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EXECUTIVE SUMMARY

The United States (U.S.) DOE ORP is responsible for the retrieval, treatment, immobilization, and
disposal of Hanford’s tank waste. A key aspect of the River Protection Project (RPP) cleanup mission is
to construct and operate the Hanford Tank Waste Treatment and Immobilization Plant (WTP). The WTP
will separate the tank waste into high-level waste (HLW) and low-activity waste (LAW) fractions, both of
which will subsequently be vitrified.

The projected throughput capacity of the WTP LAW Vitrification Facility is insufficient to complete the
RPP mission in the time frame required by the Hanford Federal Facility Agreement and Consent Order,
also known as the Tri-Party Agreement (TPA), i.e. December 31, 2047. Supplemental Treatment is likely
to be required both to meet the TPA treatment requirements as well as to more cost effectively complete
the tank waste treatment mission. The Supplemental Treatment chosen will immobilize that portion of
the retrieved LAW that is not sent to the WTP’s LAW Vitrification Facility into a solidified waste form.
The solidified waste will then be disposed on the Hanford site in the Integrated Disposal Facility (IDF).

Fluidized Bed Steam Reforming (FBSR) offers a moderate temperature (700-750°C) continuous method
by which LAW feeds can be processed irrespective of whether they contain organics, nitrates,
sulfates/sulfides, chlorides, fluorides, volatile radionuclides or other aqueous components. The FBSR
technology can process these wastes into a crystalline ceramic (mineral) waste form. The mineral waste
form that is produced by co-processing waste with kaolin clay in an FBSR process has been shown to be
comparable to LAW glass, i.e. leaches Tc-99, Re and Na at <2g/m® during American Standards and
Testing Materials (ASTM) C1285 (Product Consistency Test) durability testing. Monolithing of the
granular FBSR product was investigated in previous studies to prevent dispersion during transport or
burial/storage. Monolithing in an inorganic geopolymer binder, which is amorphous, macro-encapsulates
the granules. The granular waste forms also pass the Environmental Protection Agency EPA TCLP test
for all RCRA components at the Universal Treatment Standards (UTS).

Two identical Benchscale Steam Reformers (BSR) were designed and constructed at SRNL, one to treat
simulants and the other to treat actual radioactive wastes. The results from the non-radioactive BSR were
used to determine the parameters needed to operate the radioactive BSR in order to confirm the findings
of non-radioactive FBSR pilot scale and engineering scale tests and to qualify an FBSR LAW waste form
for applications at Hanford. Radioactive testing commenced using Savannah River Site (SRS) LAW
from Tank 50 chemically trimmed to look like Hanford’s blended LAW known as the Rassat simulant as
this simulant composition had been tested in the non-radioactive BSR, the non-radioactive pilot scale
FBSR at the Science Applications International Corporation-Science and Technology Applications
Research (SAIC-STAR) facility in Idaho Falls, ID and in the TTT Engineering Scale Technology
Demonstration (ESTD) at Hazen Research Inc. (HRI) in Denver, CO. This provided a “tie back” between
radioactive BSR testing and non-radioactive BSR, pilot scale, and engineering scale testing.
Approximately six hundred grams each of non-radioactive and radioactive BSR product were made for
extensive testing and comparison to the non-radioactive pilot scale tests performed in 2004 at SAIC-
STAR and the engineering scale test performed in 2008 at HRI with the Rassat simulant. The same
mineral phases and off-gas species were found in the radioactive and non-radioactive testing.

This report contains the results of FBSR testing on simulated and radioactive Hanford LAW samples
from tanks SX-105, AN-103, and AZ-101/AZ-102. Radioactive FBSR testing of Hanford-WTP
secondary wastes had been designated Module A. Radioactive testing of SRS LAW shimmed to
represent the Hanford Rassat 68 tank blend from SRS Tank 50 waste had been designated Module B. The
BSR campaigns with Hanford Tank SX-105 were designated Module C and campaigns with Hanford
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Tank AN-103 were designated Module D. Initial testing of a Hanford Tank Blend of AZ-101/AZ-102
was designated Module E.

The radioactive Hanford wastes received at SRNL were analyzed so that a surrogate recipe could be
developed. During Module B radioactive testing, Re had been determined to be a good surrogate for Tc-
99 in the off-gas mass balance and in durability testing. Thus, Module C and D non-radioactive and
radioactive wastes were shimmed with Re as a surrogate for Tc-99 in order to provide additional
supporting data. The radioactive samples already contained Tc-99 and no additional Tc-99 was shimmed
into the wastes except for one sample made especially for Tc speciation by X-ray Absorption
Spectroscopy (XAS). The tank waste simulant recipes’ were made to perform tests in the SRNL non-
radioactive BSR to determine the parameters for the radioactive BSR campaigns.

Due to funding constraints, the AZ-101/AZ-102 testing (Module E) only consisted of analyzing the
radioactive waste when received after shimming it with Re in preparation for the radioactive BSR
campaigns, developing a recipe for a simulant, shimming the simulant with Re, performing non-
radioactive BSR campaigns, and sending the product for TCLP testing. Therefore, this report provides
the data collected primarily from Module C and D BSR campaigns and testing. The data collected on
Module C, D and E FBSR products are compared to the Module B testing and all of the other non-
radioactive testing performed in pilot and engineering scale FBSR’s with the Rassat simulant (68 tank
Hanford blend) to provide the comparison between simulant and radioactive testing and the comparison
between bench-scale, pilot-scale, and engineering scale testing.

Extensive testing and characterization of the granular product material from Modules C (SX-105) and
Module D (AN-103) were made including the following (ASTM) tests:

e ASTM C1285 (Product Consistency Test) testing of granular waste forms
» Comparison of granular BSR radioactive Module C product to Module B ESTD and pilot

scale granular non-radioactive and radioactive waste forms made from the Rassat simulant
» Comparison of granular radioactive to granular non-radioactive waste forms made from the
Module C simulants using the SRNL BSR

e EPA Manual SW-846 Method 1311, TCLP
» Comparison of granular BSR radioactive Module C and D to ESTD and pilot scale granular

and monolithic non-radioactive waste forms made from the Rassat simulant

» Comparison of granular radioactive to granular non-radioactive waste forms made from the
Module C and D simulants made using the SRNL BSR

» Comparison of the granular non-radioactive waste forms made from Modules C, D, and E to
each other and to Module B as a function of REDOX

The following was determined from the extensive testing in this study:

e The mass balances of Tc-99, Re, Cs-137/Cs-133, and 1-129/1-125/1-127 were determined in the

BSR systems (non-radioactive and radioactive).

» Good mass balance closure was achieved on Tc-99, Re, Cs, | and chloride in the Module C
(SX-105) and Module D (AN-103) campaigns. The Module E (AZ-101/AZ-102) simulant
consisted of only one run and a mass balance was not performed.

» Module C- Hanford LAW Tank SX-105
0 71-98% recovery of Re in the product streams for radioactive and simulant campaigns,

respectively
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0 80-83% recovery of Tc-99 for once through processing which is ~2.5X greater retention
than LAW glass for once through processing

0 ~75% recovery of 1-127 (non-radioactive) and 1-129 (radioactive)

0 78-100% recovery of chloride, radioactive and non-radioactive, respectively

0 ~100% recovery of Cs in the simulant campaigns, issues with cross contamination in the
radioactive campaigns

» Module D — Hanford LAW Tank AN-103

0 90-95% recovery of Re in simulant runs, 88% recovery in radioactive campaign

0 83-86% recovery of Tc-99 for once through processing which is ~2.6X greater retention
than LAW glass for once through processing

0 100% recovery of 1-127 (non-radioactive) in two simulant campaign and 100% recovery
of 1-129 (radioactive) in the radioactive campaign

0 86% recovery of Cl in the simulant campaigns

0 87% recovery of Cs in the simulant campaigns, issues with cross contamination in the
radioactive campaigns

The data indicates Tc-99, Re, Cs, and | (all isotopes) report preferentially to the mineral product

Tc-99 and Re show similar behavior in partitioning between the product and off-gas: for mass
balance Re is an acceptable simulant for Tc-99

The FBSR minerals were found to retain Re in the cage structure (~100%) of the granular mineral
products and varying percentages of Tc-99 depending on the REDOX conditions

TCLP data are acceptable when REDOX is >0.30 Fe**/=Fe or an iron oxide catalyst (I0C) is

present as a spinel host for Cr

» An I0C algorithm was derived to quantify how much 10C is needed to stabilize chromium in
an iron chrome spinel if REDOX is <0.30 Fe*'/=Fe

The successful processing of AN-103, which contained large amounts of gibbsite (AI(OH)s,),
demonstrated that precipitates do not have to be removed from LAW before FBSR processing.
> excess Al is easily accomodated by adjustment of the composition of the clay additive

ASTM C1285 (Product Consistency Test) testing is below 2 g/m? LAW glass leach rate limit for

the constituents of concern (COC) by 2 orders of magnitude or 100-200X

» Use of BET surface area to account for the surface roughness of the mineral granules
demonstrates that the FBSR product is 2 orders of magnitude lower than the 2 g/m? LAW
glass leach rate limit

» Use of the geometric surface area, which ignores the surface roughness of the mineral
granules and assumes the granules are hard spheres which is incorrect, gives an equivalent
leach rate to LAW vitreous waste forms

» All the durability results from SX-105 (Module C non-radioactive and radioactive) are in
agreement with the data from the SRS LAW BSR testing (non-radioactive and radioactive)
and the ESTD testing in 2008 and pilot scale testing from 2001 and 2004

» Re is a good surrogate for Tc-99 during leaching experimentation proving that the current
radioactive and simulant BSR campaign products using Re and Tc-99 match the historic and
engineering scale data that used Re only

» An aluminum buffering mechanism appears to control the leachate pH and all other element
releases are released as function of solution pH for all radioactive and non-radioactive LAW
wastes tested
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» The pH dependence is the same conclusions reached by SPFT and PUF testing of the Rassat
FBSR ESTD and BSR products in other studies

e Long term testing (1, 3, 6 month and/or 1 year) at 90°C by ASTM C1285 of Module C (SX-105)
non-radioactive and radioactive granular product has not shown any significant change in the
mineral assemblages as analyzed by X-Ray Diffraction (XRD)

» Silica concentrations in solution are decreasing with time indicating solution supersaturation:
reaction products would have formed when the solution saturates or supersaturates if they
were going to form.

> Re is a good surrogate for Tc-99 during long term leaching experimentation proving that the
current radioactive and simulant BSR campaign products using Re and Tc-99 match the
historic and engineering scale data that used Re only

Coupling the results of this study with previous radioactive BSR studies demonstrates that when anions
such as CI, F, and | are present or oxyanions such as TcO, or ReO,’, more sodalite forms. If more SO, is
present the sodalite structured phase nosean forms. If anions, SO,”, Re and Tc are low, then less
sodalite/nosean forms and more nepheline forms. Cs and K can be accommodated in either nepheline or
sodalite where they substitute for Na.

Theoretically, a pure sodium chloride waste stream would make a chloride sodalite and could
accommodate 12.06 wt.% NaCl or 7.32 wt.% CI. A pure iodide waste stream in sodalite could
accommodate 22.03 wt.% | and a pure fluoride sodalite could accommodate 4.06 wt.% F. A pure sodium
sulfate waste stream could accommodate up to 9.90 wt.% SO, or 14.65 wt.% as Na,SO, in nosean.
Likewise the Re and Tc sodalites can accommodate 25.22 wt.% Re or 15.20 wt.% Tc-99, respectively.
Note that in the Module A WTP-SW FBSR study that 0.89 wt.% F was accommodated in the fluoride
sodalite of the theoretical 4.06 wt.% F meaning that ~22 w.t% of the waste form was a fluoride sodalite.
In the simulant Module E studies, 2.18 wt.% SO,~ was accommodated in the nosean or ~22 wt.% of the
theoretical SO,” that could have been accommodated. The chemistry of the wastes that were tested, were
relatively low in I, Cl, and Tc-99. Based on the mass balances reported in this study 85-100% of these
species were retained in the FBSR minerals. The high mineral retentions mean that the following anion or
oxyanion mineral incorporations were achieved which are well below the theoretical mineral retentions
shown in the last column:

LAW
_ WTP-SW Hanford 68 | LAW Tank | LAW Tank Tank Theoreti_cal
Anion or Radioactive Tan!( Ble.nd S)_(-105_ AI_\I-103 AZ-101 Pure Anion
Oxyanion Radioactive | Radioactive | Radioactive | /AZ-102 Stream
Simulant
W1t.% W1t.% Wit.% Wit.% Wit.% Wit.%
Below
F 0.89 0.05 Detection 0.02 0.07 4.06
Level
Cl 0.87 0.27 0.33 0.30 0.16 7.32
I 3.68E-03 0.25 5.61E-05 8.21E-05 0.21 22.03
SO, 0.16 1.12 0.66 0.12 2.18 9.90
Tc* 2.13E-03 8.57E-05 5.33E-08 277E-04 | o0 15.20
Re*’ 0.05 0.04 0.05 0.04 0.04 25.22
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The anion and oxyanion concentrations that can be accommodated in the sodalite/nosean mineral waste
form are 10-20X what can be accommodated in LAW glass at equivalent Na,O wt.% waste loadings.
After monolithing the 10-20X factor decreases by ~33% (100%-67% FBSR loading per monolith) and
that still provides a 6.6-13.2X higher solubility for anions and oxyanions in FBSR LAW at moderate
temperatures that do not volatilize these anions and oxyanions or create the need for complex recycle
loops during processing during LAW vitrification.
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1.0 Introduction

The Hanford Site in southeast Washington State has 56 million gallons of radioactive and chemically
hazardous wastes stored in 177 underground tanks [1]. The U.S. DOE ORP, through its contractors, is
constructing the Hanford Tank Waste Treatment and Immobilization Plant to convert the radioactive and
hazardous wastes into stable glass waste forms for disposal. Within the WTP, the pretreatment facility
will receive the retrieved waste from the tank farms and separate it into two treated process streams. The
pretreated HLW mixture will be sent to the HLW Vitrification Facility, and the pretreated LAW stream
will be sent to the LAW Vitrification Facility. The two WTP vitrification facilities will convert these
process streams into glass, which is poured directly into stainless steel canisters. The immobilized HLW
(IHLW) canisters will ultimately be disposed of at an offsite federal repository. The immobilized LAW
(ILAW) canisters will be disposed of onsite in the Integrated Disposal Facility (IDF).

The projected throughput capacity of the WTP LAW Vitrification Facility is insufficient to complete the
RPP mission in the time frame required by the Hanford Federal Facility Agreement and Consent Order,
also known as the Tri-Party Agreement (TPA). The milestone date for the TPA is December 31, 2047
and without additional LAW treatment capacity, the mission would extend to 2070.[2] With additional
treatment and acceleration the milestone will be met by 2047 and in 2002 the milstone was predicted to be
met as early as 2028.[2] The life-cycle cost of tank waste cleanup is strongly influenced by the WTP
operating duration. Each year the WTP operates beyond 2047 will cost billions of dollars more than
disposition before 2047 due to inflation. Therefore, a significant life-cycle cost savings incentive exists to
complete tank waste treatment processing at the earliest practical date.

Therefore, Supplemental Treatment is required both to meet the Tri-Party Agreement treatment
requirements as well as to more cost effectively complete the tank waste treatment mission. The
Supplemental Treatment Project will design, construct and operate the processes and facilities required to
treat and immobilize into a solidified waste form that portion of the retrieved LAW that is not sent to the
WTP’s LAW Vitrification Facility. The solidified waste will then be disposed on-site in the IDF.

Four immobilization technologies are under consideration as part of the Supplemental Treatment Program
including:

e second WTP LAW vitrification

e Dbulk vitrification

e cementitious solidification (cast stone)

o fluidized bed steam reforming (FBSR).

The DOE has made substantial past investments in evaluating each of the proposed vitrification processes
(i.e, WTP LAW and bulk vitrification) and cementitious solidification processes at Hanford.
Additionally, numerous other sites within the DOE complex have examined the performance of
cementitious solidification of LAW for a number of years. DOE has made some but not sufficient
investments to date in the FBSR process to produce a monolithic, mineralized waste form for Hanford
LAW immobilization. This study is, therefore, focused on collecting the essential data required to
objectively evaluate the FBSR waste form as a LAW immobilization alternative to the other technologies.

FBSR offers a moderate temperature (700-750°C) continuous method by which LAW and/or WTP
Secondary Wastes (WTP-SW) can be processed. The FBSR technology can process these wastes into a
crystalline ceramic (mineral) waste form that is granular. The granular mineralized waste form that is
produced by co-processing waste with kaolin clay in an FBSR process has been shown to be comparable
to LAW glass (see multiple durability references given in Table 1-3). Monolithing of the granular FBSR
product can be used to prevent dispersion during transport or burial/storage. Considerable durability
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testing has been performed by SRNL and the Pacific Northwest National Laboratory (PNNL): see Section
1.3 and Reference 3 for a summary of the work already performed and currently in progress including
tests to demonstrate the waste form will meet preliminary waste acceptance criteria for the Hanford IDF.

1.1 Mineral Waste Forms

Crystalline (ceramic/mineral) waste forms made by moderate temperature (700-750°C) thermal treatment
have not been as intensely investigated as those formed at high temperatures (1000-1500°C) by pressing
and sintering (SYNROC, supercalcine ceramics, tailored ceramics, and Pu ceramics) [4]. However,
crystalline waste forms made from clay have been studied almost continuously since 1953 [4,5]. Often
the high temperatures used for sintering created sodalite-cancrinite mineral assemblages. In 1981, Roy
[6] proposed “low-temperature”, “hydrothermally processed”, “low solubility” phase assemblages
consisting of the micas, apatite, pollucite, sodalite-cancrinite, and nepheline, many of which could be
made from reaction of various clays (kaolin, bentonite, illite) with waste.

Clay based crystalline (ceramic/mineral) waste forms were not pursued in the late 1970°s and early
1980’s because there was no continuous commercial technology available that could process the
waste/clay mixtures in a hydrothermal environment [4]. A commercial facility to continuously process
radioactive wastes at moderate temperatures in a hydrothermal steam environment was built by Studsvik
in Erwin, Tennessee in 1999 [7,8]. The Erwin facility uses a steam reforming technology designated as
the THermal Organic Reduction (THOR®) process to pyrolyze Cs-137 and Co-60 bearing organic ion-
exchange resins from commercial nuclear facilities. The Erwin facility has the capability to process a
wide variety of solid and liquid streams including: ion exchange resins, charcoal, graphite, sludge, oils,
solvents, and cleaning solutions and has treated these types of waste at radiation levels of up to 400R/hr.

If kaolin clay is added to an alkali-rich waste during FBSR processing, a “mineralized” waste form is
produced that is composed of various Na-Al-Si (NAS) feldspathoid minerals discussed above, i.e.
sodalites are the potential host minerals for the halides; nosean which has a larger cage structure is the
host mineral for sulfate or sulfide species, Re and Tc-99; and nepheline sequesters the remaining alkali by
nanoscale reaction of the clay and waste. Bench scale, pilot scale, and engineering scale tests have all
formed this mineral assemblage with a variety of legacy U.S. DOE waste simulants. Illite type clay was
tested at the bench scale and was shown to form dehyroxylated micas (potential host for nuclear fuel
recycling wastes including lanthanides, Cs, Sr, Ba, Rb, TI, etc.) by similar nanoscale reaction of clay and
waste [9].

The fluidizing steam used in FBSR processing creates a hydrothermal environment which promotes
mineral formation. Clays become amorphous at the nanoscale at the FBSR processing temperatures (700-
750°C) because clays lose their hydroxyl groups between 550-750°C, which destabilizes the Al atoms in
their structure. Once the Al cation is destabilized, the clay becomes amorphous and species in the waste
“activate” the unstable Al cation to form new mineral structures. The hydrothermal environment created
by the steam and the nanoscale reactivity of the clay catalyze mineralization allowing formation and
templating at moderate temperatures. Kaolin clay has been found to template the feldspathoids and the
illite clays have been found to template the dehydroxylated micas as radionuclide hosts [9]. Additional
iron bearing co-reactants can be added during processing to stabilize any multivalent hazardous species
present in a waste in durable spinel phases, i.e. Cr, Ni, Pb iron oxide minerals.

The NAS mineral waste forms are comprised of nepheline (hexagonal Na,Al,Si,O, where X, y, and z
nominally each are a value of 1) and other feldspathoid mineral phases that have large cages which trap
anion constituents such as Na,SO, (nosean), NaF, Nal, NaCl (sodalite nominally Nag[AleSicO24](Cl,)
where Na,MnO,, Na,MoO,4, Na,TcO,, Na,ReO, can all substitute in the cage structure for 2NaCl or
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1Na,S0,). The feldspathoid mineral nepheline has a ring type structure. A second nepheline phase that
has been found is a sodium rich cubic derivative, (Na20)0,33NaAISiO4,f with large twelve-fold oxygen
cage like voids [10]. Nepheline also accommodates Cs, Sr, Ti, and Ca (Table 1-1).

The NAS cage structures are typical of sodalite and/or nosean phases where the cavities in the cage
structure bond oxyanions and/or radionuclides to the alumino-silicate tetrahedra and to sodium in the
mineral structure. The sodalite minerals are known to accommodate Be in place of Al and S, in the cage
structure along with Fe, Mn, and Zn (Table 1-1). These cage-structured sodalites were minor phases in
HLW supercalcine waste forms' and were found to retain Cs, Sr, and Mo into the cage-like structure as
indicated in Table 1-1. In addition, sodalite structures are known to retain B [11,12] and Ge [13] in the
cage like structures. Waste stabilization at the Materials and Fuels Complex (MFC) operated by Battelle
Energy Alliance at Idaho National Laboratory (INL) currently uses a glass-bonded sodalite ceramic waste
form (CWF) for containment of | from electrorefiner wastes from the Experimental Breeder Reactor
(EBR) 1l fast breeder reactor [14,15]. Researchers’ at Hanford had also researched and patented a
process for stabilizing alkali metal iodides or aqueous solutions into alkali sodalites for applications at
Hanford.[16]

Table 1-1. Substitutional Cations and Oxy-anions in Feldspathoid Mineral Structures

Nepheline — Kalsilite

- Sodalite Structures** Nosean Structures
Structures
Na,Al,Si,0,4 [22] where x=1- . .
R L22] wnere X [NagAlsSisO5a] (NaCl), [22] [NagAl,SisO5:] (Na,SO,) [18,22]
KAISiO4[22] [NagAlgSic0,4](NaFl), [22] [NagAlgSis0,4](Na,Mo0,) [17,22]
Ko.2sNay 75A1Si04[22] [NasAlsSisO,4](Nal), [18] [NasAlsSisO24]((Ca,Na)SO4);. [19]

[(Ca,Na)sAlsSis0,4]((Ca,Na)S,S0, Cl),

(Nay0)0.33NaAlSiO4 [10] [NagAlgSicO.4](NaBr), [18] [PDF’ #17-749]
CsAlSiO, [22] [NagAlgSis0,4]( NaReOy), [20]
RbAISIO, [22] [NagAlgSicO24](NaMnOy), [21]
(Cag5,Sr05AlSI0, [22] [NaAISiO4]s(NaBO,), [11,12]
(Sr,Ba)Al,O,4 [22] Mn,[BesSiz04,]S [18]
KFeSiO,[22] Fe,[Be3Si;01,]S [18]
(Na,Cags5)YSiO,[21] Zn,[BesSiz04,]S [18]
(Na,K)LaSiO,[21]
(Na,K,Cag5)NdSiO,[21]

Iron, Ti**, Mn, Mg, Ba, Li, Rb, Sr, Zr, Ga, Cu, V, and Yb all substitute in trace amounts in nepheline.[22]
** Higher valent anionic groups such as AsO,> and CrO,* form Na,XO, groups in the cage structure where X= Cr, Se, W,
P, V, and As [21]

The sodalites are classified [23] as “clathrasils”, which are structures with large polyhedral cavities where
the “windows” in the cavity are too small atomically to allow the encaged polyatomic ions and/or
molecules to pass through once the structure is formed - see the structure for the Re-sodalite from
reference 20 for more detail. They differ from zeolites in that the zeolites have tunnels or larger
polyhedral cavities interconnected by windows large enough to allow diffusion of the guest species

7 Powder Diffraction File (PDF)
! Supercalcines were the high temperature silicate based “mineral” assemblages proposed for HLW waste stabilization in the
United States (1973-1985).
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through the crystal.[23] The sodalite cage structure usually has alternating Si and Al tetrahedra with
equal numbers of each that bond to form the cage. If there are more Al tetrahedra and fewer Si tetrahedra
or vice versa they are all treated as solid solutions with the same cavity structures.[23]

(@ (b)

Figure 1-1. Structure of a Re-sodalite (left) and a scanning electron microscope image of the same
Re sodalite [20].

1.2 FBSR Technology

The commercialization of the FBSR technology at the Erwin, Tennessee facility has created interest in
this technology for the immobilization of a wide variety of radioactive wastes across the US DOE
complex. Of special relevance is the capability of the FBSR technology to destroy organics while
converting alkali/alkaline earth/rare earth salts to aluminosilicate minerals that are suitable for direct
geological disposal and/or to carbonate or silicate species for subsequent vitrification or disposal.

An FBSR facility has been designed and constructed at the INL for treatment of their Sodium Bearing
Waste (SBW) for potential disposal in the Waste Isolation Pilot Plant (WIPP) (Table 1-3). Another
facility was considered for use at the Savannah River Site (SRS) to convert a salt supernate waste (Tank
48) containing nitrates, nitrites, and insoluble cesium tetraphenyl borate (CsTPB), to carbonate or silicate
minerals which are compatible with subsequent vitrification in the Defense Waste Processing Facility
(DWPF) [24,25].

The FBSR technology uses reformers to pyrolyze organics in the presence of a fluidization media of
steam. FBSR’s can be externally heated or internally heated or a combination of the two heating methods.
Externally heated FBSR’s are normally limited to a diameter in the 6-8” range while coal or another
reductant can be used to assist in the denitration reactions. Coal is also used to auto-thermally heat larger
reformers (24 diameter) via the water-gas shift reaction which produced H,. Then small amounts of O,
are bled in to complex the excess H, and that reaction is exothermic and creates heat. FBSR flowsheets
can be single reformer or dual reformer. A dual reformer is only necessary if high boiling organics are
present in a waste as the second reformer usually runs at higher temperatures and is more oxidizing than
the first reformer. In TTT’s dual reformer flowsheet, the 1% reformer is called the “Denitration and
Mineralizing Reactor” or DMR, while the second reformer is called the “Carbon Reduction Reformer” or

4
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CRR. Reformers can be vertical or horizontal in design but all the FBSR’s used for testing in this study
and the related studies were vertical. Sometimes an iron oxide in the form of an Iron Oxide Catalyst
(10C) is used to facilitate the denitration and organic destruction and provide an iron spinel mineral host
to stabilize the chrome as iron chrome spinel.

During 2001-2002, there was a pilot scale FBSR at HRI used for TTT’s demonstrations of Hanford’s AN-
107 simulant. This pilot scale facility was an externally heated 6” diameter FBSR but coal was also used
to auto-thermally heat the reformer (Table 1-2 and Table 1-3). An IOC was used during these pilot scale
tests. References are given in Table 1-3.

During the 2003-2004 FBSR testing at the SAIC-STAR facility in Idaho, an externally heated 6” diameter
FBSR pilot scale facility was used to test INL’s SBW and the Hanford Rassat simulant. The Hanford
non-radioactive LAW simulant known as the Rassat simulant represents a 68 tank blend of dissolved salt
cake from Hanford single shell tanks (SSTs).[26] Berger Brothers (BB) charcoal was used as the
reductant for denitration at the SAIC-STAR facility for these tests. No catalyst was used (Table 1-2 and
Table 1-3). Both these 6” pilot-scale reformers were single DMR type reformers (Table 1-2 and Table
1-3). References are given in Table 1-3.

During the 2006-2008 FBSR engineering scale testing by TTT at HRI in the 15" dual reformer, auto-
thermal heating was used and Bestac coal was the reductant of choice for heating and denitration (Table
1-2 and Table 1-3). The 15” dual flowsheet was used to test the WTP-SW and the Rassat 68 tank blend.
[26] The WTP-SW simulant was based on melter off-gas condensate analyses from Vitreous State
Laboratory (VSL) (Table 1-2 and Table 1-3). The IOC catalyst was used in the WTP-SW and Rassat
simulant tests in the ESTD. References are given in Table 1-3

Since the SRNL BSR was built to duplicate the 15” TTT dual reformer flowsheet, a dual reformer was
designed for both the non-radioactive and radioactive units but the CRR was not used unless a waste
contained high organics. Testing was performed with and without a catalyst as noted in this report. The
same coal, BB, was used in the BSR as in the SAIC-STAR pilot scale and the TTT/HRI engineering scale
testing. The BSR tested radioactive and non-radioactive WTP-SW where the radioactive WTP-SW was
made from radioactive melter off-gas condensates from the SRS DWPF.[27] Additional testing with the
radioactive and non-radioactive Rassat 68 tank blend are reported elsewhere [28] and discussed in this
report to complete comparisons across LAW waste types. The primary focus of this report is the
demonstrations with Hanford radioactive and non-radioactive LAW compositions from Tank SX-105 and
Tank AN-103 and the preparations made to process a blend of AZ-101/AZ-102 before funding issues
precluded processing of this tank waste blend.
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Table 1-2. Comparison of Pilot-scale, Engineering-scale, and Bench-scale FBSR’s

Dual or
Facility/ Column Externally Single Reductant
. or Internally of Catalyst? Waste
Reformer Diameter Reformer .
Heated? Choice
Flowsheet?
" External and . BB
TTT 2001-2002 6 with Coal Single charcoal Yes AN-107
SAIC-STAR 6" External and Sinale BB No SBW
2003-2004 with Coal g charcoal Rassat
TTTESTD » WTP-SW
9006-2008 15 Internal Dual Bestac coal Yes Rassat
WTP-SW
Rassat
SX-105
SRNL BSR
(non-radioactive 2.75” E;(\;[ietanélozr;d Dual Bestac coal | Some tests AN-103
and radioactive) AZ-101/
AZ-102
(Simulant
Only)

Table 1-3 provides a summary of the references to the various Hanford LAW and INL SBW FBSR tests
and the subsequent studies which characterized the granular products and tested the granular waste form
performance using various durability tests such as ASTM C1285 (Product Consistency Test) and ASTM
C1662 (Single Pass Flow Through Test; SPFT). In addition, Table 1-3 provides similar references for
Hanford’s melter recycle WTP-SW wastes stabilized by FBSR and data on monoliths produced with
WTP-SW and LAW. Table 1-3 also provides the references that compare the results of durability tests
with and without the coal fraction of the FBSR product removed.

For the engineering tests with WTP-SW and the Rassat simulant, it should be noted that the target
concentrations for the Resource Conservation and Recovery Act (RCRA) metals in the Rassat simulant
and Cs were increased anywhere from 10X to 1297X to be detectable in the product durability testing and
the off-gas analyses. Therefore, the identified metals concentrations were increased by TTT at HRI to
ensure detection and enable calculation of system removal efficiencies, product retention efficiencies, and
mass balance closure without regard to potential results of those determinations or impacts on product
durability response such as the Toxicity Characteristic Leaching Procedure (TCLP).[29] This will be
discussed in Section 2 in more detail.

The engineering scale technology demonstration (ESTD) product characterization simulant testing is
reported in Reference 30 and summarized in Table 1-3. Prior to the Reference 30 studies, the FBSR bed
products and fines had been studied independently to determine the leaching mechanisms and appropriate
leach tests to perform. In Reference 30, the FBSR bed products were studied separately and together: it
was shown that the mineral phases observed in the high temperature filter (HTF) fines are the same as the
mineral phases in the FBSR bed products and have comparable durability. The combined FBSR bed
products and fines from the two ESTD campaigns were monolithed in a geopolymer formulation (GEO-7)
made from fly ash, sodium silicate, and NaOH, which was chosen from a downselect of different matrices
including cements (Portland and 3 high alumina types), Ceramicrete, hydroceramics, and various
geopolymers made from kaolin clays.[31,32,33] The durability of the monolithed FBSR waste forms
were then compared to the granular product responses.[33]

6
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Table 1-3. Sources of FBSR Granular/Monolith Product Durability Testing
. Particle Mono.

Pilot FBSR Aacr'](élc Gran. T%L‘P Gran. Preliminary Product Size Mono. Mono. ANSI/ANS | TCLP
Scale Date Diam Basic PCT Gran SPFT Risk Tested Distri- i PCT SPFT 16.1/ of
Facility 1w Testing | Testing | Assessment Coal bution | Monolith | resting | Testing ASTM Mono.

astes Form
(PSD) C1308 Form
Testing
Non-Radioactive Testing
Ref 36,
12/01 37
HRI/ 6" | oAVl | Ref.35 33‘*;5 and PUF | Ref. 39 Bed gem:::g
TTT Ref ' ' testing Y No N/A
34 38)
” LAW “Tie-back” -
6 Env. C None Strategy Fines
7/03
SAIC/ " Yes
STAR FZeaf 6 SBW None None Bed (Samples
. were
Ref Data from Ref Gaussian o
SAIC/ ggf“ - LAW 42,4546 | 42,4546 Removed Corgg;/r‘ed’
STAR ' Rassat 40,41,42 and “Tie-back” o 0 Ref
44 by 525°C LAW, N/A
PUF 47 Strategy - 31,32
/04 Bed and Roasting 32%
and Einirs] SBW and
SAIC/ » Ref 45%
STAR 11/04 6 SBW 42.45 None Separate Startup
Ref. Bed
48
HRI/
T 12/06 SBW Ref 49 None None No N/A
ry | 2008 | | aan | Ref3o, | Ref 53 Leback” | Begand | Not Bi. PNNL 28
1 | Ref ] 3350, | 3380, cht Fines | removed | ot Yes Ref 33 50
29 SW 51,52 51,52 None None Together None Ref 27,54 51,52
Radioactive Testing
LAW “Tie-back”
SRNL/ 2010- 2757 Rassat 28,52,55 53 Strategy Bsq and Not G . Y 28 PNNL 28
BSR | 2011 | © WTP- eS| removed | 2SSt e
SW 27,52,55 None None Together 27 None 27 27

PCT — product consistency test method (ASTM C1285-08); SPFT — single pass flow-through test method (ASTM C1662); ANSI/ANS16.1/ASTM C1308/EPA 1315 — monolith emersion tests all
similar with different leachate replenishment intervals; Pressure Unsaturated Flow Test (PUF); -LAW Env. — low activity waste envelope A, B, and C; PSD - particle size distribution; FY11 —
Joint program between SRNL, PNNL, ORNL; PNNL Test Results are complete and being documented; N/A — not applicable.
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The Module B simulant and radioactive LAW BSR testing [28] and the ESTD simulant tests [29],
including characterization, monolithing, and durability testing [29,30,33], formed the basis for
performing the comparative studies on the SX-105, AN-107 and AZ-101/AZ-102 radioactive
LAW waste streams (Table 1-7).

1.3 Performance Assessment Testing

1.3.1 Durability Requirements

For HLW, Waste Acceptance Product Specifications (WAPS) [56] and a Waste Compliance Plan
(WCP) [57] were developed for the waste form to ensure the acceptance of the product to the
federal geologic repository. Similar durability requirements were developed for LAW glass at
Hanford which are delineated in Specification 2 of the WTP contract.[58] The WAPS and
extensive characterization of the borosilicate glass both before and after production began was
required. In order to satisfy the WAPS and WCP product consistency requirement, a leach test
was needed which could reliably and easily provide rapid confirmation of the consistency of the
glass being produced.

The WAPS specifications most relevant to public health and safety are those relating to release of
radionuclides. WAPS Specification 1.3 relates to the ability of the vitrification process to
consistently control the final waste form durability, i.e., the stability of the glass against attack by
water:

1.3 Specification for Product Consistency
“The producer shall demonstrate control of waste form production by
comparing, either directly or indirectly, production samples to the
Environmental Assessment (EA) benchmark glass [59].”

1.3.1 Acceptance Criteria

“The consistency of the waste form shall be demonstrated using the
Product Consistency Test (PCT)." For acceptance, the mean
concentrations of lithium, sodium and boron in the leachate, after
normalizing for the concentrations in the glass, shall each be less than
those of the benchmark glass described in the Environmental Assessment
for selection of the Defense Waste Processing Facility (DWPF) waste
form [60]...One acceptable method of demonstrating that the acceptance
criterion is met, would be to ensure that the mean PCT results for each
waste type are at least two standard deviations below the mean PCT
results of the [standard] EA glass.”

Lithium, sodium, and boron releases were monitored as nonradioactive indicator(s) that were
similar or identical to the maximum radionuclide releases expected for HLW glass because many
of the radionuclides were present at concentrations as low as 10 weight % and thus difficult to
measure. For example, in high level borosilicate waste glass, Tc-99, present at ~4.1 x 10* wt. %
in the waste form, has been shown to be released at the same maximum normalized concentration
as boron, lithium, and sodium.[61,62,63,64,65,66,67,68,69] Tc-99 is the radionuclide released

T C.M. Jantzen, N.E. Bibler, D.C. Beam, W.G. Ramsey, and B.J. Waters. “Nuclear Waste Product Consistency Test
Method Version 5.0,” U.S. DOE Report WSRC-TR-90-539, Rev. 2 (January 1992).
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from HLW at a rate higher than all the other radionuclides. Therefore, for borosilicate glass
waste forms, the leachates are routinely analyzed for boron, lithium, and sodium if these elements
are present at > 1 mass % in the glass as an indicator of the maximum radionuclide release, i.e.,
the Tc-99 release, which has been shown to leach congruently with B, Li, and Na.

While relating Tc-99 release to Na, Li, B release for a material that leaches congruently* is an
acceptable practice once the congruent relationship among these elements has been established,
this has to be done for each phase present in a glass-ceramic or mineral waste form because each
phase leaches at a different rate, i.e., the multiphase waste form leaches incongruently.” For
multiphase materials like glass-ceramics and mineral waste forms, the most important elements to
be analyzed in the leachate are those that represent the maximum dissolution of the radionuclides
from the waste form. Elements that are not sequestered in precipitates that participate in surface
alteration reactions, and elements that are not solubility limited are good indicators of waste form
durability. In the case of a multi-phase glass or mineral waste form, it may be important to
analyze for elements from each significant phase present as these waste forms leach
incongruently. Extensive testing [61-69] of any glass or glass ceramic waste form must be
performed in order to determine what these elements are unless the radionuclide release (or
surrogate radionuclide release) is measured which is what has been done in this study, i.e. either
Re or Tc-99 release has been measured.

The use of the PCT test protocol for HLW vitrified waste was applied at Hanford for testing the
consistency of both the Hanford HLW vitrified waste and the immobilized LAW waste form.[70]
The PCT is used to determine the waste form leaching and durability in conjunction with
ANSI/ANS-16.1 [71] and the PCT is used for determining waste form stability.[70] The Hanford
contract [72] and the ILAW Product Compliance Plan specify the following:

“The normalized mass loss of sodium, silicon, and boron shall be measured using
a seven day product consistency test run at 90°C as defined in ASTM C1285.
The test shall be conducted with a glass to water ratio of 1 gram of glass (-100
+200 mesh) per 10 milliliters of water. The normalized mass loss shall be less
than 2.0 grams/m?. Qualification testing shall include glass samples subjected to
representative waste form cooling curves. The product consistency test shall be
conducted on waste form samples that are statistically representative of the
production glass.”

In addition, the Hanford contract [72] requires durability testing for LAW glass by the Vapor
Hydration Test (VHT) [73] as follows:

“The glass corrosion rate shall be measured using at least a seven day vapor
hydration test run at 200°C as defined in the DOE concurred upon ILAW Product
Compliance Plan. The measured glass alteration rate shall be less than 50

Congruent dissolution of a waste form, like glass, is the dissolving of species in their stoichiometric amounts. For
congruent dissolution, the rate of release of a radionuclide from the waste form is proportional to both the
dissolution rate of the waste form and the relative abundance of the radionuclide in the waste form. Thus, for
borosilicate glass, Tc-99 has been shown to be released at the same rate, congruently, as Na, Li and B.

Incongruent dissolution of a waste form means that some of the dissolving species are released preferentially
compared to others. Incongruent dissolution is often diffusion-controlled and can be either surface reaction-
limited under conditions of near saturation or mass transport-controlled. Preferential phase dissolution, ion-
exchange reactions, grain-boundary dissolution, and dissolution-reaction product formation (surface crystallization
and recrystallization) are among the more likely mechanism of incongruent dissolution, which will prevail, in a
complex polyphase ceramic waste form.
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grams/(m? day). Qualification testing shall include glass samples subjected to
representative waste form cooling curves. The vapor hydration test shall be
conducted on waste form samples that are representative of the production glass.”

Because the VHT test interpretation for waste forms other than glass has not been investigated
and the results of this test are used solely for engineering calculations of contaminant release, [70]
the PCT durability test was used in this study as the screening test for the FBSR granular and
monolith products.

1.3.2 Durability Testing and Preliminary Risk Assessment

All of the PCT testing on various FBSR LAW products is summarized in Table 1-3. The granular
waste form must meet the Hanford performance standard of <2g/m? release during ASTM C1285
(PCT) testing. This performance standard is applied to Na in glass waste forms since Na has been
shown to be released at similar rates as Tc-99 as discussed in Section 1.3.1. Since Re release, as
a substitute for Tc-99, does not track Na release in the mineral product, it is the Re release that
must meet the 2g/m? limit during PCT testing. The references cited in Table 1-3 confirm that the
LAW FBSR releases are <2g/m’ Re and radioactive testing in this report supports this conclusion
for Tc-99 as well (see Section 5.5).

In addition, SPFT testing was conducted on several FBSR LAW products and the results were
used to perform a preliminary Risk Assessment (RA). The NAS waste form is primarily
composed of nepheline (ideally NaAlSiO,) and the sodalite family of minerals (ideally
Nag[AlSiO4]s(Cl),, which includes nosean (ideally Nag[AlSiO4]¢SO,). Oxyanions such as ReO4
and TcO,4, have been found to replace sulfate in the larger cage structured nosean.[20,74]
Halides such as I and F are known to replace chlorine in the nosean-sodalite mineral structures
(see Table 1-1) — immobilizing them. The release of radionuclides Tc-99 and 1-129 from granular
NAS waste forms was hypothesized during the preliminary RA to be limited by nosean solubility
as the rhenium releases during durability testing tracked the sulfate releases.[36,37,39] The
predicted performance of the granular NAS waste form was found to be comparable to the glass
waste form in the initial supplemental LAW treatment technology risk assessment (Figure 1-2)
[39].

Wastes intended for disposal in Hanford’s IDF must meet requirements of DOE Order 435.1 and
permit requirements established by Washington State Ecology. The IDF waste acceptance
criteria have not been established for wastes disposal in the facility although there have been
several draft Waste Acceptance Criteria (WAC) proposed. Initial draft waste acceptance criteria
for a secondary waste form are based on the draft IDF waste acceptance criteria [75] and criteria
related to free liquids, compliance with land disposal restrictions, compressive strength, and
leachability.

For an FBSR waste form the following requirements would likely apply [76]:

e Land Disposal Restrictions (LDR): The waste form will meet the land disposal
requirements in 40 CFR Part 268 by meeting the universal treatment standards (UTS) in
40 CFR 268.48 via the TCLP test.

o Free Liquids: The waste form shall contain no detectable free liquids as defined in EPA
SW-846 Method 9095 [77]

e Leachability Index (LI): The waste form shall have a sodium LI greater than 6.0 when
tested in deionized water using the ANSI/ANS-16.1 method. The waste form shall have a
rhenium or technetium LI greater than 9.0. These requirements are based on the 1991

10
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Nuclear Regulatory Commission’s (NRC) Technical Position on Waste Forms [78] and
on early waste disposal RA and performance assessment (PA) analyses.

o Compressive Strength: The compressive strength of the waste form shall be at least 3.54
E6 Pa (500 psi) when tested in accordance with ASTM C39/C39M (ASTM 2010c). This
is based on the NRC’s Technical Position on Waste Forms [78], which is more restrictive
for cement-based waste forms.

Interestingly, in a 2010 NRC document, the NRC declares that the variance in sampling intervals
in the ANS 16.1 method and the use of the average value from different intervals are not
consistent with the diffusion-controlled mechanism that is used to calculate the leach index.
Because of this, the leachability index does not provide a reliable measure of the effective
diffusion coefficient that is needed for performance modeling or any other characteristic of the
material that is used in the test.[79]
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Figure 1-2. Comparison of Tc-99 concentration in a well 100 m downgradient of the IDF as
a function of time from Mann et.al. (2003) RA.[39]

1.3.3 Compressive Strength

In the 1983 version (Revision 0) of 10 CFR 61.56(b)(1) regarding the stability of a waste form for
shallow land burial, it is stated that “a structurally stable waste form will generally maintain its
physical dimensions and form under expected disposal conditions (45 feet) such as weight of
overburden and compaction equipment...”. Assuming a cover material density of 120 Ibs/ft’, a
minimum compressive strength criterion of 50 psi after curing for minimum of 28 days was
established, although it was also stated that the waste forms should achieve the “maximum
practical compressive strength” not just the “minimum acceptable compressive strength.” Later,
the burial depth was increased to 55 feet and the minimum compressive strength criterion was
increased to 60 psi after curing for a minimum of 28 days.

11
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In the early 1990’s the compressive strength criterion was re-evaluated. Because Ordinary
Portland Cement (OPC) mortars (cement, lime, silica sand and water) are capable of achieving
compressive strengths of 5000-6000 psi, the minimum compressive strength for a waste form for
shallow land burial was increased to 500 psi after curing for a minimum of 28 days. The
rationale was that low-level radioactive waste material constituents are not capable of providing
the physical and chemical functions of silica sand in a cement mortar and so a reasonable
compressive strength was 1/10™ that of a cement made with silica sand.[78]

Thus, to be accepted for near-surface disposal at Hanford, a waste form is required to meet this
acceptance criterion for compressive strength of 500 psi. This requirement is derived from an
NRC Branch Technical Position on Low Level Waste (LLW) forms discussed above which
somewhat arbitrarily specifies 500 psi to preclude subsidence in the waste disposal. It is also
noted that a monolithic waste form would reduce the impact to human health for the intruder
scenario in the waste site PA. While a monolith is desirable there are other means by which this
requirement can be met, e.g. waste stabilization in High Integrity Containers (HICs).

The Hanford contract [72] for LAW specifies the following:

“The mean compressive strength of the waste form shall be determined by testing
representative non-radioactive samples. The compressive strength shall be at
least 3.45E6 Pa (500 psi) when tested in accordance with ASTM C39/C39M-99
or an equivalent testing method”

No monoliths were made with the Hanford SX-105 or AN-103 non-radioactive or radioactive
granular FBSR products produced in this study. The granular material was archived under the
RCRA sample exclusion should funding become available for monolith formulation and testing.

1.3.4 Waste Loading

For disposal of FBSR wastes at Hanford in Richland, WA there is an additional specification that
governs the waste loading for glass. Waste loading for Hanford LAW wastes are specified in
terms of the amount of Na,O from the waste that can be accommodated in the waste form. The
most stringent of these criteria is for Envelope A waste. The specification (Section 2.2.2.2 of the
Product Requirements) [72] states:

“Waste Loading: The loading of waste sodium from Envelope A in the ILAW
glass shall be greater than 14 weight percent based on Na,O. The loading of
waste sodium from Envelope B in the ILAW glass shall be greater than 3.0
weight percent based on Na,O. The loading of waste sodium from Envelope C in
the ILAW glass shall be greater than 10 weight percent based on Na,O.”

All of the Na,O in the Hanford LAW granular FBSR products made during pilot scale testing in
2003-2004 [40,41] contained 20.87 wt% Na,O. All of the Na,O in the FBSR product is from the
waste because the kaolin contains no sodium. If the FBSR granular product needs to be
monolithed versus disposal in a HIC it should not dilute the product Na,O concentration to less
than ~14 wt.% Na,O so that the Na,O content will be comparable to LAW Envelope A glass.
Therefore, the FBSR loading in a monolith should be ~67 wt.% for Envelope A type wastes to be
comparable to LAW glass. Since monoliths were not made in this study with radioactive Hanford
wastes one must rely on the demonstrations made with the non-radioactive ESTD FBSR products
and the radioactive BSR Module B studies.[28, 33] Table 1-4 summarizes the requirements that
an FBSR monolith would likely need to meet.

12
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For a cementitious grout waste form, there is a PA requirement on nitrate/nitrite leaching that
limits the grout waste loading.[76] There are also LDR limits for concentrations of hazardous
organics from grout waste forms as well.[76 and 40 CFR 268] Nitrate/nitrite and
solvents/organics get destroyed in the FBSR process so this requirement is always met for the
FBSR waste form but the requirement is listed in Table 1-4 for completeness.

Table 1-4. Summary of Requirements for an FBSR LAW Waste Form

Test Criteria

Requirement for FBSR

Product
Compressive Strength after 28 day cure (psi) >500
Crystalline Phases Phase Identification
PCT Re (g/m%) <2.0
PCT Tc (g/m?) <20
ANSI/ANS 16.1 or ASTM C1308 (Leaching Index, Tc-99 and/or Re > 9
LI after 90 days leaching) Na > 6
FBSR loading in a monolith with 21 wt.% Na,O from
waste that is equivalent to 14 wt.% Na,O in LAW 67

Envelope A glass (wt.%)

< Universal Treatment
Standards (UTS)
Not Applicable as
nitrate/nitrite destroyed
in processing
Not Applicable as
solvents/organics
destroyed in processing

Toxicity Characteristic Leaching Procedure (TCLP)

Nitrate/nitrite leaching requirement for grout PA

Solvent/organic leaching requirement for LDR

1.4 DOE-EM Program Goals

The need for advanced waste forms and processes was discussed in the National Research
Council report “Advice on the Department of Energy's Cleanup Technology Roadmap: Gaps and
Bridges”, Waste Processing gap number 5 (WP-5): “The baseline tank waste vitrification process
significantly increases the volume of high-level waste to be disposed”. This report comments that
waste forms that include little or no additives compared to glass should be investigated for
Hanford and INL.

The current DOE site baseline technologies include: 1) vitrification of the HLW fractions of tank
wastes at Hanford and Savannah River for disposal at a Federal repository; 2) vitrification of the
LAW fraction at Hanford for disposal at the IDF; 3) cementation of the LAW fraction at
Savannah River; 4) FBSR of the tank waste at INL for disposal at the WIPP; 5) hot isostatic
pressing of the calcined HLW at INL; and, 6) treatment and disposal of various secondary LLW
at each site. These treatment options are reasonably proven technologies and those remaining
technological gaps are being filled by site contracts. However, some of the disposal options are
currently risky and may not be ideal. In addition there are likely more cost effective
treatment/disposal options that should be considered to reduce risk and cost of tank cleanup in the
U.S. This task explores one such option, FBSR, and develops the necessary technology to
implement a promising waste form.

13
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Fluidized Bed Steam Reforming is one of four immobilization technologies under consideration
as part of the Supplemental Treatment Program for WTP Hanford LAW as discussed above. It is
anticipated that the FBSR product would reduce the treatment costs and waste volumes at
increased waste throughput for Hanford LAW compared to LAW vitrification or cementation.
FBSR granular and monolithic waste forms have already been developed for several Hanford
LAW waste streams (the Rassat 68 tank blend and AN-107) [5,6,9,28,33] and data has been
generated on the granular waste form to demonstrate preliminary acceptance in the IDF
[1,2,3,4,5,6,8,15,17,20].

1.4.1 Defining the Hanford Radioactive Wastes for FBSR Demonstrations

As part of the current DOE-EM enhanced tank waste strategy at Hanford this multi-laboratory
FBSR work scope was initiated under the DOE EM-31 Technology Development & Deployment
(TDD) Program Task Plan WP-5.2.1-2010-001.[80] Treatability studies were performed in this
study in the SRNL BSR using three actual Hanford tank waste samples to demonstrate the range
of Hanford LAW to be treated by FBSR (representing the middle 80% of the total LAW feeds
based on anion content).

Prior to performing tests with actual Hanford LAW, a test with a radioactive SRS LAW that was
compositionally adjusted to reflect the expected composition of a Hanford 68 tank blend, known
as the Rassat simulant, was performed.[27] The Rassat 68 tank blend waste simulant was also
tested in 2008 at TTT’s ESTD Facility in Golden, CO and tested in 2004 at INL’s SAIC-STAR’s
Facility in Idaho Falls. Testing in the SRNL BSR with the Rassat formulation (non-radioactive
and radioactive) was designated as Module B testing and provided the tie-back strategy discussed
in the next section and the earliest scientific data regarding the FBSR waste form leachability and
the fate of Tc-99 in the mineral waste form.

Based on direction from DOE/ORP, three Hanford LAW samples were selected for steam
reformer treatability testing in the SRNL BSR. A Data Quality Objectives (DQO) process was
undertaken to ensure appropriate samples were selected.[81] The BSR campaigns with Hanford
Tank SX-105 were designated Module C, campaigns with Hanford Tank AN-103 were
designated Module D, and campaigns with a blend of AZ-101/AZ-102 were designated Module E.

The following considerations guided the development of Hanford LAW sample selection criteria:

» Because schedule considerations to obtain data from the treatability studies were
critical, LAW samples would be selected from the existing sample archives in
Hanford’s 222-S Laboratory.

* SRNL advised that two of the tests (Modules C & D) required approximately one
liter of LAW solution at the target 5M sodium concentration. For the third sample,
1.5 to 2 liters would be required to facilitate inter-laboratory comparison of the
diffusion (ASTM C1308 run at the same temperature and time intervals as
ANSI/ANS 16.1 so the data are comparable) and PCT (ASTM C1285) test results.

e The sample should be representative of full-scale feed in respect to sodium (Na)
molarity (4-7 M Na, i.e., >100g Na).

Washington River Protection Solutions (WRPS) identified thirty nine tank waste samples
(supernatant or salt cake) as having sufficient sample material. Past experience suggested that
sample handling in the hot cell environment and the amount of undissolvable solids in salt cake
samples could result in losses on the order of 30%. This more conservative approach yielded a
set of 25 samples (9 saltcakes and 15 supernates) as potential candidates for treatability testing.
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Additional criteria were used in conjunction with the DQO process to select samples for
treatability testing. The chosen criteria were as follows:

«  Scientists at SRNL and PNNL noted that certain anions (sulfate (SO,?) chloride (CI),
fluoride (F), and phosphate (PO,?)) play an important role in determining which
NAS mineral phases are formed. For example, sulfate and chloride are known to be
bound in the sodalite cage structure and consequently do not readily leach out of the
NAS matrix.[34] Therefore, variations in the relative abundance of these anions and
their impact on the quality of the NAS product formed needed to be examined.

o If possible, samples would be chosen from tanks that have been evaluated for
treatment by LAW vitrification, including radioactive, crucible-scale melts. This
would allow direct performance comparisons for Tc retention, durability, and leach
resistance. Data from these samples would help to address regulatory/stakeholder
concerns of glass-versus mineral waste forms.

» If possible, select samples that have been used in previous demonstrations of the
FBSR process using simulants of that tank composition. This would allow a
comparison of products made from the bench-scale reformer and the pilot or
engineering-scale FBSR and provide data to validate the use of simulants instead of
real waste.

» If possible, both supernate and saltcake samples should be represented to replicate the
likely feed to any Supplemental Treatment technology.

To support the qualification of the FBSR process and waste form, the samples should be
representative of the majority of the LAW to be treated; the project determined the extreme ends
of the compositional ranges do not need to be tested at this time. To evaluate samples relative to
the 1st criterion above, anion concentrations in waste feed batches were taken from the Hanford
Tank Waste Operations Simulator (HTWOS) output for the proposed ORP-11242, River
Protection Project System Plan (System Plan 6) modeling case [82]. The LAW feed batches were
sorted from low to high anion content for each of the four anions of interest with the lower 10th
and upper 90th percentiles selected as the bounding limits. Conceptually, this target range
represents the middle 80% of total LAW feed and eliminates the compositional outliers. Table
1-5 provides a summary of the target anion concentrations at the 10th and 90th percentiles.

Table 1-5. Molar Anion to Sodium Ratios in WTP Feed Batches

SO,/Na Cl/Na F/Na PO./Na
Ratio Ratio ratio Ratio
[mol/mol] [mol/mol] [mol/mol] [mol/mol]
High = 90" percentile 0.032 0.016 0.060 0.040
Low = 10" percentile 0.008 0.007 0.013 0.008

In reality, the waste samples available for FBSR mineralization and product testing are not likely
to contain all of the anions of interest at high or low concentration ranges simultaneously.
Further, SO,2 and CI" are considered more important since they are associated with specific
mineral phases. Therefore, first it was identified which criteria were met for each sample, and
then the sample selection was narrowed down for high or low anion content through a process of
elimination with greater weight given to SO, and CI" ratios compared to F- and PO, ratios.

15



SRNL-STI-2011-00384

The results of the sample selection relative to this criterion are shown in Table 1-6
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Table 1-6. Molar Anion-to-Sodium Ratios for Hanford LAW Samples

SO./Na Cl/Na F/Na PO,/Na
ratio Ratio Ratio ratio
[mol/mol] [mol/mol] [mol/mol] [mol/mol]
SX-105 0.011 0.013 0.0007 0.016
AN-103 0.002 0.011 0.003 0.002
AZ-101/AZ-102 0.033 0.006 0.015 0.005
composite

Based on archive sample analysis data, the SX-105 sample (Module C) was initially selected as a
high anion case. However, due to the heterogeneity of this salt cake sample, the final SO,?
concentration was much lower than anticipated and this sample only scored near the high end
with respect to ClI" concentration. The AN-103 sample (Module D) was selected to represent the
low anion case particularly for SO, concentration. The third sample, a composite of AZ-101
and AZ-102 (Module E), was selected after the first two had been shipped to SRNL and to fulfill
the criterion for high S0, concentration.

With respect to the 2nd criterion, prior vitrification tests with actual waste samples, only six tank
waste samples have been tested with LAW vitrification. AW-101, AN-103, AN-102, AN-107,
AZ-101, and AZ-102. Thus, results from the AN-103 and AZ-101/AZ-102 samples selected for
FBSR treatability testing will be available for comparison to results for vitrified waste forms.
The waste feed that is not represented is Envelope C, high organic complexant concentrate, but
this Envelope represents less than 5% of the Hanford LAW to be treated on a metric tons of
sodium (MT Na) basis.

The 3rd criterion was selection of samples that matched the composition of previous FBSR tests
with simulants. Two Hanford LAW compositions have been used to produce a mineralized NAS
waste form:
o Simulated AN-107 (complexant tank)
* ina 6-inch reformer (2001, reference 34)
0 Simulated Rassat 68-tank LAW composite
* ina 6-inch reformer (2004, reference 44), and
* ina 15-inch reformer (2009, reference 29).

By far the most material produced and tested is from the latter, which is represented by the SRS
LAW chemically adjusted to match the Rassat 68 tank blend (Module B). No compelling reason
existed to attempt to replicate this composition with a sample of actual Hanford LAW and the
SRS sample was used instead (see reference 28 for complete details).

Three Hanford Tank Samples were successfully identified that in conjunction with the two
chemically adjusted SRS samples provided test samples for the FBSR program that largely span
the target compositional ranges for the anions of interest.[83] The resulting data will expand the
body of knowledge on the FBSR product as a waste form for the immobilization of Hanford
LAW.
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1.4.2 Defining the Testing Program for Hanford FBSR Waste Forms

Table 1-7 gives a description of the testing planned for the three Hanford wastes in the SRNL
BSR. The data resulting from the demonstration test programs and data in previous publications,
as summarized in Table 1-3, will be used to support the IDF performance assessment and
decisions regarding deployment of a non-vitrification technology to immobilize LAW. A review
was also produced [84] summarizing all previous and current leaching results and their impact on
acceptance of the granular FBSR waste form in the IDF.

The SRS LAW tests provided the earliest scientific data regarding waste form leachability and the
fate of Tc-99 in the mineral phase waste form. The granular products from the treatability studies
were subjected to the same regulatory and performance testing protocols as the non-radioactive
tests as shown in Table 1-3 and Table 1-7. The additional data from this study on the Hanford
radioactive tank wastes (Modules C, D, and E) will provide support to the previous testing with
simulants and SRS Hanford LAW (Module B). All the data and resulting analyses from all the
non-radioactive and radioactive testing will be used to minimize technical risk regarding waste
form performance and to support critical decisions associated with enhanced tank waste strategy
at Hanford for the deployment of the FBSR transformational technology.

In contrast to most waste form development programs where bench-scale research precedes pilot
scale testing, the FBSR process has been run at the pilot and engineering scale (Table 1-3) with
simulants but not at the bench-scale with either simulants or radioactive wastes. SRNL has
successfully operated a BSR in the SRNL Shielded Cells Facility (SCF).[85,86] The BSR is a
unique SRNL design and this radioactive capability does not exist elsewhere. SRNL also has
unique expertise, analytical chemistry skills, and equipment for monolithing the granular FBSR
product and measuring durability of waste forms (granular and monolithic). SRNL used two
BSR’s — one for non-radioactive testing and one for radioactive testing on the Hanford tank
wastes.

Non-radioactive Re was added to the radioactive feed to determine the effectiveness of Re as a
surrogate for Tc-99 during BSR processing. Data from Module B had demonstrated that Re and
Tc-99 track each other in the off-gas and during durability measurement indicating that they
substitute for each other in the solid mineral products. Additional information regarding the
mineral partitioning and how Re and Tc-99 respond to the reduction/oxidation (REDOX) in the
BSR was needed from the Hanford tank waste radioactive testing.

During the Hanford radioactive BSR Module C campaign, ~93% of the waste was processed with
the Tc, Re, and | levels equivalent to the Rassat ESTD simulant processed by TTT, while the
remaining ~7% of the waste (see Table 1-8 for exact amounts) was doped with Tc-99, Re, and I-
125/1-129 at a minimum of 150 pg/g as this is the level needed to detect these species during
follow on X-ray Absorption Fine Structure (XAFS) analyses to determine the oxidation state and
local bonding of the Tc-99 and 1-125/1-129 in the mineral waste form. The remaining ~7% of the
feed was processed at the end of the BSR campaigns, after the off-gas condensate was sampled
and lines were flushed. This was done to ensure that the mass balance and leaching tests were not
compromised by the elevated concentrations required by the XAFS.
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Table 1-7. Module C, D, and E BSR Scale Tests
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Module C (SX-105) Module D (AN-103) Module E (AZ-101/102)
Task BSR BSR BSR BSR BSR BSR
Simulant | Radioactive | Simulant Radioactive Simulant | Radioactive
Mass Balance o o (] [ @) O
Prepare Monolith O O O O O O
REDOX vs Tc,

Re. Cr o o o o o O
TCLP (Granular) [ A [ [ [ O
TCLP (Monolith) O O O O O O

Mineral
Characterization ®/0O ®/0 ®/O ®/O ®/0 O/0
(Gran/Mono)
SPFT (ASTM
1662) A O O
Diffusion (Mono
only) O O O O @) @)
(ASTM C1308)
PUF Testing
Short Term PCT
(Gran/Mono) ®/O ®/O O/0 O/0 O/0 O/0
ASTM C1285
Long Term PCT
(Gran/Mono) ®/0 ®/0 O/0 O/0
ASTM C1285
Tc & Re
Speciation u ©
Pure Phase H
Mineral Testing

Key [®] Completed at SRNL, [ A] Completed at PNNL, [Ill] Completed at ORNL, [O] Not
Funded
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1.4.3 Defining the “Tie-Back’ Strategy

The importance of the BSR radioactive modules C, D, and E are how well they do or do not
compare to the radioactive BSR Module B made with radioactive SRS LAW because the
radioactive Module B campaigns were intended provide a tie back to the 2008 ESTD simulant
FBSR tests at HRI by TTT and the 2004 pilot-scale simulant FBSR tests at SAIC-STAR (see
Figure 1-3).

Building correlations between work with radioactive samples and simulants is critical to being
able to conduct future relevant simulant tests, which are more cost effective and environmentally
protective than tests with radioactive wastes. Specifically, the following correlations can be
derived between the Module B simulant and radioactive tests and the Module C and D simulant

and radioactive tests:

e Radioactive bench scale reformer with Module C and D to Module B tests

e Radioactive bench scale reformer to non-radioactive bench scale reformer tests for
Modules C and D

e Correlate non-radioactive bench scale reformer with Module C and D to Module B
tests

For this reason, over 600 grams of non-radioactive and over 600 grams of radioactive Module B

material was needed from the SRNL non-radioactive and radioactive BSR’s (Table 1-8) but less
is needed for the non-radioactive and radioactive testing of Modules C and D.

Table 1-8. Bench-Scale Reformer (BSR) Tests Performed at SRNL for Hanford Wastes

Amount of Amount of
BSR Source of Radioactive . . Non-
Reference Test Radioactive . .
Module Waste Product (g) Radioactive
9| Product (9)
Shim of SRS DWPF melter
A 27 SRSS://VVTP- recycle to resemble Hanford 96 188

WTP- Secondary Waste
Shim of SRS LAW (Tank 50) to
B 28 SRS-LAW | resemble Hanford LAW based 640* 645
upon Hanford 68 tank blend

Hanford LAW

Sample #1 f
C (medium S, CI, Hanford Tank SX-105 317 189
F, and P)
. Hanford LAW
D | ThisSWdy| gimoie#2 low|  Hanford Tank AN-103 224 192
S, Cl, F, and P)
Hanford LAW
h Hanford Tank Blend AZ-
E Sample #3 (high 101/AZ-102 N/A N/A

Cr and high S)

N/A — Testing not completed

*  an additional 23.45¢g (~3.66%) was made at the desired REDOX with the enhanced Tc-99 spike and sent for XAS
analyses and an additional 25.45g (3.98%) was made under more reducing conditions with the enhanced Tc-99
and sent for XAS analyses for comparison

f anadditional 24.37 g (7.69%) was made at the desired REDOX with the enhanced Tc-99 spike and sent for XAS
analyses.
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Rassat Blend +

INEEL Steam
Reforming
Technology
Demonstration .

NON-RADIOACTIVE

-

RADIOACTIVE BENCH-
L BENCHSCALE 2.7624 [ SCALE

NON-RADIOACTIVE
+ RADIOACTIVE

Figure 1-3. Tie-back strategy between engineering scale non-radioactive pilot testing (top row) and BSR non-radioactive and radioactive
testing (bottom row).

Notes: In order of importance, tie-back #1 is between the radioactive BSR run with the Tank 50 waste shimmed to be like the Rassat Blend (this
study) and the non-radioactive engineering scale Rassat Blend tested in 2008. Tie-back #2 is between the non-radioactive BSR testing with Rassat
Blend simulant and the radioactive BSR testing with the Tank 50 waste shimmed to be like the Rassat Blend. Tie-back #3 is between the non-
radioactive BSR and the non-radioactive pilot testing with the Rassat Blend simulant. Tie-back #4 is between the pilot scale testing performed at
SAIC-STAR in 2004 and the pilot scale testing performed at HRI in 2008 with the Rassat Blend simulant. Note that the radioactive BSR controllers
and data acquisition are in a radioactive hood and not in the shielded cells (bottom right photo).
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2.0 Quality Assurance

The overarching Task Plan for the FBSR studies supported by SRNL, PNNL, and ORNL is the DOE EM-
31 TDD Program Task Plan WP-5.2.1-2010-001.[80] A summary of the multi-laboratory success criteria
outlined in the TDD program task plan is given in Section 3.0. The list is annotated with references to
different documents which contain the results of the testing.

The task was performed in accordance with a Quality Assurance Program (QAP) that meets the Quality
Assurance criteria specified in DOE 0. 414.1, Quality Assurance, 10 CFR 830, Nuclear Safety
Management, Subpart A, “Quality Assurance Requirements”, paragraph 830.122 and also meets the
requirements of ASME Nuclear Quality Assurance (NQA)-1-2004, Quality Assurance Requirements for
Nuclear Facility Applications including NQA-1a-2005 and NQA-1b-2007 Addenda, or later version. The
SRNL Quality Assurance Program and implementing procedures were evaluated by the Hanford Mission
Support Alliance Acquisition Verification Services and placed on the Evaluated Supplier List (MSA-
1201714, April 25, 2012).

The SRNL work scope was performed in accordance with 1Q, QAP 2-3 (Control of Research and
Development Activities). Under this procedure, research and development work was classified as either a
Task Activity or Scoping Activity based upon the work initiating documentation and customer
requirements. The WP-5 Project Team for the Fluidized Bed Steam Reformer Low-level Waste Form
Qualification task (WP-5.2.1) determined that a graded approach would be utilized for this scope. Some
of the testing to identify processing parameters was performed as “scoping” and was controlled using
SRNL L1 Manual, 7.10 (ldentification of Technical Work Requirements) and other appropriate SRNL
QA protocols. Most of the testing was performed to a Task Technical & Quality Assurance Plan
(TT&QAP).

SRNL wrote and worked to individual TT&QAP’s for each module. For Modules C, D, and E, three
different TT&QAPs were written and followed.[87,88,89] The TT&QAP’s are attached to this report as
Appendices A, B, and C.

The SRNL results are summarized in the current document. The original non-radioactive BSR run data
can be found in notebooks SRNL-NB-2009-00115 and SRNL-NB-2011-00004. The radioactive BSR run
data can be found in SRNL-NB-2010-00160. The data produced from the Module C runs can be found in
notebooks SRNL-NB-2010-00144 and SRNL-NB-2011-00112. The data produced from the Module D
runs can be found in notebooks SRNL-NB-2010-00145, SRNL-NB-2011-00070, and SRNL-NB-2011-
00076. The data produced from the Module E runs can be found in notebook SRNL-NB-2011-00037.
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3.0 Success Criteria for the TDD Program

The success criteria for the LAW FBSR Modules B, C, D, and E were to develop data and models
necessary to provide data on the FBSR product necessary to support the Decision Point to Proceed with
Supplemental Treatment. The activities described in this section were carried out to support this objective.
These following activities were performed at SRNL and reported in this document and Reference 52.
These activities were designed to:

1.

10.

11.

Characterize the Module B FBSR products from the HRI/ESTD/TTT P1-B runs blended bed and
fines products made from the Hanford Rassat (68 tank blend) simulant (see Reference 28).

Make a similar Hanford Rassat (68 tank blend) radioactive LAW from SRS LAW with Tc-99, I-
129/1-125, Cs-137, and Re to determine how well Re tracks Tc-99 in the off-gas vs. the mineral
product and the fate of 1-129/1-125 and Cs in the off-gas vs. the mineral product (see Reference
28).

Receive three Hanford LAW samples (Modules C, D, and E): one with low anion content, one
with high anion content, and potentially one with complexants. These will not be doped with
additional Tc-99, 1-129/1-125, Cs-137 but will have Re added.

Determine the mass balance of Tc-99, Re, Cs-137/Cs-133, and 1-129/1-125/1-127 in the BSR
system for all modules.

Subject the FBSR granular and monolith products to the TCLP — non-radioactive and radioactive
(see Reference 28).

Use process control calculations and qualitative X-ray Diffraction (XRD) to determine the
fractions and compositions of the minerals formed by FBSR. This will be performed on multiple
different samples — primarily simulated waste samples but with confirmatory tests with actual
LAW samples.

Prepare monolithic waste forms containing mineralized FBSR product (see Reference 28).
Perform XRD analysis on monolithic waste forms (see Reference 28).

Determine the transport properties of the monolithed waste form. This will be performed by
diffusion tests such as ASTM C1308. These tests need to be performed for a number of samples

including Re-loaded simulants and actual waste samples containing Tc-99 (see Reference 28).

Demonstrate that the binder used for monolithic waste form does not significantly impact the
release/dissolution behavior based on ASTM C1285 and ASTM C1308 (see Reference 28).

Synthesize phase pure minerals (nepheline and sodalites) [74] for testing at other laboratories for
activities #12 to #16 below.

