, separations should be
performed to give levels even lower than those indicated here; thus, separation of bismuth is also
desired.

In addition to the chemical composition limits discussed above, radiolytic heat generation is also
a factor in defining the number of canisters needed for disposal of the HLW fraction. Based on a
tentative limit of 1500 watt/canister, it would require ~ 400 canisters to dispose of the Sr-90 and
Cs-137 currently contained in the tank wastes. An additional ~ 300 canisters would be required to
dispose of the Sr-90 and Cs-137 that were removed from the waste and are currently stored in
capsules. Thus, to obtain a HLW fraction much smaller than 1000 HWVP-type canisters, the Sr-90
and Cs-137 would have to be disposed of in some other fraction.

2.3.2 LLW-drlven Separations Requirements

The concentrationsof radionuclidesallowed in the three classifications of LLW defined by the
NRC are summarizedin Table 2.4, As was discussed in Section 2.1.2, the Class A limits, which are
markedly more restrictive than the Class B or Class C limits, were selected as the upper concentration
level goals for the study, with some additional separations being done on an ALARA basis.

Table 2.4, NRC LLW Limits for Radtonuclides Present in SST Waste

Class A Class B Class C

Radionuclide Allow_ Concel_tration.Ci/m3.......

H-3 40 ....

C-14 0.8 8 8

Co-60 700 ....

Ni-63 3.5 70 700

Sr-90 0.04 150 7000

Tc-99 0,3 3 3

1-129 0.008 0.08 0.08

Cs-137 1 44 4600

Otherla) 700 ....

Allowed Concentration,nCi/2

Np-237 I
Pu-239,240 10 100 100

Am-241

Pu-241 350 3500 3500

(a) Total of all radionuclides with less than 5-year half-life.
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The minimum separationfactors that must be achieved to meet the Class A portion of the initial
clean option goals can be estimated by 1) estimating the eventual volume of the LLW fraction after
the treatment and pretreatment steps, 2) dividing the radionuclide inventories by this volume to obtain
the hypothetical concentrations that would result if no separations processing was performed, and
3) dividing these hypothetical concentrations by the Class A LLW limits. Results of such compari-
sons for the SST wastes and radionuclides having half-lives of > 13 years are shown in Table 2.5,2

• For these comparisons, the volume of the LLW grout was assumed to be governed by the sodium
content at a concentration 5 M.

Table 2,5. Important Radionuclidesin SST Waste

Concentration in Required
AverageWaste Decontamination

Total at5 _ Na, Factor(DF)
Radi0nucltde Ouantitv.Ci(a) Ci/m 3 for Cl_s A(b)

Class A List_
C-14 1.4 x 102 3.1 x 10-4 3.9 x 10.4
Ni-63 3 x 10s 6.2 X i0 "1 1,8 X 10"1

Sr-90 4.5 x 107 1.0 x 102 2.5 x i03
Tc-99 9 x 103 2.0 x 10.2 6.7 x 10.2
1-129 2.4 x 101 5,3 x 10.5 6.6 x 10.3
Cs-137 9.5 x 106 2.1 x 101 2.1 x 10l

Np-237 3.1 x 101 6.8 x 10.5 4.0 x 10"3(d)
Pu.239 2.7 x 104 6.0 x 10-2 3,5 x 10°(d)
Am-241 3.6 x 104 8.0 x 10.2 4.7 x 10°(d)

Se.79 1 x 10l(c) 3 x 10-5
Zr-93 4 x 103(c) 9 x 10-3
Pd-107 3 x 10ltc) 7 x 10.5
Sn-126 4 x 102(c) 1 x 10.3
Sin-151 4 x 105(c) 1 x 100
Th-232 1(c) 3 x 10.6
U-238 4 x 102(c) 9 x 10-4

1,2x lO2

(a) From values in HDW-EIS (DOE 1987) unless indicated otherwise. Daughter)

activities not included.
(b) Required DF = (concentration in waste at 5 _1 Na) + (concentration allowed in

Class A LLW); see Table 2,4 for Class A values. A value < 1 indicates that no
decontamination may be necessary to meet Class A regulations.

(c) Separate estimate.
(d) For a waste form density of 1.7 g/mL.
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The 5 _ Na limit for grout was thought to represent the upper limit of currently demonstrated
grout formulations, based on information such as a feed sodium concentration of 122,000 ppm and a
volume of grout being 1.4-fold greater than the volume of the feed solution. However, it was subse-
quently learned that the "ppm" units given for the concentration of sodium in the grout feed were
meant to indicate mg/L rather than the generally accepted mg/kg. This means that the currently dem-
onstrated maximum concentration of sodium in grout is really --4 M rather than the 5 _ value
assumed here. However, we will continue to use the 5 _ assumption to be consistent with
Volume 1.

It should be pointed out that the compositional envelopes of suitable grouts have not yet been
defined; thus, estimates of the minimum grout volume resulting from processing of tank wastes are
subject to large uncertainties, The currently demonstrated grout feed composition "limits" are really
not limits at all; they merely reflect the compositions of grout feeds that result from the compositions
of wastes studied to date and the grout limitation on radiolytic heat generation.

Also shown in Table 2,5 are the estimated quantities of some radionuclides that are present in
the wastes, but are not governed by the NRC regulations. These are presented for comparison and
because one of them, Sm-151, enters into a flowsheet decision. Again, only those radionuclides
having half-lives > 13 years are included here.

The decont_mination factors (DFs) shown in Table 2.5 were calculated assuming concurrent
processing of sludge and supernate, with the volume of LLW being defined by the total sodium
content of the two fractions. Other processing approaches would lead to different decontamination
requirements unless the determinations can be made on an overall average basis. For example, if
sludge and supemate are processed separately and if the sludge contains 10% of the sodium, and if
each increment of grout is required to meet the Class A limits, then tenfold higher DFs would be
required while processing the sludge for those radionuclides (e.g., strontium, plutonium, americium)
that are present in the sludge.

The data of Table 2.5 show that only Sr-90, Cs-137, Pu-239, and Am-241 need to be removed
from the SST waste (considering an average of all tanks) for the LLW to meet Class A limits.
However, removal of other components might be required because of variabilities in compositions
among the tanks (e.g., Ni-63). Removal of Ni-63 was not included in the example flowsheet; it will
need to be added to ensure that the LLW form does not exceed the Class A limit during processing of
some of the SST waste unless the waste feeds can be blended appropriately or unless the radionuciide
content of the grout can be considered on an overall average basis instead of on an individual
increment basis.

If it is necessary to implement a nickel removal process, then disposition of the nickel becomes a
problem because it cannot be accommodated by HWVP-type glass without exceeding the -- IO(X)
canister goal (Table 2.3). Decay storage in a surface facility or repository disposal in an alternative
waste form are possibilities for handling this special problem.

The process steps used to separate the indicated radionuclides from the waste must be capable of
providing higher DF values than those given in Table 2.5 in light of the sum-of-fractions-rule portion
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of the Class A regulationsand feed variabilitypossibilities, especially in the SSTs. Target DFs
tenfoldgreaterthan those listed in Table 2.5 may be requiredto ensure that clean option goals are
met.

Because DFs in excess of ~ 104 may be difficult to achieve in practice in one cycle, sequential
cycles may be needed in some cases to achieve adequate removals of strontiumand cesium. Such

• needs could be obviated by appropriateblending of feeds or by overall averagingof the contents of
the LLWgrout, as was discussed earlier for Ni-63. The currentflowsheet, basedon the overall
average feed composition, implicitly assumes that such blending does occur.

b

2.3.3 ALARA.drlven Separations Requirements

As was discussed earlier, Tc-99, I=129, and U=238can be prime contributorsto long=term
radioactivity-relatedrisk even at concentrations thatare allowed by the Class A LLW limit. Thus,
the example clean option flowsheet includes steps to reduce the concentrationsof these radionuclides
in the LLW fraction, which will be disposed of undermuch less stringent conditions than will the
HLW fraction.

The separated Tc-99 can be accommodatedwithin 1000 HLW canisters, but not the separated
U-238 (Table 2.3). Thus, it is assumed that the separateduranium will undergoadditional
purificationsteps so thatit can be added to the existing stockpile of such material. The separated
iodine is assumed to be disposed of in a special form, as it could not be easily incorporatedin HLN
glass.

Other ALARA-drivenseparationsincorporatedin the example flowsheet are those to send
Th=232and Sm-151 to the HLW fraction. Thoriumseparation is included simply because it will
likely occur along with the separation of plutonium. Samarium separationis included because
Sin-151 is one of the ma:orradionucltdespresent in the waste (Table 2.5), and this fission product
lanthanide can be separa,ed along with americium from the bulk chemical lanthanides (primarily
lanthanum and cesium) :hat are present in the wastes because of their use in processing steps

2,3,4 Disposition of Tank Waste Constituents

Table 2,6 presents a summary of the disposition of tl.'_tank waste constituents. As discussed in
the previous subsections, most of the bulk chemical constituents of the wastes must go the LLW grout
in order to dispose of most of the radioactivity within - 1000 canisters of HLW glass, Grout is
considered to be the best demonstrated available technology for toxic metals in non-nuclear industries,
and should be applicable to these mixed wastes as well. However, the toxicity of the grout waste
form can be reduced by destroying materials such as nitrate, nitrite, and organics. These destructions
are assumed in this example flowsheet to be accomplished by calcination; this has the added benefit of

. allowing the recovery of sodium hydroxide for flowsheet use without affecting the volume of the
LLW fraction.
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Table 2.6 Disposition of Tank Waste Constituents

LLW ..i:U,.W_ _ Special Disposal

Hydroxide Cs Nitrate ! U

Carbonate Sr Nitrite Ni(a)
l

Phosphate Tc Organics

Sulfate Th

Fluoride Np

Chloride Pu

Ferrocyanide Am

AI HLn(b)

Ba

Bt

Ca

Cr

Fe

Hg

K

LL# c)

Mn

Na

Ni(a)

Pd

Si

Zr

(a) Nickel is currentlyplannedfor LLWdisposal, but combinationsof process-
ing sequence and regulatoryinterpretationcould necessitatea special disposal
form in some cases.

(b) HLn = lanthanidesheavier than promethium.
(c) LLn = lanthanideslighter than promethium.
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3.0 Exple Flowsheet Description

For purposes of this study, an exampleflowsh_t was constructed to provide the s_aratlons
neededto achievethecleanoptionobjectives,startingwitha feed_e upof thetotalSST contenis

, it is knownthatprocessingthewasteon a tank-by-tankbasiswouldBivea wide rangeof f_ c m_-
sitions,thusperhapsa widerangeof requireddecontaminationneeds, In somecasu a_itional cycles
mayben_ed for radionucltdesrequiringhighdecontzm!nationfactors(e,g,, Sr-_) _ in other

. casesit maybepossibleto eliminatesomeprocesssteps(e,g., Cs-137removalfromdissolved
sludge),However,thisflowsheetisthoughtto providea reasonableexampleof theprocesscomplex.
ity, andlow wastegenerationcapability,of a flowsh_t neededto achievetheobjectivesof the ties,
option,

Theflowsheet_ncludesprocessesto removeseveralradtonuclides(e,g,, Sr._, Tc-99, Cs.137,
andperhapsPu-239)frombothacidicandbasicsolutions,eventhoughthesematerialswill likelyhe
predominantlyinonlyonetypeof solution.Thiswasdone_ause of the ltkelih_ that,with_rne
wastesat least,thequantity,thoughsmall,of someof theseradtonucltdespresentin the"Other"
solutionwill stillmeanthat the requiredoverallDF cannotbeachievedwithouttreatinllthe"other"
solution,

Theexamplecleanoptionflowsheetdevelopedfor thepreliminaryevaluationsof technical
feasibilityandof impacton wastevolumesis outlinedin Figure3,1, This flowsheetwasdevelo_
withSST wastesspecificallyin mind,but it shouldbeamenableto DST wastesaswell_

A numberof potentialprocessesareavailableforeachof the radtonuciideremoval_ qepara°
tion:3tepsneededto meetthecleanoptionobjectives,Similarly,the individualprocessst_s canbe
usedin a numberof differentsequences.Theprocessesandtheprocesssequenceidentifiedifl
Figure3,1 wereselectedafterconsiderationof thesuitabilityof optionswith regardto 1)suttabilit),
for thespecificproblem(Hanfordtankwastes),2) levelof development,and3) e_e of developing
meaningfulestimatesof :hemicaladditionsto thewastesfrompublishedinformation,

This flowsheetwasdevelopedprimarilywithonly "technicalfeuibility" in mind, The import.
anceof processcomplexityandcostsis well recognizedandwill beaddressedin futureefforts
Futurecost/benefitevaluations could well concludethat the cost of' a certainoperaiionis t_) greatl'or
theresultantbenefit;thiscouldleadeitherto a searchfor a lesscostlyoperationto achievethe_ame
resultor to a decisionthattheresultis notof practicalvalue. Such"practicalfeasibility"questions
arenotaddressedinthis study,

As the first stepof the flowsheet,the retrievedwasteslurrycontainingthesludge(prirr_rily
insolublehydroxides,phosphates,etc,)andthesolution(primarilysodiumnitrate/nitrite,hydroxide,

' andaluminatefromwastesupematesanddissolvedwastesaltcakes)maybe treatedto destroyorllanic
complexantsthatcouldhavedeleteriouseffectson the subsequentprocesschemistry,Complexant
destructionwill certainlybe requiredfor thisflowsheetto workproperlyon theDST wastecall_

" complexaatconcentrate(CC), andmay well bebeneficialon wastesfrom manyothertanks
fi
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Following complexant destruction (if applied), the waste slurry is divided into its solid (sludge)
and liquid components. An efficient solid/liquid separation (SLS) process will be required here (or
later in the process) to prevent radionuclide-containing solids from entering the LLW form in
quantities that prevent it from meeting Class A LLW criteria. Similarly, highly efficient solid/liquid
separation processes will be required at many other locations in the flowsheet. This point should be
kept in mind even though these locations are not shown on the presented flowsheets (in an effort to

• keep them simple).

