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A. EXECUTIVE SUMMARY

Boroslicate glassisthe only materid currently gpproved and being used to vitrify high leve nuclear
waste. However, somewadstefeedsin the U.S. contain componentswhich are poorly solubleor chemicaly
incompatible in boroslicate glasses. Current plans cdl for vitrifying even these problematic waste feeds
in borosilicate glasses after the origina waste feed has been pre-processed and/or diluted to compensate
for the incompatibility. However, these pre-treatment processes, as well as the larger waste volumes
resulting from dilution, will greetly increasethe cost of cleaning up former DOE nuclear wegpons production
facilities. At least some, if not al of this additiona cost can be avoided if a smal number of dternaive
wadte glasses are available and used to vitrify those nuclear wastes that are poorly suited for borosilicate
glasses

With funds from the Environmental Management Science Program (EMSP), U.S. Department of
Energy, we have investigated more than 350 compositions belonging to a new family of iron phosphate
glasses. Thiswork, done in collaboration with scientists from Pacific Northwest, Lawrence Berkeley,
Lawrence Livermore, and Argonne nationa |aboratories and the Westinghouse Savannah River and
Naval Research laboratories and involving several smulated wastes from Hanford and Idaho Fdls,
indicatesthat iron phosphate glasses should be alower cost and technically effective wasteform for vitrifying
selected nuclear wastes.

[ ron phosphate glasswasteforms either meet or exceed dl DOE requirementsfor avitrified wasteform.
In terms of their properties, iron phosphate glasses are more like silicabased glasses than other phosphate
glasses. Up to 50 wt% of sdected smulated wastes from the Hanford Ste have been vitrified in iron
phosphate glasses compared to the roughly 28 wt% now being vitrified in borosilicate glasses a the
Defense Waste Processing Facility (DWPF) at Savannah River. For certain wastes, the use of iron
phosphate glasses may reduce the vitrified waste volume by as much as 50% over the volume of a
borosilicate glasswasteform. The chemicd durability of iron phosphate vitrified wasteformsis comparable
to, and in many instances, better than that of most comparable borosilicate glass based wasteforms. Iron
phosphate glasses are melted at 950-1100EC for 1-2 hrs. compared to the 1150EC for 24 hrs. for the
borosilicate glassesnow being melted at the DWPF. Lower meting temperatures and shorter melting times

mean that smdler, less expensve furnaces can be used to melt iron phosphate wasteforms.
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This research has resulted in more than 20 refereed technica publications and 15 presentations at

national and international conferences.



B. INTRODUCTION

A mgor concern with high level radioactive waste disposd is the possibility of radioactive nuclides
escaping from the storage Ste and contaminating the biogphere.  To prevent such environmental
contamination, the DOE has started to immobilize high level nuclear waste feeds by chemicaly dissolving
themin host glass matrices by vitrification. Even though the chemica compositions of nuclear waste feeds
found at gtes like Hanford and Savannah River are complex and extremely diverse, see Table 1, only one
glass materia, namdy boroslicate glasses, is currently approved as a host matrix for vitrifying high level
nuclear waste.

Unfortunately, many of the high level waste feeds in the U.S. contain waste components which are
ether insoluble or incompatible with boroslicate glasses. For example, the solubility limit of phosphates,
present in many radioactive waste materials at Stes like Savannah River and Hanford, see Table 1,
dramatically reduces the waste loading ability of boroglicate glasses in many cases. At Hanford done,
where 55 million gdlons of high level waste must be immobilized, it is estimated that the low solubility of
phosphates, ca. 1wt%, in borosilicate glasses will result in as much as 100,000 n?® of waste glass at an
additional cost of tens of billions of dollars[1-3].

Table1l. Simplified compositions (Wt%) of several radioactive tank sludges at Hanford site which
are not well suited for disposal in borosilicate glass.

Tank Designation?

Component ~ B-110 C-106 C-112 T-111
Fe,0, 30.6 16.8 15.0 26.3
P,0; 17 13 14.1 3.6
Na,0 14.4 22.1 7.1 5.6
Al,O, 2.7 17.7 4.2 1.1
Bi,O, 25.8 - - 29.8
SO, 23.4 34.7 25 11.3
uo, - - 305 33
CeO, - - - -
Other 16 7.4 26.6 19.0

aNumbers refer to different radioactive waste tanks from the Hanford site.
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Severa other waste components such as chlorides, fluorides, and oxides of heavy metdssuch like
Cs, S, Zn, Zr, Cr, and Bi are ds0 ill-suited for vitrification in borosilicate glasses. In dl such cases, the
waste feed needs extra dilution during vitrification resulting in larger waste volumes. If oneisto avoid such
large wadte glass volumes generated due to waste components poorly soluble in borosilicate glasses, the
waste stream must be pre-treated prior to vitrification in order to remove the unfavorable components.
However, such pre-treatment processes are expensive and aso add further risksto the disposal process.
Examples like these makeit clear that no single type of glass will ever be totally satisfactory and
cost effectivefor all of the many different nuclear waste feeds now in existence. The solution to such
problemsisto develop asmal number of different types of glasses which provide the optimum means of
vitrifying the wide spectrum of nuclear waste compaositions now in existence.

Preliminary research conducted at the University of Missouri-Rolla (UMR) in the early 90sindicated
that anew family of iron phosphate glasses may be better suited for vitrifying certain nuclear wagtes. This
preliminary work [4-6], done in collaboration with scientists from Pacific Northwest National
Laboratory, Westinghouse Savannah River Laboratory, and Lawrence Berkeley National
Laboratory, suggested that iron phosphate glasses could be developed as alowcost and highly effective
dternative to boroslicate glassesfor vitrifying selected nuclear wastes. A comprehendve evauation of the
vigbility of using iron phosphate glasses in nuclear waste vitrification, however, required additiona
information on the atomic structure, valence states, nature of bonding, structure-property relationships,
crydalizationkinetics, and optimized melt processing. Obtaining suchinformation wasthe overdl objective

of this research project.

C. BACKGROUND

Prior to detailing our research on iron phosphate glass nuclear wasteforms, it is prudent to review
the role other phosphate glasses have played in the U.S. nuclear waste vitrification program.  From our
perspective, it is intriguing to note that the firgt attempt to vitrify nuclear waste was made in the 1960s
utilizng a phosphate host matrix [7]. Because of the large quantity of sodium present in the wastes
consdered at that time, the find wasteform was a high-sodium phosphate glassin which the radionuclides

were dissolved. Even though sodium phosphate glasses presented several advantages such as lower
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mdting temperatures and shorter melting times as compared to borosilicate glasses, problemswith sodium
phosphate wasteforms soon became evident. Sodium phosphate melts are chemicaly corrosive and must
be melted in furnaceslined with platinum. In addition, the chemica durability of sodium phosphate glasses
was poor and yielded unacceptably high radionuclide leach rates in durability tests. Sodium phosphate
glasses are a so susceptible to devitrification resulting in phases whose durahility is even worse than that
of the parent glass. Mainly because of such problems with the sodium phosphate glasses, dl phosphate
glasses were dropped from the pool of potential host matrices in the early 1970s.