The following activities were performed at ORNL, PNNL, and University of California at Davis and are
reported in Reference 52 and the other references cited below:

12.

Develop dissolution rate law parameters for each significant phase in the waste form. Using
SPFT testing to isolate individual rate law parameters along with selected tests for multi-phase
waste forms (primarily Re containing, with selected Tc-99 containing measurements to
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14.

15.

16.
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demonstrate Tc-99 release is equivalent to Re-release). Additional tests were performed to
determine the phases formed during reaction with water and this is documented elsewhere.[90]

Measure thermodynamic parameters of the phase pure minerals at University of California,
Davis.[90]

Determine the distribution of Tc-99 and 1-129 in the FBSR product and the distribution of Tc-99
and 1-129 amongst the different mineral phases. The speciation refers to oxidation state and
nearest neighbor which requires the use of X-ray absorption spectroscopy (XAS). Selected area
X-ray diffraction XRD/micro-XRD and electron microscopy of the Tc-99 and 1-129/1-125 loaded
material are also required. When combined with other data, these results will determine where
Tc-99 and 1-129/1-125 is located in the waste form. Contained Scanning Electron Microscopy
(CSEM) will also be performed. This will be documented elsewhere [52,90]

Determine the effect of Al, Si, and nepheline saturated solutions on Re and Tc-99 release from
the FBSR product. This will be used to quantify the impact of the Al buffering effect seen in
preliminary tests. This is mostly associated with the common ion effect and must be quantified
so it can be accounted for in the source term model.

Develop and validate a modified waste form release/radionuclide source term model for inclusion
in the IDF performance assessment code. This source-term model will start with that developed
by McGrail et al. [36,37], but, include: a) the release rates for each phase, b) updated
thermodynamic data for solid solution phases, ¢) common ion effect seen in preliminary
experiments, d) transport properties measured in monolith samples, and €) Tc-99 and 1-125/1-129
partitioning between phases in the waste form.
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4.0 Experimental

The scope of work addressed in this report consists of tests in the SRNL non-radioactive BSR of
simulants of Hanford’s Tank SX-105 (Module C), Tank AN-103 (Module D), and Tank Blend AZ-
101/AZ-102 (Module E) and tests in the SRNL radioactive BSR with actual LAW tank waste from
Hanford from the same tanks. Non-radioactive testing provides (1) optimization of processing parameters
for radioactive testing, (2) granular samples for testing the durability response of the non-radioactive BSR
product for comparison between waste streams and to the TTT engineering scale product, and (3) non-
radioactive granular products to monolith and compare (durability and compressive strength) to the
monolithic waste forms prepared during an SRNL Work for Others (WFQO) [91,92] with TTT and to
Module B results [28]. The radioactive testing provides (1) granular samples for testing the durability
response of the radioactive BSR product for comparison between waste streams and between processing
scales, and radioactive granular products to monolith and compare (durability and compressive strength)
to other radioactive and non-radioactive monolithic waste forms described in References 28, 91, and 92.
These demonstrations also provided needed tie backs to previous durability testing of the Rassat simulant
FBSR granular and monolithic products as described in Section 1.4.3.

The BSR is not completely fluidized due to height limitations of the SCF but the gases, including the
fluidizing steam, pass freely through the particles which form a porous biscuit and reactions between the
gases, waste, and clay are the same as if they were actively colliding. Because of the lack of complete
fluidization and collision, particle size growth is minimized. Also, due to the small fluidizing chamber
the particles are harvested from the BSR chamber more frequently so there is less residence time of an
individual particle in the BSR than in the ESTD pilot. This affects only the particle size and not the
chemistry as the longer residence times and intense fluidization in the ESTD creates collisions which
encourages particle size growth. Therefore, the BSR particles will be mostly of a smaller size than the
engineering ESTD particles. Thus, the durability test responses were expected to be comparable when
scaled to surface area and this comparison was demonstrated during the FBSR program in this study and
Reference 28.

The work flow discussed in the TDD Task Plan [80] and the SRNL TT&QAP’s [87,88,89] is given below.
Note that requirements pertinent to monoliths and monolith testing have been removed since no
monoliths were made with the granular BSR products produced from Modules C, D or E. Also test
elements that were unique to Module B such as making phase pure standard nepheline and sodalites have
been removed.

1. Prepare Non-Radioactive Simulant

a. Module C
b. Module D
C. Module E
2. Prepare Radioactive Waste
a. Module C
b. Module D

C. Module E (only shimmed with Re and analyzed)
3. Prepare Feed for BSR

a. Module C

b. Module D

C. Module E (non-radioactive only)
4. Prepare Granular Waste Forms for Analyses

a. Module C

b. Module D
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C. Module E (non-radioactive only)
5. Prepare Sample Characterization Methods
a. Module C
b. Module D
C. Module E (non-radioactive only)
6. Perform Regulatory Testing
a. TCLP[93]
i. ModuleC
ii. Module D
iii. Module E
7. Perform Waste Form Performance Testing
a. PCT (ASTM C 1285-02) [94]
- Short Term Testing (7 day)
Module C only
- Long Term Testing (up to 1 year)
Module C only

4.1 Prepare Non-Radioactive Simulant and Radioactive Feed

For the BSR testing, both a non-radioactive simulant and an actual radioactive waste sample were used.
Non-radioactive simulants of each of the modules were tested in the SRNL non-radioactive BSR in order
to provide (1) optimization of processing parameters for radioactive testing and (2) granular samples for
testing the durability response of the BSR product in comparison between waste streams and to the TTT
engineering scale ESTD and the INL pilot scale products.

A description of the simulant make-up and characterization for each Hanford simulant and the
characterization results for each radioactive sample by SRNL and WRPS is provided in Sections 4.1.1
through 4.1.3. Section 4.1.1 discusses Module C — Hanford Tank SX-105, Section 4.1.2 describes
Module D - Hanford Tank AN-103, and Section 4.1.3 provides the information for Hanford Tank Blend
AZ-101/AZ-102 (Module E).

Analyses of the simulants and radioactive samples included elemental composition as determined by
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Inductively Coupled Plasma
- Mass Spectroscopy (ICP-MS) measurements on either supernate or digested slurry samples; lon
Chromatography (IC) anion measurements on filtered, weighted dilutions of slurry or supernate; total
base, free OH", and other base excluding CO5” titration of unfiltered, weighted dilutions of slurry or
supernate; Total Inorganic Carbon (TIC) measurement for carbonate; and solids measurements where
insoluble solids were present. For the radioactive samples, the supernate was also measured by separation
and counting techniques for Cs-137, Tc-99, 1-125 (where applicable), and 1-129.

4.1.1 Hanford Tank SX-105 (Module C)

The Hanford Tank SX-105 samples, which had been through cesium removal, were received in two
separate bottles that were eventually composited for the SRNL BSR testing. Figure 4-1 provides a picture
of the samples after they were unloaded in the Shielded Cells. Table 4-1 provides the SRNL analysis of
the Hanford SX-105 Tank sample used in Module C, the WRPS analysis of SX-105 [95], and the SRNL
simulant analysis that was prepared based upon the WRPS analysis of this sample prior to its shipment to
SRNL. During simulant preparation any components that were below detection limit (<) in the WRPS
analyses were omitted from the simulant as their impact on durability, i.e. TCLP, would be detected in the
radioactive sample if it were a significant impact.
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Both the simulant, though to an immeasurable degree, and the LAW samples had visible solids of gibbsite
(as identified by XRD analysis, see Figure 4-2) that were not removed prior to processing. The SX-105
sample solids did appear to increase between the visible receipt inspection and the start of BSR
processing. The estimation of solids in the table below was made after the sample had been at SRNL for
a number of months and prior to the addition of clay, coal, or REDOX tracer Fe nitrate. The significant
difference in the Re level between the SRNL and WRPS analyses reflects the addition of Re to the sample
prior to characterization in SRNL. The characterization in Table 4-1 does not reflect the additional Tc-99
spike of the Hanford LAW sample done for the last two BSR runs in order to provide material for XAS
analyses by ORNL personnel aimed at determining the Tc-99 bonding and crystallographic location.

Figure 4-1. As-Received Hanford Tank SX-105 (Module C) Samples
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Table 4-1. Feed Composition for Module C Simulant and Hanford Tank SX-105 after Re Addition

but Prior to Clay, Coal, or Fe Addition

Species SRNL Analysis WRPS Analysis SRI_\IL Analysis
SX-105 SX-105 [95] Simulant C
Molar Molar Molar
Al 3.74E-01 3.74E-01 3.78E-01
B 2.45E-03 2.95E-03 2.53E-03
Ba 1.40E-04 <2.18E-05 <5.08E-06
Be <1.86E-05 <1.11E-04 NA
Ca 1.60E-03 <1.25E-03 <2.06E-04
Cd <5.91E-06 <4.45E-05 <6.83E-06
Ce <7.20E-05 <2.14E-04 <8.78E-05
Co <3.08E-05 <1.70E-04 <4.27E-05
Cr 1.99E-02 1.79E-02 1.71E-02
Cs NA NA 4.01E-05
Fe 8.41E-04 <8.95E-05 1.75E-04
K 2.21E-02 1.42E-02 1.34E-02
La <1.10E-05 <2.16E-05 <2.41E-05
Li <1.66E-03 <4.32E-04 <4.08E-04
Mg 2.97E-04 <2.06E-03 <3.67E-05
Mn 9.54E-06 <5.46E-05 <1.72E-05
Mo 3.57E-04 <2.08E-04 <4.20E-05
Na 5.34E+00 5.13E+00 5.19E+00
Nb NA NA <3.19E-05
Ni 8.56E-04 <3.41E-04 <3.65E-05
P 5.28E-02 8.81E-02 7.75E-02
Pb 2.30E-06 <2.41E-04 <2.76E-05
Re 1.67E-03 2.28E-05 2.20E-03
S 6.61E-02 5.74E-02 5.58E-02
Sh <8.63E-05 <4.11E-04 NA
Si 4.96E-03 NA <3.65E-04
Sn <8.84E-04 NA <4.94E-05
Sr 4.52E-06 <3.42E-05 <6.62E-06
Th <3.29E-07 4.44E-09 NA
Ti 1.12E-04 <1.04E-04 <2.46E-05
U 1.18E-06 1.53E-06 NA
Zn 1.58E-04 1.07E-04 1.14E-04
Zr 1.90E-05 <5.48E-05 <1.17E-05
Molar Molar Molar
Cs-137 6.49E-11 3.26E-11 NA
Tc-99 4.11E-05 4.28E-05 NA
1-129 2.91E-06 3.57E-06 NA

NA is Not Analyzed.
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but Prior to Clay, Coal, or Fe Addition (Continued)

Species SRNL Analysis WRPS Analysis SRI_\IL Analysis
SX-105 SX-105 [95] Simulant C
Molar Molar Molar
C,H;0, NA 6.61E-03 NA
CO> 4.26E-01 8.20E-02 3.15E-01
CI 7.21E-02 6.63E-02 5.11E-02
Br <1.56E-03 <1.54E-03 <1.25E-02
F <6.57E-03 3.70E-03 <5.26E-03
HCO, 1.70E-02 1.12E-02 5.77E-03
C,H;05 NA <2.65E-03
OH’ 4.99E-01 5.41E-01 7.13E-01
I NA NA 2.98E-03
NO3 2.30E+00 2.24E+00 2.47E+00
NO, 8.15E-01 7.87E-01 8.07E-01
C,0” <1.42E-03 6.44E-03 4.36E-03
PO, 3.48E-02 8.37E-02 7.24E-02
SO,” 5.31E-02 5.49E-02 5.51E-02
Molar Molar Molar
Total Base 1.27E+00 NA 1.59E+00
Exggzjei;g&ésgaz_ 2.74E-01 NA 4.61E-01
Wit% W1t% W1t%
Total Solids 30.38 NA 30.16
Dissolved Solids 29.92 NA NA
Soluble Solids 29.72 NA NA
Insoluble Solids 0.67 NA ~0
g/mL g/mL g/mL
Density NA 1.28 1.25

NA is Not Analyzed.
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Figure 4-2. XRD of Precipitated Solids in Tank SX-105 Sample.

Gibbsite, Al(OH);, (PDF 00-033-0018)
Original XRD Spectra are in Appendix N

4.1.2 Hanford Tank AN-103 (Module D)

The Hanford Tank AN-103 samples were also received in two separate bottles that were composited for
the SRNL BSR testing. Figure 4-3 provides a picture of the samples after they were unloaded in the
Shielded Cells. Table 4-2 provides the analysis of the Hanford AN-103 Tank sample used in Module D
testing. The SRNL simulant was prepared based upon the SRNL analysis of this tank sample as the
WRPS analysis had been performed on a filtered sample and SRNL was processing an unfiltered sample
with the gibbsite precipitates. Both the actual waste sample, which contained approximately 3 wt.%
insoluble solids when measured several months after receipt at SRNL, and the Module D simulant had
gibbsite, AI(OH)s3, solids as determined by XRD analysis. A programmatic decision was made to process
the material through the BSR unit without removing the solids prior to addition of clay, coal, or REDOX
tracer Fe nitrate. Again, the significant difference in the Re level between the SRNL and WRPS analyses
(Table 4-2 and Figure 4-5) reflects the addition of Re to the sample prior to characterization in SRNL.
The concentration of AI** as determined by SRNL was higher by a factor of 3.5X as SRNL analyzed the
sample with the precipitates suspended while WRPS measured the supernate without the gibbsite solids.

Since the BSR demonstration was intended to demonstrate that this technology can process precipitated
solids, the analysis and the Module D campaigns were performed with the gibbsite solids present. The
rationale is that the solids are expected to behave like the clay additive in the FBSR process, i.e. at the
processing temperature the hydroxides from the Al(OH); will be stripped and the activated AI** will react
and become part of the mineral product in an identical fashion to how the hydroxides are stripped from
the clay additives and become reactive (see Figure 4-4). The additional Al was accounted for in the
MINCALC™ process control spreadsheet as demonstrated in Figure 4-5.
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Figure 4-3. As-Received Hanford Tank AN-103 Samples
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but Prior to Clay, Coal, or Fe Addition

SRNL WRPS SRNL
Species Analysis Analysis Analysis
AN-103 AN-103 [95] Simulant D
Molar Molar Molar
Al 1.53E+00 4.41E-01 1.50E+00
B 8.27E-04 <2.77E-03 <7.43E-04
Ba <4.73E-06 <2.18E-05 <4.77E-06
Be 1.73E-05 <1.11E-04 NA
Ca 3.64E-04 <1.25E-03 7.61E-04
Cd 3.97E-06 <4.45E-05 <6.46E-06
Ce <5.18E-05 <2.14E-04 <9.90E-05
Co <2.22E-05 <1.70E-04 <5.12E-05
Cr 3.96E-04 3.69E-04 3.25E-04
Cs NA NA 1.19E-04
Cu 3.04E-05 <7.87E-05 <3.62E-05
Fe 6.96E-04 <8.95E-05 1.74E-04
K 7.33E-02 8.90E-02 7.44E-02
La <7.92E-06 <2.16E-05 <1.74E-05
Li <2.74E-05 <4.32E-04 <3.85E-04
Mg 8.26E-05 <2.06E--03 2.35E-04
Mn <2.20E-05 <5.46E-05 <1.02E-05
Mo 2.63E-04 2.79E-04 2.83E-04
Na 5.03E+00 5.18E+00 5.11E+00
Ni <1.74E-04 <3.41E-04 <1.76E-05
P 1.12E-02 2.39E-02 9.46E-03
Pb 9.07E-06 <2.41E-04 7.24E-05
Re 1.67E-03 2.03E-05 2.14E-03
S 1.37E-02 1.51E-02 1.41E-02
Sh <9.39E-05 <4.11E-04 NA
Si 7.61E-03 NA <1.97E-04
Sn 9.73E-03 NA <6.26E-05
Sr 6.81E-05 <3.42E-05 <4.47E-06
Th <6.02E-05 9.91E-06 NA
Ti 2.33E-04 <1.04E-04 <2.25E-05
U 9.89E-06 9.62E-06 NA
Zn 1.68E-04 <7.64E-05 <2.97E-05
Zr 1.25E-04 <5.48E-05 <1.10E-05
Molar Molar Molar
Cs-137 8.33E-11 9.57E-11 NA
Tc-99 2.00E-05 2.04E-05 NA
1-129 3.92E-06 5.36E-06 NA

NA is Not Analyzed.
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Table 4-2. Feed Composition for Module D Simulant and Hanford Tank AN-103 after Re Addition
but Prior to Clay, Coal, or Fe Addition (Continued)

SRNL WRPS SRNL
Species Analysis Analysis Analysis
AN-103 AN-103 [95] Simulant D
Molar Molar Molar
C,H;0, NA 7.79E-03 NA
CO5* 2.68E-01 5.55E-02 3.15E-01
CrI 6.07E-02 5.92E-02 5.70E-02
Br <1.51E-02 <8.06E-04 <3.00E-03
F <6.37E-03 1.84E-02 <1.26E-02
HCO, 6.98E-03 4.80E-03 6.80E-03
C,H;04 NA <1.39E-04 NA
OH’ 1.91E+00 2.12E+00 2.13E+00
I NA NA 4.19E-03
NOs 1.03E+00 1.02E+00 9.88E-01
NO, 8.01E-01 7.52E-01 8.03E-01
C,04* 5.95E-03 6.27E-03 5.79E-03
PO> 6.44E-03 7.78E-03 6.61E-03
s0” 8.72E-03 1.16E-02 1.06E-02
Molar Molar Molar
Total Base 2.82E+00 NA 3.09E+00
Exazhdi;gB%Sgsz' 4.08E-01 NA 3.036-01
Wit% Wit% Wit%
Total Solids 28.33 NA 28.90
Dissolved Solids 26.03 NA 27.03
Soluble Solids 25.22 NA 26.34
Insoluble Solids 3.11 NA 2.57
g/mL g/mL g/mL
Density NA 1.27 1.28

NA is Not Analyzed.

4.1.3 Hanford Tank Blend AZ-101/102 (Module E)

Table 4-3 provides the analysis of the third Hanford Tank sample, a blend of AZ-101 and AZ-102 tank
waste, used in Module E and the SRNL simulant that was prepared based upon the SRNL analysis of this
tank sample. The tank sample has no visible solids, but there is a minor insoluble solids fraction, 0.09
wt%, in the Module E simulant which appears to be due to Fe precipitation. There appears to be trace
complexant materials that are not fully characterized that are able to solubilize (hydrolyze) all of the
measurable Fe (as an iron Il hydroxide colloid which ages to other oxides) in the radioactive sample.
These complexants are not present in the simulant. Once again, the significant Re level measured by
SRNL reflects the addition of Re to both the waste tank sample and simulant prior to characterization.
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Table 4-3. Feed Composition for Module E Simulant and Hanford Tank Blend AZ-101/AZ-102
after Re Addition but Prior to Clay, Coal, or Fe Addition

Species SRNL Analysis| WRPS Analysis _SRNL Analysis
AZ-101/-102 AZ-101/-102 Simulant Module E
Molar Molar Molar
Al 2.41E-01 2.30E-01 2.21E-01
B <6.51E-04 <2.77E-03 <5.56E-05
Ba <1.72E-05 <2.18E-05 <3.60E-06
Be <4.88E-05 <1.11E-04 NA
Ca 1.19E-04 <1.25E-03 1.23E-04
Cd 1.25E-05 <4.45E-05 <1.08E-06
Ce <1.88E-04 <2.14E-04 <7.92E-06
Co <5.77E-05 <1.70E-04 <4.91E-06
Cr 1.39E-02 1.48E-02 1.39E-02
Cs NA NA 3.28E-05
Cu <8.94E-05 <7.87E-05 1.52E-05
Fe 2.15E-04 1.45E-04 1.55E-04
Hg NA 5.08E-08 NA
K 9.50E-02 9.36E-02 7.60E-02
La <1.84E-05 <2.16E-05 <2.18E-06
Li <9.97E-04 <4.32E-04 5.42E-05
Mg <4.11E-05 <2.06E-03 8.87E-05
Mn <1.46E-05 <5.46E-05 <2.85E-06
Mo 6.60E-04 6.47E-04 6.57E-04
Na 5.32E+00 4.92E+00 4. 75E+00
Nb 8.24E-04 5.51E-04 2.89E-04
Ni <1.60E-04 <3.41E-04 <3.36E-06
P 2.47E-02 2.55E-02 2.21E-02
Pb 5.05E-06 <2.41E-04 <4.98E-06
Re 1.70E-03 NA 1.60E-03
S 1.64E-01 1.52E-01 1.56E-01
Si 2.09E-03 2.02E-03 4.49E-03
Sn 1.59E-04 2.73E-04 <2.23E-05
Sr <3.20E-06 <3.42E-05 7.76E-07
Th <8.62E-08 <2.15E-04 NA
Ti 1.53E-04 1.35E-04 8.21E-05
U 1.57E-05 <4.20E-04 NA
Zn <1.35E-05 <7.64E-05 7.62E-06
Zr 6.24E-05 6.85E-05 6.50E-05
Molar Molar Molar
Cs-137 4.04E-11 3.18E-11 NA
Tc-99 1.87E-04 1.44E-04 NA
1-129 1.71E-06 1.89E-06 NA

NA is Not Analyzed.
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Feed Composition for Module E Simulant and Hanford Tank Blend AZ-101/AZ-102
after Re Addition but Prior to Clay, Coal, or Fe Addition (Continued)

Species SRNL Analysis| WRPS Analysis _SRNL Analysis
AZ-101/-102 AZ-101/-102 Simulant Module E
Molar Molar Molar
C,H;0;, NA 2.93E-03 NA
COs* 6.91E-01 1.36E-01 5.69E-01
CI 2.90E-02 3.10E-02 3.05E-02
Br <7.66E-03 <7.26E-04 <5.92E-03
F 2.64E-02 7.26E-02 2.56E-02
HCO, 8.21E-03 6.98E-03 <1.05E-02
C,H;075 NA 7.70E-04 NA
OH" 4.70E-01 5.64E-01 3.00E-01
I NA NA 9.44E-03
NO3 1.09E+00 1.25E+00 1.21E+00
NO, 1.23E+00 1.33E+00 1.34E+00
C,0,” 1.38E-02 1.60E-02 1.32E-02
PO, 2.18E-02 2.50E-02 2.42E-02
SO,” 1.33E-01 1.61E-01 1.52E-01
Molar Molar Molar
Total Base 1.31E+00 NA 1.33E+00
Other Base
Excluding 2.92E-01 NA 2.99E-01
CO5”
W1t% W1t% W1%
Total Solids NA NA 27.53
Dissolved NA NA 27.47
Soluble Solids NA NA 27.44
Insoluble Solids 0 NA 0.09
g/mL g/mL g/mL
Density 1.24 1.24 1.23

NA is Not Analyzed.

105 or AN-103 (compare analyses in Table 4-3 to Table 4-1 and Table 4-2).

4.2 Prepare Feed for BSR Using MINCALC™ Process Control

Table 1-5 summarized the molar anion (SO,,Cl, F, I, P) content to molar sodium content of the Module C
and D wastes. The SX-105 Module C waste was considered high anion to sodium LAW and the AN-103
was considered low anion to sodium LAW. However, AZ-101/AZ-102 was higher in SO, than either SX-

In order to control the mineralogy of the FBSR product, a process control methodology was programmed
into Microsoft Excel® that calculates the proper clay and coal additives to produce the desired minerals,
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unreacted coal in the product. Likewise, temperature control is important to enable the correct
mineralization reactions to occur. In engineering scale operations, particle size control is important to
maintain a sustainable bed in the DMR.

During FBSR processing, the constituents in the waste feed are converted into highly leach resistant
forms by reaction with the aluminosilicate clay additives. The mineral species formed are principally
alkali aluminosilicates, also referred to as feldspathoid mineral species. These minerals also incorporate
other ions elsewhere in their molecular structures. Examples of the minerals reactions to form nepheline,
nosean, and sodalite, are shown Equation 1 forming from NaOH in the LAW.

Equation 1
2NaOH + Al,O, ¢ 2Si0, — 2 NaAlSiO, + H,O
%/_/

%,_/
waste kaolinclay additive Nepheline product

8NaOH + SO, + 3( Al,O, » 25i0, ) - Na, Al,Si,0,,(Na,S0, ) + 3H,0 + 20H

waste kaolinclay additive Nosean product

8NaOH + 2CI~ + 3( Al,0, » 25i0, ) - Na, Al,Si,0,, (2NaCl ) + 3H,0 + 20H -

waste kaolinclay additive Sodalite product

8NaOH +2Re0,” + 3( AlLO, » 25i0, ) - Na,Al,Si,0,,(2NaReO, ) + 3H,0 + 20H -

waste kaolinclay additive Sodalite product

6NaAlSiO, + 2NaReO, — Na,AlSi,0,,(2NaReO, )

nepheline product waste Sodalite

If more anions such as Cl, F, and | are present or oxyanions such as TcO, or ReO,4, more sodalite forms.
If more SO, is present, the sodalite structured phase nosean forms. If anions, SO,~, Re and Tc are low,
then less sodalite and nosean forms and more nepheline forms. Cs and K can be accommodated in either
nepheline or sodalite where they substitute for Na. Theoretically®, a pure sodium chloride waste stream
would make a chloride sodalite and could accommodate 12.06 wt.% NaCl or 7.32 wt.% CI. A pure iodide
waste stream in sodalite could accommodate 22.03 wt.% | and a pure fluoride sodalite could
accommodate 4.06 wt.% F. A pure sodium sulfate waste stream could accommodate up to 9.65 wt.%
SO, or 14.28 wt.% as Na,SO, in nosean. Likewise, the Re and Tc sodalites can accommodate 13.31
wt.% Re or 8.00 wt.% Tc-99, respectively. Note that in the Module A WTP-SW FBSR study [27] 1.58
wt.% F was accommodated in the fluoride sodalite of the theoretical 4.06 wt.% F meaning that ~40 wt.%
of the waste form was a fluoride sodalite. In the simulant Module E studies reported in Sections 5.1 and
5.2, 3.70 wt.% SO,” was accommodated in the nosean or ~40 wt.% of the theoretical SO, that could
have been accommodated in the absence of significant quantities of other anions or oxyanions.

¢ Calculation is performed as follows: (2NaCl molecular wt/molecular wt. of chloride sodalite), i.e.
(58.44*2/969.21)*100=12.06% NaCl, as there are 2NaCl’s in sodalite (see atomic formula given in Table 1.1) or
(35.45*2/969.21)*100= 7.3 wt.% Cl as there are 2CI’s in each sodalite.
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The reactions given in Equation 1 could also have been written with NaNOs in the LAW as the reactant
and N, as one of the gaseous products. The cations in the salt waste; Na, Cs, Tc, etc, and other species
such as CI, F, I, and SO, are immediately available to react with the added clay as the clay dehydrates at
the DMR temperatures and the aluminum atoms in the clay become charge imbalanced as the stabilizing
OH atoms are lost (Figure 4-4). Once the hydroxides are lost, the clay becomes amorphous (loses its
crystalline structure) and very reactive at the FBSR temperatures of 700-750°C. This amorphous clay is
called meta-kaolin. Stable crystalline clays (kaolin) are known [96] to become reactive amorphous clays
(meta-kaolin) when they lose their hydroxyl groups above 550°C. The cations and other species in the
waste react with the reactive amorphous meta-kaolin to form new stable crystalline mineral structures
allowing formation and templating of the aluminosilicate structure at the nanoscale at moderate
temperatures (see Figure 4-4). In addition, nepheline, once formed by reaction of the waste and clay can
further react with the waste to form sodalite(s) as shown in the last reaction above as sodalite is six
nepheline unit cells that form a cage structure that surrounds and is bound to 2NaReO;.

The stable nepheline and sodalite crystalline structures leave the process as a granular solid product.
Kaolin clay has been found to template the feldspathoid group of minerals (nepheline, sodalites, nosean,
etc.) for LAW and the illite clays have been found to template the dehydroxylated micas as radionuclide
hosts for rare earth species.[9] The 10C stabilizes many of the RCRA hazardous species present in a
waste in durable spinel phases, i.e. Cr**, Ni**, Pb®* iron oxide minerals.[40] In section 4.6.3 containing
TCLP results of granular FBSR/BSR products, the importance of this iron oxide catalyst in sequestering
these waste ions will be discussed.

The MINCALC™ process control strategy for the FBSR mineralizing process was developed by SRNL in
2004 for the INL SAIC-STAR FBSR campaigns with SBW and LAW. MINCALC™ is based on
composition control in the NAS oxide system (Figure 4-5). MINCALC™ was used during the 2004 INL
pilot scale tests [44], the 2008 TTT/HRI ESTD campaigns [29], and the BSR campaigns in 2004 [97] and
this study.
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Figure 4-4. Kaolin transformation to meta-kaolin to Feldspathoid (Sodalite) Crystal by loss of
hydroxyls and alkali activation as a function of increasing temperature (after
reference 96).

MINCALC™ controls the LAW FBSR product in the region of nepheline/sodalite formation (region in
Figure 4-5 where the blue rectangle for AN-107 lies). MINCALC™ converts the molar compostions
recorded in the tables above to element weight percent on a wet basis and then to oxide weight percent on
a dry calcine basis. The Al,O; and SiO, from the clay additive and the (Na,K,Cs),O and Al,Os
contributions from the waste are weighted by waste loading and (100-waste loading), respectively, until
the tie-line between the clay composition on the SiO,-Al,O; binary and the waste composition on
(Na,K,Cs),0-Al,0; binary pass through the AN-107 region of Figure 4-5 where it is known that
acceptable FBSR product is made.[35,36,37,38]

The radioactive waste compositions are shown along the Na,O-Al,Os base of the triangle in Figure 4-5. It
is obvious from the positions of the Module D and Module C points on the base of the triangle that AN-
103 (Module D) had much more Al,O3 in it than SX-105 (Module C). This composition difference is
accounted for by the MINCALC™ process control by choosing a clay or a mixture of clays along the
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Al,O3-SiO; side of the triangle that forces the waste-clay mixture through the AN-107 box where it has
been determined that the desired NAS minerals are made.[35,36,37,38]

a0 AL - S,
i :AN-W?[EDM-E}
A SBW 2004
CLAYS | ==Z10" & ginawTr-sw)
. y O
® OptiKasT o A SIM B (SRS
;rw X e = N 7 Rassat)
A Sagger '\ SIM C (5X-105)

&

L bt

E . VS
RASSAT’E N — =
MOD B \
MOD E
WRPS + SENL
(AZ101/102)
- 7
~

Waste Compositions

Figure 4-5. Na,O-Al,05-SiO, (NAS) MINCALC™ Process Control Phase Diagram

Note: The composition of the SX-105 (Module C) radioactive waste as analyzed by WRPS and
SRNL is shown along the base of the MINCALC™ triangle (Na,O-Al,O3 binary) along with the
analyses of AN-103 (Module D) analyzed by WRPS (filtered) and SRNL (unfiltered), and
AZ101/AZ102 (Module E) analyzed by WRPS and SRNL. The unfiltered SRNL analyses were
used for the AN-103 (Module D) radioactive BSR campaigns. The Rassat simulant (Module B) is
shown along the base of the triangle for comparison along the Na,O-Al,O3 binary. The position of
the potential clay additives are shown on the Al,05-SiO, binary. The OptiKast and SaggerXX clay
compositions are presented in Table 4-3 of Reference 29.

MINCALC™ can also be used to calculate the theoretical weight percent of each of the mineral phases.
The engineering scale ESTD campaigns were run with excess clay and hence excess Al,Oz and SiO,
usually appear in the species predictions (Table 4-4). The BSR campaigns (non-radioactive and
radioactive) were run with minimum excess clay (1-2 wt.%) and even clay deficient. This occurred
because the SRNL was trying to maximize LAW content and minimize the aluminosilicate content of the
FBSR product. In addition, the radioactive SX-105, AN-103, and AZ-101/AZ-102 were analyzed before
the simulants were made and analyzed. So in many cases the original MINCALC™ calculations were
performed based on the radioactive analyses and later recalculated based on the simulant analyses. If the
simulant and radioactive wastes differed in anions analyses, more sodalite/nosean minerals were made
than nepheline as there was always excess Na and K available and often excess Al available as
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precipitated gibbsite. This occasionally left less excess SiO, and Al,Os. This is not problematic as many
Al and Si deficient nepheline species and sodalites exist and MINCALC™ is designed to give a +5%
estimation. The sum of all predicted phases has not been normalized to 100%, so sums shown at the
bottom of Table 4-4 do not add completely to 100% but show how accurate MINCALC™ is in
accounting for the major mineral species which, for Module C, Module D, and Module E, are primarily
nepheline and nosean which are shaded in Table 4-4.

Table 4-4. Mineral Speciation for Non-Radioactive and Radioactive Module C, D, and E Predicted
from MINCALC™-Version 3 SRNL Analyses*

Module C Module D Module E
with 100% with 45 wt% .
. With 100%
: . OptiKasT™ Sagger/55 wt% .
Mineral Chemical A OptiKasT™ Clay
C Clay OptiKast™ Clay
omponent Component - : - -
. Radio- . Radio- | Simula | Radio-
Simulant . Simulant . .
(Wt%%) active (Wt%%) active nt active
| (wt%) 0 (Wt%) | (Wt%) | (wt%)
Na Nepheline Na,Al,Si,Oq 81.86 82.35 86.87 85.13 55.31 64.91
. KosNa; sALLSi,Og or
K Nepheline K NaAlySizOs 2.48 3.12 9.17 9.10 8.03 8.93
Cl .
Sodalite NagAlgSigO24(Cl,) 3.22 4.50 3.43 411 2.21 1.90
F .
Sodalite NagAlgSigO4(F2) BDL BDL BDL 0.42 1.79 1.67
I .
Sodalite NagAlgSigO24(15) 0.26 2.54E-04 0.398 3.73E-04 | 0.96 0.0002
Nosean
(SO4-S, NagAlsSigO24(S0,) 7.11 6.81 1.47 1.21 22.56 17.90
Sodalite)
Re Sodalite NagAIGS|6024(REO4)2 0.21 0.22 0.22 0.17 0.18 0.17
Tc Sodalite NagAIGSi6024(TCO4)2 - 3.54E-07 - 1.84E-03 --- 1.47E-02
By sio, 080 | -017 | -331 | 263 | 2.03 0
ilica
Free Alumina Al,O3 1.77 0.88 -0.87 -0.12 2.01 0.28
SUM 97.70 97.88/ | 101.57/ | 100.14’ | 95.09 | 95.77

* Without any contributions from the ferric nitrate nona-hydrate REDOX indicator or the 10C since the mineral
calculations do not include the potential substitution of Fe for Al in nepheline and the sodalites and the 10C forms iron
rich spinels

f Sums without negative numbers

For Modules C and E, the feeds were primarily Na,O species, and OptiKasT® clay was the only clay that
had to be added (Table 4-5) to drive the clay-waste mixture into the nepheline forming region of the NAS
ternary shown in Figure 4-5. Note that MINCALC™ predicts that the high Na,O concentration of
Module C will make ~ 85% nepheline (combined sodium nepheline and sodium/potassium nepheline)
with a small contribution (2.5-3%) from the potassium form of nepheline (KAISiO,). Module D make
about the same concentration of nepheline (NaAISiO,) but had almost an additional 9-10 wt.% KAISiO,
so that the overall Na,K-nepheline was in the 94-96% range. Module C had considerably higher nosean
concentrations (6.8-7.0 wt.%) due to a higher sulfate content than Module D with nosean ~1.2-1.5 wt.%.
It should be noted that had Module E actually been completed it would have produced much more nosean
(18-22.5 wt.%) due to a higher sulfate content and much less nepheline (63-74 wt.%) than the other
modules (Table 4-4 and Reference 50). About 10 wt.% of the nepheline for Module E would have been
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KAISiO, instead of NaAlSiO, at about the same level of KAISiO, as Module D (AN-103). These
primary phases are highlighted in Table 4-4.

In the Module C (SX-105) and E (AZ-101/AZ-102) campaigns, the OptiKasT® clay was mixed with the
salt waste in a large batch to accommodate all the expected runs. Coal and ferric nitrate were also added
for REDOX control and REDOX measurement. Module D (AN-103) simulant work started out with
Sagger® XX as the only clay based on the low WRPS alumina values that had been determined on a
filtered sample (see Table 4-2 and Figure 4-5). When SRNL reanalyzed unfiltered AN-103 which is what
was processed in the BSR, a much higher alumina value was determined and SRNL moved to a mixture
of 45 wt.% Sagger® XX and 55 wt.% OptiKasT® clays, i.e. MINCALC™ was recalculated and those are
the values shown in Table 4-4. Only the Simulant D granular product produced from the dual clay
mixture was used in the final composite material. Radioactive Module D was run with the same mixture
of the two clays.

A small amount of Fe(NO;);09H,0 was added to the BSR runs to act as an analytical indicator for the
REDOX potential in the product (Table 4-5). Note that the iron indicator is ferric nitrate nona-hydrate.
Thus an analysis of the Fe?*/SFe in the product would indicate how reduced the feed was. The coal
addition goal was to provide product within REDOX targets without leaving unused coal as measured by
Loss-on-Ignition (LOI). The ferric nitrate was added to provide 1 to 1.5 wt.% Fe in the granular product.
The objective was to match the REDOX of the TTT/HRI ESTD campaigns with the Rassat simulant.
Originally (Module C), the nitrate from the ferric nitrate nona-hydrate was not included in the coal
requirement, but for Module D it was included in the coal calculation. Therefore, all the values for coal in
Table 4-5 have been recalculated to put them on a consistent basis that does not include the nitrate from
the REDOX indicator.

The same Bestac® coal as was used by the ESTD FBSR was added to the BSR feeds for all modules as a
reducing agent and autocatalytic heating source. However, for the BSR, the coal was ground, then sifted
through an 80 mesh sieve (177 microns) and mixed with the feed slurry versus the ESTD coal, which was
added periodically from a raw materials hopper for autocatalytic heating. The decrease in the coal size at
SRNL was necessary due to the small orifice on the BSR feed pump.

Initially, the Module C (SX-105) coal requirement based on the nitrate/nitrite analyses of the simulant
was 2.33x. The BSR products were too reduced and the coal target was lowered for the radioactive
campaigns to 1.3x (Table 4-5). SRNL had targeted 1.3X coal for Module C based on the WRPS
radioactive analyses but this became 1.5x based on the SRNL nitrate/nitrite values (see Table 4-5).

Initially, for Module D, the coal stoichiometry was again 1.3x but the extra nitrate coming from the ferric
nitrate non-hydrate REDOX indicator was factored into the coal requirement. Since this had not been
done in Modules C and E, the coal stoichiometry was recalculated without including the nitrate from the
REDOX indicator and the stoichiometry was 1.9x for Module D. See the coal stoichiometry values in
Table 4-5, which are all calculated on a consistent basis ignoring the extra nitrate from the REDOX
indicator as it is small compared to the nitrite/nitrate contributions from the LAW feed.

Module E values for coal stoichiometry are given in the same table. The Module E (AZ-101/AZ-102)
simulant was run in the BSR but not the radioactive sample, although the MINCALC™ phase
distributions and coal requirements were calculated for this campaign.

In the Module C campaigns, the coal was mixed with the salt waste in a large batch to accommodate all

the expected runs and this seemed to “blind” the impact of the coal, i.e. it likely became coated in clay
and salt waste. In the Module D campaign, the coal was added the day of the run for most of the runs
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based on the assumption that the coal loses ~40% of its reactivity after sitting in the salt/clay slurry for
more than 2 days (it is believed to remain constant after the 3 day). Radioactive Module C often
provided on-spec product (REDOX/LOI) at the 1.3x (which was actually 1.5x in Table 4-5) coal level.
Simulant D most often provided on-spec product (REDOX/LOI) at the 1.9x level of coal. All runs for
Radioactive Module D were at 1.9x stoichiometric for coal.

Table 4-5. Feed Slurry Composition and Waste Loading from MINCALC™ Based on SRNL

Analyses
Target Clay Target Coal Fe(NO3);3:9H,0 V\(/Ssrte (I:‘;)I":‘: (ijrilzg Waste Loading
Module g/L of Initial g/L of Initial g/L of Initial o y - (Na,O Calcine
. . . xide/Anion -
Solution Solution Solution Basi Basis) wt.%
asis) wt. %
SimC 660 OptiKasT® 255.7 for 2.3x* 64.5 25.5 20.52
Rad C 660 OptiKasT® 151.1 for 1.5x% 64.5 25.8 20.96
o 4| 5514 SaggerxX® | 94.27 for 1.9x"° 64.5 33.0 20.10
H ®
o 01T Omiaere | 9427 for Lox" 64.5 34.0 21.96
®
RaD | 0,7 ooaere’ | 9427 for Lox" 64.5 33.9 21.67
SimE 550.8 OptiKasT® 95.36 for 1.3x 64.5 28.0 21.52
RadE | 611.8OptiKasT® | 86.55 for 1.3x 64.5 27.5° 21.91°

& At the time of the Module C simulant and radioactive campaigns, the anion analyses from SRNL were not
available for the coal determinations. The coal requirement for denitration was based on the radioactive
nitrate/nitrite analyses provided by WRPS: the coal target for Simulant C was 2.33x and the coal target for
Rad C was 1.3x as discussed in the text but when the SRNL analyses became available the coal
requirement was recalculated as given in this table.

At the time of the Module D simulant and radioactive campaigns, the anion analyses from SRNL were not
available for the coal determinations. The coal requirement for denitration was based on the radioactive
nitrate/nitrite analyses provided by WRPS: the coal target for Simulant and Rad D was 1.3x as discussed in
the text but when the SRNL analyses became available the coal requirement was recalculated as given in
this table.

The nitrate from the ferric nitrate nona-hydrate used as a REDOX indicator was included in the coal
calculations for the Mod D campaigns but not for the Mod C and E campaigns: all values in this table were
recalculated based on the SRNL analyzed nitrite and nitrate values only for consistency.

The calculation was performed but no BSR campaigns were performed.

o

I3}

=%

4.3 Bench Scale Reactor Description: Processing Hanford LAW Samples

This section provides a description of the bench scale reformer equipment and the operational control
strategy.

Testing with the non-radioactive BSR always preceded radioactive testing as the run parameters had to be
determined so that the product chemistry and the gas reactions in the BSR matched those of the TTT/HRI
ESTD pilot scale operations and the MINCALC™ phase predictions. In order to ensure this happened,
the following acceptance criteria were established for the non-radioactive BSR and then later applied to
the radioactive BSR products:
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e BSR product mineralogy after each campaign had to be the same species and qualitatively in
similar amounts as that predicted by MINCALC™, which were essentially those found the
TTT/HRI ESTD campaigns but in varying weight fractions

e the REDOX measured after each campaign was desired to be in the range of 0.2-0.5 Fe*?/=Fe to
match the ESTD DMR bed product REDOX

e the LOI at 525°C (an indication of the amount of residual coal’ in the product) was desired to be
at a minimum, i.e. in the range of 0-2 wt.%.

4.3.1 Equipment Description

The BSR designed at SRNL is a dual reformer (two-stage unit) used to produce the same mineralized
products and gases as the ESTD FBSR. Unlike the ESTD FBSR, the BSR is not fluidized since it had to
fit in the shielded cells and there is not enough height in the cells to allow for product disengagement.
See discussion in the beginning of Section 4.0 as the lack of fluidization does not impact the gaseous or
mineralizing reactions but only impacts particle growth which has been determined not to impact product
durability.[40]

Steam, the fluidizing media, does flow freely through the product, which is in the form of a porous biscuit.
Scanning Electron Microscopy (SEM) analysis shows well reacted particles in the BSR that are similar in
morphology and characteristics to those in the FBSR, i.e. fully reacted (Figure 4-6). Only the first
reformer, the DMR, was used for this study. A schematic of the single reformer unit as used is shown in
Figure 4-7, while the details of the DMR are shown in Figure 4-8.

7 Coal is used in the FBSR as the source of auto-thermally heating and this is described in several papers and patents available
at www.thortt.com.
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Figure 4-6. Comparison of the reactivity of an individual particle from the engineering
scale (ESTD) and the BSR.

Note the similarity of the reaction textures and the completeness of the reaction.
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Figure 4-8. The BSR Denitration Mineralization Reformer (DMR)

The nomenclature for the BSR FBSR comes directly from the ESTD FBSR unit. During a typical run,
approximately 200 ml of feed slurry was kept agitated with a stir bar mixer, while a peristaltic pump fed
the slurry through the center feed port in the lid of the DMR at about 1 ml/min. A mineralized product

formed in the DMR in the presence of superheated steam, clay, and carbon and the off-gases flowed
toward the DMR condenser.

The DMR off-gas treatment system consists of the quartz wool in the crossover bar from the DMR to the
condenser/bubbler, the condenser/bubbler, the second condenser, 25 um paper filter, and 2 pm paper filter.
The quartz wool filtered out most of the particulate carry over as the off-gases passed through it on the
way to the condenser. This quartz wool was added at the beginning of Module C after solids carryover
into the condenser had been observed in Modules A and B.

The condenser cooled the off-gas stream down to about 25°C and condensed the steam. A bubbler in the
trap section of the condenser removed the particulate carry-over. The off-gas was further cooled by a
second condenser which condensed out about 5 g of water per run. The off-gas then passed through a 25
um filter and then a 2 um filter prior to being measured by a Mass Spectrometer (MS) for H,, O,, CO,, N,
and Ar. An eductor drew the gases through the system and expelled them into the process exhaust system
(chemical hood or shielded cell in SRNL) along with the motive air used to operate it. A control valve
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bled air into the suction side of the eductor to control the pressure of the DMR outer chamber to -4 inches
of water column (inwc).

The DMR received the salt waste mixed with clay and coal as a single stream and converted it to a solid
mineralized product in the presence of ~700°C superheated steam and a controlled flow of air, N, and Ar.

The SRNL BSR DMR inner reaction chamber is 70mm ID x 385mm tall with a porous bottom. The
bottom 50mm (2 inches) is filled with zirconia beads. The zirconia beads were heavy enough not to be
suspended by the gases and steam flowing up past them, acted as a base for the product to form on,
allowed easy removal of the product from the reaction chamber, allowed easy separation of the product
from the beads for analytic purposes, and provided a heat transfer medium for the gases that flow up
through them. Zirconia beads are inert at the temperatures and oxygen fugacity at which the DMR
operates and the beads do not affect the steam reforming chemistry.

The DMR outer chamber is 120mm ID x 400mm tall and provides connections for the outer chamber
pressure relief and measurement line, and each of the two 20 foot coils which are housed between the
DMR inner reaction chamber and the outer chamber. The outer chamber is sealed by the top flange of the
inner chamber, and thus has a pressure relief line going to a seal pot which relieves at about 15 inwc.
Water, N,, Ar, and air enter the DMR via the coils which are between the inner and outer walls of the
DMR and are converted to superheated steam and hot gases with heat provided by the furnace that
surrounded the DMR as an external heat source. The steam and gases leave the coils and flow through
the bottom of the DMR inner well mixed reaction chamber, the zirconia beads, the product, and out
through the top of the DMR to the DMR condenser. The N, plus Ar plus Air total flow rate was held at a
constant 500 sccm to minimize particle carryover. The relative flow rates are varied in order to control
the process REDOX potential.

4.3.2 BSR Operational Control Strategy

The DMR lid is 120mm ID x 80mm tall and was sealed to the top of the inner chamber. The lid holds
two type K thermocouples, the centered feed line that is cooled with standing water, the inner chamber
pressure relief and measurement line, and the off-gas line going to the DMR condenser. In the event of
an off-gas line pluggage, the inner chamber and lid have a pressure relief line going to a seal pot which
relieves at about 15 inwc. One thermocouple was positioned at the level of the zirconia bead bed and the
control thermocouple was positioned 2.5 inches above the surface of the bead bed. This 2.5 inch height
was the upper point of the reaction zone in the DMR. The control temperature ranged from 710°C to
760°C in the DMR for all of these runs.

The DMR off-gas treatment system consisted of the quartz wool in the crossover bar, the crossover bar
(see Figure 4-9) from the DMR to the condenser/bubbler, the condenser/bubbler, the second condenser,
25 um paper filter, and 2 um paper filter. It was necessary for pretreatment of the off-gas to prevent
pluggage or damage to the mass spectrometer. The system treated a combined controlled flow of 500
standard cubic centimeters per minute (sccm) of Ar, N, and air along with about ~200 sccm of reaction
gases from the reforming process. It condensed 0.4 ml/min water from the superheated steam plus about
0.7 ml/min water from the slurry feed. The condenser/bubbler was capable of reducing the off-gas stream
temperature from 400°C down to 25°C.
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Figure 4-9. BSR DMR Off-Gas Treatment

A removable piece of quartz wool filtered out most of the particulate carry over as the off-gases passed
through it on the way to the condenser/bubbler. The off-gases and steam entered at the top of the
condenser/bubbler and flowed and condensed down through the center tube which ended at the bottom of
a 75 mm deep water reservoir filled with zirconia beads. The condenser cooled the off-gas stream down
to about 25°C and removed the steam and feed water. A bubbler in the trap section of the condenser
removed the remainder of the particulate carry-over. Excess water from the bubbler would overflow into
a sealed reservoir (not shown). The off-gas was further cooled by a second condenser which condensed
out about 5 g of water per run. The off-gas then passed through a 25 um filter and then a 2 um filter prior
to being measured by a Mass Spectrometer. The 25 pm filter trapped most of the vaporized sealing
grease (that sealed the DMR flanges) such that the 2 pm filter was seldom blinded. There were no
pluggages of the mass spectrometer as a result of this system. The quartz wool and the bubbler water also
provided some natural sampling points for off-gas analysis.

The BSR used a Monitor Instruments LAB 3000 Cycloidal MS for the reformer real time off-gas analysis,
see Figure 4-10 for schematic. The spectrometer was set up to measure H,, O,, N,, CO,, and argon. The
MS would measure the DMR off-gas on channel 2. Channel 1 was used for the calibration gas. Both
channels had 7 micron sintered metal filters in the 1/8” lines going to the instruments to prevent plugging
the lines inside the MS.

Since the line pressure near the MS could go down to -25 inwc, it was necessary to run a second eductor
and vacuum regulator to draw the sample gases through the MS. The vacuum was controlled to -40 inwc
while the flow rate of gases pulled by an MS sample line was kept at 8 sccm. The flow rate of the gases
coming from the DMR condenser varied between 500 to 700 sccm.

The MS was controlled by a Personal Computer (PC) with Monitor Instruments proprietary software

loaded. Data from the MS computer was transferred to the control computer in real time via a serial
connection.
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Figure 4-10. The BSR Mass Spectrometer

The DMR H, values were continuously trended on the control computer and, originally, operating
personnel would manually vary the air flow into the DMR to control the DMR H, value between 1.0%
and 3.0%. However, from 10/19/10 forward, air flow was controlled to achieve the proper product
REDOX based on a gas REDOX correlation.

The LOI was controlled by reacting away the excess coal in the reformer until the cumulative value of

CO,/ml fed to the DMR reached a predetermined endpoint.

This ensured the product did not have

excessive unreacted coal in it. This was based on an imperfect mass balance of carbon since the MS did
not measure CO which also is present in the off-gas.

(Carbon fed into DMR) — (Carbon Leaving as CO,) = Unreacted carbon in product
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The MS would determine and transmit the gas concentration data about once every 14 seconds. However,
the lag time between the measurement and the conditions in the DMR ranged between 3 to 4 minutes
depending on flow rates. See Figure 4-12 for a diagram of the configuration of the control system in the
SRNL Shielded Cells.
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Figure 4-11. Total Rad System Layout at Cell 4 (Simplified)

The computers for the MS and process control system along with the steam water pumps, MKS gas flow
controllers, furnace controllers, furnace safety relays, and input/output box are located external to the cell
on the operational side. The MS is in a radio-hood behind the cell on the maintenance side. Connections
between process and control systems required the use of 9 inner wall connection tubes (known at SRNL
as KAPL plugs which were first developed at Knolls Atomic Power Laboratory).

The BSR was controlled by a single PC running Windows XP with 16 serial port connections.
Omniserver software was used as the server software to communicate through the serial ports. Intouch
software was used as the client software and the main machine interface. Data acquisition was
continuous and trended in real time on screen as the process ran. Real time data was also saved to a file
on a frequency of once per minute. Control logic was programmed into Intouch to provide operator aid
(including a Pressure Indicating Device (PID) pressure controller). A complete schematic of the control
set up is given in Figure 4-12.
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Figure 4-12. BSR Process Controller Diagram

The process parameters measured were:

Slurry Feed Rate,

DMR outer pressure,

DMR Inner Pressure,

DMR Bed Temperature,

DMR Control Temperature,
DMR H,, O,, N,, CO,, and argon,
Filter pressure inlet,

Filter Pressure outlet, and

Chiller bath temperature.

The process parameters controlled were:

Slurry Feed Rate,
DMR Control Temperature,
DMR outer pressure, and

DMR Air flow-rate coupled to the N, and Ar flowrates.
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4.4 Granular Product Characterization

The granular BSR products from the DMR bed, from the off-gas lines, and the seal pots needed to be
characterized to facilitate the BSR mass balance strategy outlined in Section 4.5. The BSR granular bed
product also needed to be analyzed to normalize leach test results for the performance testing (see Section
4.6).

The BSR product samples were digested by both sealed Teflon® vessel aqua regia (AR) and short
duration alkali [Na,O,/NaOH] peroxide fusion (PF) in Zr crucibles for elemental composition. The AR
and PF digestions were than analyzed by ICP-AES, while the AR digestions were also analyzed by ICP-
MS. In the case of the AN-103 (Module D) granular product, both the AR and PF digestions were
analyzed by ICP-MS in order to verify that complete recovery of Re was being achieved. Samples for
anions, including iodine, were digested by KOH fusion with a water uptake; anions were then determined
by IC and iodine by ICP-MS. These techniques were used for both the non-radioactive and radioactive
BSR products. Radioactive counting techniques were used for Cs-137, Tc-99, 1-125, and 1-129. The
measured granular product densities were also measured.

The unreacted coal does not contribute to the composition of the mineral product. Therefore, unreacted
coal is removed before chemical analysis. This can be done physically by (1) removing large coal
manually, (2) roasting the coal out in an oxidized atmosphere, or (3) determining the amount of coal in
the sample, performing the analysis with the coal present and then normalizing the composition
mathematically for the coal content. Comparative studies have been performed at SRNL with methods 1-
3 and the same compositions are achieved.[40,41] Comparative studies have been performed at PNNL of
roasted and unroasted samples and the same compositions were also achieved.[98] Heating to remove the
carbon was chosen as the preferential method of coal removal before analysis because it was a more
thorough removal method and adaptable for the filter fines, i.e., hand removal of the carbon in the filter
fines would be impossible. Samples before and after this heating were examined by XRD to verify that
the phase assemblages had not changed.[40,41]

In order to remove the coal by roasting first the Loss-on-Drying (LOD) is measured as the weight loss at
110°C from adsorbed water. The LOI is then performed at 525°C in air by heating the samples to 525°C
overnight. This temperature was chosen because it is high enough to oxidize (remove) the carbon, but not
high enough to change the composition or the phase assemblages. This is the temperature specified in a
United States Geological Survey (USGS) procedure [99] for carbon removal in preparation for the
analysis of coal combustion by-products.

Unreacted coal is not removed before the Fe*/SFe (REDOX ratio) is measured colorimetrically.[100] If
the unreacted coal is present at >10 wt.%, interference can occur with the measurement of the REDOX
ratio by the colorimetric procedure. For this reason the unreacted coal concentration was kept as low as
reasonably achievable in all the BSR Modules, i.e. <2 w.t%.

The REDOX of certain species in the FBSR process are important because over a certain range of the
Fe*?/ZFe ratio, the oxygen fugacity ( f02 ) in the DMR s at an appropriate level to help ensure that the

constituents of concern (COC) and the radionuclides are in the right oxidation states to be sequestered in
the target mineral phases (see Table 1-1 and Reference 52). The REDOX is a balance between being
oxidizing enough so that the Re and Tc are in the +7 state to enter the sodalite cage and not overly
oxidizing forcing the chromium to soluble +6 state. To prevent the chromium oxidation, often the 10C is
added. [34,40,41] Thus, the REDOX values of the mineral products are determined to confirm that the
conditions achieved during BSR processing were consistent with the target conditions from the FBSR
ESTD campaigns.
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The initial BSR REDOX target for the Rassat simulant (Module B) was between 0.4-0.6 Fe*?/<Fe which
matched the values measured experimentally for the ESTD Module B testing (Table 4-6). The ESTD
sample contained the 10C, which has its own REDOX, while the BSR simulant and radioactive products
will be tested without the 10C as it complicates the interpretation of the REDOX measurement. The
initial target range for Simulant Module C was lowered to allow more oxidizing feeds to be made, i.e.
Fe?*/=Fe of 0.2-0.6 (Table 4-6). The Module C radioactive campaign lowered the upper limit to 0.5, i.e.
Fe?*/<Fe of 0.2-0.5 (Table 4-6). During the course of these studies and in consortium with the ORNL
who was measuring the amount of Re and Tc-99 in the sodalite cage, the upper limit Fe*?/SFe was
reduced to <0.5 as more reduced values volatilized too much SO, as SO;7 or S,1 gas and left 30-33% of
the Re in the reduced oxidation state of Re** which would not go into the sodalite cage. Therefore, the
upper REDOX limit for Module C was lowered to 0.5 to ensure a high percentage of the Re was present
as Re*" for the sodalite cage (Table 4-6). For Module D (AN-103), the REDOX target was lowered yet
again to match the AN-107 FBSR product value of 0.18, which kept the chromium from leaching but
maximized the Re*’ incorporation in the sodalite cage. The Module D targets (simulant and radioactive)
were 0.15-0.5. The Module E target was lowered again, but the I0C was added to tie up the chromium as
it was recognized that without a host phase to sequester the chromium, that the oxidizing REDOX might
create soluble chromium +6 species instead of the desired insoluble chromium +3 species.

Table 4-6. REDOX Targets for Hanford Rassat Simulant, SX-105, AN-103 and AZ-101/AZ-102

Measured
REDOX Target REDOX
Demonstration | Module B Module B Module E
(Rassat (Rassat l\(/ls(;((j_ullgg ?/X)Iglullgs? (Az-101/
Simulant) | Simulant) AZ-102)
BSR
Simulant 0.41 0.4-0.6 0.20-0.60 0.15-0.50 <0.15
BSR 0.36 0.4-0.6 020050 | 015050
Radioactive
ESTD
Product Receipt | 0.41-0.58
(PR)
Iron Oxide
Catalyst (10C) 0.567

4.5 BSR Mass Balance

The BSR is a simpler design than the ESTD facility in Golden, CO and so it is easier to perform a mass
balance. For Modules C and D, there were five mass balance product vectors and one feed vector. No
mass balance was performed for Module E since the test program was stopped before completion of this
module. The product vectors were composed of the product solids, the solids in the cross bar that that
provided the pathway to the condenser, the solids in the condenser, cross bar rinses used to determine if
any species adhered to the crossbar, and the condenser solution. In addition, the glass wool filter in the
crosshar was weighed before it was put in place and at the end of each module to determine how much
carryover solids had collected onto the glass wool filter.

The mass balance calculational approach for Modules C and D simulant and radioactive campaigns
consisted of identifying key input and output streams and then analyzing these streams for key species.
Before each radioactive module, a simulant module was performed to identify the proper control
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parameters and sampling techniques. The mass balance streams that could be analyzed for the simulant
campaigns were greater due to the limitations of the radioactive systems, i.e., accessibility to various
streams given the physical constraints of the cells operations.

The output streams for the Simulant Module C runs were the solid granular product, the cross bar rinse/
solids, the DMR condenser/bubbler drains, and the seal pot drains/rinses. The output streams for the
Radioactive Module C runs were the solid granular product, the cross bar rinse/solids, and the DMR
condenser/bubbler drains.

For Module D simulant runs, more output streams were analyzed than the previous campaigns to try to
close the mass balance more tightly. To try to capture more of the metal species for a better mass balance,
a special solution of 5 wt.% HNO3, 10 wt.% H,0,, 85 wt.% deionized water (hereafter referred to as the
Oxidizing Solution) was prepared for Module D. This Oxidizing Solution was used for special rinses of
the DMR condenser/bubbler and seal pot legs at the end of the Module D experiments. After the
Oxidizing Solution rinse of the DMR condenser/bubbler, a 95 wt.% ethanol solution was used to rinse out
the DMR condenser/bubbler to try to capture and characterize the black solids present for Module D. The
various output streams for the Simulant Module D runs were the solid granular product, the cross bar
solids, the DMR condenser/bubbler drains and Oxidizing Solution rinses, DMR Basket Oxidizing
Solution rinses, the seal pot drains and Oxidizing Solution rinses, and the off-gas micron filters.

A special Simulant Module D run was performed to better quantify the masses of the input and output
streams for the BSR system. For this special run the Oxidizing Solution was used in the DMR
condenser/bubbler instead of deionized water like for the normal Simulant D runs. For this special run, a
5 wt.% Spectrosol® solution (hereafter referred to as the Spectrosol Solution) was used to rinse the
crosshbar and DMR condenser/bubbler after the Oxidizing Solution rinses. A scrubber with a 5 M KOH
caustic solution on the off-gas vent was used to try to capture any volatile species like lodide. The
various output streams for the special Module D run were the solid granular product, the cross bar solids
and Oxidizing/ Spectrosol Solution rinses, the DMR condenser/bubbler drains and Oxidizing/Spectrosol
Solution rinses, DMR basket Oxidizing Solution rinses, the seal pot drains and Oxidizing Solution rinses,
and the off-gas micron filters.

The key input and output streams for the mass balance calculations for the various BSR runs are shown in
Table 4-7 and Table 4-8, respectively.

Table 4-7. Key Input Streams for Simulant and Radioactive Modules C and D

Input Stream Comment
Feed-Supernate Portion of Feed that is simulant or radioactive waste
Feed-Fe(NO3);*9H,0 Portion of Feed that is REDOX indicator
Feed-Coal Portion of Feed that is unreacted Coal
Feed-Coal Ash Portion of Feed that is reacted coal or coal ash
Feed-Clay-OptiKasT® Portion of Feed that is OptiKasT® Clay
Feed-Clay-Sagger XX® Portion of Feed that is Sagger XX® Clay

*  Asolution of ultra pure water and 37% fuming hydrochloric acid used to dissolve Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg,
Mn, Na, Ni, Pb, Zn, Sr, Re and radionuclides into solution.
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Table 4-8. Key Output Streams for Simulant and Radioactive Modules C and D

Campaign Module C (Tank SX-105) Module D (Tank AN-103)
Output Stream Simulant | Radioactive | Simulant S?r%zclgr! t Radioactive
Runs Runs Runs RuUN Runs
Granular Product Prod_uct Prod_uct Prod_uct Prod_uct Prod_uct
Solids Solids Solids Solids Solids
Deionized Deionized | Deionized | Oxidizing | Deionized
DMR Water Water Water Solution Water
Condenser/Bubbler | Filtrate & Filtrate & Filtrate & | Filtrate & | Filtrate &
Drain Filtered Filtered Filtered Filtered Filtered
Solids Solids Solids Solids Solids
Oxidizing
DMR Rinse Unfiltered
Condenser/Bubbler None None Filtrate & | Oxidizing None
Rinse Filtered Rinse
Solids
Oxidizing
Rinse Unfiltered
DMR Basket Rinse None None Filtrate & | Oxidizing None
Filtered Rinse
Solids
Dw;tlezred Deioniz_ed _ _
Rinse Wa}ter Rinse Unfllj[e_red Unfllj[e_red
Crossbar Rinse . Filtrate & None Oxidizing | Oxidizing
Filtrate & . - .
. Filtered Rinse Rinse
Filtered Solids
Solids
Quartz Quartz Quartz
Crossbar Solids Wool ngtT.XVOOI Wool Wool W Qtljegrtzl_ q
Solids onas Solids Solids 001 S0TITS
Unfiltered
Crossbar/DMR None None None Spectrosol None
Condenser Rinse .
Rinse
Filtrate & Filtrate & Unfiltered
Seal Pot Drain Filtered None Filtered . None
. . Drain
Solids Solids
Oxidizing
Rinse Unfiltered
Seal Pot Rinse None None Filtrate & | Oxidizing None
Filtered Rinse
Solids
25 Mlcrpn Off-gas None None Solids Solids None
Filter
2 M'ern Off-gas None None Solids Solids None
Filter
Off-gas Caustic None None None Unfllt(_ared None
Scrubber Drain
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The key input and output streams for the simulant mass balances are shown pictorially in Figure 4-13 and
Figure 4-14. Note that the mass balance input and output streams are in yellow boxes.

_ Total Feed
Simulant | {Loose mass of ~6
Waste grams per run in feed

@ equipment}

Fe(NO:):*9H,0 T repp K OptiKasT® Clay
MIX Crossbar
Bestac Coal I:I} <:I Sagger XX® Clay Filtrate
(Mod D Only)
G,—' - | Crosshar | Crossbar
L ] % B Solids
g"f Filter O
- DMR Solids <
2 o
=
2 =
! o
A :
o
>
&
Seal Pot Seal Pot @ :D%
g . D
Filtrate Solids =
u Condensate Condensate
Filtrate Solids

DMR Granular Product
{Loose mass in product
collection per run}

Figure 4-13. Mass Balance Input and Output Streams for Simulant Modules

The key input and output streams for the Module C radioactive mass balances are shown pictorially in
Figure 4-14. Due to the timing of the radioactive experiments and the limitations in the Shielded
Cells, no seal pot samples were collected.
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Figure 4-14. Input and Output Streams for Radioactive Module C

The key input and output streams for the regular Module D simulant mass balances are shown pictorially
in Figure 4-15. Note that the mass balance input and output streams are in yellow boxes.
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Figure 4-15. Mass Balance Input and Output Streams for Regular Simulant Module D Runs

The key input and output streams for the special Module D simulant run mass balance are shown
pictorially in Figure 4-16. Note that the mass balance input and output streams are in yellow boxes.
More streams were analyzed for this special run compared to the regular runs to close the mass balance.
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Figure 4-16. Mass Balance Input and Output Streams for Simulant Module D Special Run

The key input and output streams for the radioactive Module D mass balances are the same as in the
Module C radioactive runs as shown in Figure 4-14. Due to the timing of the radioactive experiments and
the limitations in the Shielded Cells, no seal pot samples were collected and no special rinses were done
for the radioactive campaign.

The key species examined in the simulant and radioactive campaigns for the various mass balances are
shown in Table 4-9.
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Table 4-9. Key Species for Mass Balance

Radioisotope Species | Non-Radioactive Species
Cs-137 Cs-133
|-125
7129 1-127
Tc-99 Re
Al
Cl
Cr
Na
Si
S0,*

Using the input and output streams described earlier, the mass balance calculational logic for the regular
simulant and radioactive runs can be described as shown in Equation 2 noting that some streams are zero
if not needed:

Equation 2

Waste*w; + Fe*f; + Coaln*ca; + Coaly*cu; + O_Clay*o; + S_Clay*s; = Product*p; + CD_fil*cf; +
CD_sol*cs; + CDR_sol*crs; + CDR_fil*crf; + XR_fil*xf; + XR_sol*xs; + SP_fil*sf; + SP_sol*ss; +
SPR_fil*srf; + SPR_sol*srs; + BR_sol*brs; + BR_fil*brf;+ F25_sol*f25;+ F2_sol*f2;

Where:
i = One of key species identified earlier

Waste = mass of simulant or radioactive waste stream

Fe = mass of Fe(NO3)3;29H,0 added to waste stream

Coal,g, = mass of Bestac® Coal that remains in granular product as coal ash

Coal,, = mass of Bestac® Coal that remains unreacted in granular product

O_Clay, S_Clay = mass of OptiKasT® and Sagger XX® Clay added to waste stream, respectively

w;, T, ca;, cu;, 0;, S; are concentrations of species i for waste, Fe(NO3);*9H,0, Coal Ash,
Unreacted Coal, OptiKasT® Clay, and Sagger XX® Clay streams, respectively

Product = mass of solid granular product
p; = concentration of species i in solid granular product

CD_fil = mass of DMR condensate filtrate
cf; = concentration of species i in DMR condensate filtrate

CD_sol = mass of DMR condensate solids
cs; = concentration of species i in DMR condensate solids
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CDR_sol = mass of DMR Condenser dry solids (on- and off-specification material were both
included in the mass balance as the designations on- and off-specification referred to product
REDOX and coal content only) from filtering special rinse

crs; = concentration of species i in DMR Condenser dry solids (on- and off-specification material
were both included in the mass balance as the designations on- and off-specification referred to
product REDOX and coal content only) from filtering special rinse

CDR_fil = mass of DMR Condenser special rinse filtrate (on- and off-specification material were
both included in the mass balance as the designations on- and off-specification referred to product
REDOX and coal content only)

crf; = concentration of species i in DMR Condenser Solids special rinse filtrate (on- and off-
specification material were both included in the mass balance as the designations on- and off-
specification referred to product REDOX and coal content only)

XR_fil = mass of crossbar filtrate from rinse and filtering
xf; = concentration of species i in crossbar filtrate from rinse and filtering

XR_sol = mass of crossbar solids from quartz wool (for modules C and D only) and/or rinse
filtering
Xs; = concentration of species i in crossbar solids from quartz wool and/or rinse filtering

SP_fil = mass of seal pot leg filtrate from drains
sf; = concentration of species i in seal pot leg filtrate from drains

SP_sol = mass of seal pot leg solids from drains
ss; = concentration of species i in seal pot leg solids from drains

SPR_fil = mass of seal pot leg filtrate from rinses
srf; = concentration of species i in seal pot leg filtrate from rinses

SPR_sol = mass of seal pot leg solids from rinses
srs; = concentration of species i in seal pot leg solids from rinses

BR_sol = mass of DMR Basket dry solids (on- and off-specification material were both included
in the mass balance as the designations on- and off-specification referred to product REDOX and
coal content only) from special rinse

brs; = concentration of species i in DMR Basket dry solids (on- and off-specification material
were both included in the mass balance as the designations on- and off-specification referred to
product REDOX and coal content only) from special rinse

BR_fil = mass of DMR Basket Solids special rinse filtrate (on- and off-specification material
were both included in the mass balance as the designations on- and off-specification referred to
product REDOX and coal content only)

brf; = concentration of species i in DMR Basket Solids special rinse filtrate (on- and off-

specification material were both included in the mass balance as the designations on- and off-
specification referred to product REDOX and coal content only)

59



SRNL-STI-2011-00384
Revision 0

F25_sol = mass of 25 micron filter solids (on- and off-specification material were both included
in the mass balance as the designations on- and off-specification referred to product REDOX and
coal content only)

f25; = concentration of species i in 25 micron filter solids (on- and off-specification material were
both included in the mass balance as the designations on- and off-specification referred to product
REDOX and coal content only)

F2_sol = mass of 2 micron filter solids (on- and off-specification material were both included in
the mass balance as the designations on- and off-specification referred to product REDOX and
coal content only)

f2; = concentration of species i in 2 micron filter solids (on- and off-specification material were
both included in the mass balance as the designations on- and off-specification referred to product
REDOX and coal content only)

Due to feed remaining in the feed containers and the feed lines, a special BSR run was performed [28].
This special run was performed to better quantify the masses of the input and output streams for the BSR
system. The various output streams for the special run as shown in

Table 4-10 were the solid granular product, the cross bar solids and Oxidizing/Spectrosol Solution rinses,
the DMR Condenser/Bubbler drains and Oxidizing/Spectrosol Solution rinses, DMR Basket Oxidizing
Solution rinses, the seal pot drains and Oxidizing Solution rinses, and the offgas micron filters. The key
input and output streams for the BSR run mass balance are shown pictorially in Figure 4-16 Note that the
mass balance input and output streams are in yellow boxes.
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Table 4-10. Key Output Streams for Special BSR Run

Output Stream

Special Simulant
Run

Granular Product

Product Solids

DMR Oxidizing Solution
Condenser/Bubbler | Filtrate & Filtered
Drain Solids
DMR . e
Condenser/Bubbler Unfllterec_zl Oxidizing
. Rinse
Rinse
DMR Basket Unfiltered Oxidizing
Rinse Rinse
Crossbar Rinse Unflltere(_j Oxidizing
Rinse
Crossbar Solids Quartz Wool Solids
Crossbhar/DMR Unfiltered

Condenser Rinse

Spectrosol Rinse

Seal Pot Drain

Unfiltered Drain

Seal Pot Rinse

Unfiltered Oxidizing

Rinse
25 Mlcr_on Offgas Solids
Filter
2 Mlcr(_)n Offgas Solids
Filter
Offgas Caustic Unfiltered Drain
Scrubber
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For the special simulant run for Module D (AN-103), the mass balance uses similar logic shown above
and in Equation 2 but the terms are slightly different as shown in Equation 3:

Equation 3
Waste*w; + Fe*f; + Coaln*ca; + Coaly*cu; + O_Clay*o; + S_Clay*s; = Product*p; + CD_fil*cf; +
CD_sol*cs; + CDR*cr; + XR*xr; + XR_sol*xs; + SP*sp; + SPR*sr; + BR*br; + XRCD*xrcd; +
F25 sol*f25; + F2_sol*f2; + CAS*cas;
Where old terms are defined as shown above and new terms are:
CDR = mass of DMR Condenser rinse and residue recovered from Oxidizing rinse
cr; = concentration of species i in DMR Condenser Oxidizing rinse and residue recovered from
special rinse
XR = mass of crosshar Oxidizing rinse and residue recovered from special rinse

Xr; = concentration of species i in crossbar Oxidizing rinse and residue recovered from special
rinse
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SP = mass of seal pot leg sample from drains
sp; = concentration of species i in seal pot leg sample from drains

SPR = mass of seal pot leg Oxidizing rinse and residue recovered
sr; = concentration of species i in seal pot leg Oxidizing rinse and residue recovered

BR = mass of DMR Basket Oxidizing rinse and residue recovered
br; = concentration of species i in Oxidizing rinse and residue recovered

XRCD = mass of crossbar and DMR Condenser Spectrosol rinse and residue recovered
xrcd; = concentration of species i in crossbar and DMR Condenser Spectrosol rinse and residue
recovered

CAS = mass of off-gas caustic scrubber drains
cas; = concentration of species i in off-gas caustic scrubber drains

During the special BSR run for Module D, masses of various equipment were taken before and after the
run to determine the amount of feed actually fed and the amount of granular product actually produced.
These special measurements showed that the feed mass per BSR run was overestimated by about 6 grams
per run (feed hold up in the feed bottle and feed tube).

