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Objectives

Naural and synthetic zeolites are extremdy versatile materids. They can adsorb a variety
of liquids and gasses, and take part in cation exchange reactions. Zeolites are relatively easy to
gynthesize from a wide range of naturd and matrmade materids. One such combination is a
mixture of metakaolinite and concentrated sodium hydroxide solution.! Once mixed and cured at
elevated temperatures, these ingredients react to form a hard, dense, ceramic-like materid that
contains ggnificant amounts of cryddline tectoslicates (zeolites and fedspathoids) imbedded in
an X-ray amorphous sodium auminoslicate hydrate matrix. This rather unique composte
materid has been termed a "hydroceramic.” The crystdline phases in the hydroceramic have the
ability to sequester dkdi, dkadine eath and a variety of higher vaance cetions in latice
positions or within networks of channds and voids. The matrix plays hogt to the cryddlites and
to resdud amounts of insoluble hydroxide phases. Due to its gd-like character, the matrix adso
provides considerable strength A previous publicatior? has established the fact that a mixture of
a cdcined equivdent ICPP waste (sodium duminaehydroxide solution containing ~3:1 NaAl)
and fly ash and/or metakaolinite could be cured a various temperatures to produce a monalith
containing Zeolite A (80°C) or NaPl plus hydroxysoddite (130°C) dispersed in the akdi
aduminoglicate hydrate matrix. Dissolution tests (PCT type) have shown these materids have
superior retention of akdi, dkaline earth and heavy metd ions.

The zeolitization process is a Smple one. Metekaolinte is mixed with a calcined sodium-
bearing waste and enough water to make a thick paste. The paste is transferred to a metal canister
and “soaked” for a few hours a 90°C prior to conventional oven heating or steam autoclaving at

-200°C for varying periods of time. Hydroceramics could wel be a viable dterndive for
fixation of low activity sodium-bearing waste (SBW) calcines. The objective of the current study
is to adgpt this technology for use on ste remediation and clean up of caudic waste solutions
now in sorage in tanks a Hanford and Savannah River. The proposed work is meant to develop
a cleaer underdanding of the advantages and limitations of producing a zeolite-containing
hydroceramic from treated low activity SBW, i.e. the effect of processng variables, reaction
kinetics, crystal and phase chemistry, and microstructure on the performance of the waste form.

Completed Work

During the tenure of our current EMSP grant, it has been possble to provide proof of
concept that a hydroceramic waste form is a perfect contingency waste form, worthy of further
development activities. Work in progress suggests that further research and development are
needed in the area of cacinaion, formulaions and scale-up in order to control mobile eements,
and to insure viability of the technology in the red world. Details of the experiments completed
during the first three years of this grant are given below.

Cdcindion Aids
During the firg year of the grant, work focused on the evauation of various darting
materids. More than 25 duminoglicates of all kinds were mixed with enough 12M NaOH

! palomo, A., M.T. Blanco-Varela, M.L. Granizo, F. Puertas, T. Vazquez and M.W. Grutzeck, “Chemical Stability of
Cementitious Materials Based on Metakaolin,” WM’ 98 Proceedings March 1-5, 1998, Tucson, AZ, WM Symposia,
Inc., Tucson (1998).; Palomo, A., M.W. Grutzeck and M.T. Blanco, “Alkali Activated Fly-Ashes: A Cement for the
Future,” Cem. Concr. Res. 29, 1323-1330 (1999).

2 Grutzeck, M.W. and Siemer, D.D., “Zeolites Synthesized from Class F Ay Ash and Sodium Aluminate Slurry,” J.
Amer. Ceram. Soc. 80, 2449-53 (1997).



solution (containing a smdl amount of CsCl) to make a thick dough-like paste. After precuring
the pastes a 90°C and 200°C in a steam autoclave, the samples were tested using a 1-day PCT
test. At one day ~90% of the mobile ions (in this case sodium ions) are dready in solution.
Conductivity was used to screen the samples. Those combinations that leached the least amount
of dkdi ions were sdected for further study. Experiments indicated that a cacined kaolinite clay
(Troy clay mined in Troy ID) was the best candidate for making the hydroceramic. This
paticular "metakaolinite’ contained some quartz, but the hydroceramic made with it ill had the
best overdl mechanical properties and acceptably low sodium and cesum leachability. Finer and
purer types of metakaolinite such as the ones sold by the Engelhard Corporation reacted too
quickly. Leachability tended to be better (lower conductivity) but reactions went to completion
without the development of the needed interlocking of hydrated phases that leads to the
deveopment of drength. Additions of findy ground quartz in the form of MIN-U-SIL improved
dgrength of the Engdhard product. Mixing Troy and Engehard metakaolinite together aso
resulted in a stronger hydroceramic, but in al cases the leachability of the samples was dightly
higher (more sodium ion was lost) than that obtained usng pure Engehard metekaolinite. There
is an gpparent trade off between ability to sequester akdi ions and strength development. An
impure metakaolinite such as that mined in Troy ID that contains traces of quartz and feldspar,
peforms better than a very pure, dmost resgent grade materid. It seems that many such
kaolinites should be available. Additiond work is needed to identify these sources and determine
thelr suitability to act as raw materids.

Wagte Smulations

Year 2 was spent developing suitable SBW smulants, developing a method to cacine the
wade smulants, and evaduating the conductivity of PCT leachates for hydroceramics made with
Troy clay metakaolinite. Full chemicd analyses were collected for sdected samples. Two waste
gmulants (Csfree Smulant 1 and Cscontaining Simulant 2) made a Penn State were based
upon the chemidry of the supernate in Tank 44 at Savannah River (Table I, Column 2). The
compoasitions given in Columns 3 and 4 of this table (Smulants 1 and 2) are based on the recipes
givenin Tablell.

Table . Compaosition of Tank 44 SBW* and PSU Developed Simulants (molarity)

Species Tank 44 Waste Smulant 1 Smulant 2
Na 15 14.7 14.7
K 0.16 - -
AlO, 0.38 04 0.4
OH 11.8 114 114
NOs 1.13 1.12 1.12
NO- 1.52 1.38 1.38
Cl 0.024 - -

F 0.013 - -
PO, 0.012 - -
SO, 0.0042 - -
COs 0.20 - -

Cs 0.00012 (°14mC/ml) | - 0.02
Hg 132 ppm - -

Cr 450 ppm - -




* Jantzen, personal communication.

Tank 44 wade is aypicd; it is unusudly high in sodium hydroxide. Sodium <dts of
duminum, glica, nitrate and nitrite are only minor components of this wade. This waste would
be problemdtic if it was to be vitrified, but, on the other hand, it is perfectly suited for making
hydroceramics. In fact, because of its unusudly high sodium concentration, no additiond NaOH
was needed to make a hydroceramic. Troy metakaolinite was mixed with cacined smulants and
just enough DI water to make a thick paste. After precuring a 90°C overnight the hardened
sample was autoclaved for a few days to fully develop its zedlite-like nature. Encouraged by the
results obtained usng Smulants 1 and 2 to make a series of exploratory hydroceramics, a third
smulant was developed during Year 3 (Table IlI). Smulant 3 represents the "average supernae’
composition for SBW now in storage in Hanford tanks”.

TableI1. Recipes Used to Smulate SRL's Tank 44 Waste (wt. in grams)

Compound Smulant 1 Smulant 2
NaCOs3 2.65 2.65
NaNO, 11.9 11.9
NaNO3 11.9 11.9
NaAlO, 4.04 4.04
NaOH 57 57
CsNOs Nil 0.583
H,O 125 125
Table 1. Chemicas used to make 1 Liter of Hanford Smulant (wt. in grams).
Compound Smulant 3
NaOH 82.682
AI(NO3)3¢9H,0 133.500
NaNO; 36.911
NaCOs3 36.205
NaNOs3 8.5812
NaHPO, 27.787
KCI 1.8323
NaCl 2.508
NaB4O7°10H,0 0.110
NaSO4 3.894
Ni (NOg)z'GHzO 0.312
Ca(NO3)2+4H,0 0.442
Mg(NOz),¢6H,0 0.034
Making Cdcines

Cdcination drives off nitrate, nitrite and carbonate, dl of which are detrimentd to the
zeolitization process. These anions are among the most mobile and account for the inherent

*Composition of Simulant 3 isbased on arecipein Brough, A.R., A. Katz, T. Bakharev, G-K. Sun, R.J. Kirkpatrick,
L.J. Strubleand J.F. Y oung, “Microstructural Aspects of Zeolite Formationin Alkali Activated Cements Containing
High Levels of Fly Ash”, in Microstructure of Cement-Based Systems/Bonding and Interfaces in Cementitious
Materials, Mat. Res. Soc. Symp. Proc. Vol. 370, pp. 199-208, Materials Research Soc., Pittsburgh (1995).




leachability of cement based waste forms such as Sdtsone. The efficency of the cdcination
process depends upon the reducing agent and temperature used. In order to convert the sodium
bearing waste into oxides, one would normaly have to cdcine the liquid waste a ~500°C or
higher in order to drive off the NaNOs. The process is reatively sraight forward, but without
something to react with, the newly formed sodium oxide combines with carbon dioxide present
in the ar to form sodium carbonate. To prevent carbonation, cacination would have to take
place a ~1000°C. Unfortunatdly this tends to increese the particle sze and cryddlinity of the
product making it harder to use in subsequent reections. It essentially becomes "dead burnt” and
loses a ggnificant amount of its reectivity. A series of tests were conducted in which varying
amounts of sucrose was added to the liquid smulants prior to cacination. Testing suggested thet
an 8:1 ratio of wagte to sucrose and 525°C was more or less optima - carbon was burnt off and
nitrates/nitrites were decomposed but reectivity was retaned. Sucrose is an  inexpensive
hydrocarbon. It dissolves in the SBW and during cacination helps to catadyze the decomposition
process. The mixture is well suited for use in a spray caciner. However, carbonation becomes
even more of an issue. A means of avoiding carbonation was developed as follows. It was
hypothesized that the newly formed NaO was reactive and if it had something to combine with
other than COy, it might just do so. Therefore, Smulant 1 and 2 were combined with additiond
dumina and/or dlica sources, i.e. cdcination ads before being cdcined. Adding the materids
liged beow to the liquid smulants tended to turn them into thick pastes. Cdcining them would
now require a rotary kiln, but the cacination process woud ill work. A tota of sx Cacines
were produced from each smulant. Their compositions are as follows:

Calcinel) 20 g raw waste liquid (control sample)

Calcine 2) 20 g raw wagte liquid + 2.5 g sucrose (control sample)

Calcine 3) 20 g raw waste liquid + 2.5 g sucrose + 11.9 g boehmite

Calcine4) 20graw wasteliquid + 2.5 g sucrose + 11.9 g 5um SO2 (MIN-U-SIL)
Calcine5) 20 graw wagteliquid + 2.5 g sucrose + 11.9 g metakaolinite

Calcine 6) 20 graw waste liquid + 2.2 g duminum powder

Cdcine 1 and 2 were made from the liquid smulants. Enough solid materid was added to
Calcines 35 to convert the liquid SBW into thick pastes. Calcine 6 was tested because it offered
an dternate to thermd cacination. Smulants 1 and 2 contained ~7 mol/L of sodium hydroxide
(NaOH). If findy divided duminum metd is added to a highly caudic solution a room
temperature (N0 sucrose, no additives) the nitrates/nitrites present can be reduced producing
anmonia gas. The additiond duminum content of the wade is actudly beneficd dnce
auminum ion is needed to produce zeolites and SBW normaly does not contain much
auminum.

Cacines 1 through 5 were dried at 90°C for 24 hours (to remove most of the water) and
then cdcined at 525°C for 18 hours. The addition of dumina and/or dlica to Cacines 35 gave
the sodium oxide something other than CO, to react with; rudimentary auminoslicate phases
tended to form ingead of NgCOs. In addition, Cacine 6 was “cold de-nitrated” by adding
auminum powder to the caudic rich solution containing nitrate/nitrite sdts. After the reaction
was complete, Cacine 6 was dried at 90°C for 24 hours.

Each of the 6 cacines for both smulants was ground to pass a 150-micron Seve. The
portion retained on 74-micron Seve was used for the conductivity test. One gram of each cdcine
was placed in 10 ml DI water & 90°C for 24 hours. Sodium is normaly the most mobile dement;



thus conductivity tests were used to rank hydroceramic performance in terms of amount sodium
leached. Solutions were filtered through 0.45-micron syringe filters and tested usng a 1 cc YSI
probe and conductivity meter. Conductivity vaues for Cadcines 1-6 made with Smulant 1 are
given in Figure 1. Representative anadyses of the trested waste Cdcines are given in Table IV.
Nitrate/nitrite concentrations in leachates (made by boiling) Cdcine powders in NaOH solution
were determined usng IC andlyss. Sodium and duminum concentretions were determined by
fusng the Cddnes with lithium metaborate and then dissolving them in HCl solution followed
by ICPAES andlyss It is notable that the therma cdcination process has essentidly converted
al of the nitrate/nitrite in the raw solution into oxides and carbonates as the sucrose is burnt off.
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Figure 1. Leach test results of Calcines 1 through 6 derived from Smulant 1.

Table V. Representative Chemica Analyses of Waste Calcines formulated usng Smulant 1.

W1.% present | #1 raw #2 sucrose | #3with #4 with #5 with #6 cold -Al
solutionno | only sucrose+ | sucrose+ | sucrose+ | powder
cacination boehmite 5 mu quartz | metakaolinite)

NOs (I1C) 4.5 <0.1 <0.1 <0.1 <0.1 1.5

NO, (IC) 4.8 0.45 0.13 <0.05 0.08 2.3

CO3 0.83 43 9 15.3 8.0 ~0.4

Na (ICPAES) 254 41 274 22.5 20.0 35.6

Al (ICPAES) 0.8 1.7 30.2 0.64 12.1 14.4

Carbonate is higher than one might want in the cacines due to the carbonation of the
newly formed sodium oxide. This cannot be helped, but one does get less carbonate when other
substances are added to the raw waste/sucrose mixture during the calcination process (eg.



