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Review 

Hanford low-activity waste vitrification: A review 

José Marcial a, Brian J. Riley a, Albert A. Kruger b, Charmayne E. Lonergan a,c, John D. Vienna a,* 

a Nuclear Sciences Division, Pacific Northwest National Laboratory, Richland, WA 99354, USA 
b US Department of Energy, Office of River Protection, Richland, WA 99352, USA 
c Materials Science and Engineering, Missouri University of Science and Technology, Rolla, MO 65409    

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The worlds largest nuclear waste treat-
ment plant is starting operation in 2024. 

• Over 20 years of effort has led to the 
technology to treat the mixed 
hazardous-radioactive waste stored in 
Hanford tanks. 

• This review summarizes over 230 doc-
uments that tell the story of technology 
development and optimization for the 
plant.  

A R T I C L E  I N F O   
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A B S T R A C T   

This paper summarizes the vast body of literature (over 200 documents) related to vitrification of the low- 
activity waste (LAW) fraction of the Hanford tank wastes. Details are provided on the origins of the Hanford 
tank wastes that resulted from nuclear operations conducted between 1944 and 1989 to support nuclear weapons 
production. Waste treatment processes are described, including the baseline process to separate the tank waste 
into LAW and high-level waste fractions, and the LAW vitrification facility being started at Hanford. Significant 
focus is placed on the glass composition development and the property-composition relationships for Hanford 
LAW glasses. Glass disposal plans and criteria for minimizing long-term environmental impacts are discussed 
along with research perspectives.   

1. Introduction 

The U.S. Department of Energy (DOE) Office of River Protection 
(ORP) currently manages over 210,000 m3 of highly radioactive wastes 
in underground tanks at the Hanford Site in southeast Washington state 

[1,2]. The waste was generated as a byproduct of reprocessing nuclear 
fuels and targets from 1944 through 1989 [3,4]. As a result of various 
processes used during that period, the resulting waste is complex and 
varies widely. To handle such a complex problem and prevent release of 
this waste into the surrounding environment, vitrification was selected 
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to immobilize the waste, whereby the waste is converted into glass after 
being mixed with glass-forming chemicals (GFCs). Glass can be pro-
duced on a commercial scale with well-vetted melter technology [5–8], 
is known for tailorable properties [9–14], and can be designed with 
chemical durability sufficient to immobilize radionuclides for millions 
of years [15–19]. Glass has been extensively studied for decades, 
particularly for waste immobilization in the U.S. and in other countries 
[9,10,14,20–22]. Some of the data and information on the tank waste, 
waste treatment processes, and glass formulation history are in 
difficult-to-find sources such as government reports. Thus, the purpose 
of this article is to concisely summarize the critical points of the vitri-
fication processes for the low-activity fraction of the Hanford tank waste 
and point interested readers to the wealth of additional data found 
primarily in government reports. Over 200 papers and reports were 
selected by a combination of reviewing open literature and government 
reports that speak to various aspects of Hanford LAW vitrification and 
following the documents cited in those reports and documents. A library 
search with key words of Hanford + low-activity waste + glass or 
vitrification or melter or formulation or process was performed few 
additional articles were obtained by this later search. The analysis of 
these documents was organized into logical topical areas as shown in the 
table of contents. Table S1 (Supporting Information) provides a lists the 
acronyms and abbreviations used within this review and their corre-
sponding definitions. 

2. Origins of Hanford site tank wastes 

Hanford processed 96,900 tonnes of uranium (tU) fuels from 1944 
through 1989, producing roughly 67 t of plutonium [3,4]. Originally, 
aluminum-clad uranium fuel was irradiated in one of eight (i.e., B, D, F, 
H, DR, C, KW, and KE) graphite-moderated, water-cooled reactors.* 
Additionally, from 1963 to 1987, the N Reactor irradiated 
zirconium-cladded fuel for both heavy metal production and electric 
power generation. The bismuth phosphate precipitation (BPP) process 
separated Pu from 8100 tU of fuel in T Plant and B Plant from 1944 
through 1956. The reduction-oxidation (REDOX) solvent extraction 
process separated both Pu and U from 22,400 tU of fuel in S Plant from 
1952 to 1967. The plutonium uranium reduction extraction (PUREX) 
solvent extraction process separated both Pu and U from 66,400 tU of 
fuel in A Plant from 1956 through 1972 and 1983 through 1989. During 
the progression from BPP → REDOX → PUREX, the tons of fuel processed 
per day increased extensively while the waste production decreased 
extensively as more efficient processing methods were developed. The 
dates when the Hanford reactors operated and the facilities where fuel 
was processed, as well as other processes, are summarized in more detail 
in Fig. S1 (Supporting Information). This is shown graphically in Fig. S2, 
and the distribution of waste (and types of wastes) produced by each 
process is shown in Fig. S3 and Table S2 of the Supporting Information. 
Photographs of these facilities along with key processing facilities are 
provided in Fig. S4–Fig. S14 of the Supporting Information. 

Secondary processes also discharged waste to the Hanford tanks. 
Plutonium finishing was performed in Z Plant from 1945 through 1994. 
Uranium was separated from BPP byproducts in U Plant from 1952 to 
1958 for reuse. The UO3 Plant converted uranyl nitrate hexahydrate 
(UNH) to UO3 for off-site shipping from 1952 through 1994. Strontium 
scavenging from tank waste took place in Hot-Semi-Works from 1961 to 
1967 and in B Plant from 1968 to 1986. Cesium was recovered from tank 
waste and PUREX raffinate in B Plant from 1968 through 1986. The Al 
and Zr claddings were removed from the irradiated fuels in the head end 
of each of the main separation processes. More detailed histories of 
Hanford processes and their associated facilities can be found elsewhere 
[3,4,23,24–28]; the details are summarized in Fig. 1 and Fig. S1 

(Supporting Information). 
The wastes from all the Hanford processes described above were 

discharged to the tanks. As the tanks are constructed of carbon steel, 
they were first neutralized primarily using NaOH, then NaNO2 was 
added for corrosion control. The neutralization caused precipitation of 
many components that are soluble in HNO3 solution generating a slurry 
waste that was discharged to the tanks. Many of the tank farms operated 
with cascades, where neutralized wastes were directly discharged to the 
first tank with the overflow going to the second tank and so on. A total of 
~2,000,000 m3 of radioactive waste was discharged to the tanks be-
tween 1944 and 1990 [23]. In this timeframe, 190,000 m3 was reproc-
essed, 455,000 m3 was discharged to the ground after radionuclide 
removal, ~3800 m3 leaked to the ground, and 1,100,000 m3 was 
evaporated, leaving ~210,000 m3 remaining in the tanks. Overall, the 
Hanford tank waste is primarily composed of sodium salts and, to a 
lesser extent, metal oxide and hydroxide sludge. Table 1 lists the primary 
waste constituents in the tanks according to the Best Basis Inventory 
[29]. 

The tank waste consists of three primary phases: supernatant, salt-
cake, and sludge; Fig. 2 shows examples of these. Supernatant is pri-
marily sodium salts in solution, which reside in the double-shell tanks 
and in interstitial liquids in the single-shell tanks (SSTs) (Fig. 2a). This 
liquid is typically yellow and contains 50–90% H2O with 10 M Na+, 3 M 
NO3

- , 2 M NO2
- , 1 M OH-, and 0.5 M Al(OH)4

- (with wide variations). The 
bulk water was removed from all the SSTs to reduce the risk of tank 
waste leaking. The dissolved salts in the SSTs precipitated to form a 
saltcake that is redissolved upon wet retrieval (Fig. 2b). Saltcake ranges 
in color from white to black, but is usually light brown, and contains 
10–50% H2O with precipitated salts (primarily NaNO3, NaNO2, NaAl 
(OH)4). The Cs isotopes are primarily contained in the supernatant and 
saltcake phases. The insoluble metals precipitated from the tank waste, 
primarily in the form of oxides and hydroxides, form sludges (Fig. 2c). 
These sludges, which range from white to black but are usually reddish 
brown, contain roughly 50% H2O and most of the metals (e.g., Al, Fe, Bi, 
Mn, Zr, Si, Sr, U, and transuranic elements). Some elements such as F, P, 
and Cr are split between sludge, saltcake, and supernatant. 

3. Summary of the Waste Treatment Process 

DOE-ORP has instituted the River Protection Project (RPP) to store, 
retrieve, treat, and dispose of the tank waste at the Hanford Site in a safe, 
efficient manner [1]. The cornerstone of the RPP is the Waste Treatment 
and Immobilization Plant (WTP), which is being designed, constructed, 
and commissioned by Bechtel National, Inc. under contract to ORP [30]. 
This plant has four major facilities: the Pretreatment Facility (PTF), the 
Low-Activity Waste (LAW) Vitrification Facility, the High-Level Waste 
(HLW) Vitrification Facility, and the Analytical Laboratory (LAB). The 
PTF will receive the tank waste and separate it into a LAW fraction with 
most of the waste mass (>90%) and an HLW fraction with most of the 
waste radioactivity (>95%). These separations include leaching of 
non-radioactive solid components, filtration of the remaining solids, and 
ion exchange of Cs from the liquid. The radioactivity of the LAW and 
supplemental LAW (described later in this section) combined is 4 MCi 
(148 PBq) from 132 MGal (499,674 m3) or 296 GBq/m3 while the 
radioactivity from the HLW is 101 MCi (3737 PBq) from 16 MGal (60, 
566 m3) or 61,700 GBq/m3 [1]. The LAW facility will receive the LAW 
fraction, mix it with GFCs to form melter feed, melt the feed to form an 
immobilized LAW glass, and treat the process gases. The HLW facility 
will receive the HLW fraction, mix it with GFCs to form melter feed, melt 
the feed to form an immobilized HLW glass, and treat the process gases. 
The LAB will analyze roughly 10,000 samples generated by WTP oper-
ations every year, supply data for safe and efficient operations, and 
qualify the glasses for disposal. 