The Module C simulant testing consisted of 6 runs so the total measured feed of about 612.28 g was
decreased by 36 grams to about 576.28 g based on the special D run and described in Reference 52 and in
the next paragraph. The Module C radioactive campaign had 12 runs but only the first 7 runs were used
in the mass balance due to various feed batches being mixed for the last 5 runs. For the first 7 runs of the
Module C radioactive campaign, the total measured feed of about 654.95 g was decreased by 42 grams to
about 612.95 g.

The simulant campaign for Module D consisted of 10 runs so the total measured feed of about 805.45 g
was decreased by 60 grams to about 745.45 g. The special simulant run for Module D consisted of 1 run
of total measured feed of about 72.01 g as determined by measuring the masses of various equipment.
The Module D radioactive campaign had 10 runs so the total measured feed of about 680.63 g was
decreased by 60 grams to about 620.63 g.

The special Module D run also showed that the granular product mass was being underestimated due to
losses in the collection and processing of the granular product for each run. Since the granular product
collection and processing techniques differed from the simulant versus radioactive modules as well as
across different researchers and technicians, a calcine factor for the BSR was developed with respect to
the mass of granular product produced per mass of feed coming into the system. This calcine factor was
based on data from multiple campaigns as shown in Table 4-11. The average across all campaigns was
0.40 with a standard deviation of 0.03.
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Table 4-11. Product to Feed Mass Ratios for BSR Runs

Module B Module C Module D
Run Simulant | Radioactive | Simulant | Radioactive | Radioactive
Runs Runs Runs Runs Runs
1 0.42 0.42 0.36 0.36 0.43
2 0.38 0.41 0.43 0.38 0.38
3 0.39 0.40 0.42 0.38 0.41
4 0.39 0.42 0.37 0.44 0.36
5 0.39 0.41 0.42 0.43 0.34
6 0.39 0.42 0.35 0.43 0.40
7 0.39 0.36 0.42 0.39
8 0.39 0.43 0.38 0.49
9 0.37 0.44 0.41 0.37
10 0.40 0.46 0.38
11 0.40 0.40 0.45
12 0.39 0.41
13 0.40 0.38
14 0.40 0.46
15 0.39 0.46
16 0.40 0.40
17 0.41 0.38
18 0.39
19 0.37
Average 0.39 0.41 0.39 0.41 0.40
Standard |, 5 0.03 0.04 0.03 0.04
Deviation
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After studying the various granular product masses and corrected feed masses across the simulant and
radioactive Module B, C and D activities, it was determined that:
Equation 4

Product

= = 04
Waste+ O_Clay+S_Clay + Fe + Coal,g, + Coal ,

Ct

Where:
C:= Calcined factor for BSR

Waste = mass of simulant or radioactive waste stream fed

Fe = mass of Fe(NOs);¢9H,0 fed

O_Clay, S_Clay = mass of OptiKasT® Clay and/or Sagger XX®Clay fed, respectively

Coal.s, = mass of Bestac® Coal that remains in granular product as coal ash

Coaly, = mass of Bestac® Coal that remains unreacted in granular product
To calculate the unreacted Bestac® coal remaining after the BSR processing, the LOI and LOD
measurements were performed on each run’s granular product. Using the LOI and LOD measurements,

the wt% carbon remaining in the granular product at the end of each run (c,.%) were calculated using
Equation 5:

Equation 5

cw% = LOI (wt.% of total mass) — LOD (wt.% of total mass)
The Bestac® coal contains 82.49% wt.% carbon based on analytical data received by SRNL from TTT.
Using the ¢,x% and the known wt% carbon in the Bestac® coal, the amount of unreacted coal per run was
calculated using Equation 6:

Equation 6

Product *c,,, %

Coalun =——>29%

Knowing the total mass of coal fed per run (Coal), the amount of coal that gets ashed per run (Coalshed)
was calculated using Equation 7:

Equation 7

Coal,gheqg = Coal — Coal,,

Using the measured wt.% ash in the Bestac® Coal of 5.11%, the mass of coal ash that remains behind in
the granular product per run (Coal,s,) was then calculated using Equation 8:
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Equation 8
Coal,g, = Coalagheg * 5.11%

The mass of product produced per run was then calculated using the BSR calcined factor (C;) and the
various output masses as described above:

Equation 9

Product = (Waste+ O_Clay +S_Clay + Fe + Coal ¢, + Coal,, )*0.4

Once the masses and concentrations have been determined, the percent recovery of species i for a
particular output stream j was calculated using Equation 10:

Equation 10

ReCi'j = Outi,jllni
Where:

Rec;; = Percent Recovery of species i for a particular output stream j

Out;; = Output Stream j Mass of Species i, which would be Product*p;, CD_fil*cf;, CD_sol*cs;,
XR_fil*xf;, XR_sol*xs; for the various streams

In;= Total Input Mass of Species i = Waste*w; + Fe*f; + Coal*c; + O_Clay*o; + S_Clay*s;

The total recovery of species i for all streams j then becomes:

Equation 11

Rec; =2Rec”
i

Rec; = Percent Total Recovery of species i across all output streams

The recovery of species i across j streams was then normalized to 100% by using Equation 12:

Equation 12

Reci j = Rec |
" Z:Reci,j
i
Where:

Reci j = normalized percent recovery of species i in stream j
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4.6 Performance and Regulatory Testing

4.6.1 Product Consistency Test (PCT) - Short Term

The PCT was conducted on Module C simulant and radioactive granular mineral products following the
procedures described in ASTM C 1285-08.[94] The samples were crushed and sieved using ethanol
following the ASTM procedure sections 19.5 and 22.5. The samples were washed using only ethanol as
described in Section 19.6.1 of the PCT procedure. A portion of the washed and sieved material was
analyzed using Brunauer-Emmett-Teller Surface Area (BET-SA) to determine the actual surface area of
the BSR product rather than using the geometric hard sphere assumption given in the PCT procedure.
Although use of the BET surface area may overestimate the true reactive surface area, the obvious
microporosity indicates that use of the geometric surface area will underestimate the true dissolution rate.
Therefore, the dissolution rates reported here have been normalized to the BET surface area. The true
reactive surface area is probably less than the BET value, but also probably significantly higher than the
geometric value.[38] When the durability of the FBSR product is calculated using the BET-SA the
durability is ~2 orders of magnitude lower than the leach rate of LAW glass. When the durability of the
FBSR product is calculated using the hard sphere geometric surface area, the durability is equivalent to
that of LAW glass. Data in this report used the BET-SA but Appendix O contains the necessary data to
calculate the durability from either the BET-SA or the hard sphere geometric surface area.

All tests were conducted in triplicate (at a minimum) and the results averaged. The PCTs were performed
at 90°C for seven days (PCT-A) in stainless steel vessels. The simulant leachates were then analyzed and
the concentration of ions in the leachate measured by ICP-AES, IC, and ICP-MS.

Radioactive leachates were also analyzed using gamma spectroscopy and beta liquid scintillation. The
elemental mass release of selected constituents was normalized by the initial concentration of each
constituent after adjustment for moisture and unreacted carbon content, and reported in units of g/m*

Equation 13

ci(sample)
M=,
Where;
NL; = normalized release, g waste form) /m?,
ci (sample) = concentration of element “i”” in the solution, gi/L,
f; = fraction of element “i”” in the unleached waste form (unitless), and
SA/V = surface area of the final waste form divided by the leachate volume, m?/L.

The leached solids were analyzed for phase mineralogy using x-ray diffraction.

4.6.2 Product Consistency Test (PCT) — Long Term

The long term PCTs were conducted on Module C non-radioactive and radioactive granular products
from the BSR that had been crushed following the procedures described in ASTM C 1285-08.[94] The
samples were prepared in the same manner as samples in Section 4.6.1. The PCTs were performed at
90°C for extended times up to one year (PCT-B) in Teflon® vessels. The same analyses were performed
on the long term PCT leachates as the short term PCT leachates described in Section 4.6.1. All tests were
conducted in duplicate and the results averaged. The elemental mass releases of selected constituents
were normalized by the initial concentration of each constituent after adjustment for moisture and
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unreacted carbon content, and reported in units of g/m*as described in Section 4.6.1. The leached solids
were analyzed for phase mineralogy using x-ray diffraction.

4.6.3 Toxicity Characteristic Leaching Procedure (TCLP) Method 1311

The TCLP [93] was used to assess the release of RCRA metals from the granular BSR products for
Modules C, D, and E. Since the BSR REDOX control strategy had not been worked out completely,
some of the Module C BSR products had a REDOX more oxidizing than 0.20 (<0.20 Fe**/=Fe), some
were in the desired range (0.20-0.60 Fe?*/SFe for the simulant and 0.20-0.50 Fe*'/Fe for the radioactive;
Table 4-6), and others were more reduced than desired (>0.60 Fe’*/SFe for the simulant and >0.5
Fe?*/SFe for the radioactive). This allowed SRNL to have the TCLP measured on different REDOX
samples to study the impact of REDOX on the Cr leaching. The simulant samples were sent to General
Engineering Laboratories (GEL) in Charleston, SC. The radioactive Module C BSR products were in the
desired REDOX range, and TCLP was performed on the Module C radioactive material by PNNL.

The Module D simulant was in the correct REDOX range and SRNL submitted it to Davis and Floyd, an
EPA certified laboratory for TCLP analyses, in Greenwood, SC. PNNL performed the radioactive
Module D TCLP.

Two Module E simulant samples were made at a target REDOX of 0.15 Fe?*/SFe. One contained no I0C
and the ferric nitrate nona-hydrate was the only additional source of iron, and the other contained the 10C
and no ferric nitrate nona-hydrate. This was done to help evaluate the impacts of oxidizing REDOX on
chromium leaching in the presence and absence of the IOC. Since the 10C has its own REDOX of 0.57
(Table 4-6), having it present can complicate the measurement of the REDOX ratio but attempts will be
made to quantify how much 10C is needed at an oxidizing REDOX to retain the chromium as +3 chrome
in the spinel mineral phase which is isostructural with the 10C mineral phases.

This Environmental Protection Agency (EPA) approved procedure is designed to determine the mobility
of both organic and inorganic analytes present in liquid, solid, and multiphase wastes. The main purpose
of this procedure was to determine whether the FBSR waste form would meet the requirements of the
RCRA LDR since Hanford tank wastes contain hazardous constituents that are listed wastes. The initial
focus of the TCLP analyses was on inorganic contaminants, because steam reforming effectively destroys
organic materials by pyrolysis. The TCLP data for the granular products are considered inputs to the go /
no-go evaluation process.

Preparation Analysis
Method 7470A > Method 7470 » Hg
A

Extraction

Method 1311

A 4
Preparation - Analysis > Cgb’cf\sbk?al’\li
Method 3010A Method 6010C Se, Ag, TI, Zn

Figure 4-17. TCLP Analysis Sample Flow
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5.0 Results and Discussion

5.1 BSR Run Results

This section describes the runs performed for testing the Module C, D, and E simulants and the
radioactive runs with the Hanford Tank SX-105 (Module C) and AN-103 (Module D) samples. This
section also provides process data from the BSR runs.

The actual run campaign dates are given in Table 5-1 and the run details are given in the associated
Appendices. The change in product REDOX and LOI control occurred on October 19, 2010 during the
Module B campaigns and all subsequent runs used these improved controls as described in Section 5.1.1
below.

Table 5-1. Timing of Module C, D, and E Campaigns and Location of Run Data Details

Simulant
Module or Start Date End Date Run Data Details
Radioactive
Simulant 12-13-2010 01-25-2011 Appendix D
C Radioactive 01-26-2011 02-23-2011
(SX-105) Radloact[ve 02-24-2011 02-24-2011 Appendix E
Tc-99 Spike
D Simulant 03-21-2011 04-14-2011 Appendix F
(AN-103) Radioactive 04-04-2011 05-11-2011 Appendix G
E(AZI0UAZ-102) | giyjant | 09-06-2011 | 09-06-2011
with 10C Appendix H
E(AZAOUAZ-102) | giyyjant | 10-03-2011 | 10-03-2011
without IOC

5.1.1 Simulant and Radioactive Module C, D, and E Campaigns

The BSR did not use scaled values to the ESTD FBSR operation for this study. However, the BSR did
feed slurry at about 1/800™ the rate that the ESTD FBSR did for reference. The feed rate of 0.9 ml/min
for the DMR was established based on the equipment’s ability to pump the clay/coal/waste slurries and
the desire to minimize particulate carry-over into the condenser. The slurry feed rate of 0.9 ml/min
worked well with this unit to form the needed biscuit shaped product, allow adequate pressure control,
and minimize product carryover to the off-gas system.

BSR operation was modified to minimize non-condensable gases to reduce the carryover of particles from
the reformer. BSR operation was also modified to control product REDOX instead of H, concentration.
Since the non-radioactive and radioactive BSR systems were identical, the operating parameters
determined for the non-radioactive runs were used in the radioactive runs.

Coal was fed at a rate of 0.12 g/min, which is less than the 0.35 g/min scaled equivalent to the ESTD
because the BSR is externally heated and does not have to solely rely on the coal to auto-catalytically heat
the DMR. In addition, excess unreacted coal in the product is undesirable because it adds unnecessary
volume to the FBSR product and causes REDOX measurement problems when present in excess.
REDOX is important during the R&D phase of these experiments so it can be correlated with the
oxidation state and mineralogical sequestration of REDOX sensitive elements like Tc-99, Re, S, and Cr.
Once an optimal REDOX range is defined, a control strategy can be determined in one of several ways,
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i.e. use of oxygen probes or gas mixture fugacities as done in the steel industry [101] or REDOX process
control models as used in the HLW vitrification processing facility at SRS.[102]

Total gas flow in the BSR was as high as reasonable, but limited based on observed solids carry over.
The DMR temperatures were the same as the ESTD. The BSR ran at a slightly negative pressure where
the ESTD FBSR runs at a slightly positive pressure. All operational conditions were approved by TTT
(Brent Evans) as stated in various correspondences, which are documented in the lab notebook SRNL-
NB-2009-00115.

The temperature range of 710 — 740°C was specified by TTT. The range was measured across the lower
thermocouple at the bottom of the reaction zone and the upper controlled thermocouple at the top of the
reaction zone. Typically, the control temperature would start at 725°C and would have to be lowered
over the course of a run until it was set to 710°C. Many times slurry feeding was stopped signaling the
end of the feeding stage of a run because the lower thermocouple reached 740°C after the control was
already at 710°C. Thus, no new product was formed at temperatures above 740°C. However, it was
normal for the lower temperature to spike to 760°C at the end of feeding because the temperature control
system could not react quickly enough to offset the sudden loss of cold feed entering the DMR. Higher
temperatures are typically avoided to avoid making glassy nepheline out of the product. No glassy
nepheline was detected visually or by SEM in any of the products formed from the campaigns discussed
in this report as temperatures were maintained ~300-350°C lower than the temperature at which glassy
nepheline could form.

The total controlled gas flow refers to the sum of the flow of N,, Ar, and air flowing into the DMR. The
control system automatically adjusted the air, N,, and Ar flows when the operator changed the %air such
that the total combined flow always remained at 500 sccm. This total flow is reduced from the ESTD
scaled flows in order to reduce product carryover. The important parameter for product formation and
REDOX control is O, (air) concentration, not flow as long as there is enough O, to complete all of the
reactions. The ESTD FBSR needed much greater flows to support fluidization which is not a factor for
the BSR.

For LOI control, the operator monitored the cumulative value of CO,/ml fed to the DMR and operated the
DMR in post feed operation until a predetermined endpoint was achieved. This ensured the product did
not have excessive unreacted coal. This was based on a high level mass balance of carbon.

(Carbon fed into DMR) — (Carbon Leaving as CO,) = Unreacted carbon in product

The CO,/ml fed endpoint was determined experimentally in the non-rad BSR after REDOX control was
established. Since the CO,/ml fed vs product LOI was a linear relationship, two runs would be performed
at different endpoints. A line would be drawn between the two CO,/ml fed vs product LOI points and the
CO,/ml fed would be determined for the desired product LOI. One confirmation run for each campaign
assured the selection of an acceptable target.

The air% was reduced after slurry feeding was stopped for all campaigns. During the Module D
campaign, the O, level was monitored and the air% was adjusted to keep the O, level below 0.05%. No
noticeable improvement in product REDOX resulted from keeping the post run O, so low. The post run
0O, had sometimes been over 1% in the Module B and Module C campaigns.

Many parameters can affect the REDOX potential in the BSR and they all must be kept as constant as

possible (once determined). The parameters that are kept constant are:
o Reactor Temperature (710 — 740°C) during feeding
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o Slurry Feed Rate (0.9 ml/min)

e Slurry Feed Concentration (if slurry has to be diluted for better flow property, then the air
flow to get the same REDOX must be lowered by a linear amount)

e Air% of the gases fed to the DMR

e O, concentration (controlled by air% fed, determined experimentally from REDOX, not
measurable by the MS, ~10*! to 10™® atm)

e Time coal is in contact with the Slurry Feed (either by adding coal immediately before run to
minimize pre-reaction or allowing coal to react to completion in slurry prior to feeding to
BSR)

e The Superheated Steam Rate (0.4 g/min) and Total Gas Flow (Air + N, + Argon = 500 sccm)
were kept constant and it is unknown at this point how much of a change to REDOX these
would affect.

Upon controlling the gas REDOX for Module B runs, it was noticed that good product REDOX was
usually attained when the air% of the gases fed to the DMR remained nearly constant. Based on that
information, all the Module C, D, and E runs controlled product REDOX by controlling to a constant
air% during feeding. Once feeding was completed, the air% was reduced.

The air% to run at was determined experimentally. For a given carbon amount, two or three runs would
be performed at different air% settings. The product REDOX would be measured for each of the runs,
than the REDOX versus air% would be graphed linearly. The air% that gave the desired product REDOX
would then be chosen and usually one confirmation run would assure it.

The REDOX control by use of air% was only partially successful. More work needs to be done to control
the product REDOX. The percentage of good runs for Simulant and Radioactive Module C and Simulant
and Radioactive Module D were 69%, 72%, 87%, and 60%, respectively. During the Simulant Module D
runs, it was discovered that adding the coal just prior to running a campaign gave more consistent results,
and 9 out of 9 runs were within the REDOX specification of 0.2 to 0.5. However, when this strategy was
used for the Radioactive Module D runs, the results were only 4 out of 10 runs within REDOX
specifications. By allowing the coal to age in the Radioactive Module D feed, 8 out of 8 runs were within
the REDOX specification. The air% and timing of coal additions needs to be improved by adding
REDOX probes to the BSR’s in the future for REDOX control.

The Module E simulant runs were purposely run highly oxidized (REDOX < 0.15) first with the 10C
catalyst as the only iron source and then with ferric nitrate as the only iron source. It has been noted in
earlier studies [40,41,50] that the IOC acts to form the FeCr,0, Chromite spinels, which keep the
chromium in an oxidation state of +3 which is much less soluble than +6 chromium. The chromium was
expected to be in the oxidized +6 state and leachable for the ferric nitrate campaign and it was. The
chromium was also soluble for the IOC campaign, which was not expected. This indicated that the 10C
concentration was not high enough relative to the amount of Cr in Module E to force the Cr into FeCr,04
Chromite spinels. The REDOX results versus TCLP Cr leaching data is given in Section 5.4 and the
amount of 10C in oxidized FBSR products that passed the Cr release during TCLP testing, the amount of
the 10C added to the Module E sample was under estimated by ~3X. An algorithm for adding the correct
amount of 10C for the amount of Cr was derived and is also given in Section 5.4.
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Table 5-2. BSR Process Operation Conditions for Modules C, D, and E
Campaian Module C Module D Module E
haig Simulant Radioactive Simulant Radioactive Simulant
Slurry Feed Rate 0.9 0.9 0.9 0.9 0.9
(ml/min)
DMR Temp (°C) 710 - 740 710 - 740 710 - 740 710 — 740 710 - 740
Superheated Steam 0.40 0.40 0.40 0.40 0.40
(g/min)
DMR Coptrol - - - 4 -
Pressure (inwc)
Carbon times 1.3x -
Stoichiometric 2 56x 1.3x — 1.54x 2.25x 2.25x 1.3x
Total Controlled Gas 500 500 500 500 500
Flow (sccm)
Controlled Air% 50% 50% 24% air w/ 25% w/new coal 15% air w/
during Feed ° 0 new coal 15% w/aged coal new coal
Post Feed Air% 50% 20% Kegtofg/f} S | 1275%-15% | 5%-10%
CO,/ml fed 34 -53 25.2-36.9 24.5 19.7-245 16.6 — 17

5.2 Granular Product Characterization

5.2.1 Constituent Analyses of Simulant and Radioactive Granular Products

Chemical analyses, REDOX ratio, coal content (LOI-LOD difference), and mineralogy were measured on
a Turbula® mixed composite of the “on-spec” granular product for Modules C and D. During Module B,
there was an effort to keep the coal content (LOI-LOD) below 2 wt% and this was continued for Modules
C, D, and E. The “on-spec” target REDOX ratio was maintained in the ranges shown for Modules C, D,
and E testing in Table 4-6. Material with too high a coal content (LOI-LOD difference), and/or too high
or low a REDOX ratio were segregated before compositing of the “on-spec” material and are referenced
in this document as “off-spec” material. The high coal content samples were rejected because high coal
content can impact the REDOX measurement. The high and low REDOX samples were rejected for the
reasons specified in Section 4.4. It should be noted that both “on-spec” and “off-spec” granular products
had the same mineral phases, and hence this factor was not a discriminating characteristic. The actual
LOI, REDOX and calculated oxidation state speciation of rhenium and sulfur from Reference 103 are

summarized in Table 5-3.

Table 5-3. LOI, REDOX and Speciation of Rhenium and Sulfur

Waste Sample LOI (%) | Fe/LFe | Re" (%) | SO, (%)
Simulant 1.32 0.34 98 99
Module C Radioactive 3.50 0.17 100 100
(Tank SX-105) Radioactive
Tc-09 Spike 3.35 0.39 97 98
Module D Simulant 1.62 0.30 99 100
(Tank AN-103) Radioactive 6.22 0.18 100 100
Simulant
Module E with I0C 0.70 0.13 100 100
(Tank AZ101/AZ102) Simulant
without 10C 1.15 0.06 100 100

71



SRNL-STI-2011-00384
Revision 0

The ESTD P-1B Module B material was made with 640 g wet clay per LAW simulant in the DMR feed,
and this provided an excess clay content of 10-15 wt.% expressed as excess SiO, and Al,Oz in
MINCALC™,[28] The BSR campaigns for Module B also used 640 g wet clay per LAW simulant,
which provided excess clay (SiO, and Al,Oz) in the range of 12.5 wt.% for the simulant Module B and
8.3 wt.% for the radioactive Module B [28]. Because the simulant Module C (SX-105) campaigns were
run using the WRPS radioactive analyses and later recalculated when the simulant SRNL analyses
became available only 2.57 wt.% excess clay (SiO, and Al,Os) was used. The timeline for this
compressed R&D program forced the decisions made to use the radioactive analyses, which were
available while waiting for the simulant analyses to become available. For the radioactive Module C
(SX-105) campaigns, about 1 wt.% excess clay was used (Table 4-4). The Module D (AN-103)
campaigns were actually clay deficient by 3-4 wt.% (Table 4-4) because of similar analytic and schedule
issues. The Module E (AZ-101/AZ-102) simulant campaigns contained about 4 wt.% excess clay. Due
to the flexibility of the nepheline and sodalite structures to accommodate non-stoichiometric amounts of
Si and Al, the products with 10-15 wt.% clay versus the products with 1-4 wt.% excess clay and clay
deficient products all produced the same mineral assemblages as shown below.

Table 5-4 provides the analyses for Module C and D simulant and radioactive granular product. The
measured granular product densities are also provided, which are consistently in the 2.4 — 2.6 g/cc range
The Fe detected in the simulant product was not in the simulant feed but was added as the Fe(NOs);-9H,0
component for redox measurements and is also be present at trace levels in the added clay.[29] The Ti
constituent in the simulant product was not analyzed for the suite of metals from ICP-AES on dissolved
simulant product but is present derived from trace levels in the added clay.[29]
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Module C — Tank SX-105

Module D - Tank AN-103

Radioactive | Simulant | Radioactive Simulant
W1t.% W1t.% Wt.% Wt.%

Al 1.86E+01 1.77E+01 1.84E+01 1.67E+01
As NA NA <1.08E-03 NA
B 1.42E-02 5.93E-03 1.15E-02 5.19E-03
Ba 4.93E-03 4.84E-03 1.18E-02 9.97E-03
Ca 4.05E-02 1.00E-01 6.14E-02 1.16E-01
Cd <1.01E-03 <5.57E-04 6.89E-04 <1.06E-04
Ce 5.80E-03 <3.28E-03 6.27E-04 6.32E-03
Co <9.35E-04 <6.72E-04 1.22E-03 <4.42E-04
Cr 1.38E-01 1.20E-01 1.35E-02 1.13E-02
Cs high blank 6.84E-04 1.58E-04 ~1.35E-02
Cu 6.60E-03 3.72E-03 7.30E-03 <4.92E-03
Fe* 1.38E+00 1.35E+00 1.76E+00 1.48E+00
K 1.88E-01 1.57E-01 5.71E-01 5.27E-01
La 3.29E-03 3.02E-03 4.05E-03 3.88E-03
Li 5.61E-03 4.37E-03 5.51E-03 2.95E-03
Mg 1.55E-02 1.95E-02 5.48E-02 5.45E-02
Mn 1.04E-03 8.33E-04 1.40E-03 1.14E-03
Mo <4.92E-03 <1.35E-03 | <4.86E-03 3.64E-03
Na 1.58E+01 1.52E+01 1.57E+01 1.57E+01
Ni <7.31E-03 2.40E-03 <3.59E-03 2.09E-03
P 3.88E-01 3.16E-01 6.04E-02 4.55E-02
Pb 1.35E-03 <3.05E-03 2.64E-03 5.59E-03
Re 2.69E-02 4.70E-02 3.47E-02 4.69E-02
S 2.66E-01 2.92E-01 1.41E-01 1.22E-01
Sh 6.27E-03 NA <8.25E-02 NA
Se <2.16E-03 NA <2.17E-03 NA
Si 1.89E+01 1.85E+01 1.75E+01 1.77E+01
Sn <3.37E-03 <1.56E-03 | <4.42E-03 <8.08E-04
Sr 2.93E-03 3.11E-03 7.68E-03 6.74E-03
Th 1.55E-03 NA 1.40E-03 NA
Ti 7.69E-01 7.33E-01 7.91E-01 8.15E-01
U 2.90E-04 NA 6.28E-04 NA
Zn 5.33E-03 2.65E-03 5.59E-03 2.21E-03
Zr 3.04E-03 <2.49E-03 5.70E-03 4.43E-03
Cs-137 1.66E-08 NA 3.04E-08 NA
Tc-99 3.99E-04 NA 2.23E-04 NA
1-129 3.01E-05 NA 4.68E-05 NA

NA — Not Analyzed, *Fe — Iron constituent was not added to simulant feed but
is present in the simulant granular product from both the added Fe(NO3)3-9H,0
and the added clay; italicized numbers estimated from data in Table 4-2 and
waste loading from Table 4-5
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Table 5-4. Granular Product Analyses for Simulant and Radioactive Module C and D (Continued)

Species Moo!ule C — Tank. SX-105 Modyle D - Tank. AN-103
Radioactive | Simulant | Radioactive | Simulant
Wt.% Wt.% Wt.% Wt.%
Ccr 2.31E-01 2.06E-01 2.12E-01 2.27E-01
Br NA NA NA <9.46E-02
F <5.02E-02 <2.13E-01 | <4.69E-02 | <9.46E-02
HCO, NA NA NA <9.46E-02
I NA 3.17E-02 NA 7.90E-02
Wt.% Wt.% Wt.% Wt.%
NO; <5.02E-02 <2.13E-01 | <4.69E-02 | <9.46E-02
NO, <5.02E-02 <2.13E-01 | <4.69E-02 | <9.46E-02
C,0,” 7.37E-02 <2.13E-01 | <4.69E-02 | <9.46E-02
PO, 9.64E-01 9.27E-01 1.81E-01 <4.73E-01
SO~ 6.43E-01 6.71E-01 2.56E-01 | <9.46E-02
g/cc g/cc g/cc g/cc
Density 2.60 2.49 NM NM

NA - Not Analyzed, NM — Not Measured

Table 5-5 provides a summary of the measured Fe*"/yFe REDOX ratio, the difference between the LOI
and LOD, which is a measure of the coal content, and the mineral phases measured. The composite
REDOX ratio, coal content (LOI-LOD difference), and mineralogy were measured on a Turbula® mixed
composite of the “on-spec” granular product. Material with too high a coal content (LOI-LOD
difference), and/or too high or low a REDOX ratio were segregated from the composite and are given in
the table as “off-spec” material. The high coal content samples were rejected because the high coal
content can impact the REDOX measurement. The high and low REDOX samples were rejected as they
were not in the REDOX range designated in Table 4-6.

The target range for the REDOX ratio and coal content (LOI-LOD difference) evolved as the program
modules progressed (see Table 4-6 and the discussion in Section 4.4). For instance during Module B,
there was an effort to keep the coal content (LOI-LOD) below 2 wt%, but this was not possible to achieve
during Module D where a larger residual carbon content is observed in both the “on-spec” and “off-spec”
granular products.

5.2.2 Mineralogy Targeted vs. Analyzed

The mineralogy and qualatiative amounts observed for the BSR non-radioactive and radioactive samples
for Modules C, D, and B are the same as those of Module B and the ESTD bed products (see Figure 5-2,
Figure 5-3, Figure 5-4). The phases were primarily, two types of nepheline (one of hexagonal symmetry
and one of orthorhombic symmetry), and cubic nosean with minor cubic sodalite. The sodalite and
nosean peaks do not appear in every XRD. This is because there is a large region of solid solution
between sodalite (Nag(AlSiO4)¢Cl;) and nosean (Nag(AlSiO4)SO,) [22,105] as shown in Figure 5-1
because the two species are isostructural. Therefore, when fitting XRD patterns to the “best matching”
set of Bragg reflections, sometimes the nosean and sodalite are identified separately and sometimes as one
or the other of the two species depending on the relative concentration of each present.
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Other minor phases are anatase (TiO,) which is a clay impurity, quartz, and Al,O; which is the
ESTD/HRI startup bed material. The formulas for these species and the reference Powder Diffraction
Files (PDFs) are given below Table 5-5 and Figure 5-2. The hexagonal nepheline is the normal
crystalline form of NaAlISiO, and the orthorhombic nepheline is NaAlSiO,. The PDF file for the
orthorhombic nepheline states that it may be low-carnegieite, a metastable form of nepheline. However,
it is not a hydrated nepheline phase although it is made from a gel that dehydrates at ~800°C.[104]
Throughout this document this is referred to as nepheline (O) where the “O” is for orthorhombic but it
should be recalled that it may be low-carnegieite.

1100 = — = =

1000 =

900

| | | | |
20 40 60 8(

Nag(AlSi10,),Cl, Nag(AlS10,),50,

— Mol. (%)

Figure 5-1. Experimentally Determined Sodalite-Nosean Solid Solution [105]

For Module C, the mineralogy of the non-radioactive product from the BSR matched the mineralogy of
the radioactive product from the BSR (see Table 5-5 and Figure 5-2). The phases observed agree with the
predicted mineralogy from MINCALC™ (Table 4-4) of ~ 84-85 wt% nepheline (stronger Bragg
reflections) with ~11-12 wt% sodalite and nosean (weaker Bragg reflections). In this case, the nosean is
present in larger concentrations than sodalite as there is more SO, in the feed than halides.

For Module D, the mineralogy of the non-radioactive product from the BSR matched the mineralogy of
the radioactive product from the BSR (see Table 5-5 and Figure 5-3). The phases observed agree with the
predicted mineralogy from MINCALC™ (Table 4-4) of ~ 94-96 wt% nepheline (stronger Bragg
reflections) with ~5.5-6 wt% sodalite and nosean (weaker Bragg reflections). In this case, the nosean is
present in smaller concentrations than sodalite as there is more Cl in the feed than sulfate.

For Module E, the mineralogy from the non-radioactive BSR product matched the phases predicted from
MINCALC™ (Table 4-4) as nosean was predicted to be ~20 wt% in the FBSR product. The XRD pattern
shown in Figure 5-4 for Module E run with the 10C shows higher concentrations (stronger Bragg
reflections) for nosean than those observed in Modules C or D (Figure 5-2 and Figure 5-4).

75



SRNL-STI-2011-00384
Revision 0

Table 5-5. Summary of On-Spec and Off-Spec Granular Product Redox (Fe*’/Y Fe), LOI-LOD, and
Mineralogy for Module C and D

Module Tvoe Composite Range of | Composite R?_nogf_Of Composite Range of
yp Fe*'/y Fe Fe*’/YFe | LOI-LOD LoD Mineralogy Mineralogy
Nepheline (H), Nepheline (H),
i 0.194 - o 0.50 - Nepheline (O), Nepheline (O),
On-Spec 0.343 0.414 1.32% 1.90% Sodalite, Quartz, Sodalite, Anatase,
Simulant Anatase Quartz
Module C Nepheline (H),
] 0.000 — 0.12 - Nepheline (O),
Off-Spec | NA 0.493 NA 8.09% NA Nosean, Sodalite,
Anatase, Quartz
. Nepheline (H),
Nepheline (H), -
i 0.090 - o 0.29 - - Nepheline (O),
. . On-Spec 0.165 0.522 3.50% 4.75% Nephellng ©). Sodalite, Anatase,
Radioactive Sodalite Quartz
I\(/ISC;((i_ull(()es()Z Nepheline (H),
] 0.000 — 2.48 — Nepheline (O),
Off-Spec | NA 0.933 NA 6.80% NA Nosean, Sodalite,
Anatase, Quartz
Nepheline (H), Nepheline (H),
0123 — 088 — Nepheline (O), Nephel'lne (0),
On-Spec 0.302 0.427 1.62% 2 03% Quartz, Sodalite(Cl),
' 870 Sodalite(Cl), Nosean, Anatase,
Simulant Nosean Quartz
Module D Nepheline (H),
Nepheline (O),
Off-Spec NA o(.)ofgg- NA 8'%0/‘ NA Sodalite(CI).
: 1070 Sodalite, Nosean,
Quartz
. Nepheline (H),
NepEe:lne EH; NeEheIine Eog
0.201 - o 2.33- Nepheline (O), : ’
On-Spec 0.184 0.500 6.22% 6.27% Quartz, Anatase, Soﬁgﬂ?éltil(ggén
Radioactive Sodalite Anatasé Quartz’
'E/K)Ndfjllgg? Nepheline (H),
0.102 288 — Nepheline (O),
Off-Spec NA 0 855 NA 5'220/ NA Sodalite(Cl),
‘ een Sodalite, Anatase,
Quartz

Where Nepheline (H) is hexagonal NaAISiO, (PDF 00-035-0424)
Nepheline (O) is orthorhombic NaAISiO, which “may be synthetic low-carnegieite” [104] (PDF-00-052-1342)
Nosean is cubic NagAlgSig0,,SO, (PDF 01-072-1614)
Sodalite is cubic NagAlgSigO»4Cl, (PDF 00-037-0476)
Anatase is TiO, (PDF 00-021-1272)
Quartz is SiO, (PDF 00-046-1045)
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Figure 5-2. Overlay of X-ray Spectra for Module C (SX-105) for the BSR Bench-scale Simulant
and Radioactive BSR Products.

Where Ne is Nepheline (H) and Nepheline (O) NaAISiO, (PDF 00-035-0424 and PDF00-052-1342)
S is Sodalite (cubic) NagAlgSigO,,4 (PDF 00-042-0217)
N is Nosean, NagAlgSig0,,S0, (PDF 01-072-1614)
Ais Anatase, TiO, (PDF 00-021-1272) a clay impurity
Quartz is SiO, (PDF 00-046-1045) a clay impurity
Original XRD spectra fits are in Appendix N
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Figure 5-3. Overlay of X-ray Spectra for Module D (AN-103) for the BSR Bench-scale Simulant
and Radioactive BSR Products.

Where Ne is Nepheline (H) and Nepheline (O) NaAlISiO, (PDF 00-035-0424 and PDF00-052-1342)
S is Sodalite (cubic) NagAlgSigO,4 (PDF 00-042-0217)
N is Nosean, NagAlgSig0,,S0, (PDF 01-072-1614)
A is Anatase, TiO, (PDF 00-021-1272)
Quartz is SiO, (PDF 00-046-1045)
Original XRD spectra fits are in Appendix N

78



SRNL-STI-2011-00384
Revision 0

I s i iCon k)

Figure 5-4. X-ray Spectra for Module E (AZ-101/AZ-102) for the BSR Bench-scale Simulant BSR
Product run with the 10C.

Where N1 is Nepheline (O) NaAISiO, (PDF00-052-1342)
N2 is Nepheline (H) NaAISiO, (PDF 00-035-0424)
N is Nosean, NagAlgSis0,,S0, (PDF 01-072-1614)
Original XRD spectra fits are in Appendix N

5.3 Mass Balance
The input and output masses for the various campaigns are shown in Table 5-6 through Table 5-9.

Table 5-6. Input Stream Masses for Module C Campaigns

I Simulant Radioactive Campaign
nput Stream .
Campaign (g) )]
Feed-Supernate 322.34 363.94
Feed-Fe(NO3);*9H,0 16.57 18.52
Feed-Coal (Coal,,) 2.69 3.85
Feed-Coal Ash (Coalg,) 3.38 2.01
Feed-Clay-OptiKasT® 169.64 187.35
Feed-Clay-Sagger XX® 0.00 0.00
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Table 5-7. Output Stream Masses for Module C Campaigns
Simulant Radioactive
Output Stream Campaign () Campaign ()
Granular Product 204.83 228.80
DMR Condensate Filtrate 1454.55 1487.61
DMR Condensate Solids 0.34 0.0%
Crossbar Filtrate 251.77 123.73
Crossbar Solids 0.109 2.166*
Seal Pot Filtrate 179.92 None
Seal Pot Solids 0.366 None
4The Radioactive Module C condensate solids are negligible since using quartz wool filters in crossbar.
Table 5-8. Input Stream Masses for Module D Campaigns
Input Stream Simu_lant Simulant Special Radioz_ictive
Campaign [g] Run [g] Campaign [g]
Feed-Supernate 499.25 50.09 352.46
Feed-Fe(NO3);*9H,0O 25.15 2.16 17.71
Feed-Coal (Coal,,) 5.25 0.00 10.54
Feed-Coal Ash (Coal,g,) 0.38 0.10 1.75
Feed-Clay-OptiKasT® 114.61 9.83 80.91
Feed-Clay-Sagger XX® 93.72 8.05 66.19
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Table 5-9. Output Stream Masses for Module D Campaigns
Regular Simulant | Simulant Special Radioactive
Output Stream Campaign [g] Run [g] Campaign [g]
Granular Product 293.35 28.09 207.82
DMR Condenser/Bubbler 174634 238.05 1822.49
Drain Filtrate
DMR Con(_jensef/Bubeer 0.09 0.0003 0.0%
Drain Solids
DMR C_onden_ser/Bubeer 162.02 None
Rinse Filtrate 89.89
DMR Condenser/Bubbler > ' &
Rinse Solids 0.0566 None
DMR Basket Rinse
Filtrate 110.77 254,77 None
DMR Basket Rinse Solids 0.339 None
Crossbar Filtrate None 45.48 443,72
Crossbar Solids 2.7816 0.3446 2.655
Seal Pot Drain Filtrate 196.75 27 42 None
Seal Pot Drain Solids 0.0906 ' None
Seal Pot Rinse Filtrate 135.81 40.72 None
Seal Pot Rinse Solids 0.105 ' None
25 Micron O_ff-gas Filter 0.018" 0.0049" None
Solids
2 Micron Of_f-gas Filter 0.098" 0.0038" None
Solids

&The radioactive Module D condensate solids negligible and not analyzed since using quartz wool filters in crossbar.
*Includes ethanol rinse to capture remaining solids, #Micron filter solid masses are estimates

The concentrations of key species in the input and output streams are shown in Table 5-10 through Table
5-18. Some cells are marked as ‘BDL’ for below detection limits.
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Table 5-10. Key Species Concentrations for Module C Simulant Input and Output Streams
Non- Feed- | Feed- FCesgl- Feed-Clay- Feseg-celfy- Granular |Condensate|Condensate| Crossbar [Crossbar| Seal Pot SPeoa;I
Method [Radioactive|Supernate| Coal Ash OptiKasT" Xg)g@ Product | Filtrate Solids Filtrate | Solids Filtrate | Solids
Species” [ug/L] |[wt%] [Wt96] [wt9%] [Wt%] [wt%] [ug/L] * [wt%]* [ug/L]* | [wt%]* [ug/L]* [[wioe]
Cs-133 | 5.33E+03 | 0.00 | 0.00 0.00 0.00 0.0007 | 8.55E+00 0.003 1.85E+00 | 0.0015 | 2.54E+01 |0.0011
ICP-MS Re 3.95E+05 | 0.00 | 0.00 0.00 0.00 0.05 1.05E+03 0.02 1.95E+01 | 0.05 | 1.70E+03 | 0.01
1-127 3.78E+05 | 0.00 | 0.00 0.00 0.00 0.03 4.82E+03 0.01 2.02E+02 | 0.05 | 9.94E+03 | 0.01
Al 1.04E+07 | 0.71 | 13.81| 19.98 16.66 17.68 | 4.29E+02 16.30 |<1.09E+02| 13.31 | 3.50E+02 | 14.71
ICP-ES Cr 8.97E+05 | 0.00 | 0.00 0.00 0.00 0.12 |<3.83E+01 0.12 <2.80E+01| 0.09 |<2.80E+01| 0.10
Na 1.26E+08 | 0.02 | 0.36 0.01 0.07 15.17 2.85E+04 9.20 3.87E+03 | 8.41 | 5.77E+04 | 6.80
Si 0.00E+00 | 1.45 [ 28.40| 20.88 25.75 18.47 3.47E+03 15.50 1.26E+03 | 0.02 | 6.87E+03 | 10.99
Cl 1.81E+06 | 0.00 | 0.00 0.00 0.00 0.21 4.90E+04 <044 |<100E+04| 3.57 | 4.73E+04 | 0.17
SO~ 5.29E+06 | 1.40 | 1.02 0.00 0.00 0.67 2.99E+04 0.33 <1.00E+04| 7.77 | 3.78E+04 | 0.14
*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for each stream.
Table 5-11. Key Species Concentrations for Module C Radioactive Campaign Input and Output Streams
Non- Feed- Feed- Feed-Coal Feed-Clay- | Feed-Clay- | Granular | Condensate | Crossbar | Crossbar
Method | Radioactive | Supernate | Coal Ash [wt%6] OptiKasT® | Sagger XX® | Product Filtrate Filtrate Solids
Species [ug/L] [wt%o] [wt%o] [wt%o] [wt%o] [ug/L]* [ug/L]* [wt%o]*
Cs-133 0.00E+00 | 0.00 0.00 0.00 0.00 0.00 0.00E+00 | 0.00E+00 0.00
ICP-MS Re 3.13E+05 | 0.00 0.00 0.00 0.00 0.03 1.97E+02 | 8.24E+01 0.06
1-127 0.00E+00 | 0.00 0.00 0.00 0.00 0.00 0.00E+00 | 0.00E+00 0.00
Al 1.01E+07 | 0.71 13.81 19.98 16.66 18.63 3.52E+02 |<1.88E+02| 6.79
|CP-ES Cr 1.04E+06 | 0.00 0.00 0.00 0.00 0.14 <2.10E+01 |<2.10E+01| 0.04
Na 1.23E+08 | 0.02 0.36 0.01 0.07 15.77 1.00E+04 | 6.76E+03 7.23
Si 1.39E+05 | 1.45 28.40 20.88 25.75 18.87 4.46E+03 | 5.58E+02 0.00
IC Cl 2.55E+06 | 0.00 0.00 0.00 0.00 0.23 5.00E+03 | 3.00E+03 1.30
SO,” 5.10E+06 | 1.40 1.02 0.00 0.00 0.64 1.00E+04 | 3.00E+03 1.97

*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for each stream.
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Table 5-12. Key Radioactive Species Concentrations for Module C Radioactive Run Input and Output Streams

Method Radioa_ctive Feed-Supernate Granular Condensate Filtrate | Crossbar Filtrate | Crossbar Solids
Species [dpm/mL] Product [dpm/g] [dpm/mL]* [dpm/mL]* [dpm/g]*
Cs-137 1.72E+03 3.24E+04 2.75E+02 2.05E+02 3.80E+05
Radiochem Tc-99 1.53E+05 1.50E+05& 5.96E+01 2.35E+01 2.81E+05
1-129 1.47E+02 1.18E+02 3.51E-01 <1.77E-01 1.76E+03
1-125 BDL BDL BDL BDL BDL

*Condensate and crosshar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for
each stream, %1-129 granular product average 118 dpm/g had high variability (19.39% RSD) which gives a 95% confidence interval of 92-143 dpm/g

Table 5-13. Key Species Concentrations for Module D Simulant Input Streams

Non- Feed- Feed- Feed-Coal Feed-Clay- | Feed-Clay-
Method | Radioactive | Supernate | . -, [wtos] | Ash [wtos] OptiKasT® | Sagger XX®
Species” [ug/L] [wt%o] [wt%]
Cs-133 1.58E+04 0.00 0.00 0.00 0.00
ICP-MS Re 3.98E+05 0.00 0.00 0.00 0.00
1-127 5.32E+05 0.00 0.00 0.00 0.00
Al 4.05E+07 0.71 13.81 19.98 16.66
ICP-ES Cr 1.69E+04 0.00 0.00 0.00 0.00
Na 1.18E+08 0.02 0.36 0.01 0.07
Si 0.00E+00 1.45 28.40 20.88 25.75
IC Cl 2.02E+06 0.00 0.00 0.00 0.00
S0,” 1.02E+06 1.40 1.02 0.00 0.00

*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based
on the total masses for each stream.

83



SRNL-STI-2011-00384

Revision 0
Table 5-14. Key Species Concentrations for Module D Simulant Output Streams

Condenser|Condenser|Condenser|Condenser| Basket Basket Seal Pot | Seal Pot | Seal Pot Seal

Non- Granular . . . . . . Crossbar . . . Pot

Method |Radioactivel Product FI?Iraln quln F_Qmse er}se Rlnse er}se Solids I_Draln Drgln Rmse Rinse
Species® [Wt96] iltrate Solids Filtrate Solids Filtrate Solids [Wi6]* Filtrate | Solids Filtrate Solids
[ug/L]* | [wt%]* | [ug/L]* | [wt%]* [ug/L] [wt%] [ug/L]* | [wt%]* | [ug/L]* [Wt%6]

Cs-133 0.013 1.45E+01 0.013 1.45E+01 0.008 |1.96E+02| 0.0007 0.003 |5.98E+01| 0.0022 | 3.55E+01 | 0.001

ICP-MS Re 0.046 2.48E+02 0.008 1.16E+02 0.008 |5.15E+03| 0.006 0.068 |1.26E+03| 0.0070 | 3.70E+02 | 0.012
1-127 0.079 9.63E+02 0.001 9.86E+01 0.014 |7.05E+01| 0.006 0.14 6.76E+03 | 0.0093 | 3.90E+02 | 0.025

Al 16.73 6.59E+02 5.14 6.04E+04 5.02 1.45E+06 7.29 8.06 9.99E+02 7.36 3.61E+05 | 5.39

ICP-ES Cr 0.011 0.00E+00 | 0.0044 |<1.00E+02| 0.018 |5.31E+02| 0.017 0.014 |[<1.00E+02| 0.006 |<1.00E+02| 0.02

Na 15.73 9.22E+03 5.19 4.03E+04 1.16 1.81E+06 2.27 11.64 | 9.49E+04 5.98 2.43E+05 | 1.05

Si 17.70 6.78E+03 0.00 6.13E+04 2.85 1.50E+06 0.40 1.51 9.51E+03 3.81 3.91E+05 | 1.14

Ic Cl 0.23 <1.00E+04| <0.55 |<1.00E+05| <2.75 |<1.00E+05| <0.087 0.13 1.16E+04 | <1.10 |<1.00E+02| <0.48

SO~ 0.10 |<1.00E+04| <0.55 | 4.21E+05| <2.75 |1.30E+06 0.09 1.71 2.60E+04 | <1.10 | 6.49E+05 | 0.48

*Condensate and crosshar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for each stream.

Table 5-15. Key Species Concentrations for Module D Simulant Special Run Input Streams

Non- Feed- Feed- Feed-Coal Feed-Clay- | Feed-Clay-

Method | Radioactive | Supernate | -, [Wto%] | Ash [wi%] OptiKasT® | Sagger XX®
Species” [ug/L] [wt%o] [wt%]
Cs-133 1.58E+04 0.00 0.00 0.00 0.00
ICP-MS Re 3.98E+05 0.00 0.00 0.00 0.00
1-127 5.32E+05 0.00 0.00 0.00 0.00
Al 4,05E+07 0.71 13.81 19.98 16.66
ICP-ES Cr 1.69E+04 0.00 0.00 0.00 0.00
Na 1.18E+08 0.02 0.36 0.01 0.07
Si 0.00E+00 1.45 28.40 20.88 25.75
IC Cl 2.02E+06 0.00 0.00 0.00 0.00
S0,” 1.02E+06 1.40 1.02 0.00 0.00

*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based
on the total masses for each stream.
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Table 5-16. Key Species Concentrations for Module D Simulant Special Run Output Streams
25 . .
Non- Granular Condep ser Conde_n ser Condenser| Basket | Crossbar |Crossbar Crossbar/ Seal Pot | Seal Pot | Micron 2 Mlcron Caustic
. . Drain Drain - - . : Condenser - - . Filter Scrubber
Method| Radioactive | Product Filtrate Solids Rinse Rinse Rinse Solids Spectrosol Drain Rinse Filter Solids Drain
inet 0, * 0/1* * * H
Species” | W6l | rione | pwigep | WOLTF | WG] | Tugll | WET |oin gl oL | [ugiL] [VSV‘;!;S]S; [Wto%]* | [ug/L]
1CP- Cs-133 0.0015 |<1.50E+01 0.879 2.07E+00 | 9.06E+01 | 4.13E+00 | 0.0090 3.52E+00 | 4.87E+01 | 1.74E+01 | 0.109 0.010 7.38E+02
MS Re 0.43 7.72E+02 0.098 1.91E+02 | 1.28E+04 | 1.77E+02 0.78 6.91E+01 | 5.77E+03 | 1.87E+03 | 6.312 0.0058 |< 1.00E+01
1-127 0.075 3.24E+02 0.212 6.59E+01 | 1.23E+02 | 8.02E+01 0.00 3.74E+01 | 5.67E+03 | 9.32E+02 NM NM 1.68E+02
Al 17.50 NM <1273 NM NM NM 10.15 NM NM NM 9.72 11.06 NM
ICP-ES Cr 0.0091 NM <157 NM NM NM 0.019 NM NM NM 0.039 0.047 NM
Na 15.90 NM 6.95 NM NM NM 14.05 NM NM NM 1.23 1.08 NM
Si <0.003 NM 5.97 NM NM NM 2.14 NM NM NM 0.00 0.00 NM
IC Cl NM NM NM NM NM NM NM NM NM NM NM NM NM
S0,% NM NM NM NM NM NM NM NM NM NM NM NM NM

NM=Not Measured, *Condensate and crosshar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for each stream.

Table 5-17. Key Species Concentrations for Module D Radioactive Campaign Input and Output Streams

Non- Feed- Feed- Feed-Coal | Feed-Clay- | Feed-Clay- Granular | Condensate | Crossbar | Crossbar
Method | Radioactive | Supernate | Coal Ash [Wt%6] OptiKasT® | Sagger XX® | Product Filtrate Filtrate Solids
Species [ug/L] [wt%o] [wt%o] [wt%] [wt9%6] [ug/L]* [ug/L]* [wt%]*
Cs-133 0.00E+00 | 0.00 0.00 0.00 0.00 0.00 <5.00E-01 | 0.00E+00 0.00
ICP-MS Re 3.10E+05 | 0.00 0.00 0.00 0.00 0.04 1.63E+02 3.71E+01 0.08
1-127 0.00E+00 | 0.00 0.00 0.00 0.00 0.00067 0.00E+00 0.00E+00 0.00
Al 4,13E+07 | 0.71 13.81 19.98 16.66 18.35 9.45E+02 8.40E+01 7.04
ICP-ES Cr 2.06E+04 | 0.00 0.00 0.00 0.00 0.01 <150E+01 |<1.50E+01| 0.005
Na 1.16E+08 | 0.02 0.36 0.01 0.07 15.67 5.90E+03 2.16E+03 5.65
Si 2.14E+05 | 1.45 28.40 20.88 25.75 17.50 4.55E+03 2.43E+02 0.066
IC Cl 1.78E+05 | 0.00 0.00 0.00 0.00 0.21 <5.00E+03 | <5.00E+03 0.59
S0~ 6.93E+04 | 1.40 1.02 0.00 0.00 0.26 <5.00E+03 | <5.00E+03 0.99

*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based on the total masses for each stream.
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Table 5-18. Key Radioactive Species Concentrations for Module D Radioactive Run Input and Output Streams

Method Radioa_ctive Feed-Supernate Granular Condensate Filtrate | Crossbar Filtrate | Crossbar Solids
Species [dpm/mL] Product [dpm/g] [dpm/mL]* [dpm/mL]* [dpm/g]*
Cs-137 2.20E+03 5.86E+04 3.16E+02 1.15E+02 8.98E+05
Radiochem Tc-99 7.46E+04 8.38E+04 2.80E+01 7.79E+00 1.39E+05
1-129 1.98E+02 1.83E+02 1.28E-01 < 1.49E-01 6.35E+03
1-125 BDL BDL BDL BDL BDL

*Condensate and crossbar concentrations are based on individual sample analyses and quantities that were combined based on the

total masses for each stream; BDL is Below Detection Limit
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The total recoveries of the key species for the key streams were calculated for the Module C
campaigns using the logic presented in Section 4.5. The recoveries for Module C simulant from
the BSR processing campaign are shown in Table 5-19. More details of the mass balance are
shown in Appendix I. The non-radioactive Cs-133 recovery was 105% for the simulant campaign.
This recovery was good since the concentration of Cs-133 in the feed was about 5,331 ug/L with
a total Cs fed of about 1.37 milligrams over 7 runs. The Re recovery was 98% and the 1-127
recovery was 76% for the simulant campaign. The SO, recovery was about 114%. The SO,
recovery is very dependent on the SO, coming in via the coal in the feed mix and how much of
the coal in the feed is ashed. The approach on how to handle the feed coal SO, and other species
is discussed in Section 4.5.

Table 5-19. Recoveries for Key Streams and Species for Simulant Module C

Total Normalized Recoveries
Method | Element |Recovery | product |Condensate | COSP3" | crogshar | S€al Pot |Seal Pot
(%) % Filtrate % Filtrates Solids % Filtrates | Solids
% % %
Cs-133 104.96 97.77 0.87 0.03 0.12 0.32 0.29
ICP-MS Re 97.69 97.98 1.55 0.00 0.05 0.31 0.04
1-127 76.38 87.86 9.48 0.07 0.07 2.42 0.05
Al 98.07 99.66 0.00 0.00 0.04 0.00 0.15
ICP-ES Cr 107.46 99.65 BDL BDL 0.04 BDL 0.15
Na 96.31 99.62 0.13 0.00 0.03 0.03 0.08
Si 104.13 99.74 0.01 0.00 0.00 0.00 0.11
IC Cl 102.89 88.35 8.77 BDL 0.82 1.78 0.29
SO,” 100.86 95.54 3.02 BDL 0.59 0.47 0.30

BDL is Below Detection Limit

The recoveries for the Module C radioactive campaign are shown in Table 5-20. The
radiochemistry and mass spectrometer recoveries were lower than expected and may be due to a
mixing of the various feed batches for the runs. More details of the mass balance are shown in
Appendix J. The recoveries for the radionuclides in the Module C radioactive campaign were in
the range of 71% to 83%. The 1-129 granular product average concentration of 118 dpm/g had a
high variability (19.39% RSD), which gives a 95% confidence interval of 92-143 dpm/g. Using
the upper 95% confidence value of the 1-129 granular product concentration, the total recovery of
1-129 becomes 89%. The Cs-137 level is indeterminate because of the low concentrations in the
feed and contamination from the shielded cells operations. Comparison of the total recoveries
shown in Table 5-20 to the percent of each species in the product (Product % column) suggests
that most analytes remain predominately with the granular product in processing the feed slurries
in the BSR.
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Table 5-20. Recoveries for Key Streams and Species for the Module C Radioactive

Campaign
Total Normalized Recoveries
Method | Element Recovery Condensate Crossbhar Crossbar
(%) Product % | Filtrate % Filtrates % |Solids %
Cs-137 Indeterminate

. & 74.60 86.15 1.67 BDL 12.18
Radiochem | 1-129 88.70)% | (88.35) (1.41)% (BDL)® | (10.24)%

Tc-99 80.24 98.00 0.25 0.01 1.74

ICP-MS Tc-99 82.51 97.96 0.29 0.02 1.74

Re 70.73 97.64 0.47 BDL 1.89

Al 105.35 99.65 0.00 BDL 0.34

ICP-ES Cr 107.75 99.73 BDL BDL 0.27

Na 103.82 99.52 0.04 0.00 0.43

Si 108.52 99.98 0.02 0.00 0.00

IC Cl 77.73 93.64 1.32 0.07 4.98

SO~ 100.33 96.23 0.97 BDL 2.79

%1-129 recoveries using upper 95% confidence interval value for granular product of 143 dpm/g; BDL is Below
Detection Limit

The total recoveries of the key species for the key streams were calculated for the Module D
campaigns using the logic presented in Section 4.5. The recoveries for Module D simulant from
the BSR processing campaign are shown in Table 5-21. More details of the Module D simulant
mass balance are shown in Appendix K.

To try to better close the mass balance around the BSR system, the DMR condenser/bubbler, the
DMR product basket, and DMR seal pots for the simulant campaign were rinsed with a 5-wt%
HNO;, 10-wt% H,0O, solution (balance is deionized water) to try to recover as many residue
solids as possible. These special rinses were then filtered through 45-um filters and the filtrates
and solids submitted for analyses. The extra analyses showed that for key species there were
about 0.3-04 wt % in the DMR product basket, about 0.01-0.02 wt % in the DMR
condenser/bubbler, and about 0.04-0.10 wt % in the Seal Pots. The 25 and 2 micron cellulose
filters on the off-gas going to the mass spectrometer were also analyzed to see what species were
making it to this point in the system. Note that these filters were in series, the 25 micron
followed by the 2 micron filter. The analyses of the filters showed that very little of the key
species make it to the filters. There was about 0.21% of the Re on the 25 micron filter but then
below detection limit on the 2 micron filter. These additional analyses showed that the bulk of
the BSR product remains in the granular product, crossbar solids, and DMR condenser/bubbler.

The non-radioactive Cs-133 recovery was indeterminate for the Module D simulant campaign due
to the low amount in the feed (about 0.006 grams). The Re recovery was 90% and the 1-127
recovery was 115% for the simulant campaign. The SO, recovery was about 134%. The SO,
recovery is very dependent on the SO, coming in via the coal in the feed mix and how much of
the coal in the feed is ashed. The approach on how to handle the feed coal SO, and other species
is discussed in Section 4.5.

There was a special run for the Module simulant to try to quantify the feed and product mass

losses in the other runs. The total recoveries of the key species for the key streams were
calculated for this special Module D run using the logic presented in Section 4.5. The recoveries

88



SRNL-STI-2011-00384
Revision 0

for Module D simulant special run are shown in Table 5-22. More details of the special Module
D simulant mass balance are shown in Appendix L.

The non-radioactive Cs-133 recovery for the Module D simulant special run was about 87%.
There was high variability in Cs-133 measurements across campaigns so caution should be used
in drawing any conclusions from the reported values. The Re recovery was about 95% and the I-
127 recovery was about 104% for the special simulant run. The special off-gas caustic scrubber
showed very little 1-127 present (0.05%). This finding plus the operational problems of the
caustic scrubber led to not using a caustic scrubber in future campaigns. The SO, recovery was
indeterminate. The SO, recovery is very dependent on the SO, coming in via the coal in the feed
mix and how much of the coal in the feed is ashed. The approach on how to handle the feed coal
SO, and other species was discussed in Section 4.5.

The recoveries for the Module D radioactive campaign are shown in Table 5-23. Note that fewer
streams were analyzed for the radioactive campaign due to physical limitations imposed by the
Shield Cells Operations or remote cell operations. More details of the mass balance are shown in
Appendix M. The recoveries for the radionuclides in the Module D radioactive campaign were in
the range of 86% to 100%. The Cs-137 level is indeterminate because of the low concentrations
in the feed and contamination from the shielded cells operations. Comparison of the total
recoveries shown in Table 5-23 to the percent of each species in the product (Product % column)
suggests that most analytes remain predominately with the granular product in processing the
feed slurries in the BSR.
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Table 5-21. Recoveries for Key Streams and Species for Module D Simulant Runs
Normalized Recoveries
Total 25 2
Method |Element|Recovery | Granular Conden- | Conden- ConQenser ConQenser quket quket Crossbar Seal I?ot Seal I?ot Sea'l Pot Sea'l Pot Micron | Micron
(%) Product _sate sa?e Rlnse Rln_se Rlnse Rln_se Solids praln Drr?un Rlnse Rln_se Filter | Filter
Filtrate | Solids Filtrate Solids | Filtrate [ Solids Filtrate | Solids |Filtrate| Solids Soli -
olids | Solids
Cs-137 Indeterminate
ICP-MS Re 90.35 97.45 0.31 0.005 0.01 0.002 0.4 0.02 1.36 0.18 0.005 0.04 0.01 0.21 BDL
1-127 | 115.43 97.01 0.70 0.0002 0.01 0.001 0.003 0.01 1.64 0.56 0.004 0.02 0.01 0.02 0.004
Al 91.24 98.99 0.00 0.01 0.02 0.003 0.3 0.05 0.45 0.0004 | 0.013 0.10 0.01 0.003 0.02
ICP-ES Cr Indeterminate
Na 102.33 98.60 0.03 0.01 0.01 0.001 0.4 0.02 0.69 0.04 0.01 0.07 0.002 0.01 0.07
Si 108.22 99.44 0.02 0.00 0.02 0.001 0.3 0.003 0.08 0.004 0.01 0.10 0.002 | 0.0004 |0.00003
Ic Cl 85.64 99.11 BDL BDL BDL BDL BDL BDL 0.55 0.34 BDL BDL BDL | 0.0002 | BDL
50,2 | 134.27 44.35 BDL BDL 10.73 BDL 22.7 0.05 7.47 0.81 BDL 13.87 0.08 0.0004 |0.00002
BDL is Below Detection Limit
Table 5-22. Recoveries for Key Streams and Species for Module D Simulant Special Run
Normalized Recoveries
Total Spectrosol 25 2 i
Method | Element [Recovery | Granular Condenser Condenser |Condenser| Basket |Crossbar | Crossbar | Crossbar/ Seal | Seal Micron |Micron| Caustic
(%) Product I;)ram Drain Solids| Rinse Rinse Rinse Solids | Condenser POF F.)Ot Filter | Filter Scrub'ber
Filtrate Rinse Drain| Rinse Solids | Solids Solution
Cs-137 87.08 79.32 BDL 0.50 0.04 4.36 0.04 5.84 0.09 0.25 | 0.13 0.79 0.09 8.55
ICP-MS Re 95.39 94.75 0.15 0.00 0.01 2.58 0.01 212 0.01 0.13 | 0.06 0.19 |[0.0002 BDL
1-127 103.58 98.48 0.36 0.00 0.03 0.15 0.02 0.00 0.02 0.72 | 0.18 NM NM 0.05
Al 101.09 99.28 NM BDL NM NM NM 0.71 NM NM NM 0.008 | 0.011 NM
ICP-ES Cr Indeterminate
Na 9839 | 9893 | NM | 00005 | NM [ NM | NM [ 1207 | NM [ NM ]| NM | 0001 [0001] NM
Si Indeterminate
IC Cl Indeterminate
S0,” Indeterminate

NM=Not Measured
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Table 5-23. Recoveries for Key Streams and Species for the Module D Radioactive

Campaign
Total Normalized Recoveries
Method Element Re((:c(;:)/)ery Product Coqdensate C_rossbar Cros§bar
Filtrate Filtrates Solids
Cs-137 Indeterminate
Radiochem 1-129 100.26 69.04 0.42 BDL 30.54
Tc-99 86.15 97.62 0.29 0.02 2.08
ICP-MS Tc-99 82.85 97.60 BDL BDL 2.40
Re 87.69 96.76 0.39 0.02 2.83
Al 98.35 99.51 0.0045 0.0001 0.49
Cr Indeterminate
ICP-ES Na 101.70 99.51 0.03 0.003 0.46
Si 105.00 99.97 0.023 0.0003 0.005
IC Cl Indeterminate
S0,% Indeterminate

BDL is Below Detection Limit

5.4 Reqgulatory Testing

5.4.1 Toxicity Characteristic Leaching Procedure (TCLP) for Granular Module C, D, and E

During the Module C simulant campaigns, different REDOX conditions were achieved; those that
were considered “on-spec” (Table 5-5) and those that were either more reduced or more oxidized
than the target values given in Table 4-4. For the Module C simulant, the designation “off spec”
included a reduced sample with a Fe**/~Fe>0.6 and an oxidized sample with a Fe*"/=Fe<0.2.
Two replicates of each sample type (1) off-spec (oxidized), (2) on-spec, and (3) off spec
(reduced) were submitted to GEL Laboratories for TCLP analysis. Duplicate samples of FBSR
products that were >0.6 Fe*’/SFe, <0.15 Fe*¥/SFe, and 0.34 Fe*¥/%Fe were selected to aid in
defining how the product REDOX impacted the TCLP response in the absence of the 10C.
PNNL performed TCLP analysis of the radioactive Module C granules prepared with a REDOX
of 0.17 Fe*?/=Fe, which was below the oxidized REDOX limit set in Table 4-4 since this FBSR
product was prepared without the 10C, which would act as an alternate Cr host in an oxidized
FBSR product.

TCLP results in Table 5-24 show that the simulant sample deemed too oxidized exceeded the
UTS limits for chromium implying that soluble chromium +6 was present. Analysis performed
by PNNL on the Module C radioactive product also exceeded the UTS limits for chromium. This
indicates a sensitivity of the chromium release to REDOX in the absence of the 10C spinel host.
The “on spec” REDOX sample passed TCLP testing at the UTS for chromium indicating that the
REDOX forced the chromium to Cr,05 (Cr**) in the absence of the 10C spinel host. The sample
designated “more reduced” in Table 5-24 also passed the TCLP testing at the UTS indicating the
presence of Cr,O3 or an insoluble iron chrome spinel where chromium is in the +3 oxidation state.
Analytes detected but at concentrations too low to determine quantitatively have been flagged
with the “J” qualifier.
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Table 5-24. TCLP Results for Non-Radioactive and Radioactive FBSR Products from Module C (SX-105).
Simulant Module C Granular Product R&iﬁjﬁ;ge _ Method TCLP UTS
Granular R_ep_ortlng Detection Chara_cterlstlc of| 40CFR 268.48
“Off-Spec” “On Spec” “Off-Spec” Product* Limit (RL) Limit (MDL) Toxicity 40CFR | (Non-waste
(REDOX <0.15) | (REDOX=0.34) | (REDOX=>0.6) | (REDOX =0.17) 261.24  |water standard)
1 2 1 2 1 2 4 - - - -
(mg/L) | (mg/L) | (mg/L) (mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Sb | <MDL | <MDL | <MDL <MDL <MDL <MDL 0.0004 0.1 0.03 --- 1.15
As | <MDL | <MDL | <MDL <MDL <MDL <MDL <MDL 0.15 0.05 5 5
Ba | 0.0449’ | 0.0566 | 0.0891 0.057 0.0208’ | 0.0211’ 0.269-0.310 0.05 0.01 100 21
Cd | <MDL | <MDL | <MDL <MDL <MDL <MDL | 0.0026-0.00265 0.05 0.01 1 0.11
Cr 0.790 0.826 0.393 0.243 0.207 0.244 0.69-0.72 0.05 0.02 5 0.6
Pb | 0.0947° | 0.110 | 0.0786’ | 0.129 | 0.0336’ | 0.0440’ <MDL 0.1 0.025 5 0.75
Se | <MDL | <MDL | <MDL <MDL <MDL <MDL 0.028-0.033 0.15 0.05 1 5.7
Ag | <MDL | <MDL | <MDL <MDL <MDL <MDL <MDL 0.05 0.01 5 0.14
Hg | <MDL | <MDL | <MDL <MDL <MDL <MDL 0.012 0.002 0.0003 0.2 0.025
Ni | <MDL | <MDL | <MDL <MDL | 0.0204’ MDL <MDL 0.05 0.01 --- 11
Tl | <MDL | <MDL | <MDL <MDL <MDL <MDL <MDL 0.2 0.05 --- 0.2
Zn | 0115 | 0.115 | 0.0681° | 0.0599’ | 0.0335’ | 0.0408’ <MDL 0.1 0.02 --- 4.3

*Measured by PNNL; J are analytes detected but at concentrations too low to determine quantitatively; MDL is Method Detection Limit
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The Module D TCLP results are given in Table 5-25 and show that the non-radioactive sample was below
the UTS for all contaminants of concern. The measured REDOX of the non-radioactive sample was
Fe?*/SFe = 0.30 and the measured REDOX of the radioactive sample was Fe**/SFe = 0.18. The Cr
response for both the non-radioactive and the radioactive sample passed the TCLP at the UTS limits.
Analytes detected but at concentrations too low to determine quantitatively have been flagged with the “J”
qualifier.