Cdcines 3-5). There is an indication that resduad sodium nitrate/nitrite and/or sodium auminate
is contributing to the high conductivities noted for Cdcines 1-3 and 6. In those samples
containing metekaolinite and dlica, conductivities are lower presumably due to the formetion of
tectodlicates during the cacinaion process. Cdcine 6 contained dgnificantly more nitrate/nitrite
due in pat to the fact that more than the listed stoichiometric amount of duminum is needed to
complete the process. This particular Cdcine was included in order to illudrate the feashility of
usng chemicd cdcindion as an dternate means of achieving Imilar ends without the cost of
having to condruct a rotay or shaft kiln. All cddnes have vaiade sodium and aduminum
concentrations due to the denitration/carbonation and change in bulk compostion due to the
cacination aids. Based upon the data in Table IV, it was decided to focus on the metakaolinite-
containing Cdcine 5, because it contained the smalest amount of carbonate. Using this as a
guide, it was decided to cdcine Smulant 3 (Hanford smulant) in the same way (i.e. with sucrose
and metakaolinite a 525°C). Prdiminary results showed that the hydroceramics made with
Hanford Cacines performed very much like their Savannah River counterparts.

If DOE were to choose hydroceramics as a waste form, DOE would be forced to pretreat
ther SBW. Although the advantages of such pretreetment may not be intuitively obvious, the
disadvantages certainly are. Firs, DOE would be required to build/refurbish a cacination fadility
a Savannah River and Hanford. This would be codly, but less so than a vitrification facility.
Second, calcination of nitrate waste mixed with sucrose could be explosve. This second issue is
an emotiona one, which, as pointed out in the next paragraph, is not aproblem at dl.

The recipe given earlier for Cdcine 5 contains (by weight) 58% SBW, 7% sucrose and
35% metakaolinite. This formulation was chosen based on the premise that the duminoglicate
content of the metakaolinite would be adequate to provide roughly one duminum ion for each
sodium ion in the SBW and adso enough slica to begin to assemble tectoslicate networks in the
resulting cacine. Once the liquid SBW is mixed with the liged cdcindion ads the product
becomes thick, amost dough-like in conggency. If this mixture were to be fed into a rotary kiln
the temperature would rise dowly as the mixture moves through the kiln. The reduction of the
nitrate/nitrite would teke place gradudly and the heat given off by the process would ad the
thermd efficiency of the process. There are no uncontrolled reactions. The cacines produced at
Penn State were batch fired in a muffle furnace. No problems were observed at any time.

Advantages of pretreatment are numerous. First, SBW compositions vary from tank to
tank. An anadyss is necessty. Tank 44 has enough sodium and needs little augmentation to
make a successful hydroceramic. However, the average Hanford wadte is rdativey low in
sodium. In this ingance wastewater from dudge washing operations could be used to increase
the sodium content. In other words, waste streams could be blended to optimize the composition
of the SBW being cdcined. This a tremendous advantage in as much as the formulation being
cacined on a day to day bass would not have to change; feed stock could be maintained a
certain compositions making the process easier to QA. The cacination process is an integral part
of the proposed technology. Work is needed to optimize the heat treatment and additive regimen
in order to reduce leachability of Cs, Sr, Tc and Np, agoa of our ongoing work.

Making Hydroceramics

A hydroceramic wagte form is made from a given cdcine (eg. Cadcine 5 made from
Smulant 1) by mixing it with additiond metekaolinite and water (NaOH solution can be used if
cdcine is low in NgO). The sdection of metakaolinite rather than a Class F fly ash, which dso
works, was made based upon the fact that metakaolinite has a more consstent composition and



as such is easer to QA. The mixing produces a thick dough-like materid that can be kneaded
until it is homogeneous. The consgtency of the mixture is such that it could be extruded into 55-
gdlon drums. Once in a container, the mixture can be precured a 90°C for 24 hours and then
heated/autoclaved at 90°- 200°C for various periods of time. Hydroceramics are unique waste
forms. They are drong, vitreous in gppearance, and have low leachabilities They have a
tectoslicate network dructure sSmilar to glass except that their dructure is less random;
hydroceramics contain rudimentary zeolite and fedspathoid precursors. Due to the dructurd
"trgoping’ of dkdi and dkdine earth ions in duminoglicate cavities in these dructures, sodium
tends to remain in place rather than leach out of the structure. It is there to baance the charge
mismatch that occurs when a dlicon aom is replaced by an duminum atom in a four coordinated
dlicate ste. When compared to the performance of a glass waste form such as DOE's benchmark
EA Glass, hydroceramics perform as well as the glass in terms of ther ability to contain sodium,
but the loss mechanism is different. In a glass, the surface Smply dissolves. Sodium comes off
fird, the surface becomes hydroxylated and soon dissolution becomes diffuson controlled.
Hydroceramics are zeolitic and the sodium that is logt is logt as a result of cation exchange. The
solubility of tectodlicates is much lower than glass. The dructure does not dissolve rather
gructurd sodium is replaced by smdler more highly charged cations present in solution. Cation
exchange is a built in protective mechanism. Given a flooded repository scenario, the waste form
would tend to give up sodium as it adsorbed cesum, srontium and heavy metd ions from the
surrounding solution presumably preventing their movement out of the repository environment.

In order to make a hydroceramic, cacine must be mixed with metakaolinite and water.
The effect of adding metakaolinite to the 6 Cdcines described above was studied by making
hydroceramics from both Smulants 1 and 2 as per Table V recipes and then measuring ther
leachability. Variables included the amount of metakeolinte added as wel as other ingredients
(vermiculite and additiond NaOH). 70 and 80 wt% of metakaolinite was added to each of the
cacines' and enough water was added to make a stiff past. This resulted in 12 samples for both
Smulats 1 and 2. The mixes were placed in Par bombs a 90°C for a period of 24 hours
followed by 18-24 hours of autoclaving at 115°C. Once cool, samples were tested usng a one-
day PCT test as described earlier. Rankings were based on conductivity. In addition, a second-
generdion hydroceramic was made usng some of INEEL's cdcines and a smdl amount of
vermiculite to further control cesum leachability.

Table V. Recipesfor PSU and Second Generation Siemer Hydroceramics

Ingredient (grams) Penn State' s Hydroceramic Siemer’ s Hydroceramic
Cdcine Percentage 20 % 30 % 33%

Cdcne 59 59 59

Metakadlinite 209 11679 9.15¢

Vermiculite -- -- 0.85¢

37.5% NaOH solution | -- -- 1.09¢

H.O Suffidentto... | Sufficientto... | Sufficientto...

* These are not waste | oadings because the amount of waste in each calcine is dependent upon how much

aluminosilicate, aluminaor silicawas added prior to calcination. Waste |oadings are ~7 and 10 wt%.




Reaults of Leach Testing of Hydroceramics

PCT leach data for the 6 Hydroceramics made from Simulant 1 Cdcines 1-6 are givenin
Figure 2. Whereas all Figure 1 Calcines were reativey soluble, adding additional metakadlinite
to the cdcines during the hydroceramic making process reduced their solubilities For example,
Cdcine 5 hed the lowest conductivity of dl the Cdcines in Figure 1. Note too that autoclaving
Cdcine 5 with extra metakaolinite (Fig. 2) provided more than a 50% reduction in leachability.
Cdcineb had a conductivity of ~13 mSlcm and its equivdent hydroceramic had a conductivity n
the range of 3 -6 mScm In fact al hydroceramics performed better than ther respective
cacines. It is dso notable that the hydroceramic made with the cold cacined SBW performed
rlativdy wdl when mixed with meeakaolinite If these ae acceptable leach leves a
hydroceramic could be produced without hot calcination; no calciner would be needed.
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Figure 2. Leach results of hydroceramics made with 20-wt% and 30-wt% Calcine 1-6 derived
from Smulant 1 mixed with 70 wt% or 80 wt% extra metakaolinite. Samples were precured at
90°C and then autoclaved cured for 24 hours at 115°C

Cdcines made with Smulant 2 (containing Cs) were aso combined with metakaolinite as
described above. The conductivity of the leachates was somewhat higher, especidly a 30wt%
waste loading, presumably due to the presence of the highly mobile cesum. See Figure 3. PSU's
20 and 30 wit% hydroceramics perform well, but Siemer's 33wt% sample containing vermiculite
and extra NaOH performed dggnificantly better. This is related to the fact tha Semer's
compostion was different than PSU's. Semer used exiging insolublelow sodium INEL cdcine
and mixed it with concentrated NaOH solution and vermiculite, to tie up cesum. Semer had aso
found that adding finey ground vermiculite and extra caudtic to the same series of hydroceramic
waste forms was beneficia (see recipes in Table V). The extra caudic helps to dissolve the
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oxides while the vermiculite sequesters the cesum. Data is included solely as an example of how
hydroceramic performance can be improved by smal additions of specidized materids.

Having demondrated the long term leachability of hydroceramics made with Smulants 1
and 2 based on Savannah River SBW, work then focused an the evauation of a third smulant,
this one representing the average compostion of SBW in storage at Hanford. After undergoing a

20

PCT_Data with Cesium
T — T T T T 7 T T T T T T T T T

B psu20% waste + cs
] psu 0% waste + cs

15

I:I Siemer (33% Waste) —

10

Conductivity (mS/cm)

Sucrose Sucrose + Sucrose + Sucrose + Cold Calcine

Boehmite Minusil Metakaolin

Figure 3. Comparison of leach data for 6 Cacines made from Simulant 2 (containing cesum).
Columns 1 and 2 show the effect of waste loading. Column 3 charts the performance of Siemer's
hydroceramic.

amilar procedure for cdcinaion and curing (90°C precure and 115°C autoclaving), the Hanford
hydroceramics were also subjected to a 1-day PCT leach. The Hanford hydroceramics had
unexpectedly lower leachabilities than their Tank 44 counterparts discussed earlier. See Figure 4.
Leachabilities are about an order of magnitude less than Hydroceramics made with Smulants 1
and 2.
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Figure 4. Leach test results of Hydroceramics made with 60% Hanford Cacine 5 and 40% Troy
metakaolinite cured at 115° C after precuring for 24 hours a 90° C. Duplicates have little scetter.
Effect of Temperature and Metakaolinite Source on Performance of Hydroceramic

Up to this point, al data were obtained from hydroceramics cured a 115°C. In as much
as there were suggestions that curing a 90°C could provide smilar leach characteridtics, a series
of hydroceramics were cured a 90°C. Furthermore, the effect of metakaolinite source was tested
by making the samples with both Troy and Engdhard metakaolinite. Metakaolinites were mixed
with Smulants 1-3 and water and alowed to cure a 90°C for varying periods of time. Leach
data are given in Fgure 5. It is noteble that the Engehard product gave sgnificantly better
numbers than the Troy metakaolinite. The Engdhard materid is made from very pure kaolinite
from Georgia, whereas artists use Troy clay mined in ldaho to make pottery. The laiter clay
contains quartz and feldspar whereas the Engelhard materid does not. Normaly the Engehard
hydroceramic lacks strength, a drawback if waste forms must have a minimum strength.
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Figure 5. Modified PCT leach data for a series of hydroceramic waste forms created from 60%
Hanford calcine and 40% Troy clay or Engelhard metakaolinite and cured a 90° C for various
times. It is notable that the leachabilities obtained with longer curing begin to gpproach those
achieved at 115°C reported in earlier figures.

X-ray Diffraction Results

The 12 hydroceramic wadte forms depicted in Figures 2 and 3 were andyzed usng a
Scintag X-ray diffractometer. Patterns are given in Figures 6 and 7. The hydroceramics made
with Cdcine 1 and 2 contain small amounts of nitrate and carbonate. All samples contain quartz.
Samples made with Cdcines 3-5 contain traces of andcime and hydroxysoddite, which may
account for ther lower leachabilities. The pattern for a hydroceramic made with Hanford
Simulant 3 (60wt%) and 40wt% metakaolinite and cured for 7 days a 90°C is given in Fgure 8.
Hydroxysoddite pesks dominate the pattern. It is concluded that phase development is
reasonably independent of curing temperature. As a result, it now seems possble that adl mixing
and curing could take place at temperatures below the boailing point of water. Curing could be in
a seded canigter in a warm insulated room kept at 90°C. Time is not a factor. Actua curing prior
to movement and storage could amount to tens of years. By this time, phase development will be
complete and any bendfit gained from autodaving has logt itsinitid significance.
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Figure 6. X-ray diffraction patterns for 20 wt% Cdcines 1-6 mixed with 80 wt% Troy clay
metakaolinite and water. Samples were pre-cured a 90°C for 24 hours and then autoclaved at
r an additiond 24 hours.

B Sodium Nitrate

A A AA A & Sodium Carbonate
v v BO - - Quartz
Hydroxysodalite
Vishnevite
Metakaolinite

o>

o

Intensity

10 20 30 40 50 60
Angle (29)

Figure 7. X-ray diffraction patterns for 30 wt% Cdcines 1-6 mixed with 70 wt% Troy clay

metakaolinite and water. Samples were pre-cured a 90°C for 24 hours and then autoclaved at

115°C for an additional 24 hours.
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Figure 8. X-ray diffraction patterns for 60 wt% Hanford cdcine (Smulant 3) prepared using
Hydroceramic method 5 (metakaolinite was added as a cdcination aid) mixed with 40 wt%
metakaolinite and water. Sample was cured at 90°C for 7 days.