Sludge washing and dissolution steps are outlined in the left portion of Figure 3.1. These steps
" are crucial to the success of the clean option. The 1000-canisters of HLW glass objective of this

option can be met only if the sludges can be dissolved nearly quantitatively, unless the undissolved
residues have been leached free enough of radionuclides to meet Class A LLW criteria. Dissolution
data for Hartford tank wastes are very incomplete, but it is known that different tank wastes exhibit
markedly different dissolution behaviors. Thus, multiple sequential leach/dissolution steps are shown
and the possibilities of additional treatment of the residues by fusion and/or multiple cycling are
included. It is currently felt that a fusion step will not be necessary to meet the clean option goals.

Radionuclide removal steps are outlined in the center and in the right-hand side of Figure 3.1,
with steps for removal from acidic, dissolved sludge solutions being presented in the center and those
for removal from basic solutions being on the right. Removal processes are included here for the
fission products Sr-90, Tc-99, 1-129, Cs-137, and for the actinides thorium, uranium, neptunium,
plutonium, and americium (the traces of curium that are present will behave the same as americium).
As was discussed in Section 2.0, the activation product Ni-63 may need to be removed from the
wastes in some tanks in order for the Class A LLW limits to be achieved in all processing increments.

In order to meet the clean option objective of incorporating the HLW within - 1000 glass canis-
ters, separations steps beyond the removal of radionuclides from the waste streams will also have to
be performed. Two such steps are included in Figure 3.1: 1) the separation of americium from
lanthanide elements that were added as process chemicals, and 2) the separation of strontium from
barium.

A major feature of this flowsheet is the recycle of process chemicals (especially sodium hydrox-
ide) in order to minimize the "growth" of waste during processing. Calcination is included in
Figure 3.1 primarily as a means of removing nitrate, nitrite, and organic complexants so that the
LLW waste form will be less toxic and will have greater stability. Recovery of sodium hydroxide
from the calcined waste oxides should be relatively straightforward.

3.1 Sludge Washing and Dissolution

• Essentially complete sludge dissolution or, alternatively, extensive leaching of radionuclides
from undissolved sludge components, is necessary for success of the clean option. Experimental
results have been obtained with several different types of sludges (Lumetta and Swanson 1993;
Lumetta et al. 1993); in nearly all cases the clean option objectives were met quite simply. However,
studies with a much greater range of tank sludge compositions will be required before a sludge
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dissolution flowsheet can be defined. The flowsheet given in Figures 3.2 and 3.3 provides a good
indication of what might be finally determined to be appropriate.

With some wastes, as was mentioned earlier, the first step in the pretreatment series may be a
complexant destruction treatment. This is because some wastes are known to contain high enough
concentrations of organic complexants that they interfere significantly with the effectiveness of
radionuclide removal processes (Schulz 1980). Ozone has long been considered for use in such an
application (Schulz 1980), largely because its reduction product does not add any nonvolatile material
to the waste. Avoiding the addition of nonvolatile (and insoluble) materials was an important
consideration in the earlier approaches to tank waste pretreatment, where sludge vitrification was
assumed, but it is of much less importance in the clean option, where sludges will be dissolved and
their bulk components will go to LLW grout• Thus, (as suggested by D. O. Campbell, consultant)
oxidants such as potassium permanganate might find application here, especially in tanks where the
organic complexant concentrations are not high.

One possible side effect of oxidative destruction of organic complexants is that the concentration
of plutonium in the liquid phase might be increased by oxidation of Pu(IV) to Pu(VI), which is sorbed
less efficiently by the sludge components. If such an effect is too large, the Pu(VI) can be reduced
back to Pu(IV) before the liquid is separated from the sludge.

The current volume of SST has been estimated to be 1.4 x 105 m3 (1.4 x 10s L). It is assumed
here that retrievaland/or salt cake dissolution operations will increase this volume fourfold, ending up
with a liquid supernate phase having a sodium concentration of 4 _ and a solid (sludge) phase
containing the insoluble metal hydroxides, phosphates, etc,

In the flowsheet portion shown in Figure 3.2, it is assumed that the SLS step is filtration or
centrifugation with the collected solids being washed with sufficient water to increase the liquid
volume by 5 %. This should give efficient removalof the interstitial liquid components from the
solids.

The first dissolution step of the example flowsheet is a caustic (NaOH) leach step aimed at
dissolving selected solids (e.g., aluminumhydroxide, silica, silicates) and convening some insoluble
phosphates to hydroxides. This step is envisaged as involving digestion at the boiling temperaturefor
several hours in several-molarsodium hydroxide; conditions that have been found to dissolve inciner-
ator ash (Thompsonet al. 1979) and fiberglass (Jantzen 1990), materialssimilar in composition to
some of those that may be present in the waste tanks. An initial NaOH concentrationof 4 M is
shown for this step; the indicatedvolume should be sufficient to prevent the solubility of sodium
aluminatefrom beingexceeded. Data of Delegard (1985) indicate that the room-temperature solu-
bility of Pu(IV)-hydroxidein the resultant leach solution would be < 10 nCi/mL; if necessary, this
could be decreased by addition of a reducingagent such as hydroxylamine, as is shown in Figure 3.2.

It is important to note that the NaOH used in this leach step is recovered from a calcine of the
decontaminatedwaste solution (Section 3.4.3), and thus does not add more materialto the waste.
This is also true of the NaOH used in many other flowsheet steps.
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SST was,te
1.4 x 10e L

_,,_,.-4 xl0 e L H20
5.6 x 10e L

" i....Comple"ntDestruction

H20 2.8 x 107 L Solid/LlqUldseparatlon 7.8 x 10e L FeedBaSlc'SIde
(SLS) (Rgure 3.12)

3.sa_Na
1 xl_ L 0.12MAI

7 M NaOH "
Caustic

H=O. x!o', _,=.l lli i _-

APM + AI20 3
(Rgure 3.11)

NH2OH

2x107 L
H20 SLS

1
Acid Dissolution

(Figure 3.3) 3921ooss.1
i

l_ure 3,2. SludgeWashingandCausticLeachingPortionof Flowsheet
,
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In addition to the waste sludges, the caustic leach step will also treat the ammonium phospho-
molybdate used to remove cesium from acidic solution (Section 3.2.4). Residues from the oxidation
of spent ion exchange resins used in many separationssteps will a_oobe treated here.

The solids remaining after the caustic leach step are again collected by filtration or centrifu-
gation, and are washed to remove the interstitial solution. The leach and wash solutions are combined
with the liquid from the first SLS step to provide the feed to the basic-side separations process steps.
These steps are discussed in Section 3.3.

The washed, leached sludge is then dissolved in nitric acid (Figure 3.3); it is very likely that
complexants will need to be added to the nitric acid to achieve efficient dissolution (or leaching of
radionuclides) of many of the sludges. It is also very likely that, with some wastes at least, more
than one dissolution step will be required to achieve complete dissolution (or leaching). Thus, the
flowsheet shows two acid dissolution steps, one employing mixed nitric-oxalic acids and one
employing mixed nitric-hydrofluoric acids, With many waste sludges, these steps will probably
involve periods of several hours and temperatures at or near the boiling point. Solution volumes are
chosen to give -0, I M Iron in the dissolved sludge solution, and compiexant amounts are chosen to
give a slight excess over the quantity required to form 1:1 complexes with the metal ions. The
complexant amounts given in Figure 3.3 assume that 10% of the aluminum is in the acid-side feed
solution.

Also added to the acid dissolution step is the strontium removed in the basic-side removal step
(Section 3.3.2). Thus, the dissolved sludge solution contains all of the strontium that is present in the
waste.

The use of fluoride in the dissolution step will require that some equipment be constructed of
special alloys in order to minimize corrosion. Several promising alloys for such service have been
identified in ongoing work at PNL (Smith et al. 1992).

Residual solids (if any) from these dissolution steps could be treated in a variety of ways,
depending on their quantity and their radionuclide content. They could be treated by caustic fusion;
they could be recycled to one of the aqueous dissolution/leach steps discussed above; or they could be
disposed of in either the HLW glass or the LLW grout. Disposal in grout would require that the
solids have a low radionuclide content, and disposal in glass would require that the solids contain only
a small fraction of the bulk components of the waste, as was discussed in Section 2.3.

The acid dissolution solutions give a combined dissolved sludge solution to be fed to the acid-
side separations process steps that are described in Section 3.2. However, other steps may be
required before the separations steps can be operated properly. One such step is solution clarifica-
tion, which is very important to the success of highly efficient separations processes, Solids removed
during clarification would be combined with the other residual solids for recycle to the dissolution
process or for disposal.

Another step that might be required prior to the acid-side separations processing comes from the
use of complexants in the sludge dissolution step. If the amounts of complexants are too much in
excess of the complex-forming bulk metal ions present, they may complex significant portions of the
actinides and thus decrease their efficiency of removal.
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If necessary, oxalate can be destroyedby digestion of the dissolved sludge solution, especially in
the presenceof manganese ion (Bibler et al. 1981), Manganese is present in SST sludge (Table 2, l),
and more could be added to give a more rapid reactionwithout increasingthe waste volume because
manganesewill be only a minorcomponent of the LLWgrout, In fact, the use of permanganateto
rapidlydestroy the oxalate could be appropriate(but is not includedin the current flowsheet).

A class of substituteddlphosphonicacids that are strongercomplexants than oxalate butare more
easily destroyed by reaction with nitricacid have been termed TUCS (for thermallyunstablecomplex-
ants) compounds by workersat Argonne National Laboratory(Horwitz et al. 1990). These com-
poundshave some advantagesover oxalate, but they suffer from the potential disadvantagethat
phosphoricacid is a productof their destruction. Phosphoricacid should not presentany problem in
LLW disposal, but there is concern that insolublephosphatesmight form and cause problems in some
stepsof the flowsheet,The effectsof thesecompoundsshouldbe consideredin moredepthbefore
their useisadopted.

Fluoridecannotbe destroyedlike organiccomplexants,butits complexingof actinideionscan
be minimizedby providingadditionalamountsof complex-fomdngmetalions(e,g., AI3+, Zr4+) to
tie up mostof thefluoride. With the addedfluorideconcentrationandtheoverallaverageSST
zirconiumconcentrationshownin Figure3.3, mostof the fluoridewouldbetiedup evenif no
additionalmetalwereadded. However,fluoridemightbe usedin thedissolutionof somesludgesthat
do notcontaineitheraluminumor zirconium;in thoseuses,additionof somecomplex-formingmetal
ionwouldbenecessaryfor efficientacttntdeextraction.If aluminumis usedfor thispurpose,as it
wasfor yearswhenfluoride-containingfeedswereprocessedin the HanfordPUREX plant,the
quantityof aluminumneeded(for theamountof fluoridegivenin Figure3.3) wouldamountto only
- 10%of thatalreadypresentin thewaste. Thus,sucha useshouldhavenoeffecton thequantityof
groutrequiredfor theLLW fractionof thewaste.

3.2 Acld-side Separations

The (acidic)dissolvedsludgesolutionisexpectedto containnearlyall of theactinidesandthe
strontium,aswell asnickelandothertransitionmetals(e,g., iron,chromium)thatarepresentin the
wastes. It mayalsocontainsmall,butsignificant,fractionsof thecesium,technetium,andalumi-
num. An acidityof --4 J_ is assumedfor the feedto theacid.sideseparationsprocesses,primarily
becauseof thefeelingthatattainmentof "complete"sludgedissolutionwill be easierat that highan
acidity,andof thedesireto avoiddilutionof dissolvedsludgesolutions.

Radionuclidesthatneedto be removedfromthedissolvedSSTsludgesolutionin orderto meet
ClassA LLW criteriaareSr-90,Cs.137, Pu-239,andAm-241;Ni.63 removalmayalsobe required
whenprocessingsomeSSTs,aswasdiscussedin Section2.3. Otherradioactiveisotopeswhose
removalwouldbepotentiallybeneficialfromthestandpointof long.termriskareTc-99, I-129,
Np-237,andU-238 (Droppoet al. 1991;Bucket al. 1991). Demonstratedor highlypromising
processesexistfor removingall of theseradtonuclides(with thepossibleexceptionof NI.63 and
1-129)fromdissolvedsludgesolution.Processselectionandprocesssequencingrequireconsideration
of manyfactors;someof thoseconsiderationswill bediscussednext. It shouldbeemphasizedthat
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most of these factors were consideredin only a qualitativefashion, and manydecisions were based on
then currentknowledse and the availability of data requiredto describe an example fiowsheet.

The procusin8 sequence selected here is to first remove the actlnide elements from the dissolved
sludse solution and then remove the fission products. This sequence was chosen to ensure that the
transuranicactinides would be removed before they could contaminatethe solvent and/or sorbent

. materialused in fission productremoval processes, andperhapsthus present processin8
complications,

• Fillure 3,4 presents distributioncoefficient (D) values for several importantactinide (and other)
constituentsof HanfordSST wares between nitricacid solutions and a) I, I M (30%) TBP.NPH, the
solvent used for years in the PUREX process, andb) 0,2 ,_ CMPO. 1,4 ,_ TBP-NPH, a typical
so!vent composition proposed for the TRUEX process, (D is defined as the concentrationof a
materialin the orsanic phase dividedby its concentrationin the aqueous phase,) The bismuth data
shown hero were obtained from Lumetta m all,(1993); the other datawere obtainedfrom Bond (I990)
and from Horwi_ etal, (1985), These dataare shown to compare the relative strenlPhsof the two
extract.ants,and to providesome hacklJroundfor the folIowinlldiscussion, They woreobtained under
nonproc_.type conditions(e.ll., absence of macro amountsof uranium, which tends to load the
solvent and thus decrease LheD values, andabsqmceof complexants, which also decrease the
D values), and should not be used in a quantitativeway.