Table 5-25. TCLP Results for Non-Radioactive and Radioactive FBSR Products from Module D

(AN-103)
Simulant Radioactive TCLP UTsS
Module D Granular Product Module D Reporting Methc_nd Char_act— 40CFR
Granular Product* Limit Delfgct_lfn cflflst_lc_tof (N§28'4a83te
imi oxici -wW
nggx REE%X = REggx repox =018 | Y | by W0CFR | water
261.24 standard)
(mg/L) (mg/L) (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L)
Sb <MDL <MDL <MDL 0.00093 |0.00086 0.1 0.1 --- 1.15
As <MDL <MDL <MDL <MDL | <MDL 0.1 0.1 5 5
Ba 1.66 1.57 1.38 0.0565 | 0.0527 0.2 0.2 100 21
Cd <MDL <MDL <MDL <MDL | <MDL 0.05 0.05 1 0.11
Cr 0.184 0.120 0.165 0.07 0.0688 0.1 0.1 5 0.6
Pb <MDL <MDL <MDL 0.0017’ ND 0.1 0.1 5 0.75
Se <MDL <MDL <MDL 0.0209 | 0.0244 0.1 0.1 1 5.7
Ag <MDL <MDL <MDL <MDL | <MDL 0.1 0.1 5 0.14
Hg <MDL <MDL <MDL | 0.00167’ | <MDL | 0.002 0.002 0.2 0.025
Ni <MDL <MDL <MDL <MDL [ <MDL 0.2 0.2 --- 11
TI <MDL <MDL <MDL <MDL | <MDL 0.04 0.04 --- 0.2
Zn <MDL <MDL <MDL 0.406 <MDL 0.2 0.2 --- 4.3

*Measured by PNNL — duplicate results; U=unreportable due to interference; J are analytes detected but at concentrations too
low to determine quantitatively; MDL is Method Detection Limit

The non-radioactive Module E TCLP results are given in Table 5-26 and show that the oxidized FBSR
product with the 10C failed TCLP at the UTS limits only for chromium. The non-radioactive Module E
TCLP results for the oxidized FBSR product without the 10C also failed TCLP at the UTS limits for
chromium. All other contaminants of concern passed the TCLP for the non-radioactive TCLP. The
measured REDOX of the non-radioactive samples with and without the 10C were Fe?*/SFe = 0.13 and
0.06, respectively (Table 5-26).
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Table 5-26. TCLP Results for Non-Radioactive FBSR Products from Module E (AZ-101/AZ-102)
With and Without the 10C
. Simulant
I\S/;g:;:jllaené Module E
Granular Granular . Methgd TCLP- _ UTS
Product Pr_oduct R_ep_ortlng Det_ect_lon Charact_er_lstlc 40CFR 268.48
with 10C without |Limit(RL)| Limit of Toxicity (Non-waste
10C (MDL) [ 40CFR 261.24 | water standard)
REDOX = | REDOX=
0.13 0.06
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Sb <MDL <MDL 0.1 0.1 --- 1.15
As <MDL <MDL 0.1 0.1 5 5
Ba 0.474 0.567 0.2 0.2 100 21
Cd <MDL <MDL 0.05 0.05 1 0.11
Cr 12.2 10.3 0.1 0.1 5 0.6
Pb <MDL <MDL 0.1 0.1 5 0.75
Se <MDL <MDL 0.1 0.1 1 5.7
Ag <MDL <MDL 0.1 0.1 5 0.14
Hg <MDL <MDL 0.002 0.002 0.2 0.025
Ni 0.221 <MDL 0.2 0.2 --- 11
Tl <MDL <MDL 0.04 0.04 --- 0.2
Zn 1.39 0.625 0.2 0.2 --- 4.3

MDL is Method Detection Limit

Using the data in Table 5-27 for the TCLP response of Cr from the simulant and radioactive Modules B,
C, and D (Reference 28 and this study), one can derive a dependency of Cr leaching on the product
REDOX as noted already in Table 5-24 above for the Module C (SX-105) oxidized, on specification, and
overly reduced FBSR products. For all of the BSR campaigns and data in Table 5-27, the IOC catalyst
was not added to sequester chromium into the iron oxide mineral structure as FeCr,O,. Therefore, it is
likely that the reducing REDOX forced the chromium into a Cr,Os structure instead. This Cr leaching
versus REDOX dependency is shown in Figure 5-5.
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Table 5-27. Measured Cr,03;, REDOX and TCLP Response for Module B, C, and D FBSR Product
without the 10C Catalyst Present

Cr,05 (Wt.%) | Measured Paés:sr (l)JrTFSall
BSR Feed Sample ID in FBSR REDOX ;
Product® Fe?*/XFe during TCLP
Testing
Module B Ragioactive 0.0989 041 Pas_s
Simulant 0.0998 0.36 Fail
Radioactive 0.2017 0.17 Fail
Module C S.imulant On_ S_pec 0.1754 0.34 Pas_s
Simulant Oxidized 0.1754 0.15 Fail
Simulant Reduced 0.1754 0.55 Pass
Module D Ra(_jioactive 0.01973 0.18 Pass
Simulant 0.01652 0.30 Pass

& calculation performed on Cr+3 as that was the desited Cr REDOX in the FBSR product

BSR Rad C
0.2 I A
- yawm= | =
= BSR SIM C
T 0157 0X
=
= ESR SIM B |
o 017 T l
o
=
[ar]
‘:ZIJ\4 0.05
-
]
— M |
0 [ B T 1 I '
0.1 0.2 0.3 04 0.5 0.6

Product REDOX (Fe*%/zFe)

Figure 5-5. Dependency of Cr,0O3 Leaching on FBSR Product REDOX.

Note: The red symbols denote samples that failed TCLP for chromium leaching, while the green symbols
denote samples that passed TCLP for chromium leaching. While the error bands on the REDOX
measurements are large (as explained in the text), samples that failed chromium leaching in TCLP were

definitely more oxidized than those that passed the TCLP testing.

Figure 5-5 shows the radioactive campaigns as solid symbols and the simulant campaigns as open
symbols. Because “on specification” FBSR product was a composite of multiple runs with multiple
measured REDOX values, the average value of the turbula mixed sample is plotted in Figure 5-5 and the
ranges from Table 5-5 in this study and Table 5-8 in Reference 28 are given as error bars. The wide
ranges of the REDOX error bars complicates the interpretation of Figure 5-5 but in general the samples
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below (more oxidized) than an Fe**/=Fe of <0.25-0.3 fail TCLP for chromium leaching at the UTS levels
implying that chromium is present in the soluble +6 form. Samples that are more reduced (Fe**/>Fe
>0.30) pass TCLP for chromium leaching at the UTS levels implying that chromium is present in the non-
soluble +3 form, i.e. likely Cr,Os. More data is needed to better define the Cr leaching limit on samples
that have not been composited. Additional data is needed due to the poor reproducibility of the TCLP test
response and the complications imposed by compositing the samples. The errors from compositing will
be minimized when the BSR can be run with REDOX control using either REDOX probes or effluent gas
mixtures as is done in the steel industry.[101]

Because more oxidizing values are favorable to the retention of Re and Tc-99 in the sodalite cage (see
discussion in Reference 52), an alternative way to sequester the chromium at oxidizing REDOX ranges is
to provide the Fe;0,4 host I0OC which forms the isostructural FeCr,0O, spinel where the chromium is in the
+3 oxidation state. There is limited data available to look at the impacts of the 10C and the available data
are presented in Table 5-28.

Table 5-28. Measured Cr,0;, REDOX and TCLP Response for Module B, C, and D FBSR Product
with the 10C Catalyst Present

10C Cr,0; (Wt.%) | Measured | Pass or Fail Cr
Sample ID (9/100 grams in FBSR REDOX UTS during
wet feed) product Fe?/SFe | TCLP Testing
HRI Module B 14 0.1069 0.5 Pass
HRI Module B 14 0.1069 0.5 Pass
BSR Simulant Module E 17 0.16 0.13 Fail
AN-107 (TTT 2001) 14 0.0497 0.15 Pass
I0C 100 0 0.567 N/A

This limited data set was used to demonstrate that a “control strategy” can be developed for adding the
necessary amount of 10C to sequester the chromium in the FBSR product in an iron chrome spinel while
keeping the overall REDOX of the FBSR more oxidizing so that the Re and Tc-99 oxidation states are
oxidizing enough to enter the sodalite structures. Using the same dependent axis (Cr,O; in the FBSR
product) as in Figure 5-5 above an x axis was derived which uses the 10C algorithm given below in

I0C(g/100gwet feed )
100

desired REDOX * [ J* 0.567

where 0.567 is the Fe**/ZFe of 100% pure I0C from Table 5-28. Plotting the 10C algorithm against the
Cr,03 in the FBSR product gives Figure 5-6 so that the amount of 10C can be calculated from the known
Cr,03 in the sample (via MINCALC™) and the REDOX desired to keep the Re and Tc-99 in the correct
oxidation states for incorporation into sodalite. Since there are only 3 data points to fit the 10C algorithm,
the intercept of the equation shown in Figure 5-6 is assumed to be zero. From this equation, the necessary
I0C (in grams per 100 grams of wet feed/100) for chromium leaching control is back calculated to be

IOC(g/100gwet feed ) Cr,0,inFBSR product
>
100 1.167* desired REDOX

From Figure 5-6, it can be seen that the Module E BSR simulant feed (AZ-101/AZ-102) did not have
enough 10C added to ensure that all the chromium was tied up in an iron chrome spinel. Clearly, the data
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used from Table 5-28 indicates that FBSR products can be made at oxidizing REDOX with the 10C and
that the presence of the 10C, when sufficient, ties up the chromium in the waste in an insoluble mineral

phase related to the 10C structure.
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Figure 5-6. Dependency of the IOC on the Cr,0; content of the FBSR product and the

desired REDOX.

5.5 Wasteform Performance Testing Results

5.5.1 Product Consistency Test (PCT) - Short Term on FBSR Granular Product

The 7-day PCT was conducted on the BSR Module C simulant and radioactive SX-105 BSR products as
described in Section 4.6.1. All data is provided in Table 5-29 and Appendix O and all the release rates
are below 2 g/m?. Rhenium was added to the Module C radioactive Hanford salt solutions to link
durability release (performance) between these two species and, thus, between the simulant and
radioactive products. As can be seen from the data in Table 5-29, the release of rhenium is consistent
between the simulant and radioactive FBSR granular products made from the SX-105 solutions in the
non-radioactive BSR and the radioactive BSR. Re and Tc-99 releases are shown to track each other well.
Thus, the FBSR minerals have been found to retain Re in the cage structure (~100%) of the granular
mineral products and varying percentages of Tc-99 depending on the REDOX conditions.[90] The release
rates from Module C FBSR granular products are also comparable to the Module B radioactive and
simulant FBSR granular products reported in Reference 28.
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Table 5-29. 7-Day PCT Results for Granular FBSR Product Prepared from Module C Simulant
and SX-105 Radioactive Waste

Normalized Module C Module C Normalized Radioactive | Radioactive
Elemental . . Elemental
Release Slmulzzint Simulant Release Modulze C Module C
(g/m?) (g/m9) Std. Dev. (g/m?) (g/m?) Std. Dev.
Al 3.43E-03 1.93E-04 Al 3.41-03 2.21E-04
S 1.51E-01 4.87E-03 S 1.64E-01 9.30E-03
Cs-133 7.60E-03 1.67E-03 Cs-137 1.03E-02 1.52E-03
Re 2.86E-02 1.45E-03 Re 1.49E-02 1.35E-03
Na 1.34E-02 6.88E-04 Na 1.65E-02 1.06E-03
Si 3.71E-04 2.35E-05 Si 2.50E-04 2.04E-05
1-127 2.35E-03 3.37E-05 1-129 <0.1644 N/A
Tc-99 2.61E-02 7.17E-03
pH 10.79 0.04 pH 10.87 0.02

The short term PCT leachate data are shown graphically in Figure 5-7. These short-term PCT data are in
agreement with the data generated in 2001 on AN-107 [35] and the 2004 SAIC-STAR facility samples
with the Rassat simulant.[40,41] The correlations shown in Figure 5-7 were generated with the 7
available PCT responses from the 2001 and 2004 testing of both the bed and the fines. The HRI/TTT
2008 engineering-scale studies are overlain for comparison for the LAW samples (P-1B bed samples, and
High Temperature Filter, HTF, fines), which appear as “x” marks on the graphs. The HRI/TTT 2008
engineering-scale studies for the WTP-SW are overlain (bed and fines) as open diamonds. The BSR data
for non-radioactive and radioactive Modules B and C are overlain with “doughnut” shaped circles around
them for emphasis. Note that the data plotted in Figure 5-7 is plotted as the log of the release rates shown
in Table 5-29.

As with the 2001, 2004 and Module B data, the pH increases (becomes more caustic) as the surface area
of the material is decreased (see Figure 5-7a). For glass waste forms, pH usually increases with
increasing surface area. This indicates that a buffering mechanism is occurring for the BSR products.
Based on the trend of alkali (Na) release being co-linear with Al release (Figure 5-7b), it was
hypothesized that this was an aluminosilicate buffering mechanism.[40,41]

The Na release and Cs release are colinear with the Al release in the BSR and 2008 engineering scale data,
as well as in the historical 2001 and 2004 data, as seen in Figure 5-7b and Figure 5-7f. All the other
cations appear to be released as a function of the solution pH (Figure 5-7¢c, d and e) for the Si, S, and Re
and Tc-99. This is also in agreement with the historical data and data from other leach testing and
thermodynamic modeling.[53,90,106,107]

The Re release plot for the BSR (radioactive and simulant Module C/SX-105 and Module B/Rassat 68
Tank Blend from SRS Tank 50), the 2008 engineering scale, and the historic data appear in Figure 5-7d.
Due to the low concentration of rhenium, it is a difficult element to measure. It is noteworthy that the Re
release from the Module C simulant PCT tracks close to the Re release measured at SRNL for the
radioactive Module C granular product. Note that the simulant Module C Re release tracks with the
radioactive Tc-99 release. This demonstrates that Re and Tc-99 release is within experimental error of
one another. This was also shown in the Re and Tc-99 leaching and with the Rassat simulant as shown in
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Figure 5-7d and reported in Reference 28. The “tie back” strategy is, therefore, proven based on the fact
that the radioactive and simulant BSR campaign products match the historic and engineering scale data.

Due to funding and scope cutbacks, short term leaching was not performed on Module D (AN-103) non-
radioactive or radioactive BSR products. Short term leaching was also not performed on Module E
simulant BSR products (there were only 2 campaign runs) and no radioactive FBSR product was made
with the Module E (AZ-101/AZ-102) radioactive LAW.
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Figure 5-7. Short Term PCT Testing (ASTM C1285) Correlation Developed with INL Pilot-scale

Test Results with Rassat Simulant from 2003-2004, and HRI/TTT Testing of LAW
AN-107 Samples from 2001-2002 Testing with Current Module B PCT data from
Engineering Scale ESTD samples and BSR samples Modules B and C (non-
radioactive and radioactive).
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5.5.2 Product Consistency Test (PCT) - Long Term on FBSR Granular Product

Long term PCT tests are performed in the same manner as the short term tests but PCT Method B allows
for longer time intervals, in this case, 1 month, 3 month, 6 month, and/or 12 month tests. PCT-B tests are
useful for generating concentrated solutions to study chemical affinity effects on the dissolution rate.
PCT Method B tests at high temperatures and high glass/solution mass ratios can be used to promote the
formation of alteration phases to (1) identify the kinetically favored alteration phases, (2) determine their
propensity to sequester radionuclides, and (3) evaluate the effect of their formation on the continued
waste form dissolution rate. XRD was used as a tool to identify alteration phases but it should be noted
that XRD sensitivity to minor phases is, in general, not very good.

Short term PCT results (7 day) are shown along with release results from samples leached for 1, 3, 6 and
12 months in Table 5-30 and Appendix O for Module C non-radioactive granular product. For each of
the elements analyzed, the release was relatively consistent over the 1 year of testing, i.e. same order of
magnitude. Silicon release was decreasing slightly indicating solution saturation. Cesium release was
decreasing as the silicon release was decreasing. All of the data is shown graphically in Figure 5-8.
Releases of other species were each of the same magnitude from one time interval to the other over the
one year of testing indicating that the FBSR granular product was not undergoing a significant
degradation. Al and I were released at similar rates. Re, Na and Cs were all released at about the same
rate but S was released at an elevated rate. The same composite sample was used in each long term PCT
and the composite REDOX was 0.34 Fe**/zFe.

Table 5-30. Long Term PCT Results for Module C (SX-105) Simulant Granular Product

Normalized Module C (SX-105) Simulant Granular
Elemental Test Interval
Release
(g/m?) 7 Days 1 Month 3 Month 6 Month 1 Year
Al 3.43E-03 3.88E-03 3.53E-03 4.29E-03 3.77E-03
S 1.51E-01 1.64E-01 2.03E-01 1.87E-01 1.68E-01
Cs-133 7.60E-03 8.38E-03 8.69E-03 13.0E-03 10.4E-03
Re 2.86E-02 2.70E-02 2.92E-02 3.18E-02 3.04E-02
Na 1.34E-02 1.62E-02 1.66E-02 1.96-02 1.85E-02
Si 3.71E-04 3.20E-04 3.10E-04 2.60E-04 2.60E-04
1-127 2.35E-03 2.86E-03 3.10E-03 3.66E-03 3.62E-03
pH 10.79+0.04 | 10.52 +0.00 | 10.29 +0.02 | 10.04 £0.00 | 10.15 +0.06
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Figure 5-8. Release of elements from non-radioactive SX-105 simulant during 7 day, 1 month, 3
month, 6 month and 12 month long term PCT testing.

Figure 5-9 is an overlay of the XRD patterns of the Module C (SX-105) FBSR simulant granules as
received and after each short term and long term leach interval. It is significant that all of the crystalline
peaks of nepheline and sodalite have remained sharp and clear and of approximately the same height
(intensity). This consistency implies that there has been little degradation to the mineral product
throughout the 1 year leaching at 90°C. This is in agreement with the minimal change in leach rate over
time shown in Figure 5-8. No reaction products were found after one year of leaching at 90°C by XRD
analysis.
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Figure 5-9. XRD patterns of FBSR Module C (SX-105) FBSR Simulant Granules As-
Received and After PCT Leaching.

Where N1 is Nepheline (O) NaAISiO, (PDF00-052-1342)
N2 is Nepheline (H) NaAlSiO, (PDF 00-035-0424)
S* is Sodalite (cubic) NagAlgSigO,4 (PDF 00-042-0217)
Quartz is SiO, (PDF 00-046-1045) from excess SiO, in Table 4-4
Original XRD spectra fits are in Appendix N

For the Module C radioactive BSR granular product, the 7-day results are shown with release results from
samples leached for 1, 3, and 12 months in Table 5-31, Appendix O, and Figure 5-10. No 6 month
interval was performed on the radioactive samples based on the results from the non-radioactive testing.
For each of the elements analyzed, the release was relatively consistent over the 1 year of testing, i.e.
same order of magnitude. Silicon release was decreasing, while the other releases held constant over the
one year of testing indicating that the FBSR granular product was not undergoing significant degradation
of the mineral species. Tc-99, Na, Cs, and Re were all released at almost identical rates (each of the same
magnitude from one time interval to the other) for the one year duration (Figure 5-10), which is similar to
their congruent release with each other in glass. The sample REDOX was 0.17 Fe*’/=Fe, which is
considered ideal for Re and Tc-99 to be in the sodalite cage structure. All 1-129 releases were below
detection limit, < -1.43logy, g/m?® (Table 5-31) which puts the 1-129 leaching in the same range as the Tc-
99, Na, Cs, and Re releases in Figure 5-10.
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Table 5-31. Long Term PCT Results for the Module C (SX-105) Radioactive FBSR Granular

Product
Normalized BSR Radioactive Module C granular
Elemental Test Interval
Release
(g/m?) 7 Days 1 Month 3 Month 1 Year
Al 3.41E-03 3.72E-03 3.91E-03 3.40E-03
S 1.64E-01 1.60E-01 1.85E-01 1.65E-01
Cs-137 1.03E-02 1.81E-02 1.64E-02 1.36E-02
Re 1.49E-02 1.55E-02 1.86E-02 1.76E-02
Na 1.65E-02 1.93E-02 2.21E-02 2.17E-02
Si 2.50E-04 2.90E-04 2.40E-04 1.60E-04
1-129 <0.1644 <0.04538 <0.05968 <0.0368
Tc-99 2.61E-02 2.00E-02 2.75E-02 2.55E-02
pH 10.87 £0.02 10.61 +0.04 10.33 +0.04 10.02 +0.06

Figure 5-11 is an overlay of the XRD patterns of the Module C (SX-105) radioactive FBSR granular
product as received and after each short term and long term leach interval. The XRD pattern for the as-
received sample is on the bottom of the figure and the patterns are stacked with increasing leach duration.
It can be noted from the figure that the intensity and width of the major phases persists through all the
leach intervals, indicating minimal degradation of the mineral species. All of the original phases (sodalite
and the two varieties of nepheline) from the BSR campaigns (radioactive Module C) appear in the XRD
spectra and there are no reaction products present after one year of leaching at 90°C.
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Figure 5-10. Release of elements from BSR radioactive Module C granular product

during 7 day, 1 month, 3 month and 12 month long term PCT testing.
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S*-sodalite/Zeolite A structure (NaAlSiO,4); N1 and N2 are the hexagonal and cubic nephelines discussed in
Table 5-5

Figure 5-11. XRD patterns of Module C Radioactive Granules As-Made and After Long -
Term PCT Leaching
Where N1 is Nepheline (O) NaAISiO, (PDF00-052-1342)
N2 is Nepheline (H) NaAlSiO, (PDF 00-035-0424)
S* is Sodalite (cubic) NagAlgSigO,4 (PDF 00-042-0217)
Original XRD spectra fits are in Appendix N

Nephelines are known to have survived anywhere from 879-1169 million years in nature as measured by
K-Ar dating.[108] Weathering products from natural nephelines include but are not limited to analcite
(NaAlSi,Og), Boehmite (AIOOH), hydronepheline (nepheline with attached water molecules), Kaolinite,
muscovite, natrolite, and/or sodalite.[108] So the stability of the non-radioactive and radioactive
nepheline and sodalite granular mineral phases in 90°C deionized water for periods of up to one year was
anticipated and demonstrated.
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6.0 Conclusions

Fluidized Bed Steam Reforming (FBSR) is a robust technology for the immobilization of a wide variety
of radioactive wastes. Applications have been tested at the pilot scale for the high sodium, sulfate, halide,
organic and nitrate wastes at the Hanford site, the Idaho National Laboratory (INL), and the Savannah
River Site (SRS). Due to the moderate processing temperatures, halides, sulfates, and technetium are
retained in mineral phases of the feldspathoid family (nepheline, sodalite, nosean, carnegieite, etc). The
feldspathoid minerals bind the contaminants such as Tc-99 in cage (sodalite, nosean) or ring (nepheline)
structures to surrounding aluminosilicate tetrahedra in the feldspathoid structures. The granular FBSR
mineral waste form that is produced has a comparable durability to LAW glass based on the short term
PCT testing in this study, the INL studies, SPFT and PUF testing from previous studies as given in the
columns in Table 1-3 that represent the various durability tests. Monolithing of the granular product was
shown to be feasible in a separate study. Macro-encapsulating the granular product provides a decrease in
leaching compared to the FBSR granular product when the geopolymer is correctly formulated. The
impact of monolithing on element release is probably due to several reasons: 1) the monolith has less
surface area available to leach in comparison to the granular product, 2) dilution of the FBSR granular
product by the monolith matrix, 3) transport properties of the monolith (diffusion and solubility controlled
release) and 4) a combination of all three.

The significant findings to date of the testing primarily from the Hanford Tank SX-105 (Module C),
Hanford Tank AN-103 (Module D), and Hanford Tank Blend AZ-101/102 (Module E) samples are given
below and generally follow the order of the success criteria given in Section 3.0:

» The mineralogy of the radioactive and simulant products from the BSR for LAW SX-105, AN-

103, and AZ-101/AZ-102 are nephelines, nosean, and sodalite;

e the same mineral phases as the Rassat 68 tank Hanford LAW blend run in the BSR (non-
radioactive and radioactive), in the Engineering-scale Test Demonstration (ESTD) in 2008,
and in the 2001 and 2004 pilot studies at INL SAIC-STAR and TTT/HRI

e the same mineral phases predicted by MINCALC™ qualitatively at the same wt.% given in
MINCALC™

> The skeletal density of the radioactive and simulant products, the Fe**/=Fe REDOX ratio of the
radioactive and simulant products, and the coal content of the radioactive and simulant products
are given in the table below:

Skeletal o +2
Waste Sample Density (g/cc) Coal (%) Fe™“/XFe

Module C Simulant 2.6 1.32 0.34

(Tank SX-105) Radioactive 2.49 3.50 0.17

Module D Simulant 1.62 0.30

(Tank AN-103) Radioactive 6.22 0.18
Simulant

Module E with 10C Not Measured 0.70 0.13
(Tank AZ101/AZ102) Simulant

without 10C 115 0.06

» The skeletal densities for the SX-105 are in the range of the Module B Rassat 68 tank blend BSR
campaigns (2.59 g/cc and 2.39 g/cc for the radioactive and non-radioactive, respectively) and the
ESTD non-radioactive campaigns for the same Rassat simulant (2.39 g/cc)
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The coal content (except for the radioactive AN-103 and SX-105) were in the <2-wt% range like
the Module B BSR and ESTD FBSR bed products and the radioactive AN-103 was <5 wt% coal

The REDOX was targeted to be more oxidizing than the ESTD Module B Rassat 68 tank blend,
which was in the 0.41-0.6 Fe*?/~Fe range and more oxidizing than the radioactive and non-
radioactive (0.41 and 0.36 respectively) BSR Module B campaigns in an effort to keep the Tc-99
and the Re in the +7 oxidation state so it would be incorporated into the sodalite cage structure as
NaTcO, and NaReO,

XAS studies reported elsewhere have shown all the Re to be in the sodalite cage and most of the
Tc-99 to be in the sodalite cage; when Tc-99 is not in the sodalite cage it is present as insoluble
technecium sulfide

The mass balances of Tc-99, Re, Cs-137/Cs-133, and 1-129/1-125/1-127 were determined in the
BSR system.
= Good mass balance closure was achieved on Tc-99, Re, Cs, | and chloride in the Module C
(SX-105) and Module D (AN-103) campaigns. The Module E (AZ-101/AZ-102) simulant
consisted of only one run and a mass balance was not performed.
= Module C — Hanford LAW Tank SX-105
0 71-98% recovery of Re in the product streams for radioactive and simulant campaigns,
respectively for once through processing, which is ~3X greater retention than LAW glass
for once through processing
0 80-83% recovery of Tc-99 for once through processing, which is ~2.5X greater retention
than LAW glass for once through processing
0 depending on analytical measurement technique used, radiochemistry vs. ICP-MS,
respectively
0 ~75% recovery of 1-127 (non-radioactive) and 1-129 (radioactive)
0 78-100% recovery of chloride, radioactive and non-radioactive, respectively
0 ~100% recovery of Cs in the simulant campaigns, issues with cross contamination in the
radioactive campaigns in the SCO
= Module D — Hanford LAW Tank AN-103
0 90-95% recovery of Re in simulant runs, 88% recovery in radioactive campaign for once
through processing, which is ~3X greater retention than LAW glass for once through
processing
0 83-86% recovery of Tc-99 for once through processing, which is ~2.5X greater retention
than LAW glass for once through processing
0 100% recovery of 1-127 (non-radioactive) in two simulant campaign and 100% recovery
of 1-129 (radioactive) in the radioactive campaign
0 86% recovery of Cl in the simulant campaigns
0 87% recovery of Cs in the simulant campaigns, issues with cross contamination in the
radioactive campaigns in the SCO

The data indicates Tc-99, Re, Cs, and | (all isotopes) report preferentially to the mineral product
with only minor amounts partitioning to the off-gas.

Tc-99 and Re show similar behavior in partitioning between the product and off-gas: for mass
balance Re is an acceptable simulant for Tc-99.

The FBSR minerals were found to retain Re in the cage structure (~100%) of the granular mineral
products and varying percentages of Tc-99 depending on the REDOX conditions.
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» TCLP data are acceptable when REDOX is >0.30 Fe?*/SFe or an 10C is present as a spinel host
for Cr

An 10C algorithm was derived to quantify how much 10C is needed to stabilize chromium in
an iron chrome spinel if REDOX targets <0.30 Fe?*/SFe are found necessary to stabilize the
Tc-99 and Re in the +7 oxidation state for incorporation into the sodalite host as NaTcO,
and/or NaReO,

» The successful processing of AN-103, which contained copious amounts of gibbsite (Al(OH)s),
demonstrated that precipitates do not have to be removed before FBSR processing.

precipitated solids were shown to behave like the clay additive in the FBSR process, i.e. at
the FBSR processing temperature the hydroxides are removed from the gibbsite and the
activated aluminum will react and become part of the mineral product in an identical fashion
to how the hydroxides are removed from the clay additives and become reactive

excess Al is easily accounted for in the MINCALC™ process control spreadsheet as
demonstrated in the Module D (AN-103) campaign where the clay content was adjusted for
the additional alumina in the waste

» Granular waste form performance testing using ASTM C1285 (short term 7 day) was completed
on Module C (SX-105)

ASTM C1285 (Product Consistency Test) testing is below 2 g/m? LAW glass leach rate limit

for the constituents of concern (COC) by 2 orders of magnitude or 100-200X

Use of BET surface area to account for the surface roughness of the mineral granules

demonstrates that the FBSR product is 2 orders of magnitude lower than the 2 g/m* LAW

glass leach rate limit

Use of the geometric surface area, which ignores the surface roughness of the mineral

granules and assumes the granules are hard spheres which is incorrect, gives an equivalent

leach rate to LAW vitreous waste forms

All the durability results from Module C (non-radioactive and radioactive) are in agreement

with the data from the Module B BSR testing (non-radioactive and radioactive) and the

ESTD testing in 2008 and pilot scale testing from 2001 and 2004

Re is a good surrogate for Tc-99 during leaching experimentation proving that the current

radioactive and simulant BSR campaign products using Re and Tc¢-99 match the historic and

engineering scale data that used Re only and also prove the “tie back” strategy.

An aluminum buffering mechanism appears to control the leachate pH and all other element

releases are released as function of solution pH for all radioactive and non-radioactive LAW

wastes tested

0 The pH dependence is the same conclusions reached by SPFT and PUF testing of the
Rassat FBSR ESTD and BSR products

» Long term testing (1, 3, 6 month and/or 1 year) at 90°C by ASTM C1285 of Module C (SX-105)
non-radioactive and radioactive has not shown any significant change in the mineral assemblages
as analyzed by X-Ray Diffraction (XRD)

Since excess clay was not present in the SX-105 FBSR products, halloysite (Al,Si,Os(OH),
which can form from as a reaction product from excess clay was not present.

Silica concentrations in solution are decreasing with time indicating solution supersaturation:
if reaction products were going to form, they would have formed when the solution saturates
or supersaturates.

Re is a good surrogate for Tc-99 during long term leaching experimentation proving that the
current radioactive and simulant BSR campaign products using Re and Tc-99 match the
historic and engineering scale data that used Re only proving the “tie back” strategy.
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Coupling the results of this study with previous radioactive BSR studies demonstrates that when anions
such as Cl, F, and | are present or oxyanions such as TcO4 or ReO,’, more sodalite forms. If more SO, is
present the sodalite structured phase nosean forms. If anions, SO,”, Re and Tc are low, then less
sodalite/nosean forms and more nepheline forms. Cs and K can be accommodated in either nepheline or
sodalite where they substitute for Na.

Theoretically, a pure sodium chloride waste stream would make a chloride sodalite and could
accommodate 12.06 wt.% NaCl or 7.32 wt.% CI. A pure iodide waste stream in sodalite could
accommodate 22.03 wt.% | and a pure fluoride sodalite could accommodate 4.06 wt.% F. A pure sodium
sulfate waste stream could accommodate up to 9.90 wt.% SO, or 14.65 wt.% as Na,SO, in nosean.
Likewise the Re and Tc sodalites can accommodate 25.22 wt.% Re or 15.20 wt.% Tc-99, respectively.
Note that in the Module A WTP-SW FBSR study that 0.89 wt.% F was accommodated in the fluoride
sodalite of the theoretical 4.06 wt.% F meaning that ~22 wt.% of the waste form was a fluoride sodalite.
In the simulant Module E studies 2.18 wt.% SO, was accommodated in the nosean or ~22 wt.% of the
theoretical SO,™ that could have been accommodated. The chemistry of the wastes that were tested, were
relatively low in I, Cl, and Tc-99. Based on the mass balances reported in this study 85-100% of these
species were retained in the FBSR minerals. The high mineral retentions mean that the following anion or
oxyanion mineral incorporations were achieved which are well below the theoretical mineral retentions
shown in the last column:

LAW
. WTP-SW Hanford 68 | LAW Tank | LAW Tank Tank Theoretipal
Anion or Radioactive Tanl_< Ble_nd S)_(-105 Al_\|-103_ AZ-101 Pure Anion
Oxyanion Radioactive | Radioactive | Radioactive | /AZ-102 Stream
Simulant
W1t.% W1t.% Wt.% Wt.% Wt.% Wt.%
Below
F 0.89 0.05 Detection 0.02 0.07 4.06
Level
Cr 0.87 0.27 0.33 0.30 0.16 7.32
I 3.68E-03 0.25 5.61E-05 8.21E-05 0.21 22.03
SO, 0.16 1.12 0.66 0.12 2.18 9.90
Tc" 2.13E-03 8.57E-05 5.33E-08 277E-04 | o0 15.20
Re*’ 0.05 0.04 0.05 0.04 0.04 25.22

The anion and oxyanion concentrations that can be accommodated in the sodalite/nosean mineral waste
form are 10-20X what can be accommodated in LAW glass at equivalent Na,O wt.% waste loadings.
After monolithing, the 10-20X factor decreases by ~33% (100%-67% FBSR loading per monolith) and
that still provides a 6.6-13.2X higher solubility for anions and oxyanions in FBSR LAW at moderate
temperatures that do not volatilize these anions and oxyanions or create the need for complex recycle
loops during processing during LAW vitrification.
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7.0 Future Work

1. In order to match the BSR REDOX to the ESTD REDOX, the addition of reductants such as coal,
I0C, and control of gas inputs were adjusted during the BSR campaigns. An optimized REDOX
control strategy needs to be developed to ensure the COC’s are in the correct oxidation states. For
example:

o REDOX control is an integral part of steel manufacturing and this type of control can be
implemented.

» Oxygen fugacity probes can be used to develop calibration curves that relate oxygen fugacity to
the ratio of the gases already monitored in the FBSR pilot-scale tests as part of the process
control for auto-catalytically heating the DMR.

» The use of oxygen fugacity probes will allow more oxidized REDOX ranges to be targeted and
achieved so that higher concentrations of Tc-99 (>80%) can enter the sodalite cage structure.

2. The amounts of the 10C needed for denitration vs. sequestration of the RCRA metals should be
optimized as currently an excess is added which may not be necessary. A preliminary algorithm was
derived in this study but is based only on three data points.

3. Geopolymer optimization was not a rigorous part of this study. More work needs to be performed
with the clay based geopolymers and an optimization study performed. After binder optimization,
more short and long term monolith testing (ASTM C1285, ASTM C1308/ANSI/ANS 16.1, SPFT and
PUF) should be pursued to better determine the transport properties of the monolithed waste form.

4. Longer term leach testing and SEM are needed to determine what reaction products form on the
granular and monolithic waste forms.

5. Geochemical modeling of the short and long term granular and optimized monolith leachates should
be performed to determine long term waste form stability.
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LIST OF REVISIONS
Revici
Number Summary of Changes Date
1] Initial Izsuance 11/23/10
1 = Removed text references to Tc by ICP-MS o reconcile text with 121711
Table 4.

s  Revised Table 1, PO, value from 0.7871 to 0.07871.

» Table 2 and 3, clarified descriptions of product sums

=  Table 2, quantity of non-radicactive product required for testing
incTeased to make 4 non-radipactive monokiths.

»  Added IC analyses for PCT leachates of gramular product and
monaliths.

» Table 4, added AA As and AA Se analysis on radicactive gramular

#» Table 4, replaced lithinm metsborate preps with closed vessel aqua

#» Table 4, added 5im C and Rad C characterization prior o clay/coalFe
addifion

®  Added test detail and durations sbout Long Term PCT on mdioactive
and non-radicactive granular product and monoliths.

#»  Changed minimum Fe limit in the final produoct to =1.5 wita Fe
instead of =3 wi% Fe as testing has indicated that 1.5 et Fe is
adequate for reproducible REDOX measurements.

#»  Demils of what gramular and monolithic samples get shipped to PRINL
for testing and which remain at SEMNL for testing.

»  Comected volome of radioactive waste received from Hanford o 950
mL mstead of $) mL.

2 # Comected LT-PCT sampling intervals for non-radioactive gramalar 24111

#  Added option of performing short-term PCT in Teflon® wessels.

= Section 2.1.3, removed requirement to verify Tc-00, Be, and I-127 on
the doped feed sample due to lack of material for these analyses.

#»  Table 4, added total base and TIC measurements needed on 5X-105
feed.

= Table 4, added 5X-105 analyses needed for final mass balance
caloulations.

=  Table 4, adjusted radiochemistry turn-around-times from 15 to 20
days.

#  Table 4, clarified PCT leachate analyses for acidified and non-
acidified samples.

» Table 4, added conductivity and pH measurements to PCT leachates.

= Section 42, comected the mumber of non-radicactive monoliths from
five to fmar.
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0 INTRODUCTION

21  Task Definition

111

Imtroduction

The baseline trestment plan fior Hanford is to vimify their salt supemate wastes
dlsp known 35 Low Actvity Waste (LAW). This task plan deals with the
feasibility of an alternative or supplementsl trestment for LAW waste knowmn as
Fhuidized Bed Steam Feforming (FBSE) and so the inwestigations are mot
considered to be baseline. The Waste Treamment Flant (WTF) is corrently under
comstruction to treat all of the High Level Waste (HL'W) and a portion of the
LAW via vimfication However, the LAW will be generated at over twice the
rate that the cumently desipned LAW vitrification facility can treat the waste.
Either a second LAW virification facility or other sopplemental LAW treatment
technology is needed to meet schedule objectives and spproved tank closure
deadlines.

One of the sopplementsl LAW testment technologies being considered is
FBSE. Receniy, THOR® Treatmen: Technologies (TTT) has successflly
demonsirated the FBSE technology at the Engineering Scale Techmology
Demonstration (E5TD) pilot scale on a non-radioactive Hanford LAW sinmlant’
that represents a §8 tank blend of Hanford wastes. This simulant is known as
the Hassat” sinmlant. As part of the Washington Fiver Protection Solutions
(WEPS) supplementsl trestment technelopy evalostion and Department of
Energy EM-31 Technology Development snd Deployment (TDIN
e , the Savannah Biver Mational Laboratory (SEML) has been requested
to successfully demomsirate the FBSE technolopy on waste sitresms
representative of Hanford's LAW at the Benchscale Steam Reformer (BSE)
scale and compare the resulis to the products formed at the pilot scale. The first
demonstration” was a radicactive Savannsh River Site (SES) salt supernate that
had been compositionally trimmed to look like the Hanford Rassat 68 tank blend
that TTT processed non-radicactive. The second demonstraton of LAW is a
Hanford waste from Tank 5X-105 and will be knowm as Module C for SEML
tracking purposes. Module C is the fomms of this Task Technical and Cuality
Assurance Plan (TTQAF).

FBSE. treatment offers a low temperature (700-750°C) continnous method by
which LAW may be processed imfo a crystalline cersmic (mineral) waste form
regardless of whether the wastes are hizh in orgamics, nitrates, sulfates/sulfides,
other amions or components. The FBSE. process es oo secondary hqud
waste streams. Based on previous Bung"ﬁ']'“" ARIREE the prammlar waste
ﬁ:rmﬂmnpm-dncadhym—pmoesmgﬂml&wmmmuayhasm
shown to be as durable as LAW glass. However, monolithing of the zramlar
product is being pursued since monolithing of the pramolar FBSE product can be
usad to prevent dispersion during transport or burial/storage. Once again it is
not believed to be necessary to meet performance criteria.

To support SES implementation of the FBSE techmology for Tank 48 (T48),
SEML has soccessfully operated a Bench scale Steam Beformer (BSE) in the
SRML Shielded Cells Facility (SCF).'*'® The BSE is 3 unique SENL desizn
and this radioactive capability does not exist commercially nor at any other DIOE
site. All related safety basis documentation for operation of the BSE in the
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SEML 5CF was completed for the T48 demonstration smd will need to be
updated to cover the siream being reated for this scope and additional Hanford
streams that will be covered in fotore task plaps. SEML also has unique
grannlar FBSE product and measuring durability of waste forms "%

The scope of work addressed in this task planming docoment comsists of SEML
making 3 simmlant of Hanford's Tank 5X-105 LAW and testing the simulant in
the non-radicactive BSE. in 735-11A to provide

= optimization of processing parameters for radicactive testing,

# non-Tadicactive granmlar samples for testing the durability response of
the 5X-105 BSE product compared with previous testing of pilot scale
FBSE products’’ and previous BSE producs, ' and

=  pramular products o monolith and compare (durability and compressive
strength) to the monoelithic waste forms prepared from previously tested
pilot and BSE producs®” Tank SX-105 LAW is a high amion
coniaining waste with high concentrations of 5, C1, Fand P

» Eadicactive BSE. testing will also be performed (see mext paragraph)
mnd the response of the non-radicactive granmlar and monolithed
products will also be compared o the radicactive prammlar and
monalithed products produced.

The scope of work addressed in this task planning docoment also consists of
SEML mineralizing a radioactive Hanford LAW sample from Tank SX-105 that
has besn supplied by Hanford and has already been chemically analbyzed '
However, if any data ic missing or if validation of the Cs, I, and Tc levels is
necessary, then SEML will perform the analysis. The Tank S3-105 LAW wdll
b processed in the BSE. in the SCF to provide

= radioactive pranmlar samples for testing the durability response of BSR
product compared to product from the TTT pilot scale mms from WEO-
09-003'" and other BSE campaizms with Waste Trestment Plamt
Secondary Waste (WTP-5W)"" and Hanford’s Rassat simulant™ " and
the non radioactive testing in the scope above amd

» radipactive gramilar products to monolith snd compare (durability and
compressive sirength) to the non-radicactive monolithic waste forms
prepared inder WEQ-09-003,"" Hanford's Rassat simmlant * and in the
scope described above.

Because of the lack of complete fluidization and less residence time in the BSE
tham in the ESTD pilot, the paricle size will be mostly fines as particle size
powth 5 minimized in the sbsence of long residence times and imtense
fluidization. This is not problematic as the ESTD bed product is an
agelomeration of finer particles that zrow i the long residence times i the
FBSE.
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111 MNon-Radioactive Tests

The SX-105 mlmwﬂhdﬂﬂnpdb{mmmemm
providad by WEPS as shown in Tsble 1. The target concentration for the
LAW Besource Conservation and Recovery Act (RCRA) metals will not be
increased over what is already present in the waste. The Be (Tc sorrogate) will
be increased by 100; the T by 1,000; and 1,000,000 for Cs s done in the TTT
pilot scale demomsirations of the Rassat simmlant' i order to observe their
behavior doring mass balance of the process. Ferric nitrate nons-hydrate will be
added to have =1_5 wie Fe in the final product a5 a REDOT indicator as there is
little to mo from in the waste Enowing the iron BEDOX helps determine the
oxidation state of many other REDMIX active species such as e’ vs. Re™ and
Crtws. O™

Once the sinmlant recipe is developed it will be used to determine the optimum
non-radipactive BSE operstional conditions and then these same operatonal
conditions will be used in the radicactive BSE. tests in the 5CF. Parttioning of
the Cs, I, and Fe to the off-gas versus the overall solid mineralized product will
be assessed by whole element chemdstry of the off-gas condencate and the solid
product  Additionally, off-gas lines in-befween the reaction chamber known as
the Denitration and Mineralizing Reactor (DME) and the off-gas condenser will
be rinsed with a known amount of deiomized water and analyzed to defermine
the species that have been trapped or retained in the Lines. The data will be nsed
to caloulate a mass balance of the system Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS) will be used for analyses of the Cs, Fe, and I in the
solids and off-zas due to their presence at very low concentrations.

In addition partitoning of the Cs, Be, and | amongst the solid phases, ez
nepheline vs. sodalite. will also be determined by quantitative X-ray Diffraction
(XPL), Scanning Elecron Microscopy (SEM), and possibly Transmission
Eleciron Mictoscopy (TEM) and Selected Area Diffraction (SAD). Since the
souislite phases, incloding nosesn, are present in small quantities which for low
anion containing feeds may be below the detection limit of the XRD, a total
amount of “sodalite vs. nepheline™ may be the only guantitative amalyses that are
reportsble. Phase pure standards (see Section 2.1.4) are being made to develop
quanfitative XFD calibration curves.

Sufficient non-radicactive granular product mmst be made to provide five 170D
x 2"H monoliths and 5§ g of granulsr product for durability testing at SEML.
Therefore, a total of ~181 ({154 x 0.65) + 56) g is required as shown in Table 2.
Afier the 28 day coring, two of the monoliths will be compression tested at
SRML. Upon passing the 500 psi compression test mininmm requirement,
SEML will retzin the entire non-radicactive product for dombility testng.
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Table 1. Composition of LAW Tested in This Sindy Compared to Rassat Simulants Previowsly

Tested.
SX-105 Non- . Fassat Simulant
Radioact Rassat Simulamnt Envel R
Composition | 1A and B AW A Simulant
Compoment | ¢ iculated ﬂw i@ SATIC/STAR (as
from Ref 19 & {2004) Reported®)
mol L mol L moll
Acatate CH,CO0' 0.0065 0.132 0132 —
Carbomate COy 0.277 0.475 0475 0475
Chloride CI 0.0663 0.0438 00438 EIE
Flucride F 0.0037 0.0316 00318 CIENT
Formate HCOO 0.0112 — — —
Hydroxide OH 0.5304 0.74 0730 0.74
Toddide L 0.00000307 0.013 00000134 —
Hitrate MOy 11476 3 58487 13l 151
Hitrite WOy 0.7870 0424 0434 [T}
Opalate C:0." 0.0064 0.0118 TLOI1E 0.0118
| Phosphate POy~ 0.07871 0.0407 0.0402 00482
Sulfate S0, 0.0540 0.00 008 0w
Alumimim Al 03743 0.0637 0.0637 00637
Antimony Sh 1641E-14 0.00434 — —
Arsenic As — 0.00137 — —
Barium Ba — 0.00751 — —
Baron E 000205 — — —
Cadmium Cd — 0.0042 — —
Calciom Ca — — — —
Casium Cs 3 356E-11 0.013 000000051 000000051
Chrominm Cr 0.0170 0.0104 001 001
Iron Fe — — — —
Lead Pb — 0.00606 — —
Hickel Hi — 0.0106 — —
Poassium K 0.0147 0.0124 TR [IFE]
Rhenium Re 0.00002278 0.0017 000052 —
Seleninm Se — 0.00123 — —
Silver Az — 0.00161 — —
Sodium Ma 52608 50161 50014 500
Thallium Tl — 0.00202 — —
Zinc Zn 0.000107 — — —
Density 1.28 gioc

**Resource Conservation and Fecovery Act (RCRA) and mdionuclide swrogates (Fe, L Cs) were doped in at
the following concentrations: 10% for 5b, A Ag Cd and TI; 100 for Ba and Re (Tc surmegate); 1000 for I;
and 1,000,006 for Cs
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Table 2. BSE Product Requirements in Grams (MNon-
Radioactive Testing)

MODULE C FPRODUCT REQUIREMENTS BY
TEST AND LABOEATORY
Gramular | Monolith
Testing SREML SEML
(£) (8
Product Consistency Test 24 24
(PCT) Short Term
PCT Long Term 12 12
Towicity Characteristic 20
Leaching Procedure (TCLE)

ASTM C1308 0 oF
Compression Testing** 1] a
TOTAL MATERIAL

SUM 56 154
BSE. GRANULAE
FRODUCT 125
EQUIVALENTS
TOTAL GEANULAR 181
FRODUCT

* Monolith Product x 0.55 BSE. Loading x 125 makes
four monmoliths at ~33 g BSE per momolith Two
monaliths will be crushed and rovo will be used in tact for
ASTM C1308 testing.

*+ Compression tested samples will be used for PCT and
TCLP

SRML will perform analyses to messure properties of the non-radicactive
erannlar products and the monolithed sinmlated waste forms zenerated from the
gramilar products produced during the simmlsnt BSE campaizms.  This will
inchnde loss-on-drying (LOD) tests at 110°C o determine moisture comtent and
loss-on-igmition (LOI) tests at 525°C to determine the coal fraction in the
samples which is the difference between the LOI and the LOD weight losses.
The temperammre of 525°C removes the carbon left in the raw coal affer
processing in the BSE as the hydrogen, oxygen, and moisture from the coal have
been removed during the BSE. processing. However, this temperatare does mot
vaporize the sulfur in the coal or the BSE product phases For these
experiments, where SENL is using the carbom LOI to assess the impact of
carbon on the BEDOXE measurement, this temperafure has been found to be
sufficient and it is the temperature recommended by a US Geological Survey
procedure developed for coal analyses ™ Different subsamples will be semt for
FEDmction'OXidston (FEDOX) analyses, characterization by XFD, and whole
element chemistry. Samples will be examined on the SEM using Energy
Dispersive Spectoscopy (ED5S) to determine if Fe and I are retined im a
spdalite struchire and if Cs substinmes for Na in nepheline and'or sodalite or
beorth
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The non-radicactive grannlar and monolithed waste form products will be tested
using the ASTM C1285-08 (Product Consistency Test — long and short term) by
qualified persomnel at SENL. The short term testing will be the seven day BCT
and will be performed in stainless steel or Teflon® vessels at the reference 100-
200 mesh called for in the PCT-A procedure. The long term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass to solntion vohmme ratios in steel or Teflon'® vessels. The time durations
are to be one month three month six month and an additomal time to be
determined (TBIY) which may be up o cne year or longer. The tests will be
performed in Teflon® vessels. A mininmm of 1 g of sample omst be tested at a
mass ratio of 1 g of solids to 10 g of water per the procedure. Dhaplicate samples
will be tested at each time interval. The exact surface area to solution volume
will be determined once the Brunaner, Emmett, and Teller (BET) surface ares of
the FBSE. product is measured. The solids and leachates will be chemically
amalyzed for the major species (Al Na, 5i, Fe) by ICP-ES; for the minor species
(Ag, Ba, Cr, K, P, 5, T, Zr) by ICP-ES; for other minor constiments (Cs, I, e,
Pb,Cd}byICP—Lﬁ,@;Sejhyammﬁcabmﬁmspecmxm(wmdﬁt
amioms (F, I, T, 0., POy ) by IC.

The Toxicity Characteristic Leaching Procedure (TCLF) will be performed by
an Environmental Protection Agency (EPA) certified laboratory im South

The non-radicactive pramlar product will be made into monoliths wsing the
optimized monolith binder defined by the completion of the SENL WFO-D8-
m"mmmmmdmpmdm-nmsz.l. The
monolith will be characterized as described above and compression tested.
Diffasion coefficients for Be, Cs, and I will be determined using the 3 month
lonz ASTM C1308 monolith test, which is an improved version of AMST 16.1
that does not allow back reactions to form.

113 Radioactive Tests

The Tank SX-105 Hanford LAW sample has been ml}-zzdby‘w'R_PS." WEPS
decided to filter the waste throuzh 8 2 micron and then a 0.7 micron filter and so
there should be no solids The density of the waste has been measared by
WEPS tobe 1.28g/cc.

Hanfiord has provided ~850 mlL of SX-10% and all will be processed to make the
422 g of radicactive product calculated im Table 3. Re will be added to the
waste to have =150 pgiz in the final product and femic nitrate nons-hydrate will
b added to have =1.5 wt*s Fe in the final product. The fermic nitrate is added as
3 FEDOX indicator in order to determine the ceddation state of Fe, Tc, and the
RCFA metals from sn already developed Elecino-Motive Force (EMF) diagram
for FBSE. The conceniration of Fe will be verified afier doping. The addition
of the femic nitrate is accounted for during the balancing of oxidants and
reductants in the feed.

During the demonstration, ~80% of the waste will be processed as received with
only Re and faric nirste sdded.  The remsining ~10% of the waste will be
doped with Tc™, Be, and I'”" (non-radicactive) at a minirmm of 150 pg/g in the
solid product as this is the level needed to detect thess species during follow oo
extended x-ry absorption fine stuctore (EXAFS) testing at the Stanford
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Synchrotron Radistion Lightsource (formerly Stanford Synchrotron Badistion
Laboratory) to determine the local bonding of the Tc™ and I'Y in the mineral
wasie form  Jodine-125, -127 and -129 will all be present and expected to
partition to the same sodalite phase and the Synchroton sensors can pick up all
three isotopes but is mest specific for I'. The ~10% of the feed will be
processed at the end of the campaizn, afier the off-gas condensate = sampled
and lines are flushed. This will ensure that the mass balance and leaching tests
by the EXAFS testing.

Non-radipactive Fe is added to determine the effectivensss of Fe as a sumogate
ﬁJrTcW{hrthSRmeasm;i.e.ﬁjﬂEym each other in the off-gas, do
they substimute for each other in the solid products or does one preferentially
partition to the sodalite over the other, and do they respond similarly to the
reduction/oxidation (FEDOX) in the BSE. This will be compared to their
response during subsaquent durability testing.

Partitioning of the radioonclides (Cs, Tc, and I) and Be o the off-gas and to the
solid mineralized product will be assessed by analyzis of the off-gas condensate
and analysis of the solid product. OF-gas lines in-between the reaction chamber
known as the DME snd the off-gas condenser will be rimsed with a3 known
amount of detonized water and anabyzed to determine the species that have been
wapped or retsined in the lines. A mass balance will be performed A
combination of ICP-M5 and radiometric methods will be used for analyses of
these components as they should be present at very low concentrations.

Dnuring the BSE. processing in the SCF, kaolin clay will be added to the SX-105
sample o form the mineralized waste form betwesn 725°-750°C. Because the
waste is concentrated during processing while also being diluted by the non-
radioactive clay added, the resulting radicactive dose of the final produoct will be
different than the starting material. Assuming the measured dose is low enough
to work in a radioactive hood, characterization and testing of the samples will be
performed in a 773-A laboratory. If not, the characterization and testing will be
performed in the SCF.

Adequate radioactive gramlar product must be produced in the BSE. in the SCF
to fabricate five 1"0D = 2"H monoliths and provide gramular product for
durability testing at PMML and SEML (Table 3). After the required 28 day
cmring, two of the monoliths will be sent to PMNL for firtore testing and three
will be retzined at SEML for testing.

If the 950 mL of 5X-105 does not make the required 422 g of gramlar product,
then the amounts given in Table 3 will have to be adjusted accordingly, ez
fewer monoliths, fewer samples, or fewer tests. This will be agreed wpon with
imput from the customer and stakeholders.

SEML will perform amalysis of chemical and physical properties of the
products produced during the BSE campaigns in the SCF. This will inclode
LOD tests at 110°C to determine moistore content and LOI tests at 525°C to
determine the coal fraction in the sample Different subsamples will be sent for
REDOX mmalyses, characterization by XFRD, and whole element chemisiry.
Samples will be examined on the Contained Scanming Eleciron Microscope
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(CSEM) using EDS to determine if Te, I and e are retzsined in & sodalite
structure and whether Cs substitotes for Na in the nepheline amd'or sodalite
structures. The coal in the product will also be examined for retemtion of

Table 3. B5R Product Requirements in Grams (Radisactive Testing)

MODULE C FRODUCT REQUIREMENTS BY TEST AND LABORATORY
Grammlar Gramolar | Momnolith Monolith
Testing PHIIL SRMNL FHIML SBML
(£ (£ () (g
Simgle-Pass Flow-Through
144 1] T2 0
(SEFT)
Pressurized Unsaturated
Flow (PUF) 0 0 40 0
Product Consistency Test
{PCT) Short Term L] 4 ] 24
PCT Long Term 1] 12 0 12
Tomc 1 m—
— 20 ] 20 ]
Leaching Procedure (TCLF)
ASTM C1308 0 1] 0 98
SUMS BY
LABORATOREY 204 36 132 134
TOTAL MATERIAL
- 40 264
BSE GRANULAR
FRODUCT HA 182%
EQUIVALENTS
TOTAL GRANULAR 477
FRODUCT

* Monolith Product x 065 BSE loading x 1.05, makes 5 5 monoliths at ~33 g BSE. per
monolith. Of these 5.5 monoliths taro unomshed monoliths remain at SEML for ASTM
C1308 testing; three momoliths are compression tested; 2 75 cushed monoliths are sent to
PMHL for testing; 0.75 crushed monoliths are retamed at SEML for short term and long
term PCT.

The radioactive zramular waste form product will be tested using the ASTM
C1285-08 (Product Consistency Test — long and short ferm) by SEML. The
radioactive pranular product will be made into moneliths using the optimized
monolith binder defined by simmlant testing The momoliths will then be re-
characterized and subjected to the ASTM C1285-08 test {long and short term)
and a3 compression test. The short term testing will be the seven day PCT and
will be performed in stainless steel or Teflon® vessels at the reference 100-200
mesh called for in the PCT-A procedure. The lonz term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass to solution volume ratios in steel or Teflon® wvessels. The radiation dose
from the sample mmst be calculated o ensure that the Teflon® vessels are
acceptable per the dose requirements given in the PCT procedure, e g doses up
to 1 x 10° rad of beta or gamma radiation have been shown not to damagze TFE-
flnorocarbon (Teflon®). The time durations are to be one month, siv month,
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and an additional fime o be determined (TBDY) which conld be up to one year.
The tests will be performed in Teflon® vessels. A mininmm of 1 z of sample
nmst be tested at a mass ratio of 1g of solid to 10 g of water per the procedure.
Duplicate samples will be tested at each time interval. The exact surface area to
sohotion volome rato will be determined once the Brunswer, Emmett, and Teller
(BET) surface area of the FESE. prodnct is measured.  The solids and leachates
will be chemicslly analyzed for the major species (Al, Ma, 5i, F&) by ICP-E5;
for the minor species (Ag, Ba, Cr, E, P, 5, T1, Zr) by ICP-E5; for other minor
constitents (Cs, I, Be, Pb, Cd) by ICP-MS, (As, Se) by atomic shsorption
spectroscopy (AA), and for anicms (F, CI, T, $0,%, PO, by IC. Cs, [ and Tc
will be measured radio-metrically.

Diffosion coefficients for To, Re, Cs, and I will be determined using the three
month long C1308 monolith test, which is an improved version of ANSI 16.1
that does not allow back reactions to form.

Both the gramnlsr product and the monolith product will be leach-tested using

the EPA TCLP procedure. Becaose 53-105 is a listed waste the samples
(granular and momolithic) will be sent to FNNL who will subcontract with an
EPA cerified laboratory.

112 Customer/Fequester

Terry Samms, Manager of WTP Technology and Development, is the customer/Tequester
as the ultimate user of the technology. Steve Schneider, Director (Acting) Office of
‘Waste Processing is the HQ) oustomerrequester for the overall program.

Envirommental & Chemiral Processing Technology Research Programs (ERPS)
persomnel will be primarly responsible for the scope descrbed in this task plan
Dnrability testing being performed om the gramular snd meomolithic samples (pnon-
radioactive and radicactive) being sent to PNML is not covered in this task plan SENL
monwﬂlbepmndadhypammelmﬂ:eﬂhﬂdadﬂﬂb,@ and the Fegulatory
Imtegration and Environmental Services organizatiom. C. J. Banmochie is the owerall
Principal Investigator for the Hanford BSE. program, while C. M. Jantzen is the overall
technical lead for the propram and is responsible for this task plan and any revisions. P
F_ Burket is considered the Subject Matter Expert (SME) for the BSE. equipment (non-
radioactive and radicactive) and control system design and setup. A. D. Cozz is the
lead for the waste form gqualification snd testimg C. C. Herman is the respomsible
manager for the program.  The responsible manager (or designes) is responsible for
reviewing and approving all procedures and task plans, assessing the preparedmess to
carry ot this tack and reviewing snd approving all reports.

Orverall responsibilities of the ERPS BSE team include the following:

- Coordinating all activities and ensuring that they are completed in a tmely manner

- Ensuring that all results are documented

- Preparing the records for this task

- Ensuring that sample tracking and dorument controls are followed

- Ensuring that the latest revisions of procedures are wsed to complete the task activities
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For the sinmlant BSR testing, the following responsibilities are delineated:

- P_E. Burket (o1 desiznes) is responsible for preparing the Hazards Analysis Packaze
ensuring the BSE. is sef up to perform testing, and performing the BSE testing.

- B E. Eibling (or desirmes) ic responsible for overseeing the production of the

- W. E. Daniel (or desipnes) is responsible for preparing the equipment for simulamt
characterization.

- C. L. Crawford and A. D). Cozzi (or designess) are responsible for characterization and
testing of the gramular produoct, production of the monoliths, and characterization and
testing of the monoliths. C. L. Crawford will interface with W. L. Mhyte of Cuality
Control Testing to perform the necessary compression testing.

- EFP5 techmicians are responsible for performing the LOI measurements and PCT.

- Support for the sbove tasks will be prowided by personne] within the ERPS section.

- AD iz responsible for performing Brmauver-Emmest-Teller (BET) surface area
messurements on the sinmlant samples.

For the radicactive BSE. testing, the following responsibilities are delineated:

- P. B. Bwket (or desiznes) is responsible for preparing the HAP for the testing amd
oversesing performance of the BSE testing.

- €. L Crawford (or designes) is responsible for characterization and spiking of the

- C. L. Crawford and C. J. Bannochie (or desipnees) are responsible for characterization

- A D. Cozzi (or designee) is respansible for testing of the gramilar product, production
of the momoliths, and testing of the monoliths.

- I. H 5cogin (or designmee) is responsible for performing BET surface area
messuraments on the radioactive samples.

- M. G. Bromikowski (or desizmee) is responsible for performing skeletal density
measurements on the radioactive samples.

- ERPS technirians are responsible for performing the LOI measorements and PCT if the
samples can be removed from the Shielded Cells. If the samples cannot be removed,
Shielded Cells persomnel will perform the LOI messorements and PCT under the
puidamce of ERPS personnel

- Support for the above tasks will be provided by personnel within the ERPS section and
by SCF personnel as necessary.

As pecessary, C. L. Crawford (or desizoes) will be responsible for developing or
modifying existing HAPs for the waste form characterization, production, or testing. C.
L. Crawford {or desiznes) will be the PI for the treatsbility study. He will have primary
responsibility for working with the Inventory Authority, H. E. Hall {or designes), to track
penerated samples and residoe throughout the performance of the task unfil completion of
the studies and disposition of all materizl All other researchers working with the actal
Hanford material will also be required to comply with the guidelines of 129, TTS-0167
for racking and disposition of samples and residoe.

The Process Science Amnalytical Laboratory (PSAL) will be responsible for analyzing
simmlant and product sireams using the following methods or equipment: Inductively
Coupled Plasma — Atomic Emission Spectroscopy (ICP-AES), Ion Chromatography (IC),
Parr Anton density meter, REDOX, and LODLOL PSAL will perform the necessary
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digestions or dilutions to allow the samples to be analyzed by these methods. PSAL will
follow approved procedures o perform these measurements and will assign a unigue ID
to each sample to mantain traceability. PSATL will ensore that the appropriste standards
are used and that equipment calibration is maintained during performance of the testing.
Appropriste analytic standards will be submitted with all samples for a ross comparison
betwesn non-radicactive samples anatyses by PSAL and radicactive sample analyses by
Amnalytic Development (ATY).

SEML — 5C0 (Shielded Cells Operations) personnel are responsible for:

- Reviewing and approving this TTQAP

- Readying and maintsiming the facility for operation

- Checking and mstalling the equipment necessary for tasks to be performed im the
Shielded Cells

- Prowiding SEML — Quality Assurance (Q4) access to training and qualification records
for SC0 personnel for surveillances or aodits

- Ensuring the latest revisions of procedures are nsed o complete the task activities

SEML — AD Laboratory personne] are responsible for:

Ana]ymgrm'awasmmlum:mlmmdpmmmmgﬂm
following methods or equipment: ICP-AES ICP-MS, IC, parficle size distribution
(P5D), X-ray Diffraction (XPD), Scanning Elecron Microscopy (SEM), Contained
Scanming Eleciron Microscopy (CSEM), and radiometric analyses

- Providing personmel resources smd equipment necessary to perform REDOX via
remote handling in SCF (not an AD established method)

- Providing SENL — QA access o raiming and qualification records for AD personmel
for surveillances or audits

- Performing QA chedks (i.e., using standards and ensuning calibratons are valid) on
instromentation invelved in this tack

- Analyzing the samples per the Tom Around Times (TAT) specified in this TTQAP

- Reviewing the sample results prior to reporting them

- Ensuring the latest revisions of procedures are nsed to complete the task activities.

- Commmmicating needed method development validation work to be performed om
radioactive materials produced as part of the Task Plan

SEMNL QA is respomsible for reviewing and spproving this task plan and providing

WEPS and EM-31 WP-5 personnel are responsible for providing guidance and input on
the requirements of their sssociasted qualification program and CD-1 package needs.
They are requested to provide wmitien requests o SENL  specifying any
changes/deviations to the scope of this TTQAP. The WEPS and EM-31 WE-5 team will
be respomsible for reviewing the final reports associated with this task. Any changes or
addifion to scope will be azreed upon by SEML afier considering the impact to odget
and schedule. K. Byan of TTT, is responsible for providing BSE. operational parameters
and providing the coal and clays to be used by SENL if needed.

14  Task Deliverables

1. An approved Task Technical and QA Plan (this document).
2 Mass balance of e, I and Cs during non-radioactive BSE. operation.
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EX Imterim documentstion of the results of the non-radicactive BSE. mm and the

kX

40

characterization of the gramular and mineralized product including subseguent
product charactenization and testing.

4. Production and testing of five non-radicactive monoliths and ~36 g grammlar
product for firther testing for SEML.

5. Mass balsmre of Te™, I'*, and C2""" during radiactive BSE operation.

6. Imterim docomentation and a final approved report documenting the results of
the radiactive BSF mineralized produoct and subsequent product

T Shipment of two radicactive monoliths and ~204 = pranular product o FRML
for further testing.

B Three radioactive monoliths and ~36 g gramlar product for SENL testing.

9. Shipment of granular products made from Hanford 5X-105 waste at an elevated

solids spiking of 150pg’z Tc™ and T'** for Synchrotron testing at Stanford
Synchrotron Badiation Lighisource or an equivalent facility.

TASK ACCEFTANCE CRITERIA
Acceptance testing is not part of this task
TASK ACTIVITIES

41 Task Inifiation

+  Draftreview/issne TTQAR.

+ Conduct B&D/Hazards Aszescment Packape (HAF) Safety review for simulant BSR
testing including initiation of the Envirenmental Evaluation Checklist (EEC]).

* Condoct B&DVHAP/Safety review for radioactive BSE testing inchuding spproval of
analysis and EEC.

+  Conduct B&EDHAPR Safery review for the fabrication, characterization, and testing of
the gramlar and momolithic waste forms as necessary including the EEC for simmlant

412 Simulant and BSE Product Formation

#» Develop an 5X-105 simmlant.

»  Mske ample non-radicactive simmlant (1-2 Liters) to make ~181 g (Table 2) of non-
radicactive BSE. product for further testing.

=  Anslyze non-radicactive 5X-105 simmlant to confirm critical parameters.

# Determine the sinmlant BSE operating parameters (clay levels, coal levels, imput
gases/flow rates) by scaling of the ESTD operstion parameters dowm to the BSR
scale. SEMNL will obtain concwmence with the sipmlant BSE operating parameters
from TTT before proceeding with the BSE. operation.

#»  Use OptEasT kaolin clays at the appropriate ratio to firm the desired mineral phases
and sufficient carbon fo provide the necessary reductant for the non-radioactive BSR
campaigms.

# Fun the non-radicactive BSR in 735-11A between 725 - 750°C in the reaction zone
for sufficient duration and with enough feed to produce the desired produoct quantity.
Each simmlant mm will use 3 mininmom of &0 ml. and maximmm of 250 mL of feed.
It is estimated that five mms with ~60 mL each of non-radicactive simmlant are
nesded to produce encugh sranmlar product to be analyzed and tested. The estimated
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required granmlar product mass is 181 g {four 17 x 2™ monolith cylinders and 56 g of
eramular product).

43 Simulant Product Analysiz and Off-Gas Masz Balance

« Anslyze the composited BSE produocts for whole element chemiztry of all cations
and apicms by ICP-AES and IC, REDuction'0OXidation or EEDOX matio to defermine
Fe'*ZFe ratio, XRD for miners] formation, moisture compent by LOD at 110°C, and
coal determination by LOT at 525°C. Analyze the Cs, I, and Fe concentrations by
ICP-MS.

=  Anslyze the off-gas condensate for all cations and amions by ICP-AES and for Cs, L
and Fe by ICP-MS. This may facilitate speciation of the type of carmyover occurming,
if amy. For example Cs may be camied over as vapor as Cs,0, CsCl, CsF, CsNO, or
as particulates such as CaAlS0,.

#» Rince the off-pas line(s) between the DME. and the condenser with a known volume
of water and'or acid and analyze for all cations and amions by ICP-AES and for Cs, I
and Be by ICP-MS.

#» Perform mass balances on elements of concern with special attention to Cs, I, and
Ee.

44 Simulant Gramular Product Durability Testing

#  Prepare gramular sample subsets for ASTM C1285 - PCT. Variation to the stamdard
PCT protocol will be implemented since samples will be wet sieved i ulitra pure
ethyl alcohol, not sonicated, and not water washed as part of the PCT sample
preparation  Anslyze the prepared smd washed samples for BET surface area,
particle size analysis, and skeletsl density by pyonometry.

» Perform the short term (seven day) ASTM C1285 - PCT on the BSE zrammlar
products. The surface area fo vwolume ratios will be determined once the particle size
distribution from the BSE. mms for this simmlamnt is known.

#  Perform long term ASTM C1285 - PCT on the BSE. gramulsr products. Sample and
analyze st one, three, six, and TBD month intervals. At the end of each sampling,
the secondary alteration phases will be analyzed and the leachates will be analyzed
for all components including Al Fe, Mn, efc. in order o perform geochemical
modeling using EQ3/6 or equivalent, e g Geochemist’s Workbench (GWEB).

#  Send a subset of the gramular product for TCLP testing by a certified EPA laboratory.

» Compare results to the analyses performed with the ESTD HEI samples under
previous work scope (WEO-2008-003)".

45 Simulant Monolith Production and Product Testing

# Tlse 3 portion of the BSE zramular prodocts from the non-radicactive campaizns to
produce monoliths with the momolithing agent (cement or peopolymer) determined
in WF0-2008-003'" andor EM-31 Task 521 w0 produce 10 separate 17 x 27
monaliths.