SEM Resaults

Micrographs were obtained for each of the hydroceramics. Microstructure was normaly
rather indiginct. The hydroceramic containing the raw cacine had a massve habit with jus a
hint of a built-up plate-like gructure. Hydroceramic 5, the hydroceramic with the lowest
leachability that was formulated with Troy clay metakeolinite, had the best development of
microdructure. It contained spherical festures suggesting the normd  morphology  of
andcime/hydroxysodalite, which could well be precursor structures. See Figure 9a. Morphology
is composed of rounded particles that could be precursor structures for hydroxysodaite detected
in the X-ray diffraction patterns. Figure 9b represents the microstructure of a hydroceramic made
from Hanford Cdcine 5 and Engdhard metakaolinite. In addition to the regular rounded shapes
of hydroxysoddlite, the microstructure is aso decidedly plate-like.

T o,

@ (b)
Figure 9a and b. View (&) represents a SEM micrograph of Hydroceramic 5 made with Smulant
5 (cdcined with sucrose and metakaolinite) that was then mixed with 70 wt% metakaolinite and
water, precured a 90°C and then autoclaved at 115°C. In contrast, View (b) represents the
dructure of a Hanford Hydroceramic made with 60 wt% Cdcine 5 and 40 wt% Engehard
metakaolinite and cured for 8 days at 90°C. The microstructure is Sgnificantly more "platy".
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Compressive Strength Tests

Compressve drength tests were conducted on wael-cured hydroceramics as illustrated
bedow (Fig. 10). The graph exhibits the admirably high compressve drengths for hydroceramics
made with Troy metakaolinite. Duplicate samples made with Engdhard metakaolinite did not
deveop drength. DOE dipulates that radioactive waste forms must possess a compressive
strength of at least 60-ps. Clearly Troy metakaolinite based hydroceramics fulfill that criterion.
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Figure 10. Comparison of aspect raio (length to diameter ratio of cylindrica pelets) with
compressve drengths of hydroceramics made from 60% Smulant 1(Cdcine 5) and 40%
additiona Troy clay metakaolinite samples cured a 115° C for 7 days.

Optimum Waste Loading

Optimum waste loading was determined by carrying out a study wherein hydroceramics
were formulated containing increesngly larger amount of Cdcine 5 made from Smulant 1. The
samples were cured a 90° and 115°C for 1 day after which they were ground to pass a 45 nm
seve and subjected to a one day PCT test. The data are given in Figure 11. As suggested earlier,
the leachability of the autoclave cured sample (115°C) is lower th
goproximately 1/3 that of the 90°C sample. Interestingly enough there is a digtinct "bresk point”
for the curves a 70wt% Cdcine 5 added, which occurs at about the same place for each curing
temperature. The curve rises rapidly after reaching 70wt% as samples approach 100% Calcine 5.
Also, soddite (the target composition for hydroceramics) has a chemicad composition that places
it cdose to the 70 wt% Cdcine 5 point dong a line joining the compostion of Cacine 5 and
metekaolinite in the phase diagram for the sysem N&O-Al,O3-SO,. Note however that the
cacine dready contains some metakaolinte, so the actuad waste loading is more like 30wt% solid
SBW. To er on the dde of caution, a maximum waste loading of 60wt% extra metakadlinite is
recommended.
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Figure 11. Effect of temperature on leachabilities of hydroceramics prepared with different
proportions of Simulant 1 derived Calcine 5 and extra metakaolinite, and cured for 1 day at 90°C
or 115°C.

Effect of Time, Temperature and added NaOH on Leachability

A find set of experiments in this series was underteken to establish curing criteria A st
of tydroceramics based on Cdcine 5 made from each of the three Smulants studied were mixed
with 40wt% alditiond metakaolinite and precured at 90°C for 1 day and then cured as a function
of time for an additiond 28 days. See Figure 12. The hydroceramics were cured a 115°C
(Curves 1, 2, 3, 4, 6, 7) and 90°C (Curve 5) for various amounts of time. Curve 1 tracks Smulant
1 Hydroceramic made with 2M NaOH rather than DI water (Curve 2). Curve 3 tracks Simulant 2
made with water while Curve 3 represents Smulant 2 made with 2M NaOH. Curve 4 represents
the behavior of Smulant 2 made with water while Curve 5 represents Smulant 3 made with
water. Findly Curve 6 tracks the performance of Smulant 3 made with 2M NaOH and Curve 7
Smulant 3 made with water. The data indicate the following. It was observed that at each of the
time periods when samples were taken to conduct the required PCT test, those samples made
with 2M NaOH were harder than those made with de-ionized water. Samples made with Hanford
cadcine and water would crumble upon moderate pressure in the pam of the hand. However, the
sample made with Hanford calcine and NaOH could only be broken with a hammer. However, as
can be seen from the leach dudies, the samples with extra NaOH adso gave rise to higher
conductivities, owing to increased sodium leaching out of the hydroceramics. It is concluded that
adding extra NaOH is not necessary. It does little in terms of leachability but gives additiond
drength. However gtrength is dready adequate without extra caudtic. A second observetion is
that conductivities drop with time. Companion X-ray diffraction patterns for these samples show
them to gradudly devdop more crystdlinity with time. The zedlites that form without NaOH
tend to be NaP1 and hydroxysodalite. Sometimes andcime adso forms. When NaOH is added
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Zeolite A tends to form instead of NaP1l. The Hanford hydroceramics tend to contain cancrinite
as well as NaP1. Adding NaOH to these samples promotes the growth of Zeolite A. It is the
development of the crygdlinity and the corresponding larger crydalite sze tha is presumed to
lead to the lower leach rates with longer curing. Curve 5 represents a Hanford Hydroceramic left
to cure at 90°C rather than 115°C. The fact that it has nearly the same behavior as its companion
samples (6 and 7) confirms earlier data suggesting the possbility that Hydroceramics could be
cured in a 90°C controlled dorage facility for a dightly longer time but have the same
peformance as a hydrothermdly cured counterpart. This is sgnificant. It makes it unnecessary
for the DOE to build an autoclave facility (at least it is now optiona). This would make the
process safer and more cost efficient in as much as grouting facilities that now exist could be
modified to process hydroceramics.
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Figure 12. Leach curves of hydroceramics obtained from 60-wt% Cdcine 5 derived from the
three amulants and 40-wt% of 45-micron Troy metakaolinite cured at 115°C (curves 1, 2, 3, 4,
6, 7) or 90°C (curve 5) for various times. Curve 1. Smulant 1 with 2M NaOH; Curve 2
Smulant 1 with water; Curve 3: Smulant 2 with 2M NaOH; Curve 4: Smulant 2 with water;
Curve 5. Smulant 3 with water; Curve 6: Smulant 3 with 2MNaOH; Curve 7: Smulant 3 with
water.

Conclusions
Cdcines as wdl as hydroceramics made with Troy metakaolinite tended to outperform al

other duminoglicate additives. Hydroceramics have a ceramic dructure and contain  zeolitic
phases such as hydroxysodalite and NaP1. This makes them accommodate sodium within their
dructure with rdaively little additiona processng. They have low leachability and compare
favorably with treditiond glass waste forms. The ovedl low cos and low temperature
processng enhance the potentia utility of hydroceramics in providing a viable contingency
wadte form for the disposa of sodium bearing wastes. Significant findings are listed below:

Hydroceramics made with waste cdcines and metakaolinite tended to out perform other

wadte form dternatives. Hydroceramics have low leachability and compare favorably with

traditiona glass waste forms.
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Sugar cdandion of high-sodium wagtes without a “cdcination ad’ contaning duminum
and/or dliconis of questionable benefit.

At least 75% of the sodium required to produce soddites and cancrinites in the zeolitization
phase should be present in the form of oxides, duminates, or slicates.

Cdcining the sodium bearing waste is a wel-suited method to remove most of the sodium
nitrate and nitrite, besides acids and organics thus making the waste more amenable to zeolite
encagpsulation. In practice, cdcination involves the use of a smple rotary kiln or congruction
of acacination facility such asthe one used by INEEL to cacineits waste.

The effect of temperature on the curing process of hydroceramics is such that with increase
in temperature, more zeolites are noticed in the microstructure. However, consdering the fact
that the hydroceramics will remain in underground repositories essentialy forever, a lower
temperature of 90°C may be chosen for cost and safety reasons.

Results suggest that leachabilities of hydroceramics cured at different temperatures tend to
converge upon prolonged curing.

The addition of extra water into the curing vessd during the curing process does not seem to
have any perceivable benefit. In fact, leaching of ions could occur into the water vapor when
extra water is present in the autoclave. Hence, no extra water should be introduced during the
autoclaving process.

Engdhard and other high purity clays show good leachabilities but poor srengths It is
therefore necessary to choose a metakaolinite such as Troy metekaolinite, which may possess
some quartz, but neverthdess displays respectable leach effectiveness. Using a blend of clays
is one method of counteracting the low drength of hydroceramics caused by one of the
condituent clays. However, the addition of a slica source like findy ground quartz sand or
MIN-U-SIL shows more promise. Whereas with the presence of even very low proportions
of Engdhard cday the drength characteristics of the resulting blended-clay hydroceramic are
ggnificantly compromised, with slica addition instead, more crystdline phases are observed,
accompanied by a sgnificant increase in hydroceramic strength.

The PCT conducted on the DOE's benchmark borodlicate glass indicated a sgnificantly
higher leechability than the best hydroceramic waste forms sudied. Although comparing
DOE's EA glass with a hydroceramic violates the spirit of PCT protocol; tests show that
hydroceramics could be suitable contingency waste forms.

There is little or no change when a hydroceramic is subjected to DOE's vapor hydration test.
This is due to the fact that the hydroceramic waste form is dready in equilibrium with
saturated steam. Glass of course, is not a equilibrium with seam and tends to form ungtable
secondary hydration products during the test. As a waste form, zeolitic hydroceramics make
a ggnificantly better choice than the DOE's current boroslicate glass dternative for SBW.
The former dready condst of the zeolitic “secondary phases’ tha glasses will eventudly
decompose to when they come in contact with the geology of the Nevada Test Site, which
has been determined to be the find resting place for the nation’ s nuclear wastes.

Experiments have shown that with longer and longer curing times a low temperaures, the
leach characteristics of the hydroceramics agpproach those made a higher temperatures. This
points to one more advantage. Since the waste form will remain for a sgnificant period of
time in temporary dorage areas on dte, there is a potentid to cure the hydroceramic
monoliths a rdativdy low temperatures during this waiting period, and ill be able to
achieve desired waste-form characteristics before going “on-road”.
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The highest temperature that is required to produce the contingency waste form seems to be
approximately 500°C for waste cacination. All curing theresfter requires a temperature that
is an order of magnitude less than that needed for vitrification (1200°C — 1600°C).

The radioactive intendties of DOE's defense wastes are too low to cause damage to
cementitious materids (such as hydroceramics), and sufficiently high to promote
hydrotherma curing reactions in an insulated interim storage system. [9]

In a drive to achieve volume reduction, vitrification appears to have immediate benefits, in
that it reduces the quantity of HLW that needs to be ultimately disposed of. However, it aso
crestes a LLW fraction that is much larger than the origind waste burden itsdf. (It is
edimated that the amount of “new” nitric oxide done will be of the order of 20,000 tons.
(Personal communication, Siemer and Grutzeck, April 2000). This LLW is proposed to be
left on-gte with only a cursory trestment [5]. With the use of hydroceramics, the entire waste
volume — without any separation — can be suitably accommodated in one monolithic waste
foom. Thus a reduction in the totd waste volume will be conveniently achieved in this
manner.

Summary and Future Directions

Both Savannah River and Hanford SBW waste can be solidified as a hydroceramic waste
form. To date there is subgtantid evidence that zeolitization is a very viable option that can be
the bads of a contingency plan for the Hanford and Savannah River dtes should it be found that
the separation of cesum and srontium from SBW can not be done in a cost effective fashion.
The jury is 4ill out on this issue & Savannah River. The current process has apparently been shut
down due to the generation of hydrogen gas during the separation process. Alternate methods
aso seem to be problematic and dl tend to ncrease the amount of liquid wadte that is involved.
Congdering the low activity of the waste after 50 years of torage and the fact that cesum and
grontium are well accommodated by zeolites in the hydroceramics, it seems that the exigting
waste should be cdcined as outlined, mixed with additiond metakaolinite and water and cured at
90°C for 6 months or so. At that point it will be road ready and can be shipped to Yucca
Mountain. Because of the easy availability of keolinite clay and the Straightforward processing
required to convert kaolinite to metakaolinite, quaity control is easy to maintain. The overdl low
cost and low temperature processng enhance the potentid utility of hydroceramics in providing
an dternate meansfor the disposal of sodium bearing wastes.

In toto, hydroceramics have acceptably low leachabilities (measured using the PCT and
MCC-1 methods) and adequate drength (Semer e d., 1998; Krishnamurthy, 2000).
Hydroceramics are pefectly suited for low activity SBW dreams that contan high leves of
sodium. Rather than being detrimental, as is the case for vitrification, the high sodium content
actualy increases the ease of producing a hydroceramic waste form. Rather than diluting the
waste, one can use the sodium in the wadte to its full advantage. During calcination, it should
aso be posshble to reduce the valance states of Tc and Np so that they are more amenable to
encgpaulation as cations rather than their current anionic date. This can be done chemicdly
(adding smdl amounts of various sulfides) or by control of oxygen fugacitiesin the calciner.