Lead-iron phosphate glasses (LI1P) developed in 1984 [7,8] were a marked improvement over
sodium phosphate glasses in many aspects.  LIP mets were much less corrosive and had low melting
temperatures and short melting times comparable to the sodium phosphate melts.  LIP glass based
wagteforms do not easily devitrify and their chemical durability rivasthat of boroslicate glasses. However,
the low waste loading (approximately 10 wt%), low durability of their crystalized counterparts, and the
limited experience mdting phosphate glasses led to the lead-iron phosphate glasses being dropped from
congderaion for vitrification of nuclear waste.

At the time when potentia aternative host glasses such as LIP glasses were dropped from active
consderation, the nuclear waste management community was beginning to view boroslicate glassesasthe
“one sze fits dl” host matrix. This view resulted mainly from two reasons. Firg, the amount of data
available at the time for nuclear wastes that contained components incompatible with borosilicate glasses
was much less than now. Second, the borosilicate glasses were awdl-known system for which efficient
melting technologies had been developed over severd decades. Adopting the better known borosilicate
based glasses was viewed as alow risk gpproach for vitrifying nuclear waste.

By the early 1990s, however, asthetrue diversty and chemica complexity of the nuclear wastes
inthe US became more apparent and asthe range of nuclear wastestested in borosilicate glasseswidened,
the potentia problems of the incompatibility of certain wastes with borosilicate glasses became more
evident. A logicd solutiontothisproblemisto have dternative host matrices available that are better suited
for vitrifying such problematic wadtes, i.e. ‘to match the glass to the waste.” It was under these
circumstances, that the Environmental Management Science Program (EMSP) funded research at UMR
in 1996 to evauate the feasibility of using iron phosphate glasses for nuclear waste vitrification.



D. RESEARCH OBJECTIVES

As mentioned above, the overal god of this research project wasto collect the scientific information
essentia to devel op iron phosphate glass based nuclear wasteforms. The specific objectives of the project
were:
1. Investigate the structure of binary iron phosphate glasses and it’s dependence on the
composition and melting atmospher e: Understand atomic arrangements and nature of the bonding.
Egtablish sructure-property relaionships. Determine the compositions and melting conditions which
optimize the critica properties of the base glass.
2. Understand the structure of iron phosphate wasteforms and it's dependence on the
composition and melting atmospher e Investigate how the waste e ements are bonded and coordinated
within the glass structure.  Establish structure-property relationships for the waste glasses. Determinethe
compositions and melting atmosphere for which the critical properties of the waste forms would be
optimum.
3. Determine therole(s) played by the valence states of iron ions and it’s dependence on the
composition and meting atmosphere: Understand the different roles of iron(Il) and iron(l11) ions in
determining the critica properties of the base glass and the waste forms. Investigate how theiron vaence
and its significance depend on the composition and mdting atmosphere.
4. Investigate glassforming and crystallization processes of theiron phosphate glassesand their
waste for ms. Understand the dependence of the glassforming and crystalization characteristicson overal
glass composition and vaence gates of iron ions. Identify the products of devitrification and investigate
the critical propertiesof these crystaline compoundswhich may adversdly affect the chemica and physica

properties of the waste forms.

E. EXPERIMENTAL

Sample Preparation: Approximately 350 crucible-meted (50-100 g samples), binary iron phosphate
glasses, iron phosphate glasses containing varying amounts of one or more common nuclear waste
componentssuch asNg0, Bi,O3, Cs,0, UO,, SrO, and MoO;, and severd glasses containing Smulated
wastes from the Hanford, Savannah River, and Idaho Falls Steswere prepared. The mgority of the
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samples were mdted in ar in dumina crucibles at —1200EC for 1.5to 2 hrs. However, the mdting
conditions of selected sampleswere varied so asto investigate the effects of melting temperature, time, and
atmosphere on the atomic structure and critical properties (chemical durability) of the glasses. Each mdt
was quenched by pouring into 1cm x 1cm x 5cm steel molds at room temperature. The rectangular samples
were immediatdly transferred to a furnace and annedled at 475EC for gpproximately 3 hrs. The absence
of crystaline phases in the annealed samples were confirmed X-ray diffraction technique. The chemica
compositions of selected samples were determined by inductively coupled plasma spectroscopy (ICP).
Chemical Durability: The chemicd durability of al of the samples was investigated by messuring the
weight loss of cubic samples of known dimensonsimmersed in ditilled water at 90EC for 8 or 16 days.
Details of these techniques have been published dsewhere[1]. The chemicd durability of selected samples
was measured a so by the product consistency test (PCT), ASTM C-1285-94. Inthismethod, -100 +200
mesh powders were placed in deionized water at 90EC for seven days. The chemical composition of the
solutions were then analyzed using ICP.

Redox Equilibria: The vaence state of iron ions was measured using Massbauer spectroscopy. The
M 0Osshauer spectra were measured ona A SA600 spectrometer at room temperature (295 K) using a50
mCi rhodium matrix cobalt-57 source. Each spectrum was fit  with approximately eight broadened
paramagnetic doublets. Details of thisfitting procedure and its merits have been previoudy discussed [2].
Atomic Structure: The atomic structure of binary iron phosphate glasses and those containing smulated
wadte was investigated using a multitude of techniques. Iron-oxygen coordination was investigated using
MOsshbauer spectroscopy. X-ray absorption spectroscopy (XAS), conducted at the Stanford
Synchrotron Radiation Laboratoryin collaboration with scientists from the Lawr ence Berkeley National
Laboratory, was used to probe the short range order around iron ions and selected waste ions.  The
gructurd role of oxygen ions was investigated using X-ray photoelectron spectroscopy (XPS). Raman
spectra, meesured & the Materials Science Division, Argonne National Laboratory (ANL) , were used
to probe the phosphorous-oxygen network. Short and intermediate range order in these glasses were
investigated using high energy x-ray and neutron scattering at ANL [ANL].

Glass forming and crygallization characteristics: Properties such as the glass trangtion and

cryddlization temperatures were investigated by differentid thermd andysis (DTA). Products of



crydtalization were identified by x-ray diffraction (XRD).
Glassprocessing: Preliminary information essentia to large scae glass processing such asthe corrosion

rate of commercid refractories and heating e ements and joule hegting parameters were measured.

F. RESUL TS [9-26]

F.1. Glass compositions [13,22,25]: In generd, the iron phosphate glasses investigated in this project
can be grouped in to three categories, binary iron phosphate glasses, those containing one or two waste
components, and iron phosphate glasses containing selected smulated waste compostions from U.S.
nuclear waste sites. For the purpose of this report, unless otherwise noted, dl compaostionswill be given

as mol%.

Table 2. Batch compositions and waste loading of selected iron phosphate glasses containing one or
two waste components.

