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Summary

Among radioactive constituents present in the Hanford tank waste, technetium-99 (Tc) presents a unique
challenge in that it is significantly radiotoxic, exists predominantly in the liquid low-activity waste
(LAW), and has proven difficult to effectively stabilize in a waste form for ultimate disposal (see

Figure S-1). Within the Hanford Tank Waste Treatment and Immobilization Plant, the LAW fraction will
be converted to a glass waste form in the LAW vitrification facility but a significant fraction of Tc
volatilizes at the high glass-melting temperatures and is captured in the off-gas treatment system. This
necessitates recycle of the off-gas condensate solution to the LAW glass melter feed. The recycle process
is effective in increasing the loading of Tc in the immobilized LAW (ILAW), but it also
disproportionately increases the sulfur and halides in the LAW melter feed, which have limited solubility
in the LAW glass and thus significantly reduce the amount of LAW (glass waste loading) that can be
vitrified and still maintain good waste form properties. This increases both the amount of LAW glass and
either the duration of the LAW vitrification mission or requires the need for supplemental LAW treatment
capacity.

Baseline Tank Waste Treatment
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Figure S-1. Tank waste treatment flowsheet: baseline case.

Several options are being considered to address this issue. Two approaches attempt to minimize the
off-gas recycle by removing Tc at one of several possible points within the tank waste processing
flowsheet as depicted in Figure S-2 for when full WTP operations are ongoing and in Figure S-3 when
only the DFLAW operations are active. The separated Tc from these two approaches must then be
dispositioned in a manner such that the Tc can be safely disposed. Alternative waste forms that do not
have the Tc volatility issues associated with the vitrification process are being sought for immobilization
of Tc for subsequent storage and disposal. In 2014, a literature survey was conducted to review the waste
forms that have been or are being developed for immobilization of Tc and these are summarized in the
report Technetium Immobilization Forms Literature Survey (PNNL-23329) (Westsik et al. 2014). The
purpose of our report is to assess the compatibility of removing Tc at locations shown in Figure S-2 when
WTP is in full operations and Figure S-3 during DFLAW operations with the candidate Tc-specific waste
forms (designated by the “Tc immobilization* boxes in the two figures).
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Figure S-2. Technetium Flowsheet: Identification of Tc removal points.
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Figure S-3. Technetium Flowsheet: Direct Feed Phase Portion of Overall WTP Mission

The first objective of this report is to provide insights into the compositions and volumes of the Tc
bearing waste streams including the ion exchange eluate from processing LAW and the off-gas
condensate from the melter. The first step to be assessed will be the processing of ion exchange eluate.
Elutable SuperLig 639 resin has been tested extensively for separation of Tc from LAW and is currently
the most mature technology for removal of Tc from LAW (McCabe at al. 2012). In this survey, it is
assumed that the chemical form of Tc in both the SuperLig 639 eluate and the WTP off-gas condensates
and flush waters is TcO,. Assuming that between 22,000 and 30,000 liters of SuperLig 639 resin
recycled 50 times can treat the entire 550 million liters of Hanford tank waste that will be retrieved by the



end of the WTP mission® and 17 bed volumes (the volume needed in small-scale tests see Burgeson et al.
20044,b) are needed to elute Tc from the loaded SuperLig 639 resin, the total volume of Tc eluate is
estimated between 18.7 and 25.5 million liters. Therefore further concentration and purification of this Tc
eluate may be required before the Tc is stabilized in a Tc-specific waste form.

During the DFLAW phase of the WTP mission, two liquid waste streams that capture volatile
constituents from LAW melting operations, including Tc, are generated. The off-gas waste stream
captured in the Effluent Management Facility (EMF) facility during DFLAW contains ~9040 Ci of Tc
with the bulk ~7690 Ci of Tc destined for recycling back to the LAW melters and ~1350 Ci sent back to
DSTs. The waste stream sent back to DSTs is concentrated in dissolved salts. The predicted Na
concentration is 4.91 M, similar to concentrations currently found in the DSTs. The larger portion of
EMF concentrated off-gas liquid waste, which is sent back to the LAW melters, is only concentrated up to
a Na concentration of 1.92 M. In either case should the EMF concentrated off-gas liquid wastes have Tc
removed prior to recycling to the DSTs or to the LAW melters, the relatively high ionic strength would
need to be considered. For example direct removal of Tc by traditional anion exchange resins might be
challenging given the high ionic strength; however use of SuperLig 639 should be realistic for the
concentrated portion currently planned to recycle back to the DSTs.

The HLW WTP facility returns ~66.5 million liters of off-gas captured liquid waste to the WTP PT
facility over WTP mission Phases 3 and 42 but the Tc content in this waste stream is very low (~2.75 Ci).
The LAW melter facility returns ~440 million liters of off-gas captured liquid waste to the WTP PT
facility over Phases 3 and 4 and the projected Tc content is substantial (~9270 Ci). The chemical
composition of the LAW off-gas liquid waste stream is dominated by fluoride, chloride and sodium with
a total ionic strength of about 0.08 M. It would make sense to separate Tc from this off-gas liquid waste
stream within the WTP PT facility perhaps using standard ion exchange resins (discussed in Section 5) or
some reducing-sorbent process such as using Sn(ll)-apatite or Fe(ll)-ferric hydrous oxides, however
Cr(VII) concentration in the off-gas liquid waste streams is about 54 times higher than Tc and thus will
compete for reductants. Taylor-Pashow et al. (2014a) used Sn(I1)Cl, coupled with hydroxyapatite sorbent
in a reductive-sorbent precipitation process to remove Tc from an off-gas liquid waste simulant. They
found this process was very effective at neutral pH exhibiting Tc Decontamination Factor (DF) > 577.
The process was less effective when the off-gas simulant was adjusted to an alkaline pH = 12; where the
DF for Tc was reduced to 3.4-3.6. It was also observed that the chromium co-precipitates with the Tc
during the SnCl, reduction.

The second objective of this report is to assess the compatibility of the available waste forms with the
anticipated waste streams outlined above. Two major categories of Tc-specific waste forms are
considered in this report including mineral and metal waste forms. It appeared that none of the surveyed
Tc-specific waste forms can be fabricated using the SuperLig 639 eluate and the off-gas condensates as
Tc source streams; goethite being a potential exception, but further studies are required to verify it. Since
the primary adsorbents and precipitating agents under investigation are inorganic, they should be
compatible with the widest range of disposal options. The long-term stability of organic adsorbents or

! This volume estimate is found in the detailed “One System” excel spreadsheet that is “embedded” in Arm et al.
(2015). We used the detailed “One System” excel spreadsheet throughout this report for volume, waste composition,
and Tc inventories.

% The WTP Mission phases are defined in Section 3.0 of our report.



precipitation agents is a concern and thus such organic materials are commonly avoided. A number of
organic ion exchange media (e.g., Reillex HPQ or Purolite A530E) could also be evaluated. Disposal of
the adsorbent/precipitate stream from the Tc removal process is currently undefined but the metal alloy
and sodalite processes discussed in Sections 5 and 6 of this review are attractive possibilities. Three
potentially feasible approaches for the purification and pre-concentration of TcO, to generate the waste
stream compatible with a Tc-specific waste form are considered in this report; including ion exchange,
reductive precipitation using Sn(l1)-based materials, and reductive column separation using Fe’. A Tc
metal alloy waste form is uniquely compatible with the reductive Sn(ll) separation process, which is
currently considered for the Tc separation from the off-gas condensate (see Section 4 of this report). The
reductive Fe® column separation method is also an attractive separation technology compatible with the
Tc metal alloy waste form but further development of this technology is needed.

Overall it is concluded that a metal alloy waste form is the most promising and mature Tc-specific
waste form and offers several benefits. One obvious advantage of the disposition of Tc in the metal alloy
waste form is the significant reduction of the generated waste form volume, which leads to a reduction of
the required storage facility footprint. This advantage is explained by the fact that the total Tc currently
stored in Hanford’s tanks is approximately 26,500 Ci (Serne et al., 2014) or 1560 kg. This total Tc
inventory can be stabilized in the estimated metal alloy waste form volume of just 1 to 4 m®, depending
on the Tc loading. Other benefits of the Tc metal alloy waste form include: easy fabrication requiring few
operations, economical and readily available materials (316SS), and resistance to corrosion.

Among mineral waste forms, glass-bonded sodalite and possibly goethite should also be considered
for the immobilization of Tc; however, further testing is needed before these technologies are deployed.
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BT

BV

DF
DFLAW
DST

e-metal

EMF

ETF
HIS

HLW
HTWOS

IDF
IHLW

ILAW

IMUST
Ky

LAW
LAWPS
LERF
LLW
MUST

PA
PT

PPT
PUREX
SBS
SLAW
SRF
SS

Acronyms and Abbreviations

Breakthrough

bed volumes
decontamination factor
direct-feed LAW
double-shell tank

a metal can contain all or a mixture of Mo, Tc, Rh, Rh, and Pd in hexagonal close packed
structure

Effluent Management Facility

Effluent Treatment Facility

Interim handling facility (used to store IHLW before shipment to Federal HLW disposal
facility)

high-level waste

Hanford Tank Waste Operations Simulator (computer code for estimating waste stream
compositions and volumes)

Integrated Disposal Facility
immobilized high-level waste (glass)

immobilized low-activity waste (current baseline is glass)

inactive miscellaneous underground storage tanks

distribution coefficient (measure of SuperLig selectivity for pertechnetate ion units meqg/g
resin)
low-activity waste

Low-Activity Waste Pretreatment System
Liquid Effluent Retention Facility
low-level waste

miscellaneous underground storage tanks

Performance assessment
Pretreatment

Primary Treatment Train (existing unit operations in ETF)
Plutonium Uranium Reduction Extraction

submerged bed scrubber (part of melter off-gas treatment facilities)
Supplemental low activity waste

spherical resorcinol formaldehyde

stainless steel



STT

STU
SWRT
T Plant
TRF
TWCS
WESP
WTP

Secondary Treatment Train (proposed new ETF suite of unit operations to remove
radionuclides)

Solid treatment unit-new proposed ETF facility

Secondary Waste Receiver Tanks

Hanford facility in 200-W Area currently being used to process and store solid wastes
Tc removal facility —new proposed facility by Robbins and May (2013)

Tank Waste Characterization and Staging (facility)

wet electrostatic precipitator (part of melter off-gas treatment facilities)

Hanford Tank Waste Treatment and Immobilization Plant
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1.0 Introduction

Technetium-99 (Tc) generated from the fission of 2°U and #*Pu in high yields, is one of the most
difficult contaminants to be addressed at the U.S. Department of Energy (DOE) Hanford Site. The vast
majority of technetium is present in tank wastes. At Hanford, the inventory of Tc in the waste tanks is
estimated at 26,500 Ci, and about 1000 Ci in the sediments and soils from leaks and direct discharge
(Serne et al. 2014). Among radioactive constituents present in the tank waste, Tc presents a unique
challenge in that it is radiotoxic (B = 292 keV), has a long half-life (t, = 2.13x10° y), and exists
predominantly in the liquid fraction of the alkaline tank waste, generally in the anionic form of
pertechnetate TcO,4, which is highly volatile at low-activity waste (LAW) vitrification melter
temperatures and mobile in the subsurface environment (Deutsch et al. 2011). This makes immobilization
of Tc into high-durability waste forms a critical technical challenge for nuclear waste management. For
waste immobilization and disposal options, the solubility and leaching behavior of technetium are
relevant concerns in the performance of various waste forms.

The relatively low concentrations and complex behavior of Tc under storage, treatment, and
immobilization conditions significantly affects its management options. A significant uncertainty is
associated with the Tc incorporation into various waste forms. In the Hanford Tank Waste Treatment and
Immobilization Plant (WTP), waste is split into high-level waste (HLW) and low-activity waste (LAW)
fractions, which are melted into HLW and LAW glasses at 1150°C (most of the Tc is in the LAW). At
these temperatures, a variety of Tc species become volatile, inhibiting Tc’s incorporation into the product
glass (Darab and Smith 1996; Kim et al. 2006; Pegg 2015; Matlack et al. 2012). The Tc retention in glass
measured experimentally over a broad range of waste compositions varied between about 18% and 63%
(Matlack et al. 2012). The Tc(V11) species such as pertechnetate are especially vulnerable to
volatilization. Some additives, such as Fe(ll) oxalate, ZrO,, and sugar, show promise to enhance Tc
retention by altering the overall redox or Tc chemistry in the melt process. The Tc retention in glass
under reducing conditions can reach >90%, but average Tc retention in oxic glass forming conditions is
assumed close to 35% (Pegg 2015).

Currently during full WTP operations (when Pre-Treatment facility [PT] is available), volatilized Tc
is planned to be captured in off-gas treatment systems. in the off-gas treatment system generates Tc-laden
scrubber and water flush solutions, which are then ultimately recycled back to the glass melter after being
concentrated by an evaporator. This recycling of off-gas captured fluids also adds sulfate and halides
back into the glass melt, which limits the waste-loading of the LAW glass (McCabe et al. 2013; Nash et
al. 2014; Taylor-Pashow et al. 2014a,b, 2015). One option to avoid this issue would to be separating Tc
from the sulfur and halides in the off-gas waste stream and recycling the Tc itself to the LAW melters.
However, this type of manipulation may not always be practical or possible at WTP. In certain situations,
separating and incorporating Tc into low-temperature waste forms may be more appropriate; however, the
Tc retention mechanisms in low-temperature waste forms need to be understood, and the extent and rate
of Tc release from these low-temperature waste forms need to be assessed.

11



One option being considered is to remove the Tc at one of several possible points within the tank
waste processing flowsheet (denoted by numbered red circles in Figure 1-1)° so that the LAW melter off-
gas condensates do not need to be recycled. Technetium can be either removed from LAW prior to
subjecting it to vitrification (see Points #1, #2, and #3 in Figure 1-1) or from the off-gas liquid waste
streams (see Point #4). The separation of Tc from LAW has been previously considered within the WTP
flowsheet (McCabe et al. 2012), and the removal of the most abundant in LAW anionic Tc species, which
is present in the chemical form of pertechnetate TcO,, is successfully achieved by the elutable SuperLig®
639 resin,* the technology most developed to-date for the separation of pertechnetate from the caustic
high-in-sodium solutions typifying LAW. Technetium can be easily eluted from the loaded SuperLig 639
resin by warm water (Burgeson et al. 2004a,b). The technology for the removal of Tc from the off-gas
stream is currently being developed (McCabe et al. 2013; Taylor-Pashow et al. 2014a,b, 2015).

i HLW ’
~ Vi 1,466 Ci ¥ Tc———»
O Potential *Tc Removal Point ification

Basis: SP6 Case 1 - assumes 2™ LAW melter
N\ Caustic
4
O—= 388 wesp. Scrubber
; A ;

LAW Vitrification & Recycle Y
~5,800 Ci *Tc LERF/

ETF
WTP - LAW
Pretreamnt] 7| Vitrification ~47 Gi*Tc
Tank Farm o (R
~26,400 G [T 18,800 Ci "Te—(2 }—; —ema | :
' Supplemental Supplemental
N -) -------- @ ------- >

Figure 1-1. Tc Activities and Potential Removal Points in Simplified WTP Flow Chart, after Thien et
al. (2015); see Acronyms and Abbreviations for definitions of the terms found in this
figure.

Impacts of Tc removal from agueous waste streams on WTP flowsheet have been previously
reviewed (Brown et al. 2014). The major benefits include elimination of a key risk contributor for the
Integrated Disposal Facility (IDF) performance assessment (PA) for supplemental waste forms and
potential reduction of overall treatment and waste disposal costs due to minimization of the off-gas
recycle. If Tcis removed from LAW prior to its vitrification using an elutable ion exchange resin
(SuperLig 639) or from off-gas concentrate, a Tc-concentrated stream is generated that will require

® Note that Figure 1-1 is a simplified version of the WTP flow sheet and has been superseded. The current flow
sheet with volumes of liquid waste, Tc inventory, and waste composition as a function of time are discussed in
Section 2.

*The SuperLig® 639 technology is based on ion pair extraction in which the Na* ion is complexed by a macro-
cyclic ligand and TcQOy is co-transported with it as the counter anion (driven by the relatively low hydration energy
for TcOy).
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disposal. One disposal pathway is through HLW vitrification. It will require component concentration
through evaporation and slight changes in the flowsheet and facility operations associated with a need for
a new path for routing of the concentrated Tc stream to HLW facility and adding it to the HLW stream.
Impacts on HLW will need to be evaluated. Alternatively, the Tc concentrate can be immobilized in a Tc-
specific waste form and either sent to IDF or sent off-site for disposal (Figure 1-2). However, currently
there is insufficient information to support the selection of a preferred method of disposing the Tc
concentrate, and additional R&D is needed.

Cs-decontaminated

TcRemoval < ~LAW melter
(e.g., SuperLig® 639) v
Off-gas
Tc-eluate condensate

N\ y

Y
Tc stream purification/ ILAW
preconcentration

Tc-specific waste form

¥ N
Off-site disposal On-site disposal

Figure 1-2. Assumed Simplified Flowsheet Diagram

Technetium, separated either from LAW prior to its vitrification using SuperLig 639 resin or removal
of Tc from off-gas and scrubber condensates and wet electrostatic precipitator (WESP) flushes by various
processes, can then be dispositioned in a waste form specifically designed to immobilize the Tc. Previous
work was focused on the identification of candidate Tc immobilization technologies. The report
Technetium Immobilization Forms Literature Survey (PNNL-23329) (Westsik et al., 2014) describes
Tc-specific waste forms that have been or are being developed for immobilization of Tc. The advantages
and disadvantages of these options are briefly summarized in Table 1-1. Based on the results of their Tc
waste forms literature survey and understanding of currently funded research, the Technetium
Management Program project team identified metal alloys and sodalite as two waste forms for continued
development for immobilization of the separated Tc. Sodalite waste form development as described in
the literature indicates that other common anions in the eluate from the Tc separation processes could
compete with TcO, for immobilization sites in the sodalite waste form structure. The metal alloys also
require purification and reduction of Tc to forms that can be readily incorporated into the alloy.

The current study is focused on conducting a literature review to provide insights into the
compositions and volumes of the potential WTP waste streams, including the SuperLig 639 eluate and the
off-gas condensate/flush waters generated during LAW vitrification. The information obtained from this
review is used to examine the compatibilities of these waste streams with Tc-specific waste forms and
operations required for Tc immobilization in the candidate waste forms.
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Table 1-1.

Summary of Tc-Specific Waste Form Options for Separated Tc (Westsik et al. 2014)

Waste
Form Advantages Disadvantages
e-metal Low-volume waste form Requires expensive and precious metal
alloys Natural analogs show essentially no to form the alloy _
migration of Tc for millions of years High-temperature melting process
Work has been done to create and Requires reduction of Tc to the metal
characterize epsilon metal alloy as a
waste form
Volatility of Tc at high temperatures
not an issue for Tc metal
Relatively mature waste form
Stainless Low-volume waste form High-temperature melting process
steel alloys Extensive characterization of Requires reduction of Tc to the metal
stainless steel alloys as a waste form Tc?
Volatility of Tc at high temperatures
not an issue for Tc metal
Relatively mature waste form
Projected lifetimes higher than ¢-
metal
Fe-Tc Iron oxyhydroxides relatively stable Other anions compete with Tc
oxides in subsurface oxic envi ronments_ Relatively immature waste form
Forms stable crystal structure with Tc . .
Potential to add protective “barrier” Product is a granular material that
0 f.n |at ?‘ath pro elctlvi arrier requires encapsulation to form the
coating to further isolate Tc final waste form
Low-temperature process
Tc-oxides Crystalline waste form Immature waste form
Silicates Crystalline waste form Immature waste form
Titanates Form crystalline ceramic structure Require high-temperature sintering in

with Tc**

an inert atmosphere

No information available regarding
effectiveness of the Tc titanate
minerals in controlling the release of
the Tc in leaching

Immature waste form
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Table 1-1. (continued)

Waste )
Form Advantages Disadvantages
Sulfides Tc sulfide species have very low o Readily oxidize in presence of oxygen
solubility to form soluble species with high
Reduce Tc oxides to TcS, mobility
Basis for effective immobilization of | ¢ Pathto forming a waste form for
Tc in grout waste forms with blast disposal is undefined
furnace slag e Immature waste form
Phosphate- Sn(l1)-treated apatites are being ¢ Relatively immature technology as a
apatites evaluated as means to enhance waste form
retention Of Tc in Cast Stone waste ° Re_oxidation Of sequestered Tc is a
form concern such that long-term stability
remains to be demonstrated
e Path to forming a final stable waste
form that contains Tc-laden Sn(ll)-
treated apatite for disposal is
undefined
Layered Developed as a separations ¢ Relatively immature technology as a
double technology for medical isotope waste form
hydroxides industry and for contaminated e LDH would likely need to be
wastewater treatment encapsulated in another waste form
e Other anions in waste will compete
with TcO, and will likely preclude Tc
incorporation into LDH
e Immature waste form
Sulfide- Being developed for environmental e Testing needed to evaluate efficacy for
aerogels remediation applications caustic tank waste applications

Path to forming a waste form for
disposal is undefined

Resistance to oxidation in the disposal
environment is unknown

Immature waste form

One obvious advantage of the disposition of Tc in a specific waste form is the significant reduction of
the generated waste-form volume leading to the reduction of the required waste-form fabrication and
storage facility footprints. This advantage is explained by the fact that total Tc currently stored in
Hanford’s tanks is approximately 2.65x10* Ci (Serne et al. 2014) or 1,560 kg, a major fraction of which
ends up in LAW after separating the tank waste into the two fractions, HLW and LAW. If a Tc specific
separation process is found that pre-concentrates Tc that then can be readily loaded into a Tc- specific
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waste form, the total volume of Tc-bearing waste could be small (e.g., 250 L total; based on reasonable
Tc loading of 20 wt% into metal alloys). See Section 7.2 for more discussion.

In this survey, it is assumed that the chemical form of Tc in both the SuperLig 639 eluate and the
WTP off-gas condensates and flush waters is TcO,. While it has been previously established that the
SuperLig 639 resin is capable of separating only TcO, and therefore it is the only Tc form appearing in
the strip solution, the chemical speciation of Tc in the off-gas condensate and equipment flush waters has
not been experimentally confirmed. Nevertheless, considering that melter environment is oxidizing and
since the volatility of Tc(V1I) is much greater than that of Tc(IV) during LAW vitrification, the
assumption that TcO, is the dominant Tc form in the off-gas condensate and flush waters is reasonable.

The rational choice of the preferred processing scheme to purify and pre-concentrate the Tc stream
requires the knowledge of the compositions and volumes of the SuperLig 639 eluate and the off-gas
condensates/flush waters. There are three potentially feasible approaches for the purification and pre-
concentration of TcO,4 to generate the waste stream compatible with a Tc-specific waste form including
the following:

e ion exchange (Brown et al. 2014; McCabe et al. 2012; Duncan et al. 2011; and references
therein),

e reductive precipitation, e.g., using Sn* either alone or in combination of another sorbent such as
hydroxy-apatite (McCabe et al. 2013; Taylor-Pashow et al. 2014a; Duncan et al. 2012), and

e reductive column separation (Ebert et al. 2009; Del Cul and Bostick 1995); it was reported that
the efficiency or capacity of Fe® for Tc™* removal is higher than Reillex® HPQ performance.
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2.0 Quality Assurance

This work was conducted as part of Pacific Northwest National Laboratory (PNNL) Project 54042
under the Technetium Management Program, with funding from the U.S. Department of Energy Office of
Environmental Management.

All research and development (R&D) work at PNNL is performed in accordance with PNNL’s
laboratory-level Quality Management Program, which is based on a graded application of NQA-1-2000,
Quality Assurance Requirements for Nuclear Facility Applications, to R&D activities. In addition to the
PNNL-wide quality assurance (QA) controls, the QA controls of the WRPS Waste Form Testing Program
(WWFTP) QA program were also implemented for the work. The WWFTP QA program consists of the
WWEFTP Quality Assurance Plan (QA-WWFTP-001) and associated QA-NSLW-numbered procedures
that provide detailed instructions for implementing NQA-1 requirements for R&D work. The WWFTP
QA program is based on the requirements of NQA-1-2008, Quality Assurance Requirements for Nuclear
Facility Applications, and NQA-1a-2009, Addenda to ASME NQA-1-2008 Quality Assurance
Requirements for Nuclear Facility Applications, graded on the approach presented in NQA-1-2008,

Part IV, Subpart 4.2, “Guidance on Graded Application of Quality Assurance (QA) for Nuclear-Related
Research and Development”. Preparation of this report was assigned the technology level “Applied
Research” and was conducted in accordance with procedure QA-NSLW-1102, Scientific Investigation for
Applied Research. All staff members contributing to the work have technical expertise in the subject
matter and received QA training prior to performing quality-affecting work. The “Applied Research”
technology level provides adequate controls to ensure that the activities were performed correctly. Use of
both the PNNL-wide and WWFTP QA controls ensured that all client QA expectations were addressed in
performing the work.
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3.0 Composition and Volume of the Tank Waste Sent to
Various “Treatment/Handling” Facilities Prior Going to
Melters

The current overall WTP flow sheet includes using several new facilities that will be constructed to
allow “direct feed” of tank waste to the LAW and HLW waste melters because the WTP pretreatment
facility (PT) will not be available as soon as tank waste will be ready for vitrification. Two new facilities
are approved (and currently in conceptual design) to allow for vitrification before PT is available. The
two facilities are the Low-Activity Waste Pretreatment System (LAWPS)® and the Effluent Management
Facility (EMF)®. A third facility, Tank Waste Characterization and Staging Facility (TWCS)” is also
under consideration but not approved or in conceptual design to handle tank waste streams ahead of the
WTP PT facility.