At this point, we are planning to continue to look a the performance of Hydroceramics
made usng metakaolinite as a cdcinaion ad and dating materid. We have funding for another
3 years during which time we plan to make 55 gdlon drum szed samples a 90°C and then
characterize them as a function of distance to the center line by taking a series of cross sections
through the barrdls a various points. It is dso proposed to look a the viability of removing
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carbonate from a SBW tha has been cacined at 525°C with sucrose. The cacine contains
soluble sodium sdts one of which is sodium carbonate. If the cacine is dissolved and lime is
added the carbonate as well as heavy metd hydroxides will precipitate as cadcium carbonate.
This can be accommodated in traditional cement-based waste forms with no trouble. The soluble
portions of the waste should be NaOH and some residud nitrate and nitrite, CSOH and SrO. This
solution could be concentrated and used as a darting material for making hydroceramics without
adding the metakeolinte as a cdcination ad. This would smplify the cacinaion process in as
much as it could be done in existing or newly constructed spray caciners.
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Appendix One

INTRODUCTION

1.1 Background

Radioactive nuclear wastes have been a mgor concern in this country for the last
few decades. These wastes differ from other types of hazardous wastes in that they present a
higher biologicd hazard, have a much higher level of perdstence in the environment, and
require greater care in handling and disposal. The regpid weaponization of the U.S. defense
forces toward the beginning of the Cold War was fuded by the production of nuclear
devices a three magor locations. These were - Idaho Nationd Enginegring and
Environmental Laboratory (INEEL), Idaho Fals, Idaho; Hanford, Washington; and
Savahnah River Plant (SRP), Aiken, South Carolina. Over the years, these three locations
produced many millions of tonnes of radioactive nuclear waste. The waste is located in-Stu
at these Sites.

This wagte was initidly in the form of an acidic solution of heavy metd nitraies The
proposed plan for their disposa included transfer into carbon-sted storage tanks. In order to
prevent corrodon that would inevitably result with the introduction of these highly acidic
wades into the tanks the wastes were neutralized usng an excess of sodium hydroxide
olution. Insoluble oxides and hydroxides of fud cladding materids (duminum, iron,
chromium, zirconium, nickel, etc) and added process resgents (aluminum, iron, etc.) dong
with some radionuclides settled a the bottom, forming a thick dudge. The supernate
condsted of a thick and very akaine sodium hydroxide broth conssting of sodium sats and
radionuclides.

There is a pressang need for efficient dispostion and disposa of these wastes. The
National Academy of Sciences in its report in 1994 made clear the distinction between the
two terms [24]. “Dispodtion” denotes active management, ether on the surface or
underground, whereas “disposd” denotes an end to the need for active management, such as
when a geologicad repostory is closed and seded. With both techniques, demondrated
irrevershility of actions in generd, and rerievability of wastes in paticular, ae highly
desirable because of public reluctance to accept irreversible actions.

Among those dternatives to geological disposd that have received the most
condderdtion are disposd in the sesbed, partitioning and transmutation of long-lived
isotopes, and continued surface storage [24]. Emplacement of radioactive waste benegth the
ocean or polar ice is presently prohibited by internationd tregties. Digposd in pace is not
expected to be a practicable, safe technology. Partitioning and Transmutation can reduce the
amount of actinides and long-lived fisson products, but its actud efficiency in practice is
unknown, and inevitably, some radioactive waste will reman, which will require
management in a geological repostory or in surfece faclities The surface dorage of
radioactive waste is appreciably less safe than deep geologica disposd, especialy for long-
lived radionuclides with hdf-lives of hundreds of years. Current interim storage practices
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are intended for periods of about 50 to 100 years only [24]. Therefore, space consderation
will eventudly negate this option.

The Naiond Resarch Council’'s Committee on Dispodtion of High-Leve
Radioactive Waste Through Geologica Isolation in its report this year concluded that after
four decades of dudy, geologicd digposd remans the only scientificdly and technicdly
credible long-term solution avalable to meet the need for safety without reliance on active
management [24].

1.2 Department of Energy’s Defense Wastes

Since 1950, the Savannah River Plant produced nuclear materias (mainly plutonium
and tritium isotopes) for defense purposes on a 300 square mile Ste a Aiken, South
Carolina [29]. For three decades, E. I. du Pont de Nemours & Co. operated the plant for the
Depatment of Energy. The plant has thus far produced about 100 million gdlons of nuclear
wastes. This huge repository of radioactive waste that is stored in 48 underground tanks on
gte has been the focus of many corporate and government initiatives. The compostions of
the wastes in these tanks have been aggregated in [29]. The waste Sudge — about 14,000 n?
of it — has aradioactive heat generation of the order of 60 W/n. [5], [9]

Cesium is one radionuclide present in most radioactive nuclear waste tanks. At SRS,
the totd 3'Cs activity is estimated a 95x10° Ci. Therefore, cesum was the radionuclide of
concern in experiments that are described in Chapter 3. *'Cs is a strong gamma-emitting
radionuclide with a hdf-life of 30.04 years, during which it decays to form stable, norn+
radioactive 13'Ba The radioactivity of *3'Cs makesit harmful to living tissues. [7]

Approximately 53 million gdlons of radioactive reprocessing waste is stored in 177
underground tanks, including 149 older dngle-shel tanks a the Hanford Ste in
Washington State. This waste originated from the production of plutonium for the U.S
defense program and has been accumulating snce 1944. Sxty seven of the sngle-shdl
tanks are known to have lesked an egtimated 1 million gdlons of wagte to the surrounding
soil [8]. The radioactive heat generation in the 46,000 nT of Hanford dudges is about 7
Winm’ [9], [9].

Both a SRL and a Hanford, as will be described in the next section, vitrification
remains the wage digposd dternative. At SRL, the high-levd wese fraction will be
vitrified and digposed off-dte; the low-level waste fraction is to be grouted as sdtcrete and
buried on dte. At Hanford, the current protocol is vitrification of both the high- and low-
level fractions (Persond Communication: Semer & Krishnamurthy, November 2001).

At INEEL, the decison-makers took a different route of waste trestment. INEEL
chose to cdcine its reprocessng wade ingead of neutrdizing it with sodium hydroxide. Till
date, approximately 90% of its liquid waste has been calcined to form powder and is stored
in bin sets (Persond Communication: Semer & Krishnamurthy, November 2001). The Ste
has approximately 4200 nt of cdcines condsing primaily of cddum fluoride, cacium
oxide, duming, zrconia, and un-decomposed sodium nitrate. They generate an average of
about 40 W/m® of radioactive heat and their long-lived transuranic eement content is about
3000 nCi/g [10]. A “Settlement Agreement” was signed in October 1995 by representatives
from the State of Idaho and the Federd Government regarding Site clean up at INEEL. Key
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provisons indude completion of cdcination of dl liquid wastes by 2012 and to render al
HLW *“road-ready” by 2035 [5]. In 1997, INEEL formdly reected sugar cacination as
being too dangerous a trestment process and in late 1998, they suggested the separation of
137Cs, neutrdization of the waste, and subsequent sdltcrete-type grouting as a substitute for
cacination. [Personal communication. Siemer and Grutzeck, April 2000]

1.3 Vitrification

Vitrification was one of many treatment options, but it was chosen by the DOE
because it was generdly viewed as one of the essest technologies to implement. The
technology was wel demonsrated, and it could accommodate a variety of waste
compaositions [11]. Thus, vitrification became the preferred means of digposa for Sodium
Bearing Waste (SBW).

As mentioned in Section 1.1, the waste conssted of a thick dudge that settled to the
bottom of the storage tanks, and a supernate that remained at the top of these tanks. In view
of the thrust for vitrification as the sole disposd means for defense wastes, the DOE
continues to peform the waste-glassmaking process a SRL [29]. The supernate is
extracted, evaporated repestedly and the concentrate from the evaporator is cooled till the
sts cyddlize out and only a wet sdt cake results. So there exists a sat of tanks that
contain the st cake beow a farly smal amount of supernate. However, some tanks have
not been processed in this manner yet and so, some underground tanks ill have a bottom
layer of dudge and subgtantid amount of supernate overlying it. Thus he tank waste at SRL
and at Hanford isnow in three forms:

a) Sudge
b) Supernate
c) Sdtcake

Currently a SRS, about 10% of the waste by volume is in the form of dudge that
contains most of the actinides (i.e, uranium and transuranic eements) and *°Sr. This
accounts for hdf of the total radioactivity in the tanks. The supernate contains about 95% of
the cesum in the tank waste, as well as some actinides [29].

The dudge is to be removed from the tanks and washed with dilute (~1IM NaOH)
solution to remove auminum and soluble sdts, both of which can interfere with the glass
making process. The washed dudge is to be incorporated in glass. The sdt cake is to be re-
dissolved, mixed with the supernate and removed from the tanks, reacted with monosodium
titarete to remove actinides and *°Sr; *’Cs is to be removed in an as-yet-undetermined
process, and the separated radionuclides are to be immobilized in waste glass too. The very-
low activity “incidentd waste’ that remains from these processng steps is to be disposed
ondte as sdtdone, which is crested by mixing the incidenta waste with fly-ash, dag, and
Portland Cement to create agrout durry.

The wadte glass is produced by combining the processed HLW with glass frit and
meting the mixture & 1150°C. This is then poured into cylindrica stainless stedl canisters,
alowed to cool, and seded. About 700 canisters have thus been produced and an estimated
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6000 will be ultimately required [29]. The canigters are to be stored onste, awaiting find
disposa at the Y ucca mountain repository.

Later, due to the work of Siemer e. d., it was found that vitrification was not the
best option for defense wastes due to the high leachabilities of glass and excessvely high
expenses involved in the process. [6], [18] The sodium content in a boroslicae glass is
limited to ~20 wt % (Persond Communication: Semer & Krishnamurthy, November 2001).
Because SBW present in the form of supernate, sdt cake and dudge wash water contains up
to 90 wt% sodium (mostly as nitrate and nitrite) on a dry-weght bass, the vitrification
process would require a grest ded of dilution (via additions of glass meking frit) which in
turn would cause a subgtantia increase in volume. Although not as criticd in terms of actud
volumes, duminum content of some of the SBW could dso mandae further compostion
adjusment (dilution) needed to lower the totd fraction in the finished glass to ~6-wt%
concentration. With each extra gdlon, there is an added burden on dorage space
requirements, manpower requirements for handling, disposd and maintenance, and on
financia resources.

Also, glasses are inherently unstable in repository environments. They tend to dter
into zeolites, clays and other hydrated minera species, and the nature of radionuclide
interactions in these dtered dates and their stability is not fully understood. The results of
the Vapor Hydration Test suggests that glasses would be destabilized by contact with most
backfill/congtruction materials such as grouts, clays and soils [12].

At SRS (the Savannah River Science Center, dso cdled the Savannah River Site),
the processing of **’Cs has been hdted because of safety concerns over the process. This
separation procedure (termed In-Tank Processing - ITP) involves precipitating **'Cs with
sodium tetraphenylborate (NaTPB), filtering out the solids, and passng the filtrate to the
low ectivity waste process stream. However, it was observed during a pilot project in 1983
and agan during a full-scde implementation in 1995, that the TPB anion decomposes to
foom damingly high concentrations of flanmable benzene compounds [29]. The
accumulation of flammable gases in close proximity to radioactive wadte is not acceptable.
Therefore, the ITP program was put on hold and the National Research Council designated
an extend committee to initicie a review of dternative cesum separation techniques. The
committee concluded in 2000 that enough informaion was not available to pinpoint one
sangle separation dternative.

A second problem with ITP is that of find remediation of the filtered CSTPB. The
durry would require further processng before being vitrified [13]. Boroslicate glass is aso
undable at high temperatures [11]. This is highly undesrable in a radioactive waste form
that must be able to withstand high temperatures, which occur in the event of canister falure
in arepogtory.

Semer indicates that employing vitrification for DOE's (gpprox. 65,000 nt) HLW
will cogt over $1 million per cubic meter of high level glass produced [5]. Therefore, from
consderations of waste volume;, safety, time, cost and ease of operaion; and eventuad waste
form dability, vitrification presents an enormous chdlenge to the disposa of nuclear wastes.
Hence, dternativesto vitrification that are worthy of merit are discussed next.
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1.4 Alternative Waste Forms

Some of the dternative waste forms that have been developed and tested over the
last few decades are SYNROC (a titanium based, polyphase ceramic developed at the
Audrdian Nationd Universty and the Audrdian Nucler Science and Technology
Organization); talored ceramics (a polyphase assemblage deveoped by Rockwel
International  Science Center and The Penngylvania State University); the TiO,-ceramic
matrix waste from (developed a the Kernforschungszentrum Karlsruhe); glass ceramics
(consding of discrete crydds of sohene, cdcium titanium dglicate within a matrix  of
duminoglicate glass, developed by Hahn-Meitner-Inditut in Belin and the Whiteshel
Nuclear Research Egtablishment in Canada); monazite ( a single phase cerium phosphate
waste form developed at Oak Ridge National Laboratory - ORNL); FUETAP grout (Formed
Under Elevated Temperature and Pressure grout, developed a ORNL and The Pennsylvania
State University); nove ceramic waste forms (such as sodium zirconium phosphate — NZP -
developed a The Pennsylvania State University); etc. [11]

SYNROC was proved to be superior to boroslicate glass in leach resstance by K. D.
Reeve, e. d. and was sdected as the dternative to boroslicate waste glass by the
Alternative Waste Form Peer Review Pand in 1981 [14], [11]. Petek, et. d. showed that
waste forms made using lanthanide orthophosphates (i.e. andogs of the minerd monazite
have lower processng temperatures, better waste per volume loading, and lower
leachabilities than boroslicate glass [15]. Dole e. d. showed that FUETAP grout had
cesum and drontium leachabilities comparable to glass and transuranic leach rates below
detection limits [16].

Most of the dternative treatment methods focus on converting the wadte into a
highly insoluble materid before find Storage. The more promisng agpproaches utilize the
naturd geochemicd sysems such as the duminoglicate minerd groups which form much
of the eath's crud, thereby reducing the posshbility of unfavorable reections with the
surrounding geological matrix in an underground repodtory. The succeeding paragraphs
bring to light research directed toward that strategy.