Batch Composition Waste loading
(mol%) (Wt%)
40Fe,0,-60P,O, Base glass
32Fe,0,-48P,0,-20U0, 31
20Fe,0,-60P,0.-20Bi,0, 44
32Fe,0,-48P,0,-20Na,0 10
28Fe,0,-42P,0.-30Cs,0 44
32Fe,0,-48P,0,-20SrO 48
32Fe,0,-48P,0.-10U0,-10N&a,0 22
32Fe,0,-48P,0O; -10Bi,0,-10Na,0 31
32Fe,0,-48P,0,-10U0,-10Ca0 22
32Fe,0,-48P,0, -10Cs,0-10Na,0 24

Binary iron phosphate glasses are made by melting homogenized batches of compaosition xFe,O5-
(100-x)P,05 (x- 50) for 1.5 to 2 hrs. followed by quenching in air in stedd molds. Ingenerd, therequired
mdting temperatureincreaseswith x. Batchesfor which x > 30 (Fe/P>0.5) can be melted at temperatures
between 950 and 1050EC. Batches containing smdler iron contents must be melted in the 1050 to 1250
ECrange. ICPandyssof sdected glasses suggest that acongderable amount of phosphorusislost during
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melting a low iron concentrations ( x < 20 or Fe/P < 0.25). For example, two batches with x equal to 5
(Fe/P=0.05) and 15 (Fe/P = 0.18) resulted in glasses having Fe/Pratios of 0.25 and 0.31, respectively.
At higher iron contents (30 < x < 50), however, the phosphorus loss during melting, if any, istoo small
to be detected by ICP andysis. As described below, the binary iron phosphate batch compositions
relevant to nuclear waste vitrification belong to the approximate Fe/P ratio range of 0.3 - 0.7, i.e. 23< X
<40 in terms of the compaositiona notation xFe,05-(100-x)P,0s. For the purpose of this report, aniron
phosphate glass of batch composition 40Fe,05-60P,05 (mol%) will be referred to as the base glass.
Glasses in the second and third categories can be made from batches in which the waste/waste
components are added to the base glass composition or from batches in which Fe,O; in the base glass
compositionis partialy replaced by waste/waste components. The maximum waste loading in the glasses
obvioudy depend on the chemical composition of the waste. In the case of iron phosphate glasses
containing only asingle waste component, for example, the gpproximate solubility limitsof NaO, Cs,0,
UO,, and Bi,O5 are 10, 45, 35, and 44 wt %, respectively. Table 2 gives severd examples of batch
compositions for iron phosphate glasses containing one or two waste components.
F. 2. Raw materials[10,12]: Thevast mgority of the samplesinvestigated herein were synthesized using
Fe,O5; and P,O; asthe sources of iron and phosphorus, respectively. However, it must me noted that other
iron and phosphorus containing raw materials can be used without any reservations. For example, Fe;,0,,
which isalow cogt dternativeto Fe,O,, can be used without adversely affecting the redox equilibriaor the
physica and chemica propertiesof thesamples. Similarly, using (NH,)H,PO, or H;PO, as the source of
phosphorus avoids the problems that may crop up due to the hygroscopic nature of P,Os.  Another raw
materid of interest that can provide both iron and phosphorusistheindustriad waste that isbeing generated
during the iron (and zinc) phosphating process for improved corroson protection and paint adhesion to
meta parts (vehicles, office furniture, household appliances, efc). Large quantities of these iron and zinc
phosphating wastes (exact amount is unknown but estimated to be severa thousand tons per year) are
currently being buried in landfills acrossthe US.  Theseiron and zinc phosphating industrid wastes could
be alow cost raw materid providing dl of the iron oxide and phosphate needed for the iron phosphate
wadte vitrification program.
F.3. Chemical Durability [21,25,26]: One of the most important properties a nuclear wasteform must
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have isan excdlent chemica durability. The chemica durability ismeasured in terms of the dissolution rate
(Dg) of the wasteform in a selected liquid. In general, a nuclear wasteform is required to have a net
dissolution rate (@ 90EC in digtilled water) lessthan 107 (log Dg = -7)

Table 3. Batch compositions (Wt%) of glasses containing 35 wt% smulated wastes from three Hanford
tanks.

Component Sample (Tank Designation)®
P(B-110) Q(C-112) R(T-111)

P,0x 46.3 45.2 45.5
Fe,0s 30 30 30
ALO, 0.9 15 0.4
Bi,O, 9.0 - 10.4
Ca0 05 5.6 1.2
La,0, - - 1.8
MO, - - 3.6
NiO - 3.3 -
PbO - 0.4 -
S0, 8.2 1.0 4.0
NaO 5.0 25 2.0
uo, - 10.7 1.2

Table4. Normdized eementa mass rdease from iron phosphate wasteforms and a borosilicate glass as
measured by Product Consistency Test (PCT). Elements for which the mass release was less than 0.1
mg/n?.d, i.e. Al, Bi, La, Fe, Mn, Ni, Pb, and U, are not listed.

Normalized Mass Release (mg/n?.d)

Elemant 35 wt% 35 wt% 35 wt% Base CVsSIs
C-112 T-111 B-110 Glass

B - - - - 242
Ca 1.99 20.91 6.80 - -
Cs - - - - 13
Li - - - - 192
Mo - - - - 300
Na 1791 5.98 26.17 - 178
P 0.59 0.45 0.95 0.36 -

Si 21.59 2.61 6.16 - 57
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Fig. 1. PCT determined normalized elemental mass release from three iron phosphate wasteforms
containing 35 wt% simulated wastes from Hanford tanks C-112, T-111, and B-110. CVS-ISis a

borosilicateglassprovided by PNNL. Only those elementsfor whichthe massreleaseisgreater than

2 mg/n?.d are shown.

Deb (gomPmin)  1.3x10%°  1.0x10%° 1.6x10%° 3

3x10™

@Standard glass of composition 53.350,, 10.5B,03, 11.3Ng,0, 3.7Li,0, 2.4Al,0;, 7.0Fe,05, 3.92r0O,,
1.3 Nd,O,, and 6.6 others (Wt%). Provided by Pacific Northwest National L aboratory.?

PDissolution rate (net weight loss) calculated by summing the individual dementa leach ratesin Table 1.
Note that Dy vaues are givenin g/n?.d for comparison with previoudy published. g/cm?/min.

Table 5. Dissolution rates of sdected iron phosphate glasses caculated from the weight loss of bulk
samples kept for 16 daysin 90EC didtilled water.

Batch Composition Disolution Rate
Sample
(mol%) (g/cn?.min)
5A 40Fe,04-60P,04 2.0x10°
5B 90A-5U0O,-5Na,0 7.7x10°
5C 85A-5U0,-10Na,0 3.1x10°
5D 80A-10UO,-10Na,0  1.1x10°
5E 90A-5Bi,05-5Na,0 7.7x101°
5F 85A-5Bi,0;-10Na,0O  4.4x10°
5G 80A-10Bi,0;-10Na,0O  1.2x1078
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5H  90A-5U0,-5Ca0 6.7x10°
5] 90A-5Cs0-5Na,0  1.2x10°
5K  80A-10Cs0-10NaO  6.6x10°
5L  90A-5Ca0-5Na,0 2.6x10°
5M  80A-10CaO-10NaO  1.7x10°