In addition to the four major facilities, several additional facilities 
support operations and maintenance of the WTP that, when combined, 
are referred to as the balance of facilities (BOF). To avoid starting all 

1 The naming convention for reactors and processing plants was selected for 
security, safety, and functional reasons. 

J. Marcial et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 461 (2024) 132437

3

four major facilities at the same time, DOE implemented a staged startup 
approach [31]. The phased approach allows DOE to balance staffing 
demands and apply resources to address technical issues likely to occur 
during startup and commissioning of each facility. This approach leads 
to the startup of the LAW facility first under a direct-feed low-activity 
waste (DFLAW) configuration. To successfully operate the LAW facility 
under DFLAW, two other facilities were added: the Tank-Side Cesium 
Removal (TSCR) Facility and the Effluent Management Facility (EMF). 
TSCR removes radioactive Cs isotopes using an ion exchange process 
and radioactive Sr and transuranic containing solids using filtration. The 
EMF is designed to evaporate LAW facility liquid effluents into 
concentrated and dilute streams for recycle and treatment/disposal, 

respectively, using evaporation. 
To complete the full RPP mission efficiently, there may be need for a 

supplemental low-activity waste treatment capability (SLAW) [1]. The 
SLAW facility will treat the LAW fraction that is generated at a rate 
above which the LAW facility can process. The baseline SLAW facility 
will be a second LAW vitrification facility. However, alternative treat-
ment technologies, such as grout, bulk vitrification, and fluidized bed 
steam reforming, have been proposed as alternatives [32–34]. 

At the time of writing this paper, these facilities (summarized in  
Table 2) are each in a different state of design, construction, component 
testing, commissioning, and operations. Notably, design and construc-
tion are complete for those facilities required for DFLAW (LAW, TSCR, 

Fig. 1. Summary of processes contributing to Hanford tank waste. The values listed in parenthesis refer to the years of operation. Photographs of several of these 
facilities are provided Fig. S4– Fig. S14 of the Supporting Information. FP denotes fission products and MIBK denotes methyl isobutyl ketone. 

Table 1 
Tank waste chemical constituents from Best Basis Inventory [29] (excluding water and hydroxide). TOC denotes total organic carbon.  

Ion Mass% Primary process contributing 

NO3
-  35.2 Nitric acid additions from fuel dissolution, BPP, REDOX, and PUREX 

Na+ 31.8 Neutralizing, corrosion control, and solvent wash 
NO2

-  8.2 Corrosion control 
CO3

2-  6.7 Atmospheric absorption and solvent wash 
Al3+ 5.6 Cladding removal and REDOX 
PO4

3-  3.2 BPP, THOREX, Cs/Sr recovery 
SO4

2-  2.3 BPP, REDOX, PUREX, Cs/Sr recovery 
C2O4

2-  1.0 Oxalate precipitation 
TOC  0.8 Several 
F-  0.8 Cladding removal, BPP, REDOX 
Fe3+ 0.8 PUREX, BPP, REDOX, corrosion product 
K+ 0.7 U recovery, solvent wash, neutralization, corrosion control 
Cl-  0.6 Chemical impurity, U recovery 
Si4+ 0.5 Diatomaceous earth, PUREX, REDOX 
U4+, U6+ 0.4 BPP 
Cr3+, Cr6+ 0.4 BPP, corrosion control, corrosion products 
Bi3+ 0.4 BPP 
Zr4+ 0.3 Cladding removal 
Ca2+ 0.2 Several 
Other  0.1 Includes nearly the entire periodic table  
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EMF, LAB, and portions of BOF). TSCR is currently operating [35], and 
the LAW facility, EMF, LAB, and BOF are in the testing phase, with 
commissioning planned to begin in 2023. Fig. 3 shows a schematic of the 
DFLAW process and Fig. 4 shows an aerial photograph of the WTP. 

The pretreated LAW fraction of the waste contains the sodium salts 
after solids (including Sr and transuranic elements) and Cs removal. The 
composition of LAW varies from batch-to-batch as shown in Fig. 5. Of 
particular interest to the LAW batch compositions are the relatively 
large composition differences and abrupt changes between batches that 
need to be managed by the LAW vitrification process. 

DFLAW vitrification is divided into several processes. The LAW 
concentrate receipt process (LCP) will receive the LAW from the interim 
LAW storage tank (ILST, tank 241-AP-106; see Fig. 3a) and the DFLAW 
EMF process (DEP) into each of two concentrate receipt vessels (CRVs). 
Each CRV can hold between 48.661 m3 (12,855 gal) and 56.312 m3 

(14,876 gal) of LAW with a nominal batch size of 34.50 m3 (9115 gal). 
After receipt of waste, the CRV is mixed with a 40-horsepower agitator 
and sampled. Chemical analysis of the waste is used to determine the 
target glass composition to be produced. LAW is then transferred to the 
melter feed preparation vessels (MFPVs). 

The LAB will receive, manage, and analyze 952 LAW and 81 BOF 
samples per year during DFLAW. During full coupled operations over 
10,000 samples will be analyzed in the laboratory [37]. The composition 
of the LAW/EMF bottoms in each CRV batch will be analyzed using 
inductively-coupled plasma optical emission spectroscopy and mass 
spectroscopy, α counting, β counting, γ energy analysis, ion 

chromatography, liquid scintillation counting, and persulfate oxidation 
[37]. 

The immobilized LAW (ILAW) glass composition is formulated based 
on the analyzed composition of LAW samples taken from the CRV. 
Glasses are formulated to simultaneously satisfy several processing and 
product quality-related constraints by methods described in Section 5. 
The outcome of glass formulation is a recipe with the volume of waste to 
transfer from the CRV to the MFPV and the mass of each GFC to add to 
the MFPV batch (see Fig. 3). 

The LAW melter feed process (LFP) will receive LAW from the CRV 
into one of two MFPVs. Each MFPV can hold between 19.43 m3 

(5132 gal) and 28.35 m3 (7489 gal) of melter feed with a nominal batch 
size of 12.87 m3 (3400 gal). After receipt of the LAW, GFCs from the 
glass former reagent process (GFR) are mixed into the LAW plus melter 
feed heel. A sample of melter feed is taken for use in process control and 
the melter feed is transferred into the melter feed vessel (MFV) as a 
batch. The melter feed is fed into the melter (within the LAW melter 
process, LMP) through six water-cooled feed nozzles. Each nozzle is fed 
by an independent air-displacement slurry pump within the MFV. 

The GFR receives, weighs, blends, and transfers batches of GFCs. 
There are currently 12 silos (see Fig. 3a,c) planned to feed GFCs to the 
LFP that include silica (SiO2), boric acid (H3BO3), zincite (ZnO), rutile 
(TiO2), zircon (ZrSiO4), kyanite (Al2SiO5), wollastonite (CaSiO3), olivine 
(Mg2SiO4), hematite (Fe2O3), lithium carbonate (Li2CO3), sodium car-
bonate (Na2CO3), and sucrose (C12H22O11). Each GFC is weighed and 
transported to the blend hopper, where a complete GFC batch is 
weighed, blended, and transported pneumatically to the LAW glass 
former mixer. The GFC batch is weighed and mixed with roughly 4 mass 
% water (for dust control) and transferred to the MFPVs. 

The LMP includes two melters [38]. Each melter is self-contained and 
shielded with outer dimensions of 8.99 m (29.5 ft; length), 6.55 m 
(21.5 ft; width), and 4.80 m (15.75 ft; height) and weighs roughly 300 t 
(empty). The liquid-fed ceramic-lined melters (LFCMs) are lined with 
two layers of Monofrax™ K-3 refractory on most glass-contact surfaces 
(Monofrax™ E on some surfaces) that are 30.5 cm (12 in.) and 12.7 cm 
(5 in.) thick, respectively. Heat is conducted relatively easily through 
this dense corrosion-resistant refractory layer. A double layer of Zir-
mul® refractory reduces heat conduction (e.g., a thermal insulator). The 
refractories are electrically isolated from a water-cooled shell using a 
thin insulating layer. The melt pool dimensions are 4.93 m × 2.03 m 
(16 ft 2 in. × 6 ft 8 in.), and the melt height is nominally 0.762 m (2 ft 
6 in.) but varies with feeding and pouring cycles (containing roughly 
7000 L of melt or roughly 15 t). The headspace is lined with Monofrax™ 
H refractory. There are three sets of apposing Inconel 690 electrodes that 
power the melter to maintain a target 1150 ◦C melt temperature. Melter 
feed is introduced through six feed nozzles and the slurry melter feed 
dries to form a cold-cap across most of the 10 m2 melt surface. Heat from 
the roughly 0.76 m (2.5 ft) deep melt is transferred to the cold-cap 
bottom and converts the dried feed into a silicate-based liquid. The 

Fig. 2. Photographs of (a) supernatant in a laboratory sample, (b) saltcake, and (c) sludge taken inside of a tank.  

Table 2 
Summary of the primary facilities existing (or planned) at the WTP.  

Facility name Abbr. Description 

Pretreatment Facility PTF Receives waste and separates it into 
LAW and HLW 

Low-Activity Waste Vitrification 
Facility 

LAW Receives LAW, mixes with GFCs, 
vitrifies mixture to form immobilized 
low-activity waste (ILAW) glass, treats 
process gases 

High-Level Waste Vitrification 
Facility 

HLW Receives HLW, mixes with GFCs, 
vitrifies mixture to form HLW glass, 
treats process gases 

Analytical Laboratory LAB Analyzes samples from WTP 
operations, supplies data for safe 
operations, qualifies glass for disposal 

Tank-Side Cesium Removal 
Facility (operated by Tank 
Farm Contractor) 

TSCR Removes radioactive Cs, Sr, and 
transuranics and delivers 
decontaminated LAW to LAW facility 

Effluent Management Facility EMF Evaporates LAW liquid effluents into 
concentrated and dilute streams for 
recycle and treatment/disposal, 
respectively 

Supplemental LAW Treatment 
(to be designed and built) 

SLAW Operation to treat LAW fractions over 
the treatable fraction  
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melt is agitated by bubbling of air through 18 bubblers introduced from 
above the glass melt. The glass melt is cast by airlift through one of two 
pour spouts into 304 L stainless-steel containers, where it cools and 
solidifies to form an ILAW glass. Each melter discharges roughly 15 t of 
glass per day, filling almost three containers (see Fig. 3a,e) with 6 t of 
glass each. Meanwhile, process gases exit the top of the melters into the 
LAW off-gas process. 

Container handling includes container receipt, filling, level detec-
tion, inert fill, cooling, transfer, sampling (if required), lidding, 
contamination survey, decontamination (if required), transfer, weigh-
ing, and exporting. The 2.29 m (7.5 ft) tall and 1.22 m (4 ft) diameter 
stainless steel containers are filled to over 90 vol% level with nominally 
6 t of glass. If the glass fill level is insufficient, an optional inert material 
(SiO2) backfill is added to bring the total fill volume to ≥90 vol%. 