Figure 3-1 is the current comprehensive flow sheet depicting the fate of tank farm stored waste
through the various WTP waste processing facilities to their ultimate disposal. The figure shows existing,
approved and designed but not completed, and future proposed facilities. Using the computer code
HTWOS, the volumes of most waste streams (both liquid and solid) and the chemical and radionuclide
composition of the various wastes have been estimated from the start of the tank waste retrieval through
the vitrification/solidification campaigns all the way to the end, when all wastes except residual heels
have been removed from the tanks and processed into glass and other solid waste forms. The current
estimates of waste volumes and constituent masses/activities are binned into four phases of operation.

Phase 1 is called Near-Term Operations and runs from now until direct-feed LAW (DFLAW)
operations begin. During Phase 1 the major activities include retrieving waste from the C, A, and AX
single shell tank farms and concentrating some of the currently double-shell tank (DST) stored waste in
the 242-A Evaporator.

> LAWPS is currently in the conceptual design phase. For the DFLAW flowsheet element, the waste from the DSTs
will be treated in the LAWPS. Treatment will consist of filtration with cross-flow membranes and removal of the
cesium using elutable ion exchange (1X). The cross-flow filtration system separates entrained solids from the
supernate and returns the solids to the DSTs, and the IX removes cesium from the supernate. The treated waste is
then fed directly to the WTP LAW Vitrification Facility, bypassing the WTP PT Facility. Secondary liquid waste
from the IX elution (cesium product) and filtration flushes will be routed back to the Tank Farms.

® The EMF is currently in the conceptual design phase. The main function of the EMF will be to concentrate
secondary liquid effluent from the LAW off-gas treatment system during DFLAW operations. The overhead
condensate stream will be transferred to the LERF/ETF facility. The bottom slurry concentrate stream will be
partially recycled back to the LAW feed tank in the LAW Vitrification Facility (melter). Any remaining slurry
concentrate not sent directly to the melter will be treated for corrosion control and returned to DSTSs.

"Twcsisa proposed new facility that would provide improved tank waste slurry mixing, sampling and
characterization, conditioning and staging of waste before it is fed to the WTP. Once WTP PT is brought online, the
Integrated Flowsheet assumes TWCS will stage and certify waste batches before they are sent to WTP PT for
processing. TWCS would also perform other processing functions (e.g., waste particle segregation and size
reduction) as required to meet PT waste acceptance criteria.
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Phase 2 is called the DFLAW operations and runs from the startup of DFLAW until WTP PT
operations begin. The major activities that occur in Phase 2 include operation of the LAWPS to supply
DFLAW to the WTP LAW melters, receipt and handling of DFLAW secondary liquid wastes in DST
tanks, sending ILAW to IDF, sending some secondary liquid wastes to both LERF/ETF and DST tanks,
continued SST retrievals, and continued use of the 242-A Evaporator operations.

Phase 3 is called WTP Full Operations and runs from the startup of WTP PT operations until the
Balance of Mission operations begin. The major activities in Phase 3 include switching from DFLAW to
HLW processing utilizing the WTP PT Facility, continued operation of LAW melters, operating the HLW
melters, continued sending ILAW to IDF, sending IHLW to the interim handling facility (IHS) and when
possible shipment of IHLW to the Federal Geological Nuclear Waste Repository, operation of TWCS to
supply slurry to the WTP PT Facility, sending WTP secondary liquid wastes to LERF/ETF for final
processing, continued SST retrievals and continued use of 242-A Evaporator to concentrate liquid wastes.

Phase 4 is called Balance of Mission, and runs from the startup of the supplemental low-activity
waste immobilization (SLAW) facility through the end of the tank clean-up mission. The Balance of
Mission activities are further split into three times, designated as Phase 4-A, Phase 4-B and Phase 4-C to
allow more details to be provided. The key activities constituting Phase 4 include continued operation of
the LAW and HLW melters, operation of SLAW Immobilization for excess LAW (supplied by both WTP
PT and LAWPS as needed), continued sending of ILAW to IDF and IHLW to IHS, continued operation
of TWCS to supply slurry to the WTP PT Facility, continued sending secondary liquid wastes to
LERF/ETF, continued SST retrievals, continued operation of the 242-A Evaporator, cleanout of PUREX
and T-Plant, and perhaps retrieving wastes from miscellaneous underground storage tanks (MUST).

The HTWOS estimates, documented in an Excel file “RPP Reference Integrated Flowsheet Mass
Flow Calculations” dated 08/03/2015%, for volumes of liquid waste and chemical and Tc concentrations in
various waste streams for these four phases of operation are listed in the following tables for key locations
where Tc removal might be performed, that is, locations of interest to this review activity. We have
combined the data for both the solution phase and suspended solids in the following tables for each waste
stream and phase of operation. The overall detailed flow chart in Figure 3-1 contains 85 interfaces
(shown as numbered diamonds) between the various facilities. These 85 interfaces are defined in Arm et
al. (2014) in their Table 3-1.

® The chemical composition projections listed in this spreadsheet are limited to key analytes. Key analytes were
chosen based on components that limit glass formulation, and oxalate, which was added to the list as an important
analyte due to its impact on waste chemical stability, sludge washing and melter reduction/oxidation calculations.
The total organic carbon (TOC) reported was assumed to be all acetate because HTWOS reports oxalate separately.
The HTWOS code tracks many more chemical constituents and radionuclides but we could not get the complete
HTWOS outputs to augment the species reported in the cited Excel spreadsheet and discussed in Arm et al. (2014,
2015).
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Figure 3-1. Overall Hanford Tank Waste Processing Flow Scheme (from Arm et al. 2014)



Our interest in this section is constructing a summary of the interfaces that constitute tank waste sent
to the various facilities that process the tank waste into liquid waste feed streams that ultimately go to the
melters (both LAW and HLW and the currently assumed SLAW melters). We tabulate these estimates by
Phase (as defined above) in Table 3-1 (below). The locations (interfaces) that we believe would be of
interest for removal of Tc from the tank waste as it enters into “pre-treatment” facilities but before any
processing within the “pre-treatment” facilities are shown in our Table 3-1, which is excerpted from Arm
et al. (2014) in their Table 3-1. Recall that the locations of interfaces in our Table 3-1 are some of the
diamonds in Figure 3-1. We keep the interface numbering system the same as used by Arm et al. (2014).
The “a” designation represents waste streams entering a facility, and the “b” designation represents waste
leaving a facility. Thus in Table 3-1 the “a” designation represents liquid waste streams entering the
various pre-treatment facilities (LAWPS, TWCS, WTP PT). It would also be possible to remove Tc
within the various “pre-treatment” facilities after process steps such as solids filtration and/or **'Cs
removal or at the end of any “pre-treatment” operation just before sending the wastes to the melters. The
interfaces that represent “treated tank” waste going to the LAW-, assumed SLAW-, and HLW-melters are
28, 41a, 84a for LAW melters, 45 and 46 for SLAW melters, and 31 and 35a for HLW melters,
respectively. Discussion on volumes of waste, chemical composition and Tc inventories for these
interfaces are discussed at the end of this section.

Table 3-1. Locations Where Tc Could be Removed From Tank Waste Prior to Its Being Treated

Interface Interface From To Primary Flow
Name
27a \IiVA"‘\S/t/ePg) E"g?rea LAWPS Supernate Waste (DFLAW)
30a _II-_I\I/_VV(\:/St 0 Eass_'lt_?rea TWCS Slurry Waste
33a \I7VAI'VI¥ F',:.?Ed 0 Eass.'l[_?rea \li\gillji tF;retreatment Supernate Waste (LAW)
34a \|;|VI:I'VI¥ FI):_Ie_ed 0 TWCS \Ié\elx-(lz-illai tF)’/retreatment Slurry Waste

Note that Interface 30a and 34a essentially represent the same waste as it enters and leaves TWCS and
thus its waste volumes , compositions and Tc inventory are similar and should not be summed as
independent waste streams in any “roll up”/summation of waste quantities.

Table 3-2 lists the volume weighted masses of key waste stream chemicals in units of mg/L and
molarity (M) and volume weighted Tc inventory in curies for all 4 operational phases of the WTP
mission.9 Because the volume weighted averages do not honor the individual durations of the phases we
have also parsed out the Na composition by phases so that one can see what the average Na composition
IS versus time. This is important because the SuperLig 639 resin (to date the most mature technology for
Tc separation from LAW) works best when the sodium (actually total alkali metal) concentration is about

° Volume weighted averages are calculated by taking the projected composition of each chemical for each Phase of
the WTP mission multiplied by the projected volume of waste produced for the given Phase of the WTP mission and
then summing the resultant masses for each phase and finally dividing by the total volume (sum of each phase’s
volumes). If Tc separation was in fact performed it likely would be performed for each Phase of the WTP mission
in “real” time. We used volume averaging solely to get an overview of the waste composition for the entire WTP
mission for each facility.

3.4



Table 3-2. Volumes, Tc Concentrations and Inventory, and Chemical Concentrations of Tank Waste
Sent to Processing Facilities that Prepare Melter Feed

Phase: 1 2 3 4A 4B 4C Vol Vol
Interface® 27a 27a 27a 27a 27a 27a Weighted | Weighted
Ave Ave
ggﬁ]n;'-c(ar:qg i None® none none mg/L M
Aluminum 1.52E+03 4.12E+03 | 2.25E+03 2.37E+03 8.79E-02
Bismuth NR® 6.31E+01 | 9.05E+01 2.26E+01 | 1.08E-04
Chlorine NR 2.10E+03 | 1.80E+03 7.20E+02 2.03E-02
Chromium 1.84E+01 6.29E+02 | 6.85E+02 2.31E+02 4.45E-03
Fluorine 2.30E+00 5.17E+02 | 2.48E+03 2.31E+02 1.22E-02
Iron NR 6.37E+01 | 6.19E+01 2.20E+01 3.94E-04
Nickel 7.48E-01 1.41E+00 | 1.33E-01 9.45E-01 1.61E-05
Nitrate 4.35E+03 4.51E+04 | 2.87E+04 1.80E+04 2.91E-01
Nitrite 1.55E+04 1.21E+05 | 1.10E+05 5.18E+04 1.13E+00
Potassium NR 3.04E+03 | 2.10E+03 1.03E+03 2.63E-02
Phosphate 2.30E+01 3.29E+03 | 3.70E+03 1.17E+03 1.23E-02
Sodium 8.43E+03 1.25E+05 | 1.02E+05 4.82E+04 | 2.10E+00
Sulfate NR 2.99E+03 | 3.96E+03 1.06E+03 1.10E-02
TOC NR 3.90E+03 | 1.63E+03 1.29E+03 1.08E-01
Oxalate 4.35E+02 9.15E+02 | 1.32E+03 6.12E+02 6.95E-03
Zirconium NR NR NR NR NR
(Rc?i(/jll_(;nuclldes none none none | Total Tc(Ci)
Tc 9.37E-05 6.74E-05 | 4.25E-05
“Te (Ci) 6.95E+03 2.45E+03 | 1.24E+02 9.53E+03
Inventory
Total Vol. (gal) none 1.96E+07 | none | 9.62E+06 | 7.70E+05 | none
Total Vol. (L) 742E+07 3.64E+07 | 2.91E+06 3.93E+07
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Table 3-2. (continued)

Phase: 1 2 3 4a 4b 4c Vol Vol

" Weighted | Weighted
Interface” 30a 30a 30a 30a 30a 30a Ave Ave
ngnngl.c(%g/L) none mg/L M
Aluminum 2.40E+04 | 2.60E+04 | 3.53E+04 | 1.96E+04 | 1.66E+04 | 2.36E+04 | 8.73E-01
Bismuth 2.53E+01 | 1.08E+03 | 9.27E+02 | 1.76E+03 | 5.72E+02 | 1.15E+03 | 5.51E-03
Chlorine 2.13E+03 | 2.40E+03 | 1.78E+03 | 1.07E+03 | 6.34E+02 | 1.28E+03 | 3.60E-02
Chromium 1.15E+03 | 8.87E+02 | 2.44E+03 | 1.06E+03 | 1.07E+03 | 1.42E+03 | 2.72E-02
Fluorine 4.93E+02 | 3.45E+03 | 1.87E+03 | 3.80E+03 | 3.36E+03 | 3.06E+03 | 1.61E-01
Iron 1.39E+04 | 7.74E+03 | 2.62E+03 | 3.13E+03 | 2.15E+03 | 3.42E+03 | 6.12E-02
Nickel 5.97E+02 | 7.93E+02 | 4.83E+02 | 3.35E+02 | 1.56E+02 | 3.71E+02 | 6.31E-03
Nitrate 4.41E+04 | 5.74E+04 | 3.02E+04 | 2.68E+04 | 1.69E+04 | 2.80E+04 | 4.51E-01
Nitrite 1.04E+05 | 1.22E+05 | 8.71E+04 | 1.05E+05 | 6.58E+04 | 9.20E+04 | 2.00E+00
Potassium 3.24E+03 | 2.91E+03 | 2.28E+03 | 8.56E+02 | 4.01E+02 | 1.34E+03 | 3.42E-02
Phosphate 5.38E+03 | 1.01E+04 | 6.40E+03 | 1.58E+04 | 1.33E+04 | 1.20E+04 | 1.26E-01
Sodium 1.16E+05 | 1.33E+05 | 9.77E+04 | 9.43E+04 | 6.29E+04 | 9.10E+04 | 3.95E+00
Sulfate 4.75E+03 | 6.05E+03 | 4.04E+03 | 9.50E+03 | 8.31E+03 | 7.39E+03 | 7.70E-02
TOC 1.75E+03 | 1.66E+03 | 2.21E+03 | 1.16E+03 | 8.47E+02 | 1.41E+03 | 1.18E-01
Oxalate 5.69E+03 | 2.95E+03 | 3.84E+03 | 3.69E+03 | 5.99E+03 | 4.30E+03 | 4.88E-02
Zirconium 4.41E+02 | 4.57E+03 | 1.05E+03 | 1.49E+03 | 2.88E+02 | 1.26E+03 1.39E-02
Ra_dionuclides none Total_ Tc
(CilL) (Ci)
®Tc 9.69E-05 | 9.96E-05 | 5.27E-05 | 2.73E-05 | 2.03E-05
*Tc (Ci) 9.72E+02 | 2.22E+03 | 4.43E+03 | 3.45E+03 | 1.58E+03 | 1.26E+04®
Inventory ' ' ' ' ' '
Total Vol. (gal) | none | 2.65E+06 | 5.89E+06 | 2.22E+07 | 3.34E+07 | 2.05E+07
Total Vol. (L) 1.00E+07 | 2.23E+07 | 8.40E+07 | 1.26E+08 | 7.76E+07 | 3.20E+08®

3.6




Table 3-2. (continued)

Phase: 1 2 3 4a 4b 4c Vol Vol

" Weighted Weighted
Interface® 33a | 33 | 33 33a 33a 33a Ave Ave
?£§H1_;cal Comp. none none | none mg/L M
Aluminum 4.68E+03 | 1.53E+03 | 5.16E+02 1.73E+03 6.41E-02
Bismuth 5.65E+01 | 1.05E+02 | 7.01E+01 7.51E+01 3.59E-04
Chlorine 3.25E+03 | 1.67E+03 | 8.60E+02 | 1.61E+03 4.54E-02
Chromium 5.53E+02 | 6.43E+02 | 2.35E+02 | 4.05E+02 7.79E-03
Fluorine 1.07E+03 | 2.37E+03 | 2.07E+03 | 1.91E+03 1.00E-01
Iron 5.24E+01 | 3.01E+01 | 1.93E+01 | 2.96E+01 5.30E-04
Nickel 1.69E+00 | 1.21E-01 | 1.42E-02 4.32E-01 7.36E-06
Nitrate 8.18E+04 | 3.69E+04 | 2.50E+04 | 4.11E+04 6.63E-01
Nitrite 1.46E+05 | 1.36E+05 | 1.01E+05 1.20E+05 2.60E+00
Potassium 3.09E+03 | 1.42E+03 | 4.81E+02 1.31E+03 3.36E-02
Phosphate 4.28E+03 | 6.10E+03 | 6.90E+03 | 6.10E+03 6.42E-02
Sodium 1.56E+05 | 1.16E+05 | 7.58E+04 1.04E+05 4.52E+00
Sulfate 6.73E+03 | 9.33E+03 | 9.08E+03 | 8.59E+03 8.95E-02
TOC 1.69E+03 | 1.65E+03 | 9.38E+02 1.28E+03 1.07E-01
Oxalate 1.15E+03 | 1.61E+03 | 1.63E+03 1.51E+03 1.72E-02
Zirconium NR NR NR NR NR
Ra_dionuclides none none | none Tota! Tc
(CilL) (Ci)
*Tc 1.08E-04 | 4.69E-05 | 2.56E-05
?:/Zég'r)y 2.85E+03 | 1.24E+03 | 1.53E+03 | 5.62E+03
8;‘;" Volume none | none | none | 6.97E+06 | 6.97E+06 | 1.58E+07
Total Volume 2.64E+07 | 2.64E+07 | 5.98E+07 | 1.13E+08

(L)
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Table 3-2. (continued)

Phase: 1 2 3 4a 4b 4c Vol Vol

" Weighted | Weighted
Interface” 34a | 34a 34a 34a 34a 34a Ave Ave
gg;rgl_c(ﬂqg jLy | none | none mg/L M
Aluminum 2.36E+04 | 3.44E+04 | 2.15E+04 | 1.56E+04 | 2.34E+04 8.67E-01
Bismuth 4.68E+02 | 9.87E+02 | 1.77E+03 | 5.63E+02 | 1.14E+03 5.47E-03
Chlorine 2.14E+03 | 1.94E+03 | 1.03E+03 | 7.65E+02 | 1.27E+03 3.568E-02
Chromium 9.44E+02 | 2.31E+03 | 1.14E+03 | 1.02E+03 | 1.40E+03 2.70E-02
Fluorine 2.49E+03 | 1.78E+03 | 3.70E+03 | 3.41E+03 | 3.03E+03 1.60E-01
Iron 9.91E+03 | 3.45E+03 | 3.25E+03 | 1.99E+03 | 3.39E+03 6.07E-02
Nickel 6.71E+02 | 4.98E+02 | 3.90E+02 | 1.40E+02 3.68E+02 6.26E-03
Nitrate 5.02E+04 | 3.45E+04 | 2.48E+04 | 2.02E+04 | 2.78E+04 4.48E-01
Nitrite 1.10E+05 | 9.20E+04 | 9.57E+04 | 7.92E+04 | 9.11E+04 1.98E+00
Potassium 3.07E+03 | 2.46E+03 | 8.83E+02 | 4.63E+02 | 1.33E+03 3.39E-02
Phosphate 7.16E+03 | 7.05E+03 | 1.48E+04 | 1.36E+04 | 1.19E+04 1.25E-01
Sodium 1.21E+05 | 1.04E+05 | 8.83E+04 | 7.21E+04 | 9.01E+04 3.92E+00
Sulfate 5.25E+03 | 4.34E+03 | 8.18E+03 | 9.46E+03 7.33E+03 7.63E-02
TOC 1.68E+03 | 2.24E+03 | 1.10E+03 | 9.78E+02 1.41E+03 1.17E-01
Oxalate 4,14E+03 | 3.85E+03 | 3.58E+03 | 5.65E+03 | 4.26E+03 4.84E-02
Zirconium 3.27E+03 | 1.09E+03 | 1.73E+03 | 2.62E+02 | 1.26E+03 1.38E-02
Ra_dionuclides none | none Total_ Tc
(CilL) (Ci)
®Tc 9.53E-05 | 6.15E-05 | 2.65E-05 | 2.25E-05
T:/cen(gr)y 2.02E+03 | 5.24E+03 | 3.37E+03 | 2.01E+03 | 1.26E+04®
(Tg‘;tl‘;" Volume | ohe | none | 5.60E+06 | 2.25E+07 | 3.36E+07 | 2.36E+07
(Tlf)ta' Volume 2.12E+07 | 8.52E+07 | 1.27E+08 | 8.93E+07 | 3.23E+08®

) see Table 3-1 for definition of interfaces. @ Interfaces 30(a) and 34(a) are essentially the same waste
stream as it enters and exits TWCS. Only very minor changes in chemical composition and total volume
are predicted by the One System flowsheet projections. **Tc inventory that enters (interface 30a) and then
exits (interface 34a) is predicted to be the same.

@ none = no waste stream was generated during this WTP mission phase.

®NR = not reported and assumed to be insignificant.
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4to5 M (Duncan et al. 2011). As shown in Table 3-3 the tank waste Na composition sent to the various
“pre-treatment” facilities as a function of phase (time) varies between 0.37 to 6.78 M Na. The Phase 2
DST waste going to the LAWPS facility may be too low in Na to be processed to remove TcO4- using
SuperLig 639 without adding additional caustic, or concentrating the solution by evaporation. Further,
most of the final Phase 4C wastes have Na concentrations at or below 3.3 M, which may also require
additional Na addition. Thus many of the waste streams to be transferred to the LAWPS, TWCS, and the
PT facilities may not exist as an ideal saline solution to use SuperLig 639 to remove pertechnetate from
solution. One study, Rapko et al. (2003), evaluated pertechnetate sorption properties of SuperLig 639 as a
function of Na concentration and total ionic strength. They found a strong linear correlation for the
pertechnetate Kd (sorption distribution value) to both the total sodium concentration and to the solution’s
ionic strength. Rapko et al. (2003)’s data are shown in Table 3-4 and Figure 3-2

Table 3-3.  Tank Waste Na Composition (in M) as a Function of Phase (Time) and Pre-Treatment
Facility

Waste goes (from—to0) | Phase 1l | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C
27a (DST waste to
LAWPS) none 0.37 None 5.43 4.43 none
30a (DST waste to
TWCS) none 5.04 5.78 4.25 4.10 2.73
33a (DST waste to
WTP PT) none none None 6.78 5.04 3.30
34a (TWCS waste to
WTP PT) none none 5.26 4.52 3.84 3.13

Highlighted cells indicate that the Na concentration in this particular waste stream may be too low to
effectively remove the pertechnetate from DST tank wastes using SuperLig 639.

Table 3-4 SuperLig 639 Pertechnetate Sorption Ky (mL/g) as a Function of Na Concentration (M)

Equilibrium NO3/TcOy4

Total Na (M) (M) Ave Ky Std Dev. Of Ave. Ky
5.028 223 1997 103
1.028 494 351 13
0.528 315 203 20
0.128 19.2 71 3
0.028 13.8 12 3

Nitrate and hydroxide were fixed at 0.018 and 0.01 M, respectively. Na was varied by adding NaCl.

Table 3-4 shows that the pertechnetate association with SuperLig 639 (as quantified by the Kg) drops
quickly as total Na concentration is lowered from 5 M. Thus the efficiency of removing pertechnetate
from dilute solutions such as < 1M Na will be much lower than for solutions in the ideal range of 4to 5 M
Na.
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Figure 3-2 Plot of Pertechnetate Kd Value as a Function of Solution Na Concentration (M) with 0.018 M
NO3 and 0.01 M OH

Further, all past small-scale testing of SuperLig 639 for removal of pertechnetate was performed on
DST supernates that had first been processed to remove **'Cs so that the pertechnetate removal could be
done outside of hot-cells. For the DFLAW and LAW feed waste streams (27a and 33a) the baseline flow
sheet will include *¥'Cs removal such that only the SuperLig 639 processing step would need to be added
to the current WTP mission to effect pertechnetate removal. However, the slurry waste streams (30a ---
going from DSTs to TWCS---and 34a going from TWCS to WTP PT facility) contain between 6.4 and
8.9 wt% suspended solids that would have to be filtered out before SuperLig 639 resin could be used to
remove pertechnetate. Essentially these two interfaces describe the same slurry waste as it enters and
then leaves TWCS. In addition, **’Cs removal is not currently part of the operations to be performed in
TWCS, thus the TcO, removal performance of SuperLig 639 on tank waste prior to removal of **'Cs is
unknown. Radiation damage on the SuperLig 639 material from the high gamma ray dose from *'Cs is a
likely issue.