SN 35 wt% C-112 3.8x10%
50 35wt% T-111 2.8x10%
5P 35 wt% B-110 7.7x10°

The dissolution rates of the iron phosphate glasses and their nuclear wasteformsinvestigated herein arewell
within the DOE requirements and are severa orders of magnitude better than those of most non-iron-
containing phosphate glasses. The Product Consistency Test (PCT, ASTM C-1285-94), which measures
the leach rate of ions from powders in didtilled water, isacommon standardized test used to determinethe
chemica durability of amateria, especialy one being considered for waste vitrification. Figure 1 compares
the PCT results for three iron phosphate wasteforms containing 35 wt% nuclear wastes, see Table 3, to
those of a borogilicate waste glass standard. The measured leach rates are given dso in Table 4. Even
though the iron phosphate glassesin Fig. 1 contains up to ten different cations, the leach rates of only two

or three cations are large enough to be

compared with those for the boroslicate

glass. It is especiadly worth noting that the .o

leach rates of the dominant ionsin the glass, E o i“gg% . R

iron and phosphorus, are too small to be :\Z IZSEwEtL/ A

shown in Fig. 1. The lemertal leach rates & .h

given in Teble 4 correspond to net ol a “A”

dissolution rates [20] in the order of 10%° Foo

g/lcm/min, see last row of Table 4. S
Sample

Table 5 gives the dissolution rates Fig. 2. Dissolutionrates(Dg), indistilled water at 90EC, measured for
five iron phosphate wasteforms containing varying amounts of
simulated wastes or a waste component. Samples A-D are fully
vitrified glasses. Sample Eisapartially vitrified wastef orm mentioned
in sectionsF.6. Datafor samples A and B arefrom PCT tests. Data

to the PCT test, for severd iron phosphate for the other samples are from weight loss experiments. DWPF-EA
' isaborosilicate glass standard provided by SRL.

measured by the weight loss technique, a

smpler and less preci se technique compared

glassesinduding the three glasses mentioned
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inthe previous paragraph. A comparison of — os [ ]

DWPF Rate V7] Alumina |]
TTTTTTTTTTTTTTTTTTTTT T m Chrome [
7 Y zZircon

net dissolution rateslisted in Tables 4 and 5

o
w

for the glasses containing Hanford waste

indicatesthat the weight losstechniqueyields
over estimated dissolution rates. Note that

Corrosion Rate (mm/day)
Q o
= N

even the over edimated dissolution rates

liged in Table 5 are smdler than that

0.0

35wt% 50wt% 30wt%
T-111 C-112 TFB

(107 g/cr?/min). Melt Type
. . . Fig. 3. Corrosion rates (1100-1200EC) of three common refractories
F.4. Waste L oading [22,25]: A highwaste in four different iron phosphate melts. Melt labeled “Base” is a

loading is desirable because it reduces the binary iron phosphate melt of composition 40Fe,0,-60P,0, (Mol %).
Thecomposition of thesimulated waste TFB issimilar totheaverage

waste volume and. therefore. the overall cost composition in tanks at the Tank Farm B at Hanford [ 20].

generdly required of a nuclear wasteform

of wadte vitrification and disposal. At the present time, the borosilicate wasteforms being produced at
DWPF contain about 28 wt% waste. When the wastes contain heavy metds that are poorly solublein a
boroslicate glass or phosphates which can cause phase separétion, the waste loading in a borosilicate
wasteform can be 10 wt% or less. Iron phosphate glasses, on the contrary, can contain in excess of 35 wit%
of such wagtesand gill have an excdlent chemica durability. In the case of wastes containing large amounts
of phosphates such aswaste from tank C112 in Hanford, thewaste loading in afully vitrified iron phosphate
glass can be as high as 50 wt%. In addition, “partidly vitrified” iron phosphate wasteforms containing up
to 70 wt% wastes have also been prepared with an equaly good chemica durability, see sample E in Fg.
2.

F.5. Glass M éelting [20]: Iron phosphate glasses can be melted at temperatures as low as 1000EC in as
littleas 1.5 hrs. In contrast, the borosilicate glasses currently being processed at the DWPF are melted at
1150EC for times > 24 hrs. Thelower mdting temperature and, especidly, the shorter melting timefor iron
phosphate glasses trandate into consderable energy savings and smaller furnaces for the same output. In
addition, shorter mdting times mean that smaller, less expengve, furnaces can be used. Unlike other
phosphate glasses which are melted in platinum lined furnaces because of their corrosveness towards

commonrefractories, preliminary experimentsat UMR show that iron phosphate glasses can be meted using
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commercidly avallable refractory materias such as dumina, mullite, or zircon, see Fig 3.

F.6. Alternative Meting Techniques. Not dl waste sreams may judtify vitrification by continuous
mdting. Epecidly when the waste quantity isreatively smal, an dternative meting processsuch single pass
meting can be more cogt effective. In this technique, a ceramic container (a ceramic tube with one end
closed and the other end sedled) containing the batch is dowly passed through the hot zone of afurnace a
a pre-determined rate. Mdting and quenching of the waste occurs in the container without contaminating
the furnace. Because of the short mdting time and single use, corrosion of the refractoriesis dight and of
little concern. Thelow viscosity (300 to 600 centipoise) isan advantage for such no-flow melting processes
because chemica homogeneity is achieved very quickly. With thistechnique, fully vitrified iron phosphate
wagteforms containing in excess of 40 wt% of smulated waste from tank farm B at Hanford have been
prepared in less than two hrs. It should be noted that the chemically durable ceramic tube (mullite or
auming) provides another chemica barrier protecting the durable glass wasteform inside from chemica
attack.

F.7. Glass Forming/Crystallization

Characteristics[12,13,15,25]: TheDTA curvesfor

Sample A
Base Glass

binary iron phosphate glasses contain an endothermic
trangtionaround 500EC duetotheglasstrangtion and
two exothermic peaks near 650 and 800EC that
correspond to crystalization [12], see Fig. 4. In

DT, Exo

genead, the high temperature exothermic pesk is
suppressed iniron phosphate glasses containing waste
components. The addition of dkai and dkaine earth
oxides leads to sharper crystalization peaks which

c112

indicates less resstance to crystalization when hest

treated at the appropriate temperatures. In contrast, w0 s00 600 700 800
the addition of heavy meta oxides such as UO, Temperature (°C)

increases the crystallization temperature and makes Fig. 4. Differential thermal analysis datafor the base
glass and three other iron phosphate glasseswhich

the g|& more ressant to Crygdhza")n In some contain 35 wt% waste from Hanford tanks B110, C112,
and T111.




uranium-containing iron phosphate glasses, the
DTA curve does not show a crystalization pesk
[22]. None of the waste components/s mulated
wastes investigated herein reduce the glass
trangtion and crystdlization temperatures below
500 and 600EC, respectively, see Fig. 4. Note
that the measured crystdlization temperature is
above the 400EC minimum specified by the
Department of Energy [12,15].