Gases exit the top of each melter through a film cooler, which injects 
air to cool the gas from a melter headspace temperature of between 400 
and 500 ◦C to roughly 315 ◦C. The gas travels through a transfer line 
into a submerged bed scrubber (SBS) that cools the gas from roughly 
280 ◦C to about 100 ◦C and condenses off-gas components. The gases 
exiting the SBS are fed into a wet electrostatic precipitator (WESP). 
Within the WESP, power is applied across electrodes, gases are ionized, 

and ions are accelerated to plate collectors to remove sub-micrometer 
particles [39,40]. The condensed gas components in the SBS are com-
bined with the WESP particulate matter deluge into a collection vessel 
that will be processed in the EMF. Gases exiting the WESPs on each 
melter train will be combined with vessel vent off-gases and then treated 
in the LAW secondary off-gas and vessel vent process (LVP). The com-
bined LVP gases are heated and passed through a bank of high-efficiency 
particulate air (HEPA) filters. Mercury is then removed in a granulated 
activated carbon bed. A thermal catalytic oxidizer removes organics, 
and a selective catalytic reducer converts NOx to N2 using NH3. Residual 
acid gases are then removed in a caustic scrubber and gas is discharged 
through a stack using exhaust blowers. 

The liquid condensate is transferred to the EMF, where it is 
concentrated in an evaporator. The evaporator bottoms are recycled 
back to the LAW facility, while the overheads are condensed and 
blended with the caustic scrubber solution for discharge to the Liquid 
Effluent Retention Facility and Effluent Treatment Facility for further 
treatment and discharge. 

Fig. 3. (a) Simplified flowsheet of DFLAW at the WTP where one of two LAW treatment trains is shown within the LAW facility. (b-f) Pictures of various parts of the 
facility including (b) the AP tank farm, (c) the glass-forming chemical (GFC) silos, (d) the LAW melter, (e) the LAW container, and (f) the evaporator. The C, M, and V 
indicate composition, mass, and volume measurements, respectively, performed as part of the waste form control and acceptance process. 
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4. LAW vitrification melter technology history 

The melters designed for use in the WTP LAW facility will be the 
largest LFCMs for glass production deployed anywhere in the world. The 
melters were developed considering current glass melting capabilities 
used in the glass manufacturing industry as well as the magnitude of the 
immobilization effort required at the WTP to vitrify 210,000 m3 of 
waste. Previous LFCMs were used in West Valley Demonstration Project 

(WVDP, in New York), Savanah River Site (SRS, in South Carolina) M 
Area, and for ongoing vitrification efforts at the Defense Waste Pro-
cessing Facility (DWPF, in South Carolina) [41–45]. Lessons learned 
from operation and, in the case of WVDP and SRS M Area, decom-
missioning were applied in the design of the WTP LAW melters [38]. 

The melter design life is 5 years. However, based on performance of 
DWPF and WVDP, it is anticipated that lifetimes of 7–10 years are likely. 
Bubbler changes are anticipated every 6 months. The constraints that 

Fig. 4. Aerial photograph of WTP facing west taken in 2020 (snowcaps of Mt. Rainier and Mt. Adams in the distance).  

Fig. 5. Major waste component concentrations as functions of batch number, where the first ~8790 batches of LAW are from the DFLAW phase and the latter are for 
SLAW. This figure was modified from Lu et al. [36] and reprinted with permission. Copyright Elsevier 2021. 
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have been enacted as requirements include K-3 corrosion rate, viscosity 
(η), electrical conductivity (ε), and sulfur solubility (see Table 3). These 
constraints are further discussed in Section 6. 

Prior to the down-selection of the LFCM technology in 1999, there 
was an effort to reach out to various commercial melter vendors to test 
different melter technologies that included Joule-heated ceramic 
melters (GTS Duratek, Envitco, Pemberthy Electromelt, and Vectra 
Technologies), gas-fired cyclone burner furnaces (Babcock & Wilcox), 
plasma torch cupola furnaces (Westinghouse), and electric arc furnaces 
(U.S. Bureau of Mines) [51]. At the time that the companies were 
engaged, there was also an effort to determine what the reference glass 
(es) should be so that compositions could be tested in the melters [52, 
53]. If companies were going to melt their own glasses, then the glass 
performance needed to be confirmed. Additionally, initial formulated 
glasses had higher melting temperatures (~1300 ◦C) as they were high 
in Al2O3 and SiO2 and lower in B2O3. Also, a shift was made to inves-
tigate soda-lime silicate glasses and large, gas-fired melters. At this time, 
it was thought that off-gas systems may be simplified due to low 
radioactivity, although the possibility of scrubbing was considered. 
Later, it would be realized that off-gas systems will be critical in treating 
chemical hazards (such as NOx) and trapping semi-volatile radionu-
clides for recycle. 

After selection of the JHCM for Hanford LAW vitrification, evalua-
tion was performed for the next generation LAW melter [54]. The 
alternative technologies considered included the Cold Crucible Induc-
tion Melter and an advanced JHCM. The advanced JHCM proceeded to 
design. Later evaluations were also performed to consider supplemental 
LAW (SLAW) treatment technologies, that is to treat the fraction of 
Hanford LAW that exceeds the capacity of the LAW vitrification facility 
[32,33]. Potential SLAW treatment technologies considered include: 1) a 
second LAW vitrification facility like the first one based on next gener-
ation JHCMs [55], 2) a fluidized bed steam reformer similar to the Idaho 
Waste Treatment Unit only producing a granular aluminosilicate waste 
form [56,57], 3) a GeoMelt™-based bulk vitrification system [58–60], 
and 4) a cementitious grout system [61]. To date, no decision has been 
made as to which of these technologies to deploy [34]. 

5. Glass formulation in support of WTP 

Glass compositions are formulated to simultaneously satisfy several 
property and composition constraints selected to efficiently process the 
waste and protect the environment in the selected disposal facility. 
Table 3 summarizes the current LAW glass/melt property constraints. 
Section 6 and Section 7 describe these constraints in more detail along 

with composition effects on their values. 
The methodology for formulating glass compositions for Hanford 

LAW immobilization has progressed significantly over the life of the 
project. The first Hanford ILAW glass formulations were reported by Kim 
et al. [52] and Feng et al. [53] under the Tank Waste Remediation 
System (TWRS) project. These formulations assumed a reasonably 
constant LAW composition represented by an analyzed dissolved salt-
cake sample. The glass property constraints assumed a high-temperature 
(TM ≥ 1300 ◦C) melter with durability constraints comparable to the 
then-current U.S. HLW glass standards of Materials Characterization 
Center test 1 (MCC-1) and product consistency test (PCT). Upon pri-
vatization of the Tank Waste Remediation System (TWRS-P), individual 
glass compositions were designed to immobilize each of three waste 
compositions (envelopes A, B, and C) using an Edisonian trial-and-error 
approach [62]. The compositions of the envelopes are primarily divided 
by the mass ratios of SO3 to Na2O in waste: A) SO3:Na2O < 0.035, B) 
SO3:Na2O > 0.070, and C) 0.035 ≤ SO3:Na2O ≤ 0.070. Additionally, 
envelope C contains soluble Sr and transuranics that would be removed 
in the PTF. The durability requirements during TWRS-P included a 
20 ◦C, 7-day PCT response and the leachability index (ANSI-16.1) [63]. 
In 2000, a performance assessment concluded that it was possible for 
ILAW glasses to satisfy the TWRS-P contract durability requirements 
(20 ◦C PCT and ANSI-16.1) yet fail to meet disposal performance goals. 
The durability constraints were changed to 90 ◦C PCT and vapor hy-
dration test (VHT) responses of 2 g•m-2 and 50 g•m-2•d-1, respectively 
[30]. Additionally, it became apparent that the anticipated range of 
waste compositions was not likely to be successfully immobilized with 
only three glass compositions, so envelopes A, B, and C were divided into 
eight sub-envelopes based on the ratios of SO3:Na2O and K2O:Na2O and 
glasses were formulated for each [64]. Plant process model results 
showed that the waste composition was likely to be significantly more 
variable than previously planned, and a continuum approach to glass 
formulation was developed [65] and later improved [66]. This contin-
uum glass formulation correlation interpolates between the eight 
sub-envelope glass compositions that have been successfully demon-
strated up to 1/3 pilot-scale [67]. 

Fig. 6 shows a schematic of the composition correlation. The loading 
is determined by the mass ratio of NaK = Na2O + 0.66 K2O to SO3 in the 
waste. A line can be drawn from the origin of Fig. 6a with the slope equal 
to the waste ratio NaK:SO3, and the point where it strikes the red line 
will determine the NaK and SO3 content in the target glass composition. 
For example, a waste represented by the dashed blue line in Fig. 6a 
would target 18.85 mass% NaK and 0.4 mass% SO3. Note that the 
allowable SO3 concentration may be reduced by higher concentrations 

Table 3 
Summary of glass property constraints, the associated limits, and the driver for why the limit exists.  

Property Limit Driver Ref. 

Melt viscosity at 1150 ◦C (η1150) 2 ≤ η1150 ≤ 8 Pa•s Process efficiency, mixing, and corrosion [46] 
Melt viscosity at 1100 ◦C (η1100) η1100 ≤ 15 Pa•s Pouring and idle process efficiency [47] 
Melt electrical conductivity at 1100 ◦C (ε1100) ε1100 ≥ 10 S•m-1 Power delivery to the melt [47] 
Melt electrical conductivity at 1200 ◦C (ε1200) ε1200 ≤ 70 S•m-1 Current density on electrodes [47] 
Melt crystal content at 950 ◦C (C950) C950 ≤ 1 vol% Melter pour spout pluggage [47] 
6-d Monofrax K3 refractory corrosion (k1208) k1208 ≤ 0.00102 m Melter lifetime [48] 
Sulfur solubility/sulfur concentration (S/C) S/C ≥ 1 Excessive corrosion of melter components [49] 
Product consistency test (PCT) response normalized Na, B, 

and Si losses (NL[Na,B,Si]) 
NL[Na,B,Si] ≤ 2 g•m-2 Reduce risk of excessive corrosion rate in the Integrated Disposal Facility 

(IDF), Specification 2.2.2.17 
[30] 

Vapor hydration test (VHT) alteration rate (ra) ra ≤ 50 g•m-2•d-1 Reduce risk of accelerated corrosion in the IDF, Specification 2.2.2.17 [30] 
Phase changes during slow cooling in the container No significant impact to 

performance 
Ability to satisfy disposal criteria [50] 

Waste classification (WC) WC ≤ class C Demonstrate waste is incidental to reprocessing, Specification 2.2.2.8 [50] 
90Sr activity 90Sr ≤ 20 Ci•m-3 Demonstrate waste incidental to reprocessing (WIR), Specification 2.2.2.8 [50] 
137Cs activity(a) 137Cs ≤ 3 Ci•m-3 Demonstrate WIR, Specification 2.2.2.8 [50] 
137Cs activity(a) 137Cs ≤ 0.3 Ci•m-3 Contact maintenance dose, Section C.7 [50] 
Container surface dose rate (DS) DS ≤ 500 mrem•h-1 Container handling, Specification 2.2.2.9 [50] 
Land disposal restrictions (LDR) Satisfy petition IDF acceptance criteria, Specification 2.2.2.20 [50] 

(a) There are two 137Cs constraints in the contract. One is required for waste disposal while the other for contact maintenance. The higher limit determines the 
maximum that can be put in glass while the lower can potentially be exceeded on a case-by-case basis if process safety can otherwise be assured. 