+ Afier curing for 28 days, perform compression festing on the non-radicactive
monaliths and anslyze for whole element chemistry (all cations snd amions) and x-
ray difftaction.
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46

» Compression test the momoliths with both a2 penetrometer and the ASTM
CompTession test to calibrate the penetrometer for use with the radicactive monoliths
since radioactive ASTM compression testing capability is not available

# Using crushed segments retomed from the compression testing, prepare gramalar
sample subsets for ASTM C1285 - PCT. Variation to the standard PCT protocol will
be implemented since samples will be wet sieved i ulira pure ethyl aloohol, mot
spnicated, and not water washed as part of the PCT sample preparation.  Anslyze
the prepared and washed samples for BET surface area, particle size analysis, and
skeletal density by pyonomeiry.

# Perform the short term (seven day) ASTM C1285 - PCT on the BSE. monolith
produacts.

#  Perfomm long term ASTM C1285 - PCT on the BSE. monolith products. Sample and
analyze at one, three, six, and TBD month infervals. At the end of the testing, the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components including Al Fe, Mn, eic. in order to perform geochemical modeling
using EQ3/6 or equivalent, e g GWEB.

» Send 3 subsef of the cushed samples from compression testing for TCLP testing by
a certified EPA laboratory.

» Compare results to the analyses performed with the ESTD HEI samples under
previous work scope (WEFO-2008-003 and WPS-2. 1417,

#» Perform ASTM C1308 (the ASTM varant of ANSI 16.1) oo a mininnm of two
monoliths. This is a 9 day test.

Radicactive BSE. Froduct Formation

+  Transport 5X-105 Hanford Waste to the SEML SCF.

#»  Perform Treatability Study sample handling and processing in the SCF in accordance
with SEML Procedure Mammsl L1, 604 ‘HazardousMized Waste Treambility
Smudies” and Procedure Bamal 129, IT5-0167 ‘Hanford Treatsbility Smdy and
Materials Handling'.

» Ensure that enough of the radicactive dopamts (Tc™, Cs'", I or I'**) have been
procured and available o process the last 100 mL of S3-1035.

+ Daope 800 mL of the 5X-105 sample with Fe and fermic nitrate

#  Analyze the trimmed Tank 53-105 after doping.

. DupeﬁemhﬂnglﬁﬂanfﬂleSK—lﬂSsmnplewiﬂlRe,mﬂLnium,Ttwmﬂ
I'¥ to the levels needed to achieve 150ug/z of each in the solid samples for EXAFS
testing.

s  Ship Tc™ md I'" doped sample o Synchrowon Radiation source defined by
Customer.

#  Determine the BSE. operating paramefers (clay levels, coal levels, input gases/flow
rates) based on the BSE simmlant testing TUse OptiEasT kaolin clays at the
appropriate ratio to form the desired mimeral phases (wet clay basis) and sufficient
carbon to provide the necessary reductsnt (Bestac carbon) for the radioactive BSR
campaipns. The carbon will be caloulated for the acteal amount of MOy and NO» in
the radipactive sample using 1 3% the vale caloolated by the SEML developed
MINCALC Versiom #3. Obtain conomrence with the BSE operating parameters
from TTT before proceeding with the radioactive BSE. operation.

#  Ac pecessary, install the BSE in the S5CF after preliminary testing in the Shislded
Cells Mock-up Fadlity. If already located in the SCF, install new glass ware and
BSE. components to perform the radioactive demonsiration.

» Fun the radicactve BSE in the SCF between 725 - 750°C in the reaction zone for
sufficient duration and with enough feed o produce the desired product quantity.
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Each radicactive doped 5X-105 nm will use 3 mininmm of §0 mL of feed Itis
estimated that somewhere around 15 runs with ~80 mL each of SX-105 are needed to
produce enough gramular product o be anatyzed and tested The estimated required
gramular product mass is ~422 g (fve 17 x 17 monolith cylinders and 240 g of
ramular product - see Table 3).

# Anslyze the B5E product for whole element chemistry of all cations and anions by
ICP-AES, ICP-MS, AA and IC, REEDuction/OXidation or REDOX o determine
Fe'*ZFe ratio, XRD for miners] formation, moisture compent by LOD at 110°C, and
coal determination by LOT at 525°C. Analyze the Cs, I, and Tc concentrations by
ICP-M5 andior radicmetric methods.

= Anslyze the off-gas condensate for Cs, I and Tc by ICP-MS5 and'or radiometric
methods.

= Rince the off-gas line(s) at the end of the nominal conceniration mms between the
DMP. and the condenser with a known volome of water and/or acid and analyze for
Cs, I and Tic by ICP-M5 andor radiometric methods.

#»  Perform mass balances fior T, Cs, and L

48 Radivactive Granular Product Durability Testing

#«  Prepare srammlar sample subsats for ASTM C1285 - BCT. Variation to the standard
PCT protocol will be implemented since samples will be wet sieved in ulira pure
ethyl alcobol, not sonicated, and Dot water washed as part of the PCT sample

#» Perform the short term (seven day) ASTM C1285 - PCT on the FBSE zramular
prodncts.

#  Perform lomg term ASTM C1285 - BCT on the BSE. gramulsr products. Sample and
analyze at ome, six, and TBD month intervals. At the end of the testing the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components including Al Fe, Mn, etc. in onder to perform geochemical modeling
using EQ3/6 or equivalent, e p. GWB. CSEM with EDS may be performed to
determine the partitoning of radiomoclides to the alteration phases.

= Send a subset of the zrapular product (see Table 3) to PNNL for TCLP testing by a
certified EPA laboratory. The certified laboratory will return the products and amy
waste to the original waste generator, WEPS.

» Compare results to the analyses performed with the ESTD HEI samples under
previous work scope (WEO-2008-003).%™® o datm zathered during Hamford
Mpdule A and B testing, and to the durability response of the non-radicactive
ramular product produced in this task plan

49 Radicactive Monolith Production and Product Durability Testimg

» Tse a portion of the BSE gramolar products from the radicactive campaiFns to
produce monoliths with the momolithing agent (cement or peopolymer) determined
from the simmlant monolith testing i this task plan

« Afier curng for 3 minimum of 28 days, perform compression testing on two
radioactive monoliths and snalyze for whole element chemistry (all cations and
amions) and x-ray diffraction

» Compression fest the monoliths with the pre-calibrated penetrometer or an ASTM
C39 compression tester.

« Upon passing the compression test at 500 psi ship two of the radicactive monoliths
to PNNL (one whole and one broken from compression testing) along with ~204

A-20



SRNL-STI-2011-00384
Revision 0

Savanmah River National Laboratory SENL-EP-M10-01465
E&CPT Research Programs Section Eevision: 1
Task Technical & QA Plan Deate: 41011
Page: 20 of 38

£ of radipactive pranmlar produoct

» Using crushed segments from the compression festing, prepare pranulsr sample
subsets for ASTM (C1285 - PCT. Varaton to the standard PCT protocol will be
implemented since samples will be wet sieved in ultra pure ethyl alcohol, mot
sonicated, and not water washed as part of the PCT sample preparation. Analyze the
prepared and washed samples for BET surface area, particle size analysis, and
skeletal density by pyoomeiry.

« Perform the short term (seven day) ASTM C1285 — PCT on the B5SE radicactive
monalith produocts.

#»  Perform long term ASTM C1285 - PCT om the B5E. radioactive monolith products.
Sample and analyze at one, six, and TBD month intervals. At the end of the testing,
the secondary alteration phases will be analyzed and the leachates will be analyzed
for all components including Al Fe, Mn, etc. in order to perform peochemical
modeling wsing EQ3/§ or equivalent eg GWB. CS5EM with ED5 may be
performed to defermine the partitioning of radionuclides in the alterstion phases.

» Send a subset of the cushed samples from compression testing (see Table 3) to
PHNNL for TCLP testing by a certified EPA laboratory. The cettified laboratory will
return the products and any waste to the original waste penerator, WEPS.

» Compare results to the analyses performed with the ESTD HEI samples under
previous work scope (WEO-2000-003 and WP3S-2.1), ™" tn data gathered during
Hanford Moduole A and B testing, and in the non-radioactive portion of this task plan.

#»  Perform ASTM C1308 (the ASTM varant of ANSI 16.1) on & mininnm of two
monoliths and mm for 80 days.

410  Data Analysis and Docomentation

»  Anslyze data a5 each module is completed.
#»  Provide interim technical reports as necessary to meet WEPS project commitments.
#»  Draft approve, and issne a final repori(s) after all the phases are complete.

50 TASK SCHEDULE

The timing of the individual activities will be maintsined in the ERPS schedole. A higher level
schedule is also being maintsined by WEPS and is being updated on a weekly basis with all
parties.

Table 4 summarizes the varous mms/campaipns and the associated testing The aooym in
is denoted separately so that they can plan their resource load accordingly and to distinguish from
AD. The radicactive sample PCTs will be performed by ERPS or SCF personnel if not able to
remove the samples from the cells and the leachates will be submitted to AD. Fadicactive samples
BET will be performed in a glovebox using existing instrumentstion maintined by ERPS
personnel.
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Table 4. Summary of Sample Types and Methods. Required Turmaround Times are in Work Days (* = Calendar Days) and Responsible Organiration
(A=AD, C=E&CPT/S5F, N =N-Area, O = (ffsite, Op - = Optional, P =PSAL, U = EECFT/FTPF)

ICP-MS
[CP-MS Todide
IC ANIONS
Ad Selhs
=129
LT PCT*
DENSITY

No, of Sam ples’
ICP-AES
Total Base & TIC
GAMMA SCAN
T4
SEM
XERD
Lol {1 1052550
BET
ST PCT
COMDUCTIVITY
pH
COMPRESSION
ASTM 1308*
TCLp*
REDOX
WT% S0LIDS

MICROTRAC

Simmlant Pre-
Clay/CoalFe
(no dissohtion)

[
o w

PreClayiCoalFe | § | -~ 7
(AR Digestion)

Pre-Clay/CoalFe | 15 2
(EOH/H0 Disest aAler
or Wi Dil)

Simmnl amt 2
Post-ClayCoalFe U

Simmalant Gramular
Product Production 20 2
Subsamples ¥
(no dissolution)

b
—

Sinmalamt
Granular Product 3
(no dissohution)
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No. of Sam ples’
CP-AES
ICP-MS

[CP-MS Topdide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

CONDUCTIVITY

pH
COMPRESSION

DENSITY

ASTM 1308+
TCLP*
REDOX

WT% SOLIDS

MICROTRAC

Sinmlant
Granular Product | §
(AR Digestion)

—
Lh
ot
Lh

Sinmolamt
Granular Product 5
(PF Dipestion)

Sinmalamt
Granular Product 4
(EOHH.O Digest)

b

Granular Product
PCT Leachates A

(Mon-A cidified)

L

Sinmolamt
Granular Product
PCT Leachates P | A
[Acidified)

W
ot
L

Simmol amt
Granular Product ]
LT PCT Solids
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

DENSITY

ASTM 1308+
TCLP*
REDOX

WT% SOLIDS

CONDUCTIVITY
pH
COMPRESSION

MICROTRAC

L~

(FF Digastion)

b\.ﬂ

Condensate Solids
(EOHH,O Digest)

Sinmalamt
Hinsed Lines

oo

Sinmlant Rinsed
Lines Solids

Sinmlant
Rinsed Lines Solids
(AR Digestion)

;‘UI

Sinmol amt
Rinsed Lines Solids
(PF Digastion)

LM
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Simulant Monoliths | o | 15 | 15
(AR Digestion) A A
Simulant Monoliths 9 15
(PF Digestion) A
Simulant Monoliths d 15 2
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e — 15] 5 3 3
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

CONDUCTIVITY

pH
COMPRESSION

ASTM 1308+
TCLP*
REDOX

WT% SOLIDS
DENSITY

MICROTRAC

Simmlant Monoliths
LT PCT Solids

Badioactive Feed
Pre-Clay/Coal Fe
(no dissohution)

[~

Radicactive Feed
Pre-Clay/Coal Fe
(AR Digestiom)

Radicactive Feed
Pre-Clay/CoalFe
(PF Dipestion)

Radicactive Feed

Pre-Clay/Coal Fe

(EOHH,0 Digest
or Wi Dily

Radicactive Feed
Post-Clay/CoalFe

(=]

Radicactive
Granmlar Product
Production
Subsamples
(no dissolution)

303

(o]

b

—
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

CONDUCTIVITY

pH
COMPRESSION

DENSITY

ASTM 1308+
TCLP*
REDOX

WT% SOLIDS

MICROTRAC

Radicactive
Granular Product
(no dissohtion)

L)

=1

(=]

d
=
i
L
=
LA

=

Radicactive
Grammlar Product
(AR Digestion)

Granmlar Product
(PF Digestion)

Gramular Product
(EOH/H,0 Digest)

Granular Product
PCT Leachates
[Mon-Acidified)

Granular Product
PCT Leachates

[Acidified)

Granular Product
LT PCT Solids

=5
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Tc-99

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

DENSITY

CONDUCTIVITY
pH
COMPRESSION
ASTM 1308+
TCLP*
REDOX
WT% SOLIDS

MICROTRAC

Radicactive
Condensate

L)

b

.

(=]
BE
(=]
(=]

Radicactive
Condensate Solids
(o0 digestion)

0

Radicactive
Condensate Solids
(AR Digestion)

0| 20

Radicactive
Condensate Solids
(PF Digestion)

Radicactive
Condenszate Solids
(EOHH:O Digest)

Rinsed Lines

20

Radicactive Rinsed
Lines Solids
(no dissohtion)

=
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT
LT PCT*
ASTM 1308+
TCLP*
REDOX
WT% SOLIDS
DENSITY

CONDUCTIVITY
pH
COMPRESSION

MICROTRAC

Radioactive Rinsed
Lines Solids
(AR Digestion)

= o

Radioactive Rinced
Lines Solids
(PF Dipestion)

Fadioactive Binsed
Lines Solids
(EOHH, O Digest)

Radicactive
Monolith
(no dissolution)

[~
[=]

()

Radicactive
Monolith
(AR Digestion)

Radicactive
Monolith
(PF Dipestion)

Radicactive
Monolith
(EOHH,O Digest)
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No. of Sam ples’

ICP-AES

ICP-MS

ICP-MS Todide

IC ANIONS

Ad Belhs

Total Base & TIC

GAMMA SCAN
1-129

Te-4%

SEM

LOL {1107%/525%C)

ST PCT

LT PCT*

CONDUCTIVITY

pH
COMPRESSION

DENSITY

ASTM 1308+
TCLP*
REDOX

WT% SOLIDS

MICROTRAC

Radioactive
Monolith
PCT Leachates
[Mon-Acidified)

&

= o

[y )

Radioactive
Monolith
PCT Leachates
(Acidified)

Radioactive
Monolith
LT PCT Solids

T Sample count inchodes blanks and standards.
1 Sample count does not apply o XFD sample which will not be submitted in duplicate for these samples.
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60 EESEARCHFACILITY FLANNING

61 Effects of the Task on Equipment, Personnel, and Research Facilities® Physical
Plamt

The receipt, analyses, and handling of radicactive samples such as the SX-105 salt
supernate are routine tasks performed im the Shielded Cells. The enfite task will be
evalnated using the SPNL Conduct of B&D Manusl. A calculation will be performed to
estimate the reportable and’or accountable radionnclides in the solotion. An e-mail will
be sent to the coordinator for the Fadionnclide Inventory — Admindstrative Comntrol (BI-
AC) computer system fo make sure the nse of these samples for this testing is within the
suthorization basis of the SENL Dooumented Safery Analysis (DISA).

Activities surmounding, the snatysis of the samples and the rooning of the BSE. wall be
shown om the SENL Shielded Cells Operations and EFRPS schedules. Appropriate
documentation will be completed prior to the start of activities.

Activities need to stay on schedule o support WEPS's supplements]l LAW trestment
technology selection.

Because the 5X-105 waste is an Emvironmental Protection Agency (EPA) BResource
Conservation and Recovery Act (RCRA) listed waste, special procedures for hendling
and sepregating thic waste are being implemented im SEML incloding a tacking
mechanizm for all samples, and sample residues, **

62 Products and By-Froduocts of Task

Any solids created by the radicactive sample processing will be stored in a Satellite
Accunmlation Area (5A44) at the end of the wreatability smdy. It is anticipated that all the
S5X-105 will be processed and there will be no 5X-105 to retormn to Hanford Disposition
and return of solids to Hanford after analysis will be accomplished through consultation
with the SEMNL Environmental Complisnce Anthority (ECA) and in complisnce with the
EEC. All remaining solutions {from condensates derived from the BSE process and from
the dissolmtions of the product for analyses and from PCT leachates) and solid residues
from completed testing will be retumed to Hanford All job conmmol waste will be
disposed of as manifested waste retwmns o Hanford Some solid samples will be retained
at SEML for follow on characienzation and testing after the teatability study has ended,
ie under the “sample exclusion ™ Residues (liguid and solid) from this characterization
and testing will also be wacked and the residues returned to Hanford ERPS will work
with the SEMNL ECA to disposition these residues.

Samples for PNINL, except those for Synchrotron testing, will be sent afier the reatability
smdy has ended ie once the samples have been archived, they will be sent to FRHNL
umder the sample exchision rule rather than as part of the reatability stdy.

Diespesiitor of Tesf Equipment
Upon completion of the radicactive BSE. processing additional follow-on work is to be

performed, ie., radicactive Hanford LAW processing and the equipment will remain in
the SCF. However, non-containers that come in contact with the Hanford meaterial will
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be treated as job comirol waste for that siresm.  The simmlant BSE will also be used for
addifional testing and thos will remain set-up untl subsequent Hamford testing is
completed

63 Exposure of Personnel

Samples that are radicactive will be handled remotely in the Shielded Cell:. Samples
with high levels of radiation that have to be removed from the Shielded Cells for analyses
by AD will be diloted in the cells so that only a small portion of the radicactvity is
removed from the cell If the BSE products are at a low enoush radiation level to be
handled in SEML radicactive hoods (ie, meet existing hood limits), they will be
removed from the Shielded Cells and handled in ERPS lsborstories. This inchodes
preparation for chamcterization, production of the monoliths, and testing of the grammlar
and monolith products. The radicactive samples may be contact handled by Shielded
Cells technicians, ERPS personnel {in radioactive hoods and radiobenches), and AT
technicisns (in radicactive hoods and radicbenches). These samples will be contmolled
and comply with standing radiolegical work plans. If 3 sample is expected o exceed
standing radiclegical work plan Limits, a job specific radiological work plan will be
implemented after implementation of all enmineering and administrative controls and
when no other choice exists.

70 FROGRAMMATIC RISK REVIEW
Per the L1 mamal, Procedure 7.10, a programmatic risk review has been performed for the tasks

listed in this TTQAP. The SEMNL Conduct of F.&D mannal will be used to complete 8 review for
all tasks listed in the TTQAP. Fesulis of the risk review are given below in Table 5.

A-32



SRNL-STI-2011-00384

Savanmah River National Laboratory SENL-EP-M10-01465
E&CPT Research Programs Section Eevision: 1
Task Technical & QA Plan Deate: 41011
Page: 32 of 38
Table 5. Programmatic Risk Review
Questi B

Could @ imadvertent or premaure
Joihre of equipmenmt reult M
unaccepiable added programmatc costs
ar schedule delays?

It the activity om a critical path or is the
activiyy signfficant 1o a mgjor site
programprocess, milestone, or objective”

Does the activity imvehe long lead time
items whose failure would excoed the
allowable prosrammatic schedule”™

tecknology whose development, § mor
succasgil,  could ewceed allowable
programmuafic cost or schedule”

Could the activity or failure of the activity
significantly mpact the facility or other
programs in proximity of the acivigy”

If quamtities of accowntable radioizotopes
(per L7.7. 1.O7) e received into the
SRNL facilies, what impact will the
planned activity hanve on SENL fhcilities?

Yes. All preventive measures will be taken in order to maintain
schedule and budpet. Back-up BSE equipment has been procured.
Spare parts are available for the components. Cme spare controller is
availsble and two spare Mass Spectrometers are being prooared. A
schedule delsy would be experienced to place the backup or new
equipment inte service and recover from the point of failme A
delay in the retom to service date of amy SENL — AT analytical
instrumentation will result in 2 schedule delay since back-up options
for most of the required analyses are limited.

Mo. However, this activity is in support of a nmilti-year DOE EM-31
fimded proposal and is on a critical path for Hanford Waste Form
Cmalification (WFQ)) and the WEPS Supplemental LAW Treatment
selection.

Yes. Failore of the controller system or the Mass Specirometer
before the spare is obtained and operstional will result in a delay to
the propram. In addition, an AT instrumentstion faihire(s) resulting
in the need for replacement equipment would exceed the allowable
programmatic schedule.

Ho. The technology has been used for previous expenmentation
for the remaining Hanford BSE. program based on the results of this
technolosy as the sopplementsl technolery for LAW at Hanford
based on the results of this program.

Potential exists. Cells 3 and 4 of the Shielded Cells will be
dedicated to the BSE. mms for several momthe. This conld impact
needed space for other SRR and EM programs. Cell § may be used
for analytical support if needed. This could impact the snalytical
support for other sample processing that will be going on at the same
tme. I Cell § is mot used, them mesowrces (ie., hoods in ERPS
laboratories) will be utilized which may impact other programs.
During the nmming of the BSE in the SCF, facility support will be
requited 0 monitor the SCF ventilation system since the BSE
system penerates appreciable quanfities of flammable hydrogen. Mo
physical impacis to the faclity are anticipated.

The 5X-105 sample has already been received at SEML. However, a
calcunlation will be performed to estimate the reportsble andfor
accountable radiommclides in the solufion prior to use and afber
radionuclide gquantity is predicied to exceed the SEML reportsble
quantities, the asppropriate section of procedure 1.07 of the L7.7
mamnzl will be followed. An e-mail will be sent to the coordinator
for the RIAC datsbase system to make sure the receipt of these
samples is within the suthorization basis of the SENL DSA. If the
sample has an impact on the Anthorization Basis, a schedule delay
wirnld be experienced though not expected
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80 R&D HATARDS SCREENING
Before any laboratory work is initiated, a review of L1, 7.02, will be performed to determine the
hazards and controls required. At & minimum | three HAPs are expected to be generated to support
this task.

o0 QUALITY ASSURANCE

01 Documents Requiring Fequester Approval

Document Management | Cumstomer QA
Yes No Yes No | Yes Neo

Task Technical and QA Plan X X X

Final Report X X X

02 Records Generated During Tazk Performance

| Description | ¥ES | NO | AR*
| Task Technical and QA Plan x| [

| Controlled Laboratory Motehooks x| [

| Task Techmical Beports x| [

| Dara Qualificarion Reports I X |

| Supporting Documentation | | [ X

* AR = As Required
L Task QA Flan Frocedure Mairix

See Attachment 1.
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Attachment 1. Task QA Flan Procedure Matrix

Listed below are the sections of the site QA Manual (10)) and associated implementing procedures for
SRML. Sections applicsble to this task are indicated by Yes, Mo, or As Fequired. The selected procedures
identify the controls for task activities performed by ESCPT Fesearch Programs Section onky.

QA Manual
Sections

Implemen ting Procedures

——

10, QAP 1-1, Orgamization
« L1, 1.02, SENL Orgamization

[x_ 11
[x 1 ]

10, QAP 1-Z, Stop Work

x |

Qmality Assuramce
Program

1Q, QAT 2-1, Qmality Assurance Frogram
« L1 802 SENL QA PFrogram

(x [ |

X

10, QAP 2-2, Personnel Training & Qualification X
« L1, 1.32 Read and Sign/Briefing Program X

Requirements

10, QAP 2-3, Control of Research and Development | X
s

* L1, 7.10 Identification of Techmical Work Ix_y_l_

10, QAP 2-T, QA Program Requirements for
Amnalvtical Measorement Systems

X

| Design Conirol

10, OAF 3-1, Design Conirol

| LX I

Procurement

Manmal

1Q, QAP 4-1, Procurement Document Comtral | [ | X
+ TH, Procurement Management Mannal

+ ET7, 310, Determination of Quality
Requirements for Procured Items

I_I_II_

I_Fr

IQQAPE—],IIstrlrﬁm,Prmﬁnslldl-kIlhg
+ L1 1.01, Administration of SENL
Procedures and Work Instructions
+ L1 726 B&D Work Control Documents

« ET, 130 Drawings

Ix_l_l—
S -
C

10, QAT 61, Document Control
+ 1B MEF 332, Document Control

x |
]

Services

Manmal

10, QAF 7-Z, Control of Purchased Items and |x | I

7E, Procurement Management Manual |_|—|_

+ JE, Procurement Specification Procedure

1Q, QAF 7-3, Commercial Grade Item Dedication X
+ ET, 3.46 Replacement Item Evalnation' X
Commercial Grade Dedication
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Attachment 1. Task (A Plan Procedure Matrix continoed

QA Manual Implementing Procedures YES | NO | AR
Sections
Identification amd 1, QAP 81, Identification and Control of Ttems X
Control of Ttems + L1 802 SENL QA Program Implementation X
and Clarification
Control of Processes | 10, QAP 9-1, Conirol of Processes | [x |
| 1Q, QAP -2, Control of Nondestructive Examination | [x |
1Q, QAP 8-3, Control of Welding and Other Joining X
Processes
1Q, QAP 9-4, Work Planning and Conirel X
+« I¥, 820, Work Conirel Procedure X
Imspection 10, QAP 10-1, Inspection X
« L1, 510, Inspection X
Test Control 10, QAP 11-1, Test Comtral X
Control of 1Q, QAP 12-1, Control of Measuring and Test X
MMTN Equipment
Equipment 10, QAP 12-2, Control of Installed Process X
Instrumentation
10, QAP 12-3, Control and Calibration of Radiation X
Monitoring Equipment {not applicable to ERFS)
Packaging, 10, QAF 13-1, Packaging, Handling, Shipping and |X | |
Handling, Shipping Storage
and Storage « L1 802 SENL QA Frogram Implementation
and Clarification
:-jucﬁm,?:ut, 10, QAF 14-1, Inspection, Test, and Operating Status | [x |
Operating +« L1, 502 SENL QA Program Implementation | |
Statos and Clarification x
TM _ 1Q, QAF 151, Control of Nonconforming Ttems | [ | X
onforming « L1 802 SENL QA Frogram Implementation X
Ttems and Clarification | |
Corrective Action 10Q, QAP, 16-3 | [ | X
System + 1B MEF 413 Corrective Action Program I_l_lx_
Qmality Assurance 1Q), QAF 17-1, Qmality Assurance Records X
Records Management
+ L1 802 SENL QA Program Implementation | X
and Clarification
+ L1, 716, Laboratory Notebooks and X
Logbooks
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Atftachment 1. Task (A Plan Procedure Matrix continoed

QA Manual Implementing Procedures YES | NO | AR
Sections
Aundits 10, QAP 1582, Surveillance X
10, QAP 183, Qmality Assurance External Andits X
1Q, QAP 154, Management Assessment Program X
& 120, 5A-1, Self-Assecsment
1, QAP 18-6, Qumality Assurance Internal Andits X
10, QAP 158-7, CQmality Assurance Supplier X
Surveillance
Quality 1Q, QAP 19-2, Qualiity Improvement | [ |x
Improvement « L1 802 SENL QA Frogram Implementation X
and Clarification
Softwrare Cmality 1Q), QAP 20-1, Software Quality Assurance X
Assuramce + ET, 501, Software Engineering and Coniral X
Environmental 1Q, QAP 21-1, Qmality Assurance Requirements for X
Cmality Assurance the Collection and Evalnation of Environmental Data
(E&CPT works to QAP 2-3 and is exempt from this
QAR) _
Special L1, 821 Supplemental Qmality Assurance X
Eequirements Requirements for DOERW-0333F
(applicable if FW-
0333F QA program
specified by
customer)
Ldentify the following information for your task:
Baseline Non-Baseline
Is the work Techuical Baseline or Non- X
Baszeling?
R&D Routine Engineering
Service Diesign
Is the work R&D, Routine Service, ar X
Ensi i Dieiem?
Omnsife Offsite
Is the work for an onsite or offsife castomer? X
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10 INTRODUCTION
11 Task Definition
211 Iniroduoction

The baseline treatment plan for Hanford is to vitify their salt supemate wasies
also known as Low Activity Waste (LAW). This task plan desls with the
feasibility of an alternative or supplemental treatment for LAW waste known as
Fluidized Bed S5team Reforming (FBSE) and so the inwestizations are mot
considered to be baseline. The Waste Treament Plant (WTF) is curmently under
comstruction to ireat all of the High Level Waste (HLW) and a portion of the
LAW wia virification However, the LAW will be generated at over twice the
rate that the corently desizned LAW vitrification facility can treat the waste.
Either a second LAW virification facility or other supplemental LAW treatment
technology is needed o meet scheduls objectives and spproved ok closure
deadlines.

FHSE. Recenty, THOR® Treatmen: Technologies (TTT) has successflly
demonsirated the FBSE technology at the Engineering Scale Techmology
Diemonstration (ESTLY) pilot scale on a non-radicactive Hanford TAW sinmalant'
that represents a 65 tank blend of Hanford wastes. This simmlant is known as
the Fassat® sivmlamt. As part of the Washington River Protection Solutions
(WEPS) supplemental testment technelozy evalostion and Depariment of
Energy [PGE} EM-3]1 Tecmology Development snd Deploymemt (TDI)
programs, the Savammah River Mational Laboratory (SEIML) has been requested
to successfully demomsirate the FBSE techmolopy on waste stoeams
representative of Hanford's LAW at the Benchscale Steam Reformer (BSE)
scale and compare the resnlis to the products formed at the pilot scale. The first
demonstration” was 8 radioactive Savannah River Site (SE.S) salt supernate that
had been compositionally timmed to look like the Hanford Fassat 68 tank blend
that TTT processed non-radicactive. The second demonstraton of LAW is a
Hanford waste from Tank 5X-105 and will be knowm as Module C for SEML

tracking purposes. The third demonstiration of LAW is a Hanford waste from
Tank AN-103 and will be knowm as Module D for SENL tracking purposes.
Module D is the focus of this Task Technical and Cuality Assurance Plan
(TTQAR).

FBSE. treatment offers a low temperature (700-730°C) continnous method by
which LAW may be processed imbo a crystalline ceramic (mineral) waste form
regardless of whether the wastes are high in organics, nitrates, sulfates/sulfides,
other amions or components. The FBSE. process produces mo secondary Lhiquid
waste streams. Based on previous testing *57ASI0ILILINE fhe eranmlar waste
form that is produced by co-processing the LAW with kaolin clay has been
shown o be as durable as LAW glass. However, monolithing of the gramlar
product is being pursued since momolithing of the gramalar FBSE product can be
wsed o prevent dispersion during transport or burial'storage. Omnce again it is
ot believed o be necessary to meet performance criteria

To support SES implementstion of the FBSE techmology for Tank 48 (T48),

SRML has soccessfully operated 3 Bench scale Steam Reformer (BSE) in the
SENL Shielded Cells Facility (SCF).'*" The BSE is a unigue SENL design
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and this radinactive capability does not exist commercially nor at any other DOE
site. All related safety basis documentation for operation of the BSE in the
SEML SCF was completed for the T48 demonstration and will need o be
updated to cover the stream being treated for this scope and additional Hanford
sireams that will be covered in funme task plans. SENL also has umnigue
gramular FBSE. product and measuring dursbility of waste forms. '™

The scope of work addressed in this task planning docoment comsists of SENL
making 3 simmlant of Hanford's Tank AN-103 LAW and testing the sinmilant in
the non-radioactive BSE. in 735-11A o provide

=  optimization of processing parameters for radicactive testing,

= non-Tadicactive granular samples for testing the durability response of
the AM-103 BSE. product compared with previous testing of pilot scale

FBSE products’” and previeus BSE products, ' and

=  pramular products 9o monolith and compare {durability and compressive
sirength) to the monolithic waste forms prepared from previously fested
pilot and BSE products*”’ Tank AM-103 LAW is a low amion
containing waste with high concentrations of 5, CL Fand P

= Padioactive BSE. testing will also be performed (see mext paragraph)
mnd the response of the non-radicactive granmlar amd meomolithed
products will also be compared to the radicactive prammlar and
monolithed products produced

The scope of work addressed in this task planming docoment also consists of
SENL mineralizing a radicactive Hanford LAW sample from Tank AN-103 that
MMWMWMMMMMFWN
Considerable solids have precipitated in the radicactive AN-103 sample since it
was shipped to SENL from Hanford FRe-characterization of a subsample of a
well stirred‘'mixed AMN-103 sample will be mecessary. The re-characterization
will inchade determination of weight percent solids (wi. %0) and demsity. The
shury will be dissolved and snalyzed for cations, anions, elemental composition,
and Tc-99, I-129, and Cs-137. The solids will be analyzed by XRD and'or XFF.

In parallel to the analysis of a well mixed subsample of the radicactive AN-103,
3 simmlant will be made that represents the chemisiry of the AN-103 after ion
exchange and filtration at Hanford, e g the state of the AM-103 sample at the
time of shipping This “as shipped” simmlant will be allowed to age to see if
similar precipitates form MWon-radicactive testing of the AM-103 “as chipped™
simmlant with precipitated solids will be performed o determine if BSE
are themselves particulate shomes, it may not be necessary te remove the
precipitates before BSE. processing.

The Tank AM-103 LAW will be processed in the BSE in the SCF to provide

= radioactive pranular samples for testing the durability response of BSR
product compared to product from the TTT pilot scale nms from WFO-
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MI"MB&EBERCWH&&WMMMM

Secondary Waste (WTP-5W)'"" and Hanford's Bassat simmlam ™7 AN-
103, and the non radiosctive testing in the scope above and

» radioactive gramilar products to monolith and compare (durability and
compressive sirength) to the non-radicactive monolithic waste forms
prepared mnder WFO-09-003,'" Hanford's Rassat siomlant* AN-103,
and in the scope described above.

Because of the lack of complete fluidization and shorter residence times in the
B5E than m the ESTD pilot, the particle size will be mostly fines as particle size
prowth s minimizred in the sbsence of long residence fimes and imtense
fluidization. This &= not problemstic as the ESTD bed prodoct is an
agelomeration of finer particles that zrow in the long residence times in the
FBSE.

111 Radioactive Sample Characterization

The AM-103 radicactive sample will be mized shimmed with WaBeOs to 1.7
mmolT, and an analtytical subsample of ~ 50mL taken. The subsample will be
amalyzed to verify parameters needed for sinmlant fornmlation and for mass
balance caloulations. See Table 4 for specific amalyses to be performed.

113 MNon-Radioactive Tests

mm-lmmﬂmﬂmmmlzysmmmmnlm
providad by WERPS as shown in Table 1'* and snalyses performed by SEML.
This simmlant will be Isbeled the “as shipped” simmlant and left to age for
approximately two weeks to determine if similar precipitates form to what has
been wvisually observed in the AMN-103 madicactive sample  The target
concentration for the LAW Resource Comservation and Recovery Act (RCRA)
metals will not be increased over what is already present in the waste. The Be
{Tc srrogate) will be increased by 100; the T by 1,000; and 1,000,000 for Cs as
done in the TTT pilot scale demonsirations of the Bassat simmlant’ i order to
observe their behavior during meass balance of the process. Femic nitrate nona-
hoydrate will be added to have =1.5 wi% Fe in the final product as a REDOX
indicator as there is litfle to o ron in the waste Enowing the iron REDOX
helps determine the oxidation state of many other REDHOX active species such
as Be' vs. Re* and O ws. O

If precipitates develop a subsample of a well mixed “as shipped™ simmilant will
be taken and snalyzed as owtlined in 2.1.2 for the radicactive sample to ensure
that the same types of precipitates have formed Omce the subsample is taken,
BSER processing of the well mixed “as shipped” simmlant with precipitates will
begin. It is anficipated that the clay particulates will keep these precipitates
buoyant once the clay and simmlamt are mized Processing the “as shipped™
simmlant with precipitates will determine whether or not the AN-103 as received
sample can be processed withouwt first removing the precipitates. If the sinmlamt
with the precipitates can be processed i the BSE. then the radioactive sample
will be processed as received.

Once the “as shipped™ simmlant recipe is developed it will be used to determine
the optimmmm non-radicactive BSE. operational condifions and then these same
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operstional conditions will be used in the radicactive BSE. tests in the SCF. If
the “as shipped™ sipmlant canmot be processed then the optimal non-radicactive
B5SE. operational conditions will be defermined om a heated “as shipped™
simmlant or a filtered simmlant Partitoning of the Cs, I and Re to the off-zas
versns the overall solid mineralized product will be assessed by whole element
chemisiry of the off-gas condencate and the solid product  Additionally, off-zas
lines in-between the reaction chamber known as the Denitration and
Mineralizing Feactor (DME) and the off-gas condencer will be rinsed with a
known amount of deionized water and amalyzed to determine the species that
heave been trapped or retined in the lines. The data will be used to calculate a
mass balance of the system Inductively Coupled Plasma — Mass Spectromedry
(ICP-ME) will be used for anatyses of the Cs, Fe, and I in the solids and off-zas
dne to their presence at very low concenirations.

In addition partiioning of the Cs, Fe, and I amongst the solid phases, ez
nepheline vs. sodalite. will also be determined by quantitative X-ray Difftaction
(XFD), Scanning Electron Microscopy (SEM), and possibly Transmission
Eleciron Microscopy (TEM) and Selected Area Diffraction (SALDY). Since the
soddalite phases, mcloding nosean. are present m small quantities which for low
anion containing feeds may be below the detection limit of the XED, a total
amount of “sodalite vs. nepheline™ may be the only guantitative analyses that are
reportsble.  Phase pure standards are being made to develop quantitative XED
calibration curves.

Sufficient mon-radicactive gramular product mmest be made fo provide four 170D
x 2"H monoliths and 56 g of granular product for durability testing at SEML.
Therefore, a total of ~181 ({154 x 0.65) + 56) g is required as shown in Table 2.
After the 28 day curing, two of the monoliths will be compression tested at
SRMNL. Upon passing the 500 psi compression test mininmim requiremsnt,
SENL will retzin the entire non-radicactive product for dorability testng.
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Table 1. Composition of LAW Tested in This Study Compared to Eassat Simulants Previowsly
Tested
AN-103 Nom- AN-102 B Sk Rassat Simulant
g:dmuhﬂ Aulgdat Pl A and B** t LAW Envelope R:ss.ﬂ
Compoment ompasition ﬂﬂ;ﬂﬁ Feb (LAW Envelope @ Sﬂgs-ru SIII(AT.IIZ
Calcnlated A (@ HRI 2008")
from Ref 19 molL — (2004) Reported?)
molL molT molT
Acetate CH,COOr 0.0077 00077 .13 0132 —
Carbomate Co,= 0.275 0268 0475 0475 0475
Chloride CT 0.0535 I:I.ﬂ_ﬁﬂﬁﬁg] 00438 00438 0.0438
Fhuoride F 0.0184 006364 00316 0.0316 10316
[ Formate HCoO 00047 00000415 — — —
Hydroocide O 11353 * 1367 0.74 0.739 0.74
Todide T 5.5160 E-06 3 00E-0d 0.013 00000134 —
Hitrate N0, 1.0193 103249 258487 151 1351
Mitrite N, 0.7456 030088 0424 044 0.424
| Owalate C.0,~ 00063 000594 00118 00118 0.011%8
Phosphate PO~ 0.0079 0.01117 00402 0.0451 00450
Sulfate S0, 0.0117 00087304 0.0 0.09 .08
Alhmminum Al 04410 15307 00637 00637 00637
Antimony b 1.4443 E-12 <0 004 0.00434 — —
Arzenic As — — 0.00137 — —
Blarium Ba — <R T 000751 — —
Horon B — (e — — —
Cadmium Cd — (L0004 00042 — —
Calcium Ca — 000036 — — —
Cesium Cs B.7526 E-11 833FE-11 0.013 0.00000051 (00000051
Chromium Cr 0.00036 030462 00104 0.0104 0.0104
Iron Fe — 0.7 — — —
Lead I — 0. 000000 000606 — —
i Mz — [ NHMIE
Molybdemm Mo 0.0003 0.2 6
Hickel i — <. MH173T 0.0106 — —
Potassinm E 0.0882 00734 0.0124 00124 0.0124
Fhenium e 2.0321 E05 000166 00017 000052 —
Selenium Se — — 0.00123 — —
Silicon 5i 0.MT6
Sihver Ag — <0 W22 0.00161 — —
Sodium Ha 4.9587 50457 5.0161 5.0014 5.00
Strontium 51 20667 E-12 0 EE
Ulramium U 0000017
'I'In]_lium IJ — — 000202 — —
Finc In — 00001653 — — —
Density 1.27 gl 127 =icc

* Toml Dydromde reparied by WEPS via supplemeniary dat sheet on 1171710 &5 2.12 M

B-9



SRNL-STI-2011-00384
Revision 0

Savanmah River National Laberatory SENL-EP-M10-01737
E&CPT Research Programs Section Revision: 0
Task Technical & QA Plan Deate: 24477011

Page: 9 of 40

**Respurce Conservation and Recovery Act (RCEA) and radiomaclide swrozates (Fe, I, Cs) were doped in at
the following concentrations: 107 for 5b, As, Ag, Cd and TI; 100 for Ba and Be (Tc surmoegate); 1,000 for I;
and 1,000,000 for Cs TOTAL BASE IS 2.Th.
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Table 2. BSE Produoct Requirements in Grams (Mon-
Radivactive Testing)

MODULE D FPRODUCT REQUIREMENTS BY
TEST AND LABORATORY
Gramular | Monolith
Testing SEML SEML
(= &
Product Consistency Test 24 24
(PCT) Short Term
PCT Long Term 12 12
Towicity Characteristic 0 20
Leaching Frocedure (TCLE)

ASTM C1308 0 oF
Compression Testing** 1] a
TOTAL MATERIAL

STTAL 56 154
BSE. GRANULAE
FRODUCT 125
EQUIVALENTS
TOTAL GEANULAR 181
FRODUCT
* Monolith Product x 065 B5E. Loading x 1.25, makes 4

monoliths at ~33 g FBSE per monolith. Two monoliths
will be croshed and two will be used in tact for ASTM
C1308 testing.

** Compression tested samples will be used for PCT and
TCLP

SFNL will perform analyses to messure properties of the non-radicactive
rannlar products and the monolithed sinmlated waste forms zenerated from the
gramolar products produced during the simmlawt BSE campaizms. This waill
include loss-on-drying (LODN tests at 110°C to determine moisture comtent and
loss-on-ipnitiom (LOI) tests at 525°C to determine the coal fraction in the
samples which is the difference between the LOI and the LOD weight losses.
The temperature of 525°C removes the carbon left inm the raw coal affer
processing in the BSE as the hydrogen, oxypen and moisture from the coal have
been removed during the BSE. processing.  However, this temperatare does mot
vaporize the sulfir in the coal or the BSE product phases. For these
experiments, where SENL is using the carbom LOI to assess the impact of
carbon on the BEDOX measurement, this temperafure has been found to be
safficient and it is the temperature recommended by a US Geological Survey
procedure developed for coal anslyses. ™ Different subsamples will be sent for
BEDmction'OXidation (REDHOX) analyses, characterization by XFD, and whole
element chemistry. Samples will be examined on the SEM using Energy
Dispersive Spectroscopy (ED5) o determine if Be and I are retmined im a
soddalite structure and if Cs substifutes for MNa in nepheline and'or sodalite or
Teorthe
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The non-radicactive sramolar and monolithed waste form products will be tested
using the ASTM C1285-08 (Product Consistency Test — long and short term) by
qualified personnel] at SENL. The short term testing will be the seven day PCT
and will be performed in stainless steel or Teflon® vessels at the reference 100-
200 mesh called for in the PCT-A procedure. The long term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass to solution volume ratios in steel or Teflon® wvessels. The time durations
are to be one month three month six month and an additiomal time to be
determined (TBLY) which may be up to 1 year or longer. The tests will be
performed in Teflon® vessels. A mininrnmm of 1 gram of sample nmst be tested
at 3 mass ratio of 1 zram of solids to 10 g of water per the procedure. Duplicate
samples will be tested at each time interval The exact surface area to sohotion
volume will be determined once the Brumsuwer, Emmett and Teller (BET)
surface area of the FBSE product is measured. The solids and leachates will be
chemically analyzed for the major species (Al Na, 5i, Fe) by ICP-ES; for the
minor species (Ag, Ba, Cr, K, P, 5 TL Zr) by ICP-ES; for other minor
cmsﬁmns[ﬁs,LR&,Pb,Cd}hyICP—Lﬁ,[.is,Se}hymmmpﬁm
spectroscopy (AA); and for anions (F, C1, T, 50, PO, ) by IC.

The Tomicity Characteristic Leaching Procedure (TCLF) will be performed by
an Environmentsl Protection Agency (EPA) certified laboratory in South
Carolina for the non-radioactive sinmlant.

The non-radicactive pramular product will be made into monoliths using the
optimized monolith binder defined by the completion of the SENL WFO-08-
Mi"maqurﬂEEMgpa:ﬁmmdaspmﬂEM_’rl Task 521. The
monolith will be characterized as described above and compression tested.
Diffosion coefficients for Be, Cs, and I will be determined using the 3 month
lonz ASTM C1308 monolith test, which is an improved wersion of AMSI 16.1
that does not allow back reactions to form

114 ERadioactive Tests

The Tank AM-103 Hanford LAW sample has been amlyzzdhy‘ﬁ"R_P& At the
time of shipping by WERPS, the sample contained precipitated solids. The
dencity of the waste has been messured by WEPS tobe 1 27g/cc

Hanfiord has provided ~800 mL of AN-103 and all will ke processed to make the
422 g of radicactive product calculated in Tshle 3. Re will be added to the
waste o have =150 pg/z in the final prodoct and femic nifrate nona-hydrate will
be added to have =1.5 wi% Fe in the final product. The fermic nitrate is added as
3 REDOX indicator in order to determine the oxidation state of Be, Tc, and the
RCFA metals from an already developed Elecino-Motive Force (EMF) diagram
for FBSE. The concentration of Fe will be verified after doping. The addition
of the ferric nitrate is sccounted for during the balancing of oxidants and
reductamts im the feed

Dhring the demonstration, ~90% of the waste will be processed s received with
coly Be and ferric pitrate added The remaining ~10% of the waste will be
doped with Tc™, Re, and I'*" (non-radicactive) at 3 minirmm of 150 pg'g in the
solid product as this is the level needed to detect these species during follow on
extended xray absorption fine stuctore (EXAFS) testing at the Stanford
Synchrotron Radistion Lightsource (formerly Sanford Synchrotron Radistion
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Labaoratory) to determine the local bonding of the Tc™ and I'™ in the mineral
waste form  Tedine-125, -127 and -129 will all be present snd expected to
partition to the same sodalite phase and the Synchroton sensors can pick up all
three isotopes but is mest specific for I, The ~10% of the feed will be
processed at the end of the campaign, after the off-gas condensate = sampled
and lines are floshed This will ensure that the mass balance and leaching tests
described below are not compromised by the elevated concentrations required
by the EXAFS testing.

Non-radipactive Be is added o defermine the effectiveness of Re as a suwmogate
ﬁ:rTcW{hrthERprmsing,ie.dnthe}'m each other in the off-gas do
they substifute for each other in the solid products or does one preferentially
partiion te the sodalite over the other, and do they respond similarly o the
reduction/oxidation (REDOIX) in the BSE. This will be compared to their
response during subsequent durability testing.

Partitioning of the radicnunclides (Cs, Tc, and I) and Re to the off-gas and to the
solid mineralized prodwct will be assessed by analysis of the off-gas condenczate
and analtysis of the solid product. Off-gas lines in-between the reaction chamber
known as the DMFE and the off-gas condenser will be rinsed with a known
amount of deionized water and analyzed to determine the species that have baen
trapped or retaimed in the lines. A mass balance will be performed. A
combination of ICP-MS and radiometric methods will be wsed for analyses of
these components as they should be present at very low concentrations.

Dning the BSE. processing in the SCF, ksolin clay will be added to the AM-103
sample to form the mineralized waste form between T25°-T50°C. Because the
waste is concentrated during processing while also being dilwed by the non-
radioactive clay added, the resulting radioactive dose of the finsl product will be
different than the starting material. Assuming the measured dose is low enough
to work in a radioactive hood, characterization and testing of the samples will be
performed in a 773-A laboratory. If not, the characterization and testing will be
performed in the SCF.

Adequate radioactive gramular product st be produced in the BSE in the SCF
to fabricate fve 170D x 2°H monolithc and provide gramulsr product for
durability testing at PMMNL and SREMNL (Table 3). After the required 28 day
curing, two of the monoliths will be sent to PMNL for fiotore testing and three
will be retained at SEML for testing.

If the 900 mlL of AMN-103 does not make the required 422 g of zrammlar product,
then the amounts given in Table 3 will have to be adjusted accordingly, e.g.
fewer monoliths, fewer samples, or fewer tests. This will be azreed wpon with
input from the customer and stakeholders.

SENL will perform analysis of chemical and physical propertes of the
radicactive pramolar products and monoliths generated ffom the zramular
products produced during the BSE campairns in the S5CF. This will inchade
LOD tests at 110°C to determine moistore content amd LOT tests at 525°C to
determine the coal fraction in the sample. Different subsamples will be sent for
BREDOX amalyses, characterization by XED, and whole element chemisiry.
Samples will be examined on the Contsined 5canming Electron Microscope
(CEEM) using EDS to determine if Tc, I and Re are retained in a sodalite
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stuchure and whether Cs substitotes for Na in the nepheline and'or sodalite
stuctures. The coal in the product will also be examined for retention of
3 lid

Table 3. B5R Product Requirements in Grams (Radicactive Testing)

MODULE D FREODUCT REQUIREMENTS BY TEST AND LABORATORY
Gramlar Gramular Monolith Monolith
Testing PHML SRML PHML SEML
(g) (g) (g ()
Smgle-Pass Flow-Through
14 0 T2 0
(SEFT)
Pressurized Unsatrated
Flow (FUF) 40 o 40 0
Product Consistency Test
{PCT) Short Term 4 0 4
PCT Long Term 0 12 a 12
Tomicity Characteristic
L eaching Procedure (TCLP) i ] 20 0
ASTM C1308 [i] 0 0 93
SUMS BY
LABORATORY 204 36 132 134
TOTAL MATERIAL
st 240 266
BSE GRANULAR
PRODUCT HA 182*
EQUIVALENTS
TOTAL GRANULAR 411
PRODUCT

* Monolith Product x 0.55 B5SE. loading x 1.05, makes 5.5 monoliths at ~33 g FBSE per
monolith. (Of these 5.5 monoliths two unomshed monoliths remain at SENL for ASTM
C1308 testing; three momoliths are compression tested; 2 75 cushed monoliths are sent to
PMML for testing; 0.75 cushed momoliths are retasined at SEML for short term and long
term PCT.

The radioactive gramilar waste form product will be tested using the ASTM
C1285-08 (Produoct Consistency Test — long and short ferm) by SENL. The
radicactive granular product will be made into monoliths using the optimized
monolith binder defined by sinmlant testing. The monoliths will then be re-
characterized and subjected to the ASTM C1285-08 test (long and short terni)
and a compression test. The short term testing will be the seven day PCT and
will be performed in stainless steel or Teflon® vessels at the reference 100-200
mesh called for in the PCT-A procedure. The lonz term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass to seluion volime ratios in steel or Teflon® vessels. The radiation dose
from the sample mmst be calculated to ensure that the Teflon® vessels are
accepiable per the dose requitements given in the PCT procedime, e g. doses up
mlxlﬂjradufhe‘mmgmnmamdiaﬁmmmmﬂwwnmtmdmgam
finorocarbon (Teflon®). The time durations are to be one month six month
and an additionsl time to be determined (TBDY) which conld be up to one year.
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The tests will be performed in Teflon® vessels. A minimm of 1 g of sample
nmst be tested at 3 mass ratio of 1 g of solid to 10 g of water per the procedure.
Dnplicate samples will be tested at each time imberval. The exact surface area to
sohation wolome ratio will be determined once the Brunaver, Emmett, and Teller
(BET) surface area of the FESE. produoct is messured. The solids and leachates
will be chemirally analyzed for the major species (Al Ma, 5i, Fe) by ICP-ES;
for the minor species (Ag, Ba, Cr, E, P, 5, T1, Zr) by ICP-ES; for other minor
tmsﬁM[Cs,LR&,Db,Cd}h}fICP—lﬁ,Lﬁs,S&)h}ammtabmrpﬁm
spectroscopy (AA), and for anioms (F, C1, T, 5047, POy by IC. Cs, L and Tc
will be measured radio-mesmically.

Diffusion coefficients for Tc, Re, Cs, and I will be performed using the 3 month
long C1308 monolith test, which is an improved version of ANSI 16.1 that does
not allow back reactions to form.

Both the gramnlar product and the monolith prodoct will be leach-tested using
the EPA TCLP procedwe Becsuse AM-103 is a listed waste the samples
(granular and momolithic) will be sent to PRINL who will subcontract with an
EPA cerified laboratory.

112 Cuostomer/Fequester

Terry Samms, Manager of WTP Technology and Development, is the customer ' Tequester
ac the ultimate user of the techmolopy. Steve Schneider, Director (Acting) Office of
Waste Processing is the H() customerTequester for the overall program.

13 Task Responsibilities

Environmentsl & Chemical Processing Technology Besearch Programs (ERPS)
personnel will be primarly responmsible for the scope descrbed im this task plan
Dnmability testing being performed on the pramular snd monolithic samples (non-
radioactive and radicactive) being sent to PNNL is not covered in this task plan  SENL
support will be provided by persommel in the Shielded Cells, ATy and the Fegulatory
Imtegration and Environmental Services organization. C. J. Banmochie is the owerall
Principal Investigator for the Hanford BSE. program, while C. M. Jantzen is the owerall
technical lead for the program and is respensitle for this task plan and amy revisions. P.
E_ Burket is considerad the Subject Matter Expert (SME) for the BSE. equipment (non-
radioactive and radicactive) and confrol system desipn snd set-up. A D. Cozzi is the
lead for the waste form qualification and testing. C. C. Herman is the respomsible
manager for the program  The responsible manager (or desipmee) is responsible for
reviewing and approving all procedures and task plans, assessing the preparedmess to
carmy out this task and reviewing and approving all reports.

Omerall responsibilities of the ERPS BSE. team inchode the following:

- Coordinating all activities and ensuring that they are completed in a timely manner

- Ensuring that all results are documented

- Preparing the records for this task

- Ensuring that sample racking and document controls are followed

- Ensoring that the latest revisions of procedures are nsed to complete the task activities

For the simmlant B5R testing, the following responsibilities ane delineated:
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- P.B. Burket (or designes) is responsible for preparing the Hazards Analysis Packaze
(HAP) for the testing, providing puidance on the equipment performance parameters,
ensuring the BSE is sat up to perform testing, and performing the BSE testing.

- B E. Eibling (or desipmee) is responsible for overseeing the production of the
necessary sinmlant incloding verifying acceptability of the sinmlant

- W. E. Daniel (or desipnee) is responsible for preparing the equipment for simmlant
demonsirations, analyzing the simmlant snd ensuring prodoct samples are submitted for
characterization.

- C. L. Crawford and A D. Cozzi (or designees) are responsible for characterization and
testing of the srammlsr produoct, production of the monolithe, and characterization and
testing of the monoliths. C. L. Crawfiord will interface with W. L. Mhyte of Cuality
Conirol Testing to perform the necessary compression festing.

- ERP5 technicians are responsible for performing the LOI messurements and PCT.

- Support for the sbove tasks will be provided by personnel within the ERPS section.

- AD is responsible for performing Brmsuer-Emmest-Teller (BET) surface area
measurements o the simmlant samples.

- P. B. Burket {(or designee) is responsible for preparing the HAP for the testing and
oversesing performance of the BSE. testing.

- €. L. Crawford (or desipnee) is responsible for characterization and spiking of the
radioactive sample.

- €. L. Crawford and C. J. Bannochie (or designess) are responsible for characterization
of the gramlar product, monoliths, snd offgas condensates /Tinces.

- A D Cozz (or designes) is responsible for testing of the gramilar product, production
of the monoliths, testing of the monoliths, and performing skeletal density
measurements of the radinactive samples.

- I H 5cogin (or designes) is mesponsible for performing BET surface area
measurements of the radinactive samples.

- ERP5 technicians ane responsible for performing the LOT measwements and PCT if the
samples can be removed fom the Shielded Cells. If the samples cannot be removed,
Shielded Cells personnel will perform the LOI measurements and PCT under the
mnidamce of ERPS persommel

- Support for the above tasks will be provided by personnel within the ERPS section and
by SCF personnel as necessary.

As pecessary, C. L. Crawford (or desiznes) will be responsible for developing or
modifying existing HAPs for the waste form characterization, production, or testing. C.
L. Crawford {or desizmes) will be the PI for the treatability sody. He will have primary
responsibility for working with the Inventory Aunthority, H K. Hall {or designes), to track
eenerated samples and residue throughoot the performance of the task until completion of
the stodies and disposition of all material All other researchers working with the actoal
Hanford material will also be required to comply with the guidelines of L29, TTS-0167
for tracking and disposition of samples and residue.

The Process Science Analytical Laboratory (PSAL) will be responsible for analyming
simmlant and product stoeams using the following methods or equipment: Inductively
Coupled Plasma — Atomic Emission Spectroscopy (ICP-AES), Ton Chromatosraphy (IC),
Parr Anton density meter, BEDOX, and LOD/LOL PSAL will perform the necessary
digestions or dilufions to allow the samples to be analyzed by these methods. PSAL will
follow approved procedures o perform these measurements and will assign a unique ID
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to each sample to maintain tracesbility. PSAL will ensure that the appropriate standards
are used and that equipment calibration is maintained during performance of the testng.
Appropriste analytic standards will be submitted with all samples for a ross comparison
between non-radicactive samples analyses by PSAL and radicactive sample analyzes by
Amalytic Development (ALY).

SEHML — SC0 (Shielded Cells Operations) personnel are responsitle for:

- Reviewing and approving this TTQAP

- Checking and mstalling the equipment necessary for tasks o be performed in the
Shielded Calls

- Prowiding SENL — Cruality Assurance (()A) access to taining and qualification records
for SCO personnel for surveillances or andits

- Ensuring the latest revisions of procedures are nsed o complete the task activities

SRML — AD Laboratory personnel are responsible for:

Mﬂmﬂmemmﬂmhsmmmmmmgﬂm
following methods or equipment: ICP-AES ICP-MS, IC, parficle size distribution
(PSD), X-may Diffraction (XFD), Scamning Eleciron Microscopy (SEM), Contained
Scanming Electron Microscopy (CSEM), and madiomedric analyses

- Providing persommel resources amd equipment necessary to perform REDOX via
remote handling in SCF (oot an AD established method)

- Providing SEMNL — QA access to raining and qualification records for AD persomel
for surveillances or andits

- Performing (A checks (Le., using standards and ensuring calibrations are valid) on
instrumentation invalved in this task
- Analyzing the samples per the Tum Arcund Times (TAT) specified in this TTQAP

- Reviewing the sample results prior to reporting them

- Ensuring the latest revisions of procedures are nsed to complete the task activities

- Commmumicating needed method development walidaton work to be performed on
radinactive materials produced as part of the Task Plan

SRML QA is responsible for reviewing amd spproving this tack plsn and providing
poidance and oversizht for this task.

WEPS and EM-31 WP-5 personnel are responsible for providing puidamee and inpat on
the requiremnents of their associsted qualificafion progpram and CD-1 package needs.
They are requesied to provide wmiften requests to SENL  specifying any
changes/deviations to the scope of this TTQAP. The WEPS and EM-31 WP-5 team will
be responsible for reviewing the final reports associated with this task. Any changes or
addition to scope will be agreed upon by SEML after considerng the impact to odget
and schedule. K. Byan, of TTT, is responsible for providing BSE. operational paramebers
and providing the coal and clays to be used by SENL if needed

14 Task Deliverables

1. An approved Task Technical and QA Plan (this document).
2 Mass balance of Be, I and Cs during non-radipactive BSE. operation.
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EX Imterim documentstion of the results of the non-radinactive BSE. mm and the
characterization of the granular and mineralized product incuding subsequent
4. Production and testing of fowr non-radicactive momoliths and ~36 z zranular
product for firther testing for SEML.
5. Mass balance of Tc™, ', and Cs'" during radioactive BSE. operation.
6. Imterim decomentation and a final approved report documenting the results of
the radicactive BSF mineralized produoct amd subsequent product
T. Shipment of two radicactive momoliths and ~204 g granulat product o FHNML
for further testing.
B Three radioactive monoliths and ~3§ g gramlar produoct for SENL testing.
9. Shipment of pramular products made from Hanford AM-103 waste at an elevaied

solids spiking of 150pg’z Tc™ and I'** for Synchrotron testing at Stanford
Synchrotron Radiation Liphtsource or an equivalent facility.
a0 TASK ACCEFTANCE CRITERIA

Acceptance testing is not part of this task
40 TASK ACTIVITIES

» Dmaftreview/issue TTQAP.

» Condoct B&D/Hazands Assessment Packaze (HAF) Safety review for simmlant BSE
testing inclnding initiation of the Environmental Evaluation Checklist (EEC]).

» Condort B&D/HAP Safety review for radioactive BSER testing including approval of
the necessary nationsl emissions standards for hazardous air pollotants NESHAPS
analysis and EEC.

» Condoct REDVHAP Safety review for the fabrication, characterization, and testing of
the gramlar and momoelithic waste forms as necessary inchoding the EEC for simmlant
and radinactive testing.

42 Simulant and BSE Produoct Formation

*  Anslyze the precipitated A-103 and determine the precipitste composition

» Develop an “as shipped” AMN-103 sinmlant which shouold be the same as the *as
dissolved™ simulant.

#» Develop an “as filtered™ AN-103 simulant only if necessary

»  Make ample non-radioactive simmlant (1-2 Liters) to make ~.181 g (Table ) of non-
radinactive BSE. product for forthet testing

*  Anslyze non-radioactive AN-103 sinmlant to confirm critical parameters.

# Determine the simmlant BSE opersting parameters (clay levels, coal levels, input
pases/flow rates) by scaling of the ESTD operation parsmeters down o the BSR
scale SEML will obifsin conomrence with the simmlant BSE. operating parameters
from TTT before proceeding with the BSE. operation

+  TUse OptiEasT kaolin clays at the appropriate ratio to form the desired mineral phases
and sufficient carbon to provide the necessary reductant for the non-radicactive BSR
canpaigms.

#»  Fun the non-radioactive BSE. in 735-11A between 725 - T50°C in the reaction zone
for sufficient duration and with enough feed to produoce the desired product quantity.
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Each simmlant run will use 3 mininmom of &0 ml. and maximum of 250 mL of feed.
It is estimated that fve mms with ~60 mL each of non-radicactive simmlant are
neaded to produoce encugh gramlar product to be analyzed and tested. The estimated
required gramolar product mass is 181 g {four 17 x 2™ monolith cylinders and 56 g of
pramular product).

43 Simulant Product Anabysis and Off-Gas Mass Balance

»  Anmalyze the composited BSE prodocts for whole element chemistry of all cations
and amons by ICP-AES and IC, REDuction'OXidation or REDROX ratio o determine
Fe''/TFe ratio, XRD for mineral formstion, meisture content by LOD at 110°C, and
coal determination by LOT at 525°C. Analyze the Cs, I and Fe concentrations by
ICP-MS.

=  Anslyze the off-gas condensate for all cations and amions by ICP-AES and for Cs, I,
and Be by ICP-MS. This may facilitate speciation of the type of carmyover ocomming,
if amy. For example Cs may be camied owver as vapor as Csz0, CsCl, CsF, CsMNO: or
as partculates such as CsAlSiI0,,

= Rince the off-gas line(s) between the DME. and the condenser with a known wolome
of water and'or acid and analyze for all cations and anions by ICP-AES and for Cs, L
and Fe by ICP-MS.

#» Perform mass balances on elements of concern with special attenfion to Cs, I and
Ee.

44 Simmlant Gramuolar Prodect Durability Testing

# Prepame sramular sample subsaets for ASTM C1285 - BCT. Variation to the standard
PCT protocol will be implemented since samples will be wet sieved in ulira pure
ethyl alcobol, not sonicated, and Dot water washed as part of the PCT sample
preparation.  Analyze the prepared and wached samples for BET surface area,

# Perform the short term (seven day) ASTM C1285 - PCT on the BSE zrammlar
products. The surface area to volume ratios will be determined cmce the particle size
distribution fom the BSE mms for this sinmlant is known.

#  Perform long term ASTM C1285 - BCT on the BSE. zramular products. Sample and
amalyze at ope, three, six, and TBD month imtervals. At the end of each sampling,
the secondary alteration phases will be analyzed and the leachates will be analyzed
for all components inchoding Al Fe, Mn, etc. in order to perform geochemical
modeling using EQ3/6 or equivalent e g Geochemist’s Workbench (GWE).

= Send a subset of the prammlar product for TCLP testing by a certified EPA laboratory.

» Compare results to the analyses performed with the ESTD HEI samples under
previons work scope (WEO-2008-003)'
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45 Simulant Monolith Production and Product Testing

#» Tlse a portion of the BSE. gramlar products from the non-radicactive campaizms to
produce monoliths with the monolithing agent (cement or geopolymer) determined
in WF0-2008-003'" andfor EM-31 Task 5.2.1 to produce 10 separate 17 x 27
monaoliths.

+ After curing for 28 days, perform compression festing on the non-radicactive
monoliths and analyze for whole element chemistry (2]l cations and amions) and x-
ray diffraction.

» Compression test the momoliths with both 3 penetrometer and the ASTM
Compression test to calibrate the penetrometer for use with the radicactive monoliths
since radioactive ASTM compression testing capability is not available

#» Using crushed segments retomed from the compression testing, prepare zrammlar
sample subsets for ASTM C1285 - PCT. Variation to the standard PCT protocol will
be implemented since samples will be wet sieved in ulira pure ethyl aloohol, mot
sonicated, and not water washed as part of the PCT sample preparation.  Analyze
the prepared and washed samples for BET surface area, particle size apaltysis, and
skeletal density by pycoometry.

# Perform the short term (seven day) ASTM C1285 - PCT on the BSE. monolith
products.

=  Perform long term ASTM C1285 - PCT on the BSE. monolith prodocts. Sample and
amalyze at one, three, six and TBD month infervals. At the end of the testing, the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components inchoding Al Fe, Mn, etc. in order to perform peochemical modeling
using EQ3/6 or equivalent, e g GWEB.

=  Send a subset of the cushed samples from compression testing for TCLP testing by
3 certified EPA laboratory.

» Compare results to the analyses performed with the ESTD HEI samples under
previons work scope (WEO-2009-003 and WP5-2.1)"*".

» Perform ASTM C1308 (the ASTM varant of ANSI 16.1) on & mininnm of two
monoliths. This is a 90 day test.

4.6 Radicactive BSE. Froduct Formation

#  Transport AN-103 Hanford Waste to the SENL SCF.

#  Perform Treatsbility Siudy sample handling and processing in the SCF in accordsnce
with SENL Procedure Mammsl L1, 604 ‘HazardousMized Waste Treatability
Smudies” and Procedure Mamal 129, IT5-0167 ‘Hanford Treatsbility Smdy and

L] Ensumdntmghufﬂmmdimuiw&wmﬂcw,ﬁm,fﬂmlmjmm
procumed and available o process the last 100mL of AN-103.

+ Dope 800 mL of the AN-103 sample with Fe and femric nitrate

*  Analyze the trimmed Tank AMN-103 after doping.

L] Dg:eﬂmmmmglﬂﬂmLufﬂleAN—lelemRe,mmTt and
I'" to the levels needed to achieve 150ug/g of each in the solid samples for EXAFS
testing.

s Ship Tc™ and I doped sample o Synchromon Radiation source defined by
Customer.

#  Determine the BSE. operating paramefers (clay levels, coal levels, input gases'flow
rates) based on the BSE sinmlant testing TUse OptiEasT kaolin clays at the
appropriate ratio to form the desired mineral phases (wet clay basis) and sufficient
carbon to provide the necessary reductamt (Bestac carbon) for the radicactive BSE
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campairns. The carbon will be caloulated for the actesl amount of MO, and N0, in
the radicactive sample using 1.3%X the value caloolated by the SRNL developed
MINCALC Version #3. Obfmin concwrence with the BSE operating parameters
from TTT before proceeding with the radioactive BSE. operation.

®  As necessary, install the BSE in the S5CF after preliminary testing in the Shielded
Cells Mock-up Fadlity. If already located in the SCF, install mew glass ware and
BSE. components to perform the radicactive demonstration.

# Fum the radioactive BSE in the 5CF berween 725 - 750°C in the reaction zone for
sufficient duration and with enough feed to produce the desired product gquamntity.
Each radioactive doped AN-103 nm will use 3 minirmm of 60 mL of feed It is
estimated that somewhere around 15 rons with ~60 ml each of AN-103 are needed
to produce enough zraoolar product to be snalyzed and tested The estimated
required granmlar product mass is ~422 g (Gve 17 x 2™ monolith cylinders and 240 g
of granular product — see Table 3).

*  Amnslyze the B5E produoct for whole element chemistry of all cations and anions by
ICP-AES and IC, FEDuction/OXidation or REDOX to determine Fe'’/TFe ratio,
XFD for mineral formation, moistore content by LOD at 110°C, and ooal
determination by LOI at 525%C. Amalyze the Cs, I, and Tc concentrations by ICP-
M5 and'or radiometric methods.

*  Amslyze the off-gas comdensate for Cs, I and Tc by ICP-MS and'or radiometric
methods.

» Rince the off-gas line(s) at the end of the nominal concentration mms between the
DME. and the condenser with a known volume of water and'or acid and analyze for
Cs, I, and Tic by ICP-MS andor radiometric methods.

#»  Perform mass balances for Te, Cs, and I

48 Radicactive Granular Froduct Durability Testing

# Prepamre sramular sample subsets for ASTM C1285 - PCT. Variation to the stamdard
PCT protocol will be implemented since samples will be wet sieved in ultra pure
ethyl alcobol, not sonicated, and Dot water washed as part of the PCT sample
preparation.  Analyze the prepared and wached samples for BET surface area,

#» Perform the short term (seven day) ASTM C1I85 - PCT on the FBSE grammlsr
products.

#  Perform long term ASTM C1285 - PCT on the FBSE. granular products. Sample and
amalyze at one, six, and TBD month intervals. At the end of the testing, the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components inchoding Al Fe, Mn, etc. in order to perform gpeochemical modeling
using EQ36 or equivalent, eg. GWB. CSEM with ED5 may be performed to
determine the partitioning of radionoclides to the alieration phases.

#» Send a subset of the gramular product (see Table 3) to PHNL for TCLP testing by a
certified EPA laboratory. The certified laboratery will refurn the products and any
waste to the originsl waste generator, WEPS.

» Compare results to the analyses performed with the ESTD HEI samples under
previons work scope (WEO-2008-003),"'® to dats gathered during Hanford
Module A B, and C testing, and to the dursbility response of the non-radicactive
eramular product produced in this task plan
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49 Radicactive Monolith Production and Product Durability Testimg

® Tse a portion of the BSE gramnlar products from the radicactive campaigns to
produce monoliths with the monolithing agent (cement or geopolymer) determined
from the simmlant monolith testing in this task plan.

= After curing for 28 days, perform compression testing on two radioactive monoliths
and analyze for whole element chemistoy (all cations amd anions) and x-ray
diffraction.

» Compression test the monoliths with the pre-calibrated penetrometer.

« TUpon passing the compression test at 500 psi ship two of the radioactive monoliths
to PNNL (one whole and one broken from compression testing) along with -.204
£ of radicactive granular produact.

#» TUsing cmshed segments from the compression testing, prepare granulsr sample
subsets for ASTM (C1285 - PCT. Varation to the standard PCT protoecol will be
implemented since samples will be wet sieved in ultra pure ethyl alcohol, not
sonicated, and not water washed as part of the PCT sample preparation. Anslyze the
prepared and washed samples for BET surface area, particle size analysis, and
skeletal density by pycoometry.