Ealy dudies of cesum fixaion in day minerds have been reported by Brownell,
besdes studies on sorption of srontium and cesum in Savannah River Plant (SRP) soil [1].
It was reported that cesum was retained in SRP s0il because of fixation in mica minerds,
and that fixation was gredtly increased by sodium ions present in the waste solutions. Also,
though strontium was reedily leached from the waste-soil mixture by dilute solutions of
acids or sdts, cesum was not readily leached by any solution tested. Early studies of the
interaction of radionuclide and soil minerds dso were conducted a Hanford. During the
period 1960 to 1965, extensve sudies were conducted a the Hanford Ste on
aduminoslicates, dinoptilolite in paticular, to remove cesum and drontium from sored
waste in preparation for the InTank Solidification program. Aluminoglicaes were
subsequently used at the Hanford reservation to remove cesum from waste liquor until 1970

[1].

Interest in duminogdlicate minerd synthess resulted in the STOPPER process,
which encgpsulates individua ions such a cesum in molecular duminoglicate latices.
STOPPER is the coined term for the Stone Process for Permanent Encapsulation of
Radionuclides as described by Brownell [1].
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The synthess of caion duminoslicades may be peformed in different ways
Reections in agueous systems at temperatures of 100°C or less, in generd, form gels prior to
cryddlization and are termed the “Gel Process’. The term “Clay Reaction Process’ is the
name given to the agueous, amospheric-pressure process of dlicificaion of caions in
radioactive waste liquors with a clay mineral as one of the reactants. At elevated pressures
and temperatures (greater than 100°C), the synthesis is caled “hydrotherma”. Cesium
duminoglicate (pollucite), andcite, mordenite, basic nosean, basc soddite and other
crystaline species have been identified as the result of hydrotherma process[1].

The type of products obtained from reecting clays with different kinds of sdts
depend partly on the anions in the dkdine solution. Cancrinite is obtained when kaolinite
and nitrate ion are reacted; whereas kaolinite with halides, phosphate, perchlorate and other
anions produces soddite. Also, a high pH and the input of thermd energy favored the
process of crydtdlization[1].

The mechanism of entrgoment is interesting. Some researchers comment that cesum
ions are firgd fixed dong the edges of the vermiculite platdets and as these pogtions are
filled, the cesSum moves to the interlayer exchange Stes and cause a collapse of the
vermiculite latice [1]. The interlayer cesum is thus physcdly entrapped by the closing
latice and is very tenacioudy hdd. Evidence of the stability of the pollucite cage is found in
the aisence of sodium duminoslicaes in the microcrystdline product even though sodium
was present in solution a twice the molar concentration of cesum. Faujasite, a sodium
zeolite, which was formed in the absence of cesum hydroxide, was absent among the
products of pollucite entrapment studies. Cesum was thus believed to control the structure
of the product. The formation of cesum ferroglicate a atmospheric pressure in a highly
dkdine solution in which feric hydroxide has a low solubility dso indicates the srong
influence of cesum in producing the ferroslicate lattice.

Some researchers observed that the affinity of bentonite for Cs™ is 10 to 20 times the
afinity for Na” and commented, “The usua explanaion for the high affinity of clay for Cs
is tha a large cation like cesum is not hydrated and can come very close to the negative
charge on the particle’ [1]. Some others showed that large univaent cations like K, Rb*
and Cs" will replace smdler univalent cations like Na© and Li* as wel as divdent cations
such as Ca, Sr*? and Ba*?, losing their waters of hydration in this immobilization process
They consider this to be the prime cause of ion fixation. lons such as N&' tha have a high
affinity for hydration do so and push the lamelae gpart. Further, they date, “Cesum ions
with a smdler hydraion energy than K* hold the layers together more strongly than K™ ions
so that the hydrated Ca™ and Mg ions which can expand the layers held by K™ ions are
ineffective in producing layer expansion in Cs™ - saturated mineras. Consequently, Cs' ions
are not as easily replaced by theseionsasare K™ ions[1].

In the case of vermiculite loaded with cesum and an dkaine earth ion, the later
remains mobile. Brownel notes that some research workers believe that, “The presence of
the non-hydrated, and consequently fixed, ion (cesum) does not inhibit the migraion of
other ions in the vermiculite lattice The condudon is that it is not lattice-contraction
associated with cesum uptake, but rather the dtate of the particular ion in the lattice that is
regponsble for the fixation phenomenon” [1]. Thus these authors disagree that lattice
collapse isthe chief explanation for cesum fixation.
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1.5 Zeolite structure and properties

Zeolites ae a family of complex duminoglicaes having a three-dimensond
network dructure containing channels and cavities [25]. The dructurd openings in zedlites
are normaly occupied by akdi and dkaine earth cations and loosdy held water molecules.
The gructurd formula of a zeolite can be expressed for the crystalographic unit cdl as My
[(AIO2)x(SO2)y].WwH2>O where M is the cation of vaence n, w is the number of water
molecules and the sum (x+y) is the totd number of tetrahedra in the unit cdl [26].
Crygaline zeolites are unique absorbent materias with large void volumes of 20-50%.

Zeolites were discovered in 1756 by the Swedish minerdogist Crongtedt [27]. They
are composed of SIO4* tetrahedra where al of the oxygen atoms are shared with adjacent
tetrahedra. This arrangement reduces the overdl O/S raio to 2.1, and if each tetrahedron
were to contain S§** as its centrd cation, the structure would be electricaly neutrd, as in
quatz (SO,). However, in zeolites, some of the quadrivdent S is replaced by trivdent Al,
giving rise to a deficiency of pogtive charge in the framework. This charge is baanced by
monovaent and divaent cations like Na', K*, Ca’, Mg', etc dsewhere in the sructure
[23],[26]. There are two kinds of cations present within the zeolite structure. First, there ae
exchangeable cations (eg. Na) that can be easly exchanged with other ions depending
upon whether there are more eectropodtive cations in the solution that the zeolite is
exposad to. Second, there are the structural cations (e.g. AI*) that make up the framework
of the zeolite structure aong with the oxygen atoms. These are not exchangegble.

The deficiency in eectricl charge on account of A" substituting for S** reaults in
the acido-basic nature of zeolites [27]. Two main fegtures characterize these properties: a
purely dsructurd one resulting from the specific connection of TO, tetrahedra and the
second, a physicochemica one. The properties of zeolites that are related to their structure
include cation exchange, high degree of hydration, low dengty and high void volume when
dehydrated, crystd sructure dability even when the void volume is as much as 50% by
volume of the dehydrated crystals, adsorption of gases and vapors, and other physica
properties such as dectricd conductivity. Typica physcochemicd propertties include
electro-negativity and the polarizing power of ions[28].

The dructurd framework can be visudized as SO4 and AlO, tetrahedra (primary
building units or PBUS) linked together into smple geometrical forms (secondary building
units or SBUs). The SBUs range in complexity from smple rings of 4 to 6 tetrahedra (4
rings or 6 rings). SBUs may be linked in severd ways, each giving rise to a crysd dructure
possessing a unique set of physca and chemicd properties such as cubo-octahedron
soddite unit. This arangement leads to a series of pores and channeds. The water of
hydration lies within these pores and channds surrounding the exchangeable cations. These
water molecules can be removed by hesting the zeolites to 350°C [23].

The actud water content of a zeolite is a function of temperature and the partid
pressure of water in the atmosphere surrounding the zeolite. Once the water molecules have
been removed, the cations fadl back into postions on the inner suface of the pores and
channels close to the seat of the charge (where AI** has substituted for S** in a tetrahedron).
Upon dehydration, some of the cations assume different postions in the dructure. The
internal pores of cages and connecting channels in a zeolite depend on the specific
arangement of SBUs in that species. The channels are bound by the oxygen atoms of the
connecting tetrahedra, and their gperture szes are governed by the sze (4-, 5, 6-, 8-, 10-, or
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12- member rings) and orientation of the rings of oxygen atoms. Channd systems may be
one-dimengond, two-dimensond, or three-dimensond, and diffuson rates for adsorption
and ion exchange are functions of the spatia didribution of the channds and the nature of
theionsin question [28].

Synthetic  zeolites were fird identified in cement pastes formulated with large
anounts of fly ash. Theredfter, zeolites have been utilized by indudry for ther unique
adsorption and absorption properties. The concept of encapsulation of radionuclides and
other ions in the waste stream perhaps led to the agpplication of zeolites in radioactive waste
containment. Zeolites with their cage-like gdructures, as has been shown earlier, epitomize
an entrgpment reaction.

1.6 Hydroceramics as an innovative waste form

Zeolite formation is the key to the peformance of a hydroceramic waste form.
Hydroceramics have been defined in different terms by different researchers. Siemer has
cdled them geopolymeric concretes [5]. Yet, they peform dgnificantly better than
geopolymers on sandard leach tests. The reason for this could be that because Ordinary
Portland Cement (OPC) that is used to make conventiond grouts is about 65-wt% cacium
oxide, the cation fixation Stes in these grouts are dready saturated with cacium ions [9].
The physica characteristics (appearance, drength, porosty, dendty, etc) of hydroceramics
reseemble those of FUETAP concretes but the mineralogy and chemica properties
(especidly leachability) are much different [12].

Hydroceramics are best described as a class of hydrous materids (smilar to akali-
activated cements) that have been under development for a very long time, a least since the
early 1980's. They are truly unique man-made materiads. They can be mixed and cured usng
traditiona grout mixing equipment and curing chambers, but they are not cements per-se.
Ingtead, they are hydrous materids that contain zeolites, which are formed by reacting a
findy divided source of auminoglicate and a concentrated sodium hydroxide solution. The
aduminoglicate can be ether Class F fly ash (glass) or heat-treated kaolinite (metakaolinite).
Each dating materid has an AlLO3/SO, molar raio of approximaey 0.5. When sodium
hydroxide is added to these materids, dissolution takes place followed by gel formation and
patiad cryddlization of zeolites. With proper processing of the hydroceramic, the resultant
product devdops a dense matrix having sufficent drength to withgdand the rigors of
dacking in a repodtory environment. But best of dl, the matrix is extremdy insoluble.
Leach rates are comparable to or occasondly lower than glass waste forms with equivalent
wade loading, as observed by Siemer [Personal communication. Siemer and Grutzeck, April
2000].

The hydroceramic process, developed by Siemer et. d. in 1996 is a combination of
the “Clay Reaction Process’ attributed to Hanford’s workers and the “FUETAP’ technology
that originated a the Oak Ridge Nationd Laboratory (ORNL), Tennessee [6]. FUETAP
grouts themsaves had shown better results on the MCC-1 test when they were mixed with
Indian red pottery clay or bentonite than when they were leached without clay additions

[17].
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Hydroceramics are a definite improvement over other dternative waste forms. This
is obvious when one condders the nature of action of zeolites. Adsorbents retain ions via
surface chemidry by chemica bonding. Thus they can only dabilize insoluble condituents.
Wheress, zeolites contain holes within their microgtructure. These holes are receptive to
certan ions — cetanly to sodium and a range of radionuclides - and therefore entrgp them
ingdetheir essentid gructures. Solubility of ions haslittle effect in the working of zeolites

The problem of effective digposd of the massve repostory of Savannah River
Laboratory’s wastes, combined with the falure of vitrification as the sngle superior waste
disposal option pointed towards the need for further research in using hydroceramics as
waste forms for defense wastes. Hence the objective of this study.

To devise a suitably safe, inexpensve, long-term dternative for the Savannah River
Laboratory’s sodium bearing radioactive waste, using zeolitic hydroceramics was the god
of this research.

Zeolitization provides an excellent alternative as shall be borne out in the

succeeding sections.

EXPERIMENTAL METHODS

2.1 Introduction

The experimenta work consisted of three phases:

1. Wade smuldion,

2. Cdcindion, and

3. Zedlitizetion.

The fird dage involved preparing the radioactive waste smulants, which are farly
viscous and have the gppearance of a thick liquid. The next step was to treat the waste
samulants with different cacination ads a an eevated temperature, in order to produce a et
of cdcines The last phase involves the hydrothermal synthess of zeolites (henceforth
referred to as zeolitization) from the cacines, to produce the innovative waste form termed
“hydroceramics’. These processes are explained in the following sections. Subsequently, the
experimenta apparatus that were used to bring about these processes are described.