The volume of tank waste that is transferred from the DST directly to pre-treatment facilities includes
waste from interfaces 27a, 30a, and 33a. Interface 34a transfers tank slurry waste from the TWCS to the
WTP Pretreatment Facility during Phases 3 and 4 so does not directly get waste from the DSTs. Table
3-5 sums the volume of waste sent from the DSTs and the Tc inventory within the waste transferred from
the DSTs. The total volume of tank waste estimated, by the HTWOS computer code for the entire WTP
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mission, as being transferred directly to pre-treatment facilities is almost 550 million liters and the
estimated Tc inventory is 27,800 curies. This Tc inventory estimate is about 5% larger than the total
estimated (26,500 Ci) to be in the Hanford tanks in 2014 (see Serne et al., 2014 and references within).
This slightly larger Tc inventory may be caused by WTP secondary waste streams that are recycled back
to DSTs during operation of the melters. Regardless, the volume of waste transferred to the pre-treatment
facilities from the DSTs, ~550 million liters, is large and the costs for SuperLig 639 resin that would be
used to remove the pertechnetate from these waste streams might be high. Small-scale laboratory tests
(see for example Burgeson et al. 2004 a,b) on SuperLig 639 for removal of pertechnetate from DST
supernate suggest that the resin can treat between 360 to 500 bed volumes of DST supernatant before the
pertechnetate breakthrough reaches 50%. Upon reaching 50% breakthrough, the resins should be re-
generated using distilled water at ~65°C. Using these SuperLig 639 pertechnetate removal efficiency
values, it would take between 1.0 million and 1.5 million liters of SuperLig 639 resin to process the

~550 million liters of tank liquid waste transferred to pretreatment facilities if the resin was used only
once. However, it is known that the SuperLig 639 resin can be readily re-generated (stripped of the
bound pertechnetate and reused). It is reported that > 50 loading cycles are expected for LAW feed
(Duncan et al. 2011). If we assume that the resin can be regenerated 50 times before it loses its efficiency
from radiation or chemical damage, then the total volume of SuperLig 639 resin needed to remove
pertechnetate from the ~550 million liters of tank waste would be between 22,000 and 30,000 liters.
Burgeson et al. (2004a,b) found that the bed density of SuperLig 639 packed resin beds was 0.5 g/mL or
0.5 kg/L. Thus between 11,000 and 15,000 kg of the SuperLig 639 resin would be a reasonable estimate
of the mass of SuperLig 639 that might be required to process all the tank waste to remove pertechnetate.
Also recall that SuperLig 639 does not remove non-pertechnetate species from tank waste (see review
discussion in Serne et al., 2014; Rapko et al. 2013a, b). Non-pertechnetate species would require
additional treatment; perhaps oxidizing the non-pertechnetate species (they are known to be in lower
oxidation states than TcOy) but there is little data available on how easy it would be to convert non-
pertechnetate species to pertechnetate.

Table 3-5. Overall Volume and Tc Inventory (Ci) Transferred From DSTs to PT Facilities

From DSTs to Pretreatment Facilities

Into: Interface vol (gal) vol (L) Tc (Ci/L) Tc (Ci)
LAWPS 27a 3.00E+07 1.14E+08 8.40E-05 9.54E+03
LAW PT 33a 2.98E+07 1.13E+08 4.99E-05 5.63E+03
TWCS 30a 8.46E+07 3.20E+08 3.95E-05 1.26E+04
Totals 1.44E+08 5.47TE+08 2.78E+04

Although removing *Tc from the very front end of the WTP flowsheet and creating a separate low
volume Tc-only waste form would be desirable, given the following issues it may not be practical to

perform the Tc removal at the front end of WTP. Issues include the large mass of SuperLig 639 resin that

would be required, the lower than optimum (4 to 5 M) alkali-metal concentrations in much of the tank
waste, presence of suspended solids, and high **'Cs content in some of the tank waste locations discussed
and the fact that SuperLig 639 only removes the TcO,4 species.
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If “treated” tank waste was going to have Tc removed at the back-end of treatment just before being
sent to the melters or in a new (not part of the current design) operation performed at the melters before
being added to the melters, the key interfaces that would be considered are shown in Table 3-6.

Table 3-6. Interfaces Between Treated Tank Waste and Melter Facilities

Interface Interface From To Primary Flow
Name
28 DF LAW LAWPS LAW Melters LAW
41a LAW PT LAW Melters LAW
31 DF HLW TWCS HLW Melters HLW
35a HLW PT HLW Melters HLW
45 PTto SLAW | PT SLAW Melters LAW
46 DF SLAW LAWPS SLAW Melters LAW

Table 3-7 lists the volume weighted masses of key waste stream chemicals in units of mg/L and

molarity (M) and volume weighted Tc inventory in curies for all 4 operational phases of the WTP mission
for treated liquid wastes that will be sent to the melters is versus WTP operational phase (time). Because
the volume weighted averages do not honor the individual durations of the phases we have also parsed out
the Na composition by phases so that one can see what the average Na composition is versus time. As
mentioned Na concentration is important because the SuperLig 639 resin (to date the most mature
technology for Tc separation from LAW) works best when the sodium (actually total alkali metal)
concentration is about 4 to 5 M (Duncan et al 2011). Hamm et al. (2013) presents two numerical
models/codes that predict the performance of SuperLig 639 for removing pertechnetate from Hanford
tank wastes. Two models are described 1) A thermodynamic isotherm model, based on experimental
data, that predicts TcO4 sorption as a function of solution composition and temperature and 2) A column
model that uses the isotherm calculated by the first model to simulate the performance of a full-scale
sorption process. The isotherm model provides a synthesis of experimental data collected from many
different sources to give a best estimate prediction of the behavior of the pertechnetate-SuperLig 639
system and an estimate of the uncertainty in this prediction. The column model provides a prediction of
the expected performance of the full-scale process by determining the volume of waste solution that can
be processed based on SuperLig 639 design parameters such as column size, flow rate and resin physical
properties.

As shown in Table 3-8, the tank waste Na composition sent to various “pre-treatment” facilities as a
function of phase (time) varies between 0.26 and 7.96 M Na. The waste going from PT to the HLW
melter is likely too low in Na to be effectively processed to remove TcO, using SuperLig 639 without
adding additional caustic, or concentrating the solution by evaporation. The treated waste leaving PT and
going to the LAW and SLAW melters has Na concentrations above 4 to 5 M, which is the range of Na
concentrations used in the SuperLig 639 bench-scale tests that successfully removed pertechnetate.
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Table 3-7. Volumes, Tc Concentrations and Inventory, and Chemical Concentrations of Treated Tank
Waste Sent to Melters

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\ig)hlted We\ig;:ted
Ave Ave

Interface” 28 28 28 28 28 28 mg/L M
Chemical
Components none none none none none
(mg/L)
Aluminum 4.01E+03 4,01E+03 1.49E-01
Bismuth 2.61E+01 2.61E+01 1.25E-04
Chlorine 2.27E+03 2.27E+03 6.40E-02
Chromium 3.97E+02 3.97E+02 7.64E-03
Fluorine 3.95E+02 3.95E+02 2.08E-02
Iron 5.00E+01 5.00E+01 8.95E-04
Nickel 1.55E+00 1.55E+00 2.64E-05
Nitrate 6.31E+04 6.31E+04 | 1.02E+00
Nitrite 1.10E+05 1.10E+05 | 2.39E+00
Potassium 3.45E+03 3.45E+03 8.82E-02
Phosphate 3.31E+03 3.31E+03 3.48E-02
Sodium 1.29E+05 1.29E+05 | 5.61E+00
Sulfate 4.83E+03 4.83E+03 5.03E-02
TOC 1.56E+03 1.56E+03 1.30E-01
Oxalate 9.63E+02 9.63E+02 1.09E-02
Zirconium NR
Eg?gnucndes none none none none none
7. 9.39E-05 Total Tc(Ci)
T:/Ceég'r)y 6.93E+03 6.93E+03
2;](;?' Volume none | 1.95E+07 Total Vol. (L)
Total Volume 7.38E+07 7.38E+07

(L)
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Table 3-7. (continued)

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\i/gohlted We\i/g(;:ted
Ave Ave

Interface” 41a 41a 41a 41a 41a 41a mg/L M
Chemical
Components none none
(mg/L)
Aluminum 1.78E+04 | 1.72E+04 | 1.31E+04 | 1.31E+04 1.50E+04 5.57E-01
Bismuth 9.41E+01 | 1.52E+02 | 1.72E+02 | 1.65E+02 | 1.55E+02 7.42E-04
Chlorine 2.59E+03 | 2.84E+03 | 1.72E+03 | 1.44E+03 2.14E+03 6.04E-02
Chromium 7.43E+02 | 1.51E+03 | 1.23E+03 | 1.06E+03 | 1.24E+03 | 2.38E-02
Fluorine 2.78E+03 | 2.27E+03 | 5.00E+03 | 5.77E+03 | 3.99E+03 2.10E-01
Iron 1.65E+02 | 1.77E+02 | 1.74E+02 | 1.46E+02 | 167E+02 | 3.00E-03
Nickel 7.03E+00 | 7.00E+00 | 5.02E+00 | 4.66E+00 | 5.84E+00 9.96E-05
Nitrate 3.98E+04 | 4.37E+04 | 3.18E+04 | 3.06E+04 3.66E+04 5.90E-01
Nitrite 1.04E+05 | 1.09E+05 | 1.29E+05 | 1.28E+05 | 1.19E+05 | 2.59E+00
Potassium 2.69E+03 | 2.28E+03 | 1.22E+03 | 6.53E+02 | 1.61E+03 4.13E-02
Phosphate 5.91E+03 | 6.17E+03 | 1.52E+04 | 1.78E+04 1.17E+04 1.23E-01
Sodium 1.83E+05 | 1.82E+05 | 1.79E+05 | 1.77E+05 1.80E+05 7.83E+00
Sulfate 4.37E+03 | 4.71E+03 | 9.96E+03 | 1.55E+04 8.84E+03 9.21E-02
TOC 1.43E+03 | 1.77E+03 | 1.36E+03 | 1.35E+03 1.51E+03 1.26E-01
Oxalate 3.44E+03 | 2.64E+03 | 3.62E+03 | 6.83E+03 4.02E+03 4 57E-02
Zirconium NR NR NR NR NR NR
Eéai(;lll_(;nuclldes none none
O 1.36E-04 | 1.19E-04 | 5.09E-05 | 4.85E-05 | Total Tc(Ci)
T:/Ceég'r)y 250E+03 | 7.48E+03 | 274E403 | 2066403 | | o0 )
é‘;tl‘;"vo'“me 4.90E+06 | 1LESEHO7 | L4ZE+0T | LIZEVOT | 1ol ()
(Tlf’)ta'vo'“me L8SE+07 | 6.28E407 | 5.38E+07 | 424E407 | | oo o
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Table 3-7. (continued)

Vol Vol
Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C | \Weighted | Weighted
Ave Ave
Interface” 31 31 31 31 31 31 mg/L M
Chemical
Components No Data | No Data | No Data | No Data | No Data No Data No Data No Data
(mg/L)
E%g(/:ili_(;nuclides No Data | No Data | No Data | No Data | No Data | No Data No Data No Data
i
“Tc Total Tc(Ci)
#Tc (Ci) No Data
Inventory
Total Volume | N pata | No Data | No Data | No Data | No Data | No Data
(gal) Total Vol. (L)
Total Volume No Data

(L)

The One-System flowsheet projections do not track waste from the TWCS to the HLW melters (Interface
31) apparently because they have not decided whether any waste (likely filtered to remove suspended
solids) would be sent to the HLW melters. At this time all TWCS wastes go only to the PT facility and
there is some recycle of wastes from the PT facility back to TWCS for further treatment (refer to footnote
#6 on page 3.1 for discussion on the operations to be performed in the TWCS) to may be built in the

future.
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Table 3-7. (continued)

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\i/gohlted We\i/g(;:ted
Ave Ave
Interface” 35a 35a 35a 35a 35a 35a mg/L M
Chemical
Components none none
(mg/L)
Aluminum 8.96E+03 | 4.60E+04 | 4.60E+04 | 3.07E+04 4136404 1.53E400
Bismuth 1.34E+03 | 3.32E+03 | 7.86E+03 | 4.21E+03 5.29E+03 2.53E-02
1.12E+01 | 3.45E+00 | 1.94E+00 | 2.15E+00
Chlorine 3.02E+00 8.50E-05
Chromium 6.86E+02 | 1.16E+03 | 6.42E+02 | 1.58E+03 0.88E402 1.90E-02
Fluorine 2.18E+02 | 8.12E+00 | 4.21E+01 | 1.76E+03 | 3.39E+02 1.78E-02
Iron 5.35E+04 | 1.43E+04 | 1.53E+04 | 1.55E+04 | 1.71E+04 | 3.06E-01
Nickel 3.06E+03 | 2.10E+03 | 2.00E+03 | 1.05E+03 | 1.93E+03 | 3.28E-02
Nitrate 3.49E+02 | 1.89E+02 | 1.50E+02 | 1.97E+02 | 1.83E+02 2.95E-03
Nitrite 1.12E+04 | 1.12E+04 | 8.03E+03 | 1.54E+04 | 1.06E+04 | 2.30E-01
Potassium 1.35E+02 | 1.31E+02 | 5.79E+01 | 8.03E+01 | 9 15E+01 2.34E-03
Phosphate 3.65E+01 | 1.32E+01 | 1.17E+02 | 5.36E+01 | 6.54E+01 | 6.89E-04
Sodium 7.83E+03 | 6.87E+03 | 5.31E+03 | 1.07E+04 | §.93E+03 | 3.01E-01
Sulfate 2.79E+01 | 1.28E+01 | 3.10E+01 | 4.11E+02 9.07E+01 9.44E-04
TOC 1.95E+01 | 9.19E+00 | 6.36E+00 | 6.91E+00 8.17E+00 8.51E-05
Oxalate 7.86E+02 | 8.17E+02 | 2.21E+02 | 1.33E+03 | §.53E+02 6.80E-03
Zirconium 1.63E+04 | 4.96E+03 | 8.84E+03 | 2.25E+03 6.76E+03 7.04E-02
Radztéril/ul_c)lldes none none
9Tc 4.71E-07 | 1.18E-07 | 5.11E-08 | 6.00E-08 | Total T¢(Ci)
*Tc (Ci) 1.57E+00 | 2.47E+00 | 1.30E+00 | 6.29E-01
Inventory 5.98E+00
Tmaaglf)'“me none | none. | 8.83E+05 | 5.53E+06 | 6.73E406 | 277E+06 | 1oyl )
TOta'(\S'“me 3.34E+06 | 2.00E+07 | 255E+07 | LOSEHO7 | ¢ e,
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Table 3-7. (continued)

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\i/gohlted We\i/g(;:ted
Ave Ave
Interface” 45 45 45 45 45 45 mg/L M
Chemical
Components none none none
(mg/L)
Aluminum 1.71E+04 | 1.24E+04 | 1.00E+04 | 132E+04 | 4.90E-01
Bismuth 1.44E+02 | 1.70E+02 | 1.61E+02 | 159E+02 | 7.61E-04
Chlorine 2.66E+03 | 1.61E+03 | 1.60E+03 1.94E+03 5.48E-02
Chromium 1.60E+03 | 1.11E+03 | 8.36E+02 | 119E+03 | 2.29E-02
Fluorine 1.98E+03 | 5.09E+03 | 5.51E+03 | 4.21E+03 | 2.22E-01
Iron 1.75E+02 | 1.64E+02 | 1.14E+02 | 153E+02 | 2.74E-03
Nickel 7.34E+00 | 4.77E+00 | 3.31E+00 | 517E+00 | 8.81E-05
Nitrate 4.28E+04 | 3.17E+04 | 3.76E+04 | 370E+04 | 5.96E-01
Nitrite 1.05E+05 | 1.28E+05 | 1.56E+05 | 129E+05 | 2.80E+00
Potassium 2.63E+03 | 1.15E+03 | 8.02E+02 | 152E+03 | 3.90E-02
Phosphate 5.76E+03 | 1.58E+04 | 1.62E+04 1.27E+04 1.34E-01
Sodium 1.79E+05 | 1.76E+05 | 1.75E+05 | 177405 | 7.68E+00
Sulfate 456E+03 | 1.12E+04 | 1.77E+04 | 109E+04 | 1.14E-01
TOC 2.05E+03 | 1.38E+03 | 1.59E+03 1.66E+03 1.72E-02
Oxalate 2.76E+03 | 3.50E+03 | 4.90E+03 | 3.70E+03 | 3.86E-02
Zirconium
Radztér;/ul_c)lldes none none none
9Te 9.95E-05 | 4.69E-05 | 5.10E-05 | Total Te(Ci)
e (C) 6.25E+03 | 3.50E+03 | 2.88E+03
Inventory 1.27E+04
Tmaz;gf)'“me LEGE+07 | 2026407 | LAOE+7 | 001 vl (1)
TOta'(\S'“me 6.28E+07 | 7.65E+07 | S64E+07 | | oo o
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Table 3-7. (continued)

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\i/gohlted We\i/g(;:ted
Ave Ave
Interface” 46 46 46 46 46 46 mg/L M
Chemical
Components none none none none
(mg/L)
Aluminum 3.71E+03 | 1.88E+03 3.58E+03 1.32E-01
Bismuth 6.26E+01 | 9.08E+01 6.47E+01 2.40E-03
Chlorine 2.10E+03 | 1.80E+03 2.08E+03 7.70E-02
Chromium 6.23E+02 | 6.83E+02 6.27E+02 2.32E-02
Fluorine 5.14E+02 | 2.48E+03 6.58E+02 2.44E-02
Iron 6.38E+01 | 6.18E+01 6.37E+01 2.36E-03
Nickel 1.28E+00 | 1.06E-01 1.19E+00 4.42E-05
Nitrate 4.54E+04 | 2.89E+04 4.42E+04 | 1.64E+00
Nitrite 1.22E+05 | 1.11E+05 1.21E+05 | 4.49E+00
Potassium 3.02E+03 | 2.11E+03 2.95E+03 1.09E-01
Phosphate 3.30E+03 | 3.70E+03 3.33E+03 1.23E-01
Sodium 1.25E+05 | 1.02E+05 1.23E+05 | 4.57E+00
Sulfate 3.01E+03 | 3.96E+03 3.08E+03 1.14E-01
TOC 3.87E+03 | 1.64E+03 3.71E+03 1.37E-01
Oxalate 9.07E+02 | 1.32E+03 9.37E+02 3.47E-02
Zirconium
Radzgi]/ulf)“des none none none none
90T¢ 6.76E-05 | 4.27E-05 Total Tc(Ci)
99 R
|nI§n(£Py 2.50E+03 | 1.258+02 2.62E+03
Totazg\g‘?)lume none none none 9.73E+06 | 7.74E+05 none Total Vol. (L)
TOta'(\S'“me 3.69E+07 | 2.93E+06 2008407

“)See Table 3-6 for definition of interfaces.
@ none = no waste stream was generated during this WTP mission phase.
®NR = not reported and assumed to be insignificant.
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Table 3-8. Treated Tank Waste Na Composition (in M) as a Function of Phase (Time)

Waste goes (from—to) | Phase 1l | Phase 2 | Phase 3 | Phase4a | Phase 4B | Phase 4C
28 (LAWPS waste to none 5.61 none none none none
LAW melter) '

4la (PTwaste to LAW | none 7.96 7.01 7.78 7.70
Melter

31 (TWCS waste to No Data | No Data | No Data | No Data No Data No Data
HLW melter)

35a (PTwaste to HLW |0 none 0.34 0.30 0.23 0.47
melter)

45 (PT waste to SLAW |- none none 7.78 7.65 7.68
melter)

46 (LAWPS waste to

SLAW melter) none none none 5.43 4.43 none

Highlighted cells indicate that the Na concentration in this particular waste stream is likely too low to
effectively remove the pertechnetate from treated tank wastes at the front end of the HLW melters.

As shown in Table 3-9, the interface 35 (treated waste from PT to the HLW waste melter) has so little
%Tc in that its removal is likely not warranted, especially by use of SuperLig 639 because the Na
concentration in this waste stream is much too low. It seems reasonable that the volumes of tank waste
transferred into the various “pretreatment” facilities (5.47 x 10 liters; see Table 3-5) are essentially the
same as the volume sent to the melters (5.48 x 10*® liters; see Table 3-9). However it is not clear why

Table 3-5 shows the Tc inventory in this waste at 27,800 curies but the Tc inventory sent from these
“pretreatment” facilities to the melters is estimated to be 37,100 curies. One explanation is that there is
recycle of Tc into the PT facility from “off-gas” captured solutions that is then sent back through the
LAW melters and perhaps later the SLAW melters. As mentioned earlier the total inventory of **Tc in the
Hanford tanks is estimated at 26,500 Ci (Serne et al. 2014). Thus approximately 10,600 Ci (or 40%) gets
recycled through the PT and back to LAW/SLAW melters until it is retained in the ILAW glass. A similar
mass balance for volume and Tc inventory into LAWPS (interface 27a) and out of LAWPS (interfaces 28
plus 46) is shown in Table 3-10. Similarly the mass balance for volume and Tc inventory into PT and out

of the PT will be covered in Section 5, where the focus is on off-gas captured secondary liquid wastes.
The mass balance for the LAWPS facility used solely during the direct feed campaign (Phase 2) is good.
Volumes of waste and total Tc inventory entering and leaving LAWPS are essentially the same.

Table 3-9. Overall Volume and Tc Inventory (Ci) Transferred From “Pre-treatment” to Melters

From Pretreatment Facilities to Melters

Into: Interface vol (gal) vol (L) Tc (Ci/lL) Tc (Ci)
LAW Melters 28 1.95E+07 7.38E+07 9.39E-05 6.93E+03
LAW Melters 41a 4.69E+07 1.78E+08 variable 1.48E+04
HLW Melters 35a 1.59E+07 6.02E+07 variable 5.98E+00
SLAW Melters 45 5.17E+07 1.96E+08 variable 1.27E+04
SLAW Melters 46 1.05E+07 3.99E+07 variable 2.62E+03
Totals 1.45E+08 5.48E+08 variable 3.71E+04
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Table 3-10. Overall Volume and Tc Inventory (Ci) Mass Balance for LAWPS

Total Volume .
Facility Interfaces (L) Total Te (Ci)
LAWPS (in) 27a 1.14E+08 9.53E+03
LAWPS (out) 28 + 46 1.14E+08 9.55E+03
(I)\/ﬂass Balance (Out-In)/In .0.3% 0.3%
Note: when using only 3 significant figures for the volume in this Table the
slight difference in volumes entering and leaving LAWPS are masked.

Removal of **Tc after leaving the “pre-treatment” facilities [LAWPS, TWCS, and PT] at the front end
of the LAW and SLAW melters likely is not practical using SuperLig 639 because of resin high costs,
potentially non-optimum waste stream Na concentrations, and the need to build a Tc removal unit at the
melters. Section 5 discusses locations in the over-all One System flowsheet where *Tc removal is more
effective.
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4.0 Composition and Volume of SuperLig 639 Eluate

SuperLig 639 is a resin of the SuperLigand family that is manufactured by IBC Advanced
Technologies (American Fork, UT) (SuperLig (2015)). SuperLigands are based on a Molecular
Recognition Technology that uses molecular recognition to achieve high selectivity for particular species
of interest. The application of SuperLig 639 for pertechnetate removal is based on ion pair extraction in
which the Na™ ion is complexed by a macro-cyclic ligand and the pertechnetate ion preferentially
accompanies the Na as the counter anion. The efficiency of this separation process thus is highly
dependent on the Na" concentration and, while it is high for liquid wastes such as LAW, it is ineffective
for low sodium concentration waste streams. The selectivity for TcO, is driven by its preference to the
lipophilic substrates due to the relatively low hydration energy of this large charge-diffuse anion.
Pertechnetate is a minor component of LAW and is present at micro- to low millimolar concentrations
and is unable to fully balance the charge of all Na* ions bound by SuperLig 639. The primary anion
competitor is nitrate, however other anions such as nitrite, etc. are also retained in the SuperLig 639 as
counter ions to the Na*. See Hamm et al. (2013) and Rapko et al. (2003) for more discussion on
competing anions.

As noted above in Section 3.0, there is a loss of affinity in SuperLig 639 for sodium pertechnetate at
low sodium concentrations. This behavior allows the elution and regeneration of the SuperLig 639 resin
to be achieved with water, preferably at elevated temperature (65°C).

The resulting eluate has been demonstrated to have a rather complex composition (Burgeson et al.
2005). Only a handful of actual tank LAW feeds have been processed with SuperLig 639 for Tc removal,
and Table 4-1 summarizes composition of the resulting eluates. The SuperLig 639 eluate is composed of
sodium, potassium, and various anions: nitrate, chromate, aluminate, hydroxide, and carbonate. This
confirms that the SuperLig 639 does not act as ion exchanger, but rather retains sodium or potassium ion
pairs with various anions.

One example of the performance of water regeneration of a small-scale SuperLig 639 packed column
that was loaded with DST supernate from Tank AZ-101 is found in Burgeson et al. (2004b). The peak
%T¢' concentration of the water eluate was 81 times the **Tc concentration in the DST feed and was
found in the second bed volume of eluate; the **Tc concentration in the eluate dropped slightly after this
and then leveled out until the 8th bed volume of eluate. At this point, the **Tc concentration dropped
quickly. A total of 17 bed volumes of water eluate were required before the **Tc concentration dropped
below 1% of the concentration in the DST supernate feed. Overall, after rinsing the Tc loaded SuperLig
639 column with 17 bed volumes of water, the **Tc concentration of the composited regenerant was 4578
uCi/L, which correlates to a C/C, of 12.2. Assuming that between 22,000 and 30,000 liters of SuperLig
639 resin recycled 50 times can treat the entire 550 million liters of DST supernatant (see Section 2
above) and 17 bed volumes are needed to elute Tc, the total volume of Tc eluate will be between 18.7 and
25.5 million liters (or 4.94-6.74x10° gallons). Therefore further concentration and purification of this Tc
eluate may be required for the stabilization in a Tc-specific waste form as described later in this report.

19 Notation **Tc is used here to differentiate between Tc isotopes ®Tc and **™Tc used by Burgeson et al. (2004b).
The source of *Tc is actual tank waste while ®™Tc was added to monitor experimental Tc recovery.
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It is important to note that these LAW feeds that were processed using SuperLig 639 were first
subjected to **'Cs removal using SuperLig 644 resin prior to Tc separation. In the currently proposed
baseline LAW pretreatment scheme, **'Cs separation will be achieved using spherical resorcinol
formaldehyde (SRF) resin (Nash et al. 2006). Therefore the LAW feed subjected to the **'Cs removal by
SuperLig 644 and SRF likely have somewhat different compositions, specifically with regard to Tc
concentration. The SuperLig 644 technology utilizes a macro-cyclic ligand for **’Cs removal, and
therefore may be susceptible to ion pair extractions and so retains some quantity of Tc (Kurath and
Wagner 2000). SRF is a weak acid resin, uptakes Cs" by proton exchange (Nash et al. 2006), and has no
affinity for the TcO, anion. To date no testing has been done for Tc removal by SuperLig 639 after using
SRF to remove **'Cs from LAW.