Earlierstudies of the removal of aCt!hideelements from dissolved Hanfordsludge solutions have
centeredon the use of the TRUEd( solvent extrsction process to simultaneously removeall of these
elements (and sometimes technetium), The actinides (_ coextracted lanthanides)would be disposed
of in the HLWIllass, andthe bulk sludlle consents, which do not extract, would be disposed of
(after a strontium removalprocess) in the LLW 8rout, In a more recent approach,the strontiumand
actinideremoval processes would be combined in one step (Horwitz I_1), The dellree to which the
earlierstudies consideredthe behavior of bismuth is uncertain,

Bismuth is present in SST sludileSin sil!niflcantquantities (Table 2,1) because of the use of a
bismuthphosphatecarrierprecipitationprocessin thefirstplutoniumrecoveryplants. Thisquantity
maybe too larlleto beaccosted in 1000canistersof HLW alias (Tables22 and 2.3). sosepa-
rationof bismuthfromthe TRU elementsisplanned.However,bismuthexhibitsanaciddependency
in itsextractionbyTRUEX solvent(Ftllure3.4b) thatsly complicateitsseparationfromtheTRU
elements.

Severaloptionshive beenexploredin theearlierstudiesfor strippinllextractedactintdesfrom
the TRUEX solvent.Trivalentactinidescanbestrippedintodiluteacid,but thehillhdistribution
coefficientsof thetetravalent_ hexavalentionsmakeit necessaryto usecomplexantsto strip them
Two principalstrtpptnllapproacheshavebeenproposed: I) simultaneousstrlppini!of all actinides

. usinilcomplexin8ailents,and2) selectivestrippingof a) trtvalentactinides(ell. americium)into
diluteacid;b) tetrava]entactinides(e.il.. plutonium)intodiluteacidcontatninilfluorideasa
complexinitaBent;andc) strippinilhexavalentactintdes(e.il., uranium)intocarbonatesolution in
theseapproaches,extractedtechnetiumisstrippedonlyby carbonatesolutlon
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if Approach 1 were used for the clean option with SST waste, additionalprocessing of the
strippedmixturewould be requiredto separate uranium(and possibly bismuth) from the transuranic
elements (if such processing were not done, the amountof glus requiredto containthe TRU.
contaminatedfractionwould exceed 1000 canisters). Additionalprocessing might also be requiredto
separate the TRUs from the complexing agents; this would be the cue if the complextn8 agents (or
their decompositionproducts) interfere in the vitrificationprocess. Approach2 would require

. additionalprocessingto recoveruramium(andperhapstechnetium)from thecarbonatesolventwash
solution,andtheuncertainbehaviorof bismuthcouldbea complicatingfactor,

• Considerationssuchastheseledto thedecisionthat,whiletheaboveapproachesarecertainly
feasible,it wouldbesimplerto preparea defensibleexampleflowsheetemploytn8firsta TBP solvent
extractioncycleto handletherecoveryandneededpurificationsof thetetravalentandhexavalent
actinidesandthena CMPO extractioncycleto handletherecoveryof thetrivalentactinidesandtheir
separationfrombismuth.This approachalsoeliminatesthe useof complexantsin strippingacttnides,
Sucha flowsheetmayalsobe simplerto operate,but thatwill notbe knownuntilmuchmoredetailed
studyhasbeencompleted,In addition,hlllhacidTBP azldCMPO cycleswereselectedfor the
exampleflowsheetto minimizetechxtetiumextractionandensurethatthecarbonatewashsolutions
usedforsolventpurificationwouldnotcontainTc-99 inamountsthatexc_ theClassA limit,

Extracttntsotherthan CMPO mayalsobe suitablefor usein extractinllthetrtvalentactinides_
CMP (alsoknowu DHDECMP) wasconsideredforusein thisexampleflowsheet;onereasonfor
not selectinilit wastheabsenceof bismuthextractiondtta [otherthanthe"partialretention"notedby
Marsh_ Yau'bro(1988) in anextractionchrornatollraphtcstudy]on whichto baseanexampleflow.
sheet, Theprosandconsof thesetwoextractantashouldbeevaluatedin moredepthbeforeany
choicefor final implementationis made,but theultimatechoiceshouldhavelittle, if any,effecton
conclusionsbasedon the exampleflowsheetuatnllCMPO,

Thus,theprocesstnltsequencechosenherefor theacidic,dissolvedsludllesolutionis: I) a TBP
solventextractionstepto removetetravalentandhexavtlentacttnides(pentavalentneptuniumis
convertedto thehexavtlentstatefor removalherealso),2) z CMPO solventextractionprocessfor
removalof trivalenttcttnldes(trlvalentlanthanldesarealsoremoved),3) a crownethersolvent
extractionprocessfor removalof strontiumandtechnetium,_ 4) anammoniumphosphomolybdate
(APM) ionexchangeprocessfor removtnltcesium, Thesestepsarediscussedfurtherin the following
sections,

3,3,1 TDP Solvent E_ractlon for Removal of' Ursmlum, Plutonium, Neptunium, and
Thorium

The TBP solventextractionprocessfor removalof uranium,plutonium,neptunium,andthorium
isshownin Fitlure3,S, Fora perspectiverellardintlplantsize, it will bementionedthatthefeed

, flowrate for processinllthe dissolvedSSTslud!ileSin 20 yearsof operationwouldbeappr_xin_tely
thesameasthe feedflow rate in a spentfuel reprocessinllplantthatprocesses800 MTUtyear (which
is thecapacityof theplantsrecentlycompletedin Franceandplannedfor constructionin Japan)_

The feedto thiscyclecontainsnotonlythedissolvedsludBesolution(Fisure3.3), butal_oa
streamto providechemicalsto adjust(if necessary)thedeBreeof complexationof the containedions.
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and a stream containing the bottomssolution from the backcycle evaporatorused to concentratethe
waste solution from the subsequenturaniumpurificationcycle. The lattertwo streamsare discussed
later in this section; for now, the proper degree of complexationis assumed to be achieved in the
sludge dissolutionstep so thatno chemicals (otherthan water) are used In the complexatlonadjust-
ment solution.

. In the first extraction contactor of this TBP cycle, uranium, plutonium, neptunium,and thorium
are extracted into the TBP organic phase, which is thenscrubbedwith nitric acid to increasethe
separationfrom the bulk metal ions, som_ of which have a slight extractability. The rafflnatefrom

" this contactor contains the remainingcomponents of thedissolved sludge solution, and is routedto the
next step of the tr_tment process (Section 3.2.2). The extractedplutonium, neptunium,andthorium
are selectively strippedback into an aqueousphase in the second contactor(to be routedto HLW
glass for disposal): and the uraniumis strippedin the thirdcontactor. The uraniumis purifiedfurther
in anotherTBP cycle so that it can be addedto the existing uraniumstockpile,

The solvent composition chosen here is the same, 30% (-- I. i _ TBP in hydrocarbondiluent,
as is usuallyused in the well-known PUREX process. At the --4 b/HNO3 concentrationof the feed
and scrub streams, efficient removal of uranium, plutonium,and thorium can be achieved. Both the
high acidityandthe relativelylow saturationof the TBP (0.2 M uranium) assist in efficient recovery
of neptunium by the nitrite-catalyzedoxidationof inextractableNp(V) to extractableNp(VI), as was
done for years in the HartfordPUREX plant, The dissolved sludge streamis assumed to be decon-
taminatedfrom uraniumand plutonium by factors of I04 and from thorium and neptunium by factors
of I02, The lower factor is assumed for neptuniumand thorium because n_tunium removal is
controlledby kinetic factors andbecause thorium is less extractablethan uranium or plutonium.
Cesium, strontium,americium, andtrivalent lanthanidesare virtually inextractableby TBP, and
technetiumextracts very little at the high acidity used here (Figure 3.4). Thus, these elements will
remain in the dissolved sludge stream in this step, along with the nonradioactiveelements present in
the stream.

Neptuniumremoval is not needed in order for the LLW to meet Class A limits (Table 2.5), but
is includedin the fiowsheet for ALAR_Areasons (and because neptuniumtends to be the most
environmentallymobile TRU element). Neptuniumrecovery may be beneficial for other reasons
(e.g., Pu-238 heat source production),but that is not the reason for removing it from the waste
streamin this flowsheet,

The extractedplutonium, neptunium,and thoriumare stripped from the TBP phase into an
aqueous phase underconditions( -0.7 _ HNO3 containing reductant)thatleave the uraniumwith the
TBP, A rcductantis added to reducePu(IV) to Pu(III)and Np(VI) to Np(V) to allow these elements
to be efficiently stripped. Hydroxylamine(NH2OH) should be suitable for this purpose; andbecause
it can be decomposed to gaseous products, its use will add nothing to the final waste form, In the

, "bottom" part of the strip contactor, the aqueous streamis scrubbedwith a fresh TBP streamto
improve the separationof uranium from the strippedplutonium,neptunium,andthorium, In this
example application,the strippedactinidestream will be routedto the HLW for disposal, Should

. furtherseparation of these actinides be desired (e.g., further minimizationof the numberof HLW
glass canisters by sending plutoniumand/or thorium to existing stockpiles or to use Np-237 to make
Pu-238), well-known processsteps could be added to give such separations.
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The uranium is then strippedinto a separateaqueous phase using dilute acid, In the "top"
portionofthisstripcontactor,theTBP phaseiscontactedwithastrongcomplexingagent(HEDPA in
thisexample)toensurecompleteremovalofTRU elementsfromtheTBP,sothattheywillnotend
upinthesubsequentsolventwashsolution.Thestrippeduraniumisthenpurifiedfijrthersothatit
canbeaddedtotheexistingdepleteduraniumstockpile.

Thesolventisthenwashedwithsodiumcarbonatesolutiontoprepareitforreuse.Thiswash
solutionwillremovenotonlytheTBP hydrolysisproducts(andtracesofradionuclides),butalsoany
elementaliodine(I2)thathadbeenextractedfromthedissolvedsludgesolution.Otherextractable
iodinespecies(e,g.,organiciodides),ifpresent,may alsoberemovedinsolventwashing.Inorder
tominimizethe1-129contentoftheLLW, thissolventwashstreamisnotsentdirectlytoLLW',
instead,itissentthroughthebasic-sideprocessingstepsdescribedinSection3.3andultimatelyto
calcination,wheretheiodinemay bevolatilizedandremovedfromtheoffgasstream.

FinaluraniumpurificationisaccomplishedinasecondTBP cycle(Figure3.6)thatisbasedon
the2D CycleoftheHartfordPUREX plant.Inthiscycle,theuraniumstreamisfirstconcentratedby
evaporationandisthensenttoa TBP extractioncontactor;thiscontactorisrunatlowacidityandata
highdegreeofsaturationoftheTBP byuranium,andwithhydroxylaminereductantinthescrub
stream,toenhanceremovaloffissionproductandTRU elements,Theseconditionsleadtoasignifi-
canturanium"loss"fromthecontactor,butthe"loss"isrecoveredbybackcyclingthisstream(after
evaporation)tothestartofthefirstTBP cycle.Finally,thepurifieduraniumisagainstrippedinto
diluteacid;thisstreamisconcentratedbyevaporationandthencalcinedtoconverttheuraniumto
UO 3fortransfertothestockpile,

ThesolventfromthesecondTBP cycleisalsowashedwithcarbonatetoprepareitforreuse.
Thiswashsolutionshouldnotcontainany1-129,soitiscombinedwithotherLLW streamsforfinal
treatment(Section3.4,2).

ThebackcycleevaporatorshowninFigure3.6totreattheraffinatefromtheuraniumpurifica-
tioncyclecanalsohaveotherimportantuses.Itcanconcentrateoff-standardstreamssothattheir
containedradionuclideswillberecycledtotheremovalcycles,insteadofbeingsenttowaste.It
could also provide a place to dissolve for re-workany radionuclide-contaminatedsolids that are
removed from process streams(e.g., in feed clarificationsteps preceding the variousseparations
processes).

For successful operationof the primaryTBP extraction step, where most actinides (but nothing
else) are removed from the dissolved sludge solution, it is assumed to be necessary to have complex-

i ants present in the feed and/or scrub solutions, One reason is thatbecauseof the (relatively) high
concentrationof zirconiumin dissolved SST sludge solutions, highly extractable, mixed Tc-Zr species
could form unless the zirconiumis "tied up" in a complex,

This effect of zirconium on technetiumextraction was investigated by Vialard andGermain
(1986), who found DTcto increasevery rapidlyas the organic-phasezirconiumconcentration
increases. The DTcwas found to be -- 1 from 4 _ HNO3 when theorganic-phasezirconium
concentrationwas 0.005 _ (Figure 3.4a indicatesa value < 0.1 in the absenceof zirconium).
However, by adding oxalate to complex zirconiumandthus sup,press its extraction, these authors
were able to decrease the DTcgreaterthan tenfold without decreasingthe extractionof Pu(lV).
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FlIm_ 3.6. SecondTBP ExtractionCycle for Purificationof Uranium
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Because complexing of hexavalent actinides is less pronounced than complexing of tetravalent
actinides, it appears to be safe to assume that a TBP extraction cycle employing aqueous-phase
complexants can be used to extract the hexavalent and tetravalent actinides away from the technetium

zirconium (as well as from the trivalent actinides and lanthanides and other components of the
dissolved sludge solution). Aqueous-phase complexants would likely be present in the feed to this
cycle anyway, because of their use in the sludge dissolution process (Figure 3.3).