2.2 Simulations of sodium bearing wastes

Two waste dmulants - Smulant 1 made without cesum, and Simulant 2 containing
cesum - were prepared based on the chemistry of the supernate in Tank 44 at Savannah
River Laboratory. The composition of Tank 44 in column 2 of Table 21 was the basis of the
dating materid recipes given in column 2 and column 3 of Table 22. This in turn yieded
the actud dementd composition of the smulantsas given in Table 2-1.
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This wade dream is atypicd in that it is unusudly high in free hydroxide ions
Magor components condst of sodium sdts of duminum, dlica, nitrate and nitrite. The only
radioactive species is cesum, which made the waste in this paticular tank a very good
candidate for encapsulation studies of the ubiquitous inorganic constituent Na, as well as
the common radioisotope 3’ Cs,

Table 2-1. Composition (molarity) of Tank 44 SBW and Simulants

Species Tank 44 Waste Simulant 1 Simulant 2
Na 15 14.7 14.7
K 0.16 - -
AlO> 0.38 0.4 0.4
OH 11.8 114 114
NOs3 1.13 112 1.12
NO; 1.52 1.38 1.38
Cl 0.024 - -

F 0.013 - -
PO, 0.012 - -
SOy 0.0042 - -
COs 0.20 - -

Cs 0.00012 (1.4 mC/mL) | - 0.02
Hg 132 ppm - -

Cr 450 ppm - -

Table 2-2. Recipes Used to Simulate Savannah River Laboratory's Tank 44 Waste
(wt. in grams)

Compound Simulant 1 Simulant 2
NaCO3 2.65 2.65
NaNO» 11.9 11.9
NaNOs 11.9 11.9
NaAlO, 4.04 4.04
NaOH 57 57

CsNOg3 - 0.583

H,O 125 125

2.3 Calcination of simulated wastes

Cdcinaion dlows one to drive off nitrate, nitrite and some carbonate, al of which
are detrimenta to the zeolitization process. These anions are among the most mobile and
account for the inherent leachability of cement based waste forms such as Sdtstone because
cement is unable to host large amounts of these ions. Cdcination is dso a wdl-established
method to convert organic condtituents in the waste into inorganic ashes. [5]

The efficiency of the cacinaion process depends upon the reducing agent and the
temperature used. In order to convert the sodium bearing waste into oxides, one would
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normaly have to cdcine the liquid waste a ~1000°C in order to decompose the NaNOs.
This high temperature results in excessive voldilizetion of some of the toxic metds (eg.,
Cd), fisson products (eg., °Tc and *’Cs), and corrosives (eg., Cl) present in it. On the
other hand, with the addition of reducing agents de-nitrification could be carried out a much
lower temperatures. Therefore a series of tests was conducted in which varying amounts of
sucrose was added to the liquid smulants prior to cacinaion. Sucrose aids in the reduction
of carbonates to carbon dioxide, and nitrates/nitrates to sodium oxide. This type of sugar-
cacination was used three decades ago in INEEL and then independently re-discovered at
Hanford in 1995 [6]. Testing by Siemer suggested that an 8:1 ratio of liquid waste to sucrose
and a temperature of 525°C were more or less optimum (Persond communication: Siemer
and Grutzeck, October 1999).

As an additiond sep, various auminoslicates were added to the smulants prior to
cacination. Although sucrose brings about reduction resctions, the NgO that is produced
will react with CO, to form soluble NaCOs. The aduminoslicates provide an aternate
pathway for the very reactive NaO, forming rudimentay sodium aduminoslicates instead
(that are more compatible with the subsequent chemicd olidification process), thus
bdancing a degree of reduction while mantaning cadcine reactivity. The proportions of
gmulant to pozzolan used were such that the overdl dkdi: duminum: dlica atom ratio in
the compositewas closeto 1:1:1.

Smulants 1 and 2 were therefore combined with sugar and additiond cacinaion
ads (dumina and dlica sources) to produce sx “samples’ from each smulant, as outlined
below:

Sample 1: 20 g raw waste liquid (control)

Sample 2: 20 g raw waste liquid + 2.5 g sucrose (CsH1206)

Sample 3: 20 g raw waste liquid + 2.5 g sucrose + 11.9 g boehmite (AIO. (OH))
Sample 4: 20 g raw wagte liquid + 2.5 g sucrose + 11.9 g 5um Min-U-Sil (SO>)
Sample 5: 20 g raw waste liquid + 2.5 g sucrose + 11.9 g metakaolinite (Al,03.2S05)
Sample 6: 20 g raw waste liquid + 2.2 g duminum powder (Al metd)

Samples 1 through 5 were dried at 90°C for 24 hours and then heated in an oven at
525°C for 18 hours. In an effort to de-nitrate the waste without the use of heat, sample 6 was
“cold de-nitrated" a room temperaiure by adding auminum powder to the caudic rich
solution containing nitrate/nitrite sdts. This was a very vigorous exothermd reaction and
was caried out under a fume hood. The duminum replaced sucrose as a reducing agent and
caused the evolution of ammonia. After reaction in sample 6 was complete, it was dried at
90°C for 24 hours. These six products — one for each smulant — were then ground to fine
powder. That fraction which passed through 150-micron seve and was retained on 75
micron seve was dored for further use. These powders are henceforth termed “calcines’
and ae numbered as “cacine# 1" through “cacine# 6. These cacines were tested as
described in section 3-1 to determine the best calcination process.
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2.4 Zeolitization

Each of the gx cdcines representing Smulant 1 and 2 was mixed with different
quantities of additiona metakaolinite and water. The metakaolinite that was used in these
experiments was mined a Troy, Idaho and hence cdled Troy metakaolinite. Its composition
is given by Semer, e. d. [6] Metakaolinite was chosen over other pozzolans for strong
reasons. Semer et. d. had demongrated that out of the 40 pozzolans they had tested for
making ther hydroceramics, cdcined keolin and Troy metakaolinite were the best
candidates [18]. Hydroceramics made from ether of these ingredients had the lowest PCT
results for conductivity, % of NOs", and cesium concentration in the leachate.

These 4iff pastes were placed in Parr bombs and cured for a period of 24 hours at
90°C. This pre-cure was performed so as to alow the “clay reaction process’ to occur,
whereby a zeolite gel is formed. Right afterwards, the Parr bombs were heated a the
reported temperature for various durations. The resulting products were termed
“hydroceramics’. These were numbered as “hydroceramic# 17 through “hydroceramict# 6.
Whereas in the calcination process, metakaolinite was added to ad the converson of
nitrates, nitrates and carbonates to oxides, in the zeolitization process extra metakaolinite is
essentid as a raw materid for the formation of specific zeolites from the sodium avalable in
the waste.

There are saverd methods avalable to test waste form performance. Among them
are the 28-day MCC-1 (Materids Characterization Center-1) test, the ANSANSI-16.1 test,
the TCLP tedt, and the 7-day Product Consistency Test (PCT). The PCT takes less time,
requires little monitoring, and the test samples are quicker to prepare. It aso recrestes waste
caniger fallure more accurately in that it emulates conditions when the repostory is flooded
while gill “hot”, and dlows for back reactions (reactions taking materia from the leachate
into the waste form). For purposes of comparing the leach resigance of cacines or
hydroceramics, a modified Product Consstency Test (PCT) was consstently adopted. The
deviation that was made from the true PCT was chiefly in tha ingead of a leach time of
seven days, a one-day leach time was used. This yielded much quicker results. Also, Siemer
et. a. had observed that PCT leachates of hydroceramics reach steady-date within two or
three days and that nothing more dissolved regardiess of how long leaching was extended
beyond that period [6]. Thus, the one-day “quick PCT” results were a reasonably good
indicator of the net leachahilities of hydroceramics.

Snce sodium and cesum ae the most mobile dements in the waste composition,
these two ions were indicative of the rdative effectiveness of the waste forms developed.
Also, Semer (persond communication: Semer and Grutzeck, April, 2000) showed the
correation between leachate conductivity and sodium concentration in the leachate, as seen
in FHgure 2-1. It follows that leachate conductivity is an excellent corrlaion to the amount
of Na" and Cs' that have leached out of the hydroceramic. Therefore, leachate conductivity,
rather than a full leechate chemicd andyss was used to test hydroceramic qudity. For the
same reason, pH measurements of |eachate solutions were thought to be redundant.
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Figure 2-1: Correlation between leachate conductivity and sodium concentration in
the leachate. Deviations are due to the fact that different sodium salts — NaAlO,, NaCl,
NaOH, etc. — conduct differently.

2.5 Apparatus

The main andytica tools employed in this work were the X-ray diffractometer and
the scanning e ectron microscope. These are described below.

2.5.1. X-ray diffractometer

The computer-assisted Scintag, Inc. X-ray diffractometer uses a copper target Xray
source, a Pdtier-cooled detector and a theta-2 theta goniometer. The diffractometer operates
a a voltage of 45kV and a current of 40mA. The associated software supplied with the
Scintag (DMSNT 1.37, Scintag, Inc) alows one to search the extensve database of the
Internationd Committee on Diffraction Data (ICDD) for relevant matches of the pesks
recorded and thereby identify the phases present.
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2.5.2. Scanning electron microscope

The Scanning Electron Microscope (SEM) was used to study the morphology of the
hydroceramics. The Hitachi S-3500N instrument uses a pre-centered tungsten filament and
two different vacuum modes, one high and the other low. Two kinds of images can be
recorded — a secondary dectron image (taken only in the high vacuum mode) and a back
scettered image (scintillator method). The high vacuum mode with the scanning eectron
image was used in this Sudy.

2.5.3. Digital conductivity meter

For dl conductivity measurements, a 1 c.c. conductivity probe connected to a
model# 3200 digita conductivity meter was used. The meter, manufactured by YS, Inc,
Ydlow Springs, Ohio, was standardized using a 0.1 N KCl solution. All conductivity vaues
are reported at 25°C.

2.5.4. Chemical analysis

All chemicd andyss of leachates, unless otherwise specified, was peformed by
Scott Atkinson, Materids Research Laboratory’s resdent anaytica chemist. Cations were
determined by dc-plasma emisson spectrometry on a Spectrametrics Inc. Spectraspan 1.
Anions were determined by ion chromatography on a Dionex 2010i. All standards used
were dilutions of NIST tracesble stock solutions. Standards and sample dilutions were
prepared with ASTM Type | de-ionized water in ASTM Class A volumetric flasks.

2.5.5. Experimental precautions

Glass containers were not used in any mixing, curing, or leaching processes. This
ensured that the highly dkdine smulants and later products did not leach dlica from the
glass and dffect the Al / S ratio. Plasic and Teflon vids, beskers funnels, syringes, eic.,
nylon filters, and mortar and pestle made from glazed china clay were utilized. All curing to
produce hydroceramics was caried out indde tightly seded hydrothermd bombs made by
Par, Inc., Mdline, lllinois. Each bomb had an inner Teflon cylinder (having a volume of 20
c.c.) and an outer sed casing and lid.
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RESULTS AND DISCUSSION

3.1 Preliminary studies

The principd god of the initid dudies was to solidify the liquid smulants of
Savannah River Laboratory’s Tank 44 wadte, to yidd insoluble products. To this end,
gmulants (reference may be made to Table 2-1 and Table 2-2 for compostions) were
cacined with the use of various cacination aids as described in Section 2.2.

3.1.1. Determination of a suitable calcination aid

With the intention of screening these cacines for the best cacination process,
modified (one-day) PCT was conducted on them. The results are plotted in Figure 31. The
graph shows that calcination process# 5 yields the best cacine. Further proof of this fact is
seen in Table 3-1, which displays Siemer’s chemica andysis on the same cacines (Semer,
Grutzeck and Scheetz: DOE grant continuation proposal, April, 2001).
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Figure 31: Leach Test results of calcines 1 through 6 derived from Simulant 1.
Calcine compositions are outlined in Section 2.2.
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Table 3-1: Chemical composition of waste calcines derived from Simulant #1. All
values are shown as wt% present in calcine sample.

lons #1 #2 wii #3 wi| #4 wil #5 wil #6
present | raw solutio| sucrose | sucrose sucrose  |sucrose with cold
no calcinatio| only boehmite | 5-um min-Umetakaolinite | Al
Sil powder

NO3 4.5 <0.1 <0.1 <0.1 <0.1 1.5

NO; 4.8 0.45 0.13 <0.05 0.08 2.3

CO;s 0.83 43 9 15.3 8.0 ~0.4

Na 25.4 41 27.4 22.5 20.0 35.6

Al 0.8 1.7 30.2 0.64 12.1 144

It is notable that the thermd calcination process has converted amog dl of the
nitrate and nitrite in the raw solution into oxides and carbonates as the sucrose is burnt off.
Carbonate is higher than preferable due to the carbonation of the newly formed sodium
oxide. The cold de-ntrated cdcine (cacine #6) contained ggnificantly more nitrate and
nitrite due in pat to the fact that more than the doichiometric amount of duminum is
needed to complete the process. Cacine #2 (with sucrose addition aone) ill has high
amounts of carbonate and sodium. Cacine #5 (made with sucrose and metakaolinite) shows
the least percentages of sodium, nitrate and carbonate. Thus, it became obvious that if a
wade cacine were to be chosen as a potentiad waste form, then it would have to be
produced using calcination process #5.

Although cdcinaion achieved denitrification, the conductivies were dill
condderably higher than dedrable. The cdcines did not possess much mechanica strength
gther. In fact, preserving them in bin sats, as is being practiced a INEEL, makes fine
cadcine paticles vulnerable to disperson into the surrounding environment in the event of
bin falure. It was necessary to convert the calcinesinto a durable monolithic solid.

The addition of an excess amount of clay to the cdcines was thought to have a
favorable effect on their leechabilities The extra clay would provide the dumina and slica
needed to form sable sodium duminosilicates, leading to a further decrease in sodium leach
rates. Numerous authors had shown earlier that metakaolinite reacts with NaOH to produce
zeolites. [6]

Thisinitiated the zeolitization phase of the work.

3.1.2. The evolution of a zeolitic hydroceramic waste form

In the scoping stages on zeolitization, enough metakaolinite was added to each of the
cacines s0 that the resulting mixes had 20-wt% and 30-wt%, respectively of each of the
calcines, as described in Table 32. Enough water was added to make a Hiff paste, resulting
in 12 samples each for Smulant 1 and Simulant 2. The mixes were then inserted in Parr
bombs and cured a 90°C for a period of 24 hours of pre-cure followed by another
autoclaving interva of 24 hours a 115°C. Upon cooling, each sample was tested using a
one-day PCT test.
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Table 3-2: Recipes for hydroceramics made during scoping studies

Calcine Percentage 20 % 30 %
Calcine weight 5¢g S5g
Metakaolinite weight | 20 g 11.67 g
H,O Sufficient Sufficient

As may be observed by comparing Figure 3-1, and Figure 3-2, dl cdcines are
relativdly soluble, but adding extra metakaolinite to them tends to reduce their solubilities
considerably.

Cdcine #1 through cdcine #6 made with Smulant 2 (containing Cs) were aso
combined with metakaolinite as described above. The resulting hydroceramics were leached
and their solutions were andyzed for conductivity. The vaues were higher, as can be seen
in Fgure 3-3, especidly a 30-wt% calcine loading, presumably due to the presence of the
more mobile cesum ion.
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Figure 3-2: Leach results of hydroceramics made with 20-wt% or 30-wt% calcine
#1 through calcine #6 derived from Simulant 1, and 80-wt% or 70-wt% respectively of extra
metakaolinite; cured for 24 hours at 115°C.