J. Marcial et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 461 (2024) 132437

8

Fig. 6. WTP baseline glass formulation correlation (after Kim and Vienna [50]) including (a) NaK vs. SO3, (b) MxO vs. NaK, and (c) MxO vs. NaK where MxO denotes 
(metal oxide) and NaK = Na2O + 0.66 K2O (mass basis). The lines in (a) describe a boundary of NaK and SO3 (red line) and the blue dotted lines represent the NaK 
and SO3 content in an illustrative example glass. The lines in (b) and (c) represent the target concentrations of each associated oxide in glass. 
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of Cl, P, and Cr2O3. Other waste components are added to glass in pro-
portion to their concentrations in waste. Using the target NaK concen-
tration, the concentrations of MgO, Li2O, and CaO can be calculated 
using the functions shown in Fig. 6b. The concentrations of Al2O3 (6.1 
mass%), B2O3 (10.0 mass%), Fe2O3 (5.5 mass%), TiO2 (1.4 mass%), 
ZrO2 (3.0 mass%), and ZnO (3.5 mass%) are held constant at the levels 
shown in Fig. 6c. Finally, the concentration of SiO2 is determined as 100 
minus the sum of mass% of all other components. Kim and Vienna [50] 
describe the details of how these formulations are to be implemented in 
plant operation. This is a significant advancement in the state-of-the-art 
as it allows, for the first time, real-time glass formulation during plant 
operation. 

This baseline approach to glass formulation was developed specif-
ically to commission the LAW facility and therefore does not optimize 
the loading of waste in glass. Increasing the loading of waste in glass will 
reduce the cost of treating the tank waste by reducing the total number 
of ILAW containers and, if needed, the capacity of an SLAW facility. To 
obtain a more reasonable estimate of glass mass and associated mission 
impact, a glass loading model of 20 mass% Na2O and 0.8 mass% SO3 was 
used for early system planning [68]. This limit is based on Idaho Na-
tional Laboratory’s sodium bearing waste glass formulations [69–71]. 

In 2016, Vienna et al. [72] expanded and updated the glass formu-
lation approach and models for use in Hanford system planning. These 
models resulted in a significant increase in loading of LAW in glass with 
NaK and SO3 concentrations of 24 and 1.5 mass%, respectively. The 
approach to ILAW glass formulation also changed to a numerical opti-
mization approach where each of the constraints listed in Table 3 are 
expressed as functions of glass composition and a maximum waste 
loading is calculated using numerical optimization methods. Using this 
method, a glass processing envelope is mathematically defined with 
models and uncertainties (shown schematically in Figure S15, Sup-
porting Information). The approach to implementing these models was 
described by Lumetta et al. [73] and used for the Hanford system 
planning from 2016 through 2020. Due to the maximum constraints on 
NaK and SO3, unique solutions for glass composition could not be ob-
tained for many of the waste compositions. Muller et al. [74] developed 
a correlation similar to the baseline formulation method to identify 
unique glass compositions for each waste at the higher waste loadings. 
In this correlation, three new GFCs were proposed, including V2O5 to 
improve sulfur solubility, SnO2 to reduce ra, and Cr2O3 to reduce the K-3 
corrosion rate. The approach to implementing this method in plant 

operation is described by Lumetta et al. [73]. 
In 2022, Vienna et al. [75] developed a set of glass property models 

and constraints for plant operations where models were included for all 
the constraints listed in Table 3. The approach for implementing the 
models is the numerical optimization technique and, since the NaK and 
SO3 data limits are significantly higher than those of the 2016 models 
(27 and 1.63 mass%, respectively), nearly all example wastes do 
generate unique optimal glass compositions. The implementation of the 
optimization is described by Lumetta et al. [76]. The glass compositions 
were calculated for wastes shown in Fig. 5. These compositions are 
shown in Figure S16 (Supporting Information) as functions of NaK and 
SO3. Fig. 7 compares the loading of waste NaK and SO3 between the 
different formulation methods. 

The application of glass property-composition models and plant 
operating data to specify glass formulations and qualify ILAW glass for 
disposal is performed in algorithms and software routines [50,78–80]. 
These routines estimate both prediction and process uncertainties to 
define the processing envelope and optimize the glass (see Figure S15, 
Supporting Information). The uncertainty quantification (UQ) methods 
applied include confidence intervals for processing related property 
prediction uncertainties, simultaneous confidence intervals for 
product-quality-related property prediction uncertainties, and 
Monte-Carlo simulations for process and composition uncertainties. The 
combined uncertainties have been found to significantly restrict the 
processing envelope size and efforts are underway to reduce property 
prediction uncertainties. 

6. Processing properties and constraints 

6.1. Viscosity 

The viscosity (η) of the glass-forming melt impacts the processability 
of the melter feed during conversion into glass within the melter [81] 
and impacts the final pouring of the glass melt out of the melter into the 
containers [82]. The viscosity of a liquid, in this context as a glass melt, 
describes the resistance to flow. If the melt viscosity is too low (i.e., 
η < 2 Pa•s) at the melter operating temperature of 1150 ◦C, melts tend 
to exhibit greater volatility, more corrosion of contact materials (e.g., 
refractories, electrodes, bubblers, thermowells, level probes), and faster 
settling of crystalline phases. If the viscosity of a glass melt is high (e.g., 
η > 8 Pa•s), then the glass production rate will decrease, partially due to 
the slower mass transfer within the melter and partially due to the 
greater tendency to trap evolved gases from melter feed reactions, 
resulting in foaming [82]. 

Higher melt viscosities introduce difficulties in pouring a glass melt, 
which also impact the filling of the containers. Glass viscosity is typically 
measured using a torque viscometer immersed in a glass melt at tem-
peratures within 200 ◦C of the melting temperature [83]. Melt viscos-
ities vary smoothly with temperature [82]. Over narrow viscosity 
ranges, the temperature effect can be approximated using a linear cor-
relation between logarithm viscosity and inverse temperature (Arrhe-
nius correlation) [82,84–88]. The data show significant curvature when 
considering broader viscosity ranges. The trends have been described 
using Vogel-Tammann-Fulcher (VFT) [82,89,90], Avramov-Milchev 
[82,91], Mauro-Yue-Ellison-Gupta-Allan (MYEGA) [82], and 
Gibbs-Adams [92,93] relationships. 

Glass components such as Al and Si are known to increase melt vis-
cosity while B, Fe, alkali, and alkaline earths are known to decrease the 
melt viscosity. The glass networks of ILAW glasses are mostly composed 
of Si–O bonds, the primary glass-forming moiety. In traditional glass 
science, Si is considered a network-forming cation based on its cationic 
field strength value, which is > 1.3 Å-2 [94]. The cationic field strength 
is expressed as z/a2, where z is the cationic valence and a is the inter-
atomic distance to an O2- anion [95]. Therefore, the cation field strength 
index is an arbitrary scale relative to other metrics such as the optical 
basicity (which describes the ability of the glass network to donate 

Fig. 7. Waste NaK (=Na2O+ 0.66 K2O) and SO3 loading (mass%) including (1) 
the WTP baseline [66], (2) data from Hamel et al. [68], (3) data from Vienna 
et al. [72,77], (4) data from Muller et al. [74], and (5) data from Vienna 
et al. [75]. 
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charge) and the number of non-bridging oxygens per tetrahedra (which 
is a measure of network rigidity), but these metrics require more as-
sumptions and are less accurate [95]. Alkali and alkaline earth cations, 
which disrupt the glass network, are considered network modifiers and 
have a field strength < 0.4 Å-2 [94]. Components such as Al and Fe are 
considered to be network intermediates that can either enter or disrupt the 
glass network, depending on the chemistry of the melt, and possess field 
strength values of 0.4–1.3 Å-2 [94]. For ILAW glasses, Fe and Al are 
primarily in the four-coordinated network-forming configuration. For 
most glass components, the classification as a network former, inter-
mediate, or modifier correlates with the tendency to increase or decrease 
viscosity. One exception to this is B, which is classified as a network 
former but decreases the melt viscosity in ILAW glass melts. Quantitative 
estimates of composition and temperature effects on ILAW glass melt 
viscosity are reported in the literature [75,82,84–88,91,92]. 

An alternative method to estimate and predict glass melt viscosity 
employs aggregator functions (specifically the minimum value, 
maximum value, or standard deviation) to combine the effects of glass 
composition and 35 chemical features of the glass melt (including 
atomic radius, atomic volume, fusion enthalpy, etc.), which are fed into 
an artificial neural network (ANN) algorithm [96]. This ANN algorithm 
can then be utilized to output the viscosity model coefficients for various 
viscosity equations including the MYEGA [97] equation and the VFT 
equation [98–100]. 

6.2. Electrical conductivity 

Electrical conductivity (ε) of the melt is critical as Joule-heating 
using Inconel 690 electrodes, is used to heat the melter [38,50,101]. 
During Joule-heating, electrical current is supplied to electrodes 
immersed within a glass melt. The electrical resistivity of the glass melt 
impedes the conduction of the electrical current, producing heat. The 
electrical conductivity must be maintained at ε > 10 S m-1 at 1100 ◦C 
and ε < 70 S m-1 at 1200 ◦C [50,75]. Values of ε < 10 S m-1 at 1100 ◦C 
limit the electrical power that can be delivered to the melt to maintain 
temperature and processing rate while values of ε > 70 S m-1 at 1200 ◦C 
could exceed the current density limits for the electrodes [75]. Forma-
tion of a segregated salt layer (primarily composed of molten sulfate salt 
and commonly referred to as yellow phase or gall) on top of the reacting 
melter feed can pose issues due to the relatively high electrical con-
ductivity of sulfate salt (ε ≈ 6900–1500 S m-1 at 800 ◦C) [102]. The 
high electrical conductivity of the segregated salt layer may increase the 
risk of power disruptions, as discussed in Section 6.3. Electrical con-
ductivity is typically measured between two platinum plates immersed 
in molten glass at temperatures near melting temperature [103]. 