If the TBP cycle feed contains too much free complexant, the degree of removal of tetravalent
actinides from the dissolved sludge solution will be lowered. Based on the distribution coefficient
values given in Figure 3.4a, a tenfold lowering of the distribution coefficients would still allow
Pu(IV) to be removed efficiently, but Th(IV) would not be removed (because its distribution coeffi-
cient would be < I). This would not be of great concern because thorium removal was included on
the basis of its expected behavior in a system design that was based on removal of other elements.
Thorium removal is not required by either Class A LLW criteria (Table 2.4) or by a desire to
decrease the total radionuclide content of the LLW grout (Table 2.5).

The potential effect of excess complexant on neptunium removal is of greater concern because of
the environmental mobility of that element. If excess complexant stabilizes Np(IV) instead of the
mixture of Np(V) and Np(VI) that is usually present in nitric acid solutions, neptunium removal could
be decreased because of the slow kinetics of oxidation of Np(IV) by the nitrate/nitrite solution
mixture used in the TBP cycle extraction contactor. This difficulty could be overcome by the use of a
more rapid oxidizing agent, perhaps V(V) or Cr(VI) as used by Koch (1969), but avoidance of excess
complexant would appear to be the desired approach.

The use of complexants to obtain the desired split of radionuclides in the TBP extraction cycle
will require careful process control. The relative quantities of complexants and of complex-forming
metal ions (e.g., iron, aluminum, zirconium) must be properly adjusted, and the extraction conditions
to be used must be selected carefully.

Residual tetravalent and hexavalent actinides that were not removed from the dissolved sludge
solution in the TBP cycle will be removed in the subsequent CMPO cycle described in the following
section because CMPO is a much more powerful extractant than TBP (Figure 3.4). However,
removal of these species in the CMPO cycle will not benefit the overall process decontamination
factor unless steps are added to that cycle to treat additional streams before they are routed to LLW.
Because such treatment steps are not included in the example flowsheet developed here, efficient
overall removal of tetravalent and hexavalent actinides in this flowsheet depends on their removal in
the TBP extraction cycle.

3.2.2 CMPO Solvent Extraction and Americium/Lanthanide Ion Exchange

The raffinate from the first TBP cycle provides the feed to the CMPO extraction contactor
(Figure 3.7). The solvent composition assumed for this step is 0.2 ..M_MCMPO + 1.4 ..M_.MTBP in
hydrocarbon diluent, which has been studied extensively by many workers (e.g., Horwitz et al,
1985). This CMPO step is used to remove trivalent actinides (e.g., americium and curium) from the
dissolved sludge solution. Trivalent lanthanides are also highly extracted and must be separated in
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subsequentoperationstoallowamericiumtobedisposedofintheHLW glasswithoutexceedingthe
1000-canisterobjectiveofthecleanoption(Table2.3).Dependingonthedegreeofcomplexationof
thefeed,anexcessiveamountofbismuthmay alsobeextracted;thus,theconditionsofthestripsteps
werechosentogiveseparationofbismuthfromtheamericiurandthelanthanides.

As in the TBP cycle, technetium extraction is minimal at the relatively high feed acidity used
here, andstrontiumand cesium, and the nonradioactiveelements in the sludge, are inextractable. The
dissolved sludge stream is assumed to be decontaminatedfrom trtvalentactintdesand lanthanidesby
factors of 104 in this step; however, the lighter ianthanidesare subsequentlyadded back to the
nonradioactivecomponents (after they have been separatedfrom americium and the heavier
lanthanides).

The trivalentamericiumand ianthanidesare strippedfrom the CMPO extract into dilute nitric
acid in the second contactor. This strippingmust be at least 99,99% complete in order to maintain an
overall americium decontaminationfactorof 104;many strip stages may be needed. The portionof
tile bismuth that extracted is not well strippedunder the indicatedconditions, andthus passes to the
solvent wash step where it is removed by a sodium carbonatesolution containing an organic complex-
ant (EDTA in this example) to preventbismuth from precipitatingin the basic solution. The bismuth.
containingwash solution is combined with other LLW streamsfor final treatment(Section 3.4.2).

As indicated above, the CMPO extractionprocess used to removeamericium from the waste
streamremoves lanthanidesas well becauseof their similarchemical properties. Because of the
quantityof lanthanidespresent in the waste, additionalseparationof americiumfrom at least the bulk
of the lanthanides must be made if the americium is to be incorporatedin 1000 glass canisters
(Table 2.3). The separated lanthanidescould all be disposed of in grout without exceeding the Class
A LLW limit; however, the lanthanide radionuclideSin-151 is the third most abundantradionuclide
(of those having half-lives > 20 years) in the waste (Table 2.5), and its presence in the groutwould
be undesirable. Fortuitously, one of the leading candidateprocesses for separatingamericiumfrom

lanthanides(band displacementcation exchange) canjust as easily be used for separating
americium plus heavier lanthanides (such as samarium) from lighter lanthanides. Because the bulk of
the lanthanides in the wastes are lighter ones (e.g., lanthanumand cerium) that were addedas process
chemicals, this separationsprocess allows the americium/lanthanidesplit to be made in a way that
allows the americium andheavier lanthanidesto be vitrifiedwithoutexceeding 1000 canisters and also
allows the lighter lanthanides to be groutedwithout contributingto the radionuclidecontent. The
flowsheet for this separationsprocess is shown in Figure 3.8; it is based primarilyon that given by
Wheelwrightet al. (1974), with the quantitiesbeing adjustedin proportion to the relative trivalent ion
contents of the waste studiedby Wheelwrightet al. andof the HanfordSST waste.

In the first step of this separationprocess, the trivalentactinidesand the lanthanidesare removed
from thestrip solution of the first CMPO cycle (Figure 3.7) by sorptiononto a cation exchange resin.
The effluent from the sorptionstep can be routedto a backcycle evaporator(possibly the one shown
in Figure 3.6) if needed to ensure the maintenanceof high decontaminationfactors to the LLW fl)rm,
but this is currentlyassumed to not be necessary. Following a water wash of the resin, the trivalent
ions are eluted with a pH-adjusted0.05 [_ DTPA solution onto a zinc (or other barrierion)-Ioaded
cationexchange resin column, Continuede!utionthrough a series of columns results in the establish-
mentof discrete bandsof metal ions in a sequence that depends on the magnitudesof the constants
governing the formationof the metal ion-DTPA complexes. This order is zinc; curium, americium,
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terbium, and dysprosium (together); gadolinium; europium; samarium; yttrium; and then the light
lanthanides. For the application in this flowsheet the first effluent cut would contain most of the zinc:
the second cut would contain the remainderof the zinc and at least some of the yttrium along with all
of the americium, curium, and lanthanides heavier than promethium; and the third cut would contain
the remainderof the yttrium plus the lanthanideslighter than samarium.

Final removal of light lanthanides from the resin is accelerated by using a more highly concen-
trated DTPA solution to strip them. The resin beds are then regenerated, following a water wash, to
prepare them for the next cycle. The first (sorption) bed is regeneratedwith HNO3 and the sub-
sequent (band displacement) beds are regenerated with Zn(NO3)2, After another water wash, the
resin beds are ready for the next cycle of operation.

For this example, pH adjustmentof the DTPA solution is assumed to occur by addition of
NaOH, and 3 NaOH per DTPA are assumed required. Sodium hydroxide was chosen for use here
instead of the ammonium hydroxideproposed by Wheelwrightet al. (1974) in order to minimize the
potential for release of ammonia gas, which is an environmental concern.

The first and third effluent cuts and the resin stripping and regenerationcuts will be sufficiently
free of radionuclides that they can be combined with other LLWeffluents, as discussed in
Section 3.4. The second cut could be processed furtherto separate the americium and heavy lantha-
nides from the added chemicals (zinc, sodium, and DTPA). However, preliminary analysis indicates
that the added chemicals will be present in quantities small enough that they can be accommodated
within -- 1000 canisters of HLW glass; thus, such additional processing is not included in the flow-
sheet. If subsequent analysis indicates that additionalprocessing is needed, it could be accomplished,
after adding nitricacid, by a second CMPO extraction and strip cycle.

The ion exchange resin will have to be replaced periodically. It is assumed that the spent resin
will be destroyedby oxidation, and that a sulfate-containing residue will result. This residue is routed
to the caustic leach step (Figure 3.2), so that its contained radionuclides (if any) will not end up in the
LLW.

3,2,3 Crown Ether Solvent Extraction for Strontium and Technetium Removal and

Strontium/Barium Ion Exchange

The rafflnate from the first CMPO cycle, which contains all of the components of the dissolved
sludge solution except the actinides, the lanthanides, and possibly the bismuth, is then fed to a crown
ether (CE) solvent extraction step in which strontium and technetium are removed. The flowsheet for
this step (Figure 3.9) is based on the use of a solvent composition of 0.2 _ di-t-butylcyclohexano-I8-
crown-6 in l-octanol, as used by Horwitz, Dietz, and Fisher (1991) in their SREX process study.

In this CE extraction cycle, the strontium and technetiumare extracted from the dissolved sludge
solution aqueous phase into the CE organic phase; the organic phase is then scrubbed with --.t
HNO3 to remove less strongly extracted materials; and the strontium and technetium are then stripped
from the organic phase into a dilute acid aqueous phase. Also stripped are barium, which behaves
very similarly to strontium in this system, and nitric acid.
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Thedataof Horwitz, Dietz, andPlsher(1991) indicatethatonlystrontium,barium,and
technetiumhaveD > 1 between1to 3 _ HNO3 in this solvent. Thedissolvedsludgestreamis
assumedto bedecontaminatedfromtechnetiumby a factorof I(_ andfrom strontiumand bariumby
a factorof 104;however,thebariumis subsequentlyseparatedandaddedbackto theothernonradioo
activecomponents,Otherlikelycomponentsof thedissolvedsludgesolutionthatareslightlyextracb
able(D -0, !) aresodium,calcium,molybdenum,ruthenium,andpailadium;theportionsof these
metalsthatdo extractshouldbeeasilyremovedin thescrubsectionof thecontactor. Iron and
aluminumareessentiallyinextractable(D < I0"3)in thissystem_

Thedataof Table2.3 indicatethatbariummustbe separatedfrom strontium,if strontium
disposalwithin1000canistersof HLW 81us is to be achieved.As wasdiscussedin Section2.2. I,
thebariumcontentof SSTwute givenin Table2.1 maybe toohillhby a factorof -. I0. if this
factorweremuchhigher,no strontium/bariumseparationstepwouldherequired. However,sucha
stepis includedhere(Figure3.10) for conservatism,

The methodchosento illustratethestrontiurn_ariumseparationis a banddisplacementcation
exchangeprocessthatis verysimilarto thatdescribedin theprecedir_sectionfor separationof the
americiumandheavylanthanidesfrom the light lznthantdes,In this application,the strontiumand
bariumare removedfromthestripsolutionof theCE cyclebysorptionontoa cationexchanll¢resin_
Theeffluentfromthissorptionstepwill containthe technetium(whichis presentin ananionicform);
thisstreamisconcentratedandthetechnetiumis routedto HLW. The strontiumandbariumarethen
¢lutedby a complexantsolutionontoa barrierion-loadedcationexchanlleresincolumn;Brayel al_
(1964)reportedresultswiththecomplexantsEDTA and HEDTA and withseveraldifferentbarrier
ions. Thematerialsusedin thisexample(Figure3_10)areEDTA complexantand zincbarrierion.
The EDTA is actuallypartiallyneutralizedto give the requiredpH; it isassumedherethatthis
neutralizationis donewithsodiumhydroxideandthat3 NaOHper EDTA are required. S_iium
hydroxidewaschosenfor usehereinsteadof theammoniumhydroxideusedby Brayet al. (1964) in
orderto minimizethepotentialfor releaseof ammoniagas,whichisan environmentalconcern_

Continuedelution of the strontiumand bariumthrough a series of columns results in segregation
into discrete bands. For the applicationin this flowsheet, the first effluentcut would contain most ol'
the zinc; the second cut would containthe remainderof the zinc plus all of tile strontiumplus some ot'
the barium;and the final cut would contain the remainderof the barium.

The first (barrier ion-containing)andthe last (barium-containinjt)cuts from the hand displace._
mentcationexchangestepwill be sufficientlyfreeof radionuclidesthattheycanbe combinedwith
otherLLW streamsfor final treatment(Section3.4). Thesecondcut, whichcontainsportionsof the
zinc barrierion and of the Na3EDTA solution used in developing the bands, in addition to the
strontium (and a portion of the barium), could be processed furtherto remove the zinc and the
Na3EDTA. However, preliminaryanalysis indicatessuch processing would not be needed to achieve
the l(XX)-canisterobjective, If it is needed, it could be accomplished, after addition()f nitric acid, in
a second CE extraction plus stripping cycle.

3.22



Dlmamment_on Ilxohamp
rllrlINn............................. _ - ..... "_- _ ".................... -- ..... , " f[ll]llll

-V--2--.
,o .... _

|r
Floa_duo

_.exlOoL. :1.2x1_ L 1.itx10TL.