Siemer et. d. compared the #day PCT results of their hydroceramics made with 30-
wt% cdcine (prepared usng Savannah River Steés smulant) and 70-wt% Troy
metekaolinite with boroslicate glass and determined that the leachabilities of their
hydroceramics were at least 27% lower than that of waste glass [6].

It was becoming clear from these results that the addition of extra metakaolinite was
essentid for Sgnificant reductions in leachate conductivities. It was now necessary to verify
these results with long-term curing experiments whereby the behavior of these wagte forms
could be grgphed a different intervas. Figure 3-4 shows the leach behavior of the
hydroceramics produced with 30% by weight of cdcine #1 through calcine #6 (produced
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from Smulant 1), and 70% by weight of extra metakeolinite. The long-term curing and
leach test results help one make the following inferences.
(1) Conductivity values decrease with curing time.
(2) Overall, hydroceramic #5 performed the best.
(3) Hydroceramics #3, #4 and #6 performed variably throughout the curing
period
(4) Hydroceramics # 1 and #2 gave very poor results.

25 T

N
o
1

H
(6]
1

30% calcine

20% calcine

H
o
1

Conductivity (mS/cm)

ol
1

Hydroceramic numbers

Figure 3-3: Leach results of hydroceramics made with 20-wt% or 30-wt% calcine
#1 through calcine #6 derived from Simulant 2, and 80-wt% or 70-wt% respectively of extra
metakaolinite; cured for 24 hours at 115°C.

The twdve hydroceramic waste forms (sx each for Smulant 1 and Smulant 2) were
then andyzed usng a Scintag X-ray diffractometer. Paiterns are given in Figure 3-5 and
Figure 3-6. Hydroceramic #1 contains sgnificant amounts of nitrate and carborete. All
samples contain quartz, presumably left over from the clay. Hydroceramics #3, #4 and #5
contained traces of andcimehydroxysoddite, which could account for their lower
leachatiilities.

Subsequently, SEM micrographs were obtained. The hydroceramic containing the raw
cadcine had a massve habit with a hint of a built-up plate-like structure as seen in Figure 3

7(a).

It is observed in Figure 3-7(b) that hydroceramic #5, the hydroceramic with the
lowest leachability that was formulated with metakaolinite, had the best dructure
development. It contains spherica features suggesting the norma morphology of anadcime
and hydroxysoddite, which could be precursor sructures for other zeolites that form at
higher temperatures and prolonged curing durations. The hydroceramic made with cold de-
nitrated cacine contained tabular crystal's as seen in Figure 3-7(c).
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Figure 3-4: PCT leach results of hydroceramics prepared with 30-wt% of calcines
#1 through #6, and 70-wt% of extra metakaolinite; cured at 90°C for various periods.

Sodiurm Mitrate
Sodinm Carbonate
Muart=
Hydrosysodalite
Unknwan
kdetakaolinite

*-404H

i LR i S |
10 20

il o s b1
Angle (26)

Figure 35: Xray diffraction patterns for 20-wt% calcines 1 through 6 (produced
from Simulant 1), mixed with 80-wt% Troy metakaolinite and water. Samples were pre-
cured at 90°C for 24 hours and then autoclaved at 115°C for an additional 24 hours.
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Figure 3-6: X-ray diffraction patterns for 30-wt% calcines I through 6 (made from
Simulant 2), mixed with 70-wt% Troy metakaolinite and water. Samples were pre-cured at
90°C for 24 hours and then autoclaved at 115°C for an additional 24 hours.

Metakaolin is derived from kaolin by heating it a 400°C—450°C a normd humidity
whereupon there is a destruction of the crystd sructure in kaolinite. During dehydoxyletion,
the layers retan their topologicd configuration but consderable aomic rearrangement
occurs which results in partid pogstiond disordering of the remaning aoms [19]. This
contributes to metakaolinite's relaively higher degree of pozzolanic reactivity (i.e, it will
reect with lime water, and dkdine solutions in generd) than kaeolinite. Thus it is the
preferred dating materiad  under regimes that favor gd formation. This explans the

envi able Ieach vd ues obtained in hydroceraml cs made with extra metakaolinite.

1-30-1 WD 5.5mm 20.0KVF xL5k

Figure 3-7(a)
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Figure 3-7(c)

Figure 3-7 (a), (b), (c): SEM micrographs at 15 K magnifications of the simulated
hydroceramics composed of:
(a) Simulant 1, no calcination aid,
(b) Simulant 1; calcined with sugar and metakaolinite,
(c) Simulant 1; cold de-nitrated with aluminum,
and then mixed with 70-wt% metakaolinite and autoclaved.

Due to the condgtently low leachabilities of hydroceramic #5 for both Smulant 1
and Smulant 2; and due to the presence of zeolites precursors in that hydroceramic, for al
further zeolitizetion experiments, cacination process #5 followed by an addition of extra
metakaolinite (to yield hydroceramic #5) was adopted.
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3.2 In-depth hydroceramic improvements and characterization

The previous phases of our work can be summarized as an endeavor to find the basic
ingredients of a hydroceramic waste form. What follows is a detailled discovery process of
the exact composition of this waste form.

3.2.1. Determining the optimum proportion of calcine and extra clay

The next dep was to determine the optimum proportion of cacine and extra
metakaolinite in order to obtain a hydroceramic with the highest quantities of zeolites. With
Troy metakaolinite as the cdcination ad, it was important to observe the effect of different
ratios of metakaolinite and calcine #5 on leach results. In the next determination, different
proportions of the two ingredients were mixed with sufficient water to make a thick paste.
Each of these pastes was introduced hto individual Parr bombs and cured at 115°C for 24
hours, after a pre-cure of 24 hours at 90°C.

It can be clearly observed from Figure 3-8 that conductivities increase with increase
in the proportion of cacine with respect to the metakaolinite. Therefore the highest amount
of metakaolinite feasble would have to be added to the calcine to derive a hydroceramic
with lowest leachability.

However, addition of metakaolinite adds to the volume of the waste form. Also,
though leach results show a decreesng trend with increesng metekaolinite retios there
exigs an optimum stoichiometric proportion that will ensure the production of the maximum
amount of zeolites. This particular proportion depends on the chemica compostion of the
target zeolite. Pollucite was initidly conceived as a hogt for radioactive wastes because of
its excdlent ahility to encapsulate cesum. However, Vance and Adl inferred that sodium
hes little, if any, solubility in pollucitgf20]. So, Pollucite could not be used for high-sodium
bearing wastes. Christensen showed that krypton-85 could be entrapped in soddite and that
it could be routindy and reproducibly encapsulated in zeolite 5A [21]. From previous
experiments with zeolites Semer had shown that soddite is a good candidete for
radionuclide encgpsulation. With that in view, soddite became the target zeolite in the
preparation of these hydroceramics.

In this specific indance where subgtantid amounts of water-soluble sodium sdits
were present in the dmulant, the proportion of NaOH (dready present in the waste
smulant) to metakaolinite was adjusted so that the product would having the generic
soddite formula — {(NaAISiO4); NaX, where X can be SO,*, NO3, CI, etc} — could be
produced. Semer, e. d. have cdled this the “soddite rule of thumb” [6]. This was
expanded later to accommodate cesum and potassum as. (NatK+Cs)a:Aly:Sic:Xq where b
>= g ¢ >=a d <= 0.25g; and X = sum of al “heteroanions’ (i.e., SO4>, NOs, CI, etc.) [5].

From Figure 3-8 and from phase diagram caculations, it was determined that a
cacine metakaolinite ratio of 60:40 would produce the greatest amount of soddite with the
leest amount of clay addition. Therefore, for future experiments, this was the proportion tha
was used in making the waste forms.



18

16 -
14

12 4
. /S /

90° C cuy /
8 /r,/l/ /
6

ASOC cure

Conductivity (mS/cm)

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

% of calcine #5 made from Simulant 1

Figure 3-8: Effect of temperature on leachabilities of hydroceramics prepared with
different proportions of Simulant 1 derived calcine #5 and extra metakaolinite, and cured

for 1 day at 90°C or 115°C.

It is generdly observed that there is a corrdation between temperaiure and zeolite
formation. Therefore, some runs were peaformed to compare the leachabilities of
hydroceramics obtained after a curing a 90°C as opposed to at 115°C, as is illustrated in
Fgure 3-8. The hydroceramics that were prepared at the higher temperature demonstrated
lower leachabilities. However, the graph above suggests that with longer and longer
duration of curing, the two curves will merge a some point.

This graph subgantiates the fact that hydroceramics can be created a lower
temperatures (below the boiling point of water) than origindly thought. This dso draws out
one more advantage of hydroceramic waste forms over HLW glass. Vitrification requires
very high temperatures (upwards of 1000°C) of operation in making molten glass, wheress
hydroceramic waste forms can be produced at relatively very low temperatures.

3.2.2. Introduction of extra water during curing

From initid experiments, it was obsarved that when extra water is introduced insde
the Par bombs during curing, the hydroceramics that were obtaned had lower
concentrations of anadytes in their leach water than when the Parr bombs did not have extra
water in them. However, a clear picture did not emerge regarding a correation between the
amount of extra water added and the concentrations of those andytes. All curing
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experiments were therefore carried out without the addition of extra water insgde the bombs.
Conditions within the bombs were assumed to be a 100% relaive humidity throughout the
curing periods.

3.2.3. Compression Test results

Compresson drength tests were conducted on Smulant 1 derived hydroceramics.
No extra water was added to the Parr bombs during curing. Figure 39 illudraes the high
compressive drengths for hydroceramics. The DOE dipulates that radioactive waste forms
must possess a compressve drength of a leest 50 ps. Clearly, these hydroceramics fulfill
thet criterion.
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Figure 39: Comparison of aspect ratio (length to diameter ratio of cylindrical
pellets) with compressive strengths of hydroceramics made from 60-wt% Simulant 1
derived calcine #5 and 40-wt% metakaolinite; cured at 115° C for 7 days.

3.3 Extension of the process to Hanford waste

Encouraged by the results obtained usng Smulants 1 and 2, a third Smulant was
deveoped as described in Table 3-3. Smulant 3 represents an average supernate
compogtion of SBW in Hanford tanks. The smulant was based upon a recipe by Brough ét.
al. (1995).
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Table 3-3. Hanford Simulant to make One Liter (weights in grams)

Compound Hanford
NaOH 82.6819
A|(N03)3'9H20 1335
NaNO, 36.9106
NaCO3 36.2049
NaNOs 8.5815
NaHPO,4 27.7873
KCI 1.8328
NaCl 2.5077
N&B4,07210H,0 0.1096
NaSO4 3.8945
Ni(NOg3),26H,0 0.3115
Ca(NO3),°4H,0 0.4420
Mg(NOs),+6H,0 0.0337

After undergoing a smilar procedure for cacination and curing as was performed on
Smulates 1 and 2, the zedlitic Hanford waste form showed leachabilities as shown in Figure

3-10.
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Figure 310: Leach Test results with waste form created from 60-wt% calcine #5
derived from Hanford simulant and 40-wt% extra metakaolinite and cured at 115° C. Points
on the graph represent four similar samples. Deviations are minimal.
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The phase development for a 90°C cured hydroceramic is given in Figure 311. The
pattern is dominated by hydroxysodaite pesks. The SEM picture in Figure 312 shows some
sphericd zeolites that appear to be those of hydroxysodalite, and many clay plates.

3.4 Comparison of metakaolinite sources

Semer contends that the nature of the subdtrate pozzolan (clay) is the sngle most
important variable in the manufacture of hydroceramics. [12] By this time, metakaolinite
had proved itsdf as an ided hydroceramic ingredient. Different sources of metakadlinite
could now be tested to see if there existed any dgnificant variations in the qudities of the
hydroceramics produced. To this end, a batch of cacined clay was procured from Engelhard
Corp., lllinois. Each of the three waste cacines was mixed with it in the ratiio 60:40 (as
before) and enough water to make a giff paste. These were cured in Parr bombs insde a
90°C furnace for different times.
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Figure 3-11: X-ray diffraction pattern for 60-wt% calcine #5 derived from Hanford
Simulant and 40-wt% Troy metakaolinite, plus water. Sample was cured at 90°C for seven
days.

3.4.1. Engelhard metakaolinite as hydroceramic ingredient

Leach tests for the hydroceramics made with the three smulants and Engehard
metakaolinite are illustrated in Figure 3-13. Hydroceramics prepared from Smulant 2 or
Smulant 3, and Troy metakaolinite lesched as shown in Figure 3-14. By comparing Figure
3-13 to Figure 314, one sees that for each curing period, the leach values of hydroceramics
made with Engdhard metakaolinite are equd to or lower than for those made with Troy
metakaolinite. The difference in conductivities becomes more obvious when one consders
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the fact that the Engelhard derived hydroceramics were only cured a 90°C whereas the Troy
metakaolinite hydroceramics were cured a 115°C. We know from Figure 3-8 that there is
sgnificant  temperature-conductivity dependence.  Thus, it can be infered that the
leachabilities of hydroceramics made with the Engdhard materid ae dways noticegbly
lower than those made with Troy metakaolinite.