Table 4-1. Main Components of the SuperLig 639 Eluate Reported for Processing the Actual Tank

Wastes
SuperLig 639 Component Concentration (mol/L) for Tank Waste
Eluate 241-AP101? | 241-AN102-C104? | 241-AP104? | 241-AZ101% | 241-AZ102 "
Component
Tc 2.70E-04 1.07E-04 5.68E-04 2.38E-03 3.53E-04
Na 1.54E-02 1.22E-02 1.20E-02 9.50E-03 1.54E-02
K 1.30E-03 1.30E-03 1.30E-03 1.10E-03 2.06E-03
Ca NR 1.50E-04 NR BD 3.03E-05
Al 5.19E-04 3.60E-04 1.85E-04 4.40E-05 1.31E-03
cl 6.21E-05 8.50E-05 1.40E-04 1.60E-05 9.69E-03
F NR 5.80E-04 1.70E-04 1.00E-04 BD
Carbonate 2.70E-03 9.20E-03 4.00E-03 2.00E-03 NR
Chromate 2.69E-03 9.60E-06 9.60E-06 9.80E-06 2.98E-04
Nitrite 6.74E-04 1.10E-03 6.50E-04 9.60E-04 1.26E-02
Nitrate 1.65E-03 2.10E-03 9.90E-04 6.90E-04 1.13E-02
Hydroxide 4.60E-03 1.00E-02 5.00E-03 3.00E-03 5.20E-02
Phosphate 1.50E-05 2.60E-06 1.40E-05 1.50E-05 1.61E-04
Sulfate 5.31E-05 9.40E-05 7.40E-05 1.30E-04 6.22E-03
Oxalate 1.59E-05 2.30E-05 6.80E-06 1.10E-05 2.43E-03
U 6.79E-03 7.50E-09 4.10E-09 NR NR
Total moles/L 3.67E-02 3.73E-02 2.51E-02 2.00E-02 1.98E-01

Data are taken from Burgeson et al. (2005).
Data are taken from King and Calloway (2000).
NR = not reported.

BD = below detection.

The SuperLig 639 eluate can potentially be used without further purification /pre-concentration to
generate Fe-Tc oxide waste form (see comparable waste simulant concentrations from which TcO,” was
successfully removed in Um et al. (2010)), but it cannot be used directly to fabricate the metal alloy or the
sodalite waste form because of the high concentrations of sodium and other anions, respectively, as well
as the low concentration of TcO,". For this reason, if these immobilization technologies were used,
further separation processes would be needed, making SuperLig 639 a less desirable option for separating
Tc from LAW.
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5.0 Compositions and Volumes of Off-gas Condensate/Flush
Waters

Similar to the tables created in Section 3.0 for the tank wastes that could have Tc removed from LAW
prior to being sent to melters, in this section we generate tables containing the volumes of secondary
liquid wastes, chemical compositions, and Tc concentrations in secondary liquid wastes for the four
defined operational phases of WTP. Our interest is constructing a summary of the overall WTP mission
interfaces that constitute liquid waste streams that currently would be sent back to DSTs (prior to
completion of the WTP PT) and afterwards to the PT. The HTWOS estimates, documented in an Excel
file “RPP Reference Integrated Flowsheet Mass Flow Calculations” dated 08/03/2015, were used for
volumes of liquid waste and chemical and Tc concentrations. In this section we focus on removing *Tc
from waste streams captured in off-gas systems downstream from the melters (LAW, and HLW)",
although it will be shown that off-gas from the HLW melters do not contain large enough quantities of
%Tc to warrant removal. During DFLAW the only facility that receives captured off-gas wastes is the
EMF.* Later the PT facility will receive melter off-gas wastes and currently the presumed supplemental
melters (SLAW) will internally recycle captured off-gas wastes directly back to the SLAW melters with a
dilute secondary waste stream sent to the LERF/ETF facility. The overall detailed flow chart in Figure
3-1 contains 85 interfaces (shown as diamonds) between the various facilities. These 85 interfaces are
defined in Arm et al. (2014) in their Table 2-1. Recall that the locations of interfaces in our Table 5-1 and
Table 5-2 are identified by the numbered diamonds in Figure 3-1. We keep the numbering system the
same as used by Arm et al. (2014).

Table 5-1 shows liquid waste streams that enter the EMF, including those that captured volatile
constituents, including Tc, during the DFLAW phase (Phase 2) that are recycled back from the LAW
melters (interface 84a). Waste streams that exit the EMF include waste sent back to DSTs (interface 29),
wastes recycled to the LAW melters (interface 84b) and dilute wastes sent to LERF/ETF (interface 83)
and off-gas vented out stacks (interface 81). The latter two have insignificant quantities of *Tc as shown
in Table 5-2. Theoretically, Tc could be removed from waste streams (interfaces 29 and 84b) as they
leave EMF or from interface 84a as it enters EMF.

The exact method for removing the off-gas captured *Tc and the location for performing the *Tc
removal have not been established but later in this section some proposed locations are offered.

! The current One System WTP mass flow sheet assumes that the SLAW melter facility contains an evaporator in
which off-gas captured volatile species are concentrated and recycled back to the SLAW melters without any
transfer to another facility such as the PT facility.

2 The EMF is currently in the conceptual design phase. The main function of the EMF will be to concentrate
secondary liquid effluent from the LAW off-gas treatment system during DFLAW operations. The overhead
condensate stream will be transferred to the LERF/ETF facility. The “bottoms” or slurry concentrate stream will be
partially recycled back to the LAW feed tank in the LAW Vitrification Facility. Any remaining slurry concentrate
will be treated for corrosion control and returned to the DST system.

5.1



Table 5-1. Interfaces where Liquid Wastes are Sent During DFLAW Operations

Interface | Interface Name From To Primary Flow
29 EMF Bottoms Returns | WTP EMF East Area DSTs Secondary Liquid Waste
84b EMF Bottoms Recycle | EMF LAW Melter Secondary Liquid Waste
83 EMF 2" Liquid Waste | EMF LERF/ETF Secondary Liquid Waste
81 Off-gas EMF Stack Off-gas
84a EMF LAW Melter | EMF Secondary Liquid Waste
Table 5-2. Volumes, Tc Concentrations and Inventory, and Chemical Concentrations of Off-gas
Secondary Liquid Waste Concentrated in EMF Before Being Recycled to LAW Melter or
Returned to DSTs During DFLAW
Phase: 1 2 3 4a | 4B | 4C Vol Vol
Interface” 29 29 29 29 29 29 Weighted | Weighted
Ave Ave
Chemical none none | none | none | none mg/L M
Comp. (mg/L)
Aluminum 6.08E+00 6.08E+00 2.25E-04
Bismuth 3.78E-01 3.78E-01 1.81E-06
Chlorine 1.28E+03 1.28E+03 3.61E-02
Chromium 2.32E+01 2.32E+01 4.46E-04
Fluorine 2.57TE+02 2.57TE+02 1.35E-02
Iron 7.08E-02 7.08E-02 1.27E-06
Nickel 1.14E-02 1.14E-02 1.94E-07
Nitrate 2.19E+05 2.19E+05 3.53E+00
Nitrite 4.12E+03 4.12E+03 8.96E-02
Potassium 1.42E+02 1.42E+02 3.63E-03
Phosphate 2.90E+01 2.90E+01 3.05E-04
Sodium 1.13E+05 1.13E+05 4.91E+00
Sulfate 1.04E+03 1.04E+03 1.08E-02
TOC NR NR NR
Oxalate NR NR NR
Zirconium NR NR NR
Ra_dionuclides none none none none none
(CilL)
OTe 9.71E-05 To(té'i)TC
?:/ert?r)y 1.35E+03 1.35E+03
Total Vol. (gal) none | 3.67E+06 | none | none | none | none | Total Vol. (L)
Total Vol. (L) 1.39E+07 1.39E+07
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Table 5.2. (continued)

Phase: 1 2 3 4a 4h 4c Vol Vol

N Weighted Weighted
Interface 84b 84b 84b 84b 84b 84b Ave Ave
Chemical
Components none none | none | none | none mg/L M
(mg/L)
Aluminum 8.19E+01 8.19E+01 3.03E-03
Bismuth 5.09E+00 5.09E+00 2.44E-05
Chlorine 1.73E+04 1.73E+04 4.88E-01
Chromium 3.13E+02 3.13E+02 6.02E-03
Fluorine 3.47E+03 3.47E+03 1.83E-01
Iron 9.57E-01 9.57E-01 1.71E-05
Nickel 1.54E-01 1.54E-01 2.62E-06
Nitrate 7.61E+02 7.61E+02 1.23E-02
Nitrite 5.58E+04 5.58E+04 1.21E+00
Potassium 1.91E+03 1.91E+03 4.88E-02
Phosphate 3.92E+02 3.92E+02 4.13E-03
Sodium 4.41E+04 4.41E+04 1.92E+00
Sulfate 1.40E+04 1.40E+04 1.46E-01
TOC NR NR NR
Oxalate NR NR NR
Zirconium NR NR NR
Radionuclides
(CilL) none none | none | none | none
99 i Total Tc

Tc 1.31E-03 (Ci)

%T¢ (Ci) Inventory 7.69E+03 7.69E+03
Total Volume none | 1.55E+06 | none | none | none | none Total Volume
(gal) (L)
(Tlf’)ta' Volume 5.87E+06 5.87E+06

e See Figure 3-1 for interface locations
none = no waste stream was generated during this WTP mission phase.
NR = not reported and assumed to be insignificant
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Table 5-2. (continued)

Phase Phase | Phase Phase Phase
1 Phase 2 3 4a 4b 4c
Vol Vol

. Weighted | Weighted
Interface 83 83 83 83 83 83 Ave Ave
Chemical
Components
(mg/L) none none none none none mg/L M
Aluminum 3.33E-06 3.33E-06 | 1.23E-10
Bismuth 8.56E-03 8.56E-03 | 4.10E-08
Chlorine 1.04E-01 1.04E-01 | 2.93E-06
Chromium 3.16E-04 3.16E-04 | 6.08E-09
Fluorine 2.36E-01 2.36E-01 | 1.24E-05
Iron 1.60E-03 1.60E-03 | 2.86E-08
Nickel 2.56E-04 2.56E-04 | 4.36E-09
Nitrate 1.41E-05 1.41E-05 | 2.27E-10
Nitrite 1.73E-04 1.73E-04 | 3.76E-09
Potassium 2.15E-03 2.15E-03 | 5.50E-08
Phosphate 2.98E-04 2.98E-04 | 3.14E-09
Sodium 1.59E-02 1.59E-02 | 6.91E-07
Sulfate 1.96E-01 1.96E-01 | 2.04E-06
TOC NR NR NR
Oxalate NR NR NR
Zirconium NR NR NR
Radionuclide Total
s (Ci/lL) none none none none none Tc(Ci)
*Tc 2.16E-10
%Tc (Ci)
Inventory 2.04E-02 2.04E-02
Total Volume
(gal) none | 2.50E+07 none | none none none
Total Volume
(L) 9.46E+07 9.46E+07

e See Figure 3-1 for interface locations

none = no waste stream was generated during this WTP mission phase.
NR = not reported and assumed to be insignificant.
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Table 5-2 (continued)

Phase | Phase Phase Phase Phase
1 2 Phase 3 4a 4b 4c
Vol

Vol Weighted | Weighted
Interface” 81 81 81 81 81 Ave Ave
Chemical
Components
(mg/L) none | none none none none mg/L M
Aluminum 7.12E-05 7.12E-05 2.64E-09
Bismuth 4.25E-03 4.25E-03 2.03E-08
Chlorine 1.88E-01 1.88E-01 5.30E-06
Chromium 8.24E-04 8.24E-04 1.58E-08
Fluorine 1.73E+00 1.73E+00 9.11E-05
Iron 4.45E-02 4.45E-02 7.97E-07
Nickel 5.47E-03 5.47E-03 9.32E-08
Nitrate 1.88E-05 1.88E-05 3.03E-10
Nitrite 2.31E-04 2.31E-04 5.02E-09
Potassium 4.68E-02 4.68E-02 1.20E-06
Phosphate 6.36E-03 6.36E-03 6.69E-08
Sodium 4.41E-01 4.41E-01 1.92E-05
Sulfate 6.47E-01 6.47E-01 6.74E-06
TOC NR NR NR
Oxalate NR NR NR
Zirconium NR NR NR
Radionuclid
es (Ci/L) none | none none none none
*Tc 4.62E-09 Total Tc (Ci)
%Tc (Ci)
Inventory 3.17E-05 3.17E-05
Total Total Volume
Volume (gal) | none | none | 1.81E+03 | none none none (L)
Total
Volume (L) 6.85E+03 6.85E+03

e See Figure 3-1 for interface locations

none = no waste stream was generated during this WTP mission phase.
NR = not reported and assumed to be insignificant.
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Table 5-2. (continued)

Phase Phase | Phase Phase Phase
1 Phase 2 3 4a 4B 4C
Vol Vol

Weighted | Weighted
Interface” 84a 84a 84a 84a 84a 84a Ave Ave
Chemical
Components
(mg/L) none none none none none mg/L M
Aluminum 6.72E+00 6.72E+00 | 2.49E-04
Bismuth 4,29E-01 4,29E-01 | 2.05E-06
Chlorine 1.42E+03 1.42E+03 | 4.01E-02
Chromium 2.58E+01 2.58E+01 | 4.96E-04
Fluorine 2.85E+02 2.85E+02 | 1.50E-02
Iron 8.08E-02 8.08E-02 | 1.45E-06
Nickel 1.28E-02 1.28E-02 | 2.18E-07
Nitrate 1.39E+01 1.39E+01 | 2.24E-04
Nitrite 4.62E+03 4.62E+03 | 1.00E-01
Potassium 1.56E+02 1.56E+02 | 3.99E-03
Phosphate 3.24E+01 3.24E+01 | 3.41E-04
Sodium 3.58E+03 3.58E+03 | 1.56E-01
Sulfate 1.14E+03 1.14E+03 | 1.19E-02
TOC NR NR NR
Oxalate NR NR NR
Zirconium NR NR NR

Totals

Tc(Ci)&
Radionuclides Vols (gal
(Ci/L) none none none none none orlL)
“Tc none | 1.08E-04 | none none none none
%Tc (Ci)
Inventory 9.11E+03 9.11E+03
Total Volume
(gal) none | 2.23E+07 | none none none none 2.23E+07
Total Volume
(L) 8.44E+07 8.44E+07

See Figure 3-1 for interface locations

none = no waste stream was generated during this WTP mission phase.
NR = not reported and assumed to be insignificant.
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The waste streams entering and then passing out of the EMF facility during DFLAW contain ~9110
Ci of Tc with the bulk (~7690) Ci being recycled to the LAW melters (interface 84b) in a relatively low
volume of 5.87 x 10" L and ~1350 Ci sent back to DSTs (interface 29) in a larger volume (1.39 x 10"
L . An insignificant amount of **Tc is sent from EMF to LERF/ETF (0.02 Ci; see interface 83) and from
the EMF out the stack (3.17x 10" Ci; see interface 81). A key operation within the EMF is an
evaporator to concentrate the captured LAW melter off-gas liquids. The waste stream (interface 29)
sent back to DSTs is conditioned to have Na and nitrate concentrations similar to the tank waste. Nitrite
Is maintained at concentrations adequate to minimize tank wall and bottom corrosion. The waste stream
recycled back to the LAW melter is more concentrated in chloride, fluoride, nitrite and sulfate (interface
84b) than the waste stream sent back to DST tanks (interface 29).

The predicted Na concentration in interface 29 wastes is 4.91 M, similar to concentrations found in
the DSTs. The larger portion of EMF concentrated liquid waste, which is sent back to the LAW melters
is concentrated up to a Na concentration of 1.92 M. In either case should the EMF concentrated off-gas
liquid wastes have Tc¢ removed prior to recycling to the LAW melters or tank farms, the relatively high
ionic strength would need to be considered. For example, direct removal of Tc by traditional anion
exchange resins might be challenging; however, a plausible use of SuperLig 639 would be for the
concentrated portion currently planned to recycle back to the DSTs. The waste recycled back to the LAW
melters does not have a high enough Na concentration to use SuperLig 639 optimally because for optimal
performance, the Na should be present at 4 to 5M, not 1.92 M. In section 5.2 there is more discussion on
Tc removal from the off-gas secondary waste stream produced during the DFLAW EMF evaporation
process.

A comparable analysis of the off-gas liquid waste streams generated during the full operation of
WTP-PT (Phases 3 and 4; as described at the beginning of Section 3) is found in Table 5-3 and Table 5-4.
For completeness the entire mass balance of wastes entering and leaving the PT is provided in Table 5-5.
Table 5-4 shows details for each waste stream entering and then leaving the PT as a function of Phase (as
described in Section 3), which equates to WTP operational time.

Table 5-5 shows a very good mass balance for waste volumes and Tc entering and leaving the PT
facility. Further, it is obvious from the Tc inventories that only a few of the waste streams contain
enough **Tc to be considered as good candidates for Tc removal, especially after pre-treatment of DST
tank feed (interface 33a) to remove suspended solids and **’Cs. Most of the highly saline waste streams
that leave PT (interfaces 35a, 41a, and 45) were discussed in Section 3. In Section 3 we concluded that
removal of **Tc at the end of pretreatment activities in the PT facility is likely too costly and challenging
(e,0., Na concentrations either too low or perhaps too high for optimal removal of pertechnetate using
SuperLig 639). Removal of **Tc from LAW wastes after removal of suspended solids and **'Cs (i.e.,
from interfaces 41a and 45 likely would require diluting their Na concentrations down from 7.3t0 7.8 M
to 4 to 5 M. Thus, rather than using SuperLig 639, a different Tc removal method should be investigated.
Based on the Table 5-4 and Table 5-5 data there is not enough **Tc in the waste streams either leaving the
PT facility and going to the HLW melters (interface 35a), going to LERF/ETF (interface 51), or
exhausted out the stacks (interface 50) to warrant *Tc removal.
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Table 5-3. Interfaces where Liquid Wastes Enter and Exit the Pre-Treatment (PT) During Full WTP Operations

8'G

Interface Interface Name From To Primary Flow
33a LAW Feed to PT East Area DSTs PT S”pe(rﬂitsv\gva“e
34a HLW Feed to PT TWCS PT Slurry Waste

o PT Secondary Liquid
35b HLW 2nd Liguid Waste HLW Melters Waste

o PT Secondary Liquid
41b LAW 2nd Liquid Waste LAW Melters Waste
60a PT Utilities Balance Facilities PT Make-up Water

Interface Interface Name From To Primary Flow
35a HLW PT HLW Melters HLW
41a LAW PT LAW Melters LAW
45 PT to SLAW PT SLAW Melters LAW
50 PT Off-gas PT Stack Off-gas
51 o PT Secondary Liquid

PT 2nd Liquid Waste LERF/ETF Waste

Note: In the current One System flowsheet there is no recycle of SLAW melter off-gas captured waste back to the WPT Pretreatment Facility. Itis
assumed that the SLAW melter facility will contain an evaporator that will concentrate SLAW off-gas captured wastes with the concentrate
returned directly to the SLAW melters and evaporator condensate would liquid waste will be sent to LERF/ETF. The Tc concentration in SLAW
evaporator condensate may be low enough that no separation is warranted. If Tc concentrations are higher than anticipated, then Tc removal from
the SLAW evaporator condensates would have be performed at the ETF.



Table 5-4. Volumes, Tc Concentrations, Inventory, and Chemical Concentrations of Waste Entering and
Leaving the PT Facility During Full WTP Operations (Phases 3 and 4)

Phase Phase
Phase 1 2 3 Phase 4a Phase 4b Phase 4c
Vol
Vol Weighted | Weighted
Interface 33a 33a 33a 33a 33a 33a Ave Ave
Chemical
Components
(mg/L) none none none mg/L M
Aluminum 4.68E+03 | 1.53E+03 | 5.16E+02 1.73E+03 6.41E-02
Bismuth 5.65E+01 | 1.05E+02 | 7.01E+01 7.51E+01 3.59E-04
Chlorine 3.25E+03 | 1.67E+03 | 8.60E+02 1.61E+03 4 54E-02
Chromium 5.53E+02 | 6.43E+02 | 2.35E+02 4.05E+02 7.79E-03
Fluorine 1.07E+03 | 2.37E+03 | 2.07E+03 1.91E+03 1.00E-01
Iron 5.24E+01 | 3.01E+01 | 1.93E+01 2.96E+01 5.30E-04
Nickel 1.69E+00 | 1.21E-01 1.42E-02 4.32E-01 7.36E-06
Nitrate 8.18E+04 | 3.69E+04 | 2.50E+04 4.11E+04 6.63E-01
Nitrite 1.46E+05 | 1.36E+05 | 1.01E+05 1.20E+05 2.60E+00
Potassium 3.09E+03 | 1.42E+03 | 4.81E+02 1.31E+03 3.36E-02
Phosphate 4.28E+03 | 6.10E+03 | 6.90E+03 6.10E+03 6.42E-02
Sodium 1.56E+05 | 1.16E+05 | 7.58E+04 1.04E+05 4.52E+00
Sulfate 6.73E+03 | 9.33E+03 | 9.08E+03 8.59E+03 8.95E-02
TOC 1.69E+03 | 1.65E+03 | 9.38E+02 1.28E+03 1.07E-01
Oxalate 1.15E+03 | 1.61E+03 | 1.63E+03 1.51E+03 1.72E-02
Zirconium NR NR NR NR NR
Totals: Tc
Radionuclides (Ci) & Vol
(Ci/L) none none none (gal or L)
*®Tc 1.08E-04 | 4.69E-05 | 2.56E-05
Tc (Ci)
Inventory 2.85E+03 | 1.24E+03 | 1.53E+03 5.62E+03
Total Volume
(gal) none none none 6.97E+06 | 6.97E+06 | 1.58E+07 2.97E+07
Total Volume
(L) 2.64E+07 | 2.64E+07 | 5.98E+07 1.13E+08
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Table 5-4. (continued)

Phase
Phase 1 2 Phase 3 | Phase 4a | Phase 4b | Phase 4c
Vol Vol
Weighted | Weighted

Interface 34a 34a 34a 34a 34a 34a Ave Ave
Chemical
Components
(mg/L) none none mg/L M
Aluminum 2.36E+04 | 3.44E+04 | 2.15E+04 | 1.56E+04 | 2.34E+04 8.67E-01
Bismuth 4,68E+02 | 9.87E+02 1.77E+03 5.63E+02 1.14E+03 5.47E-03
Chlorine 2.14E+03 | 1.94E+03 | 1.03E+03 | 7.65E+02 1.27E+03 3.58E-02
Chromium 9.44E+02 | 2.31E+03 | 1.14E+03 | 1.02E+03 1.40E+03 2.70E-02
Fluorine 2.49E+03 | 1.78E+03 | 3.70E+03 3.41E+03 3.03E+03 1.60E-01
Iron 9.91E+03 | 3.45E+03 | 3.25E+03 | 1.99E+03 3.39E+03 6.07E-02
Nickel 6.71E+02 | 4.98E+02 | 3.90E+02 | 1.40E+02 3.68E+02 6.26E-03
Nitrate 5.02E+04 | 3.45E+04 | 2.48E+04 2.02E+04 2.78E+04 4.48E-01
Nitrite 1.10E+05 | 9.20E+04 | 9.57E+04 | 7.92E+04 9.11E+04 1.98E+00
Potassium 3.07E+03 | 2.46E+03 | 8.83E+02 | 4.63E+02 1.33E+03 3.39E-02
Phosphate 7.16E+03 | 7.05E+03 1.48E+04 1.36E+04 1.19E+04 1.25E-01
Sodium 1.21E+05 | 1.04E+05 | 8.83E+04 | 7.21E+04 | 9.01E+04 3.92E+00
Sulfate 5.25E+03 | 4.34E+03 | 8.18E+03 9.46E+03 7.33E+03 7.63E-02
TOC 1.68E+03 | 2.24E+03 | 1.10E+03 | 9.78E+02 1.41E+03 1.17E-01
Oxalate 4.14E+03 | 3.85E+03 | 3.58E+03 5.65E+03 4.26E+03 4.84E-02
Zirconium 3.27E+03 | 1.09E+03 1.73E+03 2.62E+02 1.26E+03 1.38E-02

. . Totals: Tc
Radionuclides (Ci)& Vol
(Ci/L) none none (gal or L)
®Tc 9.53E-05 | 6.15E-05 | 2.65E-05 | 2.25E-05
Tc (Ci)
Inventory 2.02E+03 | 5.24E+03 | 3.37E+03 2.01E+03 1.26E+04
Total Volume
(gal) none none | 5.60E+06 | 2.25E+07 | 3.36E+07 | 2.36E+07 | 8.53E+07
Total Volume
(L) 2.12E+07 | 8.52E+07 1.27E+08 8.93E+07 3.23E+08
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Table 5-4. (continued)