HI.WStrum L.I.W HLW8trea0m Camstlo
' Trutmont Treantment Trolltmont _oh

(Figure $,19) (Flguro 3,17) (Rguro 3,19) (Flguro3,2)
, $IllOO11,10

lqllm'e3.10. Sopm_lonof Toch_tum, Strontium,madBawlumbyC_ton Exchamlo

J.23

,l,l, l uMnH,,,,,



3,L4 l'hmphmnMybdm IonKxcltmnp C.sim RmovJl

fl_ r-md_l_ _vil st_ __ly t_1_ for ireilmm of thedi_iv_ #ludile
solut_ ta for rtmovalof Ca+137(rqm_vMof Ni-63 may_ i_1_ in thei%itu_,u wu di_u.ad
nrl_)_ No ©onlp_elym||fKtol'y SOivmextl_tlon proCesl_ _ _ d_el_ for cnium
rmovld _ g_ _id _Im_, but wverld polenlild_ excl,.iPjl_soqN_ p_ _ve tm_n
,_ with p_Jai_ _it,+

_ of iorplm _ AIP_ for the_II of mira froind_vld slUdllesolutionwu
prlimmri!y_ the workof P_l _ All (I_L _ wor_ inveslilli_ _vii of

uid of contorted?x M o It;"4M Zrl Hveril
l_rtlLm_ m exclmtlen+ _ium phoiplSml_y_e, (NH4)I_MoIOIo)4, live IM _l l_i_
ill nltr_ MM _rll_ of _rM reeler(ill il _ _ in _CI] cyclerimme),i_ w_ ¢_n
for _ here Piubel i_ All eemuuredi_ _ion of _lum _ to i cesiumic.idi_ of _) |/ki
APM in _ exi:m'inlll_+

In _ _ rev_, Kollrik (IWI} d_ _ diffl_lly m eiuli_ mium _ APM,
commemt_ _ _ _ bedewoyed_ NtOH+ _, _ eut_ flows_ m_ thtll th_
Ioided_ will M im_ to _ ¢liiti_ _ _ of Chesl_ db,ioim_ _ess
(__ $+1), _ it will tiedilic4vsd_ _ ¢m_,,I will flow Io _+s_ l_nl
_inll for renlo,vldof _ _inld _m _ with_ pmximin thewli_._l_te _rlic_
of _ umk©ommi+

Aspoimd _ _ P_t _ Ali (1_). _ m of m_lilmidk_ in a _olim.mrm_Jem
diffh,++ult_ of themK_ryslldlinl slr_=rareof _ nviler_ end_ of IM _m*,llil _ I.
prov_ elcoolinilsytilernto pr/vem_ _ lhe rldioi_ _ Bmlerilion Thui+It im_w.ed

tl_ A_ will _ _,ad _ _xed with i suitlSlesub_file thatllVn t_ r_lutredflow
prol_rliu _ r-.d*_.-mthe ivmrqle _ loadon theeolmem _r pu_ of thise..tmple,i tenf.M
dilui|on ,_fAPM with iilumilm_ _+

A _icl_ of thmproc_ msisc+nm Fiilure _+I I+ A cesiumDF of lip in ihmpl_+ ,+
__ here+with I0+ of thelolli _mli_ in lh_ sl_. in .verllll DP of I_ +_ _lill _ _in+

lii_ The+Jinlily of APM _ii'.,d her, m_ t_ tm diMolv_ si_ mlmi..m_iiil_ Ill+
of lhe lmii ¢esi_ p_ in the WUle, _ lhil iM k_,vl Is I_ to _ i C_lki APM rhi+_
wlllM of APM _es Io -._ mole,sotheoulli_ proc_ will ruuil in I_ _ilion ,+f
--_ _le _nts _ * 7200mote _lybdemtm to lhe w_e_ l_ _ilm ire very+_Ii

rellili_ IOtlmmher ,:on_++rmm.of the wine, i_ _Id lave _ ,ff_¢l on wule vol_ +the
- I_ _te of ilmemnil tim will he reteueddulin8 d_Imi,+._ of APM in the_ s:aml_m)luth,n
mly hive Io he _rlJ_ fromtheoPirlll Sl_ inoNer to _ _iil reieile limits
r_ultinil scab m}lulion_id he +_i_ with m_r _ic+s_ W_ll soluiimllh_rdi+p_mai+ll',_me
m+luiionlproimlhlyilreldy cmmiin_oni_rllble im_.ml, of iilm_nii l_miull rl_ml.f the - Ii!?m_de +
of fluoride in the W_le (Tlble 2, I) wU _ tOtl',e pr_mulla ilmrmmum ilm,r_ mdull.ll



Raffle,lie _ ¢11
ixtlVlk.ub

S1,1X t0 0 L 1)z 101Kg
ull H.Ol _ ........., A_aOs

_0

................ IIg ...... / E _L II [i II I .... mH[I_ILI = II -- -IJIL .... [i

Amwslum,-,--.;_'_,,-_,_,_ 1_1 ionnx_p

LLW _U_O LIMh
Tmtmm (Inures.=)

(l",Wr,S.111)
_IOOSLlll

].ll, _ Iq_llkOmlyidm Ion_ _ _ orcml_ _m Crown
i



3.3 _lc41de _rat|ons

As i_iuted in Fibre 3,2, the feedto thebait-side separationsprocessesis com_ned of
wlutiom _ thediuolvedsit cake,_m thecausticI_h step, _ fromsludie wuhin8 opera.
teens. It will conudnthe_lk of the_ium, aluminmn,ax_siliconp_m inthewute u well as
_tMiy ill of thewute a.'dona,It is expectedto contain_t of theCa-13'/ImdTc-99 presentin
thewaste,plust sitlnifl_ _tion of theSr-_ and_ibly tricesof trtmauraniceights
(especililyif orianic comple_ arepreiem insufficientconcemratlon),_ts streamts also
exited to comainmostof theI-139 presemin the waists0esp_itdlyafteradditionof theTBP #1
imlvemwa_ solution(_tion 3,2, i), whichwill containextractableiodinefromthedin(_lvedsiudlle
imlution

The initial procesiinlj steps selNted for the stream in this exin_ie flowaheet are outlined in
Pilate 3,12, Foilowi_ _ition of itamirs wa_ imiutionandanofTiu _rub solution,an
ev_raAive co_.emrationstepiaperformedto _nmm thevolumeof solutionto beprocessed;
eviporati_ to a _ium colx:entrationof J M is m_,

An _top__i ferrichydroxidexaveniliP4preciplmlonstepis idlmshownu a pouiblo initial
_ic.side p__ step, This is notthouilhtto be necesuxy(especiallyin liilhtof the relatively
low _i_ p!utoPJumDP _ in Table2,S) unlm thecaultic I_ stepsolubilisestoomuch
plutoniumh_wn_ si_, lidd_ in_ion 3, I, If thisstepis _, it miiht requirethat
a re#acitnt slim be _ w red,ice Pu(V), which il _ Imlublespecies _ notwell scaventjedby
ferric hydrox_, to Pu(IV), 11",oiron_ition could_ eitherfromin _ processchemicalor
by recyclinlla pon_ of theco__ LLW stream_ acid-sidep_ini_

Ther_toP,,,tcltde_vld s_ irlcl_ inthee_le flown_ for thebuic.ilde solutions
are,_ I) _tum ren_vldustrdla _rcinol-forn_dehyde cartonexchanlleresin,2) strontiumren_val
_i_ a r,hela!inJcationexchanp ruin, and3) technetiumremovaluainjan anionexch_ae resin,

stq_lared_ furtherin tidefollowinlli_tionL

3.3,1 RemrctnoI.FormaldehydeIonExehimaefor Cesium_vnl

Removldof cattumfrombasic.sidefeedwlutionahal beenperfo_ on ii plantscalebothat
Hartford,usinila phenolicionex_e resin,andit the WestValley Der_nstrationProject,usin8 a
zeoliteso_, In recenlyeas, workersat theSavannahRiverSite(Bib!orandWallace 1987)andat
_itlc Northwest_ratory (Bray, Elovich,_ CarsonI_) haveconductedstudiesof a resorci-
sol.formaldehyderesin,withextrm_ly promisinilresults, Thisresinwu chosenforuse in the
exile flowd',Ntdevelopedin thaistudy, UH of zeoliteimrhentwasrot consideredto bea stronil
conlenderfor thisappli_tion_ of difficultiesinslutishandreuse,lind_ause thecesium-
i_ imrbemcouldnmbevitrified (sa ispl_ al WestValley) withoutllreitly exceedtn8the
I(XX)-canilterobjectiveof the cletnspleen,
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A flowsh_t for cesium removalbased on me resultsof Bray, Eiovich, and Carson(I 990) is
shown in Figure 3.13. By runningcolumns in series, these workers achieved DFs > I04 with cesium
!oadingson the resin of up to 0.05 mole Cs/L, Based on the concentrationof cesium expected in the
SST waste solution, the flowsheet shown here wouldgive a cesium loading approximatelyone-thirdas
high. A DF of 104 is assumedfor this example.

After loading the cesi_ from - 2000 column volumes (CV) of the feed solution, the resin is
washed with 2 _ NaOH (3 CV) and water(6 CV) before it is elutedwith 20 CV of I _ HCOOH
(formic acid). The resin is then rinsedwith water(3 CV) andwuhed with 2 M NaOH (3 CV) to
preventthe next batch of feed from contactingwater (which might lead to localized precipitationof
aluminumhydroxideat the lower NaOH concentration).

The formic acid solution thatcontains the eluted cesium is routed to HLW. The contained
formic acid is used to denitrate pan of the other HLW waste streams, as discussed in Section 3.5.

The Na-to-Cs ratio in the eluted productwas found by Bray, Elovich, andCarson (1990) to be
-- 7 x iO4 as large as t_ ratio in the feed, with thecesium "product" havinga Na-to-Cs mole ratio
of - i0. This ratio could be reducedgreatly in a second cycle, if desired, but this is not thought to
be necessary for the example flowsheet.

An alternativeprocessing approachwith this resin is to simply feed the ceslum-loaded resin into
the vitrificationsystem. Such an approachwould markedly increase resin consumptionand would
also become less feasible as the quantityof glass _omes smaller, because of the amount of carbon
addedperunitofglass.

3.3.2 ChelatingIonExchange forStrontiumRemoval

Ina recentstudyoftheremovalofstrontiumfrombasic-sidewastessimilartothatbeing
consideredhere,CampbellandLee(1991)chosesodiumtitanateasthemostpromisingforthese
applications,withorganicchelatingresinschosenu thebackup,However,thechelatingresin
approach was selected for this clean option example flowsheet because of the concern that direct
vitrificationof strontium.loadedsodium titanatealong with the other radionuclidefractionsmight lead
to an excessive numberof HLW glass canisters.

In their study of chelating resins, Campbell andLee (1991) found several to be quite effective in
removing strontium from their basic-side feed solution, and to show potential column capacities in the
vicinity of 2000 to 3000 bed volumes. Presumably,such capacities can also be achieved with basic-
side feed solutions from the HartfordSST (and other) wastes',the achievablecapacity might dependon
the concentrationsof calcium and barium, as well as thatof strontium,because, as pointed out by
Campbelland Lee (1991), removal of strontiummight also requireremoval of these elements.

The flowsheet assumed for this strontiumremoval process, shown in Figure 3.14, is very similar
to that used for cesium removal (Figure 3,13), After loading the strontiumfrom --2000 CV of the
feed solution, the resin is washed with --.2 _[ NaOH and water andis then eluted with ---1 _ HNO3.
The resin is then washed with water and ,,-2 M NaOH to prepareit for the next loadingcycle. As in
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the cesium removal case, the resin wash solutions are combined with the effluent from the loading
cycle as feed to the next process step, A strontium DF of 104 is assumed in this step,

Becauseof the contamination of the strontium in this eluted material by calcium and barium, the
acidic elution solution is routed (after evaporative concentration) to the acid-side processing sequence
wher_ separation from these contaminants is achieved, The eluted strontium solution is assumed to be
rot:_edto the acid dissolution step (Figure 3.3), where its contained nitric acid can be put to good use
in dissolving the sludge.

The choice of the chelating resin approachover the sodium timnatesorption approach for
removing strontiumfrom the basic-side feed in this example flowsheet should perhaps be reexamined
in future studies. The total amount of titanate required to be added to achieve the required DF will
not be known until the fraction of the strontium that is present in this solution has been determined.
It may also be possible to avoid vitrification of the added titanium by dissolving the strontium-loaded
titanate in acid and separating the strontium from the titanium in the acid-side CE cycle (Sec-
tion 3.2,3). Also, the concern over the impact on vitrified HLW quantity would disappear if some
other disposition of separated strontium (e.g., special storage) were selected.

3,3.3 Anion Exchange Removal of Technetium

Anion exchange processes have been used to recover technetium from basic-side Hanford tank
wastes both on a laboratory scale (Buckingham et al. 1967; Roberts, Smith, and Wheelwright 1963;
Schulz 1980) and on a plant scale (Beard and Caudill 1964; General Electric 1964). Because of this
experience, such a process was included in the flowsheet of this study.

In this process, the pertechnetate ion is removed from the basic-side solution by sorption on a
strong-base anion exchange resin. After the resin bed is loaded, it is washed first with dilute sodium/
hydroxide to remove residual feed solution and then with dilute nitric acid to ensure conversion of the
resin to the nitrate form before the elution step is done. The technetium is eluted with 6 _M_MHNO3,
and the bed is prepared for the next loading cycle by displacing the acid first with water and then
with dilute NaOH.

The technetium product stream is concentrated, and the distilled nitric acid is condensed and
reused in the next elution cycle, A small amount of technetium may be volatilized during concen-
tration, but it accompanies the acid to the next elution cycle and thus is not lost from the system.

A flowsheet for this technetium removal step is shown in Figure 3.15. It is based on an early
flowsh_t (Beard and Caudill 1964) used to recover technetium from Hanford tank wastes, but has
been modified here to include a higher elution volume in order to ensure higher removal of
technetium from the waste (the early work was aimed at recovering most of the technetium for
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beneficialuse,ratherthanatattaininghighremovalfromthewaste).Basedontheresultsof
Schulz (1980), loading and elution volumes of -- 50 CV of feed and ~ 20 CV of 6 M HNO3 eluant
are used in this flowsheet, and a technetiumDF of 102 is assumed in this step.