#  Perfomm the short term (seven day) ASTM C1285 — PCT on the BSE radicactive
monolith products.

=  Perform long term ASTM C1285 - PCT on the BSE mdicactive monolith products.
Sample and analyze at one, six, and TBD month intervals. At the end of the testing,
for all components incloding Al Fe, Mn, etc. in order o perform peochemical
modeling wsing EQ3/§ or equivalent, eg GWB. CSEM with ED5 may be
performed to determine the partitioning of radionuclides in the alteration phases.

# Send 3 subset of the coshed samples from compressien testing to FHNNL for TCLP
testing by a certiied EPA laboratory. The certified laborstory will retum the
products and amy waste to the original waste generator, WEPS.

» Compare results to the anslyses performed with the ESTD HEI samples under
previons wark scope (WEO-2008-003 and WP5-2.1),*™" w data gathered during
Hanford Module A and B testing, and in the non-radioactive portion of this task plan.

*  Perform ASTM C1308 (the ASTM varant of ANSI 16.1) on a mininnm of two
monoliths and mon for 80 days.

410  Data Analysis and Docamentation

»  Analyze data as each module is completed.
= Provide imterim technical reports as necessary to meet WEPS project commitments.
#»  Draft approve, and issue a final repori(s) after all the phases are complese.

50 TASK SCHEDULE
The timing of the individual activities will be maintained in the ERPS schedule. A higher level
schedule is also being maintsined by WEPS and is being updsted on a weekly basis with all
parties.
Table 4 summarizes the various mums/campaigpns and the associated testing. The acomym in
parenthesis afier the test method indicates the organization that will perform the analyses. PSAL

is denoted separately so that they can plan their resource load accordingly and to distinguish from
AT, The radicactive sample PCTs will be performed by ERPS or SCF persomnel if not sble to
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remove the samples from the cells and the leachates will be submitted to AD. Radioactive sample
BET and skeletal density will be performed in a glovebox using existing instomentstion
maintzined by ERPS persome]l
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Table 4. Summary of Sample Types and Methods. Reguired Turnaround Times are in Work Days (* = Calendar Days) and Responsible Orzamization
(A=AD, C=E&CPT/S5F, N =N-Area, O = (ffsite, Op - = Optional, P = PSAL, U = EECFT/PTF)
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No. of Sam ples’

ICP-AES

ICP-MS

[CP-MS lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%
T3

XED

LOT (110775250

ST

LT PCT*

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS

DEMSITY

COMDUCTIVITY
pH
COMPRESSION

MICROTRAC

Simulant
Condensate Solids
(no digestion)

Simulant
Condensate Solids
(AR Digestion)

= Ly

5 immlamt
Condensate Solids
(FF Digestion)

Ln

5immlant
Condensate Solids
(EOH/H,O Digest)

Sirmmlamt
Finsed Lines

Ln

Simmlant Rinsed
Lines Solids

Simmlamt
Rinsed Lines Solids
(AR Digestion)

Simmlamt
Rinsed Lines Solids
(FF Digestion)

B-26




Savanmah River National Laberatory
E&CPT Research Programs Section

Task Techmical & QA Flan

SRNL-STI-2011-00384

Revision 0

SENL-EF-210-01737
Revision: 0
Date: 142011
Page: 26 of 40

No. of Sam ples’

ICP-AES

ICP-MS

[CP-MS lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%
T3

XED

LOT (110775250

ST

LT PCT*

COMDLUCTIVITY

COMPRESSION

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS

DEMSITY

MICROTRAC

Sirmlant
Rinsed Lines Solids
(EOE/H:O Digest)

=5

(no dissobation)

o

180

C:Ul

(AR Digestion)

(FF Digestion)

(ELOELEL D Digest)

L - %]

PCT Leachates
(Mon-Acidified)

Lh

[FY)

PCT Leachate
(Acidified)

Ln

LT PCT Solids

B-27




Savanmah River National Laberatory
E&CPT Research Programs Section
Task Techmical & QA Flan

SRNL-STI-2011-00384
Revision 0

SENL-EF-210-01737
Revision: 0
Date: 142011
Page: 1T of 40

No. of Sam ples’
ICP-AES
ICP-MS
[CP-MS Lodide
IC ANIONS
A Belhs
GAMMA SCAN
[-129
Te-9%
XED
LOT (110°/525°C)

Total Base & TIC

5T
LT PCT*

COMDUCTIVITY
pH
COMPRESSION
ASTM 1308*
TCLP*
REDOX
WT% SOLIDS
DEMSITY

Radicactive Fead
Pre-Clay/CoalFe
(no dissolbation)

(=]

£
b

pl‘-\l

oo

Badicactive Fead
Pre-Clay/CoalFe
Solids

=

Badipactive Feed
Pre-Clay'Coal Fe
(AR Digestion)

[*.]

Radipactive Fead
Pre-Clay'Coal Fe
(PF Dvigestion)

Radipactive Feed

Pre-Clay/CoalFe

(EOHH:O Digest
or Wit. Dhl)

Radicactive Fead
Post-Clay'Coal Fe

Badicactive
Gramlar Produoct
FProduction
Sobsamples
(mo dissohotion)

(]

MICROTRAC




SRNL-STI-2011-00384

Revision 0
Savanmah River National Laberatory SENL-EP-2010-01737
E&CPT Research Programs Section Revision: 0
Task Techmical & QA Flan Date: L4011
Page: 18 of 40
o IS [l = \
HNREIFIAE 2 LBl |E]s 8|, |¢
SEIFIEIE E I R X E & SlE|E ﬁ%a#—:g
Allzlelz|22|z|2|2|E|2]|e]E 2|5z = |3|2]|% |2
HEHEHH M HEH N EHE R EREEEE
2|7 B = - 5| = g
4 = E 2 E E ] 3 =
sm]']]’:""?t 5 20 15153 |15 10180 30 | 15 15| 15
(0o dissolntion] A A C o o o | A Ul A
BRadicactive
Gramilar Product L :_I: E E i}
(AR Drigection)
Radioactive 15 20
Granular Product L] A A
(FF Digestiom)
Radicactive 15
Gramlar Produoct 4 A
(EOH/H,D Digest)
Radicactive
Gramlar Produoct 16 15| 15 3 3
PCT Leachates AlA U | u
(Mon-Addified)
Radicactive
Gramilar Froduoct 16 15 | 15 0| 20| 20
PCT Leachates Al A AJAlA
(Acidified)
BRadivactive 15
Gramlar Produoct ] o
LT PCT Solids

B-29




Savanmah River National Laberatory

SRNL-STI-2011-00384
Revision 0

SENL-EP-H10-01737

E&CPT Research Programs Section Revision: 0
Task Technical & QA Plan Date: 142011
Page: 10 of 40

- IS - } - =1 . w y
gl 1. 12]2].[E|2 L1 1E] |E]: &l |
g | o ﬁ 3 % = |¥|= = a: i | e o @ = | s =3 |E E
#lilZlz|2|2 8 =23 2|z 25| % S| 2|28 2
HEEI I EIE g ol = “l5|8 % ANEI L
|7 B = - - =
4 = E b E E ] = =

Badicactive 3 15 | 15 15 o] 20

Condensate Al A A Alaja

Radicactive 20

Condensate Solids ] A Op

(oo digestion)

Radicactive -

Condensme sosas [ 2| 5|13 0|20 | 20

(AR Drigection)

Badioactive 15 20

Condensate Solids .3 Y }L

(PF Digestion)

Fadicactive 15

Condensate Solids 2 a

(FOH/HO Digest)

Badicactive 3 15 | 15 15 0| 2o] 20

Rinzed Lines Al A A Alala

Radicactive Rinsed 20

Lines Solids 2 A Op

(no dissobotion)

B-30




Savanmah River National Laberatory
E&CPT Research Programs Section

Task Techmical & QA Flan

SRNL-STI-2011-00384
Revision 0

SENL-EF-210-01737
Revision: 0
Date: 142011
Page: 30 of 40

No. of Sam ples’

ICP-AES

ICP-MS

[CP-MS lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%
T3

XED

LOT (110775250

5T
LT PCT*

COMDUCTIVITY
pH
COMPRESSION
ASTM 1308*
TCLP*
REDOX
WT% SOLIDS
DEMSITY

MICROTRAC

Radicactive Rinsed
Lines Solids
(AR Digestion)

= o

Radicactive Rinsed
Lines Solids
(FF Digestion)

=5

Radioactive Finsed
Limes Solids
(EOH/H:D Dhgest)

Radivactive
Momolith
(mo dissobotion)

[ Y]

10 | 180

o
o
C:Ul

Radicactive
Momolith
{AF. Drigestion)

Radicactive
Momolith
(FF Digesticn)

(]
=3

Radicactive
Momolith
(KOHMH,D Digest)

B-31




Savanmah River National Laberatory

SRNL-STI-2011-00384
Revision 0

SENL-EP-H10-01737

E&CPT Research Programs Section Revision: 0
Task Techmical & QA Flan Diate: L4011
Page: 31 of 40
- = } - z y
eI EE 4 . |E ols Bl.|%
2lslzlalzl#]e|<|2]|% 2|s 2|5z |8 51215156
HHEHEHEHEENEERBEE AHEIETMEE
= U = - =
IR N EE : AR RNk
Badicactive
Monolith 16 15| 15 3 3
PCT Leachates AlaAa Ulu
(Hon-Acidified)
Badicactive
Monolith 16 15 | 15 o] 20
PCT Leachates Al A Alaja
{Aridified)
Badicactive 15
Monolith § A
LT PCT Solids

T Sample count mchodes blanks and stamdards

1 Sample count does not apply o XFD sample which will not be submmitted in duplicate for these samples.

B-32




SRNL-STI-2011-00384
Revision 0

Savanmah River National Laboratory SENL-EP-M10-01737

E&CPT Research Programs Section Revision: 0
Task Technical & QA Plan Deate: 2420011
Page: 32 of 40

6.0 EESEARCH FACILITY PLANNING

6l Effects of the Task on Equipment, Personnel, and Research Facilities” Fhysical
Plamt

The receipt, smalyses, and handling of radicactive samples such as the AN-103 salt
supetoate are routine tasks performed i the Shielded Cells. The enfire task will be
evalnated nsing the SENL Condoct of B&D Mamml. A calculation will be performed to
estimate the reportable and’or accommtable radionnclides in the solotion. An e-msil will
be sent to the coordinator for the Fadioonclide Imventory — Administrative Condrol (BI-
AC) computer system to make sure the nse of these samples for this testing is within the
suthorization basis of the SENL Dooumented Safety Analysis (DSA).

Activities surmoumeding the amalysis of the samples snd the rooning of the BSE will be
shown om the SEML Shielded Cells Operations and ERPS schedules. Appropriate
dorumentation will be completed prior to the start of activities.

Activities need to stay on schedule to support WEPS's supplements]l LAW testment
technology selection.

Becsuse the AMN-103 waste is an Emvironmental Protection Agency (EPA) Resource
Conservation and Fecovery Act (RCRA) listed waste, special procedwes for handling
and segregating this waste are being implemented in SEML incloding 3 tracking
mechanism for all samples, and sample residues. ™

[ Product: and By-Prodocts of Task

Amny solids created by the radioactive sample processing will be stored in a Satellite
Acounmlation Area (5AA) at the end of the weatability smdy. It is anticipated that all the
AN-103 will be processed and there will be no AN-103 to retarn to Hanford. Disposition
and return of solids o Hanford after analysis will be accomplished throupgh consultation
with the SENL Environments] Complisnce Authority (ECA) and in compliznce with the
EEC. All remaining solutions (from condensates derived from the BSE process and from
the dissolutions of the produoct for analyses and from PCT leachates) and solid residoes
from completed testing will be returmed to Hanford All job confrol waste will be
disposed of as manifested waste retwns o Hanford. Some selid samples will be retaimed
at SEML for follow on characterzation and testing after the treatability study has ended,
ie under the “sample exclusion ™ Residues (liquid and solid) from this characterization
and testing will also be tracked and the residues retomed to Hanford. ERPS will work
with the SENL ECA to disposition these residnes.

Samples for PMINL, except those for Synchrotron testing, will be sent afier the reatability
smdy has ended ie. once the samples have been archived, they will be sent to PRHL
under the sample exchision rule rather than as part of the weatability smdy.

Disposition of Test Equipment
Upon completion of the radioactive BSE. processing additional follow-on weork is to be

performed, ie., radicactve Hanford LAW processing and the equipment will remain in
the SCF. However, non-confsiners that come in contact with the Hanford material will
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be treated as job comirol waste for that stream. The simmlant BSE will also be used for
addifional testing and thos will remain set-up umiil subsequent Hanford testing is
completed

63 Exposure of Personnel

Samples that are radioactive will be handled remotely in the Shielded Cells. Samples
with high levels of radiation that have to be removed from the Shielded Cells for analyses
by AD will be dihrted in the cells so that only a small portion of the radicactivity is
removed from the cell. If the BSE products are at a low enoungzh radiation level to be
handled in SEML radicactive hoods (ie., meet existing hood limits), they will be
removed fiom the Shielded Cells and handled in EFPFS laboratories. This inchodes
preparation for characterization, production of the momoliths, and testing of the grammlar
and monolith products. The radioactive samples may be contact handled by Shielded
Cells technicisms, ERPS personnel (in radicactive hoods snd radiobenches) and AD
technicians (in radicactive hoods and radiobenches). These samples will be controlled
and comply with standing radiological work plans. If a sample is expected o exceed
standing radiological work plan limits, a job specific radiclogical work plan will be
implemented afier implementation of all enmineering and adminisirative condrols and
when no other choice exists.

70 FROGRAMMATIC RISK REVIEW
Per the L1 mamal, Procedurs 7.10, a programmatic risk review has been performed for the tazks

listed in this TTQAP. The SENL Conduct of B.&D mammal will be used to complete a review for
all tasks listed in the TTQAP. Fesulis of the risk review are given balow in Table 5.
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Table 5. Programmatic Risk Review
Choestion Response
Could an imadvertent or premamre Yes. All preventive measures will be taken in order to maintain
Jailure of equipmenmt result im schedule and budeet Back-up BSE equipment has been procured.
unacceriable added programmatc cosis  Spare parts are available for the components. One spare controller is
or schedule delays? available and two spare Mass Spectrometers are being procured. A
schedule delsy would be experienced to place the backup or new
equpment intoe service and recover from the point of failue A
delay in the retom te service date of amy SENL — AD analytical
instrumentation will result in 2 schedule delay since back-up options
It the activity om a critical path or is the No. However, this activity is in support of a nmlti-year DOE EM-31
activily signjficant fo a mgjoer zite fuonded proposal and is om a critical path for Hanford Waste Form
programprocess, milestone, or objecinve”  Cmalification (WF()) and the WEPS Sopplemental LAW Treatment
selection.

Does the activity tmvehwe long lead timeé Yes. Failore of the confroller system or the Mass Spectrometer
items whose failure would exceed the before the spare is obmined and operational will result in a dalay o
allowable prosrammatic schedule”™ the propram.  In addition, an AD instrumentstion failure(s) resultng
in the need for replacement equipment would exceed the allowable
programmatic schedule.
Does this activity fovehe high risk No. The technology has been wsed for previous experimentation
tecknology whose development, § mor and the primary change is the feed stream  Decisions will be made
succespfld, could exceed allowable for the remaiming Hanford BSE program based on the results of this
programmafic cost or schedule” program  Decisions will be made for Hanford implementing this
technolopy as the supplementsl technolery for LAW at Hanford
based on the results of this program.
Could the activity or firilure gf the aciivify  Potential exists. Cells 3 and 4 of the Shielded Cells will be
significantly mpact the facility or other dedicated to the BSE. moms for several momths. This counld impact
programs in proximity of the activity? needed space for other SER. and EM programs. Cell § may be used
for analytical support if needed This could impact the smalytical
support for other sample processing that will be going on at the same
tme. If Cell § is mot used, them resowrces (1.e., hoods in ERPS
lshoratories) will be utlized which may impact other programs.
During the nmmming of the BSE in the 5CF, facility support will be
required o0 monitor the SCF ventilation system since the BSE
system penerates appreciable quantities of flammable hydrogen. Mo
physical impacts to the Sclity are anficipated.
If quamtities of accountable radioizotopes The AN-103 sample has already been received at SEIL. However,
{per L7.7. 1.07) are recefved imfp the 2 calmlation will be performed to estimate the reportsble andfor
SRNL facilities, what impact will the accountsble radicmmclides in the solotion prior to use and after
planned activity have on SENL faciliies? doping with the necessary quantiies of additives. If amy
radionuclide quantity is predicted to exceed the SENL reportsble
quanfities, the appropriste section of procedure 1.07 of the L7.7
mamal will be followed. An e-mail will be sent to the coordinator
for the RIAC database system to make sure the receipt of these
samples is within the authorization basis of the SEINL D5A. If the
sample has an impact on the Awnthorization Basis, 3 schedule delay
wonld be experienced though not expected
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80 E&D HAZARDS SCREENING

LA

Before any laboratory work is imitiated, a review of L1, 7.02, will be performed to determine the
hazards and comtrols required. At 3 minimom | three HAPs are expected io be generabed to support

this task.
QUALITY ASSURANCE

01 Documents Bequiring Bequester Approval

| Document | Management | Customer | QA

[ | ¥es |No |Yes |No | Yes | No
Tazk Technical and QA Plan | X | | X |x |

| Final Report Ix | Ix | I | X

02 Records Generated During Task Performance

| Description | ¥YES | NO | AR®

[ Task Technical and QA Plan (x | |

[ Contrelled Laboratory Notebooks (x| [

[ Task Techmical Reports [x | |

| Data Cualification Feports [ Ix |

| Supporting Docomentstion [ | [x

* AR = As Required
93  Task QA Plan Procedure Matrix

See Attschment 1.
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Attachment 1. Task QA Plan Procedure Matrix

Listed below are the sections of the site (A Manual (10)) and associated implementing procedures for
SRML. Sections applicsble to this task are ndicated by Yes, No, or As Required. The selecied procedunes
identify the conirols for task activities performed by ESCPT Research Proprams Section only.

QA Manual Implementing Procedures |YI:S |Nﬂ |A]I'.
Sections
Organizration 1Q, QAP 1-1, Organiration [x I
+ L1, 102, SRNL Organization x 1 |
[ 1Q, QAF 1-, Stop Work ix
Quality Assurance 1Q, QAP 2-1, Quality Assurance Program [x | I
Frogram « L1, 802, SRNL QA Program X
1), QAP -2, Personnel Training & Qrualification [x
+ L1, 132, Read and Sign/Briefing Program |—|—|—
1Q, QAP 2-3, Control of Research and Development |x | |
i
« L1, 7.10 Identification of Techmical Work |x |
Requirements
1Q, QAP 2-7, QA Program Requirements for |x | |
Amnalvtical Measurement Systems
| Diesiem Comirol | 10, QAP 3-1, Desizn Conirol | [x |
Procurement 10, QAP 4-1, Procurement Document Control |
Document Control + 7B, Procurement Management Mannal I_'l_'lx_'
Manmal
« ET, 310, Determination of Qmality | |
Requirements for Procured Items
Imstructions, IQQAPE—],IIstrlrhms,PrmndDrn'-g
Procedures and » LI, 101, Administration of SENL |_|_|_
Drawings Procedures and Work Instructions
« L1, 7.26 R&D Work Conirel Documents x |
» E7, 230 Drawings -
[Document Control || 1, QAP 6-1, Document Contral X |
+ 1B, MREP 3.32, Document Control I T ]
Cuontrol of 1Q, QAP T-2, Control of Purchased Items and |x | I
Purchased Items Services
and Services 7B, Procurement Management Manual II I
Manmal
1Q, QAF 7-3, Commercial Crade Item Dedication | [x |
+ ET, 3 46 Replacement Item Evalmation' | |
Commercial Grade Dedication X
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Atftachment 1. Task (A Plan Procedure Matrix continoed

QA Manual Implementing Procedures |Y1:5 |ND |A]I'.
Sections
Identification and 1Q, QAP 81, Tdentification and Control of Items
Control of Ttems . L],&IHS]LNLQAngqu[hmhhn I—’—I—
Control of Processes | I{L@!PD-],CIHIelMPrms
|I{LQ|!.PD-I,CIHJ1[MNnﬂstnrhTe_Enn-ltul| |I |
1Q, QAP 0-3, Conirol of Welding and Other Joining |x |
Processes
1Q, QAP #-4, Work Planning and Control | [x |
« 1Y, 8.20, Work Conirol Procedure .
Imspection 1Q, QAP 10-1, Inspection | [x |
« L1, 810, Inspection x|
| Test Conirol | 1Q, QAP 11-1, Test Control | [x |
Centrol of 1Q, QAP 12-1, Control of Measuring and Test X
Measuring and Test | Equipment
Equipment 1Q, QAF 12-2, Control of Installed Process X
Insiromentation
1Q, QAP 12-3, Control and Calibration of Radiation X
Muonitoring Equipment (not applicable to ERFS)
Paclaging, 1Q, QAP 13-1, Packaging, Handling, Shipping and |x | I
Handling, Shipping Storage
and Storage = L1, 8.02 SRNL QA Program Implementation | X
and Clarification
::lis?-edln,Tut‘ 10, QAF 14-1, Inspection, Test, and Operating Status | [x |
Operating « L1 802 SENL QA Frogram Implementation
Statns and Clarification | x |
Control of 1Q, QAF 151, Control of Nonconforming ltems
Nonconforming . S_IHS'R.NL A
Honc L], Q Program Implementation I—’—I—
Corrective Action I{LQAP 16-3
System + 1B MREF 413, Corrective Action Program I_I_I_
Qmality Assurance 1Q, QAT 17-1, Quality Assurance Records
Records Management
+ L1 802 SENL QA Program Implementation | X
Y I_FI_
« L1, 7.16, Laboratory Notebooks and X ’_
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Atftachment 1. Task (A Plan Procedure Matrix continoed

QA Manual Implementing Procedures |Y1:5 |ND |A]I'.
Sections
Amdits | 10, QAP 187 Swrveillance | [ | x
[ 10. QAP 18-3, Quality Assurance External Audifs | | [x
1Q, QAP 184, Management Assessment Frogram | [ | X
s 13Q, SA-1, Self-Assessment
[ 10. QAP 18-6, Quality Assurance Internal Andits | | [x
1Q, QAP 157, Quality Assurance Supplier | | |x
Surveillamce
Quality 1Q, QAP 18-2, Quality Improvement | [ IX
Improvement « L1, 802 SENL QA Frogram Implementation X
et =]
Software Quality 1Q, QAP 20-1, Software Quality Assurance | [x |
Assuramce * E7,501 Software Engineering and Comtral [~ [x [
Environmental 1Q, QAP 21-1, Quality Assurance Requirements for X
Cmality Assurance the Collection and Evalnation of Environmental Data
(E&CPT works to QAP 2-3 and is exempt from this
QAF)
Special L1, 6.71, Supplemental Quality Assurance X
i Requirements for DOERW-0333P
{applicable if RW-
0333F QA program
specified by
customer)
Identify the following information for your task-
Baseline Non-Baseline
Is the work Technical Baseline or Non- x
Baselineg?
R&D Routine Enginesring
Service Desipn
Is the work R&D, Routine Service, or X
Ensineerine Desicn®
Omsite Offfsite
Is the work for an onsite or offsife costomer? x
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10 INTRODUCTION

21  TaskDefinition

111

Introdu tion

The baseline treatment plan for Hanford is to vitify their salt supemate wasies
also known as Low Activity Waste (LAW). This task plan desls with the
feasibility of an alternative or supplemental treatment for LAW waste known as
Fluidized Bed S5team Reforming (FBSE) and so the inwestizations are mot
considered to be baseline. The Waste Treament Plant (WTF) is curmently under
comstruction to ireat all of the High Level Waste (HLW) and a portion of the
LAW wia virification However, the LAW will be generated at over twice the
rate that the corently desizned LAW vitrification facility can treat the waste.
Either a second LAW virification facility or other supplemental LAW treatment
technology is needed o meet scheduls objectives and spproved ok closure
deadlines.

FHSE. Recenty, THOR® Treatmen: Technologies (TTT) has successflly
demonsirated the FBSE technology at the Engineering Scale Techmology
Diemonstration (ESTLY) pilot scale on a non-radicactive Hanford TAW sinmalant'
that represents a 65 tank blend of Hanford wastes. This simmlant is known as
the Fassat® sivmlamt. As part of the Washington River Protection Solutions
(WEPS) supplemental testment technolozy evalostion and Depariment of
E]Egy[?ﬂE}EM—!l Tecnology Development and Deployment (TDIF)
programs, the Savamah River Mational Laboratory (SEIML) has been requested
to successfully demomsirate the FBSE techmolopy on waste stoeams
representative of Hanford's LAW at the Bench scale Steam Reformer (BSE)
scale and compare the resnlis to the products formed at the pilot scale. The first
demonstration” was 8 radioactive Savannah River Site (SE.S) salt supernate that
had been compositionally timmed to look like the Hanford Fassat 68 tank blend
that TTT processed mon-radicactive, this is referred to as Module B testing at
SEML zince Module A testing involved secondary waste and not LAW. The
second demonstration of LAW i= a Hanford waste from Tank 5X-105 and was
designated a5 Module C for SENL tacking purposes. The third demonstration
of LAW is 2 Hanford waste from Tank AN-103 and was desizpated as Module
D for SENL tracking purposes. The fourth demonstration of LAW is a Hanford
waste fom tanks AZ-101/AF-102 and is desipnated as Module E. Module E is
the forus of this Task Technical and Coality Assurance Plan (TTQAF).

FBSE treatment offers a low temperature (700-750°C) continmous method by
which LAW may be processed imbe a crystalline ceramic (mineral) waste form
regardless of whether the wastes are hizh in orgamics, nitrates, sulfates/sulfides,
other amions or components. The FBSE. process produces no secondary liquud
waste streams. Based on previous testing *57ARIILILISN fhe eranmlar waste
form that is produced by co-processing the LAW with kaolin clay has been
shown to be very durable. However, monolithing of the pramular product is
being porsued since monolithing of the granular FBSE. product can be used to
prevent dispersion during transport or burial/storage and’or meet compressive
strength fior Hanfiord land disposal requirements. Omnce apzing monolithing is not
believed to be mecessary to meet any durability performemce criteria since
compressive strenpth could be achieved through other means.
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To support SES implementstion of the FBSE. techmolegy for Tank 48 (T48),
SEML has soccessfully operated 3 Bench scale Steam Reformer (BSE) in the
SRML Shielded Cells Facility (SCF).'*'® The BSE i a unique SENL design
and this radicactive capability does not exist commercially nor at any other DOE
site.  All related safety basis documentation for operation of the BSE in the
SEML 5CF was completed for the T48 demonstration and has been updated to
cover the sitreams being teabed for the Hanford LAW scope. SENL also has
umique expertise, analytical chemistry skills, and equipment for monolithing the
granular FBSE product and measuring durability of waste forms. '™

The scope of work addressed in this task planning doomment consists of SEML
making a simmlant of Hanford's Tank AF-101/AF-102 LAW and testing the
simmlant in the non-radicactive BSE. in 735-11 A to provide

= optimization of processing parameters for radicactive testing,

= non-Tadicactive granular samples for testing the durability response of
the AF-101/AF-102 BSR?mdm:t compared with previous testing of
pilot scale FESE. products'” and previous simmilant and radioactive BSE.
ml.l?._lf.ﬂm

=«  pramular products b0 monolith and compare {durability and compressive
strength) to the monolithic waste forms prepared from previously fested
pilot and BSE products ™% Tank AT-101/AF-102 LAW is a high
Cr:(0y containing tank mixture with high concentrations of sulfur.

The scope of work addressed in this task planming docoment also comsists of
SENL mineralizing a radicactive Hanford LAW sample from Tank AZ-101/AF-
102 that has been supplied by Hanford Fe-characterization of Module C and
Module D) Hanford wastes was determimed to be pecessary even though the
mmmwummm" Be-characterization of
2 smbsample of a well stimed 'mized AZ-101/AZ-102 sample will be necessary to
develop the sinmlant and to provide data with equivalent analytical uncertainty
for the mass balance The re-characterizaton will include determination of
weight percent solids (wt %) snd density. The shmooy will be dissolved and
analyzed for cations, amions, elemental composition, and Tc-99, I-129, and Cs-
137. The solids, if any, will e analyzed by XFD and'or XEF.

A sinmiant will be made that represents the chemistry of the Tank AZ-101/AZ-
102 LAW afier jion exchange and filtration at Hanford e.g. the state of the AZ-
101/AZ-102 sample at the time of shipping. This “as shipped” sinmlant will be
allowed to age to see if precipitates form Noo-radioactive testing of the AZF-
101/AZ-102 “as shipped™ simmulant will be performed whether it has particulates
present or ot Since TTT has experience with processing solids in the ESTD
campaizns (Appendix A) and the clay additives are themselves particulate
shories, it was determined during the Module C and D testing that the
precipitates did not have to be removed before BSR. processing.

The Tank AF-101/AZ-102 LAW will be processed in the BSE in the SCF to
provide
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#» radioactive granmlar samples for testing the durability response of BSR
product compared to product from the TTT pilot scale mms from WFO-
M!"aﬂluﬂm’BﬁRcumguswitthTIumle
Secondary Waste [‘WI'P-S'WJ' Hanford's Rassat simmlant*!?,
Tank 5X-105,19 Tank AM-103,™ and the non radioactive testing in the
scupeabumand

L mmgmlmprmmmmlﬂmdme{mwm
compressive strength) to the non-radioactive monolithic waste forms

prqmmdnmhm}”Hmﬁmdsmmnmlm Tank 5X-
105, Tank AN-103, and in the scope described sbove.

Because of the lack of complete fluidization and shorter residence times in the
BSE than in the ESTD pilot, the particle size will be mostly fines as particle size
prowth s minimized in the sbsence of long residence tmes and imtense
fluidization. This is mot problematic as the ESTD bed product is an
agplomeration of finer particles that zrow in the long residence times in the
FBSE.

111 Radioactive Sample Characterization

The AZ-101/AZ-102 radioactive sample will be mixed, shimmed with MaBe0,
to 1.7 mmolT., and an analytical subsample of - 50mlL taken. The subsample
will be analyzed to verify parameters needed for sinmlant fornmlation and for
m:ss balance calculations. See Table 4 for specific analyses o be performed.

113 Non-Radioactive Tests

The AZ-101/AZ-102 sinmlant will be developed by SEML using chemical
amalysis provided by SENL as shown in Table 1. The target concentration for
the LAW Resource Conservation and Recovery Act (F.CFA) metals will not be
increased over what is alresdy present in the waste. The Fe (Tc saorrogate) will
be incressed by 100; the I by 1,000; and 1,000,000 for Cs as done in the TTT
pilot scale demomstrations of the Rassat simmlant' in order to observe their
behavior during mass balance of the process. SphereCx, a denitration catalyst
wsed in FBSE processing at the pilot scale, will be substinged for the fermic
nitrate nons-hydrate wed in Modules B, C, and D to force RCFA constiments
into insoluble spinel phases. The iron will also act as 3 REDOX indicator as
there is little to no ron in the waste. memgﬂlemREDC}Khelpsm
the oxidation state of many other REDOX active species such as Be™ vs. Re™
and Cr s, O™

If precipitates develop, a subsample of 8 well mived “as shipped™ sinmilant will
be taken amd snalyzed as outlined in 2.1.2 for the radicactive sample fo ensure
that the same types of precipitates have formed Omce the subsample is mken,
BSE processing of the well mixed “as shipped™ sinmlant with precipitates will
begin. It is anticipated that the clay particulates will keep these precipitates
buoyant once the clay and simmlamt are mized Processing the “as shipped™
sinmlant with precipitates will determine whether or not the AZ-101/AZ-102 as
received sample can be processed without first removing the precipitates. If the
simmlant with the precipitates can be processed in the BSE, then the radicactive
sample will be processed as received.
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Once the “as shipped™ simmlant recipe is developed it will be used to determine
the optinmom bpoosadicactive BSE operatiomal conditions to gpude the
operstional conditions o be uwsed in the radicactive BSE. tesis in the 5CF.
Partitioning of the Cs, I, and Be to the off-gas versus the overall solid
mineralized product will be assessed by whole element chemistry of the off-zas
condensate and the solid product  Since the testing of the deposiis in the off-zas
lines in-between the reaction chamber known as the Denitration and
Mineralizing Feactor (DME.) and the off-pas condencer during Modules B and
C, have shown that only minimal amounts (=30.05%) of amy of the elements of
concern reside in this line, the Line will no longer be rinsed with a known
amount of deionized water and analyzed to determine the species that have beaen
trapped or retained in the lines. The data will be used o caloulate 3 mass
balance of the system  Inchactively Coupled Plasma — Mass Spectromedry (ICP-
ME) will be nsed for analyses of the Cs, Fe, and I in the solids and off-gas due
to their presence at very low concenirations.

In addition, partiioning of the Cs, Be, and I amongst the solid phases, ez
nepheline vs. sodalite, will also be determined by quantitative X-ray Difftaction
(XFD), Scanning Electron Microscopy (SEM), and possibly Transmission
Eleciron Micrescopy (TEM) and Selected Area Diffraction (SALDY). Since the
soidalite phases, mchoding nosean. are present in small quantities which for low
amion containing feeds may be below the detection limit of the XRD, a total
amount of “sodalite vs. nepheline™ may be the only quantitative analyses that are
reportsble Phase pure standards are being made to develop quantitative XRED
calibration curves.

Sufficient non-radioactive granular product nmst be made to provide eight 170D
x 2"H momoliths and ~272 g of gramlar product for durability testing at SEML.
Therefore, a total of ~530 ({3963 x 0.65) + 271.3) g is required as showm in
Table 2. After the 28 day curing (or lonper curing times if necessary), two of
the monoliths will be compression tested at SENL. Upon passing the minimmm
500 psi compression test requirement, SPEML will retsin the entire non-
radigactive product for durability testing.

C-8



Savanmah River National Laberatory

SENL-EP-2011-{H752

SRNL-STI-2011-00384

E&CPT Research Programs Section Revision: 0
Task Techmical & QA Flam Drate: 5/6r2011
Page: Sof 30
Table 1. Composition of LAW Tested in This Study Compared to Rassat Simulants Previouwsky
Tested
AT- AF-101/AZ- Raszat Bassat Baszat
101/AZ- 102 SENL Simulant Simulant Simulant
102 data after Re | (LAW @ (LAW i@ (As
Compenent | enturd spike HEI SAIC/STAR | Reported®)
data molL Zag'yE= 2004) mol L
mal/L molL malL
Acetate CH: OO0 2.93E-03 | Hot analyzed 0.132 0.132 —
Glycolate CHi04 7.81E-4 | Mot analyzed — — -
Carbonate [ 6.82E-01 G.01E-01 0475 0475 0.475
Chloride Cr 3.10E-02 2.00E-02 0438 0.0438 0.0438
Fhaoride F 7.26E-02 264E02 00316 0.0316 0.0316
Formate HCOO" 6.98E-03 8.21E-03 — — -
Hydromxida OH 5.65E-01 4.70E-01 0.74 0.739 0.74
Todide T 1_BOE-06 1.71E-06 0013 0.0000134 —
Nitrate N0y 1.25EH10 1. 09EHM 158487 251 151
Hitrite N0, 1.33E+00 1. 23E+HMD 0424 0.434 0424
Crealate C0y 1.60E-02 1.38E-02 00118 0.0118 00118
Phosphate PO," 2.50E-02 218E-02 0.0482 00402 0.0482
Sulfate 50,7 1.61E-01 1.33E-01 0.09 0.09 0.9
Aluminmm Al 2.30E-01 241E-01 00637 0.0637 0.0637
Antimony She — - 0.00434 — —
Arsenic Az — -— 0.00137 — —
Blarium Ba — - 0.00751 — —
Cadminm Cd — 1.25E-05 00042 — —
Calcium Ca — 1.19E-04
Cesium Cs 3.18E-11 4.04E-11 0.013 0.00000051 | 0.00000051
Chrominm Cr 1.47E-02 1.13E-02 L0104 0.0104 0014
Irom Fe 1.45E-4 215E-04 — — —
Lead Pl — 5.05E-06 0.00606 — —
Molybdenum Mo 6.47E-4 GLE0E-14
Hickel Hi — -— 0.0106 — —
Miohium Hhb 5.51E-M4 8.24E-04 — — —
Potassinm E D.36E-02 0.5E-02 00124 0.0124 0.0124
Bhenium Be — 1.7E-03 00017 0.00052 —
Selenium Sa — -— 0.00123 — —
Silicon 5i 1.02E-03 2.09E-03 — — —
Silver Az — — 0.001461 — —
Sodinm Ha 4.92E+00 5 32E+HDD 5.0161 50014 5.00
Technetium Tc 1 HE-4 1.ETE-4 — — —
Thallium Tl — -— 0.00202 — —
Titanium Ti 1.34E-4 1.53E-M4 — — —
Uramium U — 1.5TE-D5 — — —
I 6.85E-05 6.24E-05 — — —

Zircomium

1.236g/cc

1.24 gicc

Density
**Resource Conservation and Fecovery Act (RCPA) and radicmaclide swrogzates (Fe, L Cs) were doped in at

the following concentrations: 107 for 5b, As Ag Cd and TI; 100 for Ba and Be (Tc surmoegate); 1,000 for I;
and 1,000,006 for Cs
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Table 2. BSE Product Requirements in Grams (Non-

Radisactive Testing)
MODULE E FRODUCT EEQUIREMENTS EY TEST AND LABORATORY
Gramlar Gramular Monolith Monolith
Testing PHML SRML PHML SEML
(g) (g) (g ()
Smgle-Pass Flow-Through
14 0 T2 0
(SEFT)
Product Consistency Test
(PCT) Short Termf 30 30 30 30
PCT Long Temm 0 o [1 28°
Toxicity Characteristic
Leaching Procedure (TCLP) 0 20 20 20
ASTM C1308 ] 0 o8 98
SUMS BY
LABORATORY 194 78 220 176
TOTAL MATERIAL
SOM 72 396
BSE. GRANULAR
PRODUCT HA 258
EQUIVALENTS
TOTAL GRANULAR 530
PRODUCT

f (mcludes surface area measurement by BET, dencity, loss on drying, coal measurement
by loss on ignition, and particle size distriation)

* Monolith Product x 0.65 BSR loading, makes eizht monoliths at ~33 g FBSE per
monolith. Of these eight monoliths tao tncmoshed monoliths remain at SENL for ASTM
C1308 testng and two momshed monoliths zet sent to PMML for testing; fowr monoliths
are compression tested; 122 prame of crushed monoliths ate sent o FNNL for testing;
T7.9 prams of crushed monoliths are retained at SEML for short term and long term BCT
and TCLP.

1 Imreased quantities required compared fo Modules A-D doe o 20% loss during
ethanol wash and only 30%% yield of required particle size for PCT testing

SEML will perform amalyses o measure properties of the non-radicactve
gramular products and the monolithed sinmlated waste forms zenerated from the
gramolar products produced during the simmlant BSE campaizms. This will
inclwde loss-on-drying (LODN) tests at 110°C o determine moisture coment and
loss-on-ignition (LOI) tests at 525°C to determine the coal fraction in the
samples which is the difference between the LOI and the LOD weight losses.
The tempersture of 525°C removes the carbon left inm the Taw coal affer
processing in the BSE as the hydrogen, oxypen, and moisture from the coal have
been removed during the BSE. processing  However, this temperatore does mot
vaporize the sulfir in the coal or the BSE product phases. For these
experiments, where SENL is using the carbom LOI to assess the impact of
carbon on the REDOX measurement, this tempersfure has been fomd to be
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sufficient amd it is the temperatre recommended by a US Geological Survey

element chemistry. Samples will be examined on the SEM using Energy
Dispersive Spectoscopy (ED5) o determine if e and I are retmined im a
soddalite structure and if Cs substifutes for MNa in nepheline and'or sodalite or
baoth.

using the ASTM C1285-08 (Product Consistency Test — long and short term) by
qualified personnel at SENL. The short term testing will be the seven day BCT
and will be performed in stainless steel or Teflon® vessels at the reference 100-
200 mesh called for in the PCT-A procedure. The long term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass o solution volume ratios in steel or Teflow® vessels. The time durations
are to be one month three month six month and an additionmal time to be
determined (TBLY) which may be up to 1 year or longer. The fests will be
performed in Teflon® vessels. A minimrnmm of 1 gram of sample nmst be tested
at 3 mass rato of 1 gram of solids to 10 g of water per the procedure. Duplicate
samples will be tested at each time interval The exact surface area to sohotion
volume will be determined once the Brumsuer, Emmett and Teller (BET)
surface area of the FBSE product is measured. The solids and leachates will be
chemically analyzed for the major species (Al Na, 5i, Fe) by ICP-ES; for the
minor species (Ag, Ba, Cr, K, P, 5, TL ) by ICP-ES; for other minor
tmsﬁM[Cs,LR&,Db,Cd}h}'ICP—HS,[ﬁs,SE}h}ammtwmrpﬁm
spectroscopy (AA); and for anions (F, C1, T, 50", PO, ) by IC.

The Tomicity Characteristic Leaching Procedure (TCLF) will be performed by
an Environmentsl Protecion Agency (EPA) certified laboratory in South
Carolina for the non-radioactive simmlant pramuolar product.

The non-radicactive gramular product will ke made nio monoliths using an
optimized monolith binder formulation defined by the testing performed as part
of the Hanford LAW supplemental treatment testing finded by EM-31. The
monolith will be characterized as described above and compression tested.
Diffosion coefficients for Re, Cs, and I will be determined using the 3 momth
long ASTM C1308 monolith test, which is an improved version of ANSI 16.1
that does not allow back reactions to form

114 Radioactive Tests

The Tank AZ-101/AZ-107 Hanford LAW sample has been apalyzed by WEPS,
but, based on lessons learmed from from Moduoles C and Iv; SENL will re-
analyze the AZ-101/AF-102 sample to ensure that a8 representative sinmlant is
fabricated and that the mass balance can be completed with reduced uncertinty.
At the time of shipping the density of the waste has been measured by WEES to
be 1.236 gloc.

Hanford has provided ~1379 ml of Tank AZ-101/AZ-102 LAW and all will be
processed in an atempt o produce the 491z of radinactive product estimated to
b needed, see Table 3. Fe will be added to the waste to have =150 pg'z in the
final product and SphereCix ac a denitration catalyst The iron oxide also acts as
3 REDOX indicator in order to determine the oxidation state of Be, Tc, and the
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RCPA metals from an already developed Electro-Motive Force (EMF) diagram
for FESE. The conceniration of Fe will be verified after doping.

Dhring the demonstration, at least one non with the radioactive waste will be
spiked with Tc™, Be, and I'" (non-radicactive) at 2 minimum of 150 pg/'s in the
solid product. This level is needed to detect these species durnng follow on
extended xray absorption fine stuctore (EXAFS) testing at the Stanford
Synchrotron Radistion Lightsource [fomuinmnﬁ:rdSym:hmu-mRadlmm
Labummﬂtndemdmlucalbomhngofdmk and I' in the mineral
waste form  Todine-125, -127 and -129 will all be present snd expected to
partition to the same sodalite phasze and the Synchroton sensors can pick up all
three isotopes but is most specific for I'". The spiked feed will be processed at
the end of the campaign after the off-gas condensate is sampled and lines are
flushed. This will ensure that the mass balance and leaching tests described
below are not compromised by the elevated comcentrations required by the
EXAFS tecting

Non-radipactive Be is added o determine the effectiveness of Fe as a surmogate
ﬁJrTcW{hrthEE.prmsing,ie.duﬂEytmd each other in the off-gas, do
they substiiute for each other in the solid products or does one preferentially
partiion to the sodalite over the other, and do they respond similarly o the
reduction/oxidation (REDOX) in the BSE. This will be compared to their

response during subsequent durability testing.

Partitioning of the radionnclides (Cs, Tc, and I) and Fe to the off-gas and to the
solid mineralized prodwct will be assessed by analysis of the off-gas condencate
and analysis of the solid product. A mass balance will be performed. A
combination of ICP-MS and radiometric methods will be used for analyses of
these components as they should be present at very low concentrations.

Dnring the BSE processing i the SCF, kaolin clay will be added to the AZ-
101/AF-102 sample to form the mineralized waste form betwesn T25°-T50°C.
Because the waste is concenirated during processing while also being diluted by
the non-radicactive clay added, the resulting radicactive dose of the final
product will be different than the starting maberizl Assuming the measured
diose is low enough to work in a radioactive hood, characterization and testing of
the samples will be performed in a 773-A laboratory. If not, the characterization
and testing will be performed in the SCF.

Adequate radioactive gramular product st be produced in the BSE in the SCF
to fabricate eight 170D x 2"H monoliths snd provide gramular and monelith
product for durability testing st PNML and SENL (Table 3). Afier the required
oming time, two whole monoliths will be sent o PRNL for testing and two
whole meomoliths will be retzined at SEML for testng Of the croshed
monoliths, 163 grams will be sent to PMML for testing and 58 grams of cushed
monoliths will be retzined at SEML for short and long term PCT testing (Table
3).

If the 1397 mL of AZ-101/AZ-102 doas not make the required 491 2 of sramlar
product, then the amounts given in Table 3 will have o be adjusted accordingly,

e.g. fewer monoliths, fewer samples, or fewer tests. This will be agreed upon
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SFEML will perform amalysis of chemical and physical propertes of the
radigactive prapular prodocts and monoliths penerated fom the zrammlar
products produced during the BSE. campaigns in the SCF. This will inchide
LOD tests at 110°C to determine moistore content and LOT tests at 525°C to
determine the coal fraction in the sample. Different subsamples will be sent for
REDOX amalyses, characierization by XFRD, and whole element chemisiry.
Samples will be examined on the Contained Scanming Electron Microscope
(CEEM) using EDS o determine if Tc, I and Fe are retsined im a sodalite
stucture and whether Cs substibotes for Na in the nepheline and'or sodalite
structures. The coal in the product will also be examined for retention of
radiomoclides.

Table 3. B5R Product Requirements in Grams (Radicactive Testing)

MODULE E FRODUCT REEQUIREMENTS BY TEST AND LABORATORY
Gramular Gramular Monolith Monolith
Testing PHML SEML PHHNL SENL
(=) () {E) (£
Smgle-Pass Flow-Through
2 0 72 0
(SFET)
Prescurized Unsatwrated
Flow (FUF) 0 0 40 0
Product Consistency Test
(PCT) Short Tem 30 £l 30 30
PCT Long Temm 0 o [1 28°
Toxicity Characteristic
I eachinz Procedure (TCLP) 20 0 0 0
ASTM C1308 [} 0 [ a8
SUMS BY N
LABORATORY 162 38 260 156
TOTAL MATERIAL
ST 720 416
BSE GRANULAR
PRODUCT HA 271
EQUIVALENTS
TOTAL GRANULARE 491
PRODUCT

* Monolith Product x 0.65 BSR. loading, makes eizht monoliths at ~33 g FBSE per
monolith. Of these eight monoliths tao tncrushed monoliths remain st SENL for ASTM
C1308 testing and two umcmshed monoliths zet sent to PNMNL for testing; fowr monoliths
are compression tested; 162 grame of cushed monoliths are sent to PMML for testing; 58
grams of crushed monoliths are retained at SEML for short term and long term PCT.

1 Imnreased quantities required compared fo Modules A-D doe o 20% loss duming
ethanol wash and only 30%4 yield of required particle size for PCT testing

The radioactive gramilar waste form product will be tested wsing the ASTM
C1285-08 (Product Consistency Test — long and short term) by SEML. The
radicactive granular product will be made into monoliths using the optimized
characterized and subjected to the ASTM C1285-08 test (long and short term)
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and a compression test. The short term testing will be the seven day PCT and
will be performed in stainless steel or Teflon® vessels at the reference 100-200
mesh called for in the PCT-A procedure. The long term testing will be
performed using PCT-B which allows for longer time testing at different sample
mass o solution volume ratios in steel or Teflon® vessels. The radiation dose
from the zample mmst be calculated to ensure that the Teflon® vessels are
acceptable per the dose requitements given in the PCT procedure, e g, doses up
mlxlﬂjradofhe‘tanrgmmamdiaﬁmlnvehemshnﬂnmtmdmgam
finorocarbon (Teflon®). The time durations are to be one month six month
and an additional fime o be determined (TBD) which could be up to one year.
The tests will be performed in Teflon® vessels. A mininmm of 1 7 of sample
nmst be tested 3t 3 mass ratio of 1 g of solid to 10 g of water per the procedue.
Dnplicate samples will be tested at each time interval. The exact surface area to
solation volume ratio will be determined once the BET surface area of the FESE
product is measured. The solids and leachates will be chemically analyzed for
the major species (A1, Ma, 5i, Fe) by ICP-ES; for the minor species (Ag, Ba, Cr,
E, B, 5, TL, Zr) by ICP-E5; for other minor constitments (Cs, I Fe, Fb, Cd) by
ICP-MS, (As, Se) by atomic sbsorption spectroscopy (AA), and for amions (F,
C[,l',SDf',PG.‘ by IC. Cs, L and Tc will be measured radic-meirically.

Diffasion coefficients for Te, Re, Cs, and I will be performed using the 3 month
long C1308 monolith test, which is an improved version of ANSI 16.1 that does
not allowr back reactions to fiorm.

Both the gramular product and the monolith product will be leach-tested using
the EPA TCLP procedwe. Becamse AF-101/AZ-102 is a listed waste the
samples (grannlar and monolithic) will be sent o FNNL who will sobcomtract
with an EPA certified laboratory.

12 Cuostomer/Fequester

Leo Thompson, Manaper of WTP Techoolopy =nd Development s  the
customerTequester as the ultimate user of the technolozy. Sieve Schneider, Director
(Acting) Office of Waste Processing iz the H() customerTequester for the owerall
PIOETAM.

13 Task Responsibilities

Environmentsl & Chemiral Processing Techmology FResearch Programs (ERPS)
personnel will be primarly respomsible for the scope descobed im this task plan
Dnmrability testing being performed on the prammlsr snd monolithic samples (pnon-
radioactive and radioactive) being sent to PNML is not covered in this task plan  SEMNL
support will be provided by persomme] in the Shielded Cells, ATy and the Regnlatory
Imtegration and Environmental Services organization. . J. Banmochie is the owerall
Principal Investigator for the Hanford BSE. program, while C. M. Janitzen is the owerall
technical lead for the program and is responsible for this tack plan and any revisions. P.
F_ Burket is considered the Subject Matter Expert (SME) for the BSE. equipment (non-
radioactive and radicactive) and control system desipn snd set-up. A D Cozzi is the
lead for the waste form gqualification and testimg. C. C. Herman is the respomsible
manager for the program  The responsible manager (or desipmee) is responsible for
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reviewing and approving all procedures and task plans, assessing the preparedmess to
carmy out this task, and reviewing and approving all reports.

Omerall responsibilities of the ERPS BSE team inchode the following:

- Coordinating all activities and ensuring that they are completed in a timely manner

- Ensuring that all results are documented

- Preparing the records for this task

- Ensuring that sample tracking and document controls are followed

- Ensuring that the latest revisions of procedures are used to complete the task activities

For the simmlant B5E testing, the following responsibilities are delineated:

- P.B. Burket (or designes) is responsible for preparing the Hazards Analysis Package
(HAP) for the testing, providing puidance on the equipment performance parameters,
ensuring the BSE is sat up to perform testing, and performing the B5SE testing.

- B E. Eibling (or desipmee) is responsible for overseeing the production of the

- W. E. Daniel {(or desipnee) is responsible for preparing the equipment for simmlant
characterization.

- C.L Crawford and A D. Cozzi (or designees) are responsible for characterization and
testing of the sramular produoct, production of the monoliths, and characterization and
testing of the monoliths. C. L. Crawford will interface with W. L. Mhyre of Quality
Conirol Testing 85 necessary o perform compression festing.

- ERPS techmicians are responsible for performing the LODVLOI messurements amd
PCT.

- Suppoart for the sbove tasks will be prowided by personnel within the ERPS section.

- AD iz responsible for performing Brmsuer-Emmett-Teller (BET) surface area
measurements o the simulant samples.

For the radioactive B5SE. testing, the following responsibilities are delineated:

- P. B. Burket {(or designee) is responsible for preparing the HAP for the testing and
overseeing performance of the BSE. testing.

- €. L. Crawford (or designmee) is responsible for characterization and spiking of the

- C. L. Crawford and C. J. Bannochie {or designees) are responsible for characterization
of the pranular product, monoliths, and offgas condensates/Tinses.

- A D. Cozzi (or designes) is responsible for testing of the pramlar product, production
of the monoliths, testing of the monoliths, and performing skeletsl density
messurements on the radioactive .

- I. H Scogin (or designee) is mesponsible for performing BET surface area
measurements of the radinactive samples.

- EFRP5 technicians are responsible for performing the LODVLOI measurements and PCT
if the samples can be removed from the Shielded Cells. If the samples cammot be
removed, Shielded Cells personnel will perform the LODVLOI measurements and BCT
mder the guidance of ERPS

- Support for the above tasks will be provided by personnel within the ERPS section and
by SCF personmel as necessary.

As pecessary, C. L. Crawford (or designee) will be responsible for developing or
modifying existing HAPs for the waste form characterization, production, or testing. C.
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L. Crawford (or designes) will be the PI for the treatsbility smdy. He will have primary
responsibility for working with the Imventory Authority, H E. Hall {or designee), to frack
penersted samples and residoe throughout the performance of the task until completion of
the studies and disposition of all material All other researchers working with the actual
Hanford material will also be required to comply with the puidelines of 129, ITS-0167
for tracking and disposition of samples and residoe.

The Process Sciemce Amnalytical Laboratory (PSAL) will be responsible for analyzing
simmlant and product streams using the following methods or equipment: Par Anton
density mefer, BEDOX, and LODVLOIL PSAL will perform the necessary dipestons or
dihations to allow the samples o be analyzed by thess methods. PSAL will follow
approved procedures to perform these messurements and will assign 3 umique ID) to each
sample to maintsin raceability. PSAL will ensure that the appropriate standards are used
and that equipment calibration is maintined durng performance of the testng.
Appropriate apalytical standards will be submitted with all samples for a cross
comparison between non-radicactive analyses by PSAL and radicactive sample analyses
by Analytical Development (ATY).

SEHML — 5C0 (Shielded Cells Operations) personnel are responsible for:

- Reviewing and approving this TTQAP

- Checking and mstalling the equipment necessary for tasks o be performed in the
Shielded Calls

- Prowiding SENL — Cruality Assurance (QA) access to taining and qualification records
for SCO personne] for surveillances or audits

- Ensuring the latest revisions of procedures are nsed to complete the task activities

SRML — AD Laboratory personnel are responsible for:

- Reviewing and approving this TTQAP
- Analyzring radioactive waste samples and simmlant snd product streams using the
following methods or equipment Indoctively Coupled Plasma — Atomic Emission
Spectroscopy (ICP-AES), Ion Chromatography (IC), ICP-MS, particle size distribution
(PEDY), X-ray Diffraction (XBIY), Scanning Electron Microscopy (SEM), Contained
Scamming Electron Microscopy (CSEM), and radiomedric analyses.
- Providing persomnel resowrces snd equipment necessary to perform REDOX via
remote handling in SCF (not an AD established method)
- Providing SEML — QA access to raining and qualification records for AT persomel
for srveillances or andits
- Performing (A checks (Le., using standards and enswing calibrations are valid) on
instrumentation involved in this task
- Analyzing the samples per the Tum Around Times (TAT) specified in this TTQAP
- Reviewing the sample results prior to reporting them
- Ensuring the latest revisions of procedwres are nsed to complete the task activities
- Commmumicating needed method development walidation work to be performed on
radinactive materials produced as part of the Task Plan

SRML QA is responsible for reviewing amd spproving this tack plsn and providing
moidance and oversizht for this task.

WEPS and EM-31 WP-5 personnel are responsible for providing guidsmce and input on
the requirements of their associated qualification program and CD-1 package needs.
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They are requested to provide wmitten requests o SENL  specifying any
changes/deviations to the scope of this TTQAP. The WEPS and EM-31 WP-5 team will
be responsible for reviewing the final reports associated with this task. Any changes or
addition to scope will be azreed upon by SEML after considering the impact to budget
and schedule. K Byan of TTT, is responsible for providing BSE. operational parameters
and prowiding the coal and clays to be used by SENL if needed.

14 Task Deliverables

1. An approved Task Technical and QA Plan (this document).
2 Mass balance of Be, I, and Cs durning non-radioactve BSE operstion.

3. Imterim documentation of the results of the non-radicactive BSE. mm and the
characterization of the granular and mineralized product inchoding subsequent

4. Production and testing of eight non-radicactive monoliths and ~272 g sramlar
prumuﬁarﬁrﬂlunsungﬁarsmmm

5. Mass balance of Tc™, . and Cs"" during radioactive BSE. operation.

6. MWMaﬁJﬂ]MMMMMﬁ
the radioactive BSF mineralized prodoct and subsequent product

7. Shipment of two radieactive momoliths and ~162 g pranulat product o FNHL
for further testing.

i Six radioactive monoliths and ~58 g sraoular product for SENL testing.

9. thmnﬂnfgrmhrpm{httm{hﬁumHmﬁrdﬂZ—lﬂlME—lﬂ!vaﬂeatm

elevated wh.dsspihnguflSﬂp.g{ch andI'”foISjmhrmmmngat
Stanford Synchroton Radistion Lightsource or an equivalent facility.

30  TASK ACCEPTANCE CEITERIA
Acceptance testing is not part of this task.
40  TASK ACTIVITIES
41  TaskInitiation

# Dmaftreview/issue TTQAP.

» Condoct B&DHazands Assessment Package (HAF)/ Safety review for simmlant BSE
testing inchnding initiation of the Environments] Evaluation Checklist (EEC]).

» Condoct B&D/HAP Safety review for radioactive BSE testing inclnding approval of
the pecessary national emissions standards for hazardous air pollutants WESHAPS
analysis and EEC.

* Condoct REDVHAP Safety review for the Ssbrication, characterization, and testing of
the srammlar and momoelithic waste forms a5 necessary incloding the EEC for simmlant
and radinactive testing.

42 Simulant and BSE. Preduoct Formation

»  Anslyze the AZ-101/AZ-102 sample and determine if precipitation has oooomed

» Develop an AZ-101/AZ-102 sinmlant

# Make ample non-Tadicactive simmlant (4 Liters) to make ~530 g (Table I) of non-
radioactive BSE. product for further testing.

* Anslyze non-radioactive AZ-101/AZ-102 sinmlant to conditm critical parametess.
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# Determine the sinmlant B5E operating parameters (clay levels, coal levels, mput
pasesflow rates) by scaling of the ESTD operation parameters dowm o the BSR
scale. SEML will obtsin concmrence with the sinmlant BSE. operating parameters
from TTT before proceeding with the BSE. operation.

#»  Uise OptEacT kaolin clays at the appropriate ratio to form the desired mineral phases
and sufficient carbon fo provide the necessary reductant for the non-radioactive BSR.
campairns. Use SphereCs as a catalyst to assess the impacts of this co-reactant.
Quantity will be decided upon by SEMNL and TTT.

= Fun the non-radicactive BSE in 735-11A beteen 725 - TS{l‘*Ctuthemactimmne
for sufficient duration and with enough feed to produce the desired product quantity.
Eﬂchsmlﬂmﬂmammoflﬂmlmﬂmmnfl!ﬂﬂnffmﬂ
with the volume of feed being dependant on operating conditions. It is estimated that
~30 mms will be required to generate 530 zrams of product for analysis and testing.
The estimated required pranular prodoct mass is 530 g (eight 17 x 27 monolith
cylinders requiring 258 grames of grammlar produoct and 272 g of sranular product).

43 Simulant Product Analysis and Off-Gas Mass Balance

*  Amnslyze the composited BSE produocts for whole element chemisiry of all cations
MMWEFAESMIC REDuction/'0Xidation or REDROX ratio o determine
Fe’ Eemﬂﬂhmﬂﬁmn,msrmcmb}'mullﬂ“ﬂ,m
coal determination by LOT at 525°C. Anslyze the Cs, I and Be concentrations by
ICP-MS.

»  Amnslyze the off-gas condensate for all cations and amions by ICP-AES and for Cs, I
and Fe by ICP-MS5. This may facilitate speciation of the type of carmyover ocomming,
if amy. For example Cs may be camied over as vapor as Cs,0, CsCL, CsF, CsMNO, or
as particulates such as CsAlSI0,,

= Rinsing of the off-pas line{s) between the DMPE. and the comdenser is no longer
needed since it has been shown that less than 0.05% of aoy constituent resides in this
line during Module C and ID testing with the quartz wool filter. The guartz wool is
still weighed before and afier use to ensore that =0_.05% of the product is retained by
the flier.

#»  Perform mass balances on elements of concern with special attenfion to Cs, I and
Ee.

44 Simmlant Gramular Product Durability Testing

#» Prepame gramalar sample subsets for ASTM C1285 - PCT. Vanation to the standard
PCT protocol will be implemented since samples will be wet sieved i ulira pure
ethyl alcobol, not sonicated, and Dot water washed as part of the PCT sample
preparation.  Analyze the prepared and wached samples for BET surface area,

# Perform the short term (seven day) ASTM C1285 - PCT on the BSE zrammlar
products. The surface area to volime ratios will be determined once the particle size
distribution from the BSE. mms for this sinmlant s Enown.

»  Perform long term ASTM C1285 - PCT on the BSE. granulsr products. Sample and
amalyze at ope, three, six, and TBD month imtervals. At the end of each sampling,
the secondary alteration phases will be analyzed and the leachates will be analyzed
for all components incloding Al Fe, Mn, etc. in order o perform peochemical
modeling using EQ3/6 or equivalent, e g Geochemist’s Workbench (GWE).

»  Send a subset of the gramlar product for TCLP testing by a certified EPA laboratory.
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» Compare results to the anslyses performed with the ESTD HEI samples under
previous work scope (WEO-2008-003)'%

45 Simulant Monolith Production and Product Testing

+ Use a portion of the BSE. gramlar products from the non-radicactive campaizns to
produce monoliths with the monolithing agent (cement or peopolymer) determined
in EM-31 testing with the earlier Module wastes to produce eight separate 17 x 27
monoliths.

= After curing for 2§ days or the appropriate time, perform compression testing on the
non-Tadicactive monoliths and analyze for whole element chemisiry (all cations and
amions) and x-ray diffraction

» Compression test the momoliths with both 3 penetrometer and the ASTM
Compression test to calibrate the penetrometer for use with the radicactive monoliths
since radiosctive ASTM compression testing capahility is not available

#» Thking crushed segments retwmed from the compression testing, prepare zramular
sample subsets for ASTM C1285 - PCT. Variation to the standard PCT protocol will
be implemented since samples will be wet sieved in ulira pure ethyl aloohol, not
sonicated, and mot water washed as part of the PCT sample preparation.  Analyze
the prepared and washed samples for BET surface area, particle size analysis, and
skeleta] density by pycoometry.

#» Perform the short term (seven day) ASTM C1285 - PCT on the BSE. monolith
products.

#»  Perform long term ASTM C1285 - PCT on the BSE. monolith prodocts. Sample and
amalyze at ope, three, six, and TBD month intervals. At the end of the testing, the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components inchoding Al Fe, Mn, etc. in order to perform peochemical modeling
using EQ3/6 or equivalent, e g GWEB.

#» Send a subset of the crushed samples from compression testing for TCLP testing by
a certified EPA laboratory.

« Compare results to the analyses performed with the ESTD HEI samples under
previous work scope (WPOD-2008-003 and WES-2.1)"4",

#»  Perform ASTM C1308 (the ASTM varant of ANSI 16.1) on & mininmm of two
monoliths. This is a 80 day test.

46 Radicactive BSE Froduct Formation

#  Transport AZ-101/AZ-102 Hanford Waste to the SEML 5CF.

#»  Perform Treatability Study sample handling and processing in the SCF in accordance
with SEWL Procedure Manmsl L1, 604 ‘HazardousMized Waste Treatability
Smdies” amd Procedure Mammal 129, IT5-0167 ‘Hanford Treatability Soody and

s  Ensure that enough of the radicactive dopants (Tc™, Cs'¥, I'™ or I'*) have been
procwed and svailable to process the last 100mL of AZ-10LAZ-102.

« Daope all bt 100ML of the 1379 mL of the AZ-101/AF-102 zample with Fe and
Sphereln

*  Analyze the rimmed Tank AZ-101/AZ-102 after doping.

»  Dope the remsining 100 mL of the AZ-101/AZ-102 sample with Re, SphereCu, Tc™
and T¥ 1o the levels needed to achieve 150pz'z of each in the solid samples for
EXAFS testing.
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s Ship Tc™ and I'" doped sample o Synchrotron Badiation source defined by
CUSPOmET.

#  Determine the BSE. operating paramefers (clay levels, coal levels, input gasesflow
rates) based on the BSE simmlant testing. TUse OptiEasT kaolin clays at the
appropriate ratio to form the desired mineral phases (wet clay basis) and sufficient
carbon to provide the necessary reductsmt (Bestac carbon) for the radicactive BSR
campairns. The carbon will be caloulated for the actusl amount of MO, and MO, in
the radioactive zample using 1 3% the vale caloolated by the SENL developed
MINCALC Versiom #3. Obtain concwmence with the BSE operating parameters
from TTT before proceeding with the radicactive BSE. operation.

#*  As necessary, install the BSE in the SCF after preliminary testing in the Shielded
Cells Mock-up Fadlity. If already located in the SCF, install new zlass ware and
BSE components to perform the radicactive demonstration.

#» Fun the radicactive BSE in the SCF between 725 - 750°C in the reaction zone for
snfficient duration and with enough feed to produce the desired product guamntity.
Each radicactive doped AZ-101/AZ-102 nm will use between 20-120 mL of feed Tt
is estimated that somewhere around 30 mms are needed to produce enough srammlar
product for analysis and testing The estimated required zramular product mass is
~401 = (eight 1™ x 2" monolith cylinders and 220 g of sranular product — see Table
3.

»  Analyze the B5E produoct for whole element chemistry of all cations and anions by
ICP-AES and IC, REDuction/OXidstion or REDOX to determine Fe*/TFe ratio,
XPD for mineral formation, moistore content by LOD at 110°C, and coal
determination by LOI at 525%C. Amalyze the Cs, I, and Tc concentrations by ICP-
M5 and/or radiometric methods.

L Amh’m'ﬂmoﬁ—gascnﬂmsaﬂﬁ:rﬂs,ldethrICP—mmmmdlm

L] Pe:ﬁmmmsshalancesfm:Tc , Cs, amd I
48 Radivactive Granular Product Durability Testing

# Prepamre syamular sample subsats for ASTM C1285 - PCT. Variation to the stamdard
PCT protocol will be implemented since samples will be wet sieved in ulira pure
ethyl alcobol, not sonicated, and Dot water washed as part of the PCT sample
preparation.  Analyze the prepared and washed samples for BET surface ares,

# Perform the short term (seven day) ASTM C1285 - PCT on the FBSE zrammlar
products.

#  Perform long term ASTM C1285 - PCT on the FESE. granular products. Sample and
mmalyze at one, six, and TBD month intervals. At the end of the testing, the
secondary alteration phases will be analyzed and the leachates will be analyzed for
all components inchoding Al Fe, Mn, etc. in order to perform geochemical modeling
using EQ36 or equivalent, e p. GWEB. CSEM with EDS may be performed to
determine the partitioning of radiomoclides to the alteration phases.

= Send a subset of the grammlsr product (see Table 3) to FNNL for TCLP testing by a
certified EPA laboratory. The certified laboratory will refurn the products and any
waste to the original waste generator, WEPS.

L] Cﬂmpﬂeresulummeamljsespﬂﬁ:rmd the ESTD HEI samples under

previons work scape {wmzmma;"""" to dafa pethered during Hanford
Mu-chleA,B C and D testing, and fo the dorability response of the non-radicactive

ramular product produced in this sk plan
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49 Radicactive Monolith Production and Product Durability Testimg

® Tse a portion of the BSE gramnlar products from the radicactive campaigns to
produce monoliths with the monolithing agent (cement or geopolymer) determined
from the simmlant monolith testing in this task plan.

= After curing for 28 days, perform compression testing on two radioactive monoliths
and analyze for whole element chemistoy (all cations amd anions) and x-ray
diffraction.

» Compression test the monoliths with the pre-calibrated penetrometer.

« TUpon passing the compression test at 500 psi ship two of the radioactive monoliths
to PNNL (one whole and one broken from compression testing) along with ~162 g of
radioactive pramular product.

» TUsing cmshed segments from the compression testing, prepare granunlsr sample
subsets for ASTM (C1285 - PCT. Varation to the standard PCT protoecol will be
implemented since samples will be wet sieved in ultra pure ethyl alcohol, not
sonicated, and not water washed as part of the PCT sample preparation. Anslyze the
prepared and washed samples for BET surface area, particle size analysis, and
skeletal density by pycoometry.

#  Perfomm the short term (seven day) ASTM C1285 — PCT on the BSE radicactive
monolith products.

=  Perform long term ASTM C1285 - PCT on the BSE. madicactive monolith products.
Sample and analyze at one, six, and TBD month intervals. At the end of the testing,
for all components incloding Al Fe, Mn, etc. in order o perform geochemical
modeling wsing EQ3/§ or equivalent, eg GWB. CSEM with ED5 may be
performed to determine the partitioning of radionuclides in the alteration phases.

# Send 3 subset of the coshed samples from compressien testing to FHNNL for TCLP
testing by a certiied EPA laboratory. The certified laborstory will retum the
products and amy waste to the original waste generator, WEPS.

» Compare results to the anslyses performed with the ESTD HEI samples under
previons wark scope (WEO-2008-003 and WP5-2.1),*'™" w data gathered during
Hanford Module 4 B, C, D testing, and in the non-radioactive portion of this task
plan

#»  Perform ASTM C1308 (the ASTM varant of ANSI 16.1) on & mininmm of two
monoliths and mon for 80 days.

410  Data Analysis and Docomentation

®  Anslyze dats as each module is completed.
=  Provide imterim technical reports as necessary to meet WEPS project commitments.
#«  Draft sapprove, and is=ne a final report(s) after all the phases are complete.

50 TASK SCHEDULE
The timing of the ndivideal activities will be maintzined in the ERPS schedule. A higher level
schedule is also being maintsined by WEPS and is being updsted on a weekly basis with all
parties.
Table 4 summarizes the various mums/campaigpns and the associated testing. The aomoym in

parenthesis afier the test method indicates the orgamization that will perform the analyses. PSAL
is denoted separately so that they can plan their resource load accordingly and to distinguish from
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AD. The radioactive sample PCTs will be performed by ERPS or SCF persomnel if not sble to
remorve the samples from the cells and the leachates will be submitted to AD. Fadicactive sample
BET and skeletal density will be performed in 3 glovebox using existing instumentstion
maintsined by ERPS persomme]l
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Table 4. Sammary of Sample Types and Methods. Reguired Turnaround Times are in Work Days (* = Calendar Days) and Responsible Orzamization
(A =AD, C=E&CPT/S5F, N =N-Area, O = Offsite, Op - = Optional, F=PSAL U=E&CFT/FTF)

© E | :EE ;— E %'&. fa <
HEIEE 2|24 & =t | & 2l2|elxl2|E|2
HHHHEEHEMEHHBEABEEEBHEHEHERE
s E|Sl=|<|<|2|2]|=2]|= < | = Bl = |2 ElZ2|2 |2 gl &
N EIEIR EAE : SHEBEE 2152
= = e g E E o] = =

PreClay/CoalFe | 3 o

(mo dissobotion)

Simmlant 15 | 15

PreClay/CoalFe | 5 .