Vol

Weighted | Vol Weighted
Interface” 35b 35b 35b 35b 35b 35b Ave Ave
Chemical
Components
(mg/L) none | none mg/L M
Aluminum 5.30E+01 | 2.99E+02 | 3.01E+02 | 2.10E+02 | 2.70E+02 1.00E-02
Bismuth 3.79E+00 | 1.04E+01 | 2.46E+01 | 1.39E+01 | 1.66E+01 7.95E-05
Chlorine 6.20E+00 | 2.10E+00 | 1.18E+00 | 1.38E+00 | 1.84E+00 5.19E-05
Chromium 6.79E+00 | 1.25E+01 | 6.98E+00 | 1.81E+01 | 1.07E+01 2.07E-04
Fluorine 1.35E+02 | 5.67E+00 | 2.86E+01 | 1.26E+03 | 2.32E+02 1.22E-02
Iron 4,09E+02 | 1.20E+02 | 1.29E+02 | 1.36E+02 | 1.44E+02 2.58E-03
Nickel 2.00E+01 | 1.51E+01 | 1.44E+01 | 7.88E+00 | 1.39E+01 2.37E-04
Nitrate 8.28E+00 | 1.57E+01 | 1.41E+01 | 9.61E+00 | 1.36E+01 2.19E-04
Nitrite 2.27E+02 | 2.78E+02 | 1.97E+02 | 2.50E+02 | 2.36E+02 5.13E-03
Potassium 3.22E+00 | 3.48E+00 | 1.53E+00 | 2.24E+00 | 2.43E+00 6.22E-05
Phosphate 2.96E-01 | 1.18E-01 | 1.04E+00 | 5.13E-01 | 5.86E-01 6.17E-06
Sodium 5.94E+01 | 5.76E+01 | 4.45E+01 | 9.46E+01 | 5.83E+01 2.53E-03
Sulfate 1.25E+01 | 6.29E+00 | 1.50E+01 | 2.13E+02 | 4.47E+01 4.66E-04
TOC NR NR NR NR NR NR
Oxalate NR NR NR NR NR NR
Zirconium 7.50E+01 | 2.52E+01 | 4.49E+01 | 1.20E+01 | 3.44E+01 3.58E-04

Totals: Tc

Cih &

Radionuclides Vol (gal
(CilL) none | none orlL)
¢ 2.28E-07 6.25E-08 2.70E-08 3.36E-08
®Tc (Ci)
Inventory 9.84E-01 | 1.54E+00 | 8.12E-01 | 3.96E-01 | 3.73E+00
Total Volume
(gal) none | none | 1.14E+06 6.52E+06 7.94E+06 3.11E+06 | 1.87E+07
Total Volume
(L) 4 32E+06 | 2.47E+07 | 3.01E+07 | 1.18E+07 | 7.08E+07
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Table 5-4. (continued)

Phase 1 | Phase 2 | Phase 3 Phase 4a | Phase 4b | Phase 4c
Vol Vol

Weighted Weighted
Interface” 41b 41b 41b 41b 41b 41b Ave Ave
Chemical
Components
(mg/L) none none mg/L M
Aluminum 1.53E+01 | 1.49E+01 | 1.05E+01 | 8.18E+00 | 1.17E+01 4.32E-04
Bismuth 7.75E-01 | 1.28E+00 | 1.32E+00 | 9.99E-01 1.16E+00 5.56E-06
Chlorine 5.21E+02 | 5.77E+02 | 3.19E+02 | 2.11E+02 | 3.88E+02 1.09E-02
Chromium 2.33E+01 | 4.79E+01 | 3.56E+01 | 2.41E+01 | 3.49E+01 6.72E-04
Fluorine 6.05E+02 | 5.03E+02 | 1.01E+03 | 9.19E+02 | 7.85E+02 4.13E-02
Iron 1.36E-01 | 1.48E-01 | 1.34E-01 | 8.77E-02 1.25E-01 2.24E-06
Nickel 2.96E-02 | 2.99E-02 | 1.96E-02 | 1.43E-02 2.22E-02 3.79E-07
Nitrate 2.78E+01 | 1.83E+01 | 5.58E-01 | 1.82E-01 | 8.60E+00 1.39E-04
Nitrite 2.04E+03 | 2.21E+03 | 1.84E+03 | 1.31E+03 | 1.82E+03 3.95E-02
Potassium 5.99E+01 | 5.14E+01 | 2.52E+01 | 1.06E+01 | 3.24E+01 8.29E-04
Phosphate 2.93E+01 | 3.10E+01 | 6.96E+01 | 6.44E+01 | 5.21E+01 5.49E-04
Sodium 2.21E+03 | 2.29E+03 | 2.32E+03 | 1.97E+03 2.20E+03 9.55E-02
Sulfate 2.20E+01 | 1.24E+02 | 1.12E+03 | 1.67E+03 | 8.65E+02 9.01E-03
TOC NR NR NR NR NR NR
Oxalate NR NR NR NR NR NR
Zirconium NR NR NR NR NR NR
Radionuclides
(Ci/L) none none

Totals: Tc

(Ci) & Vol
®1¢ 3.81E-05 3.38E-05 1.32E-05 9.89E-06 (galor L)
Tc (Ci)
Inventory 1.57E+03 | 4.70E+03 | 1.72E+03 | 1.28E+03 | 9.27E+03
Total Volume
(gal) none none | 1.09E+07 3.67E+07 3.44E+07 3.43E+07 | 1.16E+08
Total Volume
(L) 4,13E+07 | 1.39E+08 | 1.30E+08 | 1.30E+08 4.40E+08
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Table 5-4. (continued)

Phase
Phase 1 2 Phase 3 Phase 4a Phase 4b Phase 4c

Vol Vol
Weighted | Weighted

Interface” 60a 60a 60a 60a 60a 60a Ave Ave

Chemical

Components

(mg/L) none none mg/L M

Aluminum NR NR NR NR

Bismuth NR NR NR NR

Chlorine NR NR NR NR

Chromium NR NR NR NR

Fluorine NR NR NR NR

Iron NR NR NR NR

Nickel NR NR NR NR

Nitrate 3.59E+01 3.80E+01 | 4.19E+01 | 3.52E+01 | 3.86E+01 | 6.23E-04

Nitrite 1.73E+04 1.72E+04 | 1.55E+04 | 1.43E+04 | 1.60E+04 | 3.47E-01

Potassium NR NR NR NR

Phosphate NR NR NR NR

Sodium 1.18E+05 1.14E+05 | 1.12E+05 | 1.23E+05 | 1.16E+05 | 5.03E+00

Sulfate NR NR NR NR

TOC NR NR NR NR

Oxalate NR NR NR NR

Zirconium NR NR NR NR

Radionuclides

(Ci/L) none none NR NR NR NR

*®Tc 0 0 0 0

Tc (Ci)

Inventory 0 0 0 0 0

Total Volume

(gal) none none 4. 54E+06 2.00E+07 | 2.08E+07 | 1.29E+07 | 5.82E+07

Total Volume

(L) 1.72E+07 7.57E+07 | 7.87E+07 | 4.88E+07 | 2.20E+08
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Table 5-4. (continued)

Phase 1 | Phase 2 | Phase 3 Phase 4a | Phase 4B | Phase 4C We\igohlted We\ig)hlted
Ave Ave
Interface” 35a 35a 35a 35a 35a 35a mg/L M
Chemical
Components none none
(mg/L)
Aluminum 8.96E+03 | 4.60E+04 | 4.60E+04 | 3.07E+04 | 4.13E+04 | 1.53E+00
Bismuth 1.34E+03 | 3.32E+03 | 7.86E+03 | 4.21E+03 | 5.29E+03 | 2.53E-02
Chlorine 1.12E+01 | 3.45E+00 | 1.94E+00 | 2.15E+00 | 3.02E+00 | 8.50E-05
Chromium 6.86E+02 | 1.16E+03 | 6.42E+02 | 1.58E+03 | 9.88E+02 | 1.90E-02
Fluorine 2.18E+02 | 8.12E+00 | 4.21E+01 | 1.76E+03 | 3.39E+02 | 1.78E-02
Iron 5.35E+04 | 1.43E+04 | 1.53E+04 | 1.55E+04 | 1.71E+04 | 3.06E-01
Nickel 3.06E+03 | 2.10E+03 | 2.00E+03 | 1.05E+03 | 1.93E+03 | 3.28E-02
Nitrate 3.49E+02 | 1.89E+02 | 1.50E+02 | 1.97E+02 | 1.83E+02 | 2.95E-03
Nitrite 1.12E+04 | 1.12E+04 | 8.03E+03 | 1.54E+04 | 1.06E+04 | 2.30E-01
Potassium 1.35E+02 | 1.31E+02 | 5.79E+01 | 8.03E+01 | 9.15E+01 | 2.34E-03
Phosphate 3.65E+01 | 1.32E+01 | 1.17E+02 | 5.36E+01 | 6.54E+01 | 6.89E-04
Sodium 7.83E+03 | 6.87E+03 | 5.31E+03 | 1.07E+04 | 6.93E+03 | 3.01E-01
Sulfate 2.79E+01 | 1.28E+01 | 3.10E+01 | 4.11E+02 | 9.07E+01 | 9.44E-04
ToC 1.95E+01 | 9.19E+00 | 6.36E+00 | 6.91E+00 | 8.17E+00 | 8.51E-05
Oxalate 7.86E+02 | 8.17E+02 | 2.21E+02 | 1.33E+03 | 6.53E+02 | 6.80E-03
Zirconium 1.63E+04 | 4.96E+03 | 8.84E+03 | 2.25E+03 | 6.76E+03 | 7.04E-02
Radz‘éri‘/ul_c)“des none | none
Totals: Tc
471E-07 | 1.18E-07 | 5.11E-08 | 6.00E-08 \55;)(;'
e orlL)
*Tc (Ci)
Inventory 1.57E+00 | 2.47E+00 | 1.30E+00 | 6.29E-01 | 5.98E+00
TOtaEg\;‘l))'”me none | none | 8.83E+05 | 5.53E+06 | 6.73E+06 | 2.77E+06 | 1.59E+07
TOta'(\S'”me 3.34E+06 | 2.09E+07 | 2.55E+07 | 1.05E+07 | 6.02E+07
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Table 5-4. (continued)

Vol Vol
Phase Weighted | Weighted
Phase 1 2 Phase 3 Phase 4a Phase 4B Phase 4C Ave Ave
Interface” 4la 4la 4la 4la 4la 4la mg/L M
Chemical
Components
(mg/L) none none
Aluminum 1.78E+04 1.72E+04 1.31E+04 | 1.31E+04 | 1.50E+04 | 5.57E-01
Bismuth 9.41E+01 1.52E+02 1.72E+02 | 1.65E+02 | 1.55E+02 | 7.42E-04
Chlorine 2.59E+03 2.84E+03 1.72E+03 | 1.44E+03 | 2.14E+03 | 6.04E-02
Chromium 7.43E+02 1.51E+03 1.23E+03 | 1.06E+03 | 1.24E+03 | 2.38E-02
Fluorine 2.78E+03 2.27E+03 5.00E+03 | 5.77E+03 | 3.99E+03 | 2.10E-01
Iron 1.65E+02 1.77E+02 1.74E+02 | 1.46E+02 | 1.67E+02 | 3.00E-03
Nickel 7.03E+00 | 7.00E+00 | 5.02E+00 | 4.66E+00 | 5.84E+00 | 9.96E-05
Nitrate 3.98E+04 4.37E+04 3.18E+04 | 3.06E+04 | 3.66E+04 | 5.90E-01
Nitrite 1.04E+05 1.09E+05 1.29E+05 | 1.28E+05 | 1.19E+05 | 2.59E+00
Potassium 2.69E+03 2.28E+03 1.22E+03 | 6.53E+02 | 1.61E+03 | 4.13E-02
Phosphate 5.91E+03 | 6.17E+03 | 1.52E+04 | 1.78E+04 | 1.17E+04 | 1.23E-01
Sodium 1.83E+05 1.82E+05 1.79E+05 | 1.77E+05 | 1.80E+05 | 7.83E+00
Sulfate 4.37E+03 4.71E+03 9.96E+03 | 1.55E+04 | 8.84E+03 | 9.21E-02
TOC 1.43E+03 1.77E+03 | 1.36E+03 | 1.35E+03 | 1.51E+03 | 1.26E-01
Oxalate 3.44E+03 2.64E+03 3.62E+03 | 6.83E+03 | 4.02E+03 | 4.57E-02
Zirconium NR NR NR NR NR NR
Radionuclides
(Ci/L) none none
Totals: Tc
(Ci) &
Vol (gal
®1¢ 1.36E-04 1.19E-04 5.09E-05 | 4.85E-05 orlL)
Tc (Ci)
Inventory 2.52E+03 | 7.48E+03 | 2.74E+03 | 2.06E+03 | 1.48E+04
Total Volume
(gal) none none 4.90E+06 1.66E+07 1.42E+07 | 1.12E+07 | 4.69E+07
Total
Volume (L) 1.85E+07 | 6.28E+07 | 5.38E+07 | 4.24E+07 | 1.78E+08
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Table 5-4. (continued)

Phase 1 | Phase 2 | Phase 3 | Phase 4a | Phase 4B | Phase 4C We\igohlted We\igohlted
Ave Ave
Interface” 45 45 45 45 45 45 mg/L M
Chemical
Components none none none
(mg/L)

Aluminum 1.71E+04 | 1.24E+04 | 1.00E+04 | 129E404 | 4.79E-01
Bismuth 1.44E+02 | 1.70E+02 | 1.61E+02 | 150E+02 | 7.18E-04
Chlorine 2.66E+03 | 1.61E+03 | 1.60E+03 | 1.88E+03 5.31E-02
Chromium 1.60E+03 | 1.11E+03 | 8.36E+02 | 117E+03 | 2.25E-02
Fluorine 1.98E+03 | 5.09E+03 | 5.51E+03 | 380E+03 | 2.00E-01
Iron 1.75E+02 | 1.64E+02 | 1.14E+02 | 150E+02 | 2.69E-03
Nickel 7.34E+00 | 4.77E+00 | 3.31E+00 | 5.14E+00 8.76E-05
Nitrate 4.28E+04 | 3.17E+04 | 3.76E+04 | 3.48E+04 5.62E-01
Nitrite 1.05E+05 | 1.28E+05 | 1.56E+05 | 118E+05 | 2.56E+00
Potassium 2.63E+03 | 1.15E+03 | 8.02E+02 | 154E+03 | 3.94E-02
Phosphate 5.76E+03 | 1.58E+04 | 1.62E+04 | 1.15E+04 1.21E-01
Sodium 1.79E+05 | 1.76E+05 | 1.75E+05 | 167E+05 | 7.27E+00
Sulfate 456E+03 | 1.12E+04 | 1.77E+04 | 9.40E+03 9.79E-02
TOC 2.05E+03 | 1.38E+03 | 1.59E+03 | 1.57E+03 1.64E-02
Oxalate 2.76E+03 | 3.59E+03 | 4.90E+03 | 3.33E+03 3.47E-02

Zirconium

Radztér;/ul_c)lldes none none none
9.95E-05 | 4.69E-05 | 5.10E-05 | Totals:Tc
(Ci) & Vol
¢ (gal or L)
|9:Ign(t§3/ 6.25E+03 | 3.59E+03 | 288403 | | ,oc. )
TOtaEg\;‘l))'“me none | none | nome | 166E+07 | 2.02E+07 | 149E+07 | o o
Total (\S'“me 6.28E+07 | 7.65E+07 | 5.64E407 | | oo oo
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Table 5-4. (continued)

Phase 1 | Phase 2 | Phase 3 Phase 4a Phase 4b | Phase 4c
Vol Vol
Weighted | Weighted
Interface” 50 50 50 50 50 50 Ave Ave
Chemical
Components
(mg/L) none none mg/L M
Aluminum 6.38E-02 | 4.50E-02 | 3.85E-02 | 3.61E-02 | 4.17E-02 1.55E-06
Bismuth 3.71E-01 | 4.19E-01 | 4.97E-01 | 4.99E-01 | 4.64E-01 2.22E-06
Chlorine 5.98E-01 | 4.51E-01 | 1.95E-01 | 1.43E-01 | 2.89E-01 8.15E-06
Chromium 1.90E-02 | 4.30E-02 | 2.98E-02 | 2.63E-02 | 3.20E-02 6.15E-07
Fluorine 2.84E+01 | 1.70E+01 | 2.67E+01 | 3.06E+01 | 2.50E+01 1.32E-03
Iron 3.11E+01 | 2.61E+01 | 2.78E+01 | 2.28E+01 | 2.61E+01 4.68E-04
Nickel 8.02E-01 | 5.42E-01 | 4.03E-01 | 3.75E-01 | 4.68E-01 7.97E-06
Nitrate 4.08E-03 | 3.01E-03 | 2.29E-03 | 2.43E-03 | 2.69E-03 4.33E-08
Nitrite 2.79E-03 | 2.22E-03 | 2.30E-03 | 2.17E-03 | 2.28E-03 4.95E-08
Potassium 4.00E-01 | 2.42E-01 | 1.17E-01 | 6.04E-02 | 1.61E-01 4.11E-06
Phosphate 446E-01 | 3.12E-01 | 8.72E-01 | 1.10E+00 | 7.34E-01 7.73E-06
Sodium 9.73E+00 | 7.19E+00 | 7.13E+00 | 7.05E+00 | 7.33E+00 3.19E-04
Sulfate 1.09E+00 | 1.11E+00 | 3.49E+00 | 6.06E+00 | 3.32E+00 3.45E-05
TOC 1.82E+04 | 1.76E+04 | 1.37E+04 | 1.46E+04 | 1.55E+04 1.61E-01
Oxalate 1.77E+05 | 1.81E+05 | 2.17E+05 | 3.10E+05 | 2.30E+05 2.39E+00
Zirconium NR NR NR NR NR NR
Totals: Tc
Radionuclides (Ci) & Vol
(Ci/lL) none none (gal or L)
*®Tc 1.32E-08 | 7.82E-09 | 2.39E-09 | 1.98E-09
®Tc (Ci)
Inventory 2.88E-05 | 6.66E-05 | 2.24E-05 | 1.59E-05 | 1.34E-04
Total Volume
(gal) none none | 5.77E+02 | 2.25E+03 | 2.48E+03 | 2.12E+03 | 7.43E+03
Total Volume
(L) 2.18E+03 | 8.52E+03 | 9.39E+03 | 8.03E+03 | 2.81E+04
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Table 5-4. (continued)

Phase | Phase
1 2 Phase 3 Phase 4a Phase 4B Phase 4C
Vol Vol
Weighted Weighted
Interface 51 51 51 51 51 51 Ave Ave
Chemical
Components
(mg/L) none | none mg/L M
Aluminum 8.66E-04 | 6.09E-04 | 5.04E-04 | 4.66E-04 5.48E-04 2.03E-08
Bismuth 2.45E-01 | 2.51E-01 | 2.89E-01 | 3.05E-01 2.80E-01 1.34E-06
Chlorine 5.44E-01 | 4.93E-01 | 2.19E-01 1.53E-01 2.99E-01 8.45E-06
Chromium 2.26E-03 | 4.98E-03 | 3.40E-03 | 2.91E-03 3.61E-03 6.94E-08
Fluorine 2.26E+00 | 1.38E+00 | 2.14E+00 | 2.29E+00 1.98E+00 1.04E-04
Iron 3.37E-01 | 2.80E-01 | 2.94E-01 | 2.32E-01 2.73E-01 4.90E-06
Nickel 1.09E-02 7.36E-03 | 5.31E-03 | 4.88E-03 6.16E-03 1.05E-07
Nitrate 9.05E-04 | 6.64E-04 | 4.92E-04 | 6.11E-04 6.09E-04 9.82E-09
Nitrite 1.26E+02 | 1.16E+02 | 9.26E+01 | 7.31E+01 | 9.55E+01 2.08E-03
Potassium 5.47E-03 | 3.22E-03 1.52E-03 | 9.05E-04 2.09E-03 5.36E-08
Phosphate 6.23E-03 | 4.30E-03 1.14E-02 1.54E-02 1.03E-02 1.08E-07
Sodium 2.26E+02 | 2.09E+02 | 1.67E+02 | 1.64E+02 1.82E+02 7.92E-03
Sulfate 1.09E-01 1.54E-01 | 7.06E-01 | 1.20E+00 6.63E-01 6.90E-06
TOC 6.20E+00 | 5.83E+00 | 4.54E+00 | 5.54E+00 | 5.34E+00 4.45E-04
Oxalate 6.08E+01 | 5.97E+01 | 6.93E+01 | 1.02E+02 7.63E+01 8.67E-04
Zirconium NR NR NR NR NR NR
Radionuclides
(Ci/L) none | none
Totals: Tc
(Ci) & Vol.
¢ none | none | 1.97E-10 | 1.13E-10 | 3.18E-11 | 2.96E-11 (gal or L)
99Tc (Ci)
Inventory 1.07E-02 2.40E-02 7.74E-03 | 7.01E-03 4.94E-02
Total Volume
(gal) none | none | 1.43E+07 | 5.60E+07 | 6.43E+07 | 6.26E+07 | 1.97E+08
Total Volume
(L) 5.41E+07 | 2.12E+08 | 2.43E+08 | 2.37E+08 | 7.46E+08
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Table 5-5. Mass Balance of Waste Volumes and **Tc Entering and Exiting the PT Facility

6T'S

Into: interface” vol (gal) vol (L) Tc (Ci) Weighted Ave Na(M)
PT 33a
2.97E+07 1.13E+08 5.62E+03 452
PT 34a 8.53E+07 3.23E+08 1.26E+04 3.92
PT 35b 1.87E+07 7.08E+07 3.73E+00 0.003
PT 41b 1.16E+08 4.40E+08 9.27E+03 0.096
PT 60a 5.82E+07 2.20E+08 0 5.03
Totals 3.08E+08 1.17E+09 2.75E+04
Out Of
PT interface vol (gal) vol (L) Tc (Ci)
PT 35a 1.59E+07 6.02E+07 5.98E+00 0.301
PT 41a 4.69E+07 1.78E+08 1.48E+04 7.83
PT 45 5.17E+07 1.96E+08 1.27E+04 7.27
PT 50 7.43E+03 2.81E+04 1.34E-04 0.0003
PT 51 1.97E+08 7.46E+08 4.94E-02 0.008
Totals 3.12E+08 1.18E+09 2.75E+04
Mass Balance (Out-
In)/In % 1.2% 1.2% 0.0%

Yellow highlight signifies high Tc inventories that could be candidates for removal/separation.




In summary, based on Table 5-4 and Table 5-5, the PT facility mass balance for Tc shows that the HLW
melter facility returns 70.8 million liters of off-gas captured liquid waste to the PT facility over Phases 3
and 4 but the Tc content in this waste stream is very low (~3.72 Ci). The chemical composition of the
HLW off-gas liquid waste stream is dominated by fluoride and sodium with a total ionic strength of about
0.04 M. The LLW melters return 440 million liters of off-gas captured liquid waste to the PT facility
over Phases 3 and 4 and the projected Tc content is substantial (~9270 Ci). The chemical composition of
the LLW off-gas liquid waste stream is dominated by fluoride, chloride and sodium with a total ionic
strength of about 0.12 M.

Currently, The One System flow-sheet does not have the assumed SLAW melters recycling off-gas
wastes back to PT. Rather those wastes are processed through an evaporator that is part of the proposed
SLAW vitrification facility. Captured SLAW melter off-gas liquid wastes are sent through the SLAW
evaporator and the concentrate is continually recycled through the SLAW melters. SLAW evaporator
condensate is sent directly to LERF/ETF (interface 48). Inspection of the projected mass of **Tc leaving
the SLAW evaporator as condensates and being sent to LERF/ETF in waste stream 48 is inconsequential
(0.12 Ci).

The inventory of **Tc entering the SLAW melters is projected to be 15,330 Ci (2630 Ci from LAWPS
and 12,700 Ci from PT). The inventory of *Tc in the immobilized SLAW glass is projected to be 14,900
Ci and about 0.12 Ci being sent to LERF/ETF and <0.001 Ci being exhausted out the stack. So there
appears to be a misbalance between the **Tc entering the SLAW melters and leaving the melters as
secondary wastes, exhaust and immobilized glass of ~400 Ci. This shortfall is 2.6% of the projected **Tc
entering the SLAW melters. More importantly the current One System flow sheet assumes that almost all
%Tc entering the SLAW melters gets incorporated into SLAW glass by continuous recycle of captured
off-gas waste streams after being concentrated in an evaporator that is within the proposed SLAW
facility.

Based on all the waste projections of volumes and more importantly **Tc and major chemical
compositions (concentrations), the most likely waste stream from which **Tc would be best removed is
the captured off-gas liquid wastes from the LAW melters as it is returned to the PT for re-
concentration/modification for mixing with fresh LAW feed. This is interface 41b waste. Its projected
volumes, Tc and major chemical concentrations as a function of WTP operations phases are shown in
Table 5-4. Summary information on total projected volumes, total **Tc inventory and average Na
concentration is found in Table 5-5. Based on these projections there would be an opportunity to remove
~9300 Ci of *Tc from a dilute solution containing ~0.1 M Na at some location within the PT or at a
nearby location prior to any re-concentration by evaporation. One challenge would be the projected
volume is 440 million liters that would need to be treated. A similar Tc removal location would be inside
the SLAW facility after the melter off-gas waste stream is captured either before or after this dilute waste
stream is processed in the SLAW evaporator. At this time the One System mass flow-sheet does not
provide volumes, Tc inventories or waste compositions. However, the estimates for interface could be
multiplied by the ratio of original LAW feed projected to be sent to the SLAW melters divided by original
LAW feed destined to be sent to the LAW melters. Many of the Tc removal techniques described in
Section 6 should be capable of removing *Tc from the captured off-gas dilute waste streams. If the **Tc
from this off-gas captured waste stream was first re-concentrated by evaporation it might be possible to
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use SuperLig 639 as long as the alkali metal (generally Na) is set in the range of 4 to 5M. This would
require a 40 to 50-fold reduction in the volume of dilute waste with the 41b composition to get the waste
stream in the optimal state for effective **Tc removal by SuperLig 639. The form of *Tc in the off-gas
captured waste stream 41b is most likely pertechnetate, which is the Tc species that SuperLig 639
removes.