F.8. Redox Equilibria [10,12,13,15,22]:
Knowledge of the redox conditions in nuclear
waste glass mdts is important due to two
reasons. Firg, extreme oxidizing conditions can
promote the formation of foam on the mdt
surface which in turn diminishes the hest transfer
and lowers the melting rates. Second, extreme
reducing conditions can cause the formation of
metdlic phaseswhich can settleto themelter floor
and potentidly cause a short between the
electrodes in an dectric funace.  The
iron(l1)/iron(111) ratio in awaste glass, which can
be accurately determined by Fe-57 Mdssbauer

Transmission

Velocity, mm/sec

Fig. 5. Mossbauer spectrum measured at 295 K for an iron
phosphate glass of batch composition 40Fe,0,-60P,0, (mol%)
melted at 1150EC. The areas under the envelops assigned to
Fe(ll) and Fe(lll) can be used to calculate their relative
occupancy.
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spectroscopy, is used to determine and control Fig.6. Changein Fe(I1) fraction of binary iron phosphate batches

due to melting. The Fe(Il) fraction in the batch was set by using

the genera oxidation dtate of the glass during gither Feo, Fe,0,, Fe,0,, or a combination of them. RO, was

mdting [27], see Fig. 5.

used as the source of phosphorus.

For a given source of phosphorus (P,Os, (NH,)H,PO,, or HPO,) and when mdted in ar at

gpproximately 1150EC using ether FeO, Fe,05, Fe;0, or a combination thereof as the source of iron,

binary iron phosphate melts reach a redox equilibria corresponding to a Fe(ll) fraction,
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Fe(I)/[Fe(I)+Fe(l11)], between 0.2 and 0.35 irrespective of the iron vaence gate in the batch, see Fig.
6[10,12]. The use of (NH,)H,PO,, which is known to act as a reducing agent, usualy leads to Fe(Il)
fractions a the upper end of that range.

Table 6 shows the effect of melting atmosphere on the redox equilibria of the mdts. The amilarity in
the iron vaence of samples 6A, 6B, and 6C, which had the same batch composition but were melted in air,
nitrogen, and oxygen, respectively, suggests that the process by which the redox equilibria is reached is
independent of the oxygen content in the mdting aimosphere. However, the large fraction of Fe(Il) in
samples 6D, 6E, and 6F indicates that the Fe(I1) content in the glass can be increased above that found in
glasses meted in air, oxygen, or nitrogen by mdting in reducing atmospheres such as forming gas (90N,-
10H,, at%).
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Table 6. Batch composition and processing conditions of the glasses studied. Notethat the Fe/P atomic
ratio isthe same (. 0.67) for all compositions listed.

Sample Batch Composition Melting Atmosphere Fe(ll)
(mol%) Fraction

6A 40Fe,0,-60P,0O, Air 0.20

6B Asinsample A Nitrogen 0.22

6C Asinsample A Oxygen 0.21

6D Asinsample A 70%Forming gas* 0.31
30%Air

6E Asinsample A 90%Forming gas- 0.40
10%Air

6F Asinsample A Forming gas 0.48

(Crystdlized)

&Forming gasis amixture of 90N, and 10H, (at%).

0.4

Fe(Il)/[Fe(ll)+Fe(lN)]

©
[EY

0.0

Fig. 7. Iron (1) fractions determined by room temperature Mdssbauer spectroscopy for

the glasses listed in Table 5.

G H J K L M

Sample
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Cryddlizationof sample 6F whose Fe(l1) fraction is 0.48 illustrates the sengitivity of the glassforming ability
of the mdts to the iron vadence [12]. In generd, the mdlts tend to crydalize when quenched in air as
described in the experimenta section if the Fe(ll) fraction is greater than 0.45.

Another factor that affects the redox equilibria of the melts is the melting temperature. The Fe(l1)
fraction in the resulting glass appears to increase linearly with mdting temperature. When melted
in ar, melting temperatures above 1400 EC lead to Fe(11) contents that promote crystalization [15].
From apractical point of view, how the addition of nuclear waste influences the redox equilibriais more
important. As for glasses containing a single waste component [13], UO, or MoO; reduces the Fe(ll)
fractionin the glass, as compared to the base glass, whereasNag,0, Cs,0, SrO, and Bi,O, causethe Fe(l1)
toincrease. Inthe case of samples containing both reducing and oxidizing waste components[25] thelatter
appears to prevail. It is important to note that none of the waste components or smulated wastes we
investigated cause the Fe(I1) fractionto reach alevd that affects the glass forming ability of the melts, see
Fig7.
F.9. Atomic structure[9,17,19,21,22,24]: Knowledge of the atomic structure of a nuclear waste glass
isessentid to understanding the origin of itspropertiescrucid to nuclear waste vitrification and for predicting
itslong term stability. Prior to discussng the structure of iron phosphate glasses, it is necessary to review
the atomic structure of more common phosphate glasses. P,Os glasses are made of (PO,)3 tetrahedra

which are linked via-P-O-P- bonds, see Fig. 8(a). Thethreeoxygensina (PO,)3tetrahedron bonded via

P, 0 glass S P, 0 slass containing calinns
-0 jacs Ut
i R
/ -0=—p—Q=—pP—O0—P—O0—
F | | |
Ternumal § Ky gea
(i (Dawble Band-d) Na - NNow-
i R e
NN -0—pP—O0—P—0—P—0—
/P\ Eradging iy gen | I I
—0 o 0 o o

Fig. 8. lllustrations of the atomic structure of (a). a P,Os glass and (b). an dkali/akaline earth
phosphate glass.
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-P-O-P- links are called bridging oxygens (BOs). The one oxygen double bonded to the phosphorus is
cdled atermind oxygen. The -P-O-P- links are known to hydrate easily. As aresult, P,Os glasses, in
which 75% of the oxygens are bridging, are hygroscopic and dissolve readily under moist conditions.

Additionof cationsresult in the partial depolymerization of the network forming -P-O-M- (M / cétion)
type links at the expense of easily hydrated -P-O-P- bonds. Consequently, the chemica durability of
phosphate glasses containing cations is severa orders of magnitude better than that of a P,O; glass. The
oxygen ionstaking part in -P-O-M- bonds, and sometimes the termind (-P=0) oxygens, are referred to
as non-bridging oxygens (NBOs). In generd, a cation may occupy one of two types of Stesin a glass
structure. lonssuch asNa' and Ca?* occupy “ network modifying” positions between the -P-O- chains, see
Fig 8(b). Other cations such as AF* or Bi** , however, may occupy “network forming” positions by
substituting for a phosphorusion in a-P-O-P- chain.

The atomic structure of a glass lacks the long range order present inacrystaline materid. For thisreason,
acomplete picture of the atomic structure of aglass can be put together only by independently investigating
various structura units that combine to form the glass network. In the case of iron phosphate glasses and
their wasteforms, the different structurd fegtures investigated were the following.

1. Thedructurd roleof ironions. The environment around iron ions were studied usng Mdssbauer and x-
ray absorption spectroscopies.

2. The -P-O- network: Whether the -P-O- network is formed by isolated monomers (PO, ), isolated
dimersP,0,*, longer P,0,,., ™2, or acombination thereof was investigated using Raman spectroscopy.
3. The dructurd role of oxygen: The nature of oxygen bonding, whether as bridging, non-bridging, or a
combination thereof was investigated using x-ray photoel ectron spectroscopy.

4. The dructurd role of waste ions: The environment around waste ions such as U* and Cs' was
investigated using x-ray absorption spectroscopy .