Because technetium is sorbcd more strongly from hydroxide solutions than from alkaline nitrate
solutions, a more efficient technetium removal process could result if it were done after, instead of

' before, the nitratedestructionstep, as in the current flowsheet (Figure 3.1). Volatilization of techne-
tium during calcination, the currently indicated nitratedestruction step, could pose a problem to be
addressed in that case, however.

3.4 Treatment of LLW Streams Resulting from Separations

The LLW streams resultingfrom the separationssteps describedin Sections 3,2 and 3.3 are
treated furtherbefore they are finally disposed of. These treatmentsare discussed in this section, first
for the LLW streamsfrom the acid=sideprocessing steps and then for the basic-side processing LLW
stream, The recovery for recycle of NaOH from the treated LLWwill also be described.

3,4,1 LLW Streams from Acld-slde Separations

A variety of LLW streamsoccur from the acid-side separationsprocesses described in
Section 3.2. The primarystream is the highly acidic, decontaminated,dissolved sludge solution. The
ion exchange process to separateamericiumfrom the bulk of the lanthanidesgives both an acid-
containing waste solution and a near-neutral waste solution. A near-neutral waste solution also results
from the ion exchange process used to separate strontium from barium. Basic LLW solutions are also
present as a result of the solvent washing operations in the TBP and CMPO solvent extraction
processes.

A common feature of several of these LLW streams is that they contain organic complexants
(e.g., oxalate, DTPA, EDTA) that were added in the dissolution and the separations steps.
Destruction of these complexants could be performed at this point of the process (e.g., by reaction
with the nitric acid and/or with added hydrogen peroxide) or, alternatively, the destruction could be
performedafter these acid-side processing LLWstreams are combined with the basic-side processing
LLW streams. The latter approach to ultimate destruction of organic complexants was chosen for this
example flowsheet, with some preliminarydestruction likely occurring during acid recovery.

There are also choices regardingthe approach to be followed for disposition of the HNO3
contained in these LLW streams. The HNO3 could be converted to NaNO3 with NaOH, or (most of)
it could be recoveredfor reuse. If it were converted to NaNO3 with new NaOH, an increase in the
final volume of treated LLW would result; however, such an increase would not result if recycled
NaOH were used. If most of the HNO3 is recovered for reuse, the quantity of NaOH required for
conversion to NaNO3 is minimized. The approach selected for the example flowsheet includes HNO3
recovery (from selected streams); this approach is shown in Figure 3.16.
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Figure 3.16 identifies the tWO acid-side separationsLLW streams from which HNO3 is to be
recovered. The first step in the recovery process is an evaporative step to reduce the volume of
solution to be treated; some of the HNO3 is recoveredby distillationin this process. Aluminum
nitrate is assumed to be added to the evaporator in order to minimize corrosion from the fluoride
complexant thatwas used in sludge dissolution(Figure 3.3). The organic complexants that are
presentare expected to be partiallydestroyedduring this evaporationstep,

The bulk of the HNO3 recovery occurs from recovery of the NO and NO2 (NOx) that are
evolved when the concentratedwaste solution is denitratedby reactionwith sucrose. The NOx

' streamsfrom this denitrationoperationwill be combined with others, and treatedto convert NOx back
to HNO3 (Section 3.6),

3.4.2 LLW Stream from Basic-side Separations

The only LLW stream resulting from thebasic-side separationsprocesses described in
Section 3.3 is the raffinatefrom the strong-baseanion exchange process used for technetium removal
(Figure 3.15). This is the case because the solutions used to wash and regeneratethe ion exchange
resins are of such small volume that they could be added to themainline dissolved salt cake solution
without markedly increasing its volume.

This LLW stream contains large quantitiesof nitrateand nitrite, and perhaps some organic
complexants, from the SST inventory. In theexample fiowsheet, it is planned that the waste be
calcined to destroythese constituentsbefore the LLW is finally disposed of',this is done in order to
increasethe acceptabilityof the LLW. The LLWstreams fromthe acid-side separationssteps should
also be calcined; it appearsto be reasonableto calcine all the LLW streams in one combined
operation.

Figure 3.17 depicts this approach. Four basic or near-neutralLLW solutions from the acid-side
processing operationsare addedto the basic-side processing LLW stream andare assumed to be
concentratedby evaporation(to decrease the quantityof water to be fed to the calciner); the
evaporatedwater is condensed for reuse, as is discussed in Section 3.6. The denitrated,acid-side
LLW solution is added to the evaporator bottoms solution, and the resulting (basic) mixture is
calcined.

Figure 3.17 shows removal of iodine from the calciner offgas stream. This is based on the
assumption that the iodine species fed to the calciner will volatilize, most likely as 12or as organic
iodides. Removal of such volatile species by sorption on silver-impregnated sorbents has been studied
extensively, and is assumed for this example flowsheet. However, great uncertainty exists regarding
this iodine removal operation. Little is known regarding such important factors as 1) the quantity of
iodine that is actually present, 2) the nature of the iodine species present, and 3) the degrees of
volatilization of these species during calcination. Because of these uncertainties, a low iodine DF
of 10 was assumed for this example.
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All of theNO_producedin the calcinationpr_ess tz usu_ in thisexampleto _ d.troyed
(convertedto N2 endH_O) by a catalyzedreactionwith NHz. AlterMtively,nitricacidcould
recoveredfromtheNO: streamto decreasetheamountof NO: to bedestroyed,Thequantityof NO_
shownin Figure317 isbued ontheusumpttonthat 10%of thenttroilenin NaN_ andNaNO2is
evolvedu NOx (withthe remainderbeingevolvedu N2).

. Ftrmlly,waterIsconde_ from thecalcinationOffllU, Thiswaterismixedbackwiththe
calcinedmaterialto iltvea slurp]of insolublemetalhydroxtduin a NaOH solution.

' 3,4.3 _lm Hydroxide ReuN and _p,-"..zl

Thecausticslurp]producedin thecalcination_ration isa sourceof sodiumhydroxidethatcan
be recoveredforprocessuses,thusminimizingthei_reue in LLW disposalvolumathatresultsfrom
theseparationsprocessinlldescribedin theprecedlnltsecttorm,All of theNaOH will ulti_tely
disposedof in the (8rout)LLW formbut,durinllproceninBoperzttom,z portionof theNaOH
solutioncanbe reused,

Flilure3,18 outlinesthestepsanticipatedfor themreuseanddisposaloperatiom,The firstst_
involvesreductionof solubleCr(VI) to imolubleCr(ili); hydroxylamtneis usedu the reducingsilent
inthisexample,Thisreductionisdoneto decreasethe I_l'aibtliW andmobtllwof chromiumfrom
the8rout,endto avoidr_ycie of chromiumwiththerecycledNtOH,

Followingthereductionstep,a portionof theslurryisclarifiedto producetheNaOH streamto
be recycled,The removedsolidsarecombinedwiththeremainderof theslurry,andcementand fly
ashareaddedto form thegroutLL.Wform(thatcontainsSM Ha), ThegrouttechnolotilYdevelop-
menteffort hu notyet examinedtheseparticularconditions,but satisfactorygroutscontaintnll
5 M Ha andseveral-molarhydroxidehavebeenprepared, If necessaryfor preparationof a suitable
wasteform,a portionof theNaOH couldpresumablybeconvertedto Nz2SO4 (or othersalt) before
8routingwithoutaffectingthe5 M Ha in groutusumptionof thisfiowsheet.

TherecycledNaOH streamis expectedto containothersolublesalts. Thisshouldnotpresent
significantproblemsbecause- 5 timesasmuchNaOHgoesto groutas is recycled,whichshould
preventappreciablebuild-upof anycontaminantin the recycledNaOH.

3.5 Treatment of HLW Streams

The process steps discussed in Sections 3,2 and 3.3 result in the generationof six acidic strean_,_
containing (partially)separatedradtonuclidesthatare to be disposed of in HLW glass. One ()f these
streams is a formic acid stream containingthe cesium. The other five containnitricacid; these are

• 1) theplutonium,neptunium,andthoriumstreamfromtheTBP cycle',2) theamericiumandheavy
ianthanidestreamfromtheCMPO cycleplusamertcium/lanthanideionexchange',3) the technetium
streamfromtheCE cycleplusstrontium/bariumionexchange;4) thestrontiumstreamfrom theCE

' cycleplusstrontium/bariumionexchange;and5) thetechnetiumstreamfromtheanionexchange
cycle.
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mtltu _ prtiunlbly h _ ioth HLW liul _tter wtt_t _rther trnt_m, NI
t_ tt _ iikely IO_ _irable _ of _ir diiulenus_ _0 the e_ie Nows_ IMl_
__ to ¢ollmm_e and_ly dlhitrlitt titiml¢_ i,ld to ill¢oveft_ HN_ LndNO_
_ili_ _ _ oplraiionii.,T.ne_ shownin PirJr. )_19outlim t_ sl_. _ lils¢_
irl¢i_ for_ lhe miilrriili ii_ off durtnlloptrll_ or i_ nwllerl_If

' _ XNO__lCdnll __ m flrsl_riil_ by ev_mton; thi| cmlcenlrationst_
_ m i v_ _t volmm in _ to avoidthe_ibiiily of _tpim_ or strontium

nltrll, in _ rvipmalor_ _ _ity of orlini¢ czmtplefzinili_,'e_ (_A _ UDTA) presemin
tit. _ium, tm__rium,_ N_i_ _ solut_ m.i_ _ to _ _ed ,o _ the
!IXX).ciM_ objecllvl If w__ _lellim ___ _ _ i_¢ur in thesimple¢o_itlom
_ii_ In FLlPire), 19, _ hyd_ peroxm (plul _yst) _Id bit_ to theev_mor to
il'¢i _ eittfll of diilry¢l_; _ lvipofttoir t_14tonlate theft_tmed by reiict_ with sujar.
ill _il i w_ IM _ KM in t_ ¢atum wlulm_

e_M _ dePat_ lolmm, wh_ _M _y - )'Jl of _ HlO L_ - I0_ or
HN_ li',il ell prtNm in the_ M_, _ emirs lhellm mlter_ The _k _iter offiu

s¢_ with N_X __ to _l thecordlmedX|O iM HNO_ (_ a _rtlon of the NO,_
evolved_ _ _ nitralll); _ __ will idso_e lh_ poriionlof the c_i_ and
!_iultl _ vol_ilm _ _ _ller_ 1_i| _rtlb_r solmlonis irldicatedto I_ _IKI to tl_

Iltcq or Nitric Add and Wst,r

In thlt nin,_ll flowshitt, whirs the wutml containlarst quantitiesof _ium _ w_re
r_y©ladN_H is _ to cilutr,Jile lftcul i¢idl, _©ii_ of HN_ is _ _ in o_r to
minlmitmthe i__ in LLW diiposidvol_ nlsuIti_ _ protmi_ thewltltl Howevvr.
recycli_ of HN_ is i_l_ in tbe flowsheslto minimi_ the relNN of nitratedolt_tion pr_ucts
to the itrr,_phem, Iod__ tl_l loadon theciil¢inltionandNO, dutmction_raliohi, and1¢_
incrlii_ thevididilyof thil llowshel4for WUlel hiivi_ lowerratiolo( _ium saltsto inloluble
hydroxideiludles_ SimilMly, _yclinil of'H20 is i_l_ed to minimi_ thequanlilyor it lhel must
bedisposedof in LLW, or disdm'led to the ilmoiphere_

FiiPtre3_20_ws i flowdittrtm for Iili _overy of HN_ fromtbeover_ strelrrmof
I_ic iwllpomo_ _ from theit_ NO, strtmmtnmultinifromdenttrattonor twoliquidstreltn_
andfrom_¢inalion of thepurifladurimllmlproduct°_ streiml are¢Ol11_tedin ii suitable
absorberto ¢onvefltheNO_to HNO); oxyien (O2)_ hydroilenp_mxide(H_O2) ire addedm aid
in that¢onverllon.The l_ effluenlfrom thil lbtorber isdt_haried to the litmosphere;
proudly theaheorherefficiencywill be hiih erv'_ih IN..4theeffiuenlwill _t NO_dischirlte
limits,_herwite i residualNOt d_tmi:tion slip w_td _ required,Tie liquid HNO) stretm rr,m
theNO, Ibs,)rberfes_lla frictionaldistillationcolumnwberetheHNO) is fra¢liO_ledintott

' c(_ncenlrited(12 _ _lom, i _iullonl anda dilute( -0_00_ _ overhetdlstre_. I_.othof whichire
r.ycl_ t,__hepro,m0
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The quantityof HNO3 recovered from the acid fractionatoru 12 M HNO3 (5.8 x i()_ mole) is
only -80% of theHNO:_inputsto thestepsdiscussedin Sections3,1 through3,3, Thus,a net
systemadditionof - 1,5x 1_ moleHNO3 will be requiredto processtheSSTwasteaccordingto
theexampleflowsheetpresentedhere. ThisaddedHNO3 is effectivelyconvertedto NaNO3 by part
of theNaOHpr_ent in the$$T wute, givinga smallincreaseinthe totalnitratecontentof thewaste
to becalcined,

i

A detailedwaterbalanceha notbeenperformedfor theexampleflowsheet,However,because
the$$T wastescurrentlycontain.,-4 x 107L H20, andthegroutLLW formresultingfrompro-
cessingthesewastesby theexampleflowsheetcontains3,1 x !08L HzO, anoverallnet inputof
- 2_7x 10a L H20 is requiredto pr_ess the$$T wastes, Waterrecyclecanbeemployedto mini-
size wateradditionsin excessof therequiredamount, in thisregard,thevolumeof waterusedin
thestepsoutlinedin Figurf.3 2 (wasteretrievalanddissolution,causticleach,andsolidswashing)is
notedto bethesameasthevolumeof waterpresentinbasicevaporatoroverheads(Figures3.12 and
3,17), It is alsonotedthatthe totalvolumeof waterrequiredin thedissolution(Figure3,3) and
strontiumstripping(Figure3,9) operationsis the sameas thetotalvolumepresentin theslightly
acidicevaporatorandfractionatoroverheads(Figures3,6 and3,20), Thus,reasonablerecycling
routesdo exist for the recoveredcondensates.