Electrical conductivity varies smoothly with temperature. Over 
narrow conductivity ranges, the temperature effect can be approximated 
using an Arrhenius correlation [77,90,104]. The data show some cur-
vature when considering broader conductivity ranges. However, as 
conductivity is only pertinent to Joule-heating at melt temperature 
range, non-linearities are not significant for this application. At a given 
temperature, the components Li and Na are known to increase the 
electrical conductivity because these cations serve as charge carriers. 
These cations are coulombically bonded to non-bridging oxygens in the 
glass melt and have a high relative mobility [94]. Of the elements pre-
sent in ILAW glass melts, Si is known to have the largest negative impact 
on the electrical conductivity, likely due to the dilution of charge car-
riers [75]. 

6.3. Sulfur solubility 

Sulfur solubility is another parameter affected by the glass compo-
sition, which in turn affects the lifetime of melter components. If the 
sulfur solubility is below the melter feed concentration, a sulfate- 
enriched salt layer could form, which can corrode melter components 
such as the bubbler, electrodes, and the K-3 refractory [49,75,105,106]. 

Additionally, as described in Section 6.2, the high electrical conductivity 
of the molten salt phase can result in electrical short-circuiting [102]. 
Melter SO3 tolerance (a measure of the maximum fraction of SO3 that 
can be introduced into a melter without the formation of a segregated 
sulfate phase) has been experimentally determined through a variety of 
crucible methods, including batch saturation, saturation re-melting, 
bubbling a melt with an SO2-O2 gas mixture (also known as the gas 
saturation method), melter tolerance, and three-time saturation [75]. 
These crucible methods provide an inexpensive way to determine SO3 
tolerance within the large-scale melter [75,107]. The constraint for 
sulfur solubility/concentration (S/C) ratio is ≥ 1 (see Table 3). 

Components such as Li, Na, Ca, and V have been observed to increase 
the sulfur solubility while Cl and Cr decrease the sulfur solubility [75]. 
The cation field strength index, which is a summation of the field 
strengths of all cations in a glass, has a strong correlation to the ability of 
the glass network to accommodate SO4

2- into the glass network [94,95]. 
However, the cationic field strength index also correlates with the 
fraction of alkali cations, which are needed in order to 
charge-compensate SO4

2- when it is incorporated in the glass melt [95]. 
The addition of vanadium to glass has been observed to enhance the 
solubility of sulfur, despite not following the cation field strength trend 
and there being no evidence that V–S or V–SO4

2- bonds are present in 
V2O5-containing ILAW glasses [49,82,95,108–110]. Two theories 
attempt to describe this effect. The first theory, proposed by Stefanovskii 
et al. [111,112], uses the following inputs: the cationic field strengths, 
the cation-oxygen binding energy, the bond strength (z/k where z is 
charge and k is coordination number), as well as the size and polariza-
tion of the cation polyhedra. With these inputs, the cations in a hypo-
thetical glass structure follow the series [4]S6+> [5]P5+> [4]V5+> [3]B3+

> [4]Si4+ > [4]B3+ > [4]Al3+, where the number in brackets is the co-
ordination number and the number on the right is cationic charge. 
Within this series, cations that are closer exhibit greater chemical 
compatibility; hence, vanadium-rich glasses were believed to better 
incorporate sulfate tetrahedra than glasses composed of silicate tetra-
hedra. The second theory, proposed by Manara et al. [95,109,113], 
suggests that within sulfate-bearing borosilicate glasses, vanadium de-
polymerizes the borate network and promotes the formation of voids 
whose shape and size are compatible with the sulfate polyhedral units. 

In addition to composition effects, sulfate solubility is impacted by 
temperature and REDOX state of the melt. As a function of increasing 
temperature, sulfate can decompose from the interface of sulfate salts 
and the atmosphere or from the interface of the glass melt and the at-
mosphere [114]. Temperature also affects the activity of free oxygen and 
the sulfur solubility within the glass melt. These factors are a function of 
glass composition and the oxidation state of the glass melt. The REDOX 
state of the melt can be controlled using reducing agents such as sucrose. 
The more reducing the melt, the higher the fraction of sulfate that is 
converted to sulfite, which partitions to the melter off-gas [70, 
115–119]. 

For routine ILAW glass production, the target SO3 fraction within the 
melter feed is greater than the final measured fraction due to the evo-
lution of SO2 gas during glass melting [75]. The SO3 fraction in the final 
glass can either be measured using a variety of characterization tools (e. 
g., inductively coupled plasma-optical emission spectroscopy 
[ICP-OES], X-ray fluorescence, or electron probe microanalysis) or 
estimated using an empirical SO3 measured-target equation [75]. WTP 
baseline glasses are designed specifically to avoid sulfate salt separation; 
therefore, models of sulfur solubility are not needed [50]. However, as 
loading of waste increases, glasses are designed closer to sulfur solubi-
lity. Thus, sulfur solubility models have been developed and are used 
[49,75,95,109]. 

6.4. Crystalline content at melt temperature 

The crystalline content of a glass melt is constrained to avoid plug-
ging the melter pour spout riser [120,121]. Crystals, especially those 

J. Marcial et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 461 (2024) 132437

11

containing a high fraction of transition metals, crystallize from the 
glass-forming melt and tend to exhibit greater densities than the parent 
melt. Due to the higher densities, these crystalline phases can settle at 
the bottom of the melter, depending on their size and other factors. 
Therefore, the crystalline content of a candidate is constrained such that 
the amount of crystalline phases at 950 ◦C is < 1 vol% [47,50,121]. 

Crystallization at temperature is measured according to ASTM 
Method C1720 [122]. Crushed glass samples are isothermally heat 
treated in platinum alloy crucibles with tight lids for sufficient time to 
achieve equilibrium between the melt and crystalline phases [123]. The 
samples are then quickly cooled to room temperature and analyzed 
using X-ray diffraction (XRD), light microscopy, and/or scanning elec-
tron microscopy to determine the types and quantities of crystals 
formed. 

WTP baseline glasses are designed in a way that avoids crystalliza-
tion in the melter, so melter crystallization models are not needed [50]. 
However, enhanced waste glass formulations are designed to optimize 
waste loading and therefore come closer to property limits. 
Zirconia-containing phases and cassiterite (SnO2) tend to form in these 
glasses at lower temperatures [121]. Crystallization of these phases is 
primarily controlled by the concentrations of the more refractory com-
ponents in ILAW glass melts, including Al2O3, SnO2, and ZrO2, which all 
increase the tendency to crystallize one of these phases [121], although 
detailed models have not yet been developed. 

6.5. K-3 corrosion 

Within the WTP LAW melters, Monofrax™ K-3 refractory is the 
primary melt-contact refractory (Monofrax™ E refractory is used on 
some surfaces). Monofrax™ K-3, which is composed of corundum- 
eskolaite (i.e., Al2O3-Cr2O3) solid solution and a Mg-Cr-Al-Fe-O spinel 
phase, is used because of its high electrical resistivity and good corrosion 
and thermal resistances. To enhance the lifetime of the WTP melters, the 
glass composition must be designed so that corrosion of K-3 is main-
tained at a low rate. Some common mechanisms for refractory corrosion 
in a glass melt include chemical corrosion, physical cracking, spallation/ 
grain pullout, and upward drilling [124,125]. Laboratory-scale methods 
are used to test K-3 refractory corrosion using a modified ASTM C621 
[124,125]. This method uses 1.52 cm × 1.01 cm × 7.62 cm (0.6 in. ×
0.4 in. × 3 in.) refractory coupons immersed in a 2.54 cm (1 in.) deep 
molten glass pool at a fixed temperature for 6 days. After the 6-day test, 
samples are cooled and bisected for analysis. The thickness at the 
glass-air interface is reported as the “neck” corrosion [109]. 

Very limited data are available to project the effect of time and 
temperature on refractory corrosion. The available data suggest that the 
corrosion rate significantly increases with temperature and decreases 
with time [125]. Also, the corrosion is significantly lower along sub-
merged portion of the refractory compared to the melt-air interface (or 
neck). Due to the lack of data, a conservative constraint on corrosion 
rate has been adopted: The neck corrosion length of < 1.02 mm (0.04 in) 
after a 6-day 1208 ◦C corrosion test with bubbling at 8 cm3 min-1 of air is 
used [109,124,125]. The 1.02 mm constraint is based on a linear 
extrapolation of corrosion rate from time = 0–5 years for penetration of 
the melt through the first 30.5 cm (12 in.) K-3 layer during the melter 
design life. This constraint is overly conservative because 1) corrosion 
rates are initially high and then decrease with time to a slow steady-state 
rate; 2) corrosion rates are based on neck corrosion, which occurs 
significantly faster than corrosion in the submerged portion of the re-
fractory; 3) the outer wall of the melter is water-cooled, so as corrosion 
continues to penetrate the refractory, the glass melt will increase in 
viscosity and ultimately solidify, thereby stopping further corrosion; and 
4) the test is performed at 1208 ◦C while the refractory interface with 
melt and air will be maintained < 1150 ◦C [125]. 

Alkali and alkaline earth components (e.g., Na, Li, Ca, and K) are 
known to increase the K-3 corrosion while Al, Si, V, Cr, and Cl have been 
observed to decrease K-3 corrosion [75,109]. The alkali and alkaline 

earth components attack the Cr2O3 and Al2O3 constituents of the Mon-
ofrax™ refractory, creating an “altered zone” near the interface between 
the porous refractory and the glass melt [109,126]. Alkali and alkaline 
earth components also reduce the melt viscosity, which increases ma-
terial transport away from the refractory surface [109,126]. Chromium 
is observed to have a clear effect in reducing K-3 corrosion, but Al, Fe, 
Mg, Ni, and Zn along with Cr have also been observed to form a 
passivating layer composed of spinel (A2+B3+

2 O4, where A and B are 
divalent or trivalent metals) or nepheline [(Na,K,Ca)(Al,Fe)SiO4] [109, 
126]. For high-alkali waste streams, the waste loading is often limited to 
prevent decreased melter lifetimes [109]. 