5. Short and intermediate range order in the glasses were investigated using high energy x-ray and neutron
scattering.

The Fe-57 Méssbauer hyperfine parameters, isomer shift and quadrupole plitting, depend mostly on
the near neighbor coordination environment around iron ions [28]. Based on published [17,22] hyperfine
parameters of crystaline materid's, we conclude that the average coordination of ironionsiniron phosphate
glasses is closer to octahedra than to tetrahedrd. A redidtic interpretation of this conclusion is that the
mgority of iron ions are octahedrally coordinated while the rest are tetrahedraly coordinated. Figure 9



shows that the hyperfine parameters, whose
approximateuncatanty is+0.05mns arequiteindgpendant
of the type (and the concentration as other data has
shown, see references 13, 22, and 25] of the waste
components. We conclude that the addition of waste
components does not affect the loca environment
around iron ionsto an extent which can be detected by
M Gssbauer spectroscopy.

The Fe K-edge X -ray-absorption spectrum measured
for sample A shown in Fig. 10 is typicd of those
messured for other samples. Information about the
coordination environment of iron ionswas obtained by
fitting the raw Fe K-edge EXAFS data. As seenin
Table 7, EXAFSfitsyield three iron-oxygen distances
[19,22]. The average iron-oxygen coordination for
interatomic distances 0k, o<2.4A isin the 5to 5.5
range. Notethat this average coordination number isin
agreement with that obtained from Mdssbauer
gpectroscopy. lronionsareaso coordinated with 4 to
6 phosphorusions at an gpproximate iron-phosphorus
disance of 3.3 A. Detailed andlysis show that
goproximately 60% of the iron ions are
octahedrally/distorted-octahedrallly  coordinated
whereas the other iron ions are tetrahedrdly
coordinated. Iron-phosphorus coordination observed
a ca. 3.3 A is due to the (PO,)® polyhedra which
surround iron ions. The low iron-iron coordination

numbers suggest that the FeO,, polyhedra are far
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Fig. 9. Room temperature M dssbauer parameters for the
base iron phosphate glass and several others containing
10mol % of awaste component. Notethat thevariationin
agiven parameter iswell withinthe error of measurement.
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Fig.10.IronK-edgeX-ray absorptiongpectrumforthebeseglass In
additiontotheextendedx-ray absomtionfinesruduredt thisgpecrum the
pre-edge (inset) feature also gives structural information [11].

removed from each other. Detailed analyss of EXAFS data show that the environment around ironionsin

glasses containing waste/waste components is quite Ssmilar to that in the base glass.
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Table7. Avaragesrudurd parametarsobtained by fitting the k and kS weighted EXARStHafar sardesC, E, and G.<N\>isthe
number o naghbor gomsineech . TheararinRis+001 D for thefirg Fe O shdl and+ 002 D farthedhar coodreiond dlls

The error in <N> is+ 20%.

Base Glass Sample 7A® Sample 7B? Sample 7C?
el <N> R(D) <N> R(D) <N> R(D) <N> R(D)
Fe-O, 3.47 1.90 2.81 1.87 3.6 1.93 3.36 19
Fe-O,, 0.91 21 1.88 1.97 1.85 2.04 14 2.06
Fe-O, 0.61 231 0.58 2.22 0.47 2.33 0.48 2.3
Fe-Fe 0.22 3.22 0.35 3.20 0.15 3.2 0.15 3.21
Fe-P, 3 3.17 2.7 3.16 2 3.17 2.6 3.18
Fe-R, 3 343 31 3.45 191 3.44 1.33 3.45

aBatch compositions (mol%): 7A: 25Fe,0,-60P,0.-15U0,, 7B: 28Fe,0,-42P,0,-30Cs,0,

7C: Base glass composition + (10UO, and 10Na,0)

The O1s spectraof iron phosphate glasses are best
fit with two-Voigt pesks, see Fig. 11. As described
elsawhere [17], the peak at the lower binding energy is
assigned to non-bridging oxygens (NBOs) and the other
peak is assigned to the bridging oxygens (BOs). Table 8
gives the BO fractions [BO/(BO+NBO)] and the energy
separation between the two Voigt pesks for sdlected
samples. Notethat the mgority, roughly about threefourths,
of the oxygens in the base glass are non-bridging. The
relativdy low BO fraction suggests that -P-O-P- bonds are
not amgor feature in the atomic structure of these glasses.
Even though a smdl fraction of the NBOs are termind
oxygens, the vast mgjority are bonded via -Fe-O-P- links.

As compared to the base glass, glasses containing waste

Base+
10Cs 0 & 10Na, 0
20% BO

NBOs

Intensity

25Fe O;60P,0-10U0, ¢
20% BO

Base Glass
23% BO

530 532 534 536 538 540

Binding Energy (eV)

components have smaller BO fractions. In generd, the g 11, X PS spectra of three iron phosphate

addition of akaine cations appear to havethemost effect on glasses showi ng p?a"s assigned to bridging
(BO) and non-bridging (NBO) oxygens.



the BO fraction.
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Table8. Thefraction of bridging oxygens (BOs) and the separation between the V oigt peaks representing
the bridging and non-bridging oxygens (NBOs) in five iron phosphate glasses as determined using X-ray

photoel ectron spectroscopy.
Batch Composition BO Fraction (+ 5%) AE (eV)
Base Glass (BG) 0.23 1.7
25Fe,0,-60P,0.-15U0, 0.20 1.6
20Fe,0,-60P,0.-20Bi,0, 0.20 1.4
28Fe,0,-42P,0,-30Cs,0 0.17 15
BG +(10Cs,O and 10N&,0) 0.21 14
Fgure 12 shows the Raman spectra
measured on some of the samples. The Raman o '(P;OI7)L ﬁflfﬂ——“'* o
gpectrum of the base glass is characteridtic of a (PO’ '
35wt% T-111 Waste ‘ \1

structure dominated by dimer (P,O;)* units
[22,25]. Quite likely, aconsderablefraction of
the oxygens responsible for the BO contribution
to the XPS spectrais due to the dimer (P,0,)*
groups. The addition of waste components
result in only smdl changes in the Raman
gpectra. As seen in Fig. 12, the band at
approximately 750 cnt assigned to dimer units
and the band at 950 cn1?* assigned to (PO,)3
monomer units are dightly larger in the spectra
for glasses containing waste components as
compared to the spectrum of the base glass.
Total correlation functions, T(r), obtained
from neutron and high energy X-ray scattering

Intensity

BG + 10Cs,0+10Na

2)

BG+10Na O

30Fe,0,-60P,0.-10UO

2

Base Glass
40Fe_ O -60P.O
2 3 2 5

200 400 600 800 1000 1200
Raman Shift(cm™)

Fig. 12. The mgor features of Raman spectra of iron

data for several UO, containing samples are phosphate glasses of varying compositions are quite

samilar.
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Fig. 13. Total correlation functions obtained from neutron (left) and high energy X-ray (right) scatterin

data for several iron phosphate glasses containing UO,.

shown in Fig. 13[21,24]. Peaksat approximately 1.5, 1.9, 2.4, and 3.3 A areassigned to P-O, Fe-O, O-
O, and Fe-P pairs, respectively. The addition of UO, results in two new peaks, most apparent in the T(r)
plot for X-ray scattering data, at 2.3 and 3.7 A. Based on the interatomic distances observed in uranium
phosphates such as U,P,0,, the pesk at 2.3 A can be attributed to U-O pairs. The pesk at 3.7 A ismost
likely dueto U-P and/or U-Fe pairs.  Note that the peak postions of T(r) plots do not depend, within
errors of measurement, on the sample composition indicating that the near neighbor interatomic distances
are not appreciably atered by the addition of UO,. Based on the 3.7 A distance observed for U-Pand/or
U-Fe pairs, we concludethat theuraniumionsare Situated outs de the second coordination shell of ironand
phosphorus ions.