Other scientists have also been studying methods of removing Tc from WTP off-gas condensates and
flush waters generated during both DFLAW and normal WTP PT operations. Taylor-Pashow et al. (2015)
studied Tc removal from a DFLAW off-gas simulant and Taylor-Pashow et al. (2014a,b) studied Tc
removal from a WTP-LAW melter off-gas simulant. A summary of their work is provided in the next
two subsections.

5.1 SRNL Studies on Off-gas Simulants for Fully Operational WTP

Once the WTP PT and LAW vitrification facility is fully operational (Phase 3), it will generate an
aqueous condensate recycle stream (LAW Off-Gas Condensate) from the off-gas system. The baseline
plan for disposition of this stream is to send it back to the Pretreatment Facility (PT), where it will be
concentrated by evaporation, then mixed with new LAW feed and then recycled to the LAW vitrification
facility (melters) again. The off-gas waste stream is near neutral pH, and will likely contain some
insoluble solids from melter carryover. Soluble components are expected to be mostly sodium and
ammonium salts of nitrate, chloride, and fluoride. Eliminating this off-gas stream from recycling within
PT would also decrease the LAW vitrification mission duration and quantity of glass waste generated.
Because this recycle stream contains halides and sulfate, which are only marginally soluble in glass, these
components accumulate in the condensate stream, exacerbating their impact on the number of LAW glass
containers that must be produced. The halide concentrations can be so high that extra LAW glass needs to
be made to accommodate the halides in the glass. Approximately 32% of the sodium in ILAW (glass
product) comes from glass formers used to make the extra glass to dilute the halides to acceptable
concentrations in the final LAW glass. If key contaminant risk drivers such as Tc were removed from the
off-gas condensates and SBS and WESP flush water, then this waste stream could be ultimately diverted
from recycle back through the LAW melters and likely the resultant liquid waste stream (with *Tc
removed) could be disposed to facilities such as the ETF. However, sending this Tc-removed waste
stream to ETF would cause the halide concentration in the ETF evaporator to increase substantially,
which is expected to impact corrosion (Lueck and Mcnamar 2008). Likewise, the content of other
radionuclides could substantially increase, and might challenge existing ETF treatment capabilities (May
et al. 2009). If some of the radionuclides are removed from the off-gas condensate and flush water waste
stream in an alternate process and the decontaminated liquid was then sent to the ETF, the fluoride,
sulfate, and chloride would be purged from the LAW system, yielding substantial benefits to the overall
WTP mission.

Taylor-Pashow et al. (2014a) generated a WTP off-gas simulant shown in Table 5-6 and proceeded to
study various methods to remove radionuclides (**'Cs, *°Sr, **Tc, U, and Pu). The simulant was produced
based on models, calculations, and comparison with pilot-scale melter tests. The projected solution
chemistry and radionuclide content were based on version 7.4 of the Hanford Tank Waste Operations
Simulator (HTWOS) modeling of the flow sheet (Belsher et al. 2012) performed by WRPS [SVF-2732].
The HTWOS model run scenario selected as the basis for the solution chemistry was full operation of all
of the WTP facilities, including supplemental LAW melters (in the assumed second LAW facility
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(SLAW). More detail on the synthesis of the simulant used by Taylor-Pashow et al. (2014a) has been
documented in Adamson et al. (2013) and McCabe et al. (2013; Appendix A-1) gives selected output
from the HTWOS SVF-2732 predictions. These HTWOS predictions are shown in the right side of
Table 5-6. The radionuclide contents were based on the HTWOS model run by WRPS [SVF-2732] and
the insoluble solids composition was primarily based on analysis of LAW Off-Gas Condensate obtained
from pilot-scale simulant melter testing (Matlack et al. 2006). Since the HTWOS computer model does
not account for carryover of solids by physical entrainment, the insoluble solids added to the simulant

Table 5-6.  Measured Concentrations of Constituents Present in the Off-gas Simulant Used in Testing

(Taylor-Pashow et al. 2014a)

Measured WTP HTWOS Predicted Off-gas
Constituent PT off-gas (McCabe et al., 2013, Appendix A-1)
ppm M Constituent ppm M Charge 3
Tc 1.99 “Tc 244 | 2.47E-05 | -2.47E-05
Al <0.1 | <3.70E-05 | AlO, 101 | 1.51E-03 | -1.51E-03
B* 253 2.34E-02 | B* 0.0422 | 3.90E-06 1.17E-05
Ca** <0.1 | <2.50E-06 | Ca** 0.128 | 3.19E-06 6.39E-06
Cr 91 1.75E-03 | CrO* 204 | 1.76E-03 -0.00352
Fe® <0.1 | <1.79e-06 | Fe* 0.147 | 2.63E-06 7.90E-06
K* 150 3.84E-03 | K* 115 | 2.94E-03 2.94E-03
Li* 80.3 1.16E-02 | Li* 0.0053 | 7.64E-07 7.64E-07
Mg** <0.1 | <4.11E-06 | Mg* 0.000432 | 1.78E-08 3.55E-08
Na* 2980 1.30E-01 | Na' 2290 | 9.96E-02 9.96E-02
NH," 1773 1.04E-01 | NH, 1510 | 8.88E-02 8.88E-02
P <10 <3.23E-04
S 832 2.59E-02
Si* 52.7 1.88E-03 | Si* 1.03 | 3.67E-05 1.47E-04
Ti* <0.1 | <2.09E-06 | Ti* 0.000961 | 2.01E-08 8.03E-08
zn* 28.6 4.38E-04 | zn® 0.00306 | 4.68E-08 9.36E-08
zr* <0.1 | <1.10E-06 | zr* 0.0057 | 6.25E-08 2.50E-07
F 1250 6.58E-02 | F 1450 | 7.63E-02 | -7.63E-02
cr 934 2.63E-02 | CI 950 | 2.68E-02 | -2.68E-02
NO, <10 <2.17E-04 | NO, 11 | 2.39E-04 | -2.39E-04
NO; 4900 7.90E-02 | NO5 5530 | 8.92E-02 | -8.92E-02
S0~ 2410 2.51E-02 | SO, 2340 | 2.44E-02 | -4.88E-02
PO <10 <1.05E-04 | PO* 215 | 2.26E-04 | -6.79E-04
COy” NR NR COy” 0 0
pH 7.9
H* 30.4 | 3.04E-02 | 3.04E-02
OH 0.00022 | 1.29E-08 | -1.29E-08
Cats 2.22E-01
Anions 2.47E-01

a) Charge = electrical charge for cited constituent in equivalents per liter (N)

Yellow highlight = constituents added by dissolution of glass formers; blue highlight= major
cations; green highlight = major anions; is Tc data; and NR= not reported (not
analyzed).
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were based on results from pilot-scale melter off-gas system testing Matlack et al. (2006). Those results
showed that the insoluble solids were high in iron, indicating that they are largely glass-formers added to
the LAW feed. After collecting and comparing this information, the major individual components were
chosen based on scientific judgment.

The aqueous phase was prepared from dissolution of reagent-grade chemicals and glass forming
solids (see Table 5-7) were added to the dissolved chemical solution. The simulant containing the glass
formers was stirred for several days at room temperature. The solids were then removed by filtration with
a 0.45-um filter. The filtrate pH was adjusted to 7.3 & 0.3 with ~ 50 drops of concentrated nitric acid to
be within the range measured in pilot-scale off-gas condensates tests. The presence of measurable boron,
lithium, silicon, and zinc in the final simulant were due to dissolution of some of the glass former solids.
Radionuclides were then added to the filtered off-gas simulant at predicted concentrations from the
HTWOS model. Of interest to us here is the predicted Tc concentration of 2.44 mg/L. This is the
average Tc concentration from the HTWOS predictions (the low to max range for predicted Tc in this
waste stream is 1.2 to 3.6 mg/L (see Appendix A-1 in McCabe et al. 2013). This amount of Tc (2.44
mg/L) was added as ammonium pertechnetate but after stirring for ~6 days, a 1-L batch of radionuclide
spiked simulant was filtered with a 0.45-um filter and the measured Tc was 1.99 mg/L.

Table 5-7.  Glass Forming Solids Added to Off-gas Simulant (later filtered out) from Taylor-Pashow et
al. (2014a)
Mineral Formula Mass (g)/L simulant
kyanite AlLSiOs 0.745
borax Na,B,0;'10H,0 0.012
boric acid Hs;BO, 1.430
wollastonite CaSiO, 0.772
hematite Fe,Os 0.430
lithium carbonate Li,CO4 0.392
forsterite olivine M@,Si0O,-Fe,Si0, | 0.257
sodium carbonate Na,CO4 0.003
silica SiO, 2.857
rutile TiO, 0.114
zinc oxide Zn0O 0.286
zircon ZrSi0, 0.372
sucrose C1,H2,011 0
Total 7.670

Table 5-6 shows that the “theoretical” and measured WTP off-gas simulant is dominated by sodium
and ammonium cations and nitrate, fluoride, chloride and sulfate anions. The simulant was used in batch
experiments where several reductant/sorbents combinations were used to remove Tc. The
reductant/sorbents tested were SnCl,-hydroxyapatite, SnCl,-sodium oxalate, and FeSO,4-hydroxyapatite.

In general, the radionuclide removal tests were performed by adding a small amount of each
sorbent/reagent to separate poly bottles, followed by addition of 20 mL of the radioactive simulant
solution to each. The bottles were then agitated in a shaker at ~25 °C for the specified time (the Tc
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reduction test samples were sampled at two time points; 2 hr and 18 hr). Each sample was then filtered
through a 0.1-um filter. The filtrate was then analyzed for the radionuclide of interest. Test results
indicate that excellent removal of Tc was achieved using Sn(I1)Cl; as a reductant, combined with sorption
onto hydroxyapatite, even in the presence of air and at room temperature. The specific test conditions
were to add equal masses of the Sn(I1)Cl, and hydroxyapatite to the Tc-spiked simulant at a solution to
solid ratio of 167g:1g (equivalent to 1 L simulant to 3 g Sn(Il)Cl; plus 3 g hydroxyapatite).

This Sn(I1) reducing agent coupled with hydroxyapatite sorbent process was very effective at neutral
pH; removing essentially all of the Tc (to below the method detection limit of 5 pg/L) within 2 hrs. This
was equivalent to a Tc Decontamination Factor (DF) >577. This Sn(ll) reducing agent-hydroxyapatite
mixture was less effective at removing Tc when the off-gas simulant was adjusted to an alkaline pH = 12;
here the DF for Tc was reduced to 3.4 to 3.6. It was also observed that chromium in the simulant co-
precipitates with the Tc during the SnCl, reduction.

5.2 SRNL Studies on Off-gas Simulants for Direct Feed LAW

Nash et al. (2014) created a DFLAW off-gas simulant that differs somewhat from the off-gas simulant
prepared by Taylor-Pashow et al. (2014a) for the full operation phase of WTP. Differences can be
observed by comparing Table 5-6 with Table 5-8. The Direct Feed LAW (DFLAW) simulant is based on
modeling of only the first several years of operation of the LAW melters (prior to start-up of the PT
facility). The waste feed composition to the LAW melters during DFLAW will be different because the
waste originates in fewer tanks, and the internal streams generated during processing within the PT
Facility, such as sludge washing and leaching, will not be included (because PT will not be operational at
the beginning of DFLAW). Since the DFLAW waste feed going to the LAW melters is different, the off-
gas condensate will be different.

The projected solution chemistry and radionuclide content of the DFLAW off-gas were based on
version 7.4 of the Hanford Tank Waste Operations Simulator (HTWOS) modeling of the flow sheet
(Belsher et al. 2012) performed by WRPS [SVF-3002, Rev. 1 for DFLAW]. First the HTWQOS predicted,
off-gas simulant was prepared using reagent grade chemicals and then the same glass formers were added
as for the previous simulant discussed in Section 5.1 (shown in Table 5-7 and mixed for four days at
ambient temperature of ~ 23 °C. After mixing the glass former solids, the solution pH was adjusted to
7.0-7.5 with 0.18 M nitric acid, mixed for over one hour, and then filtered with a 0.45-um filter.
Radionuclides (Am, Cs, Pu, Sr, Tc, and U) were then added to the filtered solution; allowed to equilibrate
for several days and then filtered through a 0.45-um filter. Of interest to this review was the addition of
Tc as ammonium pertechnetate at a mass concentration of 6.08 mg/L.** The spiked DFLAW off-gas
simulant was then analyzed for composition and results are shown in Table 5-8.

Chemical analysis results match the target compositions reasonably well. Although boron, lithium,
silicon, zinc, and carbonate were not in the aqueous simulant based on HTWOS predictions, they are
present in the solution due to addition of the glass former solids and the subsequent dissolution of some of
the glass formers. It appears that all of the lithium carbonate and boric acid dissolved, but only a small
amount of silicon and zinc chemical reagents dissolved, which is expected due to their relatively low

3 The HTWOS predicted **Tc for the DFLAW off-gas waste stream is 10.2 mg Tc/L (see Nash et al., 2014; Table
2-1) but they only added 6.08 mg/L.
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solubilities. Additionally, the analyzed soluble fluoride in the DFLAW off-gas simulant was about 50
mg/L lower than the target, and the phosphate is much lower than the target. Presumably, both fluoride
and phosphate precipitate from the simulant solution. The target concentration for soluble aluminum was
8.7 mg/L, based on computer modeling. However, consistent with prior results for the WTP off-gas
simulant discussed in Section 5.1, the aluminum is not soluble in either simulant.

Table 5-8. DFLAW Off-gas Simulant (measured) and HTWOS Predicted Composition

Measured DFLAW HTWOS Predicted DFLAW Off-gas
off-gas (Nash et al., 2014)

Constituent ppm M Constituent ppm M Charge
Tc 4.73 ®1¢ 10.20 1.03E-04 | -1.03E-04
Al <0.31 <1.15E-04 AlO, 29.32 4.40E-04 | -4.40E-04
B 243 2.25E-02 B minimal
Cca** 3.67 9.16E-05 Ca** minimal
Cr 28.4 5.46E-04 CrO~ 30 2.59E-04 | -0.00052
Fed* <0.07 | <1.253E-06 Fe3* minimal
K* 242 6.19E-03 K* 239 6.11E-03 | 6.11E-03
Li* 72 1.04E-02 Lit minimal
Mg®* 1.01 4.15E-05 Mg®* minimal
Na* 2660 1.16E-01 Na* 2780 1.21E-01 | 1.21E-01
NH,* 1143 6.72E-02 NH,* 1180 6.94E-02 | 6.94E-02
P 4.38 1.41E-04
S 465 1.45E-02
Si* 37.9 1.35E-03 Si* minimal
Ti* <0.047 | <9.812E-07 Ti* minimal
Zn% 4.8 7.34E-05 Zn? minimal
zr* <0.031 | <3.398E-07 zr* minimal
F 511 2.69E-02 F 559 2.94E-02 | -2.94E-02
cr 1450 4.09E-02 cr 1460 4.12E-02 | -4.12E-02
NO, <10 <2.17E-04 NO, 6.3 1.37E-04 | -1.37E-04
NO; 5900 9.52E-02 NO3 5780 9.32E-02 | -9.32E-02
S0~ 1290 1.34E-02 S0,” 1310 1.36E-02 | -2.73E-02
PO> <20 <2.11E-04 PO> 46 4.84E-04 | -1.45E-03
CO5> 319 5.32E-03 CO,> minimal
pH 7.54
cations 1.96E-01
anions 1.94E-01

Yellow highlight = constituents added by dissolution of glass formers; blue highlight = major
cations; green highlight = major anions; red highlight to emphasize Tc concentrations; and
minimal =constituent very low predicted concentration because HTWOS does not consider
dissolution of glass forming solids that get entrained in off-gas.

Although both off-gas simulants generated by the SRNL staff are within the range of compositions
predicted by the HTWOS model, Nash et al. (2014) caution that HTWOS was not developed for the
purpose of predicting the chemical composition of WTP waste streams. HTWOS is not a chemical
thermodynamics- or kinetics-based computer code. Although useful, the HTWOS projected compositions
should not be used for final design, regulatory, or safety-basis related calculations.Taylor-Pashow et al.
(2015) used the direct feed off-gas simulant (shown in Table 5-8) to perform radionuclide removal studies
using several sorbents: IE-95: UOP lonsiv IE-95, 20x50 mesh (commercial zeolite); CST: Crystalline
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Silicotitanate, UOP lonsiv IE-911 (commercial zeolite); MST (NaTi,05xH,0): 15.6 wt% aqueous slurry;
mMST: modified MST, 17.3 wt% aqueous slurry; SrTreat obtained from Fortum Engineering Ltd.,
Finland; and ferric oxalate. For the DFLAW off-gas simulant that was adjusted to pH 12.3 none of these
sorbents were efficient at removing Tc. They did not use the SnCl,-hydroxy apatite that was effective,
albeit at neutral pH, for the WTP full operation off-gas simulant discussed in Section 5.1. There are only
minor differences between the DFLAW and full operation WTP off-gas simulants shown in Table 5-8 and
Table 5-6, respectively. Both are dominated by sodium and ammonium cations and nitrate, fluoride,
chloride, and sulfate anions and have about 200 to 250 meg/L cations and anions.

5.3 Comparison of Off-gas Simulants and Secondary Liquid Wastes
Transferred to LERF/ETF

Table 5-9 compares the measured compositions of the two, SRNL generated, off-gas simulants as
well as the predicted compositions from the Excel spreadsheet for the volume-averaged LAW off-gas
liquid waste streams discussed at the beginning of this section; except for the EMF concentrated waste
stream sent back to DSTs. The two off-gas simulants created at SRNL are similar but the predicted
chemical composition of the three off-gas waste streams from the One System: Tank Waste Disposition
Integrated Flowsheet - River Protection Project Reference Integrated Flowsheet [see Arm et al. (2014,
2015)] vary widely. The chemical composition of the waste stream #84b (EMF Bottoms Recycle)
transferred from the EMF back to the LAW melter has a molar concentration dominated by sodium and
nitrite; however the list of species tracked in Arm et al. (2014, 2015) are far smaller than the list that is
available in the output®. From the SRNL reports it is clear that ammonium is a major component in the
off-gas secondary waste liquids and ammonium predicted concentrations are not shown in the abbreviated
list of elements tracked in Arm et al. (2014, 2015). It would appear that the #84b interface waste
composition shown in Arm et al. has been concentrated by some evaporation process while the DFLAW
off-gas waste stream from Nash et al. (2014) has not been concentrated based on the fact that both
predicted compositions represent off-gas liquid secondary wastes generated during the DFLAW phase of
the WTP mission. The McCabe et al. (2013) and waste stream 41b from the Arm et al. (2014, 2015)
reports show similar concentrations for the major constituents that are tracked in the Arm et al. reports. If
the complete HTWOS outputs were available a more thorough comparison would be possible.

! The analytes tracked in Arm et al. (2014, 2015) are limited to key analytes. Key analytes were determined to
those that significantly impact glass formulation, and oxalate, which was added to the list as an important analytes
due to its impact on waste chemical stability, sludge washing and melter reduction/oxidation calculations. HTWQOS
tracks many more analytes and radionuclides but we have not obtained the detailed outputs from which the selected
analytes were extracted and used in the Excel spreadsheet provided to us.
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Table 5-9.

Comparison of SRNL Off-gas Simulants (Measured) versus HTWOS Predicted Tank Waste Disposition Integrated Flowsheet Off-gas Waste

Streams
SRNL DFLAW off-gas SRNL PT off-gas

Component ppm M ppm M Ppm M ppm M ppm M

Al <0.31 <1.15E-04 <0.1 <3.70E-05 | 2.70E+02 1.00E-02 1.17E+01 4.32E-04 8.19E+01 3.03E-03

B 243 2.25E-02 253 2.34E-02 NR NR NR NR NR NR

Ca*" 3.67 9.16E-05 <0.1 <2.50E-06 NR NR NR NR NR NR

Cr 28.4 5.46E-04 91 1.75E-03 1.07E+01 2.07E-04 3.49E+01 6.72E-04 3.13E+02 6.02E-03

Fe <0.07 <1.3E-06 <0.1 <1.79E-06 | 1.44E+02 2.58E-03 1.25E-01 2.24E-06 9.57E-01 1.71E-05

K* 242 6.19E-03 150 3.84E-03 2.43E+00 6.22E-05 3.24E+01 8.29E-04 1.91E+03 4.88E-02

Li* 72 1.04E-02 80.3 1.16E-02 NR NR NR NR NR NR

Mg?* 1.01 4.15E-05 <0.1 <4.11E-06 NR NR NR NR NR NR

Na* 2660 1.16E-01 2980 1.30E-01 5.83E+01 2.53E-03 2.20E+03 9.55E-02 4.41E+04 1.92E+00

NH," 1143 6.72E-02 1773 1.04E-01 NR NR NR NR NR NR

P 4.38 1.41E-04 <10 <3.23E-04 NR NR NR NR NR NR

S 465 1.45E-02 832 2.59E-02 NR NR NR NR NR NR

Si 37.9 1.35E-03 52.7 1.88E-03 NR NR NR NR NR NR

Ti <0.047 <9.8E-07 <0.1 <2.09E-06 NR NR NR NR NR NR

Zn 4.8 7.34E-05 28.6 4.38E-04 NR NR NR NR NR NR

Zr <0.031 <3.4E-07 <0.1 <1.10E-06 | 3.44E+01 3.58E-04 NR NR NR NR

F 511 2.69E-02 1250 6.58E-02 2.32E+02 1.22E-02 7.85E+02 4.13E-02 3.47E+03 1.83E-01

Cr 1450 4.09E-02 934 2.63E-02 1.84E+00 5.19E-05 3.88E+02 1.09E-02 1.73E+04 4.88E-01

NO, <10 <2.17E-04 <10 <2.17E-04 | 2.36E+02 5.13E-03 1.82E+03 3.95E-02 5.58E+04 1.21E+00

NOs 5900 9.52E-02 4900 7.90E-02 1.36E+01 2.19E-04 8.60E+00 1.39E-04 7.61E+02 1.23E-02

S0,% 1290 1.34E-02 2410 2.51E-02 4.47E+01 4.66E-04 8.65E+02 9.01E-03 1.40E+04 1.46E-01

PO <20 <2.11E-04 <10 <1.05E-04 5.86E-01 6.17E-06 5.21E+01 5.49E-04 3.92E+02 4.13E-03

CO5> 319 5.32E-03 NR NR NR NR NR NR NR NR

pH 7.54 7.9 NR NR NR NR NR NR
Eq Eq Eq Eq Eq

cations 2.71E-01 3.31E-01 4.30E-02 1.02E-01 2.01E+00

anions 2.05E-01 2.25E-01 1.86E-02 1.12E-01 2.20E+00

Bold dark cells highlight concentrations of the most abundant components. Light highlighted cells identify less abundant but still important components




None of the SRNL reports that describe the two off-gas simulants and studies that use the simulants
to evaluate sorbents to remove radionuclides, such as ®Tc, contains information on the volume of off-gas
condensates and flush-water liquid wastes that are produced. Robbins and May (2013) do give some
information on the volume of off-gas secondary wastes produced

‘Vitrification of low-activity waste (LAW) at the Hanford Waste Treatment and Immobilization Plant
(WTP) generates a substantial volume (1.55M gallons per year) of secondary liquid wastes from the
melter off-gas treatment system, submerged bed scrubber, and wet electrostatic precipitator
(SBS/WESP).’

After converting this annual value to liters (5.87x10° L) and comparing to the Arm et al. (2014, 2015)
predicted volumes of secondary waste produced in each facility during each phase of WTP operation (see
Table 5-4) for compositions of projected wastes for interfaces 35b and 41b) we can get an estimate of the
years of operation that would be required if all the off-gas secondary waste was in fact from the melter
off-gas systems referred to in Robbins and May (2013). Note that Arm et al. (2014, 2015) do not specify
durations for each of their defined WTP mission phases so this exercise of comparing predicted total
volumes of off-gas secondary liquid wastes captured and recycled back to the DSTs, or LAW melters
with the cited annual off-gas secondary waste production rate is one form of a reality check. The result of
this comparison is shown in Table 5-10. The estimated years of operation shown in Table 5-10 would
likely be an over-estimation because all the secondary waste volumes predicted from the HTWOS
computer run likely did not come exclusively from the off-gas systems that Robbins and May (2013) used
to come up with their annual production rate. On the other hand if the vitrification operation does not run
as efficiently as assumed by Robbins and May then the duration of each of the WTP operational Phases
would be longer than these estimates shown in Table 5-10.