7. Disposal and product performance related constraints 

7.1. Disposal in the integrated disposal facility 

DOE is planning to dispose of mixed ILAW in the Integrated Disposal 
Facility (IDF) on the Hanford Site [127]. The IDF is a double-lined, 
near-surface disposal facility with two isolated disposal cells, one for 
low-level waste and a second for mixed-low-activity waste that is 
permitted under the Resource Conservation and Recovery Act (RCRA) 
by the Washington State Department of Ecology [127]. The mixed waste 
cell is planned to contain ~130,000 containers of ILAW glass, which 
makes up ~86% of the volume, where the remaining 14% of the volume 
will include spent glass melters (~4.5%), solidified secondary liquid 
waste treatment containers (~5.9%), and WTP solid secondary wastes 
(~3.7%), see Figure S17 (Supporting Information) for an illustration of 
the disposal site. Wastes will be emplaced between 15 and 30 m below 
the surface in layers separated by soil (see Figure S17, Supporting In-
formation). The two cells contain a leachate collection and recovery 
system composed of a liner and sump. The two cells are identical to one 
another but are hydraulically separated; water infiltrating each cell 
flows into separate sumps and is collected in separate leachate recovery 
tanks. The permit authorizing disposal in the IDF requires a demon-
stration that the system of engineered and natural features of the 
disposal facility will limit releases from the facility and be protective of 
human health and the environment for the next 1000–10,000 years 
[128]. Post-closure protective features to future members of the public 
are evaluated after the time of closure and include a 100-year period of 
institutional controls that limit exposure immediately following closure 
of the facility [129]. 

The most recent version of the IDF Performance Assessment (PA) 
evaluated the dose to a future member of the public that resides or works 
100 m from the facility and is exposed to air emissions and groundwater 
plumes originating at the disposal site [127]. Computer models simu-
lated releases to the atmosphere and to the groundwater and calculated 
concentrations in the environmental media that result in a dose to the 
future worker or resident. Using both regulatory-derived and 

Fig. 8. Diagram showing the general behavior of glass dissolution, which can 
be described in three major stages. Copyright 2013, American Ceramic Society. 
This figure was reprinted with permission from Vienna et al. [16]. 
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site-specific exposure factors, doses by inhalation, ingestion, and 
external exposure were computed and compared to DOE performance 
objectives in DOE Manual (M) 435.1–1, Radioactive Waste Management 
Manual [129]. Performance objectives included an annual dose limit of 
100 μSv yr-1 through the air pathway and 250 μSv yr-1 from both the air 
and groundwater pathways. Radon emissions were also calculated and 
compared to the DOE limit of 0.74 Bq⋅m-2⋅s-1 (20 pCi⋅m-2⋅s-1). Simulated 
groundwater concentrations were also compared to national and state 
water quality standards (e.g., 40 CFR 141) [130]. The IDF PA also 
evaluated the dose to an inadvertent intruder and compared the 
resulting dose to performance measures in DOE M 435.1–1 (5 mSv for an 
acute dose and 1 mSv⋅yr-1 for a chronic dose). 

ILAW glasses are intended to immobilize long-lived fission products, 
including 99Tc with a half-life (t1/2) of 2.13 × 105 y and 129I with a t1/2 of 
1.57 × 107 y. Trace amounts of higher activity fission and activation 
products (e.g., 60Co [t1/2 = 5.271 y], 137Cs [t1/2 = 30.17 y], and 90Sr [t1/ 

2 = 29.1 y]) will also be immobilized in the ILAW glass, but, due to their 
short half-lives, these isotopes do not significantly impact estimated 
dose to the maximally exposed individual. Trace concentrations of long- 
lived actinides are also present (e.g., U isotopes). Integrated system 
models and process-level models were used to compare doses from 129I 
and 99Tc to concentrations of other radionuclides (e.g., 3H, 60Co, 90Sr, 
137Cs, 226Ra, 233U, 234U, 238U) and hazardous chemicals in a ground-
water pathway [131]. The integrated system and process-level models 
revealed that 129I and 99Tc are the primary dose contributors in the 10, 
000 years that follow the closure of the IDF [131]. The two primary 
disposed materials that contribute to estimated dose from the IDF are 
ILAW glass and secondary solid waste forms (SSW), including encap-
sulated HEPA filters and other grout-encapsulated debris from the tank 
waste treatment processes. In the IDF PA, the release of 99Tc from SSW 
will determine the allowable release of 99Tc over the first 5000 years 
after the planned closure date of 2051. After approximately 5000 years, 
glass corrosion rates will determine the release of 129I and 99Tc from IDF 
[132]. Lysimeter testing of example waste forms in similar site condi-
tions is underway to demonstrate adequate performance [133]. 

The IDF is constructed but has yet received waste. The IDF is being 
maintained in pre-operational condition. A surface cover will be 
installed to reduce infiltration into the facility for 500 years. The engi-
neered surface cover is a sloped surface composed of multiple hydraulic 
and structural layers intended to promote evapotranspiration, divert 
water around the facility, and prevent bio-intrusion into the waste zone. 
The design of this cover is currently only conceptual. 

7.2. Glass durability background 

Glass is an excellent medium for waste immobilization as it offers 
compositional flexibility and a high resistance to aqueous attack, 
referred to as chemical durability. Glass corrosion is a complex process 
as glass alters at various rates as a function of time and environmental 
conditions. Much of the ongoing testing for waste forms includes un-
derstanding the mechanisms and rates of glass dissolution in the envi-
ronment over long time periods (i.e., 103 to 106 y). The dissolution 
kinetics of alkali-borosilicate glass over time can be described as a 
function of glass composition, temperature, pH, and solution chemistry 
[134,135]. 

The release of high-mobility, long-lived radioisotopes 99Tc and 129I 
into the vadose zone below IDF is of concern (see Figure S17, Supporting 
Information). As the radioisotopes (and hazardous components) are 
chemically bound as part of the glass, the glass must corrode to release 
them into solution [136–138]. 

Glass alteration has widely been represented using a kinetic model 
based on a general rate equation for mineral decomposition based on 
transition state theory [16,139,140]. For convenience, the rate of glass 
dissolution can be described in three general stages (Fig. 8). Within the 
first regime (Stage I), glass alters at its fastest rate. In the second regime 
(Stage II), glass alteration rates reach a low value due to the formation of 

a passivating gel layer on the surfaces of the glass and increased con-
centration of glass components in solution. The third regime (Stage III) is 
characterized by a sudden increase in the alteration rate. Stage III has 
only been observed for some glass compositions under a limited set of 
conditions. For a more rigorous explanation of glass alteration, the 
reader is directed to recent review articles [16,18,139,140]. The dura-
tion and transition times for these stages vary significantly with glass 
composition and test parameters. 

During Stage I, the driving force for dissolution, the difference in 
chemical potentials among the solution and the glass is high [16,140]. 
During this stage, alkali species readily exchange with charged species 
from the solution and the covalently bonded silica glass network un-
dergoes hydrolysis, resulting in the release of orthosilicic acid (H4SiO4) 
[16]. As this stage of alteration progresses, the concentrations of glass 
components in solution increase while the thermodynamic driving force 
and alteration rate decrease [16,140]. This deceleration of the alteration 
rate (given as “transition” in Fig. 8) also coincides with the formation of 
an “alteration layer” on the surface of the reacting glass, often exem-
plified as a layer enriched in Si and Al and depleted in alkali and boron. 
The mechanism for deceleration of the alteration rate is likely a com-
bination of the reduction in driving force and the reduction in mass 
transport due to the presence of the alteration layer. During Stage II, the 
glass alteration rate is slow due to the hindered mass transport through 
the alteration layer and/or the reduced driving force. The alteration 
layer forms from either condensation of hydrated silica from solution or 
reconstruction of the hydrolyzed species near the glass surface. Stage III 
glass alteration has not been observed for all glasses but is characterized 
by an increase in alteration rate after a prolonged period of a slow 
alteration. The increase in the rate observed with Stage III behavior is 
most often concurrent with, and is likely caused by, the precipitation of 
silicate-containing zeolites and calcium-silicate-hydrate phases 
[141–143]. Stage III is most often observed in glass corrosion tests with 
high pH and high temperature [141,142,144,145]. The correlation be-
tween zeolites and corrosion acceleration was directly confirmed [143, 
146]. 

Accelerated durability assessment methods for alkali-borosilicate 
glasses were first developed when these materials were adopted as the 
preferred immobilization matrix for radioactive waste [12,147,148]. 
The impetus to create standardized test protocols to allow direct com-
parison of dissolution rates between glasses began in earnest in the early 
1980 s and continues today. The timeline for the development of the 
most commonly used glass dissolution tests over the last four decades is 
shown in Fig. 9 and an extensive treatment of the subject matter can be 
found in a recent review by Thorpe et al. [149]. 

7.3. Current performance assessment rate model 

The current IDF PA uses a kinetic model for estimating the alteration 
rate of glass and thereby the release of isotopes into the environment 
[150]. This is shown in Eq. (1): 

r = k0a− η
H+exp

(
− Ea

RT

)[

1 −
(

Q
Kg

)]

(1)  

where r = the glass dissolution rate (g m− 2 s− 1), k0 = intrinsic rate 
constant (g m− 2 s− 1), aH+ = hydrogen ion activity, η = pH power coef-
ficient, Ea = apparent activation energy (J mol− 1), R = gas constant, 
8.314 (J mol− 1⋅K− 1), T = temperature (K), Q = ion-activity product of 
rate controlling reaction [assumed to be the H4SiO4 activity], and Kg 
= pseudo-equilibrium constant of rate-controlling reaction. Addition-
ally, there is a sodium ion exchange process shown in Eq. (2) that in-
creases solution pH and thereby impacts r:  

riex = kNa-HA                                                                                  (2) 

where riex = the sodium ion exchange rate (mol Na s− 1), kNa-H = ion 
exchange rate constant (mol Na m− 2 s− 1), and A = glass surface area 
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Fig. 9. Timeline showing the development and acceptance of the most commonly used glass durability tests. 
Modified from the original by Thorpe et al. [149]. 
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(m2). The model parameters (k0, η, Ea, Kg, kNa-H) have been measured 
using single-pass flow through (SPFT) test sequences in which pH, T, and 
[H4SiO4] have been independently and systematically varied [150,151]. 
Kg is empirically determined using data from SPFT with systematic 
variation in [H4SiO4] or fitted to static corrosion test data. Q is estimated 
using geochemical model of the solution in contact with glass as function 
of glass corrosion progress. 