Based on the Structura features described above, the Structure of iron phosphate glasses can be
thought of asisolated Fe(I1)-O, and Fe(l11)-O,, polyhedralinked viaa-P-O- network dominated by P,O,*
units. The waste d ements appear to occupy interstitia atomic voidswithout appreciably disturbing the -Fe-
O-P- network. Thisinsengtivity of the -Fe-O-P- network to the addition of a nuclear waste ions may be
the reason for the gpparent immunity of chemica properties such asthe chemica durability to the additiond
waste components [22].
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Anin depth analysis of the crystdline structure of
Fey(P,O,), hdps explan some of the observed
sructurd festures in these iron phosphate glasses.
Fe;(P,0,), cyddlizes from the base glass when
appropriately heat treated [29]. Even though the
structure of the base glass need not be identical to that of
Fe;(P,05),, it isreasonable to expect genera smilarities

between the crystdl and glass Structures. Fe(1l) ionsin

cyddline Fey(P,0,), aein trigond prism coordination
with its Six near neighbor oxygens. Each of the six-fold 9. 14. A compuiter generated modl of a uranium
coordinated Fe(Il) ions is sandwiched between two i(‘;?egne)d{asgiaé’;"(itfdsértgog‘g;ﬂ:;g‘(‘;ﬁtrﬁ)@a
Fe(l11) ions in digtorted octahedrd (Fe(ll1) ion is off

center) coordination with oxygen ions. The (Fe;0;,)™° dusters consisting of the Fe(I1) trigona prism and
the two Fe(l11) octahedra are connected via pyrophosphate groups, i.e., (P,O,)*. Only aminority, 14%,
of the oxygens take part in a-P-O-P- bond. Other oxygen atoms are bonded via -Fe-O-P- links.

The average oxygen packing, determined by the average volume per oxygen atom, in Fe;(P,05),
is one of the lowest among comparable phosphates[24]. A smdl packing fraction generdly isindicative of
loosdly packed structure having a consderable volume of empty space among atoms. A careful analyss
of the Fe;(P,0;), crystd structure showsthet it contains interdtitial voids large enough to accomodate ions
aslargeas U™ and Cs', see Fig 14. Thedensity of thebaseglassandits crystaline counterpart aresimiilar,
~3.1 glom?, which suggest that similar voids may aso exist in the glass structure.  Such voids in glass
gtructure can explain why the Fe-O-P network in glasses containing waste components is milar to that in
the base glass. Asthe glassis quenched from the mdlt, the Fe-O-P network may formwith voidsthat can

be occupied by waste ions such as U**.

G. SUMMARY OF RESULTS

In collaboration with scientists from Argonne, Lawrence Berkeley, Lawrence Livermore, and
Pacific Northwest National Laboratories, and the Westinghouse Savannah River and Naval
Research laboratories, our extengve investigation of iron phosphate glasses and their nuclear wasteforms
has identified the following advantages of using iron phosphate glasses as an dternative host matrix for
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vitrifying avariety of nuclear wadtes.

1 High Chemical durability: Thechemica durability of iron phosphate vitrified wasteformsis comparable
to, and in many instances, better than that of most comparable borosilicate glass based

wasteforms. Product Consstency Tests (PCT) show that the quantity of ionsleached from iron phosphate
wadeformsis aslittle as one tenth of the quantity leached from borosilicate wasteforms. In addition, iron
phosphate wasteforms will inherently buffer any agueous solution which they come into contact with,
thereby, dowing down the corrosion process. On the contrary, the alkdi ionsreleased from the corrosion
of boroslicate glass waste forms causes a rgpid increase in the pH of the agueous solution, thereby,
accelerating the corrosion process

! Higher wasteloading or smaller waste volume: Considerable amounts, up to 50 wt% in certain cases,
of smulated wastes have been vitrified in iron phosphate glasses compared to the roughly 28 wt% now
being vitrified in borodlicate glasses a the Defense Waste Processing Facility (DWPF) at Savannah River.
When the wagte contains large amounts of components such as phosphates and heavy metd oxides like,
Bi,O3, UO,, ZrO,, thewaste loading in iron phosphate wasteforms can be up to three times higher then
that for boroglicate glasses. Equaly durable, “partidly vitrified” iron phosphate wasteforms containing up
to 70 wt% of amulated wastes containing large amounts of Al,O; and ZrO,, (cacine waste at 1daho Falls)
have aso been prepared..

! Lower meting temperaturesand shorter meter times: Iron phosphate glasses can be melted at 950-
1100EC compared to the 1150EC for the borosilicate glasses now being melted at the DWPF. Because
of thar high fluidity and rgoid homogenization, melting times are only 1 to 2 hrs. compared to 24 hrs. or
morefor boroslicate glasses. Theresidencetime of the boroslicate met inthe DWPF mdt istypicaly more
than 48 hrs. Lower mdting temperatures and shorter meting times lead to less expensive and safer melting
processes and mean that smaller furnaces can be used for the same given output.

! Higher density reduceswaste volume: The density of iron phosphate wasteforms, typically 3.2 g/on?,
is gpproximately 25% higher than that of borosilicate wasteforms. Consequently, the volume of an iron
phosphate wasteform of a given weight will be about 25% smadler than that for a borosilicate-based
wagteform. When combined with their previoudy mentioned higher waste loading, glassy iron phosphate
wasteforms could have a volume that is up to 70% smdler than that of a comparable boroslicate
wasteforms.

¥ Accommodating (flexible) atomic structure and redox equilibria: Theiron phosphate glasses have
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anatomic structure that easily accommodatesions of Li‘;’;sphate S,ﬁizte
widdly different sze and charge. Radio nuclides § 50 | — | i
such as Cs", Sr** and U* ions occupy interstitial % \:vozsdtiig ]
aomic voidsin theiron phosphate host glasswithout ; 25 ‘ Fe-P lsm%‘:
adversely modifying the atomic gructure or the : B-S ]
physica and chemica properties. Extremereducing g L Wasteform Weight I
or oxidizing conditions in melts can cause problems & AL Additives ]
in the meters.  Irrespective of the darting E’ , _ Waste - B-S ]
composition, iron phosphate mdtswhen mdtedinair . W
reach a redox equilibria corresponding to a 0

2 — Wasteform Volume om?
Fe(I)/Fe(l) ratio of 0.15t0 0.5. e |
' Utilization of industrial phosphating wastes 5 1| |
Recent results suggest that the current industrial - s o6m’ S
waste being produced from the iron and zinc 0
phosphating trestment of meta surfaces (for ’ _ cost |
corrosion protection and paint adhesion) can be a 2’ 1L : i
low cost raw materid for vitrifying nuclear wastesin ° . :
an iron phosphate glass. Large amounts, estimated 0 e