(AR Digestion)

Simulant

Pre-ClayiCoalFe | 15| 2

(EDHH,C Digest alop

or Wi Dil)

Simmlant 3 2

Past-Clay/Coal Fe U

Simmilant Gramolar

Product Production | 20 2|2 1

Sobsamples | £ AP B

(no dissobotion)

Sirmulant . .

s |3 |1s] 10180 0|3 2 |15
?;m’l"i.pmm].t‘_’ aAlr|lalu|lu o|p ula
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Simmlant 15 | 15
Gramilar Product 51 ala
(AF. Digestion)
Simmlant 15
Gramilar Product 5 A
(FF Digestion)
Simmlamt 5| 2
Gramilar Product 4 Al
(EOH/H;D Digest)
Simmlant
Gramilar Product 15 15| 5 3 3
PCT Leachstes AP Ulu
(Mon-Acidified)
Simmlamt
Gramilar Product 16 5 |15
PCT Leachates P | A
(Acidified)
Simmlant 15
Gramilar Product B "
LT PLCT Solids
Siromlant 3 5|15|15)| 5
Condensate P|lA|lA|P
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No. of Sam ples’

ICP-AES

ICP-M5

[CP-MS lodide

IC AMIOMS

A Selhs

Total Base & TIC

GAMMA SCAN

[-12%

T3

XED

LOT {1 107752570

oT

ST

LT PCT*

COMDLUCTIVITY

pH
COMPRESSION
ASTM 1308+
TCLP*
REDOX
WT% SOLIDS
DENSITY

MICROTRAC

Simmlant
Condensate Solids
(no digestion)

=

Sirmmlant
Condensate Solids
(AR Digestion)

= L

Simmlant
Condensate Solids
(FF Digestion)

Ln

Simmlant
Condensate Solids
(ELOH/H,O Drigest)

Simulamt
Einsed Lines

Siromlant Rinsed
Lines Solids

Simmlamt
Rinsed Lines Solids
(AR Digestion)

Sirmlamt
Rinsed Lines Solids
(FF Digestion)

4 1
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No. of Sam ples’

ICP-AES

ICP-MS

[CP-MS lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%

Te-949

XED

LOT (110775250

ST

LT PCT*

COMDLUCTIVITY

COMPRESSION

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS

DEMSITY

MICROTRAC

Sirmilant
Rinsed Lines Solids
(EOE/H:O Digest)

=5

(no dissobation)

=

180

C:Ul

(AR Digestion)

(PF Digestion)

(ELOELELD Digest)

PCT Leachates
(Mon-Acidified)

[FY)

PCT Leachate
(Acidified)

Ln

LT PCT Solids
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No. of Sam ples’
ICP-AES
ICP-MS
[CP-MS Lod ide
IC AMIONS
Al Bpiks
GAMMA SCAM
[-129
Te-9%
HED
LOT (110°/525%C)
ST
LT PCT*

Total Base & TIC

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS

DEMSITY

COMDUCTIVITY
pH
COMPRESSION

Radicactive Fead
Pre-Clay'CoalFe
(no dissolation)

[y
=

-

oo

Radicactive Fead
Pre-Clay/CoalFe
Solids

=

Badicactive Feed
Pre-Clay'CoalFe
(AR Digestion)

[*.]

Radipactive Feed
Pre-Clay'Coal Fe
(PF Digestion)

Radipactive Feed

Pre-Clay'CoalFe

(EOHH:O Digest
or Wit. Dil)

ka

Radicactive Fead
Post-Clay/'Coal Fe

Radivactive
Gramlar Produoct
FProduction
Sobsamples
(mo dissolotion)

(]

=i

MICROTRAC
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Al Flzlelz|22|=|2|2|E|2]|e]E 2|5z J|2|%]|2
:tgﬁ.ﬁgﬁ?%*h'ﬁz 5|8 s[G5|=|2]|z|&|8
2|7 B = - 5| = =
4 = E 2 E E ] 3 =
e | 5 20 15153 |15 10] 180 30 | 15 15| 15
(oo dissolntion] A Al A o o o | A Ul A
Radicactive
Gramilar Product L :: E E :i:}
(AR Drigection)
Radivactive 15 20
Granular Product L] A A
(PF Diigestion)
Radicactive 15
Gramlar Produoct 4 A
(EOH/H,D Digest)
Radivactve
Gramlar Produoct 16 15| 15 3 3
PCT Leachates AlA U | o
(Mon-Acidified)
Radivactive
Gramilar Froduoct 16 15 | 15 0| 20| 20
PCT Leachates Al A AlAlA
{Acidified)
Radivactive 15
Gramlar Produoct ] o
LT PCT Solids
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No. of Sam ples’

ICP-AES

ICP-MS

[CP-MS lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%

Te-949

XED

LOT (110775250

ST

LT PCT*

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS
DEMSITY

COMDUCTIVITY
pH
COMPRESSION

MICROTRAC

Radivactive
Condensate

L)

=5

(=]
=1

Radicactive
Condensate Solids
(oo digestion)

Radicactive
Condensate Solids
(AR Digestion)

Badicactive
Condensate Solids
(PF Digestion)

BRadivactive
Condensate Solids
(EOH/HO Digest)

=5

Radivactive
Finsed Lines

= o

-]

Radicactive Rinsed
Lines Solids
(mo dissolation)

C-29




Savanmah River National Labaratory
E&CPT Research Programs Section
Task Techmical & QA Flan

SRNL-STI-2011-00384
Revision 0

SENL-EFP-2011-00752
Revision: 0
Date: 5062011
Page: 10 of 39

No. of Sam ples’
ICP-AES
ICP-MS

[CP-MS Lodide

IC AMIOMS

AA Selhs

Total Base & TIC

GAMMA SCAN

[-12%

Te-949

XED

LOT (110775250

ST

LT PCT*

ASTM 1308*
TCLP*
REDOX

WT% SOLIDS

DEMSITY

COMDUCTIVITY
pH
COMPRESSION

MICROTRAC

Radicactive Rinsed
Lines Solids 2
(AR Digestion)

Radicactive Rinsed
Lines Solids 2
(PF Drigestion)

=5

Radicactive Finsed
Limes Solids
(EOH/H:D Digest)

BRadivactive
Momolith 3
(mo dissolotion)

(=l ]

180

C:Ul

Radicactive
Momolith L
{AF. Drigestion)

Radicactive
Momolith L
(PF Digestion)

(]
=3

Radicactive
Momolith 4
(KOHMH,O Digest)
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5 gl 2|2 2 E AP z2l. |
glalelzlEl2[2%]a SlolslE|E AEIE Z|E|E
A HHEEHHEIFIEIELE 2|z AEETETEEIE R
JHEHHEHHE RN ENEEHEHEREHEEE
g 2" E 5 g AE 2 =

Badicactive

Monolith 16 15| 15 3 3

PCT Leachates AlaAa Ulu

(Mon-Acidified)

Badicactive

Monolith 16 15 | 15 0| ] 20

PCT Leachates Al A AlAaAlaA

(Acidified)

BRadicactive 15

Monolith § A

LT PCT Solids

T Sample count mchodes blanks and standards.
1 Sample count does not apply o XFD sample which will not be submmitted in duplicate for these samples.
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6.0 EESEARCH FACILITY PLANNING

6l Effects of the Task on Equipment, Personnel, and Research Facilities” Fhysical
Plamt

The receipt, analyses, and handling of radicactive samples such as the AZ-101/AZ-102
salt supernate are routine tasks performed in the Shielded Calls. The entfire task will be
evaluated using the SEMNL Conduct of BED Manual. A caloulation will be performed to
estimate the reportable and’or accommtable radionnclides in the solotion. An e-mail will
be sent to the coordinator for the Fadionoclide Inventory — Administrative Control (FI-
AC) computer system to make sure the nse of these samples for this testing is within the
authorization basis of the SENL Documented Safety Analysis (DGA).

Activities surmoumeding the smalysis of the samples snd the rooning of the BSE will be
shown om the SEML Shielded Cells Operations and ERPS schedules. Appropriate
documentation will be completed prior to the start of activities.

Activities need to stay on schedule to support WEPS's supplements]l LAW trestment
technology selection.

Because the AZ-101/AZ-102 waste is an Emvironmental Profection Agency (EPA)
Pesgwce Conservation and Fecovery Act (RCFA) Listed waste, special procedwes for
mmmmwmmwmﬂmmamm

[ Products and By-Prodocts of Task

Any solids created by the radioactive sample processing will be stored in a Satellite
Acounmlation Area (5AA) at the end of the weatability smdy. Itis anticipated that all the
AZ-101/AZ-102 will be processed and there will be no AZ-101/AZ-102 to refumn to
Hanford. Disposition and return of solids to Hanford after analysis will be accomplished
through consultation with the SENL Environments] Compliance Aunthority (ECA) and in
compliance with the EEC. All remaiming solutions (from condensates derived from the
BSE. process and from the dissolutions of the product for analyses and from PCT
leachates) and solid residues from completed testing will be returned to Hanford A1l job
comiro] waste will be disposed of as manifested waste returns to Hanford Some solid
samples will be retined at SENL for follow on characterization and testing after the
treatability study has ended ie under the “sample exclosion™ FResidoes (liqmd and
s0lid) from this characterization and testing will also be tracked and the residues returned
to Hanford ERPS will work with the SENL ECA to disposition these residues.

Samples for PMINL, except those for Synchrotron testing, will be sent afier the reatability
smdy has ended ie once the samples have been archived, they will be sent to PRHL
under the sample exchision rule rather than as part of the reatability study.

Disposition of Test Equipment
Upon completion of the radioactive BSE. processing additional follow-on weork is to be

performed, ie., radicactve Hanford LAW processing and the equipment will remain in
the SCF. However, non-confainers that come in contact with the Hanford maberial will
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be treated as job comirol waste for that stream. The simmlant BSE will also be used for
addifional testing and thos will remain set-up umiil subsequent Hanford testing is
completed

63 Exposure of Personnel

Samples that are radioactive will be handled remotely in the Shielded Cells. Samples
with high levels of radiation that have to be removed from the Shielded Cells for analyses
by AD will be diluted in the cells so that only a small portion of the radipactivity is
removed from the cell. If the BSE products are at a low enouzh radistion level to be
handled in SEML radicactive hoods (ie., meet existing hood limits), they will be
removed from the Shielded Cells and handled in EFPFS laboratories. This inchodes
preparation for characterization, produoction of the momoliths, and testing of the grammlar
and monolith products. The radicactive samples may be contact handled by Shielded
Cells technicisms, ERPS persomnel (im radicactive hoods and radiobenches), and AD
technicians (in radicactive hoods and radiobenches). These samples will be controlled
and comply with standing radiological work plans. If a sample is expected o exceed
standing radiological work plan limits, a job specific radiclogical work plan will be
implemented afier implementation of all enmineering and adminisirative condrols and
when no other choice exists.

70 FROGRAMMATIC RISK REVIEW
Per the L1 mamal, Procedurs 7.10, a programmatic risk review has been performed for the tazks

listed in this TTQAP. The SENL Conduct of B.&D mammal will be used to complete a review for
all tasks listed in the TTQAP. Fesulis of the risk review are given balow in Table 5.
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Table 5. Programmatic Rizsk Review
Choestion Response

Could an imadvertent or premature
Jailre of equipmemt result W

Ix the activity om a critical path or is the
activily signjficant fo a mgjor zite
programprocess, milestone, or abjecine?

Does the activity tmvehe long lead time
itams whose failure would excoed the
allowable prosrammatic schedule”™

Does this activiy invelve high risk

Could the activity or failure of the activigy
significantly mpact the facility or other
programs in proximily of the actviy?

I quamrities of accountable radioizotopes
(per L7.7, 1.O7) are recerved info the
SRNL facilities, what impact will the
planned activity have on SENL facilities”

Yes. All preventive measures will be taken in order to maintain
schedule and budpet. Back-up BSE equipment has been procured.
Spare parts are available for the components. One spare controller is
available and two spare Mass Spectrometers are being procured. A
schedule delsy would be experienced to place the backup or new
equpment intoe service and recover from the point of failue A
delay in the retom te service date of amy SENL — AD analytical
instrumentation will result in 2 schedule delay since back-up options
Mo. However, this activity is in support of a nmilti-year DOE EM-31
funded proposal and is om a critical path for Hanford Waste Form
Cmalification (WFQ) and the WEPS Supplemental LAW Treatment
selection.

Yes. Failore of the controller system or the Mass Specirometer
before the spare is obtained and operational will result in a delay fo
the propram.  In addition, an AD instrumentstion failure(s) resultng
in the need for replacement equipment would exceed the allowable
programmatic schedule.

Ho. The techmology has been wsed for previous experimentstion
and the primary change is the feed stream  Decisions will be made
for the remaining Hanford BSE. program based on the results of this
technolopy as the supplementsl technolery for LAW at Hanford
based on the results of this program.

Potential exists. Cells 3 and 4 of the Shielded Cells will be
dedicated to the BSE. mons for several momths. This conld impact
needed space for other SRR and EM programs. Cell § may be used
for analytical support if needed This could impact the smalytical
support for other sample processing that will be going on at the same
tme. If Cell § is mot used, them resowrces (1.e., hoods in ERPS
lshoratories) will be utlized which may impact other programs.
During the nmming of the BSE in the SCF, facility support will be
required o0 monitor the SCF ventilation system since the BSE
system penerates appreciable quantities of flammable hydrogen. Mo
physical impacts to the Sclity are anficipated.

The AZ-101/AZ-102 sample has already been received at SENL.
However, a calculation will be performed to estimate the reportable
and‘or accountsble radiomoclides in the solution prior fo use and
after doping with the pecessary gquanfiies of additives. If amy
radionuclide quantity is predicted to exceed the SENL reportsble
quanfities, the appropriste section of procedure 1.07 of the L7.7
mamal will be followed. An e-mail will be sent to the coordinator
for the RIAC database system to make sure the receipt of these
samples is within the authorization basis of the SEINL D5A. If the
sample has an impact on the Awnthorization Basis, 3 schedule delay
wonld be experienced though not expected

C-34

Revision 0



SRNL-STI-2011-00384
Revision 0

Savannah River National Laboratory SENL-BP-F11-{M752
E&CPT Research Programs Section Revision: 0
Task Technical & QA Plan Deate: SI06/2011

Page: 3 of 39
80 E&D HAZARDS SCREENING

LA

Before any laboratory work is imitiated, a review of L1, 7.02, will be performed to determine the
hazards and comtrols required. At 3 minimom | three HAPs are expected io be generabed to support

this task.
QUALITY ASSURANCE

01 Documents Bequiring Bequester Approval

| Document | Management | Customer | QA

[ | ¥es |No |Yes |No | Yes | No
Tazk Technical and QA Plan | X | | X |x |

| Final Report Ix | Ix | I | X

02 Records Generated During Task Performance

| Description | ¥YES | NO | AR®

[ Task Technical and QA Plan (x | |

[ Contrelled Laboratory Notebooks (x| [

[ Task Techmical Reports [x | |

| Data Cualification Feports [ Ix |

| Supporting Docomentstion [ | [x

* AR = As Required
93  Task QA Plan Procedure Matrix

See Attschment 1.

C-35



SRNL-STI-2011-00384
Revision 0

Savannah River National Laboratory SENL-BP-F11-{M752
E&CPT Research Programs Section Revision: 0
Task Technical & QA Plan Deate: S/06/2011

Page: 350f 30

Attachment 1. Task QA Plan Procedure Matrix

Listed below are the sections of the site (A Manual (10)) and associated implementing procedures for
SEML. Sections applicsble to this task are ndicated by Yes, No, or As Required. The selecied procedunes
identify the conirols for task activities performed by ESCPT Research Proprams Section only.

QA Manual Implementing Procedures |YI:S |Nﬂ |A]I'.
Sections
Organizration 1Q, QAP 1-1, Organiration [x I
+ L1, 102, SRNL Organization x 1 |
[ 1Q, QAF 1-, Stop Work ix
Quality Assurance 1Q, QAP 2-1, Quality Assurance Program [x | I
Frogram « L1, 802, SRNL QA Program X
1), QAP -2, Personnel Training & Qrualification [x
+ L1, 132, Read and Sign/Briefing Program |—|—|—
1Q, QAP 2-3, Control of Research and Development |x | |
i
« L1, 7.10 Identification of Techmical Work |x |
Requirements
1Q, QAP 2-7, QA Program Requirements for |x | |
Amnalvtical Measurement Systems
| Diesiem Comirol | 10, QAP 3-1, Desizn Conirol | [x |
Procurement 10, QAP 4-1, Procurement Document Control |
Document Control + 7B, Procurement Management Mannal I_'l_'lx_'
Manmal
« ET, 310, Determination of Qmality | |
Requirements for Procured Items
Imstructions, IQQAPE—],IIstrlrhms,PrmndDrn'-g
Procedures and « L1, 1.01, Administration of SENL |_|_|_
Drawings Procedures and Work Instructions
« L1, 7.26 R&D Work Conirel Documents x |
» E7, 230 Drawings -
[Document Control || 1, QAP 6-1, Document Contral X |
+ 1B, MREP 3.32, Document Control I T ]
Cuontrol of 1Q, QAP T-2, Control of Purchased Items and |x | I
Purchased Items Services
and Services + 7B, Procurement Managzement Manuoal II I
Manmal
1Q, QAF 7-3, Commercial Crade Item Dedication X
+ ET, 3 46 Replacement Item Evalmation' | |
Commercial Grade Dedication X
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Atftachment 1. Task (A Flan Procedure Matrix continoed

QA Manual Implementing Procedures |Y1:5 |ND |A]I'.
Sections
Identification and 1, QAP 81, Identification and Control of Tiems
Control of Items . L],&UIS]LNLQAngmIn[hmhhnl |
Control of Processes | 1Q, QAF 9-1, Control of Frocesses
|I{LQ|!.PD-I,CIHJ1[MNulstnrhTe_Enn-ltul| |I |
10, QAP 9-3, Control of Welding and Other Joining |X |
Processes
1Q, QAP #-4, Work Planning and Control | [x |
+ 1Y, 820, Work Control Procedure |_|x_|_
Inspection 1Q. QAP 10-1, Inspection | (x|
* LLE10, Inspection [ x 1
| Test Conirol | 1Q, QAP 11-1, Test Control | [x |
Control of 1Q, QAF 12-1, Control of Measuring and Test X
Measuring and Test | Equipment
Equipment 1Q, QAF 12-2, Control of Installed Process X
Insirumentation
10, QAP 12-3, Control and Calibration of Radiation X
Muonitoring Equipment (not applicable to ERFS)
Paclkaging, 1Q, QAF 13-1, Packaginz, Handling, Shipping and |x | I
Handling, Shipping Storage
and Storage « L1, 802 SENL QA Program Implementation
and Clarification
::lis?-edln,Tut‘ 10, QAF 14-1, Inspection, Test, and Operating Status | [x |
Operating « L1 802 SENL QA Frogram Implementation
Statos and Clarification | x |
Control of 1Q, QAF 151, Control of Nonconforming Ttems
Nonconforming . S_IHS'R.NL A
Honc L], Q Program Implementation I—’—I—
Corrective Action IQ,QAP 16-3
System + 1B, MREP 423 Corrective Action Program |_|_|_
Qmality Assurance 1Q, QAT 17-1, Quality Assurance Records
Records Management
+« L1, 802 SENL QA Program Implementation |I |
and Clarification
+ L1, 716, Laboratory Notebooks and X
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Atftachment 1. Task (A Plan Procedure Matrix continoed

QA Manual Implementing Procedures |Y1:5 |ND |A]I'.
Sections
Amdits | 10, QAP 187 Swrveillance | [ | x
[ 10. QAP 18-3, Quality Assurance External Audifs | | [x
1Q, QAP 184, Management Assessment Frogram | [ | X
s 13Q, SA-1, Self-Assessment
[ 10. QAP 18-6, Quality Assurance Internal Andits | | [x
1Q, QAP 157, Quality Assurance Supplisr | | |x
Surveillamce
Quality 1Q, QAP 19-2, Quality Improvement | [ IX
Improvement « L1, 802 SENL QA Frogram Implementation X
et =]
Software Quality 1Q, QAP 20-1, Software Quality Assurance | [x |
Assuramce * E7,501 Software Engineering and Comtral [~ [x [
Environmental 1Q, QAP 21-1, Quality Assurance Requirements for X
Cmality Assurance the Collection and Evalnation of Environmental Data
(E&CPT works to QAP 2-3 and is exempt from this
QAF)
Special L1, 6.71, Supplemental Quality Assarance X
i Requirements for DOERW-0333P
{applicable if RW-
0333F QA program
specified by
customer)
Identify the following information for your task-
Baseline Non-Baseline
Is the work Technical Baseline or Non- x
Baselineg?
R&D Routine Enginesring
Service Desipn
Is the work R&D, Routine Service, or X
Ensineerine Desicn®
Omsite Offfsite
Is the work for an onsite or offsife costomer? x
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Table D - 1. BSR Process Operation Conditions & Results for Simulant C Accepted Runs
Run Date 12/13/10 days | 12/13/10 nights 12/16/10 1/20/11 days | 1/20/11 nights 1/25/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710 - 740 710 — 740 710 - 740 710 - 740 710740 710 - 740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 1.3x 1.72x 2.56X 2.56X 2.56X 2.56x
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500
Gas REDOX 155 MS problem MS problem 15.2 na 13.6
CO,/ml 27.8 27.8 na 39.2 40.68 37
Post Feed Run Time (min) 127 211 120 120 180 130
Product REDOX 0.254 0.197 0.331 0.224 0.414 0.194
Product LOI 0.87% 0.50% 1.51% 1.02% 1.90% 0.84%
Product Quantity (g) 33.35 38.19 34.38 26.79 31.40 25.03
Feed Quantity (g) 110.48 108.70 103.56 96.30 98.25 94.99

na = not available
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Figure D - 1. Run 12/13/10 days Temperatures in DMR
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Figure D - 2. Run 12/13/10 days Off-gas Concentrations and Air% Fed
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Deg C

Sim C, 12/13/10 pm
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Figure D - 3. Run 12/13/10 Nights Temperatures in DMR
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Figure D - 4. Run 12/13/10 Nights Off-gas Concentrations and Air% Fed
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Table E - 1. BSR Process Operation Conditions & Results for Radioactive C Accepted Runs
Run Date 1/26/11 1/29/11 1/31/11 2/2/11 2/3/11 2/4/11 2/6/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740| 710-740| 710-740| 710-740| 710-740 710 -740 | 710-740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 1.3x 1.3x 1.3x 1.3x 1.3x 1.3x 1.3x
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500 500
CO,/ml 27.8 27.8 27.8 28.8 26.5 25.9 25.2
Post Feed Run Time (min) 106 125 173 60 198 210 200
Product REDOX 0.290 0.522 0.363 0.145 0.127 0.090 0.091
Product LOI 1.66% 1.50% 1.58% 0.80% 1.58% 2.23% 0.29%
Product Quantity (g) 21.27 28.32 24.33 31.46 34.57 34.56 31.14
Feed Quantity (g) 95.46 93.88 83.42 90.30 106.00 104.68 99.44
Run Date 2/11/11 2/17/11 2/19/11 2/20/11 2/23/11 2/24/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740| 710-740| 710-740( 710-740| 710-740 710 — 740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 1.84x 1.54x 1.54x 1.54x 1.54x 1.54x
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500
CO,/ml na na 37.4 36.9 36.9 315
Post Feed Run Time (min) 107 180 240 240 188 240
Product REDOX 0.254 0.395 0.159 0.168 0.244 0.388
Product LOI 4.32% 3.67% 2.85% 4.75% 3.55% 3.35%
Product Quantity (g) 17.78 20.15 21.06 23.67 22.68 24.37
Feed Quantity (g) 65.42 76.85 73.92 86.57 71.65 08.18
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Figure E - 1. Run 1/26/11 Temperatures in DMR
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Figure E - 2. Run 1/26/11 Off-gas Concentrations and Air% Fed
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Figure E - 5. Run 1/31/11 Temperatures in DMR
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Figure E - 6. Run 1/31/11 Off-gas Concentrations and Air% Fed
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Figure E - 7. Run 2/2/11 Temperatures in DMR
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Figure E - 8. Run 2/2/11 Off-gas Concentrations and Air% Fed
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Figure E - 12. Run 2/4/11 Off-gas Concentrations and Air% Fed
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Figure E - 13. Run 2/6/11 Temperatures in DMR
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Figure E - 15. Run 2/11/11 Temperatures in DMR
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Figure E - 16. Run 2/11/11 Off-gas Concentrations and Air% Fed
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Figure E - 17. Run 2/17/11 Temperatures in DMR
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Figure E - 18. Run 2/17/11 Off-gas Concentrations and Air% Fed
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Figure E - 19. Run 2/19/11 Temperatures in DMR
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Figure E - 20. Run 2/19/11 Off-gas Concentrations and Air% Fed
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Figure E - 21. Run 2/20/11 Temperatures in DMR
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Figure E - 23. Run 2/23/11 Temperatures in DMR
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Figure E - 24. Run 2/23/11 Off-gas Concentrations and Air% Fed
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Figure E - 25. Spiked Run 2/24/11 Temperatures in DMR
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Figure E - 26. Spiked Run 2/24/11 Off-gas Concentrations and Air% Fed
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Table F - 1. BSR Process Operation Conditions & Results for Simulant D Accepted Runs
Run Date 3/21/11 3/22/11 3/23/11 3/28/11 3/29/11 3/30/11 4/4/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740 | 710-740| 710-740| 710-740| 710-740 710-740 | 710-740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 2.25X 2.25X 2.25X 2.25X 2.25X 2.25X 2.25X
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500 500
CO,/ml 14.52 17 25.02 24.55 23 24.5 24.5
Post Feed Run Time (min) 41 94 59 109 87 95 108
Product REDOX 0.251 0.236 0.234 0.123 0.129 0.239 0.257
Product LOI 2.52% 2.74% 2.80% 0.88% 1.25% 1.91% 1.56%
Product Quantity (g) 23.14 20.15 31.23 21.51 24.97 22.92 23.81
Feed Quantity (g) 78.38 87.96 81.44 75.90 83.00 81.99 78.20
Run Date 4/6/11 4/7/11 4/11/11 4/12/11 4/13/11 4/14/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740| 710-740| 710-740| 710-740| 710-740 710 - 740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 2.25X 2.25X 2.25X 2.25X 2.25X 2.25X
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500
CO,/ml 24.52 24.5 24.5 24.5 24.5 24.5
Post Feed Run Time (min) 104 95 128 126 161 129
Product REDOX 0.244 0.196 0.353 0.298 0.427 0.356
Product LOI 1.54% 1.22% 2.03% 1.38% 1.45% 1.43%
Product Quantity (g) 22.55 24.83 22.93 21.22 24.04 22.00
Feed Quantity (g) 78.60 79.85 89.19 76.52 82.50 79.70
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Sim D, 3/21/11
DMR Temperatures
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Figure F - 1. Run 3/21/11 Temperatures in DMR
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Figure F - 2. Run 3/21/11 Off-gas Concentrations and Air% Fed
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Sim D 3/22/11
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Figure F - 3. Run 3/22/11 Temperatures in DMR
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Figure F - 4. Run 3/22/11 Off-gas Concentrations and Air% Fed
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Sim D 3/23/11
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Figure F - 5. Run 3/23/11 Temperatures in DMR
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Figure F - 6. Run 3/23/11 Off-gas Concentrations and Air% Fed
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Sim D 3/28/11
DMR Temperatures
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Figure F - 7. Run 3/28/11 Temperatures in DMR
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Figure F - 8. Run 3/28/11 Off-gas Concentrations and Air% Fed
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Sim D 3/29/11
DMR Temperatures
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Figure F - 9. Run 3/29/11 Temperatures in DMR
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Figure F - 10. Run 3/29/11 Off-gas Concentrations and Air% Fed
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Sim D 3/30/11
DMR Temperatures
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Figure F - 11. Run 3/30/11 Temperatures in DMR
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Figure F - 12. Run 3/30/11 Off-gas Concentrations and Air% Fed
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Sim D 4/4/11
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Figure F - 13. Run 4/4/11 Temperatures in DMR
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Figure F - 14. Run 4/4/11 Off-gas Concentrations and Air% Fed
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Sim D 4/6/11
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Figure F - 15. Run 4/6/11 Temperatures in DMR
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Figure F - 16. Run 4/6/11 Off-gas Concentrations and Air% Fed
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Sim D 4/7/11
DMR Temperatures
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Figure F - 17. Run 4/7/11 Temperatures in DMR
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Figure F - 18. Run 4/7/11 Off-gas Concentrations and Air% Fed
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Sim D 4/11/11
DMR Temperatures
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Figure F - 19. Run 4/11/11 Temperatures in DMR
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Figure F - 20. Run 4/11/11 Off-gas Concentrations and Air% Fed
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Sim D 4/12/11
DMR Temperatures
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Figure F - 21. Run 4/12/11 Temperatures in DMR
Sim D 4/12/11
DMR Off Gas
14 100
90
12
80
10 70
60
5 ° 50 £
S <
40
4 30
20
2
10
07 0
1 11 21 31 41 51 61 71 81 91 101111121131 141151161 171181191
——DMR H2 ——DMR 02 DMR CO2 —— Air%

Figure F - 22. Run 4/12/11 Off-gas Concentrations and Air% Fed
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Sim D 4/13/11
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Figure F - 23. Run 4/13/11 Temperatures in DMR
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Figure F - 24. Run 4/13/11 Off-gas Concentrations and Air% Fed
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Sim D 4/14/11
DMR Temperatures
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Figure F - 25. Run 4/14/11 Temperatures in DMR
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Figure F - 26. Run 4/14/11 Off-gas Concentrations and Air% Fed
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Appendix G. BSR Process Operation Conditions & Trends for Radioactive
Module D Runs
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Table G - 1. BSR Process Operation Conditions & Results for Radioactive D Accepted Runs
Run Date 4/4/11 4/7/11 4/8/11 4/9/11 4/15/11 4/18/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740| 710-740| 710-740| 710-740| 710-740 710 - 740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 2.25X 2.25X 2.25X 2.25X 2.25X 2.25X
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500
CO,/ml 24.5 24.5 24.5 24.5 19.7 uncertain
Post Feed Run Time (min) 240 258 232 155 101 180
Product REDOX 0.303 0.500 0.245 0.412 0.486 0.371
Product LOI 4.40% 3.95% 3.67% 4.72% 3.27% 5.47%
Product Quantity (g) 17.75 27.25 31.41 20.98 27.28 17.86
Feed Quantity (g) 84.76 76.65 96.50 64.78 81.53 59.64
Run Date 4/19/11 4/20/11 5/5/11 5/9/11 5/10/11 5/11/11
Slurry Feed Rate (ml/min) 0.9 0.9 0.9 0.9 0.9 0.9
DMR Bed Temp (°C) 710-740| 710-740| 710-740| 710-740| 710-740 710 - 740
Superheated Steam Flow Rate (g/min) 0.40 0.40 0.40 0.40 0.40 0.40
DMR Control Pressure (inwc) -4 -4 -4 -4 -4 -4
Coal (stoichiometry) 2.25X 2.25X 2.25X 2.25X 2.25X 2.25X
Total Controlled Gas Flow (sccm) 500 500 500 500 500 500
(CO,+Hy)/ml 40 40 40 40 39 uncertain
Post Feed Run Time (min) 135 177 310 216 270 180
Product REDOX 0.433 0.306 0.205 0.393 0.402 0.201
Product LOI 5.85% 5.37% 6.27% 5.74% 6.17% 4.66%
Product Quantity (g) 13.96 11.92 16.55 18.59 19.13 9.92
Feed Quantity (g) 40.85 46.34 53.48 60.96 70.88 46.80
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Figure G - 1. Run 4/4/11 Temperatures in DMR
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Figure G - 2. Run 4/4/11 Off-gas Concentrations and Air% Fed
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Figure G - 3. Run 4/7/11 Temperatures in DMR

100
90
80
70
60
50
40
30
20
10

Vol%
Air%

1 18 35 52 69 86 103120137154 171188205 222 239256 273 290307 324 341

—e—DMR H2 wl% —=— DMR 02 wl% DMR CO2 wl% —<— Air%

Figure G - 4. Run 4/7/11 Off-gas Concentrations and Air% Fed
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Figure G - 5. Run 4/8/11 Temperatures in DMR
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Figure G - 6. Run 4/8/11 Off-gas Concentrations and Air% Fed
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Figure G - 7. Run 4/9/11 Temperatures in DMR
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Figure G - 8. Run 4/9/11 Off-gas Concentrations and Air% Fed
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Figure G - 9. Run 4/13/11 Temperatures in DMR
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Figure G - 10. Run 4/13/11 Off-gas Concentrations and Air% Fed
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Figure G - 11. Run 4/15/11 Temperatures in DMR
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Figure G - 12. Run 4/15/11 Off-gas Concentrations and Air% Fed
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Figure G - 13. Run 4/18/11 Temperatures in DMR
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Figure G - 14. Run 4/18/11 Off-gas Concentrations and Air% Fed

Note: Mass Spec broken in this run.
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Figure G - 15. Run 4/19/11 Temperatures in DMR
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Figure G - 16. Run 4/19/11 Off-gas Concentrations and Air% Fed
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Figure G - 17. Run 4/20/11 Temperatures in DMR
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Figure G - 18. Run 4/20/11 Off-gas Concentrations and Air% Fed
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Figure G - 19. Run 5/5/11 Temperatures in DMR
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Figure G - 20. Run 5/5/11 Off-gas Concentrations and Air% Fed
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Figure G - 21. Run 5/9/11 Temperatures in DMR
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Figure G - 22. Run 5/9/11 Off-gas Concentrations and Air% Fed
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Figure G - 23. Run 5/10/11 Temperatures in DMR
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Figure G - 24. Run 5/10/11 Off-gas Concentrations and Air% Fed
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Figure G - 25. Run 5/11/11 Temperatures in DMR
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Figure G - 26. Run 5/11/11 Off-gas Concentrations and Air% Fed
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Appendix H. BSR Process Operation Conditions & Trends for Simulant
Module E Runs
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Run Date 9/6/11 10/3/11
Iron Source SphereOX FeNO;
Slurry Feed Rate (ml/min) 0.9 0.9
DMR Bed Temp (°C) 710 - 740 710 - 740
Superheated Steam Flow Rate (g/min) 0.40 0.40
DMR Control Pressure (inwc) -4 -4
Coal (stoichiometry) 1.3x 1.3x
Total Controlled Gas Flow (sccm) 500 500
CO,/ml 17 16.6
Post Feed Run Time (min) 53 92
Product REDOX 0.13 0.06
Product LOI 0.703% 1.149%
Product Quantity (g) 19.41 20.33
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Table H - 1. BSR Process Operation Conditions & Results for Simulant E Accepted Runs
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Figure H - 1. Run 9/6/11 Temperatures in DMR
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Figure H - 2. Run 9/6/11 Off-gas Concentrations and Air% Fed
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Figure H - 3. Run 10/3/11 Temperatures in DMR
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Figure H - 4. Run 10/3/11 Off-gas Concentrations and Air% Fed
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Appendix I. Simulant Module C Mass Balance Analytical Data
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Table | - 1 through Table I - 3 give the ICPES, IC, and ICPMS concentrations for the Simulant Mod C
(Tank SX-105) granular product samples. The total mass of the composite granular product was 204.83 g
and the average concentrations shown were used in the mass balance.

Table I - 1. Simulant Module C Granular Composite Product ICPES

Elemental Concentration (wt%o)
Sample Ag Al Cr K Na Ni P Pb S Si Zn
1 <0.0013 | 17.40 | 0.121 | 0.163 | 14.80 | 0.00243 | 0.33 |<0.0035| 0.27 | 18.40 | 0.0027

2 <0.0012 | 17.90 | 0.120 | 0.154 | 15.20 | 0.00241 | 0.33 |<0.0031 | 0.28 | 18.30 | 0.0027
3 <0.0014 | 17.80 | 0.119 | 0.154 | 15.50 | 0.00236 | 0.33 | <0.0038 | 0.28 | 18.70 | 0.0025
4 17.60 0.29 0.31
5 17.70 0.31 0.29
6 17.70 0.31 0.32

Average | <0.0013 | 17.68 | 0.120 | 0.157 | 15.17 | 0.0024 | 0.32 |<0.0034 | 0.29 | 18.47 | 0.0026
Std. Dev.| 0.0001 | 0.17 | 0.001 | 0.005 | 0.35 | 0.00004 | 0.02 | 0.0004 | 0.02 0.21 | 0.0001
%RSD 10.17 097 | 331 | 331 | 232 1.50 5.07 10.42 6.74 1.13 4.21

Table I - 2. Simulant Module C Granular Composite Product IC

Sample Species Concentration (wt%o)
P F Cl NO, NO; | SO, | PO,
1 <0.23 0.21* <0.23 <0.23 0.69 0.94
2 <0.18 <0.18 <0.18 0.67 0.95
3 <0.24 <0.24 <0.24 0.66 0.89
Average <0.21 0.21* <0.21 <0.21 0.67 0.93
Std. Dev. 0.03 0.00 0.03 0.03 0.01 0.03
%RSD 15.31 0.00 15.31 15.31 2.23 3.23

*Cl value from Neutron Activation Analysis

Table I - 3. Simulant Module C Granular Composite Product ICPMS

sample Elemental Concentration (wt%bo)
Cs Re |

1 0.0006 0.045 0.033
2 0.0008 0.048 0.030
3 0.0007 0.048 0.032
Average 0.0007 0.047 0.032
Std. Dev. 0.0001 0.002 0.001
%RSD 12.23 3.50 3.82

The DMR condensate filtrate cation or ICPES concentrations from the runs for Simulant Module C runs
are shown in Table | - 4. The DMR condensate filtrates were separated into three batches. The first and
second batches represent condensate material collected before the use of quartz wool in the off-gas

I-2
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crosshar of the DMR. The third batch represents the condensate material collected after the use of quartz
wool in the off-gas crosshbar of the DMR. The first batch condensate samples were not filtered at the
time of collection but filtered later. The second and third batch condensate samples were filtered at the
time of collection. For the mass balance, a composite DMR condensate filtrate was calculated based on
each batch average times the volume per batch. For example, the aluminum composite concentration in
mg/L was calculated as:

(0.6467 *5.13E — 01) + (0.2086 * 4.10E — 01) + (0.5993 * 3.45E —01) _ 6.24E — 01
0.6467 + 0.2086 + 0.5993 1.4546

=4.29E - 01

XfA| =

Note that if one batch had a less than or below detection limit value and the other batch had a measured
value then only the measured value was used in the composite calculation. For example, the potassium
composite concentration in mg/L was calculated as:

(0.2086+5.88E-01)  1.23E-01

xfy = = =8.43E - 02
0.6467 +0.2086 + 0.5993  1.4546

The cation or ICPES concentrations based on this method for the DMR condensate filtrate composite
filtrate are shown in Table I - 5 and these values were used in the mass balance.
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Table | - 4. Simulant Module C Condensate Filtrates ICPES
Batch Volume Sample Elemental Conce_ntration (mg/L) _
(L) Ag Al Cr K Na Ni P Pb S Si Zn
1 1 < 8.50E-02 | 4.67E-01 |< 2.80E-02|< 4.89E-01|5.58E+01|< 3.80E-02| 3.75E-01 |< 9.20E-02|1.93E+01 |3.21E+00|< 3.60E-02
(Filtered 2 < 8.50E-02 | 4.43E-01 |< 2.80E-02|< 4.89E-01|5.48E+01|< 3.80E-02| 3.80E-01 |< 9.20E-02|1.96E+01 |3.42E+00|< 3.60E-02
Later & | oo 3 < 8.50E-02 | 6.28E-01 |< 2.80E-02|< 4.89E-01|5.56E+01 | < 3.80E-02| 3.92E-01 |< 9.20E-02|1.95E+01 |3.31E+00|< 3.60E-02
Before Average |< 8.50E-02|5.13E-01 |< 2.80E-02|< 4.89E-01|5.54E+01 |< 3.80E-02| 3.82E-01 |< 9.20E-02|1.95E+01 |3.31E+00 < 3.60E-02
%‘:éf; Std.Dev. | na |101E01| na na |529E-01| na 8.74E-03 na | 153E-01|1.05E-01 na
%RSD na 19.62% na na 0.96% na 2.29% na 0.78% | 3.17% na
) 1 < 8.50E-02| 4.11E-01 |< 2.80E-02| 6.05E-01 |1.77E+01| 4.60E-02 | 2.30E-01 |< 9.20E-02|1.32E+01 4.57E+00| 6.30E-02
(Filtered 2 < 8.50E-02 | 4.26E-01 |< 2.80E-02| <4.89E-01 |1.76E+01| 5.70E-02 | 2.39E-01 |< 9.20E-02|1.39E+01 4.34E+00| 5.70E-02
Immediately| ) oas 3 < 8.50E-02| 3.94E-01 |< 2.80E-02| 5.71E-01 |1.76E+01| 4.90E-02 | 2.08E-01 |< 9.20E-02|1.35E+01 3.96E+00| 6.00E-02
& Before Average |< 8.50E-02| 4.10E-01 |< 2.80E-02| 5.88E-01 |1.76E+01| 5.07E-02 | 2.26E-01 |< 9.20E-02|1.35E+01|4.29E+00| 6.00E-02
S\;‘jég Std. Dev. na 1.60E-02 na 2.40E-02 |5.77E-02 | 5.69E-03 | 1.59E-02 na 3.51E-01 | 3.08E-01 | 3.00E-03
%RSD na 3.90% na 409% | 0.33% | 11.22% | 7.07% na 259% | 7.18% | 5.00%
3 1 < 8.70E-02| 3.42E-01 |< 5.30E-02|< 1.22E+00| 3.31E+00|< 4.30E-02 | < 1.38E-01 | 3.09E-01 |1.79E+01 |3.37E+00|< 4.10E-02
(Filtered 2 < 8.70E-02| 3.42E-01 | < 5.30E-02 |< 1.22E+00| 3.39E+00 | < 4.30E-02 | < 1.38E-01 | <2.30E-01 | 1.82E+01 | 3.39E+00 | < 4.10E-02
Immediately|  co0o 3 < 8.70E-02| 3.51E-01 | < 5.30E-02 |< 1.22E+00| 3.27E+00 | < 4.30E-02 | < 1.38E-01 | <2.30E-01 | 1.82E+01 | 3.29E+00 | < 4.10E-02
& After Average |< 8.70E-02| 3.45E-01 |< 5.30E-02|< 1.22E+00|3.32E+00 |< 4.30E-02| < 1.38E-01| 3.09E-01 |1.81E+01|3.35E+00 < 4.10E-02
S&fé}; Std.Dev. | na |520E-03] na na | 611E-02| na na na | 173E-01|5.29E-02] na
%RSD na 1.51% na na 1.84% na na na 0.96% | 1.58% na
na=not applicable
Table I - 5. Simulant Module C Condensate Composite Filtrate ICPES
Batch Volume Elemental Concentration (mg/L)
(L) Ag Al Cr K Na Ni P Pb S Si Zn
Composite | 1.4546 | <8.58E-02 | 4.29E-01 | <3.83E-02 | 8.43E-02 | 2.85E+01 | 7.27E-03 | 2.02E-01 | 1.27E-01 | 1.81E+01 | 3.47E+00 | 8.60E-03
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The DMR condensate filtrates were separated into three batches and the anion or IC analyses performed
on each batch are shown in Table I - 6. For the mass balance, a composite DMR condensate filtrate was
calculated based on each batch average times the volume per batch. For example, the nitrite composite
concentration in mg/L was calculated as:

Xy = (0.6467 *5.84E + 05) + (0.2086 * 8.43E + 04) + (0.5993 + 4.57E + 04) _ 4.224E +05
0.6467 + 0.2086 + 0.5993 1.4546
Note that if one batch had a less than or below detection limit value and the other batch had a measured
value then only the measured value was used in the composite calculation. For example, the nitrate
composite concentration in mg/L was calculated as:

=2.90E + 05

(0.6467 #5.70E +04) _ 3.69E + 04

= =2.53E+04
0.6467 + 0.2086 + 0.5993 1.4546

XInog =

The DMR condensate composite filtrate anion or IC concentrations for the Simulant Module C runs are
shown in Table I - 7. and these values were used in the mass balance.

Table I - 6. Simulant Module C Condensate Filtrates IC

Species Concentration (ug/L
Batch | Volume sample p (ug/L)
(L) F cl NO, NO, SO, PO,
1 <5.00E+03 | 6.10E+04 | 6.46E+05 | 5.70E+04 |3.90E+04| < 1.00E+04
( Il d 2 <5.00E+03 | 6.10E+04 | 5.80E+05 | 5.70E+04 |3.90E+04| < 1.00E+04
Filtere
< o. + . + . + . + . + <]. +
Later & 0.6467 3 5.00E+03 | 6.10E+04 | 5.25E+05 | 5.70E+04 |3.90E+04| < 1.00E+04
Before Average |<500E+03| 6.10E+04 | 5.84E+05 | 5.70E+04 |3.90E+04| < 1.00E+04
Quartz Wool) Std. Dev. na 0.00E+00 | 6.06E+04 | 0.00E+00 |0.00E+00 na
%RSD na 0.00% 10.38% 0.00% 0.00% na
1 < 5.00E+03 | 1.10E+04 | 8.20E+04 | <5.00E+03 |1.70E+04 | < 5.00E+03
2 2 <5.00E+03 | 1.20E+04 | 8.40E+04 | <5.00E+03 |1.80E+04| < 5.00E+03
(Filtered 3 |<500E+03| 1.20E+04 | 8.70E+04 | < 5.00E+03 |1.80E+04 | < 5.00E+03
Immediately | 0.2086
& Before Average |<5.,00E+03| 1.17E+04 | 8.43E+04 | < 5.00E+03 |1.77E+04| < 5.00E+03
Quartz Wool) Std. Dev. na 5.77E+02 | 2.52E+03 na 5.77E+02 na
%RSD na 4.95% 2.98% na 3.27% na
1 < 5.00E+03 |< 5.00E+03| 4.60E+04 | <5.00E+03 |2.50E+04 | < 5.00E+03
) 3 2 < 5.00E+03 |< 5.00E+03| 4.50E+04 | <5.00E+03 |2.40E+04 | < 5.00E+03
(Filtered 3 | <500E+03|<5.00E+03| 4.60E+04 | <5.00E+03 |2.40E+04 < 5.00E+03
Immediately | 0.5993
& After Average | < 5.00E+03 |< 5.00E+03 4.57E+04 | < 5.00E+03 |2.43E+04 | < 5.00E+03
Quartz Wool) Std. Dev. na na 5.77E+02 na 5.77E+02 na
%RSD na na 1.26% na 2.37% na

na=not applicable

Table I - 7. Simulant Module C Condensate Composite Filtrates IC

Species Concentration (ug/L)
F Cl NO, NO; SO, PO,
Composite < 5.00E+03 | 2.88E+04 | 2.90E+05 | 2.53E+04 | 2.99E+04 | < 7.22E+03

Sample
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The DMR condensate filtrates were separated into three batches and the trace elemental or ICPMS
analyses performed on each batch are shown in Table I - 8. For the mass balance, a composite DMR
condensate filtrate was calculated based on each batch average times the volume per batch. For example,
the cesium composite concentration in mg/L was calculated as:

_ (0.6467 *1.49E +01) + (0.2086 * 7.20E +00) + (0.5993 % 2.17E + 00) _ 1.244E +01
0.6467 +0.2086 + 0.5993 1.4546

xf =8.55E + 00

Cs

The trace elemental or ICPMS concentrations for the DMR condensate composite filtrate are shown in
Table | - 9.

Table I - 8. Simulant Module C Condensate Filtrates ICPMS

Batch Volume Elemental Concentration (ug/L)

(L) Sample Cs Re [
1 1.50E+01 | 1.97E+03 | 9.67E+03
1 2 1.47E+01 | 2.00E+03 | 9.60E+03
(Filtered Later & 0.6467 3 1.50E+01| 1.99E+03 | 9.60E+03
Before Quartz ' Average |1.49E+01| 1.99E+03 | 9.62E+03
Wool) Std. Dev. | 1.73E-01 | 1.53E+01 | 4.04E+01
%RSD 1.16% 0.77% 0.42%
2 1 7.19E+00 | 6.46E+02 | 1.67E+03
(Filtered 2 7.36E+00| 6.46E+02 | 1.70E+03
Immediately & 0.2086 3 7.04E+00| 6.42E+02 | 1.68E+03
Before Quartz ' Average | 7.20E+00| 6.45E+02 | 1.68E+03
Wool) Std. Dev | 1.60E-01 | 2.31E+00 | 1.53E+01
%RSD | 2.22% 0.36% 0.91%
3 1 2.35E+00| 1.91E+02 | 7.20E+02
(Filtered 2 2.03E+00| 1.87E+02 | 7.23E+02
Immediately & 0.5993 3 2.13E+00| 1.95E+02 | 7.21E+02
After Quartz Wool) | Average | 2.17E+00| 1.91E+02 | 7.21E+02
Std. Dev | 1.64E-01 | 4.00E+00 | 1.53E+00
%RSD 7.54% 2.09% 0.21%

na=not applicable

Table I - 9. Simulant Module C Condensate Composite Filtrate ICPMS

Run Volume (L) Elemental Concentration (ug/L)
Cs Re |
Composite 1.4546 8.55E+00 1.05E+03 4.82E+03

The DMR condensate composite filtered solids concentrations from the Simulant Module C are shown in
Table | - 10. The DMR condensate composite filtered solids mass was 0.34 g and the average
concentrations shown were used in the mass balance.



Table I - 10. Simulant Module C Condensate Composite Filtered Solids ICPES

SRNL-STI-2011-00384

Sample

Elemental Concentration (wt%o)

Ag Al B Cr K Na Ni P Pb S Si Zn
1 <0.0022 | 16.20 | 0.021 | 0.123 | 0.357 | 9.20 | 0.005 | 0.289 | 0.091 | 0.109 | 15.500 | 0.005
2 16.40 0.110
Average <0.0022 | 16.30 | 0.021 | 0.12 | 0.36 | 9.200 | 0.005 | 0.289 | 0.09 | 0.109 | 15.50 | 0.005
Standard Deviation na 0.14 na 0.01 na na na na na na na na
%RSD na 0.87 na 7.89 na na na na na na na na

na=not applicable

Revision 0
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Anion or IC analyses were performed on the Simulant Module C condensate filtered solid samples but
gave concentrations for F, Cl, NO,, NO3, SO, and PO, at or below detection limits. For the mass
balance, the SO, and PO, concentrations were estimated from the S and P analyses discussed in the prior
section using the following logic:

CSs * MWso,4
CSs04 = MW
s
Csg * MWpo,
P04 T T W,
P

The SO, and PO, concentrations for the DMR Condensate Composite Filtered Solids for Simulant
Module C can be calculated as follows:

0
S50 = 0.109% +*96.0636 —0.33%
32.0660
0
CSpoa = 0.289%+94.9714 —0.89%
30.9738

The estimated SO, and PO, concentrations for the condensate filtered solid samples are shown in Table I -
11 and were used in the mass balance. The DMR condensate composite filtered solids mass was 0.34 ¢
and the concentrations shown were used in the mass balance.

Table I - 11. Simulant Module C Condensate Composite Filtered Solids Estimated IC

sample Elemental Concentration (wt%o)
P SO, PO,
Composite 0.33 0.89

The Cs, Re, and | wt% concentrations for the DMR Condensate Composite Filtered Solids are shown in
Table | - 12. The DMR condensate composite filtered solids mass was 0.34 g and the average
concentrations were used in the mass balance.

Table I - 12. Simulant Module C Condensate Composite Filtered Solids ICPMS

Sample Elemental Concentration (wt%o)
Cs Re [
1 0.002 0.015 0.010
2 0.004 0.016
Average 0.003 0.015 0.010
Std. Dev. 0.001 0.001 na
%RSD 53.83 5.58 na

The crossbar rinse filtrate cation or ICPES concentrations from the runs for Simulant Module C are
shown in Table I - 13. For the mass balance the average concentrations were used.
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Table I - 13. Simulant Module C Crossbar Rinse Filtrates ICPES
Volume Sample Elemental Concentration (mg/L)
(L) Ag Al Cr K Na Ni P Pb S Si Zn
1 < 8.50E-02 | <1.09E-01 | <2.80E-02 | <4.89E-01 | 3.84E+00 | <3.80E-02 | <9.60E-02 | <9.20E-02 | < 2.94E-01 | 1.36E+00 | < 3.60E-02
2 < 8.50E-02 | <1.09E-01 | <2.80E-02 | <4.89E-01 | 3.91E+00 | <3.80E-02 | <9.60E-02 | <9.20E-02 | < 2.94E-01 | 1.21E+00 | < 3.60E-02
0.2518 3 < 8.50E-02 | <1.09E-01 | <2.80E-02 | <4.89E-01 | 3.85E+00 | <3.80E-02 | <9.60E-02 | <9.20E-02 | < 2.94E-01 | 1.22E+00 | < 3.60E-02
' Average | <8.50E-02 | <1.09E-01 | <2.80E-02 | <4.89E-01| 3.87E+00 | <3.80E-02 | <9.60E-02 | <9.20E-02 | < 2.94E-01 | 1.26E+00 | < 3.60E-02
Std. Dev. na na na na 3.79E-02 na na na na 8.39E-02 na
%RSD na na na na 0.98% na na na na 6.64% na

na=not applicable
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The crossbar rinse filtrate anion or IC concentrations for the Simulant Module C are shown in Table | -
14. For the mass balance the average concentrations were used.

Table I - 14. Simulant Module C Crossbar Rinse Filtrates IC

Volume Sample Species Concentration (ug/L)
(L) F Cl NO, NO; SO, PO,
1 <5.00E+03 | <1.00E+04 | <1.00E+04 | <5.00E+03 | <1.00E+04 | < 1.00E+04
2 <5.00E+03 | <1.00E+04 | <1.00E+04 | <5.00E+03 | <1.00E+04 | < 1.00E+04
3 <5.00E+03 | <1.00E+04 | <1.00E+04 | <5.00E+03 | <1.00E+04 | < 1.00E+04
02518 Average | <5.00E+03 | <1.00E+04 | <1.00E+04 | <5.00E+03 | <1.00E+04 | <1.00E+04
Std Dev. na na na na na na
%RSD na na na na na na

na=not applicable

The crossbar rinse filtrate trace elemental or ICPMS concentrations for the Simulant Module C are shown

in Table I - 15. For the mass balance the average concentrations were used.

Table I - 15. Simulant Module C Crossbar Rinse Filtrates ICPMS

Volume Elemental Concentration (ug/L)
L) Batch Cs Re |

1 2.11E+00 1.94E+01 2.03E+02

2 1.90E+00 1.90E+01 2.02E+02

0.2518 3 1.53E+00 2.01E+01 2.01E+02

Average 1.85E+00 1.95E+01 2.02E+02

Std Dev. 2.94E-01 5.57E-01 1.00E+00

%RSD 15.90% 2.86% 0.50%

The crossbar solids were separated into two batches. The first batch represented crossbar rinse solids
collected before the use of quartz wool in the off-gas crossbar of the DMR. The second batch represented
the crossbar solids collected from quartz wool used in the off-gas crossbar of the DMR. The crossbar
solids cation or ICPES analyses for each batch are shown in Table | - 16. For the mass balance,
composite crossbar solids concentrations were calculated based on each batch average times the mass per
batch. For example, the aluminum composite concentration in wt% was calculated as:

_0.0693%17.10% +0.0398+6.70% _ 0.01452

XSy = = =13.31%
0.0693+0.0398 0.1091

The cation or ICPES concentrations based on this method for the crossbar solids are shown in  and these

values were used in the mass balance.

1-10
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Table I - 16. Simulant Module C Crossbar Solids ICPES
Elemental Concentration (wt%
Batch Mass (g) | Sample ™A T B [Ccr | K [Na  Ni | P Pb| S | Si | zn
Before Quartz Wool | 0.0693 1 <0.004 | 17.10 | 0.02 | 0.11 | 0.12 | 8.68 | 0.004 | 0.27 | 0.01 | 0.10 | 0.01 | 0.01
After Quartz Wool | 0.0398 1 <0.008 | 6.70 | 0.02 | 0.05 | 0.05| 7.93 | 0.01 | 0.25 | 0.02 | 2.83 | 0.05 | 0.01
Table I - 17. Simulant Module C Crossbar Composite Solids ICPES
Elemental Concentration (wt%o)
Run IMass(9) 20 T AT [ B [cr| K [Na|[Ni | P [Pb] S [Si]zn
Composite | 0.1091 | <0.005 | 13.31 | 0.02 | 0.09 | 0.09 | 8.41 | 0.01 | 0.26 | 0.01 | 1.10 | 0.02 | 0.01

I-11
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The crossbar solids were separated into two batches as discussed earlier and the crossbar solids Anion or
IC analyses for each batch are shown in Table I - 18. For the mass balance, composite crossbar solids
concentrations were calculated based on each batch average times the mass per batch. For example, the
chloride composite concentration in wt% was calculated as:

_0.0693%0.61% +0.0398%8.73% _ 0.003897

= =3.57%
0.0693 +0.0398 0.1091

Sci

Note that if one batch had a less than or below detection limit value and the other batch had a measured
value then only the measured value was used in the composite calculation. For example, the fluoride
composite concentration in wt% was calculated as:

_ (0.0398%1.25%) _ 0.0004975

= = =0.46%
0.0693+0.0398 0.1091

F
These composite concentrations are shown in Table I - 19 and were used in the mass balance.

Table I - 18. Simulant Module C Crossbar SolIDS IC

Species Concentration (wt%o)

Batch | Mass () =T ¢/ [ No, | NO, [ SO. | PO,
1 0.0693 | <0.18|0.61|<0.18|<0.18| 0.43 | <0.18
2 0.0398 | 1.25 |8.73|<0.21| 035 |20.55(|<0.21

Table I - 19. Simulant Module C Crossbar Composite Solids IC

Species Concentration (wt%o)
Run | Mass(@ —F T¢I [ NO, [NO, | SO, [ PO,
Composite | 0.1091 [ 0.46|3.57 |<0.19|0.13|7.77 | <0.19

The crossbar solids trace elemental or ICPMS concentrations from the two batches for Simulant Module
C are shown in Table I - 20. Using the same logic shown earlier, the two batches of crossbar solids data
was represented as one mass of 0.1091 g with the composite concentrations shown in Table | - 21. The
composite concentrations were used in the mass balance.

Table I - 20. Simulant Module C Crossbar Rinse Composite Filtered Solids ICPMS

i 0
Batch | Mass () Elegsental Congzntratlon (v:/t/o)

1 0.0693 0.0009 0.0097 0.0134
2 0.0398 0.0026 0.116 0.113

Table I - 21. Simulant Module C Crossbar Rinse Composite Filtered Solids ICPMS

Elemental Concentration (wt%o)
Run Mass (g) Cs Re I
Composite 0.1091 0.002 0.048 0.050

1-12
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Appendix J. Radioactive Module C Mass Balance Analytical Data

J-1
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Table J - 1 through Table J - 3 gives the ICPES, IC, and ICPMS concentrations for the Radioactive
Module C granular product samples. The average concentrations were used in the mass balance.

Table J - 1. Radioactive Module C Granular Composite Product ICPES

Elemental Concentration (wt%o)

Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
1 <0.0015 | 18.60 | 0.0143 | 0.139 | 0.18 | 16.40 | <0.0074 | 0.39 | 0.0090 | 0.28 | 18.70 | 0.0053
2 <0.0015 | 18.60 | 0.0141 | 0.137 | 0.19 | 15.50 | < 0.0074 | 0.37 | 0.0094 | 0.26 | 18.90 | 0.0047
3 <0.0015 | 18.70 | 0.0142 | 0.139 | 0.20 | 15.40 | <0.0073 | 0.36 | 0.0090 | 0.26 | 19.00 | 0.0046
4 0.39 0.0064
5 0.41 0.0050
6 0.41 0.0060
Average | <0.0015 | 18.63 | 0.014 |0.138 | 0.19| 15.77 | <0.0074 | 0.39 | 0.009 | 0.27 | 18.87 | 0.0053
Std. Dev. | 0.00001 | 0.06 | 0.0001 | 0.001|0.01| 0.55 | 0.00004 |0.02|0.0003 |0.01| 0.15 | 0.0007
%RSD 0.78 031 | 0.70 | 0.83 [4.66| 3.49 059 [4.79| 291 |513| 0.81 | 13.88

Table J - 2. Radioactive Module C Granular Composite Product IC

Species Concentration (wt%o)

F Cl NO, NO; | SO, | PO,
1 <0.050 | 0.24 | <0.050 | <0.050 | 0.67 | 0.96

2 <0.050 | 0.23 | <0.050 | <0.050 | 0.64 | 0.97

3 <0.051 | 0.22 | <0.051 | <0.051 | 0.62 | 0.96
Average | <0.050 | 0.23 | <0.050 | <0.050 | 0.64 | 0.96
Std. Dev. | 0.0003 | 0.01 | 0.0003 | 0.0003 | 0.03 | 0.01
%RSD 062 |386| 0.62 0.62 |4.20|0.55

Sample

Table J - 3. Radioactive Module C Granular Composite Product ICPMS

Sample Re* (wt%o)
1 0.028
2 0.026
3 0.026
4 0.028
5 0.027
6 0.026
Average 0.027
Std. Dev. 0.001
%RSD 3.61

*Re from ICPMS sweep with mass of 185 at 37.40% and 187 at 62.60%
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The radio isotopes of the granular product by gamma analysis for the Radioactive Module C are shown in
Table J - 4 and the average values were used in the mass balance. Note that the 1-129 concentration has a
high variability (19.39% RSD) and a broader 95% confidence interval of 9.19E+01 to 1.43E+02 dpm/g
for the granular product concentration.

Table J - 4. Radioactive Module C Granular Composite Product Gamma

Concentration (dpm/g)
Sample 1-129 Tc-99
1 1.05E+02 1.57E+05
2 1.44E+02 1.47E+05
3 1.04E+02 1.45E+05
Average 1.18E+02 1.50E+05
Std. Dev 2.28E+01 6.43E+03
%RSD 19.39% 4.30%

The DMR condensate filtrate cation or ICPES concentrations from the Radioactive Module C runs are
shown in Table J - 5. The DMR condensate filtrates have a volume of 1.4876 L with a density of 1.00
g/ml. The average cation or ICPES concentrations were the values used in the mass balance.

The DMR condensate composite filtrate anion or IC concentrations from the Radioactive Module C runs
are shown in Table J - 6. The DMR condensate composite filtrate was 1.4876 L and the average
condensate composite concentrations were used in the mass balance.

The DMR condensate filtrate trace elemental or ICPMS concentrations from the Radioactive Module C
are shown in Table J - 7. The average concentrations for the DMR condensate filtrates were used in the
mass balance.

The radio isotopes of the DMR Condensate filtrate by gamma analysis for the Radioactive Module C are
shown in Table J - 8. There was only one sample so those concentrations were used in the mass balance.

The crossbar rinse filtrate cation or ICPES concentrations from the runs for Radioactive Module C are

shown in Table J - 9. The crossbar rinse filtrate total volume was 0.1237 L. The average cation or ICPES
concentrations in Table J - 9 are used in the mass balance.
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Table J - 5. Radioactive Module C Condensate Composite Filtrate ICPES
sample Elemental Concentration (mg/L)

P Ag Al B Cr K Na Ni P Pb s Si Zn
Composite | < 3.70E-02 | 3.52E-01 | 1.23E-01 | < 2.10E-02 | < 6.98E-01 | 1.00E+01 | < 1.86E-01 | < 6.74E-01 | < 8.15E-01 | 1.26E+01 | 4.46E+00 | 7.60E-03
Table J - 6. Radioactive Module C Condensate Composite Filtrate IC

Species Concentration (mg/L)
Sample F cl NO, NO; SO, PO,
Composite <1 5 643 88 10 <1
Table J - 7. Radioactive Module C Condensate Composite Filtrate ICPMS
Sample Re (ug/L)
1 2.01E+02
2 1.93E+02
Average 1.97E+02
Std. Dev. 5.12E+00
%RSD 2.60%
Table J - 8. Radioactive Module C Condensate Composite Filtrate Gamma
sample Concentration (dpm/mL)
P Cs-137 1-129 Tc-99
Composite 2.75E+02 3.51E-01 5.96E+01
Table J - 9. Radioactive Module C Crossbar Rinse Composite Filtrate ICPES
sample Elemental Concentration (mg/L)
P Ag Al B Cr K Na Ni P Pb S si Zn
Composite |< 3.72E-02 | < 1.88E-01 | < 3.52E-02 | < 2.10E-02 | < 6.98E-01 | 6.76E+00 | < 1.86E-01 | < 6.74E-01 | < 8.15E-01| 1.57E+00 | 5.58E-01 | < 4.40E-03
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Anion or IC analyses for the Radioactive Module C crossbar rinse filtrate are shown in Table J - 10. The
average anion or IC concentrations were used in the mass balance.

Table J - 10. Radioactive Module C Crossbar Rinse Composite Filtrate IC

sample Species Concentration (mg/L)
P F cl NO; NO; SO, PO,
Composite <1 3 1 3 3 <1

The crossbar rinse filtrate trace elemental or ICPMS concentrations for Radioactive B module are shown
in Table J- 11. The crossbar rinse filtrate had a volume of 0.1237 L. The average trace elemental or
ICPMS concentrations in Table J - 11 were used in the mass balance.

Table J - 11. Radioactive Module C Crossbar Rinse Composite Filtrate ICPMS

Sample Re (ug/L)

1 8.61E+01

2 7.88E+01

Average 8.24E+01

Std. Dev. 5.19E+00
%RSD 6.30%

The radio isotopes of the crossbar rinse filtrate by gamma analysis for the Radioactive Module C are
shown in Table J - 12. The composite average concentrations shown in Table J - 12 were used in the
mass balance.

Table J - 12. Radioactive Module C Crossbar Rinse Composite Filtrate Gamma

sample Species Concentration (dpm/mL)
P Cs-137 1-129 Tc-99
Composite 2.05E+02 <1.77E-01 | 2.35E+01

The crossbar solids were captured in Quartz Wool samples in the off-gas crossbar from the DMR. It is
impossible to separate out all the solids from the quartz wool material so the entire quartz wool samples
with solids were first water leached followed by Aqua Regia dissolution. The water leach concentrations
were then added to the aqua regia concentrations to give a total species concentration in the solids. The
total solids in the quart wool was obtained by weighing the quartz wool before the experiment then drying
it after the experiment and re-weighing to get the crossbar solids dry weight.

The crossbar solids cation or ICPES concentrations for the Radioactive Module C runs are shown in

Table J - 13. The crossbar solids total mass was 2.166 g. The composite cation or ICPES concentrations
for the crossbar solids were used in the mass balance.
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Table J - 13. Radioactive Module C Crossbar Solids ICPES

sample Elemental Concentrz_:ltion wt% .
Ag Al B Cr K Na Ni P Pb S Si Zn
Water Leach | <0.00007 | 0.02 | 0.00 | 0.00 | 0.00 2.24 <0.00021 | 0.032 | <0.00033 | 0.96 | 0.00 | 0.000
Agua Regia | <0.00017 | 6.77 | 0.00 | 0.04 | 0.07 4,99 0.006 0.143 | <0.00609 | 0.11 | 0.00 | 0.002
Composite | <0.00024 | 6.79 | 0.00 | 0.04 | 0.07 7.23 0.006 0.175 | <0.00642 | 1.07 | 0.00 | 0.002
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Anion or IC analyses for the Radioactive Module C Crossbar Solids samples came from the Water Leach
preparations and are shown in Table J - 14. These values were used in the mass balance.

Table J - 14. Radioactive Module C Crossbar Solids IC

Sample Species Concentration (wt%o)
P F Cl NO, NO; SO, PO,
Composite 0.27 1.30 0.23 0.14 1.97 0.032

The crossbar solids trace elemental or ICPMS concentrations for Radioactive Module C are shown in
Table J - 15. The crossbar solids mass was 2.166 g. The composite concentrations were used in the mass
balance.

Table J - 15. Radioactive Module C Crossbar Rinse Composite Filtered Solids ICPMS

RUN Species Concentration (wt%o)
Cs-137 Re Tc-99
Water Leach 0.000003 0.048 0.0004
Agua Regia 0.000221 0.007 0.0004
Composite 0.000224 0.055 0.0008

The radio isotopes of the crossbar solids by gamma analysis for the Radioactive Module C are shown in
Table J - 16. The average composite concentrations are shown in Table J - 16 and were used in the mass
balance.

Table J - 16. Radioactive Module C Crossbar Rinse Filtered Solids Gamma

Species Concentration
Run (dpm/g)

137CS 129|
Composite 3.80E+05 1.76E+03
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Appendix K. Simulant Module D Mass Balance Analytical Data
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Table K - 1 through Table K - 3 give the ICPES, IC, and ICPMS concentrations for the Simulant Module
D (Tank AN-103) granular product samples. The total mass of the composite granular product was
293.35 g and the average concentrations shown were used in the mass balance.

Table K - 1. Simulant Module D Granular Composite Product ICPES

Elemental Concentration (wt%o)

Sample Ag Al Cr K Na Ni P Pb S Si Zn
1 <0.00041 | 15.90 | 0.010 | 0.54 | 16.10 | 0.0023 | 0.05 | 0.006 | 0.12 | 17.60 | 0.0025
2 <0.00036 | 16.00 | 0.012 | 0.53 | 15.70 | 0.0020 | 0.05 | 0.005 | 0.12 | 18.10 | 0.0022
3 <0.00038 | 15.90 | 0.011 | 0.52 | 15.40 | 0.0021 | 0.05 | 0.006 | 0.12 | 17.40 | 0.0020
4 17.30 0.03 0.13
5 17.50 0.04 0.13
6 17.80 0.05
Average | <0.00038 | 16.73 | 0.011 | 0.53 | 15.73 | 0.0021 | 0.05 | 0.006 | 0.12 | 17.70 | 0.0022
Std. Dev. | 0.00003 | 0.89 | 0.001 | 0.01 | 0.35 |0.0002 | 0.01 | 0.0005| 0.01 | 0.36 | 0.0002
%RSD 6.66 533 | 932 | 199 | 223 | 808 |1541| 832 | 442 | 2.04 | 10.81

Table K - 2. Simulant Module D Granular Composite Product IC

Species Concentration (wt%o)
F Cl NO, NO; SO, PO,
1 <0.095 | 0.247 | <0.095 | <0.095 | <0.095 | <0.474
2 <0.099 | 0.217 | <0.099 | <0.099 | <0.099 | < 0.494
3 <0.095 | 0.218 | <0.095 | <0.095 | <0.095 | <0.473
Average | <0.096 | 0.227 | <0.096 | <0.096 | <0.096 | <0.480
Std. Dev. | 0.002 |0.017 | 0.002 | 0.002 | 0.002 | 0.012
%RSD 2.43 7.39 2.43 2.43 2.43 2.43

Sample

Table K - 3. Simulant Module D Granular Composite Product ICPMS

Elemental Concentration (wt%b)
Sample
Re |

1 0.047 0.080
2 0.046 0.079
3 0.046 0.078
Average 0.046 0.079
Std. Dev. 0.001 0.001
%RSD 1.84 1.03

The DMR Condenser/Bubbler Drain filtrate cation or ICPES concentrations from the runs for Simulant
Module D are shown in Table K - 4 and the average values were used in the mass balance.
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Table K - 4. Simulant Module D Condenser/Bubbler Drain Filtrates ICPES

Elemental Concentration (mg/L)
Sample |Volume (L)| Sample Al Cr K Na Ph Si
1 6.69E-01 | <1.00E-01 | 1.70E+00 | 9.27E+00 |< 1.00E-01| 8.51E+00
2 6.44E-01 | <1.00E-01 | 1.67E+00 | 9.19E+00 |< 1.00E-01| 6.14E+00
. 3 6.63E-01 | <1.00E-01 | 1.69E+00 | 9.19E+00 |< 1.00E-01| 5.70E+00
Composite| 1.7463
Average | 6.59E-01 | <1.00E-01 | 1.69E+00 | 9.22E+00 |< 1.00E-01| 6.78E+00
Std. Dev. | 1.31E-02 na 1.53E-02 | 4.62E-02 na 1.51E+00
%RSD 1.98 na 0.91 0.50 na 22.28

na=not applicable

The DMR Condenser/Bubbler Drain filtrates anion or IC analyses are shown in Table K - 5 and the

average values were used in the mass balance.