In addition to the kinetic portion of the model, a set of equilibrium 
constants for the secondary phases that act as “sinks” for the ions that 
control glass affinity is also needed. The set of phases is chosen such that 
kinetically hindered phases are not included. This set of potential phases 
is referred to as the reaction network. The phases included in the reac-
tion network are selected using geochemical models to identify possible 
phases based on solution composition and detailed solids analyses after 
corrosion under long-duration PCT, VHT, and pressurized unsaturated 
flowthrough (PUF) tests. The solution progression analyzed in long- 
duration PCT and PUF has been used to validate reactive transport 
models of ILAW glass alteration; however, the alteration rates obtained 
by PCT, VHT, and PUF are not directly used in estimating PA rate pa-
rameters. Alternative approaches to estimating the rate of glass alter-
ation in disposal environments are being considered. 

7.4. Product consistency test 

In general terms, the PCT is performed by immersing glass particles 
of a controlled particle size in an aqueous solution [75,149,152]. Af-
terward, the leachate solution is analyzed with ICP-OES to determine the 
fractions of Na, B, and Si leached into the solution. The fractions of loss 
or “released” components are normalized to the parent glass composi-
tion. PCT method A (PCT-A) is used for ILAW glass qualification, which 
specifies 90 ◦C for 7 days with deionized water at a 
glass-surface-area-to-liquid-volume ratio of roughly 2000 m-1 [75,149, 
152]. The constraint for Hanford ILAW glass PCT response is that the 
normalized losses (NLi for i-th species) of Na, B, or Si during the PCT-A 
be ≤ 2 g•m-2 [30]. 

The logarithms of PCT-A normalized Na and B losses have been 
modeled as functions of composition in order to control the composition 
of ILAW glass to satisfy the contract requirement. Note that NLSi is al-
ways < NLB and < NLNa and so is not modeled as a function of compo-
sition. The components Li, Na, K, Mg, and B have been observed to 

increase ln[NLB] and ln[NLNa], while the components Al, Si, Ti, Sn, and 
Zr have been observed to decrease ln[NLB] and ln[NLNa]. The compo-
nents Ca, Fe, V, and Zn have minor effects [72,75,77,88,104]. 

The chemical interpretations for primary component impacts on 
glass corrosion have been determined. Based on the description of ion 
exchange, network connectivity, and solution pH in the previous sec-
tions, it is intuitive that increasing the fraction of Na, Li, and K in glass 
will increase the PCT responses [18,75,140]. The effect of boron on 
increasing the elemental loss may be described by ab initio simulations 
that estimated that the hydration of B–O–Si and B–O–B linkages exhibits 
lower reaction energies than Si–O–Si linkages [18,140,153–155]. 
Aluminum, although generally a network intermediate, is nearly 
exclusively tetrahedrally coordinated with oxygen in ILAW glasses (i.e., 
[AlO4]-5). Aluminum requires charge compensation by + 1 to maintain a 
[AlO4]-5 configuration in glass. As ILAW glasses are generally high in 
Na2O concentration, charge compensation is primarily achieved by Na+, 
but other alkali or alkaline earth ions may also contribute [18]. Overall, 
the charge compensation of [AlO4] -5 tetrahedra reduces the number of 
non-bridging oxygens and polymerizes the melt, which slows water 
diffusivity [18]. Alkaline earth metal oxides also impact glass corrosion. 
For example, previous studies by Hrma et al. [156] compared the effect 
of Ca vs. Mg on glass alteration behavior in different experimental 
conditions. During testing, Ca was hypothesized to form CaCO3, which 
would not significantly impact alteration behavior, while Mg formed 
silicates, which increased the driving force for dissolution and thereby 
the rate of alteration. Additional researchers have evaluated the differ-
ences in effects of CaO vs. MgO on durability [157–160]. Debure et al. 
[157] found, like Hrma et al. [156] that Mg crystallized as silicates. 
Aréna et al. [158] and Mercado-Depierre et al. [159] observed Ca uptake 
in the alteration layer, which is solution-pH dependent. Neeway et al. 
[161] found that, although Ca reduces short-term corrosion behavior, it 
may promote Stage III corrosion in the longer-term timescales. 

7.5. Vapor hydration test 

The VHT is performed by placing a 10 mm × 10 mm × 1.5 mm glass 
coupon polished to 600 grit (30 µm) within a test vessel with the coupon 
suspended by a platinum wire. A small amount of deionized water 
(typically 0.20 g or 200 µL) is added to the bottom of the 304 L stainless 
steel vessel so that water vapor can interact with the coupon but not 
reflux during testing at 200 ◦C [162,163]. The samples are removed 
from the oven after a predetermined time, then are cross-sectioned and 
analyzed using optical microscopy and/or electron microscopy to 
measure the alteration layer thickness, which is then used to calculate 
the alteration extent in g m-2. The WTP contract specifies that VHT re-
sponses performed at 200 ◦C for ≥ 7 days be < 50 g•m-2•d-1 [30]. This 
specification is typically satisfied by measuring ra of glass samples at a 
single time (typically 24 days) and estimating the rate as a constant from 
time = 0. Vienna et al. [164] showed that this method always results in a 
conservative estimate of the rate obtained from multiple test durations. 

The VHT constraint was implemented in the WTP contract in 2000 to 
help reduce the risk that ILAW glasses would exhibit Stage III behavior 
during disposal in the IDF. However, the nominal disposal temperature 
of the IDF is significantly lower than the VHT temperature (15 ◦C vs. 
200 ◦C). The onset of Stage III behavior, linked to zeolite formation, has 
been empirically found to be linked to pH and temperature [165]. 
Bauchy et al. [166,167] found the stability of zeolites to increase with 
temperature (e.g., becoming stable over lower pH region), and this is 
shown in Fig. 10. At temperatures near the nominal IDF temperature 
(15 ◦C), zeolites are not stable at pH values below 13.5, which are not 
likely to be experienced in IDF (with maximum estimated pH of 11.5 and 
nominal values of 8.5) [168]. This implies that the contract constraint 
adds excessive conservatism. 

The effect of composition on logarithm of ra at 200 ◦C (and 24 days) 
has been modeled in addition to the probability of failing the WTP 
contract VHT specification [72,75,77,88,104,164,169,170]. The 

Fig. 10. Stability temperature region for zeolites in glass corrosion solutions vs. 
pH [166] based on results reported by Zhen-Wu et al. [167] and reprinted with 
permission from M. Bauchy. 
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concentrations of Li, Na, and K in the glass have been observed to have a 
large effect on increasing ln[ra] while Ti, Zr, Sn, and Si in the glass have 
been observed to have a large effect in reducing it. Similar trends exist 
among the components that affect the responses of the PCT and VHT 
[75]. 

7.6. Phase changes during container-centerline-cooling 

After conversion to a glass melt within the LAW melter, the product 
is poured into the 304 L stainless steel containers. The large thermal 
mass of the glass melt (~6 t) causes the melt located near the outer 
portions of the container to cool rapidly while the glass melt near the 
center of the container cools slowly. The cooling process for the ILAW 
container requires roughly 60 h for the container centerline to reach the 
glass transition temperature [171]. The slow cooling of the glass melt 
allows for atomic arrangement of the components within the glass melt, 
potentially resulting in crystallization or liquid-liquid phase separation. 
This phase separation (either immiscible liquid or crystalline) is a risk 
because it can degrade the durability of the ILAW glass in unpredictable 
ways. 

A constraint is used to ensure that phase changes do not significantly 
impact the chemical durability of the final product. One such case is the 
potential formation of silicate phases that can extract components that 
enhance the chemical durability of the glass (such as Si), resulting in a 
residual glass that is enriched in components that reduce the chemical 
durability (such as Na and B) [172–177]. 

Liquid-liquid phase separation can occur due to immiscibility of 
components within a glass-forming melt [178]. Taylor et al. [179] 
developed an immiscibility model for complex glasses where the 
composition was simplified to a submixture of Na2O-B2O3-SiO2, which 
has a known immiscibility dome. Peeler and Hrma [180] then modified 
the Taylor submixture model to include the effect of Li2O, which is more 
polarizing than Na2O. The results of Peeler and Hrma [180] most closely 
matched experimental observations when the mass percent of Li2O was 
multiplied by the ratio of the molecular mass of Na2O/Li2O then added 
to the mass percent of Na2O (to obtain an “equivalent” Na2O mass 
percentage) [180]. Similarly, phase separation regions from Li2O--
B2O3-SiO2, A2O-SiO2-Al2O3-B2O3, and (A2O+AEO)-(SiO2 +Al2O3)-B2O3, 
where AEO = CaO, MgO and M2O = Na2O, Li2O, or K2O, were compiled 
by Jantzen et al. [178] and used to generate a composite phase diagram 
of A2O-(SiO2 +Al2O3)-B2O3, which could be applicable to nuclear waste 
glasses, Pyrex borosilicate glasses, and VYCOR glasses. An additional 
model for phase separation was presented by Edwards [181], which 
utilized statistical discriminant analysis. 

To produce quenched and container-centerline-cooled (CCC) sam-
ples in the lab, glasses are initially prepared by traditional melt- 
quenching, where a mixture of additives (e.g., oxides, carbonates, sul-
fates, chlorides, fluorides) known as a glass batch are melted at 1150 ◦C 
in 1-hour increments. The glass melt is then poured onto a metal quench 
plate to solidify. To produce the CCC sample, the quenched material is 

placed into platinum crucibles and slow cooled from 1150 ◦C to room 
temperature following a cooling profile that represents the slowest 
cooling region in the container – the CCC profile. Crystallization is 
measured using XRD of both quenched samples and slow-cooled sam-
ples. Phase separation can be measured using electron microscopy, 
small-angle X-ray scattering, or small-angle neutron scattering. Reiser 
et al. [182] performed ultra-small angle X-ray scattering of glasses 
designed around the international simple glass composition modified 
with varying fractions of Al2O3. The resulting data matched well with 
both the Taylor sub-mixture model [179] and the Edwards model [181], 
but most-closely matched the Edwards model. 