Table 5-10.  Estimated Time In Yrs. of Operation for WTP Mission Phases Based on Robbins and May
(2013) Estimate of the Annual Production of Off-gas Secondary Waste

Phase 1 Phase 2 Phase 3 Phase 4a | Phase 4B | Phase 4C Total per
Stream
29 —returned to DSTs during DFLAW +84-b DFLAW EMF Bottoms to WTP LAW
Total Vol (L) none 1.98E+07 none none None none 1.98E+07
Yrs. of Operation NA 3.37 NA NA NA NA
41b — from LLW facility to WTP PT Facility

Total Vol (L) none none 4.13E+07 | 1.39E+08 | 1.30E+08 | 1.30E+08 | 4.40E+08
Yrs. of Operation NA NA 7.04 23.68 22.15 22.15
NA = can’t calculate because no waste generated in this Phase

This analysis suggests that the DFLAW (Phase 2) might last for at least ~3.5 years, then Phase 3
might last for 7 years and Phase 4 would operate for up to 67 years.

A second estimate (Thien et al. 2015) of the volume of off-gas secondary liquid waste produced per
day of operation for 2 LAW melters is 2020 gal/d (2.79x10° L/yr). This estimate is only 48% of the
estimate found in Robbins and May (2013). So we caution the reader not to put much faith in the
calculation of the duration of the WTP operation phases shown in Table 5-10.
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5.4 Proposed Location of Tc Removal Facility from Off-gas
Condensates and Flush Waters

McCabe et al. (2013) describes an integrated plan to study several methods 1) to concentrate and/or 2)
to remove radionuclides from off-gas condensates and WESP flush waters from the resultant secondary
liquid wastes as alternatives to recycling this waste stream back ultimately to the LAW melters. As noted
previously if this off-gas secondary waste stream could be processed so that it did not have to be recycled
to the LAW melters there would be a considerable reduction in the number of glass canisters that need to
be produced. This is because halides and sulfate concentrations build up in this recycle waste stream to
levels that compromise LAW waste loading in the glass. The fluoride, sulfate, and chloride content in
this recycled waste stream often limits the LAW glass waste loading, dictating generation of additional
(up to a factor of 32% additional) glass canisters. Further, because the LAW vitrification is expected to
commence before the PT facility is operational, there can be no recycle of this off-gas secondary waste
stream in the early phases of the WTP mission, thus requiring some of it (after concentration/modification
in EMF) to be sent back to DSTs, which have very limited unused volume.

One option that has been previously evaluated is disposal of the LAW Recycle stream directly to the
ETF. However, this option has a number of problematical consequences to ETF including increases in
waste volume, elevated (and perhaps unacceptable) halide and radionuclide levels [see Lueck and
Mcnamar (2008) and May et al. (2009) for details]. Some of these consequences would be mitigated by
first decontaminating the stream, as proposed by McCabe et al. (2013) as follows. The first activity in
McCabe et al. (2013)’s plan is to concentrate the off-gas waste stream using either traditional evaporation
(in an evaporator similar to 242-A) or reverse osmosis. Evaporation generally has the advantage of very
high decontamination and concentration factors, but is energy intensive. Reverse osmosis has the
advantage of compact equipment and minimal energy input, but with lower decontamination and
concentration factors. The location for this proposed pre-concentration via evaporation or reverse
osmosis is assumed to be in close proximity to the PT, likely in an adjoining building. The bottoms
from the evaporator or concentrated brine from the reverse osmosis unit would be returned to DSTSs or the
PT (when operational) for recycle through the LAW melters. The condensate from the evaporator, or the
permeate from the RO unit, would be sent to LERF and then on to ETF for final processing.

In the second alternative treatment process (McCabe et al. 2013), separation of the radionuclides
would be done by precipitation or sorption using inorganic reagents followed by settling and/or filtration
of the sorbents, similar to the SRS Actinide Removal Facility. For this proposed alternative treatment
process, they assume that the radionuclide decontamination process occurs at the ETF after the
recycled off-gas secondary waste stream is first segregated in one of the three 7.8-million gallon lined and
covered LERF basins; although segregation of particular waste streams is not currently practiced. This
segregated off-gas recycle waste stream would then be transferred into Secondary Waste Receiver Tanks
(SWRT) in an ETF Secondary Treatment Train (STT), both to be added to an upgraded ETF. Within the
STT would be a new evaporator that would concentrate the radionuclide decontaminated off-gas waste
stream. The evaporator condensates would be sent to the existing ETF Primary Treatment Train (PTT)
and the evaporator bottoms would be ultimately solidified into a final low-temperature waste form such as
grout (see Figure 5-1). From the SWRT, the stream would be fed to the evaporator feed tank. Segregating
the off-gas recycle waste and using the STT would enable receipt of the much higher ionic-strength
recycle stream without impacting the PTT. It is assumed here that the evaporator bottoms will be
immobilized in the yet-to-be-built solid treatment unit (STU), and disposed in the IDF. The evaporator
condensate would be treated in the PTT at ETF, as current practice, to enable further decontamination and
subsequent discharge through the State Approved Land Disposal Site (SALDS).
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Figure 5-1. Schematic for Radionuclide Removal From Off-gas Secondary Waste from McCabe et al.
(2013)

Although some Tc is present in the initial LAW stream as a soluble “non-pertechnetate” species [see
Rapko et al. (2013a,b) and Serne et al. (2014)], the LAW melter is expected to convert “non-
pertechnetate” chemical forms of Tc to the pertechnetate anion (TcO,) with a +7 technetium oxidation
state. Thus, the Tc expected in the LAW melter recycle waste streams should be TcO,". Since the
primary adsorbents and precipitating agents under investigation are inorganic, they should be compatible
with the widest range of disposal options. These precipitation agents and adsorbents can also be evaluated
for mixing as a slurry with the tank waste sludges, since inorganic materials can be accommodated more
easily than organic materials in the tank farms, if interim storage is needed. The primary removal process
investigated for technetium removal by McCabe et al.’s proposed Tc removal scheme will be reductive
precipitation coupled with adsorption using SnCl, and hydroxy apatite (see Taylor-Pashow et al. 2014a).
If this Tc removal method proves to be unsuccessful, a number of organic ion exchange media (e.g.,
Reillex HPQ or Purolite AS30E) could be evaluated (see Section 6 for more discussion). Disposal of the
resultant adsorbent/precipitate from the radionuclide removal process is currently undefined in the plan
set forth by McCabe et al. (2013). They first will attempt to quantify the amount and composition of
slurry solids generated by the candidate radionuclide removal processes. Then such information will be
used in the future to determine the compatibility with the various disposal options.

Robbins and May (2013) also evaluated similar options for diverting the off-gas secondary liquid
waste stream from recycling back to the LAW melters. Their study only looked at SBS/WESP
condensate from the LAW facility and does not include the HLW SBS/WESP. However, as mentioned
the **Tc inventory in the HLW melter off-gas waste stream (interface 35b) is insignificant (3.7 Ci; see
Table 5-5). In their analysis they assumed that the Tc¢ depleted stream could be processed at a modified
Effluent Treatment Facility (ETF). For each alternative, the approach would be to pump the
condensate from the LAW melter condensate collection tanks to a new Technetium Removal
Facility (TRF) located outside of the WTP facility boundary but within the Hanford Site. They
opine that it may be possible to combine the TRF processing facility into other proposed facilities. The
modifications to the LAW Facility are the same for all their alternatives. Evaporative condensate from the
TRF is transported to the ETF for final treatment and disposal.
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The Robbins and May (2013) alternatives are succinctly described as:

Alternative 1, “Technetium Removal with Solidification” — Removes technetium using elutable 1X,
concentrates it by evaporation, and solidifies it for disposal off site as a less than class A waste
(Alternative 1a) or a less than class C waste (Alternative 1b).

Alternative 2, “Technetium Removal with Precipitation” — Removes technetium by precipitation on a
non-elutable IX media and drying the media for disposal off-site.

Alternative 3, “Technetium Removal with Vitrification” — Removes technetium using elutable IX,

concentrates it by evaporation, and stabilizes it by vitrification in a stand-alone melter with improved Tc
retention.
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6.0 Review of Options for Purification/Pre-concentration of Tc
from the SuperLig 639 Eluate and the Off-gas Condensate

Several methods have been developed for separating Tc from alkaline radioactive waste solutions;
these methods have been reviewed in several reports (representative reports include Brown et al. 2014;
McCabe et al. 2012; Duncan et al. 2012; Duncan et al. 2011; and references therein). This section gives
only a brief overview of the existing technologies relevant to the removal of Tc from the SuperLig 639
eluate and off-gas condensate, readers are referred to the original reports for more detailed discussion.

6.1 Option 1: Separation of Tc by lon Exchange

Many different ion exchange separation technologies have been studied for pertechnetate removal
from aqueous solutions and some of these are summarized in Table 6-1. A large portion of the literature
discusses resin-based technologies such as Reillex, Dowex®, and Purolite® resins. In most cases, more
than one option is available from each vendor with slight differences in performance under different
conditions. For example, multiple Dowex (e.g., SBR, 1X8, 2X8), Purolite (e.g., A-520E, A-530E, A-
532E), and Reillex (402, HP, HPQ) resins are discussed and compared throughout the literature although
often under different conditions (Duncan et al. 2011). The costs of various resins vary widely from
~$13/kg (Purolite A530E) to $410/kg (Dowex 1-X8) to $500/kg (Reillex HPQ) although these costs are
likely subject to change with quantities over time and it is difficult to compare them when some sorbents
are only single-use whereas others are reusable up to a few hundred times. Some resins can be
regenerated while others cannot.

Table 6-1. Summary of Tc-capture Options (Duncan et al. 2011). Data for specific types of a sorbent
are listed in parenthesis if applicable.

Option Usage Implementation details Capacity
ABEC Reusable (~20x) 0.8 eqg/L (2000)
Reillex HPQ Reusable ¥ SuperLig 639 eluate or 4 eq/kg, dry (HPQ)
Off-gas
Dowex Reusable ? SuperLig 639 eluate or 1.2 eq/L (1-X8)
Off-gas
Purolite A530 E | Reusable *” SuperLig 639 eluate or 0.9 eq/L (A520E)
and A532E Off-gas 0.6 eg/L (A530E)
Sn-apatite Single-use SuperLig 639 eluate or 2.25-2.50 eq/L (Kurion,
Off-gas Inc.)
SnCl, Single-use SuperLig 639 eluate or
Off-gas
Mineral© Single-use SuperLig 639 eluate or
Off-gas
Powdered Fe° Single-use SuperLig 639 eluate or
Off-gas

a) Typically considered non-elutable, however can be regenerated using reductive stripping
b) Can be potentially regenerated by non-reductive process
c) Tcsolid (spinel, ferric oxide, sodalite).
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6.1.1 Reillex HPQ Resin

The Reillex HPQ Polymer is a cross-linked poly-4-vinylpyridine macroporous polymer manufactured
by Vertellus Specialties, Inc. (Indianapolis, IN). It is a strong base polymer (quaternary version of Reillex
HP Polymer) finding use in the removal and purification of anionic materials (Reillex HPQ, 2015). This
resin can be potentially used for Tc concentration both SuperLig 639 eluate and off-gas (Duncan et al.
2011) streams, however testing is required to evalaute the effect of competing anions and pH on TcO,4
retention.

Reillex HPQ has been demonstrated to remove TcO, from simulated Hanford DST waste (Ashley et
al. 1995, 1999; Blanchard et al. 1996, 1997). Ashley et al measured the following percent break though
(BT) as a function of bulk volumes (BV) of the resin bed: 1% BT at 27.9 BV, 50% BT at 95.9 BV, and
90% BT at 145.7 BV for DST supernate solution. Ashley eluted TcO, off the Reillex HPQ column with
a reductive 1 M NaOH /1 M ethylenediamine / 0.005 M SnCl, solution in the opposite direction of
loading. Reductive elution removed an average of 97% of the TcO, off the resins loaded up to 50% BT.
For the resin loaded to 90% BT, the Tc removal was reduced to 70%. The Ashley et al. stripping method
purportedly results in Tc(1V) species. However, more study is needed to resolve what Tc species is
present in the resulting solution from this Reillex reductive stripping reaction. From this Reillex HPQ
column eluate, one could either attempt to react the TcO,4 with sodalite precursors and precipitate out
sodalite or one could dry the eluate down to NaTcO, powder and react the powder with sodalite
precursors to ultimately produce sodalite.

Poineau et al. (2008) eluted TcO, off the Reillex HPQ column using 1 M NH,OH, recovering 94%
from the column. They then converted the eluted TcO, to Tc metal using a three step process: 1) drying
the 1 M NH,4OH solution to a powder, 2) dissolution of the powder in water followed by precipitation of
TcOy4 as (n-BusN)TcOy, and 3) conversion to Tc metal by pyrolysis and steam reforming under wet argon
at 800°C. The benefit of this approach is a clean Tc stream that can be reduced to Tc metal and then
added with stainless steel to produce the stainless steel based alloy Tc waste form.

6.1.2 Purolite A532E Resins

Purolite A532E (Purolite Corporation, Bala Cynwyd, PA) is a resin with bi-functional quaternary
amine functional groups that has a high selectivity for hydrophobic anions, e.g., TcO,4 or CIO, (Purolite
AB32E, 2015). It is manufactured under license from Oak Ridge National Laboratory. It comes as
spherical beads of gel polystyrene cross-linked with divinylbenzene. The method for its elution has been
developed (Brown et al. 2002; Gu et al. 2001) using aqueous or mixed water/methanol solutions of FeCl;
in presence of HCI, (e.g., 1 M FeCl;z in 4 M HCI). The complex FeCl, anion has high affinity for the
resin functional groups. Elution of perchlorate has been demonstrated using this method. Based on the
structural similarity between TcO4 and CIO,4 anions it is anticipated that the FeCl, solution can also be
applied for the elution of TcO, from Purolite A5S32E regeneration. The Tc-laden eluate could be used
directly to form sodalite or the Tc could be potentially reduced to metallic Tc(0) for incorporating into a
metal alloy waste form.

6.1.3 Dowex ™ Effluent

The Dowex™ SBR LC NG (OH) is a high capacity strong base anion exchange resin in the hydroxide
form that has been used to capture TcO, from various liquid waste streams. This sorbent is referred to as
Dowex “SRB-OH” throughout the literature. It is present within a styrene-divinylbenzene (gel).
Alternatively, the Dowex 1-X8 resin in the chloride form is often used to capture TcO,4 and is discussed
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by Duncan et al. (2011). The Dowex 1-X8 resin is operable in the full pH range of 0-14 and the resin can
be eluted using 4 M HNO; (15 BV) or 1 M NaOH/1 M ethylendiamine/0.005 M SnCl, solution (~15 BV).

6.2 Option 2: Separation of Tc By Reductive Precipitation

6.2.1  Tin(ll) Precipitation

Duncan et al. (2012) studied Sn(ll) apatite to capture and immobilize soluble pertechnetate from
dilute AN-105 Hanford DST simulated waste. The TcO, appears to substitute for PO, in the apatite
structure based on fact that as Tc is removed from solution; PO,* appears in solution in equal molar
amounts to the amount of TcO, removed. However, there is no direct evidence that TcO, replaces PO,*>
or another element in the apatite structure. The exact composition of the apatite is not presented but it is
in the form of Ca,Sno.4(PO4)s(OH), where x varies based on the preparation process and changes upon
introduction of TcO, into the solution. The redox couple that occurs upon introduction of the TcO,  is
with the Sn?* and is presented below.

3Sn** - 6¢ +3Sn* (1)
2Tc" +6e — 2 Tc*

The Sn-apatite is a high surface material that would require further treatment to consolidate it into a
monolithic waste form. Further, Taylor-Pashow (2014a) found that a mixture of SnCl, and
hydroxyapatite removed TcO, effectively from off-gas liquid secondary waste simulant only at neutral
pH. This Sn(l1) reducing agent coupled with hydroxyapatite sorbent process was very effective at neutral
pH; removing essentially all of the Tc (to below a method detection limit of 5 pug/L) within 2 hours. This
was equivalent to a Tc Decontamination Factor (DF) >577. It was less effective when the off-gas
simulant was adjusted to an alkaline pH = 12; where the DF for Tc was reduced to 3.4 to 3.6. It was also
observed that the chromium in the off-gas liquid secondary waste simulant co-precipitates with the *Tc
during the SnCl, reduction. As shown in Table 5-9 most projected off-gas liquid wastes contain
significantly greater masses of chromate compared to TcO, such that enough Sn(ll) reductant will need to
be added to reduce both chromate and pertechnetate.

We have recently prepared Sn(Il)-Al(l11)-phosphate material effective for the uptake and reduction of
TcO, from aqueous solutions with a wide range of ionic strength and pH (7 to highly alkaline)
(Chatterjee et al. 2015). Similarly to Sn(1)Cl, or Sn(ll) apatite, Sn(Il)-Al(lI1)-phosphate powder also
reduces chromate, however to a lesser extent due to modification of the redox potential of Sn(l1) upon its
incorporation in the Al-phosphate framework.

The Sn(I1)-based methods of removing TcO, appear to be applicable to either the SuperLig 639
eluate or the melter off-gas liquid secondary waste solution. While testing the removal of TcO, from off-
gas liquid waste simulants is currently being studied using Sn(ll)-based agents, their efficiency for the
TcO, removal from the SuperLig 639 eluate has not been demonstrated yet.

6.2.2 Powdered Iron Column

Iron metal (Fe®) powder has been demonstrated to precipitate Tc from solution. In this approach,
Delcul and Bostick (1995) used a column packed with powdered Fe® and flowed a solution containing
TcOy through the column. The suggested removal mechanism is a reduction of the soluble Tc(VI11) to the
insoluble Tc(1V) oxyhydroxide. Strong oxidants such as Cr(V1) are expected compete with Tc(VI1). It
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was also observed that pure forms of zero-valent iron are relatively ineffective toward pertechnetate
removal. Rather, “dirty” zero-valent iron that contains some oxidized iron oxide present on its surface
improves dramatically Tc(V1I) removal. The small amounts of surface iron oxides appear to serve as
nucleation sites for the deposition of polymeric Tc(IV) oxyhydroxide precipitates.

The Fe column eventually plugs when enough Fe® converts to Fe,0;. The Fe? is very inexpensive,
especially compared to some of the Tc-specific ion exchange resins discussed in Section 6.1. The Tc-
loading with the Fe® column approach is about 5 times higher than Reillex HPQ at 1.5 M NaNO; at pH
8.5 (Delcul and Bostick 1995). Also, this approach could be an effective precursor to making the Tc-
laden metal alloy waste form where the product of this process could be heated under a reducing
atmosphere to create a Tc(0)-containing metal alloy. One aspect to this approach that has not been
investigated is to look at different particle sizes of Fe” to see if the reactivity could be optimized.
Applicability of this Fe® column technology for the purification/concentration of Tc from both the
SuperLig 639 eluate and off-gas liquid waste stream should be evaluated.
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7.0 Immobilization of Purified Pre-concentrated Tc in Specific
Waste Forms

One of the most important aspects of the safe disposal of separated Tc is the strategy taken to
immobilize the Tc in a specific, Tc separated waste form. In all waste form concepts, the primary goal is
to maximize the loading of Tc in the waste form to limit the volume of total waste, while at the same time
minimizing any loss of Tc during the production of the Tc-specific waste form due to volatility. This
avoids additional work to recover any Tc that is lost and then recycle it back during a subsequent
processing step. Four different categories of immobilization media were identified as being potential
waste form matrices for the safe disposal of separated Tc and these include: mineral options, metal alloys,
cementitious forms, and glass (Westsik et al. 2014). In our report only Tc-specific waste forms are briefly
discussed.

In recent reviews by Luksic et al. (2015) and Westsik et al. (2014), some of which is discussed here,
several different materials were discussed that have either been demonstrated to contain Tc in various
forms (e.g., Tc?, Tc*, Tc™), or could potentially contain Tc based on data in the literature for species
similar to Tc.

7.1 Mineral Waste Form Options

The mineral options where TcO, has been or could be potentially incorporated include (but are not
limited to) spinel (e.g., Ni,TcO,) (den Exter et al. 2006), rutile (e.g., TigsTCo402) (Muller et al. 1964),
pyrochlore (e.g., Cd,Tc,0;) (Hartmann et al. 2011; Hartmann et al. 2012), and perovskite (e.g., CaTcOsz)
(Hartmann et al. 2012). For dissolved TcOy,’, the mineral options include sodalite [i.e.,
Nag(AlSiO,)s(TcOy),] (Missimer and Rutherford 2013), goethite [i.e., (Fe, Tc)O(OH)] (Um et al. 2011;
Um et al. 2010), and layered double hydroxides (e.g., KMS-2) (Alliot Llorens et al. 2008; Kang et al.
1996; Qafoku et al. 2014). A summary of a few parameters from these materials is presented in
Table 7-1.

For all of the mineral options, the Tc-containing product would likely not make a viable waste form
without further processing due to the small particle size and high surface area associated with the
products. Once produced, the subsequent processing options to produce a final monolithic form for
disposal include the following:

1) The product could be pressed and sintered to form a monolith. This could leave undesirable
residual porosity not fully removed during sintering in the fired product.

2) The mineral waste product could be mixed with a chemically durable binder such as a glass and
then pressed and fired. The glass binder could help fill the void space in the monolithic product
to help increase both mechanical rigidity and chemical durability of the consolidated product but
at the “cost” of lowering the Tc mass loading in the final product.
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Table 7-1. Summary of Demonstrated Tc-Loadings in Various Minerals. The theoretical Tc-loading depends on the constituents used to make the
particular mineral and, in most cases, several compositions are possible. Note that none of these have been demonstrated on a large scale.

Mineral Chemical Formula Tc-loading (mass%o) Tc Reference(s) Comments
Option Demonstrated | Theoretical Form
Layered MggAl,(OH);TcO, 14.9 unknown TcO4 Kang et al. (1996) Layered double hydroxides are not ion
double selective for TcO4 and will likely
hydroxide incorporate many of the secondary ions
present
Sodalite Nag(AlSiO,)e(TcOy)> 1.1 15.9 TcO4 Mattigod et al. (2006); Missimer | OH" will compete with sodalite cage sites
and Rutherford (2013)
Pyrochlore Cd,Tc,0, 36.5 36.5 TcO, or | Hartmann et al. (2011); Typically small particle sizes
Tc,0; Rodriguez (2009)
Spinel Mg,TcO, 46.3 46.3 TcO, Muller et al. (1964) Typically small particle sizes but can likely
be made up to 10 um
Perovskite SrTcO, 41.7 41.7 TcO, Muller et al. (1964); Rodriguez | Typically small particle sizes
(2009)
Rutile TigeTCoa02 39 39 TcO, Muller et al. (1964) Typically small particle sizes
Goethite FeO(OH) 0.5 unknown TcO, Um etal. (2011); Um et al. Tc-loading is lowest in this waste form of
(2010) the listed options




7.1.1 Sodalite

Sodalite has the general formula Nag(AISiO4)sX, where X = 2-, 1-, or 0-valent species. The other
constituents present in the sodalite can be changed as well. The general formula for Na-based TcO, -
containing sodalite is Nag(AlSiO,)s(TcO,),. Several different methods can be used to fabricate sodalite
and they include (1) high temperature structural conversion of zeolite (or other aluminosilicates) and salt
into sodalite, (2) solution-based (wet chemical) processing at atmospheric pressure and room, or slightly
elevated temperatures, (3) hydrothermal processing where reactants are mixed in water and heated at
moderate temperatures (T > 150°C) under pressure in an autoclave, and (4) sol-gel processing where
polycondensation reactions result in an interlinked network surrounded by a solvent. To the authors’
knowledge, the only approach that has been attempted to date for making a TcO4 or ReO,4 -based sodalite
has been a hydrothermal approach (Dickson et al. 2014; Mattigod et al. 2006; Missimer and Rutherford
2013).

In efforts to characterize steam bed reformers, TcO, - and ReO,-bearing sodalite samples were
synthesized by Missimer and Rutherford (2013). Here, 6 g of NaReO, were combined with 0.6 g of
zeolite 4A, water, and NaOH in a pressure vessel and heated to 225°C for 7 d, at which time
approximately 1.5 g of ReO,4-sodalite was collected by filtration. For pertechnetate sodalite, ~0.33 g of
the total 6 g of NaReO, was replaced with NaTcO,, and the heat treatment was extended to 8 d. The
structures and presence of Tc in the perrhennate/pertechnetate sodalite were confirmed by x-ray
diffraction (XRD) and scanning electron spectroscopy with energy dispersive spectroscopy (SEM-EDS).

Mattigod et al. (2006) produced ReO,4-sodalite through hydrothermal processing at 175°C for 1 d.
For this process, 40.98 g of NaReO, was dissolved in 30 mL of deionized distilled water. Next, 9.0 g of
NaOH was added to the NaReO, solution and mixed until dissolution was complete. To this solution,
0.82 g of NaAIO; solid was added, and the solution was brought up to 35 mL. A second solution was
prepared that contained 2.842 g of Na,SiOj3 in 15 mL of deionized distilled water. The Na,SiO; solution
was stirred into the first solution containing NaReO,, NaOH, and NaAlO,. This mixture containing 4.5 M
NaOH, 0.5 M NaAlO,, 0.5 M Na,SiO3-9H,0, and 3 M NaReQO,, was transferred to a 125 mL,
Teflon-lined Parr reactor and allowed to react for 24 h at 175°C. The resulting white crystalline powder
was thoroughly washed to remove salts and dried for 24 h at 70°C. The dry product yield of
Nag(AISiO4)6(ReO4)2 was 3.2 g.

Additionally, there is potential to convert directly LAW, containing the TcO,’, into ceramic waste
forms including a mixture of minerals that incorporate a variety of different anions, e.qg., sodalite (CI',I),
cancrinite (NO3, NO,), nosean (SO4%), and hauyne (SO,%, CI', I'). The primary drawback with this
approach is that the majority of the anions in LAW waste that are incorporated into the mixed mineral
waste form are not radioactive, resulting in a volume of waste that is large compared to the generating a
Tc-specific waste form from a Tc separated liquid waste stream. Stated differently, directly using LAW
results in a larger volume of final waste form, with a lower Tc loading, because of competition of the
other anions in LAW for the ceramic minerals’ structural sites that can accommodate Tc.