Table K - 5. Simulant Module D Condenser/Bubbler Drain Filtrates IC

Species Concentration (ug/L)
NO, NO;

Volume

(L)

Sample Sample

F Cl SO, PO,

1

< 1.00E+04

< 1.00E+04

1.67E+04

< 1.00E+04

< 1.00E+04

< 1.00E+04

2

< 1.00E+04

< 1.00E+04

1.66E+04

< 1.00E+04

< 1.00E+04

< 1.00E+04

3

< 1.00E+04

< 1.00E+04

1.65E+04

< 1.00E+04

< 1.00E+04

< 1.00E+04

1.7463

Composite
< 1.00E+04 | 1.66E+04

na 1.00E+02

na 0.60

na=not applicable

< 1.00E+04
na
na

< 1.00E+04|< 1.00E+04
na na
na na

Average
Std. Dev.
%RSD

< 1.00E+04
na
na

The DMR Condenser/Bubbler Drain filtrates trace elemental or ICPMS analyses performed on each batch
are shown in Table K - 6. The average values were used in the mass balance.

Table K - 6. Simulant Module D Condenser/Bubbler Drain Filtrates ICPMS

Elemental Concentration (ug/L)
Sample Cs Re |

1 1.43E+01| 2.48E+02 | 9.70E+02

2 1.50E+01| 2.48E+02 | 9.58E+02

3 1.43E+01| 2.48E+02 | 9.62E+02
Average |1.45E+01| 2.48E+02 | 9.63E+02
Std. Dev. | 4.04E-01 | 0.00E+00 | 6.11E+00
%RSD 2.78 0.00 0.63

Volume

(L)

Sample

Composite 1.7463

The DMR Condenser/Bubbler Drain composite filtered solids concentrations from the Simulant Module
D runs are shown in Table K - 7. Note there was only one sample analyzed for the DMR
Condenser/Bubbler Drain composite filtered solids mass of 0.0917 g and the values in Table K - 7 were
used in the mass balance.
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Table K - 7. Simulant Module D Condenser/Bubbler Drain Composite Filtered Solids ICPES

Elemental Concentration (wt%
Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
Composite | <0.002 | 5.14 | 0.02 | 0.005 | 0.18 | 5.19 | 0.012 | 0.027 | 0.009 | 0.22 | 0.40 | 0.006

Anion or IC analyses for the Simulant Module D condensate filtered solid samples are shown in Table K -
8 and were used in the mass balance. These values were used in the mass balance.

Table K - 8. Simulant Module D Condenser/Bubbler Drain Composite Filtered Solids Estimated IC

sample Species Concentration (wt%o)
P F Cl | NO, |[NO; | SO, | PO,
Composite | <0.55 | <0.55 | <0.55 | 0.82 | <0.55 | <0.55

The Cs, Re, and | wt% concentrations for the DMR Condenser/Bubbler Drain Composite Filtered Solids
are shown in Table K - 9. These values were used in the mass balance.

Table K - 9. Simulant Module D Condenser/Bubbler Drain Composite Filtered Solids ICPMS

sample Elemental Concentration (wt%o)
P Cs Re |
Composite 0.013 0.0075 0.00061

The DMR Condenser/Bubbler rinse filtrate cation or ICPES concentrations from the runs for Simulant
Module D are shown in Table K - 10 and the average values were used in the mass balance.

Table K - 10. Simulant Module D Condenser/Bubbler Rinse Filtrates ICPES

sample Volume Sample Elemental Concentration (mg/L)
(L) Al Cr K Na Pb Si

1 6.05E+01 | < 1.00E-01 | 3.07E+00 | 4.57E+01 | < 1.00E-01 | 6.17E+01

2 6.04E+01 | < 1.00E-01 | 3.06E+00 | 3.76E+01 | < 1.00E-01 | 6.10E+01

. 3 6.04E+01 | < 1.00E-01 | 3.07E+00 | 3.75E+01 | < 1.00E-01 | 6.11E+01

Composite| 0.1620

Average | 6.04E+01 | <1.00E-01 | 3.07E+00 | 4.03E+01 | < 1.00E-01 | 6.13E+01

Std. Dev. | 5.77E-02 na 5.77E-03 | 4.71E+00 na 3.79E-01

%RSD 0.10% na 0.19% 11.69% na 0.62%

The DMR Condenser/Bubbler rinse filtrates anion or IC analyses are shown in Table K - 11 and the

na=not applicable

average values were used in the mass balance.
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Table K - 11. Simulant Module D Condenser/Bubbler Rinse Filtrates IC
Sample Volume sample Species Concentration (ug/L)

(L) F cl NO, NO; SO, PO,
1 < 1.00E+05 |< 1.00E+05|< 1.00E+05| 5.62E+07 | 3.87E+05 |< 1.00E+05
2 < 1.00E+05 |< 1.00E+05|< 1.00E+05| 5.71E+07 | 4.34E+05 |< 1.00E+05
. 3 < 1.00E+05 |< 1.00E+05|< 1.00E+05| 5.84E+07 | 4.42E+05 |< 1.00E+05

Composite| 0.1620

Average | < 1.00E+05 |< 1.00E+05|< 1.00E+05| 5.72E+07 | 4.21E+05 |< 1.00E+05

Std. Dev. na na na 1.11E+06 | 2.97E+04 na

%RSD na na na 1.93% 7.06% na

na=not applicable

The DMR Condenser/Bubbler rinse filtrates trace elemental or ICPMS analyses performed on each batch
are shown in Table K - 12. The average values were used in the mass balance.

Table K - 12. Simulant Module D Condenser/Bubbler Rinse Filtrates ICPMS

Sample

Volume

Elemental Concentration (ug/L)

(L)

Sample

Cs

Re

Composite

0.1620

1

1.56E+01

1.12E+02

9.80E+01

2

1.39E+01

1.20E+02

9.69E+01

3

1.40E+01

1.17E+02

1.01E+02

Average

1.45E+01

1.16E+02

9.86E+01

Std. Dev.

9.54E-01

4.04E+00

2.12E+00

%RSD

6.58%

3.47%

2.15%

The DMR Condenser/Bubbler Oxidizing Solution /Ethanol rinse composite filtered solids from the
Simulant Module D runs are shown in Table K - 13. The DMR Condenser/Bubbler Drain composite
filtered solids mass was 0.0566 g and the values in Table K - 13 were used in the mass balance.

Table K - 13. Simulant Module D Condenser/Bubbler Rinse Composite Filtered Solids ICPES

Elemental Concentration (wt%o)
Sample - -
Ag Al B Cr K Na | Ni P Pb S Si Zn
Composite | 0.0038 2.36 | 0.06 | 0.015 | <0.14 | 0.58 | 0.10 | 0.04 | 0.0097 | 0.62 | 1.29 | 0.01

Anion or IC analyses for the Simulant Module D Condenser/Bubbler rinse composite filtered solid
samples are shown in Table K - 14 and were used in the mass balance.

Table K - 14. Simulant Module D Condenser/Bubbler Rinse Composite Filtered Solids Estimated

IC
Sample Species Concentration (wt%o)
P F | cl [ NO, [NO;| sO., | PO,
Composite | <1.77 | <1.77 | <177 | 141 | <177 | <1.77
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The Cs, Re, and | wt% concentrations for the DMR Condenser/Bubbler rinse Composite Filtered Solids
are shown in Table K - 15. These values were used in the mass balance.

Table K - 15. Simulant Module D Condenser/Bubbler Rinse Composite Filtered Solids ICPMS

Sample Elemental Concentration (wt%o)
P Cs Re |
Composite 0.0062 0.0053 0.0057

The DMR basket rinse filtrate cation or ICPES concentrations from the runs for Simulant Module D are
shown in Table K - 16 and the average values were used in the mass balance.

Table K - 16. Simulant ModuleD Basket Rinse Filtrates ICPES

Elemental Concentration (mg/L)

Sample |Volume (L)| Sample Al Cr K Na Pb Si
1 1.45E+03 | 5.25E-01 | 1.13E+02 | 1.81E+03 | 2.05E+01 | 1.48E+03
2 1.45E+03 | 5.38E-01 | 1.14E+02 | 1.81E+03 | 2.06E+01 | 1.51E+03
. 3 1.45E+03 | 5.31E-01 | 1.14E+02 | 1.81E+03 | 2.07E+01 | 1.51E+03

Composite | 0.1108

Average |1.45E+03| 5.31E-01 | 1.14E+02 | 1.81E+03 | 2.06E+01 | 1.50E+03
Std. Dev. | 0.00E+00 | 6.51E-03 | 5.77E-01 | 0.00E+00 | 1.00E-01 | 1.73E+01
%RSD 0.00% 1.22% 0.51% 0.00% 0.49% 1.15%

The DMR basket rinse filtrates anion or IC analyses are shown in Table K - 17 and the average values
were used in the mass balance.

Table K - 17. Simulant Module D Basket Rinse Filtrates IC

Species Concentration (ug/L)
NO, NO;

Volume

(L)

Sample Sample

F Cl SO, PO,

1

< 1.00E+05

< 1.00E+05

< 1.00E+05

6.11E+07

1.25E+06

< 1.00E+05

2

< 1.00E+05

< 1.00E+05

< 1.00E+05

6.26E+07

1.33E+06

< 1.00E+05

0.1108 3

< 1.00E+05

< 1.00E+05

< 1.00E+05

6.25E+07

1.32E+06

< 1.00E+05

Composite
Average

< 1.00E+05

< 1.00E+05

< 1.00E+05

6.21E+07

1.30E+06

< 1.00E+05

Std. Dev.

na

na

na

8.39E+05

4.36E+04

na

%RSD

na

na

na

1.35%

3.35%

na

na=not applicable

The DMR basket rinse filtrates trace elemental or ICPMS analyses performed on each batch are shown in
Table K - 18. The average values were used in the mass balance.
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Table K - 18. Simulant Module D Basket Rinse Filtrates ICPMS

Sample

Volume

(L)

Elemental Concentration (ug/L)

Sample

Cs

Re

Composite

0.1108

1

1.94E+02

5.23E+03

6.98E+01

2

1.96E+02

5.13E+03

7.49E+01

3

1.99E+02

5.09E+03

6.68E+01

Average

1.96E+02

5.15E+03

7.05E+01

Std. Dev.

2.52E+00

7.21E+01

4.10E+00

%RSD 1.28% 1.40% 5.81%

The DMR basket rinse composite filtered solids concentrations from the Simulant Module D runs are
shown in Table K - 19. Note there was only one sample analyzed for the DMR basket rinse composite
filtered solids mass of 0.339 g and the values in Table K - 19 were used in the mass balance.

Table K - 19. Simulant Module D Basket Rinse Composite Filtered Solids ICPES

Elemental Concentration (wt%o)
Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
Composite | <0.0004 | 7.29 | 0.026 | 0.017 | 0.059 | 2.27 | 0.018 | 0.024 | 0.011 | 0.074 | 0.40 | 0.008

Anion or IC analyses for the Simulant Module D basket rinse composite filtered solid samples are shown
in Table K - 20 and were used in the mass balance.

Table K - 20. Simulant Module D Basket Rinse Composite Filtered Solids Estimated IC

sample Species Concentration (wt%o)
P F Cl_| NO, | NOs; | SO,| PO,
Composite | <0.087 | <0.087 | <0.087 | 11.70 | 0.09 | <0.087

The Cs, Re, and | wt% concentrations for the DMR basket rinse Composite Filtered Solids are shown in
Table K - 21. These values were used in the mass balance.

Table K - 21. Simulant Module D Basket Rinse Composite Filtered Solids ICPMS

sample Elemental Concentration (wt%o)
P Cs Re [
Composite 0.00073 0.0065 0.0061

The crossbar solids composite cation or ICPES analyses are shown in Table K - 22. These values were
used in the mass balance.
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Table K - 22. Simulant Module D Crossbar Solids ICPES
Mass Elemental Concentration (wt%b)
Sample - -
(@) Ag Al B Cr K Na Ni p Pb S Si Zn
Composite | 2.7816 | 0.00006 | 8.06 | 0.009 | 0.014 | 0.30 | 11.64 | <0.00014 | 0.051 | 0.001 | 0.998 | 1.51 | 0.003

The crosshar solids Anion or IC analyses are shown in Table K - 23. These values were used in the mass
balance.

Table K - 23. Simulant Module D Crossbar Composite Solids IC

Species Concentration (wt%
Sample | Mass (9) —=—T"¢1 T Nno, | NO, [ SO, | PO,
Composite | 2.7816 | 0.28 | 0.13 | <0.02 | <0.02 | 1.71 | <0.02

The crossbar solids trace elemental or ICPMS concentrations for Simulant Module D runs are shown in
Table K - 24Error! Reference source not found.. The composite concentrations were used in the mass
balance.

Table K - 24. Simulant Module D Crossbar Rinse Composite Filtered Solids ICPMS

- - 5
Sample | Mass (g) Spegss Concenéreatlon (wtI %)
Composite | 2.7816 0.0034 0.068 0.14

The seal pot drain filtrate cation or ICPES concentrations from the runs for Simulant Module D are shown
in Table K - 25 and the average values were used in the mass balance.

Table K - 25. Simulant Module D Seal Pot Drain Filtrates ICPES

Sample Volume Sample Elemental Concentration (mg/L)
(L) Al Cr K Na Pb Si

1 1.00E+00 | < 1.00E-01 | 5.13E+00 | 9.25E+01 | < 1.00E-01 | 9.63E+00

2 9.92E-01 | < 1.00E-01 | 5.08E+00 | 9.71E+01 | < 1.00E-01 | 9.52E+00

. 3 1.00E+00 | < 1.00E-01 | 5.06E+00 | 9.51E+01 | < 1.00E-01 | 9.38E+00

Composite| 0.1968

Average | 9.99E-01 | <1.00E-01 | 5.09E+00 | 9.49E+01 | < 1.00E-01 | 9.51E+00

Std. Dev. | 6.64E-03 na 3.64E-02 | 2.31E+00 na 1.24E-01

%RSD 0.66% na 0.71% 2.43% na 1.30%

na=not applicable

The DMR seal pot drain filtrates anion or IC analyses are shown in Table K - 26 and the average values
were used in the mass balance.
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Table K - 26. Simulant Module D Seal Pot Drain Filtrates IC
sample Volume Sample Species Concentration (ug/L)
(L) F Cl NO, NO; SO, PO,
1 < 1.00E+04 | 1.15E+04 |2.70E+05| 9.96E+03 | 2.60E+04 |< 1.00E+04
2 < 1.00E+04 | 1.15E+04 |2.71E+05| 9.92E+03 | 2.60E+04 |< 1.00E+04
. 3 <1.00E+04 | 1.16E+04 | 2.74E+05| 9.83E+03 | 2.60E+04 |< 1.00E+04
Composite| 0.1968
Average | < 1.00E+04 | 1.16E+04 |2.72E+05| 9.90E+03 | 2.60E+04 < 1.00E+04
Std. Dev. na 5.14E+01 | 2.37E+03| 6.79E+01 | 6.37E+00 na
%RSD na 0.44% 0.87% 0.69% 0.02% na

na=not applicable

The DMR seal pot drain filtrates trace elemental or ICPMS analyses performed on each batch are shown
in Table K - 27. The average values were used in the mass balance.

Table K - 27. Simulant Module D Seal Pot Drain Filtrates ICPMS

Volume Elemental Concentration (ug/L)

Sample

(L)

Sample

Cs

Re

Composite

1

6.07E+01

1.27E+03

6.75E+03

2

6.03E+01

1.26E+03

6.76E+03

0.1968

3

5.83E+01

1.25E+03

6.75E+03

Average

5.98E+01

1.26E+03

6.76E+03

Std. Dev.

1.29E+00

8.18E+00

6.76E+00

%RSD

2.16%

0.65%

0.10%

The DMR seal pot drain composite filtered solids concentrations from the Simulant Module D runs are
shown in Table K - 28. Note there was only one sample analyzed for the DMR seal pot drain composite
filtered solids mass of 0.0906 g and these values were used in the mass balance.

Table K - 28. Simulant Module D Seal Pot Drain Composite Filtered Solids ICPES

sample Elemental Concentration (wt%bo)
b Ag |Al] B | Cr | K|Na|Ni|P | Pb ]| S | Si] zn
Composite | <0.005 | 7.36 | 0.036 | 0.006 | 0.20 | 5.98 | 0.00 | 0.07 | 0.004 | 0.20 | 3.81 | 0.003

Anion or IC analyses for the Simulant D seal pot drain filtered solid samples are shown in Table K - 29
and were used in the mass balance.

Table K - 29. Simulant Module D Seal Pot Drain Composite Filtered Solids Estimated I1C

sample Species Concentration (wt%o)
P F Cl | NO, | NO; | SO, | PO,
Composite | <1.10 [ <1.10 | <1.10|<1.10|<1.10|<1.10
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The Cs, Re, and | wt% concentrations for the DMR Seal pot drain Composite Filtered Solids are shown in
Table K - 30. These values were used in the mass balance.

Table K - 30. Simulant Module D Seal Pot Drain Composite Filtered Solids ICPMS

sample Elemental Concentration (wt%o)
P Cs Re |
Composite 0.0022 0.0070 0.0093

The DMR seal pot rinse filtrate cation or ICPES concentrations from the runs for Simulant Module D are
shown in Table K - 31 and the average values were used in the mass balance.

Table K - 31. Simulant Module D Seal Pot Rinse Filtrates ICPES

Elemental Concentration (mg/L)
Sample Volume (L)| Sample Al Cr K Na Pb Si

1 3.61E+02 | <1.00E-01 | 1.59E+01 |2.41E+02 | < 1.00E-01 |3.92E+02

2 3.61E+02 | <1.00E-01 | 1.59E+01 |2.44E+02 | < 1.00E-01 |3.91E+02

. 3 3.60E+02 | <1.00E-01 | 1.59E+01 |2.43E+02 | < 1.00E-01 |3.90E+02

Composite | 0.1358

Average |3.61E+02| <1.00E-01 | 1.59E+01 |2.43E+02| <1.00E-01 |3.91E+02

Std. Dev. | 5.77E-01 na 0.00E+00 | 1.53E+00 na 1.00E+00

%RSD 0.16% na 0.00% 0.63% na 0.26%

na=not applicable

The DMR seal pot rinse filtrates anion or IC analyses are shown in Table K - 32 and the average values
were used in the mass balance.

Table K - 32. Simulant Module D Seal Pot Rinse Filtrates IC

Species Concentration (ug/L)
NO, NO,

Volume

(L)

Sample Sample

F Cl SO, PO,

Composite

1

< 1.00E+05

< 1.00E+05

< 1.00E+05

5.98E+07

6.20E+05

< 1.00E+05

2

< 1.00E+05

< 1.00E+05

< 1.00E+05

5.95E+07

6.68E+05

< 1.00E+05

0.1358 3

< 1.00E+05

< 1.00E+05

< 1.00E+05

5.91E+07

6.59E+05

< 1.00E+05

Average

< 1.00E+05

< 1.00E+05

< 1.00E+05

5.95E+07

6.49E+05

< 1.00E+05

Std. Dev.

na

na

na

3.51E+05

2.55E+04

na

%RSD

na

na

na

0.59%

3.93%

na

na=not applicable

The DMR seal pot rinse filtrates trace elemental or ICPMS analyses performed on each batch are shown
in Table K - 33. The average values were used in the mass balance.
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Table K - 33. Simulant Module D Seal Pot Rinse Filtrates ICPMS

Sample

Volume

(L)

Elemental Concentration (ug/L)

Sample

Cs

Re

Composite

0.1358

1

3.64E+01

3.69E+02

3.86E+02

2

3.53E+01

3.74E+02

3.89E+02

3

3.49E+01

3.67E+02

3.95E+02

Average

3.55E+01

3.70E+02

3.90E+02

Std. Dev.

7.77E-01

3.61E+00

4.58E+00

Revision 0

%RSD | 2.19% 0.97% 1.18%

The DMR seal pot rinse composite filtered solids concentrations from the Simulant Module D are shown
in Table K - 34. Note there was only one sample analyzed for the DMR seal pot rinse composite filtered
solids mass of 0.105 g and the values in Table K - 34 were used in the mass balance.

Table K - 34. Simulant Module D Seal Pot Rinse Composite Filtered Solids ICPES

Elemental Concentration (wt%
Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
Composite | <0.002 | 5.39 | 0.019 | 0.018 | 0.21 | 1.05 | 0.0323 | 0.037 | 0.0025 | 0.37 | 1.14 | 0.0046

Anion or IC analyses for the Simulant Module D seal pot drain rinse composite filtered solid samples are
shown in Table K - 35 and were used in the mass balance.

Table K - 35. Simulant Module D Seal Pot Rinse Composite Filtered Solids Estimated IC

sample Species Concentration (wt%o)
P F Cl_[ NO, [ NO; | SO, | PO,
Composite | <0.48 | <0.48 | <0.48 | 5.21 | 0.48 | <0.48

The Cs, Re, and | wt% concentrations for the seal pot drain rinse Composite Filtered Solids are shown in
Table K - 36. These values were used in the mass balance.

Table K - 36. Simulant Module D Seal Pot Rinse Composite Filtered Solids ICPMS

sample Elemental Concentration (wt%o)
P Cs Re [
Composite 0.0012 0.012 0.025

The off-gas 25 micron (front) and 2 micron (back) cellulose filters right before the mass spectrometer
were analyzed for cation concentrations for the Simulant Module D as shown in Table K - 37. Note the
relative solid mass on each filter was estimated based on the analyses performed and the total number of
runs performed. The 25 and 2 micron filters were analyzed like the Quartz Wool and the filtered samples
performing a water leach followed by Aqua Regia dissolution. There was only one sample analyzed for
each Micron Filter. The values shown in Table K - 37 were used in the mass balance.
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Table K - 37. Simulant Module D Off-gas Micron Filter Solids ICPES
Sample Estimated Elemental Concentration (wt%
P Mass (g) | Ag B | Cr | K | Na P |Pb| s [si]zn
25 pm (front) 0.018 |<0.013| 857 | 8.64 | 0.01 | 856 |37.98| 0.02 | 0.07 | 0.07 | 7.69 | 1.26 | 8.26
2 um (back) 0.098 |<0.001|12.21| 14.70 | 0.00 {11.18|33.85| 0.00 | 0.01 | 0.01 | 0.23 | 0.02 |14.60

Anion or IC analyses for the Simulant Module D micron filter solids samples are shown in Table K - 38

and were used in the mass balance.

Table K - 38. Simulant Module D Off-gas Micron Filter Solids Estimated 1C

Sample Estimated Species Concentration (wt%)
Mass (g) F Cl NOZ NO3 SO4 PO4
25 um (front) 0.018 0.003 0.009 | <0.001 | 0.006 | 0.014 | <0.001
2 um (back) 0.098 < 0.0001 | <0.0001 | <0.0001 | 0.001 | 0.0002 | <0.0001

The Cs, Re, and | wt% concentrations for the DMR seal pot drain rinse Composite Filtered Solids are
shown in Table K - 39. These values were used in the mass balance.

Table K - 39. Simulant Module D Off-gas Micron Filter Solids ICPMS

Sample Estimated Elemental Concentration (wt%o)
Mass (9) Cs Re |
25 um (front) 0.018 0.051 1.673 0.312
2 um (back) 0.098 0.00013 < 0.0001 0.0086
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Appendix L. Simulant Module D Special Run Mass Balance Analytical Data
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Table L - 1 through Table L - 2 give the ICPES and ICPMS concentrations for Simulant Module D
granular product samples for the special run where trying to close the mass balance. The total mass of the
composite granular product was 28.09 g and the average concentrations shown were used in the mass
balance.

Table L - 1. Special Run Simulant Module D Granular Composite Product ICPES

Elemental Concentration (wt%o)

Sample Ag Al Cr K Na Ni P Pb S Si Zn
1 <0.00171| 16.40 | 0.0087 | 0.56 | 15.50 | 0.0024 |0.049| 0.010 | 0.12 |<0.00313| 0.0037
2 <0.00172| 18.40 | 0.0092 | 0.58 | 15.70 | 0.0026 |0.049| 0.008 | 0.13 |<0.00315| 0.0034
3 <0.00168 | 17.70 | 0.0094 | 0.58 | 16.50 | 0.0028 |0.054 | 0.008 | 0.12 |<0.00307| 0.0030

Average |<0.00170| 17.50 | 0.0091 | 0.57 | 15.90 | 0.0026 |0.051| 0.009 | 0.12 |<0.00312| 0.0034
Std. Dev. | 0.00002 | 1.01 |0.0004| 0.01 | 0.53 | 0.0002 |0.003| 0.001 | 0.01 0.00 0.0003
%RSD 1.22 580 | 3.93 | 257 | 3.33 7.49 586 | 11.33 | 4.64 1.34 10.34

Table L - 2. Special Run Simulant Module D Granular Composite Product ICPMS

sample Elemental Concentration (wt%bo)
Cs Re |
1 0.0016 0.441 0.072
2 0.0014 0.410 0.075
3 0.079
Average 0.0015 0.425 0.075
Std. Dev. 0.0002 0.022 0.003
%RSD 11.41 5.17 451

The DMR Condenser/Bubbler Drain filtrates trace elemental or ICPMS analyses performed on each batch
are shown in Table L - 3. The average values were used in the mass balance.

Table L - 3. Special Run Simulant Module D Condenser/Bubbler Drain Filtrates ICPMS

Sample Volume Elemental Concentration (ug/L)
P (L) Sample Cs Re |
1 < 1.50E+01| 7.80E+02 | 3.31E+02

2 <1.50E+01| 7.83E+02 | 3.22E+02

3 < 1.50E+01| 7.54E+02 | 3.18E+02
Average [<1.50E+01] 7.72E+02 | 3.24E+02
Std. Dev. na 1.59E+01 | 6.66E+00
%RSD na 2.06% 2.06%

na=not applicable

Composite | 0.2381

It was impossible to separate out all the solids from the 0.45 um nylon filter so the entire filter sample
with solids was first water leached followed by Aqua Regia dissolution. The water leach concentrations
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were then added to the aqua regia concentrations to give a total species concentration in the solids. The
DMR Condenser/Bubbler Drain composite filtered solids concentrations from the Simulant Module D
Special Run are shown in Table L - 4. Note there was only one sample analyzed for the DMR Condenser/
Bubbler Drain composite filtered solids mass of 0.0003 g and the values in Table L - 4 were used in the
mass balance.

Table L - 4. Special Run Simulant Module D Condenser/Bubbler Drain Composite Filtered Solids

ICPES
sample Elemental Concentration (wt%o)
P TaAg | Al B | cr | K [Na|N | P | Pb ]| S | Si | zn
\Ii\(/eztcer: <1.15|<3.63 | <228 | <045 |<16.22| 6.95 | 440 [<3.20|<153| <490 |<212|<0.55

Aqua Regia|<2.88| <9.10 | <5.73 | <1.12 |<40.67|<9.33| 1.78 |<8.00|<3.83|<12.27| 5.97 |<1.38
Composite |<4.03|<12.73| <8.02 | <157 |<56.88| 6.95 | 6.18 |<11.20| <5.37 |[<17.17| 5.97 |<1.93

The Cs, Re, and | wt% concentrations for the DMR Condenser/Bubbler Drain Composite Filtered Solids
are shown in Table L - 5. The DMR Condenser/Bubbler Drain Composite Filtered Solids were analyzed
like the condensate filtered solids where the filtered samples underwent a water leach followed by Aqua
Regia dissolution. There was only one sample analyzed for these solids and the composite values were
used in the mass balance.

Table L - 5. Special Run Simulant Module D Condenser/Bubbler Drain Composite Filtered Solids

ICPMS
Sample Elemental Concentration (wt%o)
Cs Re [
Water
Leach 0.502 0.047 0.212
Agua Regia 0.377 0.051
Composite 0.879 0.098 0.212

The DMR Condenser/Bubbler rinse trace elemental or ICPMS analyses performed are shown in Table L -
6. The average values were used in the mass balance.

Table L - 6. Special Run Simulant Module D Dmr Condenser/Bubbler Rinse ICPMS

Elemental Concentration (ug/L)
Sample Cs Re [

1 2.20E+00| 1.91E+02 | 6.60E+01

2 2.16E+00| 1.90E+02 | 6.58E+01

3 1.85E+00| 1.92E+02 | 6.58E+01
Average |2.07E+00| 1.91E+02 | 6.59E+01

Std. Dev. | 1.92E-01 | 1.00E+00 | 1.15E-01
%RSD | 9.25% 0.52% 0.18%

Sample Volume (L)

Composite 0.0899
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The DMR basket rinse trace elemental or ICPMS analyses performed are shown in Table L - 7. The
average values were used in the mass balance.

Table L - 7. Special Run Simulant Module D Basket Rinse ICPMS

Volume

(L)

Elemental Concentration (ug/L)
Sample Cs Re [

Sample

Composite

0.2548

1

9.06E+01

1.28E+04

1.34E+02

2

9.05E+01

1.29E+04

1.20E+02

3

1.26E+04

1.15E+02

Average

9.06E+01

1.28E+04

1.23E+02

Std. Dev.

7.07E-02

1.53E+02

9.85E+00
8.01%

%RSD | 0.08% 1.20%

The crossbar solids were captured in Quartz Wool samples in the off-gas crossbar from the DMR. It is
impossible to separate out all the solids from the quartz wool material so the entire quartz wool samples
with solids were first water leached followed by Aqua Regia dissolution. The water leach concentrations
were then added to the aqua regia concentrations to give a total species concentration in the solids. The
total solids in the quart wool was obtained by weighing the quartz wool before the experiment then drying
it after the experiment and re-weighing to get the crossbar solids dry weight. The crossbar solids cation
or ICPES analyses are shown in Table L - 8. The composite values were used in the mass balance.

Table L - 8. Special Run Simulant Module D Crossbar Solids ICPES

Mass Elemental Concentration (wt%o)
Sample : :
(9) Ag Al B Cr | K | Na | Ni | P |Pb| S | Si Zn
\Ii\(/aztcer: <0.0010| 0.08 |<0.0000/0.011| 0.04 | 3.51 | 0.00 | 0.01 | 0.00 | 0.64 | 0.00 |<0.000
é‘gg;z <0.002510.07 | < 0.0050 | 0.007 | 0.39 | 10.53 | 0.01 | 0.06 | 0.02 | 0.49 | 2.14 | 0.009
Composite | 0.3446 | < 0.0035| 10.15 | < 0.0050| 0.019 | 0.43 | 14.05 | 0.01 | 0.07 | 0.02 | 1.12 | 2.14 | 0.009

The crosshar solids trace elemental or ICPMS concentrations for the Simulant Module D Special Run are
shown in Table L - 9. The composite concentrations were used in the mass balance.

Table L - 9. Special Run Simulant Module D Crossbar Solids ICPMS

Species Concentration (wt%o)
Sample Mass (g) Cs Re |
Water Leach 0.0004 | 0.44 | 0.000009
Agua Regia 0.0086 | 0.34
Composite | 0.3446 | 0.0090 | 0.775 | 0.000009
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The DMR seal pot drain trace elemental or ICPMS analyses performed are shown in Table L - 10. The
average values were used in the mass balance.

Table L - 10. Special Run Simulant Module D Seal Pot Drain ICPMS

Sample

Volume

(L)

Elemental Concentration

ug/L)

Sample

Cs

Re

Composite

0.0274

1

4.98E+01

5.69E+03

5.65E+03

2

4.75E+01

5.84E+03

5.68E+03

Average

4.87E+01

5.77E+03

5.67E+03

Std. Dev.

1.63E+00

1.06E+02

2.12E+01

%RSD

3.34%

1.84%

0.37%

The DMR seal pot rinse trace elemental or ICPMS analyses are shown in Table L - 11. The average
values were used in the mass balance.

Table L - 11. Special Run Simulant Module D Seal Pot Rinse ICPMS

Sample

Volume (L)

Elemental Concentration

ug/L)

Sample

Cs

Re

Composite

0.0407

1

1.71E+01

1.85E+03

8.91E+02

2

1.76E+01

1.89E+03

9.72E+02

Average

1.74E+01

1.87E+03

9.32E+02

Std. Dev.

3.54E-01

2.83E+01

5.73E+01
6.15%

%RSD 2.04% 1.51%

The off-gas 25 um (front) and 2 um (back) cellulose filters right before the mass spectrometer were
analyzed for cation concentrations for the Simulant Module D special run as shown in Table L - 12. Note
the relative solid mass on each filter was estimated based on the analyses performed and the total number
of runs performed. The 25 and 2 umfilters were analyzed like the Quartz Wool where the samples
underwent a water leach followed by Aqua Regia dissolution. There was only one sample analyzed for
each Micron Filter. The values shown in Table L - 12 were used in the mass balance.

Table L - 12. Special Run Simulant Module D Off-gas Micron Filter Solids ICPES

Sample Estimated Elemental Concentration (wt%b)

P® 'Mass(@)| Ag ] AL| B [Cr|[ K [Na|[Ni| P | Pb ]| S |Si]zn
(fooftr)l 0.0038 [<0.32| 9.72 [12.79/0.039[21.20 | 1.23 | 0.34 | 0.33 | <0.42 | 1.69 | 0.00 |14.53
(ﬁaﬁ) 0.0049 |<0.25|11.06|16.41|0.047 |13.42| 1.08 | 0.04 | 0.26 | <0.33 | 1.88 | 0.00 |15.42

The Cs, Re, and | wt% concentrations for the off-gas 25 um (front) and 2 um (back) cellulose filters are
shown in Table L - 13. These values were used in the mass balance.
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Table L - 13. Special Run Simulant Module D Micron Filter Solids ICPMS

i 0,
Sample Estimated Mass (g) Elemegtsal Concentratlolge(wt %0)
25 um (front) 0.0038 0.11 6.31
2 um (back) 0.0049 0.010 0.006

The caustic scrubber solution trace elemental or ICPMS analyses performed are shown in Table L - 14.
The average values were used in the mass balance.

Table L - 14. Special Run Simulant Module D Caustic Scrubber Solution ICPMS

Sample Volume Elemental Concentration (ug/L)
(L) Sample Cs Re [
1 7.44E+02 | < 1.00E+01 | 1.62E+02
2 7.32E+02 | < 1.00E+01 | 1.78E+02
. 3 < 1.00E+01 | 1.65E+02
Composite | 02548 - = e | 7.38E+02 | < LOOE+01 | L.68E+02
Std. Dev. | 8.49E+00 na 8.50E+00
%RSD 1.15% na 5.05%

na=not applicable

A special rinse of the DMR off-gas crosshbar and condenser was performed using a 5-wt% Spectrosol
solution. The trace elemental or ICPMS analyses performed for this Spectrosol rinse are shown in Table
L - 15. The average values were used in the mass balance.

Table L - 15. Special Run Simulant Module D Crossbar and Condenser Spectrosol Rinse ICPMS

Sample

Volume (L)

Elemental Concentration (ug/L)

Sample

Cs

Re

Composite

0.1356

1

3.67E+00

6.79E+01

3.80E+01

2

3.37E+00

7.27E+01

3.68E+01

3

6.67E+01

3.73E+01

Average

3.52E+00

6.91E+01

3.74E+01

Std. Dev.

2.12E-01

3.17E+00

6.03E-01

%RSD

6.03%

4.59%

1.61%

L-6




SRNL-STI-2011-00384
Revision 0

Appendix M. Radioactive Module D Mass Balance Analytical Data
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Table M - 1 through Table M - 3 gives the ICPES, IC, and ICPMS concentrations for the Radioactive
Module D granular product samples. The average concentrations were used in the mass balance.

Table M - 1. Radioactive Module D Granular Composite Product ICPES

Elemental Concentration (wt)
Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
1 <0.00115| 17.40 | 0.011 | 0.012 | 0.57 | 14.60 | <0.004 | 0.059 | <0.042 16.30| 0.0055
2 <0.00118 | 19.70 | 0.012 | 0.014 | 0.60 | 16.60 | < 0.004 | 0.064 | <0.043 | 0.15 |17.90| 0.0059
3 <0.00114 | 18.90 | 0.012 | 0.015| 0.54 | 15.80 | <0.004 | 0.058 | <0.042 | 0.13 |18.30| 0.0051
4 17.10 0.0057
5 18.20 <0.01
6 18.80 0.0057
Average | <0.00116 | 18.35 | 0.011 | 0.014 | 0.57 | 15.67 | <0.004 | 0.060 | <0.042 | 0.14 |17.50| 0.0056
Std. Dev. | 0.00002 | 0.98 | 0.001 | 0.001 | 0.03 | 1.01 | 0.0001 | 0.003 | 0.0008 | 0.02 | 1.06 | 0.0003
RSD 1.80 535 | 7.31 |10.25|4.48 | 6.43 | 1.87 5.14 197 |12.04| 6.05 | 5.32

Table M - 2. Radioactive Module D Granular Composite Product IC

sample Species Concentration (wt%o)
F Cl NO, NO3 SO, PO,
1 <0.047 0.206 <0.047 |<0.047 | 0.262 | 0.178
2 <0.047 0.216 <0.047 |<0.047 | 0.262 | 0.178
3 <0.047 0.216 <0.047 |<0.047 | 0.244 | 0.187
Average | <0.047 0.212 <0.047 |<0.047 | 0.256 | 0.181
Std. Dev. na 0.005 na na 0.011 | 0.005
%RSD na 2.55 na na 4,22 2.99

na=not applicable

Table M - 3. Radioactive Module D Granular Composite Product ICPMS

Sample Species Concentration (wt%o)
Re** I Tc-99
1 0.0345 0.00069 0.00021
2 0.0353 0.00065 0.00023
3 0.0356 0.00021
4 0.0345
5 0.0358
6 0.0353
Average 0.0352 0.00067 0.000217
Std. Dev. 0.0005 0.00003 0.00002
%RSD 1.54 4.14 6.93

**Re from ICPMS sweep with mass of 185 at 37.40% and 187 at 62.60%
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The radio isotopes of the granular product by gamma analysis for the Radioactive Module D are shown in
Table M - 4 and the average values were used in the mass balance.

Table M - 4. Radioactive Module D Granular Composite Product Gamma

Sample Cor;zgtintration (dgg_qr/g)
1 1.83E+02 8.22E+04
2 1.65E+02 8.29E+04
3 2.02E+02 8.62E+04
Average 1.83E+02 8.38E+04
Std. Dev. 1.85E+01 2.14E+03
%RSD 10.09% 2.55%

The DMR condensate filtrate cation or ICPES concentrations from the Radioactive Module D runs are
shown in Table M - 5. The DMR condensate filtrates have a volume of 1.8225 L with a density of 1.00
g/ml. There was only one sample analyzed and these values were used in the mass balance.

The DMR condensate composite filtrate anion or IC concentrations from the Radioactive Module C runs
are shown in Table M - 6. The DMR condensate composite filtrate was 1.8225 L and the average
condensate composite concentrations were used in the mass balance.

The DMR condensate filtrate trace elemental or ICPMS concentrations from the Radioactive Module D
runs are shown in Table M - 7. The average concentrations for the DMR condensate filtrates were used in
the mass balance.

The radioisotopes of the DMR Condensate filtrate by gamma analysis for the Radioactive Module D runs
are shown in Table M - 8. There was only one sample so those concentrations were used in the mass
balance.

The crossbar rinse filtrate cation or ICPES concentrations from the runs for Radioactive Module D runs

are shown in Table M - 9. The crossbar rinse filtrate total volume was 0.4437 L. The average cation or
ICPES concentrations in Table M - 9 are used in the mass balance
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Table M - 5. Radioactive Module D Condensate Composite Filtrate ICPES
Elemental Concentration (mg/L)
Sample - -
Ag Al B Cr K Na Ni P Pb S Si Zn
Composite | < 2.90E-02 | 9.45E-01 |< 2.80E-02 | < 1.50E-02| < 5.13E-01 | 5.90E+00 | < 9.10E-02| < 3.28E-01 | < 1.43E-01 | 2.72E+00 | 4.55E+00 | < 1.30E-02
Table M - 6. Radioactive Module D Condensate Composite Filtrate IC
Species Concentration (mg/L)
Sample F Cl_| NO, | NO; | SO, | PO,
Composite <5 <5 10 <5 <5 <5
Table M - 7. Radioactive Module D Condensate Composite Filtrate ICPMS
Species Concentration (ug/L)
Sample Re Tc-99
1 1.64E+02 <1.25E+00
2 1.61E+02
Average 1.63E+02 <1.25E+00
Std. Dev. 2.19E+00 na
%RSD 1.34% na
na=not applicable
Table M - 8. Radioactive Module D Condensate Composite Filtrate Gamma
sample Concentration (dpm/mL)
P Cs-137 1-129 Tc-99
Composite 3.16E+02 <1.28E-01 2.80E+01
Table M - 9. Radioactive Module D Crossbar Rinse Composite Filtrate ICPES
Elemental Concentration (mg/L)
Sample : -
Ag Al B Cr K Na Ni P Pb S Si Zn
Composite | < 2.90E-02 | 8.40E-02 | < 2.80E-02 | < 1.50E-02 | < 5.13E-01 | 2.16E+00 | <9.10E-02 | <3.28E-01 | < 1.43E-01 | < 1.50E+00 | 2.43E-01 | < 1.30E-02
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Anion or IC analyses for the Radioactive Module D crossbar rinse filtrate are shown in Table M - 10.
The average anion or IC concentrations were used in the mass balance.

Table M - 10. Radioactive Module D Crossbar Rinse Composite Filtrate IC

sample Species Concentration (mg/L)
P F Cl | NO, | NO; | SO, | PO,
Composite <5 <5 <5 <5 <5 <5

The crossbar rinse filtrate trace elemental or ICPMS concentrations for Radioactive Module D runs are
shown in Table M - 11. The crossbar rinse filtrate had a volume of 0.1237 L. The average trace
elemental or ICPMS concentrations in Table M - 11 were used in the mass balance.

Table M - 11. Radioactive Module D Crossbar Rinse Composite Filtrate ICPMS

Concentration (ug/L)
Sample Re Tc-99
1 3.66E+01 <2.50E-01
2 3.75E+01
Average 3.71E+01 <2.50E-01
Std. Dev. 6.43E-01 na
%RSD 1.73 na

na=not applicable

The radioisotopes of the crosshar rinse filtrate by gamma analysis for the Radioactive Module D runs are
shown in Table M - 12. The composite average concentrations shown in Table M - 12 were used in the
mass balance.

Table M - 12. Radioactive Module D Crossbar Rinse Composite Filtrate Gamma

sample Concentration (dpm/mL)
P Cs-137 1-129 Tc-99
Composite 1.15E+02 < 1.49E-01 7.79E+00

The crossbar solids were captured in Quartz Wool samples in the off-gas crossbar from the DMR. It is
impossible to separate out all the solids from the quartz wool material so the entire quartz wool samples
with solids were first water leached followed by Aqua Regia dissolution. The water leach concentrations
were then added to the aqua regia concentrations to give a total species concentration in the solids. The
total solids in the quart wool was obtained by weighing the quartz wool before the experiment then drying
it after the experiment and re-weighing to get the crossbar solids dry weight.

The crossbar solids cation or ICPES concentrations for the Radioactive Module C run are shown in Table

M - 13. The crossbar solids total mass was 2.655 g. The composite cation or ICPES concentrations for
the crossbar solids were used in the mass balance.
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Table M - 13. Radioactive Module D Crossbar Solids ICPES
Sample Elemental Concentration (wt%b)
P Ag Al | B Cr K Na Ni P Pb s | si Zn
Water Leach | <0.00014 | 0.11 | 0.0004 | <0.0001 | <0.0028 | 2.22 | <0.0002 | 0.001 | <0.0007 | 0.36 | 0.066 | < 0.0001
Aqua Regia | <0.00014 | 6.92 0.005 0.21 3.424 | <0.0004 | 0.033 | 0.005 |0.01 0.0073
Composite | <0.00027 | 7.04 | 0.0004 | 0.005 0.21 5.65 | <0.0006 | 0.034 | 0.005 |0.37 | 0.066 | 0.0073
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Anion or IC analyses for the Radioactive Module D Crossbar Solids samples came from the Water Leach
preparations and are shown in Table M - 14. These values were used in the mass balance.

Table M - 14. Radioactive Module D Crossbar Solids IC

Sample Species Concentration (wt%o)
P F Cl NO, NO; SO, PO,
Composite 0.46 0.59 0.11 0.055 0.99 <0.009

The crossbar solids trace elemental or ICPMS concentrations for Radioactive Module C runs are shown in
Table M - 15. The crossbar solids mass was 2.655 g. The composite concentrations were used in the
mass balance.

Table M - 15. Radioactive Module D Crossbar Rinse Composite Filtered Solids ICPMS

RuUN Concentration (wt%o)

Re Tc-99

Water Leach 0.0605 0.0002
Agua Regia 0.0199 0.0002
Composite 0.080 0.0004

The radioisotopes of the crossbar solids by gamma analysis for the Radioactive Module D runs are shown
in Table M - 16. The average composite concentrations are shown in Table M - 16 and were used in the
mass balance.

Table M - 16. Radioactive Module D Crossbar Rinse Filtered Solids Gamma

Concentration (dpm/g)
Run 1-129 Tc-99
Composite 6.35 E+03 1.39E+05
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Appendix N. X-Ray Diffraction Spectra
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Appendix O. Short-Term and Long-Term Product Consistency Testing
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PCT Data for Short Term Tests

All short term PCT data includes ARM and LRM glass leachate data for comparison to referenced
leachate concentrations.  Error! Reference source not found. shows as measured leachate
concentrations (mg/L) for Simulant Module C granular product short term tests. These data are corrected
for dilution and shown as g/L values along with the various matrix and leachant masses, dilution factors
and measured BET Surface Areas in Error! Reference source not found..

As measured leachate and corrected leachate data are shown in Error! Reference source not found. and
Error! Reference source not found. for the Radioactive Module C granular product short term tests.

These short term PCT data show that all the measured ARM glass Na and Si leachate data are within the
reference range of 0.029 to 0.043 g/L Na and 0.049 to 0.073 g/L Si.> These data also show that all the
measured LRM glass Na and Si leachate data compare with the reference range of 0.13 to 0.19 g/L Na
and 0.066 to 0.098 g/L Si.> Thus these data indicate that the short term PCTs were properly prepared
with 100-200 mesh washed particles at the 1 g product to 10 mL leachant ratio and controlled to the
appropriate 7-day durations and 90°C temperature.

1 WSRC-TR-93-672, Rev. 1
2 W.L. Ebert and S.F. Wolf, J. Nucl. Matls., 282 (2000) 112-124
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Table O- 1. Leachate Data for BSR Simulant Module C Granular Short Term PCT

sample Al Cr Fe K Na P Pb S Si Ti Zr Cl F | Cs Re
mg/L mg/L mg/L | mg/L mg/L mg/L | mg/L mg/L mg/L mg/L mg/L | mg/L | mg/L | ug/L | ug/L | ug/L
BLK-1 <0.100 | <0.100 | <0.100 | <10.0 8.50 <10.0 <1.00 <1.00 <1.00 <1.00 | <0.100
BLK-2 <0.100 | <0.100 | <0.100 | <10.0 1.59 <10.0 | <1.00 <1.00 <1.00 | <1.00 | <0.100
ARM-1 3.67 <0.100 | <0.100 | <10.0 22.89 <10.0 <1.00 <1.00 37.85 <1.00 | <0.100
ARM-2 3.58 <0.100 | <0.100 | <10.0 26.26 <10.0 | <1.00 <1.00 41.21 <1.00 | <0.100
ARM-3 3.69 <0.100 | <0.100 | <10.0 25.34 <10.0 <1.00 <1.00 41.31 <1.00 | <0.100
LRM-1 8.27 <0.100 1.31 <10.0 | 105.74 | <10.0 <1.00 <1.00 55.69 <1.00 0.79
LRM-2 8.40 <0.100 1.38 <10.0 | 111.23 | <10.0 | <1.00 <1.00 55.97 <1.00 0.86
LRM-3 8.69 <0.100 1.39 <10.0 | 112.01 <10.0 <1.00 <1.00 57.93 <1.00 0.90
7DS;2M10dC 139.00 171 <0.100 | <10.0 | 468.79 86.28 <1.00 103.22 15.80 <1.00 | <0.100 | <10.0 | <10.0 | 364 | 10.20 | 3110
7DS;2M20dC 154.95 1.94 <0.100 | <10.0 | 498.55 97.72 <1.00 109.34 17.84 <1.00 | <0.100 | <10.0 | <10.0 | 365 | 15.70 | 3420
7D552r?_"3°dc 14723 | 188 | <0100 | <10.0 | 51413 | 90.02 | <1.00 | 107.41 | 16.69 | <1.00 | <0.100 | <10.0 | <10.0 | 353 | 12.50 | 3310
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Table O- 2. Corrected Leachate Data, pH and BET SA for Simulant Module C Granular Short Term PCT

Sample ID BLK ARM LRM 7D Sim Mod C granular
Replicate ID BLK-1 BLK-2 ARM-1 ARM-2 ARM-3 LRM-1 LRM-2 LRM-3 gran-1 gran-2 gran-3
Vessel ID t64 166 167 168 69 t70 t71 t73 t75 77 t79
pH 7.60 7.10 10.12 101 10.18 10.87 10.91 10.94 10.82 108 10.75
Empty Mass (g) 112.395 | 113208 | 108.783 | 111.378 | 113312 | 111.119 | 111.314 | 113402 | 113.328 | 111546 | 114.504
Mass w/Sample (g) NA NA 110283 | 112.878 | 114814 | 112618 | 11281 114.905 | 114332 | 112.546 1155
Mass w/W. at(egr) andsample | 157370 | 128201 | 125261 | 127.884 | 129.826 | 127.566 | 127.784 129.89 124305 | 122516 | 125.489
Mass w/Lug, Start (g) 127.370 | 128201 | 125261 | 127.884 | 129.826 | 127.566 | 127.784 129.89 124305 | 122516 | 125.489
Mass w/Lug, Finish (q) 126,634 | 128117 | 124.439 126.73 129.7 12744 | 127647 | 129752 | 123812 | 122.205 | 125.383
Use PCT A Surface Area/ NA NA Yes Yes Yes Yes Yes Yes No No No
Volume?
Meas“re? n?z‘jgace Area NA NA NA NA NA NA NA NA 4 4 4
Leachate Dilution Factor 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67
Element (o/L) (o/L) (o/L) (o/L) (o/L) (g/L) (g/L) (g/L) (o/L) (g/L) (g/L)
Al <1.0E-04 | <1.OE-04 | 6.1E-03 | 6.0E-03 | 6.2E-03 | 1.4E-02 | 1.4E02 | 15E-02 | 2.3E01L | 26E0L | 2.5E-01
Cr <1.0E-04 | <L.OE-04 | <1.7E-04 | <1.7E-04 | <1.7E-04 | <1.7E-04 | <1.7E-04 | <1L.7E-04 | 2.9E-03 | 3.2E-03 | 3.1E-03
Fe <1.0E-04 | <L.OE-04 | <1.7E-04 | <L.7E-04 | <1.7E-04 | 2.2E-03 | 2.3E-03 | 2.3E-03 | <L.7E-04 | <L7E-04 | <L.7E-04
K <1.0E-02 | <L.OE-02 | <L.7E-02 | <L.7E-02 | <1.7E-02 | <1.7E-02 | <1.7E-02 | <1.7E-02 | <L.7E-02 | <L7E-02 | <L.7E-02
Na 85E-03 | 1.6E-03 | 3.8E-02 | 44E02 | 42E02 | 1.8E01 | 1.9E01 | 1.9E-01 | 7.8E0L | B83E0L | 8.6EOL
P <1.0E-02 | <L.OE-02 | <L.7E-02 | <1.67E-02 | <1.7E-02 | <1.7E-02 | <1.7E-02 | <1L.7E-02 | 1.4E-01 | 1.6E-01 | 1.5E-01
Pb <1.0E-03 | <L.OE-03 | <L.7E-03 | <1.67E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <L7E-03 | <L.7E-03
S <1.0E-03 | <L.OE-03 | <L.7E-03 | <1.67E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | 1.72E-01 | 1.83E-01 | 1.79E-01
Si <1.0E-03 | <L.OE-03 | 6.3E-02 | 6.9E-02 | 6.9E-02 | 9.3E-02 | 93E-02 | 9.7E02 | 26E-02 | B3.0E02 | 2.8E-02
Ti <1.0E-03 | <L.OE-03 | <L.7E-03 | <L.7E-03 | <L.7E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <1.7E-03 | <L7E-03 | <L.7E-03
zr <1.0E-04 | <L.OE-04 | <L.7E-04 | <L.7E-04 | <1.7E-04 | 1.3E-03 | 1.43E-03 | 1.51E-03 | <L.7E-04 | <L7E-04 | <L.7E-04
Cl <8.4E-03 | <8.4E-03 | <8.4E-03
F <8.4E-03 | <8.4E-03 | <8.4E-03
I 30E-04 | B3.0E-04 | 2.9E-04
Cs 17E-05 | 26E05 | 2.1E-05
Re 52E-03 | 57E-03 | 55E-03
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Al Cr Fe K Na P Pb S Si Ti Zr Cl F 1-129 Cs-137 Tc-99 Re
Sample mg/L mg/L |mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | dpm/mL | dpm/mL | dpm/mL ug/L
BLK-1 <0.38 | <0.04 |<0.02 | <1.40 0.46 0.62 <0.29 | <3.00 | 0.17 | <0.01 | <0.02 | <5.00 | <5.00
BLK-2 <0.38 | <0.04 |<0.02 | <1.40 0.46 0.62 <0.29 | <3.00 | 0.17 | <0.01 | <0.02 | <5.00 | <5.00
ARM-1 1.03 <0.02 | 0.02 <0.70 6.52 0.21 <0.15 1.5 10.8 | 0.006 | <0.01
ARM-2 0.99 <0.02 | 0.01 <0.70 6.62 0.226 | <0.15 <15 10.8 | 0.005 | <0.01
ARM-3 0.99 <0.02 | 0.02 <0.70 6.36 0.21 <0.15 <15 10.4 | 0.006 | <0.01
LRM-1 2.66 0.06 0.53 <0.70 35 <0.17 | <0.15 <15 16 0.031 | 0.30
LRM-2 2.65 0.06 0.53 <0.70 34.3 0.194 | <0.15 <15 16.4 | 0.03 | 031
LRM-3 2.6 0.06 0.52 <0.70 33.7 0.185 | <0.15 <15 159 | 0.03 | 0.30
7D Rad
MOD C 58.2 3.92 0.05 <0.70 238 49.1 <0.15 39.6 446 | 0.02 | <0.01| <5 <5 <1.3 3.3E+01 | 2.5E+02 | 3.4E+02
gran-1
7D Rad
MOD C 58.2 3.82 0.07 <0.70 238 49 <0.15 39.7 446 | 0.02 | <0.01| <5 <5 <3.41 2.9E+01 | 3.9E+02 | 3.5E+02
gran-2
7D Rad
MOD C 58.1 4.02 0.04 <0.70 238 49.6 <0.15 40.5 428 | 0.02 |<0.01| <5 <5 <1.25 3.0E+01 | 4.8E+02 | 4.2E+02
gran-3
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Table O- 4. Corrected Leachate Data, pH and BET SA for BSR Radioactive Module C Granular Short Term PCT

Sample ID BLK ARM LRM 7D Rad Module C granular
Replicate ID BLK-1 | BLK2 | ARM-1 | ARM-2 | ARM-3 | LRM-1 | LRM2 | LRM-3 | 7D gran-1 | 7D gran-2 | 7D gran-3
Vessel 1D t41 t42 43 t44 146 t47 148 153 156 t61 162
pH 10.87 10.89 10.85
Empty Mass (g) 113.859 | 114.764 | 111.207 | 113.238 | 112.952 | 112.991 | 111.124 | 114551 | 108.904 114.568 112.28
Mass w/Sample (g) NA NA 112.194 | 114226 | 113.932 | 113983 | 112.103 | 115548 | 109.9068 | 115.6407 113.362
Mas;;"r’r’]‘sf:‘tg) and 123.697 | 124622 | 122.035 | 124.08 | 123775 | 123.838 | 121.949 | 125375 | 120.254 125.62 123.323
Mass w/Lug, Start (g) 123.697 | 124622 | 122.035 | 124.08 | 123.775 | 123.838 | 121.949 | 125375 | 120.254 125.62 123.323
Mass w/Lug, Finish (g)
Use PCT A Surface Area / NA NA Yes Yes Yes Yes Yes Yes No No No
Volume?
Meas”re?msz‘jgace Area NA NA NA NA NA NA NA NA 45 45 45
Leachate Dilution Factor 5 5 5 5 5 5 5 5 5 5 5
Element (g/L) (g/L) (9/L) (g/L) (9/L) (g/L) (9/L) (g/L) (9/L) (9/L) (9/L)
Al <3.8E-04 | <3.8E-04 | 52E-03 | 49E-03 | 50E-03 | 1.3E-02 | 1.3E-02 | 1.3E-02 | 2.9E-01 2.9E-01 2.9E-01
Cr <4.2E-05 | <4.2E-05 | <1.1E-04 | <1.1E-04 | <1.1E-04 | 3.2E-04 | 3.1E-04 | 3.1E-04 | 2.0E-02 1.9E-02 2.0E-02
Fe <2.3E-05 | <2.3E-05 | 1.2E-04 | 6.2E-05 | 7.5E-05 | 2.7E-03 | 2.6E-03 | 2.6E-03 | 2.7E-04 3.3E-04 2 2E-04
K <1.4E-03 | <L.4E-03 | <3.5E-03 | <3.5E-03 | <3.5E-03 | <3.5E-03 | <3.5E-03 | <3.56E-03 | <3.5E-03 | <35E-03 | <35E-03
Na <4.6E-04 | <4.6E-04 | 3.3E-02 | 33E-02 | 32E-02 | 1.8E01 | 1.7E01 | 1.7E01 | 1.2E+00 1.2E+00 1.2E+00
P <6.2E-04 | <6.2E-04 | 1.1E-03 | 1.1E-03 | 1.1E-03 | <85E-04 | 9.7E-04 | 9.3E-04 | 2.5E-01 2 5E-01 2 5E-01
Pb <2.0E-04 | <2.9E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04 | <7.3E-04
S <3.0E-03 | <3.0E-03 | 7.5E-03 | <7.5E-03 | <7.5E-03 | <7.5E-03 | <7.5E-03 | <7.5E-03 | 2.0E-01 2.0E-01 2.0E-01
Si 17E-04 | 1.7E-04 | 54E-02 | 54E-02 | 52E-02 | 8.0E-02 | 82E-02 | 8.0E-02 | 22E-02 2.2E-02 2.1E-02
Ti <7.0E-06 | <7.0E-06 | 3.1E-05 | 2.7E-05 | 3.1E-05 | 1.5E-04 | 1.5E-04 | 1.5E-04 | 1.1E-04 9.8E-05 7.9E-05
zr <1.9E-05 | <1.9E-05 | <4.7E-05 | <4.7E-05 | <4.7E-05 | 1.51E-03 | 1.53E-03 | 1.49E-03 | <4.7E-05 | <4.7E-05 | <4.7E-05
Cl <5.0E-03 | <5.0E-03 <2B5E-02 | <25E-02 | <25E-02
F <5.0E-03 | <5.0E-03 <2B5E-02 | <25E-02 | <2.5E-02
1-129 <1.7E-05 | <4.4E-05 | <1.6E-05
Cs-137 8.6E-10 7.4E-10 7.7E-10
Tc-99 3.3E-05 5.1E-05 6.4E-05
Re 1.7E-03 1.7E-03 2.1E-03
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PCT Data for Long Term Tests

The as measured and corrected leachate data for long term PCTs for the Simulant Module C
granular products are shown in Table O- 5 and Table O- 6. Similar as measured and corrected
leachate data for long term PCTs for the Radioactive Module C granluar product are shown in
Table O- 7 and

O-7
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Table O- 8. These long term tests conducted for up to twelve months did not include any ARM or LRM
glass samples.
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Table O- 5. Leachate Data for Simulant Module C Granular LongTerm PCT
Al Cr Fe K Na p Pb s si Ti zr cl F I | cs | Re
Sample

mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | ug/L | ug/L | ug/L

M Sé:;mf[) C 13700 | 151 | 134 | <100 | 487.00 | 8290 | <1.00 | 9520 | 12.40 | <1.00 | <0.100 | <10.0 | <10.0 | 370 | 11.60 | 2520
M Sé’:;::’_'?[’ C | 14000 | 156 | 141 | <100 | 505.00 | 8530 | <1.00 | 9750 | 11.80 | <1.00 | <0.100 | <10.0 | <10.0 | 362 | 11.50 | 2610
M Sg'gr':f'fD C | 12788 | 227 | <0.100| <100 | 508.00 | 117.56 | <1.00 | 121.63 | 11.54 | <1.00 | <0.100 | <10.0 | <10.0 | 396 | 11.80 | 2800
M Sé’:;r':’_'?D C | 12320 | 223 | <0100 | <100 | 503.00 | 11265 | <1.00 | 11637 | 11.24 | <1.00 | <0.100 | <10.0 | <10.0 | 394 | 1210 | 2750

6M Sim MOD C

gran-1 152.67 | 2.00 | <0.100 | <10.0 | 592.00 | 97.13 | <1.00 | 108.63 | 9.41 <1.00 | <1.00 | <10.0 | <10.0 | 475 | 18.20 | 3010

6M Sim MOD C

gran-2 151.34 | 2.03 | <0.100 | <10.0 | 602.00 | 95.89 | <1.00 | 110.11 | 9.60 <1.00 | <1.00 | <10.0 | <10.0 | 456 | 17.40 | 3010

12M Sim MOD C

gran-1 125.00 | 1.56 0.101 | <0.100 | 543.53 | 81.85 | <1.00 | 92.07 9.44 <1.00 | <1.00 | <10.0 | <10.0 | 429 | 14.39 | 2746

12M Sim MOD C

gran-2 143.00 | 1.78 0.1 <0.100 | 583.90 | 9498 | <1.00 | 104.10 | 9.70 <1.00 | <1.00 | <10.0 | <10.0 | 494 | 14.11 | 3019
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Table O- 6. Corrected Leachate Data, pH and BET SA for Simulant Module C Granular LongTerm PCT
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Sample ID 1M Sim MOD C gran 3M Sim MOD C gran 6M Sim MOD C gran 12M Sim MOD C gran
Replicate ID 1M gran-1 | 1M gran-2 | 3M gran-1 3M gran-2 | 6M gran-1 6M gran-2 12M gran-1 12M gran-2
Vessel ID 1198 1203 t206 1212 1220 1231 1239 1241
pH 10.52 10.52 10.3 10.27 10.04 10.04 10.19 10.1
Empty Mass (g) 114.627 113.37 113.45 113.387 114.617 113.462 115.068 114.425
Mass w/Sample (g) 115.627 114.362 114.447 114.377 115.605 114.457 116.067 115.359
Mass w/Water and Sample (g) 125.599 124.351 124.418 124.375 125.596 124.452 126.057 124.85
Mass w/Lug, Start (g) 125.599 124.351 124.418 124.375 125.596 124.452 126.057 124.85
Mass w/Lug, Finish (g) 125.286 124.033 123.725 123.681 124.219 123.075 124.908 123.617
Use PCT\Z |il:1:£§)ce Area/ No No No No No No No No
Measured Surface Area (m2/g) 4 4 4 4 4 4 4 4
Leachate Dilution Factor 2 2 2 2 2 2 2 2
Element (9/L) (9/L) (9/L) (9/L) (9/L) (9/L) (9/L) (9/L)
Al 2.7E-01 2.8E-01 2.6E-01 2.5E-01 3.1E-01 3.0E-01 2.5E-01 2.9E-01
Cr 3.0E-03 3.1E-03 4.5E-03 4.5E-03 4.0E-03 4.1E-03 3.1E-03 3.6E-03
Fe 2.7E-03 2.8E-03 <2.0E-04 <2.0E-04 <2.0E-04 <2.0E-04 2.0E-04 2.0E-04
K <2.0E-02 <2.0E-02 <2.0E-02 <2.0E-02 <2.0E-02 <2.0E-02 <2.0E-04 <2.0E-04
Na 9.7E-01 1.0E+00 1.0E+00 1.0E+00 1.2E+00 1.2E+00 1.1E+00 1.2E+00
P 1.7E-01 1.7E-01 2.4E-01 2.3E-01 1.9E-01 1.9E-01 1.6E-01 1.9E-01
Pb <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03
S 1.9E-01 2.0E-01 2.4E-01 2.3E-01 2.2E-01 2.2E-01 1.8E-01 2.1E-01
Si 2.5E-02 2.4E-02 2.3E-02 2.2E-02 1.9E-02 1.9E-02 1.9E-02 1.9E-02
Ti <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03
Zr <2.0E-04 <2.0E-04 <2.0E-04 <2.0E-04 <2.0E-03 <2.0E-03 <2.0E-03 <2.0E-03
Cl <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02
F <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02 <1.0E-02
| 3.7E-04 3.6E-04 4.0E-04 3.9E-04 4.8E-04 4.6E-04 4.3E-04 4.9E-04
Cs 2.3E-05 2.3E-05 2.4E-05 2.4E-05 3.6E-05 3.5E-05 2.9E-05 2.8E-05
Re 5.0E-03 5.2E-03 5.6E-03 5.5E-03 6.0E-03 6.0E-03 5.5E-03 6.0E-03

O-10



Table O- 7. Leachate Data for BSR Radioactive Module C Granular Long Term PCT

SRNL-STI-2011-00384
Revision 0

Sample

Al

Cr

Fe

K

Na

P

Pb

S

Si

Ti

Zr

Cl

F

1-129

Cs-137

Tc-99

Re

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

dpm/mL

dpm/mL

dpm/mL

ug/L

1M Rad
MOD C
gran-1

60.6

4.27

<0.02

<0.60

265

48

<0.14

36.6

4.79

<0.01

<0.01

<5

<5

<0.66

5.9E+01

2.8E+02

3.6E+02

1M Rad
MOD C
gran-2

61.6

4.37

<0.02

<0.60

272

50

<0.14

38.6

4.71

<0.01

<0.01

<5

<5

<0.33

4.5E+01

2.5E+02

3.7E+02

3M Rad
MOD C
gran-1-1

105

7.48

<0.10

<2.57

502

87.6

<0.72

67.9

6.68

<0.04

<0.03

7.2E+02

3M Rad
MOD C
gran-2-1

<10

<10

<1.52

6.5E+01

5.5E+02

3M Rad
MOD C
gran-1-2

102

7.31

<0.10

<2.57

490

85.4

<0.72

72.6

6.24

<0.04

<0.03

7.0E+02

3M Rad
MOD C
gran-2-2

<10

<10

<0.68

9.0E+01

6.5E+02

12M Rad
MOD C
gran-1-1

915

7.66

0.12

<1.7

516

84

<0.88

67.2

3.75

<0.02

<0.03

7.3E+02

12M Rad
MOD C
gran-2-1

<10

<10

<0.60

6.7E+01

7.3E+02

12M Rad
MOD C
gran-1-2

114

8.7

0.09

<1.7

588

98.5

<0.88

74.6

6.3

<0.02

<0.03

7.9E+02

12M Rad
MOD C
gran-2-2

<10

<10

<1.42

1.3E+02

9.1E+02
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Sample ID 1M Rad MOD C gran 3M Rad MOD C gran-1 | 3M Rad MOD C gran-2 12M Rad MOD C gran-1 | 12M Rad MOD C gran-2
. 3Mgran- | 3Mgran-1- | 3M gran-2- | 3M gran- 12M gran- 12M gran- | 12M gran- | 12M gran-
Replicate ID 1M gran-1 1M gran-2 191 92 gl 2?2 l-% 1_92 2_% 2_92
Vessel ID t155 167 1166 t181 1166 t181 t185 t199 t185 199
pH 10.64 10.58 10.36 10.3 10.36 10.3 10.06 9.97 10.06 9.97
Empty Mass (g) 113.324 108.691 115.3 114.67 115.3 114.67 110.807 113.295 110.807 113.295
Mass w/Sample (g) 114.315 109.682 116.306 115578 116.306 115578 111.795 114.845 111.795 114.845
Mas;;’:’{]‘r’)\fztg) and 124.182 119.559 126.19 125.56 126.19 125.56 121.697 130.374 121.697 130.374
Mass w/Lug, Start (g) 124.182 119.559 126.19 125.56 126.19 125.56 121.697 130.374 121.697 130.374
Mass w/Lug, Finish (g) 123.89 118.834 | 1253434 | 124.773 125.3434 124.773 120.804 129.956 120.804 129.956
USAerzng\gliLr‘;Za?ce No No No No No No No No No No
Measured Surface Area 45 45 45 45 45 45 45 45 45 45
(m2/g)
Leachate Dilution 5 5 2.97 2,97 283 3.02 2.98 2.48 242 1.76
Factor
Element (g/L) (g/L) (g/L) (g/L) (9/L) (g/L) (9/L) (g/L) (g/L) (g/L)
Al 3.0E-01 3.1E-01 3.1E-01 3.0E-01 2.7E-01 2.8E-01
Cr 2.1E-02 2.2E-02 2.2E-02 2.2E-02 2.3E-02 2.2E-02
Fe <95E-05 | <95E-05 | <2.9E-04 | <2.9E-04 3.5E-04 2.2E-04
K <30E-03 | <30E-03 | <7.6E-03 | <7.6E-03 <5.1E-03 <4.2E-03
Na 1.3E+00 14E+00 | 1.5E+00 | 1.5E+00 1.5E+00 1.5E+00
P 2.4E-01 2.5E-01 2.6E-01 2.5E-01 2.5E-01 2.4E-01
Pb 7.2E-04 <72E-04 | <2.1E-03 | <2.1E-03 <2.6E-03 <2.2E-03
s 1.8E-01 1.9E-01 2.0E-01 2.2E-01 2.0E-01 1.9E-01
Si 2.4E-02 2.4E-02 2.0E-02 1.9E-02 1.1E-02 1.6E-02
Ti 4.0E-05 4.0E-05 1.1E-04 | <1.13E-04 <6.0E-05 <5.0E-05
Zr <55E-05 | <55E-05 | <7.4E-05 | <7.4E-05 <9.5E-05 <7.9E-05
cl <2.5E-02 | <2.5E-02 <2.8E-02 | <3.0E-02 <2.4E-02 | <18E-02
F <2.5E-02 | <2.5E-02 <2.8E-02 | <3.0E-02 <2.4E-02 | <18E-02
1-129 <85E-06 | <4.3E-06 <1.1E-05 | <5.2E-06 <3.7E-06 | <6.4E-06
Cs-137 1.5E-09 1.2E-09 9.6E-10 1.4E-09 8.4E-10 1.2E-09
Tc-99 3.7E-05 3.3E-05 4.1E-05 5.2E-05 4.7E-05 4.2E-05
Re 1.8E-03 19E-03 | 2.13E-03 | 2.09E-03 2.2E-03 2.0E-03
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Distribution:

B. Brown, 773-A

R. Click, 999-W

P. Fellinger, 773-41A
D. Fink, 773-A

C. Herman, 773-A

N. Hoffman, 999-W

L. Marra, 773-A

M. Pennebaker, 773-42A
R. Wilmarth, 773-A

J. Bannochie, 773-42A
R. Burket, 773-42A
D. Cozzi, 999-W

L. Crawford, 773-42A
E. Daniel, 999-W
H. Miller, 999-W
M. Missimer, 773-A
A. Nash, 773-42A
M. F. Williams, 999-W

T.
D.
A
S.
C.
E.
S.
F.
W.
C.
P.
A
C.
W.
D.
D.
C.

P. R. Jackson, 703-46A

T. W. Fletcher, DOE-ORP
S. H. Pfaff, DOE-ORP

D. J. Swanberg, WRPS
P. A. Cavanah, WRPS
W. G. Ramsey, WRPS
R. A. Robbins, WRPS
L. E. Thompson, WRPS

C. Brown, PNNL

N. Quafoku, PNNL
R. A. Peterson, PNNL
G. L. Smith, PNNL

E. M. Pierce, ORNL
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