It is possiblethatsomeexcesswaterwill requiredisposaldurtn8processing,becauseof
variabilitiesin waterinputsanddisposalovertime, It isassumedfor this_xamplethatanyexcess
waterwill be disposedof by evaporationto theatmosphereratherthanby incorporationin grout,
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4.0 Results of Flowsheet Implementation

Resultsof tmplementtn8theexampleflowsheetcannow beestimatedin thrH importantareu_
i) the quantity of HLW, 2) the quantityof LLW, and3) the radionuclide contentof the LLW. These

. estimates are discussed here.

• 4.1 Quantity of HLW Glass

The minimumquantityof glass requiredto containeach radionucltdeseparated from the $ST
waste can be calculatedfrom the data presentedin Section 2.3.1; results of such calculations are
summarizedin Table 4. I (alo_ with those for the DST plus SST wastes). The total of these separate
considerationsfor both wastes is - 1100canisters; it is highly likely that fewer canisters will suffice
because of component compatibilttles. For example, strontiumand technetiumwould not behave
similarly in glass, so their individualqu_tity requirementsshould not be additive. Thus, it is highly
likely thatthe total number of HLW glass canisters required for the separated radtonucltdeswill be
below the l_ister goal of the clean option, which is a 12.fold reduction in the numberi_icated
in the currentreferencecase.

However, as has been discussed in earlier sections, the numberof HLW glass canisters resulting
from implementationof thecleanoption could well be definedby thecompletenessof dissolutionof
thesludgeco_nents rathert_ by thenumberof canistersrequiredto acco_ate the
radionuclides,Unlesstheundissolvedmaterial(or a blendof theundissolvedmaterialwithother
processwute strezn',s)meetsClassA LLW criteria,it mustbedisposedof in theHLW. In orderto
achievethe1000_anisterobjective,theundissolvedmaterialmustcontain< --2% of thealuminum,
< - 1%of thechromium,and < --0,1% of thesodiumpresentin SST wastes(Table2.3). Much
experimentaltestingmustbedonewithvariousHanfordwastesludgesbeforetheprobabilityof
achievingthe1000-canisterobjectivecanbeassessed.Result,;of the preliminarytestingconductedto
datearequiteencouraging,aswasdiscussedin Section3.1.

Whilethebasesof thisstudyincludethecurrentHWVP basesfor feedandglasscomposition,it
shouldbepointedout thatdecreasedHLW glassvolumescouldresultfromchangesin the liquidffed
ceramicmelterdesign(aswell asfromthechangesin processchemistrythatare the thrust of this
repon). A melterdesignedto operateat a highertemperaturecouldproduce81asswitha higher
wasteloading,andincorporationof a bottomdrainfordischargeof accumulatedinsolublesfrom the
meltercouldleadto markedreductionsin the canisterrequirement.

. 4.2 LLW Grout Quantity Considerations

This section first presentsestimatesof the volume of LLW groutproduced by processing with
. the example fiowsheet both a) SST wastes alone and b) combined DST and SST wastes, and compares

the volumefor the combined waste case with thatof a recent referencecase estimate. The effect
(actually, the lack of an effect) of process chemical additionson the LLWvolume is thendiscussed_
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Table 4,1. Number of HLW Canisters Required for Radionuclides
Separated from Wastes

Numberof HLW Gl_j,,Canisters Reauired!a!

WastcCom_nent SST Wastes Only DST_ SST_Wastes

Cesium <1 x 10 lib) < i x l0 t(b)

Heavy _thanides <5 x l01 < 5 x 101

Strontium 5 x 102 5 x 102 "

Technetium 1 x 102 5 x 102

Thorium 1 x 102 1 x 102

Transuranics < 5 x l0 t < 5 x 10l

(a) Consideringeachcomponentseparately;basedon 1650kgglass/
anister,the quantitiespresentin the wastes,andthe allowed
concentrationsinglass(Table2.5),

_) Heat loadingcomiderationswouldrequirea highernumberof
_isters,

4.2.1 LLW Volume Comparison

The volume of LLW grout resultingfrom processing the SST wastes is 4.6 x 108 L (4.6 x
105 m3), as shown in Figure 3.18. This volume is defined almost exclusively by the chemicals that
are present in the existing waste ratherthanby the chemicals used in processing the wastes, as will be
discussed in Section 4.2.2. This volume is based on a sodium concentrationin the grout of 5 _, as
was diseased in Section 2.3.2. It should also be mentioned again here that compositional envelopes
of suitable grouts have not yet been defined, as was discussed in Section 2,3.2.

The quantity of sodium in the DST wastes is --.36% of that in the SST wastes. Thus, the
volume of grout resulting from processing both DST and SST wastes should be -- 36% higher than
the volume resulting from processing only SST wastes, or --6.3 x 105m3. This volume is less than
half of that indicated in the cited reference case', it would require 121 grout vaults of the size
currently envisioned (each holding 5200 m3 of grout).

This lower LLW volume that results from use of the example clean option flowsheet is not
unique to that flowsh_t, It can be achieved by any flowsheet that uses the philosophy of recovering
and recycling water and key chemicals (especially NaOH) added during processing of the waste.
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4.2.2 Effect of Process Chemical Additions on LLW Volume

The processes described in Section 3.0 involve the use of many process chemicals (in addition to
nitric acid and water) to accomplish the desired results. However, only a portion of the components
of those chemicals will end up in the final LLW waste form, because of conversion to volatile com-
pounds (water and gases) before the waste is finally disposed of. Furthermore, the only nonvolatile
components whose additions are likely to have any impact at all on the final LLW grout volume are
those that increase the quantity of a grout volume-controlling component, which appears to be sodium
in mixtures such as the components of Hartford tank wastes.

Numerous process chemicals used in th¢;example flowsheet will be convened to volatile
compounds, and thus will not be present in the LLW, Organic chemicals that fall into this category
are organic complexing agents (e.g., oxalate, DTPA, and EDTA) used to achieve sludge dissolution,
to prevent extraction of unwanted components, and to facilitate some special separations, and sugar
and formic acid used in denitration reactions. Inorganic chemicals that behave in this manner are

hydroxylamine (NH2OH) and hydrogen peroxide (H202).

Numerous other process chemicals will be convened to materials that will be included in the
final LLW waste form. Table 4.2 lists these components, compares the added quantities with those
that are already present in the SST wastes (Table 2. l), and compares the mole ratios (relative to the
initial sodium content) of the initial SST waste and the LLW after processing. With sodium being the
grout volume-controlling component of these wastes, these data indicate that the LLW grout resulting
from the processing steps of the example flowsheet would have a volume only 0.4% greater than if
the tank wastes had been grouted without treatment.

Table 4.2. Additions to LLW Caused by Processing SST Wastes

Added to LLW

Initially During M_oleper Mole Na in SST

Present in Processing, Added, % In LLW After

SST, Mole MoJe _ of Initial In SST Processing_

Na 2.25 x 109 1.0 x 107(a) 0.4 1.000 1.004

PO4 9.20 x 107 8 x 107 .-90 0.041 0.076

Al 9.05 x 107 I. 1 x l07 12 0.040 0.045

F 4.24 x l07 4.5 x l06 l l 0.019 0.021

. SO4 1.72 x l07 1,4 x l06 8 0.0076 0.0083

Zn -- 1.4 x 106 .... 0.0006

(a) An additional 7.5 x 108 mole Na is used in processing, but does not add to the LLW
, because recycle NaOH is used.
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The only large addition to the LLW, relative to the amount initially present in the SST waste, is
phosphate. Phosphorus is added to the waste intentionally (e.g., HEDPA and APM) and as a result
of both dissolutionand entrainmentof phosphorus-containingextractants(e.g., TBP and CMPO) in
the aqueousphases leaving the solvent extractioncontactors. The dissolutionand entrainmentaddi-.
tions are much largerthan the intentionaladditions;assuming TBP and CMPO solubilities of 0.1 g/L
and entrainmentamountingto 10.3 L of solvent per liter of aqueoussolution, the example flowsheet
would result in the additionof ~ 8 x 107mole phosphorusto the waste. Assuming that all of this
phosphorus is converted to phosphate in waste evaporationand/or calcination steps, the amountadded
to the waste by the indicatedprocessing would be -90% of that alreadypresent in the waste
(Table 4.2). This is not surprisingsince most of the waste resultedfrom processes employing
phosphorus-containingextractants. However, even this large increase in the phosphatecontentof the
waste should have no effect on the volume of LLW grout resulting from SST waste processing,
because the amount of phosphate will still be small relative to sodium (0.076 mole per mole).

The major use of nonvolatile materials for the fiowsheet operations is in compounds of sodium
(e.g., NaOH, Na2CO 3, NaNO 2, NaaDTPA, NaaEDTA). Most of this usage involves NaOH in the
caustic leach step, in partial neutralization and adjustment of DTPA and EDTA solutions to the pH
values needed for proper separations, and in ion exchange column washes. Because recycle NaOH is
used for these operations, no sodium addition to the waste will result. Sodium used in the Na2CO3
solutions used for solvent washing and in the NaNO2 solution used for neptunium oxidation will be
added to the waste; this quantity is listed in Table 4.2.

Sulfate is added to the LLW as a residue from the oxidation of some of the spent ion exchange
resins used in the processing. The resins commonly used for the band displacement cation exchange
separations of americium and of strontium are sulfonated polystyrenes, which will yield sulfate when
oxidized. This is not the case with the resins used for the basic-side removals of cesium, barium, and
technetium. The added sulfate value listed in Table 4,") assumes that the contribution from the resin
used for strontium separation is the same as the contribution from the resin used for americium
separation, which was estimated from the resin usage estimate given by Wheelwright et al. (1974) for
a process involving recovery of curium from power reactor fuel wastes. Thus, the sulfate value listed
here is likely a conservative (high) one.

Fluoride is used in the example flowsheet to assist in sludge dissolution, and aluminum is added
later to minimize fluoride-enhanced corrosion during acidic waste evaporation and denitration.
Neither addition is large relative to the initial SST contents, and the total quantities are small relative
to sodium. Zinc and molybdenum are not listed as constituents of the SST waste, so the percentage
increases by use of the flowsheet cannot be given. However, the added zinc and molybdenum are
small fractions of other components.

4.3 Radionuclide Content of LLW Grout

Table 4.3 summarizes the DFs assumed to result from the separations steps described in
Section 3.0, lists the quantities and concentrations of radionuclides present in the LLW, and compares
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Tablt 4.3. Radionuclides in Clean Option LLW from SST Wastes

Concentration in Fractionof

Assumed Quantity in Average SST Class A
Radt'onuchde' Tr©a_rnentDF LLW. Ci __ LLW,.Ci/m3 ... _._kilniu_

, Clas_;A Listed

C-14 1 1.4 x 102 3 x 10-4 4 x 10.4

. Ni-63 1 3 x 105 6 X 10"1 2 X 10"1

Sr-90 104 4.5 x 103 1 x 10.2 2 x 10"1

Tc-99 102 9 x 101 2 x 10.4 7 x 10-4

1-129 101 2.4 5 x 10-6 6 x 10-4

Cs-137 104 9.5 x 102 2 x 10.3 2 x 10"3

Np-237 102 3.1 X 10"1 7 X 10.7 4 x 10.5
Pu-239 104 2.7 6 x 10-6 4 x 10-4

Am-241 104 3.6 8 x 10-6 5 x 10-4

gah.e.t
Se-79 1 1 x 101 3 x 10.5

Zr-93 1 4 x 103 9 x 10-3

Pd-107 1 3 x 101 7 x 10.5

Sn-126 1 4 x 102 I x 10.3

Sm-151 104 4 x 101 1 x 10.4

Th-232 102 1 x 10-2 '_ x 10"8

0-238 104 _ _9,,,;x10"s

3.1 x 105 6.2 x 10"1 4 x 10"1

the radionuclide concentrations in the average SST LLW with the Class A limits. The radionuclides
whose concentrations are closest to the Class A limits are Ni-63 and Sr-90, each of which is present
at --20% of the limit, on an overall average basis. As has been discussed earlier, if it is required
that each increment of the LLW grout meets the Class A standards, then higher DFs than those
indicated for Ni-63 and Sr-90 will be required when the contents of some tanks are processed,

, because of expected concentration variabilities among the tanks. Alternatively, the time of reaching
the Class A limit could be established as being a few hundred years in the future to take advantage of
the decay of these radionuclides (the half-lives of Ni-63 and Sr-90 are 100 and 29 years,

. respectively).
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In the current flowsheet, where nickel removal is not included, Ni-63 contributes nearly all of
the 0.31 MCi total radionuclide content of the SST LLW content, This total content is a factor of
---200 lower than in the untreated SST wastes. Addition of a 99% efficient nickel removal step
would decrease the total radionucltde content to 0.013 MCi, which is lower by another factor of
-.-20.

If the total DST wastes were also processed by the same flowsheet, an additional 0.025 MCi of
total radioactivity (~ 80% of it from Nt-63) would be added to the LLW inventory (and the overall
average DST LLW would contain - 35 % of the St-90 allowed by the Class A limit). Thus, the LLW
from processing the combined SST and DST wastes by the example clean option flowsheet (no Ni-63
removal) would contain --0.34 MCi. This LLW radionuclide content is a factor of -- 50 lower than
the -.-18 MCi value (with daughter activity subtracted) given in the reference case (Figure 1.1).