7.7. Land disposal restrictions (Disposal) 

As Hanford tanks contain RCRA-listed wastes, the ILAW must satisfy 
land disposal restrictions (LDR). Satisfying LDR typically entails the 
demonstration that after treatment, the Toxicity Characteristic Leaching 
Procedure (TCLP) responses of waste satisfy the Universal Treatment 
Standards [183]. An alternative method is to treat the waste using best 
demonstrated available technology (BDAT) for a waste type. The treat-
ment standard (BDAT) for HLW is vitrification. However, that treatment 
standard did not consider all the underlying hazardous constituents 
(UHC) in Hanford LAW. Therefore, TCLP testing was performed to 
demonstrate that vitrification sufficiently treated all the UHC in Hanford 
LAW glasses [184]. These results formed the basis for a Land Disposal 
Restriction Treatability Variance Petition for Hanford Tank Waste, 
which extended the high-level waste vitrification (HLVIT) treatment 
standard to Hanford LAW [185]. The Washington State Department of 
Ecology has approved the petition under the site-specific variance 40 
CFR 268.44(h) [186]. 

8. Compositional effects summary 

As described above, all the chemical components of glass (typically 
tabulated as either the mass or mole fractions of single metal oxides and 
halogens) impact glass properties differently. The effects of an individ-
ual component on glass and melt properties is generally determined by 
its bonding nature within the glass/melt. For example, the valence of the 
element, coordination with oxygen, ionic size, polarizability, and 
bonding energy have all been shown to correlate with glass property 
effects in both waste glasses and commercially important glasses. These 
effects can be simplified using correlations of properties to median 
crystal bond strength, ion potential, optical basicity, and structural bond 
strengths, for example [187–196]. Often, the effects of chemical com-
ponents will improve some properties while making other properties 
worse. For example, increasing ZrO2 concentration in glass improves 
chemical durability but also increases melt viscosity and promotes 
crystallization. Therefore, glass property-composition models are being 
developed and used to optimize glass composition to maintain all 
properties safely within acceptable ranges [36,72,75,197]. Table 4 

Table 4 
Summary of Component Concentration Effects on ILAW Glass Properties.  

Oxide Al2O3 B2O3 CaO Cr2O3 Fe2O3 K2O Li2O MgO Na2O SiO2 SnO2 TiO2 ZnO ZrO2 Other 

Viscosity ↑ ↓ ↓ ↔ ↔ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↔ ↑ – 
EC ↔ ↔ ↔ ↔ ↔ ↑ ↑ ↔ ↑ ↓ ↔ ↔ ↔ ↔ – 
Crystal ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↔ ↓ ↓ ↑ ↑ ↑ ↑ NiO, MnO↑ 
PCT ↓↑ ↓↑ ↔ ↔ ↔ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↔ ↓ – 
VHT ↓↑ ↓↔ ↔ ↔ ↔ ↑ ↑ ↔↑ ↑ ↓ ↓ ↓ ↔ ↓ – 
Nepheline ↑ ↓ ↑ ↔ ↔ ↑ ↑ ↔ ↑ ↓ ↔ ↔ ↔ ↔ – 
Salt ↑ ↓ ↓ ↑ ↔ ↓ ↓ ↔ ↓ ↑ ↔ ↔ ↔ ↔ SO3, Cl↑, V2O5↓ 
TCLP ↓ ↑ ↔ ↔ ↔ ↑ ↑ ↔ ↑ ↓ ↓ ↔ ↑ ↓ – 
Corrosion ↓ ↔ ↔ ↓ ↓ ↑ ↑ ↔ ↑ ↓ ↓ ↔ ↓ ↓ – 

↑ = Increase property; ↓ = Decrease property; ↔ = Small effect on property. Multiple arrows are for non-linear effects; the first is for lower concentrations and the 
second for higher concentrations. TCLP = toxicity characteristic leaching procedure. Corrosion denotes corrosion of glass contact materials (primarily Monofrax K-3 
and Inconel 690). 
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summarizes the component effects of several oxides on ILAW glass 
properties. 

9. Current glass composition limitations and research 
prospective 

The WTP LAW facility is planned to start operation this year. How-
ever, there are potential areas of improvement in glass formulation and 
process control that have already been identified as discussed earlier in 
this paper. This section lists some of those improvement opportunities 
that are currently being pursued. 

Lu et al. [36] evaluated the sensitivity of various constraints on 
loading of Hanford LAW in glass and size of the acceptable glass 
composition envelope. It was determined that loading was most 
impacted by three factors: ra, K-3 corrosion, and process/prediction 
uncertainties. As described previously, the two constraints that are most 
limiting (i.e., ra and K-3 corrosion) are also overly conservative. Efforts 
are underway to develop new methods to constrain the corrosion of 
glass-contacting refractories by evaluating the 
time-temperature-composition-corrosion relationships of K-3 refractory 
life [125]. The excessive conservatism of the VHT is further exacerbated 
by the test being performed in a hydrothermal regime with conditions 
far from those anticipated during disposal. Previous and current 
research efforts have explored how glass will behave in IDF conditions 
[168], as well as testing to understand ion exchange behavior [198, 
199], secondary phase formation [143,200,201], and glass behavior in 
dilute conditions [135,202,203]. 

Durability testing is being performed to 1) quantify the parameters in 
PA models (SPFT) and 2) control glass composition during production to 
satisfy durability-related constraints (i.e., PCT and VHT). An ongoing 
effort is aimed at qualifying results from various standardized tests that 
1) are less expensive compared to the SPFT for PA model parameter 
quantification and at the same time 2) potentially replace the contract- 
required performance measures with measures directly tied to PA 
models [149,204,205]. These combined results will be used to improve 
control of glass composition during production [50,72,73,75] and esti-
mate the final waste form performance in disposal conditions [206]. 

The UQ method improvements offer significant promise for 
increasing the size of the ILAW glass processing envelope and the 
resulting waste loadings. UQ is performed using several approaches. The 
method currently employed to quantify process uncertainties is based on 
a Monte Carlo simulation that uses probability distributions for uncer-
tain parameters such as analytical, mixing, sampling, loss to off-gas, GFC 
composition, and GFC delivery. Modern UQ approaches are being 
investigated to reduce the range of possible variations by accounting for 
covariances in process parameters. Additionally, closed form analytical 
methods will improve the optimization of glass compositions while 
simultaneously providing confidence in glass compositions and prop-
erties. The next largest contributors to uncertainty are property pre-
diction uncertainties, particularly for VHT and PCT responses and sulfur 
solubility. The currently applied models yield high uncertainty and the 
total database on which the models are applied is small, particularly 
near the boundaries of the current constraints. To alleviate these limi-
tations, additional data are being collected at or near the constraints and 
new model forms are being investigated [75,207–212]. 

Addressing these three limitations in glass composition and waste 
loading (ra, K-3 corrosion, and UQ) will allow for glasses to be processed 
over a broader range of compositions. Once that is realized, additional 
data and property-composition models will be needed that cover the 
newly expanded compositional envelope. 

Glass property models to date have been primarily of the form of 
partial quadratic mixture models (or polynomial functions of glass oxide 
concentrations). While these forms are well suited to nuclear waste glass 
design and qualification, they fail to take advantage of recent advances 
in materials modeling. It is now possible to estimate the molecular 
structure of multicomponent waste glasses using molecular dynamic 

simulations [192,213–219]. This will provide an unprecedented ability 
to perform quantitative structural property relationships [190,191,195]. 
Additionally, advanced methods in machine learning will enable dis-
covery of new ILAW glass compositions [197,220–223]. 

Prediction of processing behavior to troubleshoot melter operations 
has been performed recently using experimental tools in tandem with 
computational methods [224,225]. In one example, first described by 
Hrma et al. [226] and then further studied by others [227–229], the 
melting rate correlation (MRC) equation uses laboratory-scale melting 
behavior data (volumetric expansion and conversion enthalpy) of melter 
feeds to predict the glass production rate in a large-scale electric melter. 
Another example used computational fluid dynamics paired with 
laboratory-scale diffraction and thermal analysis measurements to pre-
dict glass processing rates in prototypical Joule-heated melters and 
showed reasonable agreement with the MRC and the reported average 
glass processing rates [225]. Additional measurements are currently 
being explored that aim to enhance the reliability of these models by 
using high-temperature X-ray computed tomography and thermal con-
ductivity measurement apparatuses [230–232]. 

10. Summary and concluding remarks 

Over the past several decades, a lot of work has been done within the 
DOE national laboratory complex and at several U.S. universities to 
assess management, processing, immobilization, and disposition of the 
nuclear legacy wastes within the U.S. generated from nuclear weapons 
production efforts. This paper discusses the specific case of managing 
Hanford LAW currently stored on the Hanford Site, near Richland, 
Washington. The scale of the effort to solve these issues at Hanford is 
immense and will require many more decades to fully realize. 

In summary, this paper describes several issues related to manage-
ment of wastes at Hanford, including the origins of the wastes, the types 
of waste produced, a summary of the waste treatment processes to be 
implemented, the glass formulation processes being employed, details 
about the LAW vitrification technology history, glass property con-
straints that have to be met for disposal or processing through the 
melters, as well as the limitations to the current process flowsheet and 
future directions. The glass property constraints discussed for disposal 
included product consistency testing, vapor hydration testing, and phase 
changes during slow cooling. The constraints for processing included 
viscosity, electrical conductivity, crystalline content at melt tempera-
ture, and the K-3 refractory corrosion. Details are provided for all these 
areas to inform readers and to capture the operation status as of 2023. 

The main ongoing research activities on the topic of Hanford LAW 
relate to 1) improving the processes involved to minimize the waste 
form production lifecycle and maximize waste loading in the waste 
forms (which results in fewer containers for disposal) and 2) developing 
a better understanding other issues like melter (i.e., K-3) corrosion, 
ILAW glass corrosion, and narrowing down the modeling errors for 
process and prediction uncertainties. All experimental advances in these 
areas allow for more processing flexibility that can result in a shorter 
operation lifetime and with reduced costs to the U.S. government and 
taxpayers. 

Environmental implications 

Over 200,000 m3 of mixed hazardous and radioactive waste is stored 
in underground tanks at the Hanford site. 56 of 177 tanks are known or 
suspected of leaking mixed waste to the ground. Plumes of waste are 
migrating toward the Columbia River. The Waste Treatment and 
Immobilization Plant is the cornerstone of U.S. Department of Energy’s 
strategy to treat this tank waste and stabilize the radioactive and haz-
ardous constituents of the waste in a stable form for disposal. This paper 
summarizes over 20 years of development that led to the startup of the 
worlds largest nuclear waste treatment plant. 
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