& > 3000 tonsiyr., of these iron and zinc Fg. 15. A comparison of iron phosphate (Fe-P) and

phosphating wastes are currently being buriedinland  borosilicate (B-S) wasteforms containing one metric
ton of waste from Hanford tank C-112 (see Table 1).

fiills, but this could be eliminated by using themasa A maximum phosphate solubility of 2 wit% in
f P.O d i ide in d . borosilicate glasses is assumed. The waste volumesis
source ot 7,05 and Iron oxide I gl 10N ¢l ated based on densities of 2.8 and 3.2 g/lcm? for

phosphate wasteforms. borosilicate and iron phosphate glasses, respectively.
The cost of vitrification is assumed to be $1M/?.

|. RELEVANCE AND IMPACT

It is a known fact that some of the nation’s nuclear wastes are not well suited for vitrifying in
borosilicate glasses. Specia procedures designed to successfully vitrify such problematic wastes in
borosilicate glasses can add billions of dollarsto the DOE’ s cost of cleaning up the former nuclear wegpons
production facilities. The iron phosphate glasses developed at the University of Missouri-Rolla appear to
be an excdlent dternative host matrix for vitrifying many of the nuclear wastes that contain components
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poorly suited for borosilicate glasses. The use of dternative host matrices such asiron phosphate glasses
for selected wastes may potentialy save the DOE a considerable amount of money, see Fig. 15.

It must be noted that a typical phosphate glass might be considered an unlikely candidate for
vitrifying nuclear waste because these low melting glasses usudly have an unacceptably poor chemica
durability. Based on our knowledge of the properties of phosphate glasses at the time, these glasseswere
excluded severd decades ago from the pool of potential host glasses considered for the US vitrification
program.

On agloba scae however, condderable amounts of high level nuclear waste have been vitrified in
phosphate glasses. An dkali-alumino-phosphate glass has been used in the Russian nuclear waste disposd
program for decades [30,31]. Unlike the US, which started large scae vitrification within the past ten
years, the Russans have been vitrifying nuclear waste in dumino-phosphate glasses for much longer. The
chemicd durability of the Russan aumino-phosphate glassesisinferior to that of the boroslicate glassbeing
used in the US, but the Russians have clearly demongtrated that phosphate glasses can be successfully
melted on a scale needed for wagte vitrification. In the period 1987 to 1995, more than 1800 metric tons
of high level wasteformswas processed a “Mayak” facility in South Ura using asodium aumino phosphate
glass[31].

It is extremely important for the reader to understand that the iron phosphate glasses developed at
UMR areunlike other types of phosphate glasseswith the possible exception of the chemicaly durablelead
ironphosphate (LIP) glasses developed [7,8] at the Oak Ridge National Laboratory (ORNL). Compared
to LIP glasses, however, the iron phosphate host matrices can accommodate larger quantities of nuclear
wastes. Thechemicd durability and other important properties of theiron phosphate glasses arefar superior
to those of dl other known phosphate glasses including the alumino-phosphate glasses used in Russa In
many respects (chemical durability, maximum waste |oading, and low melting temperature), iron phosphate
glasses appear to be asgood asor even better than borosilicate glassesfor vitrifying certain nuclear wastes.

|. PROJECT PRODUCTIVITY

It isapleasureto note that we met dl of the objectives stated in the proposal submitted in response
to RPF 96-10. In addition, weinvestigated severa other factors regarding iron phosphate glasses such as
thar effect on commercid refractories. Successful collaborationswith several nationd |aboratoriesresulted
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in an unexpectedly large quantity of data and, as a result, anon-funded extension was secured to complete

the dataandysis.
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L. INTERACTIONS

Collaborations. The following productive collaborations were established and remain active.

Pacific Northwest National Laboratory [8,24] : Drs. Bruce Bunker (now at Sandia) and Lou Bamer
provided information for dudge compostions in various tank farms, especidly for wastes considered
good candidates for iron phosphate glasses. 1ron phosphate glasses were provided to Dr. Bill Weber
for radiation damage studies. Dr. Pavel Hrma provided useful data for boroslicate glasses.

Westinghouse Savannah River Company [15]: Dr. William G. Ramsey provided information for dudge
compostions and evauated iron phogphate glasses which contained uranium and plutonium.
Undergraduate and graduate students from UMR worked part time at the Savannah River Laboratory
with Drs. Carol Jantzen, William Miller, and others.

Lawrence Berkeley National Laboratory (LBNL) [7,9,12,18,20,23]: Drs. David Shuh, N. M. Edelgein,
and Corwin Booth of the Actinide Chemistry Division provided experimenta and theoretica support for
x-ray absorption (EXAFSXANES) studies conducted at the Stanford Synchrotron Radiation
Laboratory (SSRL). Personnd from UMR visited both SSRL and LBNL to conduct experiments and
to betrained in data andysis.

Lawrence Livermore National Laboratory (LLNL) [7,9,12,18,20,23]: Dr. Pat Allen provided
experimenta and theoretical support for x-ray absorption (EXAFSXANES) studies.

Argonne National Laboratory (ANL) [12,19,20,22]: Drs. Marie-Louise Saboungi and Y aspal Badya
provided experimenta and theoretical support for neutron scattering studies conducted at the Intense
Pulsed Neutron Source (IPNS). Dr. Dean Heaffner provided accessto theAdvanced Photon Source
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(APS) for high energy x-ray scattering studies and Dr. Marcos Grimsditch provided experimental and
theoretical support for Raman spectra studies. Personnel from UMR visted ANL to conduct
experiments and to be trained in data analysis

Naval Research Laboratory (NRL)[10]: Dr. David Grisscom conducted Electron Spin Resonance spectral
and Gas Evolved Mass Spectroscopy studies on iron phosphate glasses provided by UMR.

Ruder Boskovic Institute, Zagreb, Croatia[13,17]: Dr. AndreaMogus-Milankovic measured RamarvIR
gpectraand AC/DC conductivity of iron phosphate glasses we provided.

Presentations: The results of this EMSP project were presented a numerous nationa and international

conferences such asthe meetings of the American Ceramics Society, American Physica Society, University

Conference on Glass Science, and at the EM SP workshops in Chicago and Atlanta.

M. FUTURE WORK

All of our exigting knowledge of iron phosphate glasses and their wasteformsindicates that they can
be a highly effective and low cogt dternative to boroslicate glasses, especidly for those wasteswhich are
contain componentsthat are poorly solublein or chemically incompatiblewith boroslicate glasses. However,
the high priority wastesthat arelikely to cause problemsin borosilicate melts need to be better identified and
property data needs to be acquired for iron phosphate wasteforms made from these wastes. In addition,
we currently lack the scientific and technical knowledge base that is needed to design and condtruct the
furnaces needed for melting iron phosphate glasses on a production scae. The logical next sep isto 1).
work closaly with personne at Hanford, Savannah River, and I1daho Sites to identify and characterize the
high priority problematic waste feeds, 2). research and develop optimized melting and processing methods
for vitrifying the problematic wastes in iron phosphate glasses, and 3). investigate the structure-property
relationships of the vitrified iron phosphate wasteforms containing the problematic wastes.
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