4.6



5.0 References

10 CFR 61. 1988. U.S, Nuclear RegulatoryCommission, "Licensing Requirements for Land
Disposal of RadioactiveWaste." U.S, Code of Federal Regulations.

Beard, S. J., and H. L. Caudill. 1964. Technetium Recovery and Storage at B-Plant. HW-83348,
General Electric Co., Richland, Washington.

Bibler, J. P., and R. M. Wallace. 1987. Preparation and Properties of a Cesium Specific
Resorctnol- Formaldehyde Ion Exchange Resin. DPST-87-647, Savannah River Laboratory, Aiken,
South Carolina.

Bibler, N. E., J. E. Hoisington, and E. W. Holtzcheiter. 1981. Technical Data Summary
Decomposition of Oxalic Acid by the Manganese Catalyzed Nitric Acid Reaction. DPSTD-80-36,
Savannah River Laboratory, Aiken, South Carolina.

Bond, W. D. 1990. "The Thorex Process," In Science and Technology of Trtbutyl Phosphate.
W. W, Schulz, L. L. Burger, and J. D. Navratil, eds., Volume III. CRC Press, Inc., Boca Raton,
Florida.

Bray, L. A., R. J. Elovieh, and K. J. Carson. 1990. Cesium Recovery Using Savannah River
Laboratory Resorcinol-Formaldehyde Ion Exchange Resin. PNL-7273, Pacific Northwest Laboratory,
Richland, Washington.

Bray, L. A., L. F. Lust, R. L. Moore, F. P. Roberts, F. M. Smith, H. H. Van Tuyl, and
E. J. Wheelwright. 1964. "Recovery and Purification of Multikilocurie Quantities of Fission Product
Strontium by Cation Exchange." Chemical Engineering Progress Symposium Series 47, Volume 60,
pp. 9-i9.

Buck, J. W., et al. 1991. Preliminary Recommendations on the Design of the Characterization
Programfor the Hanford Site Single-Shell Tanks--A System Analysis. PNL-7573, Vol. 2, Pacific
Northwest Laboratory, Richland, Washington.

Buckingham, J. S., et al. 1967. Waste Management Technical Manual. ISO-IO0 DEL, lsochem,
Inc., Richland, Washington.

Campbell, D, O., and D. D. Lee. 1991. Treatment Options and Flowsheets for ORNL Low-Level
Liquid Waste Supernate. ORNL/TM-11800, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Delegard, C. H. 1985. Solubility of PuO2 x H20 in Alkaline Hanford High-Level Waste Solution.
RHO-RE-SA-75P, Rockwell Hanford Operations, Richland, Washington.

t

Droppo, J. G., Jr., et al. 1991. Single-Shell Tank Constituent Rankings for Use in Preparing Waste
Characterization Plans. PNL-7572, Pacific Northwest Laboratory, Richland, Washington.

5,1



Faubel, W., and S. A. All. 1986. "Separation of Cesium from Acid ILW-PUREXSolutions by
Sorption on Inorganic Ion Exchangers." Radiochtmlca Acta 40:49.56.

General Electric. 1964. Quarterly Progress Report. A Study of Tungsten-Technetium Alloys,
April I, 1964. July 1, 1964. HW-83550, GeneralElectricCo,, Richland, Washington.

Grygiel, M. L., et al. 1991. Tank Waste Disposal Program Redefinition. WHC-EP-tM75, Rev. 0,
Westinghouse HanfordCompany, Richland, Washington.

Horwitz, E. P. 1993, "Combining ExtractantSystems for the Simultaneous Extraction of
Transuranic Elements and Selected Fission Products." In Proceedings of the First Hanford Separation
Science Workshop, July 23-25, 1991, Rtchland,Washington. PNL-SA-21775, Pacific Northwest
Laboratory, Richland, Washington.

Horwitz, E. P., M. L, Dietz, and D. E. Fisher. 1991, "SREX. A New Process for the Extraction
and Recovery of Strontiumfrom Acidic Nuclear Waste Streams," Solvent Extraction and Ion
Exchange 9:1-25.

Horwitz, E. P., H. Diamond, R. C. Oatrone, K. L. Nash, and P. G. Rickert. 1990. "TUCS: A
New Class of AqueousComplexing Agents for Use in Solvent ExtractionProcesses," Presentedat
the InternationalSolvent ExtractionConference, ISEC-90, July 20, 1990, Kyoto, japan.

Horwitz, E. P., D. G, Kalina, H. Diamond, G. F. Vandegrift, and W, W. Schulz. 1985, "The
TRUEX Process - A Process for the Extractionof the TransuranicElements from Nitric Acid Wastes
Utilizing Modified PUREX Solvent." Solvent Extraction and Ion Exchange 3:75-109.

Jantzen,C. M. 1990. "Formation of Zeolite During Caustic Dissolution of Fiberglass: Implications
for Studies of the Kaolinite-to-Mullite Transformation." J. Am. Ceram, Soc, 73(12): 3708-3711.

Koch, G. 1969. Recovery of By-Product Acttnides from Power Reactor Fuels. KFK-976,
Gesellschaft fur Kernforschung,Karlsruhe, Germany.

Kolarik, Z. 1991. Separation of Actinides and Long.Lived Fission Products from High-Level
Radioactive Waste (A Review). KfK 4945, KernforschungszentrumKarlsruhe, Karlsruhe,Germany.

Lumetta, G. J., andJ. L. Swanson. 1993. Pretreatment of Plutonium Finishing Plant (PFP) Sludge:
Report for the Period October 1990-March 1992. PNL-8601, Pacific Northwest Laboratory,
Richland,Washington,

Lumetta, G. J., M, J. Wagner, N. G, Colton, and E, O. Jones, 1993. Underground Storage Tank
Integrated Demonstration, Evaluation of Pretreatment Options for Hanford Tank Wastes. PNL-8537,
Pacific Northwest Laboratory, Rtchland, Washington.

Marsh, S. F., and S. J. Yarbro, 1988. Comparative Evaluation of DHDECMP and CMPO as
Extractants for Recovering Acttnides from Nitric Acid Waste Streams, LA-11191, Los Alamos
National Laboratory, Los Alamos, New Mexico.

5.2



Roberts, F. P,, F. M. Smith, and E. J. Wheelwright. 1963. Recovery of Technetium from Hanford
Waste. HW-SA.2851, General Electric Co., Richland, Wuhington.

Schulz, W. W. 1980, Removal of Radtonucltdes from Hanford Defense Waste Solutions.
RHO-SA-51, Rockwell HartfordOperations,Richland, Washington.

' Smith,H. D.,D.B.Mackey,K. H,Pool,andE.B,Schwenk.1992."CorrosionResistanceof
StainlessSteelsandHighNi-CrAlloystoAcidFluorideWastes."InProceedingsoftheThird
International Conference on High Level Radioactive Waste Management, April 12-16, 1992,
Las Vegas, Nevada,

Straalsund,J. L., J. L. Swanson, E, (3, Baker, J. J. Holmes, E. O, Jones and W. L. Kuhn. 1992.
Clean Option: An Alternative Strategy for Hanford Tank Waste Remedtatton, Volume 1. Overview,
PNL-8388 Vol, 1, Pacific NorthwestLaboratory,Richland, Washington,

Thompson,G.H.,E.L.Childs,R.L.Kochen,R,J.Schmunk,C.M. Smith,1979.Actinlde
RecoveryfromCombustibleWaste:TheCe(IV)-HNOjSystemFinalReport,RFP-2907,RockyFlats
Plant,Golden,Colorado.

U.S. Departmentof Energy (DOE), 1987. Final Environmental Impact Statement. Disposal of
Hanford Defense High.Level, Transurantc, and Tank Wastes, DOE/EIS-O113,Rlchland,Washington.

Vialard, E., and M. Oermain. 1986, "TechnetiumBehaviorControl in the Purex Process." ISEC
'86 InternationalSolvent ExtractionConferencePreprints,p, 1-137. DECHEMA, Frankfurtam
Main, Germany.

Wheelwright, E. J., L. A. Bray, H. H, Van Tuyl, and H. T, Fullam. 1974. Flowsheetfor Recovery
of Curium from Power Reactor Fuel Reprocesstng Waste. BNWL-1831, Pacific Northwest
Laboratory, Richland, Washington.

5.3



PNLo8388Vol_2
l)C-721

Distribution

No.or No.or
Coplm Coplm

. OI_SlllG D. J, Chaiko
Arso_ NationalLa_ralory

12 DOE/Officeof Scientific_ T_hnical 97_ SouthCut Avenue
, information Argon, IL 60439

J, C, Tsen8 O.R. Choppin
U,S. Departmentof E_rgy Departmentof Chemintry, B.I_
EM-36, Trevton Ii BIds, FloridaSlate UnlverJtty
12800 MtddlebrookRoad Tall_aee, FL 323_
Gemmntown, MD 20874

E. D, Collins

M, Attrep, Jr, OakRldte National Laboratory
Los A!amos NationalLaboratory P,O, Box 2008, MS-6385
P,O, Box 1663 Oak Ridge, TN 37831-6223
SM30, MS-J514
LosAlamoi, PM 87545 M, Cool_l

Lawrence Livem',oreNational Laboratory
J. T. Bell P.O. Box 808, MS L-352

Ozk Ridge National Laboratory Ltvermore,CA 94550
Bldg. 4501, MS-6223
P,O, Box 2008 H, J, Dewey
Oak Ridge, TN 3783!-6223 Los Alamoi National Laboratory

P,O, Box 1_3
A. L.Blancett TA3, SM30, MS-H854
Westinghouse SavannahRiverCompany Los Alamos, NM 87545
SavannahRiver Technology Center
Aiken, SC 29808 T, Fryberger

U,S, Departmentof Energy
W, D, Bond Trevion I! BId8,
Oak Ridge NationalLaboratory 12800 MlddlebrookRoad
P.O, Box 2008, MS-6385 Germantown, MD 20874
Oak Ridge, TN 37831-6223

S, M, Gibson
N+E. Brown U.S, Departmentof Energy
Sandia National Laboratory Trevion I1Bldg.

* Albuquerque, NM 87185 12800 MiddlebrookRoad
Germantown,MD 20874

D, O, Campbell)

102 WindhamRoad
Oak Ridge, TN 37830

Distr.1



PNL-R38MVol,2
tlC-721

No, of No, of
Coplu

M, T_ _rdon O, F V_eirtft
_nt of Ecoloiy Arion.mNationalLa_rato_
P. O. Box47_ Butldlnll205 It

Oly_la, WA 98_-7_ 9700 SouthCut Avenue
Arilou, IL _39

B. P, Ho_itz
Arllo_ NatloMi Laboratory S. M, Wolf
9700 SouthCast Avenue U,S, Departmentof Er,erllY
Arllom, IL _39 BM-542, TrevtonII Bidg,

12_ Mtddlebr_k Ro_
A. L. Olmn Oe_town, MD 208?4
Wuttnll_ I_ Nu¢I_ Corn_y
P,O, Box4(XX) S, L, Yarbro
IdahoFalil, ID 8_15 Lot AlmostNationalLaboratory

P,O, Box i663
D. A, O_ MS-ESOI
124 Vtvlon Dr. LosAlamo=t,NM 87545
Atken,$C 29803

ONS
D, O, Provost
Departmentof Ecology 3 _E RtchlandO_mio_ - O_ce
P. O, Box 47_

Olympia, WA 98504-7_ S, T, Burnum,R3-74
P, E. Ltmont, R3-74

W, W, $¢hulz J, C, Puchong, R3.74
7200 MontgomeryBird, N,E,
Box 127 17 WelttnehouseHanfgrdCon_anv
Albuquerque,NM 87109

J, N. Appel,$4.58
K W. Thoma_ S, A,Barker,S4-55
Los Alamos NationalLaboratory K, D, Boomer,H5-49
P.O, Box 1563,MS-JSI4 A, L Boldt,RI-20
LosAlamos,NM 87545 S. A, Colby, L5-31

R G, Cowan,L5-31
M, C, Thompson ,_, L, Oilchrlst, L5.63
Westinghouse SavannahRiver Company H, D, Harmon, R2.52
SavannahRiver Technology Center J, J, Holmes, L5-55
Aiken, SC 29808 G, Jansen, Jr., LO-14 '

B. J, Knutson,LO-14
T, A. Todd M, J. Kupfer,H5-49
Westinghouse Idaho Nuclear Company W, C, Miller, $4-55
P,O, Box4000 D, J, Newland,BI-58
Idaho Falls, ID 83415 R, M, Orme, $4-58

Distr,2



PNL,_83HHVol,2
UC-721

No. of No. of
Coptm, Copiu

J_P. Sl_ilhter,T6-07 L, L.tverh_n, P8.38
J, A, V_lld, H5-49 O, J, Lumetta, F7.25

O. B. MelllnBer,KI.78
' 60 _!flc Northwemt_ralory_ R.J.Orth,P8.38

R.K.Qulnn,_-SO
E. G. _er, P8-38 L.J. Sea!ock, Jr., K2.!O

II

L, A, Bray, PT.2S E, A, Schmle_, K8-37
(3. H, Bryn, _-2S L. J, Silva, P8-38
C, D,Carlson,PT.2S L.J,Snowden-Sw_,P8-38
N. (3, Colton, P8-38 R D, Scheele, PT-2S
R+J, Hall, K8.28 J, D+Spencer,KI.40
M. S, H_n, KI.$1 J, L, Struiaund (i0), KI.79
L, K, Hoiton, P7-43 J, L, Swtmon (20), P7-25
B.M, Johnlon,KI.78 W. (3.Richmond,P7.41
B. O, Jonu, P8-38 Publbhin8Coordination
W, L, Kulm,P8-38 TechnicalReportFiles(S)
D E. Kurath, P'/43

P

Distr,3