Additionally, the fluidized bed steam reforming (FBSR) process is a technique for immobilizing Tc,
most likely in the sodalite mineral within the FBSR suite of minerals as was summarized by Westsik et al.
(2014) and Jantzen et al. (2014). While a large amount of tests evaluating the FBSR approach have been
done with rhenium simulants (Pierce et al. 2014; Neeway et al. 2014b), a few have used actual Tc
(Jantzen et al. 2013). In the FBSR process, the various waste components (e.g., Tc, Cs) get encapsulated
in mineral forms such as nepheline (NaAlSiO,), nosean [Nag(AlSiO,)s(SO4)], and sodalite
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[Nag(AISiO4)s(TcOy),], and then the product is placed in an encapsulating material such as a cement,
geopolymer, or Ceramicrete (TTT, 2009). Both granular and monolithic forms have been evaluated as
potential waste forms and they both pass chemical durability tests.

7.1.2  Spinel

Spinel is a mineral with a cubic space group that can take the form of A2*B3*0, or A3*B**0, where
A and B are of either octahedral or tetrahedral coordination. Spinel can be made using a variety of
techniques including aqueous precipitation/co-precipitation (Chen et al. 1996; Laurent et al. 2008; Lukens
et al. 2012), hydrothermal synthesis (Chen et al. 2003; Giannakopoulou et al. 2002; Sisk et al. 1995), and
molten salt synthesis (Afanasiev and Geantet 1998; Geselbracht et al. 2004; Kimura 2011) to name a few
of the more common techniques. The products from these different synthesis techniques range in size
from nanometers to 10’s of micrometers.

Spinel can be made with TcO, where the Tc** can occupy the octahedral “B” site for the A3¥B4+0,
spinel (Luksic et al. 2015). However, not all of the synthesis technigues available for making spinel have
been demonstrated with TcO, but the cited literature does show several promising options and potential
flexibility for synthesizing this mineral. The technetium loading in spinel can be very high, such as in
Mg, TcO, spinel where the Tc-loading is 46 mass% (Muller et al. 1964).

7.1.3 Rutile

The rutile (TiO,) or stannic oxide (SnO,) structures have been demonstrated to accommodate TcO; in
the structure. For rutile, it was in the form of TiygTCo 40, with a Tc-loading of 39 mass% (Muller et al.
1964).

7.1.4  Pyrochlore

Pyrochlore fits the formula of A;B,O¢ or A,B,0; where A and B are metals of different valences.
Pyrochlore can be synthesized using a number of different techniques including sintering, hydrothermal
processing, and ball-milling. Pyrochlores have been synthesized from both TcO, (Hartmann et al. 2012;
Rodriguez 2009) and Tc,0; (Rodriguez 2009) mixed with various 2+ and 3+ metal oxides. The
Tc-containing pyrochlores synthesized with high Tc-loading, ~37 mass%, by Hartmann et al. (2012) had
a very small particle size of ~120 nm, which could be problematic from a handling standpoint.

7.15 Perovskite

Perovskite fits the A>*B* 05 formula where A and B are 2+ and 4+ cations, respectively. A majority
of the literature discusses mixing TcO, with other metal oxides and firing them together, a method
typically referred to as high-temperature sintering. Also, TcO, has been incorporated into perovskite
materials using methods such as sol-gel synthesis (Huang et al. 1996), hydrothermal approaches (Sasaki
et al. 1987), and milling (Baek et al. 1997).

7.1.6 Goethite

Goethite fits the formula of AO(OH) where A is one or a combination of different metals. The
Fe-form of goethite, FeO(OH) has been demonstrated to incorporate Tc using aqueous precipitation. In
one approach, Fe** was combined with T¢™ in solution and the two species underwent a redox couple
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reaction (Um et al. 2011; Um et al., 2010). Afterwards, when Fe(NOs); was added to the solution with
the Tc-containing goethite, a very small amount Tc was observed to re-oxidize from Tc* to Tc'™.

3Fe” > 3¢ +3Fe* (2)
Tc™"+3e — T

Detailed overview of this waste form can be found in Westsik et al. (2014 and references therein).
Goethite could sequester significant amounts (>90% of the initial Tc mass) of Tc present in dilute
solutions as long as additional aqueous Fe(ll) was added and the pH of the slurry was adjusted to neutral
to mildly caustic conditions. The Fe(ll)-treated goethite also removed Tc from caustic briney waste
solutions similar to Hanford off-gas secondary liquid wastes; however, the presence of anions other than
hydroxide and carbonate in the waste streams, especially PO,> and, to a lesser extent SO,*, decreases the
Tc-removal efficiency. It was also discovered that after the mixing of the caustic waste simulants, with
the goethite, and aqueous Fe(ll), and separating the Tc-laden hydrous ferric oxide, there was a small
amount of Tc re-release from the solid via Fe oxide dissolution at high pH conditions above 10. Thus, the
final disposal environment of the Tc-laden ferric oxide is optimal in subsurface environments with a pH
below 10 or additional ferric iron should be added to keep the disposal saturated with dissolved iron.

Westsik et al. (2014) concluded that “more detailed experiments (both Tc sequestration and
subsequent long term leaching) and solid-phase characterization studies using various state-of-the-art
techniques are needed to evaluate the suitability of the goethite-based waste form. Note also that the final
technetium-iron oxide minerals are fine-grained particles that would require some form of encapsulation,
mixing with a binder, isostatic pressing into pellets, or disposal in high-integrity containers to be a non-
dispersible waste form.”

Reported Tc loading in goethite is 0.096 mg-Tc/g of final solid prepared with deionized water and
2.2x10"° M of Tc and 1.02 mg-Tc/g of final solid prepared with simulant containing 4.06x10™* mole/L of
Cr, 2 M Na and higher initial Tc concentration of 4.2x10* M of Tc and 0.1 M of Fe(Il) (Um et al. 2010).
Tc loading on a Tc-goethite sample made from this waste simulant could be increased up to 5.02 mg Tc/g
(Um et al. 2015).

7.1.7  Compatibility of Mineral Waste Forms with Tc Streams

Based on the assessment of the Tc separation technologies from the SuperLig 639 eluate or off-gas
condensate (see Section 6) only two streams are considered herein: the Reillex HPQ eluate and the Tc(1V)
precipitate generated by the Sn(I1)Cl; reduction process. The Reillex HPQ strip can be conducted using a
1 M NaOH /1 M ethylenediamine/0.005 M SnCl, solution or a 1 M NH,OH solution, the former elution
process purportedly results in Tc(IV) species and the latter results in pertechnetate being eluted.

However, more study is needed to resolve what Tc species is present in the resulting solution from the
Reillex stripping reactions. The Sn(Il)Cl,reductive precipitation approach results in a solid containing
mixed valences of Sn(IV)/Sn(I1) with a Tc(IV) co-precipitate (see Asmussen et al. (2016) for details. It is
Tc(IV) that is required to make mineral structures including goethite, spinel, rutile, pyrochlore, and
perovskite. The Tc(IV) could be re-oxidized to Tc(VI1) to be incorporated into the other forms of sodalite
or layered double hydroxides. For the 1M NH,4OH stripping solution (Poineau et al. 2008), pertechnetate
is the species eluted, which is compatible for incorporation into sodalite.
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7.2 Metal Alloy Waste Forms

Two metal waste forms have been studied for immobilization of the five metal phase (e-phase; Mo,
Tc, Rh, Rh, and Pd) from spent nuclear fuel. Those waste forms are e-metal and 316 stainless steel
(316SS) of which, Tc was the main isotope of concern (Abraham et al. 1997; Ebert et al. 2010; Ebert et al.
2009; Keiser Jr et al. 2000; McDeavitt et al. 1998). The e-metal has a hexagonal close pack structure
(P63) that accommodates a wide range of binary to quinary mixtures of the five noble metals. The
e-metal waste form appears to be very attractive because no additives are needed to fabricate the waste
form (Crum et al. 2013). However, in the Tc separation schemes under discussion for the Hanford liquid
wastes, only Tc would be present, resulting in the other four elements (Mo, Rh, Rh, and Pd) becoming
expensive additives. Hence, because of cost, the 316SS-based waste form is the only practical metal alloy
waste form for Hanford separated Tc. Besides the cost of additives, there are a few other advantages of
selecting the 316SS alloy waste form: 1) the waste form development research is more mature for the SS
based system, 2) the processing temperatures are significantly lower for SS-based waste forms, leading to
lower energy costs and lower volatility of the reduced Tc during consolidation, and 3) the equipment to
produce the SS-based waste form is simpler to operate and maintain.

The 316SS composition would be the preferred alloy composition however other alloy compositions
could also be investigated to accommodate other waste components such as Cr, which varies widely in
concentration from Hanford tank to tank and the various WTP waste types. Depending on the Tc
separations method to be used, components such as Fe, Sn, or Cr may be of significant concentration
within the separated Tc waste causing a significant deviation from the desired 316SS composition (Keiser
Jr et al. 2000; McDeavitt et al. 1998). Zirconium could also be varied to provide a ZrFe; intermetallic
phase that accommodates the Tc in the SS-based waste from (Keiser Jr et al. 2000).

It is difficult to state the maximum waste loading of Tc in metal alloy waste forms until a specific
separations process is identified due to the variability is the resulting waste stream. However, assuming a
clean Tc stream, the minimum waste loading in a metal alloy waste form would be 5 mass % and could be
as high as 20 mass %. However, since the total amount of Tc that is in the tanks is small the waste
loading in the metal alloy waste form should not have a drastic impact on amount of waste form
produced. Research is needed to optimize the waste loading of a Tc only stream since all the literature to
date is for the five noble metal alloy that exists in spent nuclear fuel. Research on a Tc-laden metal alloy
waste form will provide data needed to determine the impact of Tc waste loading on final waste form
performance.
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8.0 Summary and Recommendations

The current study is focused on conducting a literature review to provide insights into the
compositions and volumes of the potential WTP waste streams, from which Tc could be separated
effectively. The information obtained from this review is used to examine the compatibilities of these
waste streams with Tc-specific waste forms and the operations required for Tc immobilization in the
candidate Tc-specific waste forms.

One obvious advantage of the disposition of Tc in a specific waste form is the significant reduction in
volume for the generated waste form, leading in turn to the reduction in the footprint of the required
storage facility. If a Tc-specific separation process is found that pre-concentrates Tc that then can be
readily loaded into a Tc-specific waste form, the total volume of Tc-bearing waste could be small.

The first logical location to remove Tc from WTP waste streams is from the tank waste after it is
transferred to various “pre-treatment” facilities, likely after removal of **’Cs. The most mature method to
remove the Tc from *¥Cs-stripped tank waste is through the use of SuperLig 639. However effective
removal of TcO, by this resin requires concentration of sodium in the solution to be above 4 M. The
Phase 2 DST waste going to the LAWPS facility may be too low in Na to be processed to remove TcO,4
using SuperLig 639 without adding additional Na, or concentrating the solution by evaporation. Further,
most of the final Phase 4C wastes have Na concentrations at or below 3.3 M, which may also require Na
addition (or evaporation of the liquid wastes). Pertechnetate is eluted from SuperLig 639 with warm
water. It is estimated that during the entire WTP campaign the total volume of Tc eluate will be between
18.7 and 25.5 million liters. Therefore, further concentration and purification of this SuperLig 639 Tc
eluate may be required for the stabilization in a Tc-specific waste form.

A second location for the removal of Tc during DFLAW (Phase 2 of the WTP mission) is after LAW
vitrification in the liquid wastes from EMF bottoms returns but before going back to DSTs or before EMF
bottoms recycle to the LAW melters. If Tc was removed from these two waste streams it becomes
possible to transfer the resultant liquid waste (with Tc removed) to the LERF/ETF facilities for a final
processing that creates a solid waste form and a residual liquid. The residual liquid contains such low
concentrations of contaminants that it can be disposed to ground without further treatment.

The HTWOS code predicts Na concentration of 4.91 M in the EMF bottoms returns, similar to
concentrations found in the DSTs where successful removal of Tc by SuperLig 639 has been
demonstrated. The larger portion of EMF concentrated off-gas liquid waste, which is sent back to the
LAW melters, is estimated to contain a Na concentration of up to 1.92 M. At this high ionic strength, the
direct removal of Tc by traditional anion exchange resins might be challenging; however, use of SuperLig
639 should be realistic for the concentrated portion currently planned to recycle to the DSTs. SuperLig
639 could also be used after modest concentration of the EMF off-gas waste stream that currently is
planned to be sent back to the LAW melters.

The HLW WTP facility returns 66.5 million liters of off-gas captured liquid waste to the WTP PT
facility over Phases 3 and 4. However, the Tc content in this waste stream is very low (2.75 Ci). The
LLW WTP facility returns 440 million liters of off-gas captured liquid waste to the WTP PT facility over
Phases 3 and 4 and the projected Tc content is substantial (9270 Ci). The chemical composition of the
LLW off-gas liquid waste stream is dominated by fluoride, chloride and sodium with a total ionic strength
of about 0.128 M. It would make sense to separate Tc from this off-gas liquid waste stream within the
WTP PT facility perhaps using standard ion exchange resins (discussed in Section 6.1) or some reducing-
sorbent process such as using Sn(ll)-apatite (discussed in Section 6.2.1) or Fe(ll)-ferric hydrous oxides
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(discussed in Section 7.1.6). Because the chromate anion, whose concentration is about 54 times greater
than that of pertechnetate in LAW feed, is quite similar to the pertechnetate anion, it will act as a strong
competitor for the pertechnetate anion exchange sites and also will be reduced if a reductant precipitation
process is chosen to separate the Tc from the off-gas liquid waste streams as an alternative to recycling
this stream back through LAW/SLAW melters. Thus, the consequences of the presence of chromate will
need to be considered in any Tc separation scheme.

Since the primary adsorbents and precipitating agents under investigation are inorganic, they should
be compatible with the widest range of disposal options based on the assumption that inorganic agents are
more stable in underground disposal environments than organic agents, which can be degraded more
readily by both biological and chemical processes. The inorganic agents under consideration can also be
evaluated for mixing as slurry with the tank waste sludges, since inorganic materials can be
accommaodated more easily than organic materials in the tank farms, if interim storage is needed. A
number of organic ion exchange media (e.g., Reillex HPQ or Purolite A530E) could also be evaluated to
remove Tc from the more dilute off-gas captured WTP waste stream. The disposal of the
adsorbent/precipitate Tc-separated product is currently undefined but we are recommending that the
sodalite and metal alloy processes discussed in Section 7 of this review will be compatible Tc-specific
waste forms. Fine-grained sodalite would require further processing to become either monolithic waste
forms or encased in high integrity containers before the final disposal option is selected.

One option that has been previously evaluated is disposal of the off-gas LAW recycle stream directly
to the ETF. However, this option has a number of problematical consequences to ETF itself, including
increases in waste volume and problematically high levels of halides and radionuclides [see Lueck and
Mcnamar (2008) and May et al. (2009) for details]. Some of these consequences would be mitigated by
concentration and Tc¢ decontamination of the off-gas recycle waste stream. The first proposed approach is
to concentrate the off-gas waste stream using either traditional evaporation or reverse osmosis. The
bottoms from the evaporator or concentrated brine from the reverse osmosis unit would be returned to
DSTs or WTP, (when operational) for recycle through the LAW melters. The condensate from the
evaporator or the permeate from the reverse osmosis unit would be sent to LERF and then on to ETF for
final processing. In the second alternative treatment process (McCabe et al. 2013), separation of the
radionuclides would be done by precipitation or sorption using inorganic reagents followed by settling
and/or filtration of the sorbents. This proposed alternative treatment process is assumed to occur at the
ETF after the recycled off-gas secondary waste stream is first segregated in one of the three lined and
covered LERF basins; although such segregation of particular waste streams in not currently practiced.

Robbins and May (2013) also evaluate similar options for diverting the off-gas secondary liquid
waste stream from recycling back to the LAW melters. Their study only looks at SBS/WESP condensate
from the LAW facility and does not include the HLW SBS/WESP. In their analysis they assumed that the
Tc depleted stream could be processed at a modified Effluent Treatment Facility (ETF). For each
alternative, the approach would be to pump the liquid from the LAW Facility condensate collection tanks
to a new Technetium Removal Facility (TRF) located outside of the WTP facility boundary but within the
Hanford Site. It is presumed that it may be possible to combine the TRF processing facility into other
proposed WTP facilities. The modifications to the LAW Facility are the same for all their alternatives.

8.1 Recommended Tc-Specific Waste Forms

In this final sub-section we re-visit the available data on the three most promising Tc-specific waste
forms and offer some details on how we would advance the state of knowledge for these promising waste
forms.
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8.1.1 Metal Alloy Waste Form

Based on the survey conducted in this report it appears that a metal alloy is the Tc-specific waste
form most compatible with the Tc-separated waste streams. It is a particularly attractive option, offering
several benefits for the stabilization and long-term storage of Tc. The advantages of the metal alloy waste
form (especially a stainless steel (316SS)-based metal alloy) include the following:

1. An extremely small immobilized waste volume would result in a small footprint for final
disposal. The total 316SS metal waste form required to immobilize the entire Tc inventory in the
Hanford tanks of 26,500 Ci (1530 kg) is estimated to be

a. waste loading of 5 mass% = 30,588 kg (3.82 m®) waste form
b. waste loading of 10 mass% = 15,294 kg (1.91 m®) waste form

c. waste loading of 20 mass% = 7,647 kg (0.96 m®) waste form
2. A relatively easy fabrication process impervious to upsets
3. The use of an economical and readily available material (316SS)

4. A resistance to corrosion, which can be greatly increased by surface passivation and placing the
metal alloy waste form inside an outer container

5. The stabilization of Tc as metal (Tc®). Oxidation of the Tc surface in the metal alloy was studied
(Taylor 2014). Oxygen chemisorption to Tc is very strong, implying that formation of a full
surface monolayer of chemisorbed oxygen is preferred to the nucleation of oxide islands. The
films are strongly adherent, thus providing a stabile passive surface on the Tc metal.

6. A metal waste form is compatible with Tc streams generated by the separation of either LAW or
off-gas condensate streams.

The metal waste form requires the Tc stream to be free of alkali metal species but can accommodate
other transition metals, such as Cr, Ni, Fe, Al, Sn, and Si. Therefore neither the SuperLig 639 eluate nor
off-gas condensate are directly suited for the fabrication of the metal waste form without further
purification. Currently, the most attractive route to purify and pre-concentrate Tc from these waste
streams is by Tc(VII) reduction to Tc(IV) using Sn(Il) materials. The co-reduction of Cr(V1) to Cr(I11)
followed by its co-precipitation with Tc(IV) and the presence of residual Sn will not interfere with the
fabrication of the metal alloy waste form. Separated solid Tc(IV) will be reduced to Tc(0) metal by steam
reforming in wet argon. It can be then combined with 316SS additives and melted into an alloy to
produce the consolidated waste form.

Reductive Fe® column separation of Tc from the SuperLig 639 eluate or off-gas condensate followed
by fabrication of the 316SS metal alloy waste form using Tc-loaded iron/iron oxide column material is
also a very economical and attractive option. However, the reductive Fe” column separation method to
remove Tc from liquid waste streams has undergone little testing and requires further development and
demonstration.

Another (even though less attractive than reductive separation using Sn(ll) materials) option to purify
and pre-concentrate Tc from the SuperLig 639 eluate or off-gas condensate is to use ion exchange.
Among ion exchange technologies available to date for the separation of Tc (see Section 6), Reillex HPQ
offers advantages of high loading capacity, being elutable, and provides a stream concentrated in TcO,.
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To generate Tc eluate compatible with metal alloy waste forms, the Tc-loaded Reillex HPQ can be eluted
with 1 M NH,OH. Separated Tc would then be reduced to Tc(0) metal by steam reforming in wet argon,
combined with 316SS additives, and melted into an alloy to produce the consolidated waste form.

8.1.2 Glass-Bonded Sodalite Waste Form

Even though a sodalite waste form is in early stages of development, it is considered as potentially
promising due to its ability to sequester Tc in its oxidized anionic TcO,4 form, which the most mobile Tc
form in the environment. Another advantage is economical and readily available sodalite precursors
including sodium aluminate and colloidal silica. The downside is that this technology is in early stages of
development. As mentioned above, very little work has been done to incorporate TcO, into sodalite and
what has been done was at a very small scale. Sodalite on the other hand can accommodate significant
amounts of alkali cations such as sodium and anions such as nitrate and carbonate. However, formation
of the TcO, sodalite in the presence of the other ions present from the eluates should be experimentally
evaluated.

We propose that a ReO,-laden sodalite first be made with simulated Tc separated liquid waste
streams to demonstrate proof of concept. The yield and process efficiency should be determined as the
amount of sodalite made compared to what was expected and the efficiency determined based on how
much NaReO, was reacted versus how much remains in the residual solution. This work could be done in
a non-rad facility so that the most effective experimental parameters for maximizing sodalite yield can be
determined. Then, at least one test should be conducted where NaReOy is replaced with NaTcO,4. The
products from all tests should be characterized with SEM-EDS and XRD. If time and funding permit,
chemical durability tests (leach tests of the resultant sodalite) should be conducted to further evaluate the
performance of the Tc-laden product.

The presence of significant concentrations of competing ions in the SuperLig 639 eluate or off-gas
condensate can potentially hinder incorporation of TcO, into the sodalite structure. Compatibility of
potential eluates with formation of the TcO, sodalite should be examined. For example, if Tc(VII) is
separated from the SuperLig 639 eluate or off-gas condensate waste streams by reduction using Sn(ll)-
based materials, the precipitated Tc(IV) should be re-oxidized back to Tc(V1I) and solubilized in the
aqueous NaOH solution. If TcO, is separated by ion exchange, i.e., Reillex HPQ, it should be eluted
from the loaded resin by 1 M NaOH /1 M ethylenediamine/0.005 M SnCl, solution or by a 1 M NH,OH
solution.

Once the TcO,4 sodalite is obtained, it should be combined with glass binders. The purpose of adding
a glass binder to sodalite (and for most of the mineral forms) is that it helps reduce the surface area during
consolidation, thus improving the chemical durability of the final Tc-laden waste form. This approach
has been used successfully to bind sodalite for the baseline ceramic waste form used to immobilize spent
electrochemical salt wastes (Bateman et al. 2007; Lepry et al. 2013; Riley et al. 2012). In these studies,
the addition of the glass binder was used to decrease the porosity of the final product and to immobilize
the fission products from the salt waste that could not be incorporated into the mineral structure of the
sodalite, e.g., lanthanide and alkaline earth chlorides. However, in the TcO, sodalite case, the binder
would be used solely to bind the sodalite particles together. Also, the amount of glass binder required
could likely be kept at no more 10-20 mass% to optimize the overall Tc¢ loading in the final waste form,
although this has yet to be verified with TcO, sodalite. The glass binders used for aiding in the
consolidation of sodalite are typically high silica (=60 mass%) borosilicate compositions with large
working temperature ranges such as P57 and NBS-1 or derivatives thereof (O’Holleran 1999; Riley et al.

8.4



2012; Ebert and Snyder 2015) although a lower-melting glass with a lower silica fraction might be
required for working with Tc-sodalite to prevent Tc volatilization during consolidation.

8.1.3 Goethite Waste Form

Goethite is a relatively mature Tc-specific waste (Westsik et al. 2014 and references therein).
Removal of Tc from a LAW melter off-gas recycle simulated using goethite reductive precipitation has
been previously demonstrated (see Um et al. 2010, 2011, 2015). This process is also potentially possible
for the SuperLig 639 eluate. However goethite requires a final Tc waste stream that contains little or no
phosphate and sulfate anions. Experimental and theoretical studies showed that Tc(V1I) should be
reduced to form Tc(IV) that gets incorporated into octahedral sites in the Fe mineral goethite or in a
spinel. Therefore the presence of chromate should be considered since Fe(Il) will reduce both Cr(V1) and
Tc(VI) in the waste stream, and thus increased quantities of Fe(ll) reductant are needed. The reduced
Cr(111) can also potentially compete with Tc(IV) for the structural sites in the goethite or spinel. One
drawback of goethite is the low loading for Tc achieved to date (see Section 7) so that a large volume of
the goethite waste form would be need to stabilize significant quantities of Tc. Never the less, the
goethite waste form should be considered since it potentially can separate and immobilize Tc from the
SuperLig 639 eluate and off-gas condensate directly without further purification. However, more testing
is required to demonstrate this.

If Tc can be incorporated into the goethite structure using the SuperLig 639 eluate directly, its pH
should be adjusted to <4 and then Fe(OH), and goethite added (for seeding further precipitation of ferric
oxide). Solution pH is changed back to alkaline (pH ~12 is optimal), and the slurry is heated up to 80°C
for several days. Solids are separated from the slurry, and Tc-laden ferric oxide fine particles are
combined into a binder such as grout. Alternatively Tc-laden ferric oxide might be used as glass former
solids for LAW vitrification or hot pressed or sintered into a monolithic waste form. The off-gas
condensates can also be directly used to create Tc-laden ferric oxides using similar process. One potential
disadvantage of the goethite waste form is studies to date have shown low Tc loading in the final goethite
product. Additional studies using Tc separated liquid waste stream simulants are recommended to
attempt to increase Tc loading into the final goethite product.
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