Figure 3-12: View represents a 10K magnification of the microstructure of
hydroceramic made with 60-wt% calcine #5 derived from Hanford Simulant and 40-wt%
extra metakaolinite; cured for7 days at 90°C.
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Figure 3-13: PCT leach data for hydroceramic waste forms created from 60-wt%
calcine #5 derived from three simulants and 40-wt% Engelhard metakaolinite; cured at
90°C for various durations.
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However, another notable observation was made. In spite of curing for a period of 7
days, the hydroceramics made with Hanford cdcine ill displayed some viscosty; they
never hardened. The hydroceramics prepared from the cacines derived from Simulant 1 and
Smulant 2 were in a solid form but were dill week reative to those made from Troy
metakaolinite. The X-ray paterns for the hydroceramics derived from Smulant 2 and from
Hanford smulant; mixed with Engdhard metakadlinite are diglayed in Fgures 3- 15 and
Figure 3-16.
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Figure 3-14: PCT leach data for hydroceramic waste forms created from 60-wt%
calcine #5 derived from two simulants and 40-wt% Troy metakaolinite; cured at 115°C for
various times.

As may be observed, there is little indication of cryddline phases with the use of
Engdhard day, especidly with Hanford smulant. This suggests tha most of the Engehard
metakaolinite has reected, but the highly disorganized cryddlites that formed have not yet
developed a long-range order needed to be detected by the X-ray diffraction andyss
Engelhard clay is a very fine materid with a high surface area to weight retio. This property
leads to low leachabilities in the hydroceramics because this clay lends itsdf to repid
resction with the sodium bearing waste in the cdcine. Y, this same characteridtic gives the
resulting hydroceramic poor drength properties. This is due to the lack of formation of
cohesive microstructures in the hydroceramic. It is necessary for the waste form to
have a minimum compressve drength of 50 ps to undergo without disintegration the rigors
of dacking, trangporting and long-term dorage at repodtories. Given the very wesk
hydroceramics that were formed usng Engdhard clay (the hydroceramics were smply too
fragile to even be prepared for srength testing), it may be safely asserted that Engelhard
clay does not yield suitable hydroceramics.
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Figure 3-15: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 1 and 40-wt% of Engelhard clay; cured at 90°C for 14
days and 28 days. S: Sodalite; Q: Quartz; H: Hershellite; NaNO;: sodium nitrate.
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Figure 3-16: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 3 and 40-wt% of Engelhard clay; cured at 115°C for 7
days and 14 days. S: Sodalite; H: Hershellite.
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3.4.2. “45-micron clay” as hydroceramic ingredient

After the falure of Engehard clay as a potentid hydroceramic raw materid, clay
from another origin was tested. This was obtained from Troy, Idaho in the form of lumps of
gray-brown kaolinite. At The Materials Research Laboratory, this batch was then calcined at
500°C to yield metakaolinite; ground in a ball-mill for about a week and then sieved. The
fraction that passed 45-micron Seve was retained for future testing. This batch of clay was
therefore termed “45-micron clay”.

Since this clay was a very fine powder smilar to Engdhard clay, it was thought that
the addition of sodium hydroxide during mixing would have a beneficid effect on the
drength of the resulting hydroceramic. The presence of extra sodium thus introduced, was
thought to produce strong sodium aduminum slicates. Hence, each of the three cacines was
dry- mixed with enough 45-micron clay to produce a cacine clay ratio of 60:40. Then, one
st of samples was mixed with sufficient water to make a giff paste. In the other set, a two-
molar solution of sodium hydroxide replaced de-ionized water during mixing. This gave 9x
samples — two for each waste cdcine. All these preparations were cured a a temperature of
115°C for various durations, after a pre-cure of 90°C for 24 hours. Besides, one sample with
Hanford-cacine: clay ratio of 60:40 was mixed with water to produce a giff paste and was
cured at 90°C for different time durations. Figure 3-17 shows the leach characteristics of
these hydroceramics.
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Figure 3-17: Leach curves of hydroceramics obtained from 60-wt% calcine #5
derived from the three simulants and 40-wt% of45-micron clay; cured at 115°C (curves 1, 2,
3,4, 6, 7) or 90°C (curve 5) for various durations. Curve 1: Simulant 1 with 2M NaOH;
Curve 2: Simulant 1 with water; Curve 3: Simulant 2 with 2M NaOH; Curve 4: Simulant 2
with water; Curve 5: Simulant 3 with water, Curve 6: Simulant 3 with 2MNaOH; Curve 7:
Simulant 3 with water.
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It was observed that a each of the time periods when samples were taken out to
conduct the PCT, those samples made with 2M NaOH were harder than those made with de-
ionized water. Samples made with Hanford cacine and water would crumble upon moderate
pressure in the pam of the hand. However, the sample made with Hanford cacine and
NaOH could only be broken with a hammer. However, as can be seen from the leach
dudies, the samples with extra NaOH dso gave rise to higher conductivities, owing to
increesed sodium leaching out of the hydroceramics. The diffraction patterns are displayed
in Hgure 3-18, Figure 3-19, Figure 3-20, Figure 3-21, Fgure 3-22 and Figure 3-23 for
comparison.
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Figure 3-18: X-ray diffraction patterns of hydroceramics obtained from 60-wt%

calcine #5 derived from Simulant 1 and 40-wt% of 45-micron clay, with water as mixing
agent; cured at 115°C for 1 day, 14 days and 28 days. S: Sodalite; H: Hershellite; C:
Cancrinite; Q: Quartz; NaNOjs: sodium nitrate.

Figure 318 shows the existence of hershellite & 28-day cure wheress it is absent at a
7-day cure. This is not a newly observed phenomenon. A paralel observation was made by
Chang and Shih who showed through their zeolite synthess experiments usng fly ash, that
the nature of the zeolite formed is dependent on the curing temperature. While a 60°C, they
obtained faujasite, they formed zeolite P at 90°C [22].
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Figure 3-19: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 1 and 40-wt% of 45-micron clay, with 2MNaOH as
mixing agent; cured at 115°C for 1 day, 14 days and 28 days. S: Sodalite; N: Na-P1; C:
Cancrinite; Q: Quartz; NaNQO;s: sodium nitrate.

A smple observation can be made by comparing Figures 320 and 3-22 with Figures
3-21 and 323. There gppears to be more crystaline peaks, specificaly distinct zeolite peaks
in the later two figures. The reason that hydroceramics form sdt-substituted soddites and
cancrinites rather than zedlites in samples made with waer done is tha this minima
amount of water used to make these grouts causes initid concentrations of soluble
st/hydroxide to be extremdy high. This is in line with observations by Semer e. d. and
with Breck’ s postulate. [6],[23]

This experiment demondrates that if during the making of hydroceramics, the clay
being used is of a quality that produces hydroceramics with excdlent leachabilities, but with
poor mechanica srengths, then the cautious introduction of concentrated sodium hydroxide
may aleviate the problem, with a dight increase in leachable sodium.



Intensity (CPS)

Intensity (CPS)

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

1100

1000

900
800

28-day cure
S s s

14-day cure

meww

) j l-day cure

T T T T T T T T T T T T T 1
30 35 40 45 50 55 60

Angle 2q (degrees)

Figure 3-20: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 2 and 40-wt% of 45-micron clay, with water as mixing
agent; cured at 115°C for 1 day, 14 days and 28 days. S: Sodalite; O: Quartz; NaNOj:
sodium nitrate.
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Figure 3-21: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 2 and 40-wt% of 45-micron clay, with 2MNaOH as
mixing agent; cured at 115°C for I day, 14 days and 28 days. S: Sodalite; Q: Quartz; A:
Zeolite A; N: Na-P1; NaNO;s: sodium nitrate.
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Figure 3-22: Xray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant and 40-wt% of 45-micron clay, with water as
mixing agent; cured at 115°C for 1 day, 14 days and 28 days. S: Sodalite; N: Na-PI; O:
Quartz.

3.4.3. Strength enhancement of hydroceramics derived from Engelhard
metakaolinite

A different gpproach to aid the hydroceramics strength would be to try different
blends of clays. In this way, a clay that yidded admirable leach characteristics would be
mixed with a clay that gave the hydroceramic sufficient strength. Engdhard clay and Troy
metakaolinite were the two clays sdected to test this hypothess. Three different proportions
of Engdhard clay and Troy metakaolinite were mixed with each other, and then mixed with
Hanford calcine and water to produce a thick paste. These three mixtures were duplicated
and upon curing a 115°C for seven days, produced hydroceramics with different hardnesses
and leachabilities. Predictably, the hydroceramics made with a higher percentage of Troy
metakaolinite were stronger than those made with higher percentage of Engelhard clay.
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Figure 3-23: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant and 40-wt% of 45-micron clay, with 2MNaOH
as mixing agent; cured at 115°C for I day, 14 days and 28 days. S: Sodalite; A: Zeolite
A; Q: Quartz.

Another approach to producing hydroceramics with better mechanica properties
would be the addition of extra dlica Two dlica sources that were readily avalable in the
laboratory received attention. One was a findy ground quartz sand used to manufacture
aerated autoclaved concrete, henceforth termed “AAC sand’. The other was 10-micron
patide sze min-U-Sl. Different proportions of Engehard clay and ether AAC sand or
mnU-Sil were mixed with Hanford cdcine and then cured a 115°C to produce
hydroceramics. After Zdays and 28-days of curing, PCT was carried out. Figure 3-25 shows
the trend in conductivities. Figure 3-26 and Figure 3-27 show the chemica compostion of
the leachate after PCT. Figure 3-28 and Figure 3-29 display the associated diffraction
patterns.

It is rdlevant a this point to mention that cesum was not tested for in any of the
leachates during these and following experiments. The formation of zeolites was a given in
dl hydroceramics produced in these experiments. Chang and Shih, and Shainberg and
Kemper have showed that zeolites and clays have an dffinity towards cesum more than for
sodium [22], [1]. Therefore, a decreasng trend in sodium concentration in leachates
obtained with better hydroceramics indicates that cesum uptake has been achieved by the
zeolites and that sodium is now being encapsulated in the remaining channds.
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Figure 3-25: Leach curves of hydroceramics obtained from 60-wt% of calcine #5
derived from Hanford Simulant, x-wt% of AAC sand or 10-micron Min-U-Sil, and (40-x)-
wit% of Engelhard metakaolinite; cured at 115°C for 7 days or 28 days. Curve 1: AAC
sand, 7-day cure; Curve 2: AAC sand, 28-day cure; Curve 3: 10-micron min-U-Sil, 7-day
cure; Curve 4. 10-micron min-U-Sil, 28-day cure.
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Figure 3-26: Leach analysis curves of hydroceramics obtained from 60-wt%
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Figure 3-27: Leach analysis curves of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant, x-wt%, of 10-micron min-U-Sil and (40-x)-

wt% of Engelhard metakaolinite; cured at 115°C for 28 days.
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Figure 3-28: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant, 20-wt% of 10-micron Min-U-Sil, and 20-wt%
of Engelhard metakaolinite; cured at 115°C for 7 days or 28 days. S: Sodalite; O:
Quartz.

3.5 Verification of Temperature-Leachability relation

Previous experiments, detailed earlier, had indicated that higher curing temperatures
would yidd hydroceramics with better leachabilities. The 90°C temperature was chosen
because it represented a low-temperature curing condition. Later, 115°C was used because it
was on the “other sde” of the boiling point scae and represented a moderate-temperature
curing Stuaion. After those two temperatures, it was worthy of interest to determine if this
temperature-leachability relation would continue a higher temperatures.
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Figure 3-29: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant, 20-wt% of AAC sand, and 20-wt% of
Engelhard clay; cured at 115°C for 7 days or 28 days. S: Sodalite; Q: Quartz.

A temperature of 200°C was chosen as being sufficiently high to indicate if such a
relation could be verified; a the same time, this temperature would gill be categorized as a
“moderate temperature’” for hydrotherma treatment purposes. The three waste cacines were
each mixed in the raio 60:40 with Troy metakaolinite and sufficient water to make a thick
paste. These mixtures were then introduced into Parr bombs for an initid curing a 90°C for
24 hours. Then, they were each cured at 200°C for various durations. PCT was conducted on
the resulting hydroceramics and the leachate was andyzed. Also, their Xray diffraction was
measured.

By comparing Figure 3-14 and Figure 3-30, the conductivities a the same curing
periods for Smulant 2 are reatively better a 200°C than at 115°C. Again, from the same
figure-comparison, for Hanford hydroceramic, there is no appreciable decrease in
conductivity.

The X-ray petterns for the three waste hydroceramics are shown in Figure 3-31,
Fgure 3-32, and Figure 3-33. There are higher crysdlinities seen with Smulant 1 and 2,
indicating that this higher temperature yields a grester degree of zedlitization. However with
Hanford smulant, the appearance of paragonite shows that there is a re-synthess of clay at
high temperature curing. Therefore, a cdear generdization cannot be made regarding a link
between higher temperature hydrotherma processng and the yied of zeolites. It gppears D
be dependent on the amount of sodium avalable in the waste smulant. The Hanford
Smulant contains the leest amount of sodium and as a result, not enough was present to
produce zeolites in Szegble quantity.
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Figure 3-31: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 1 and 40-wt% of Troy metakaolinite; cured at 200°C
for 7 days and 14 days. S: Sodalite; Q: Quartz; A: Analcime; NaPl: Na-Pl; C:

Cancrinite.
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Figure 3-32: X-ray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Simulant 2 and 40-wt% of Troy metakaolinite; cured at 200°C
for 7 days and 14 days. S: Sodalite; Q: Quartz; A: Analcime; N: Na-Pl1; C: Cancrinite.

In the event of hydroceramics becoming a defense waste disposd dternative, two
separate paths are encountered in so far as the curing temperature is concerned. A lower
temperature processing will ensure safer handling, lower engineering specifications for
cadciners and furnaces, and possbly lower operating costs. Whereas, a higher temperature
curing will perhgps achieve waste form compliance sooner.
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Figure 3-33: Xray diffraction patterns of hydroceramics obtained from 60-wt%
calcine #5 derived from Hanford Simulant and 40-wt% of Troy metakaolinite; cured at
200°C for 7 days and 14 days. S: Sodalite; Q: Quartz; P: Paragonite.

3.6 Product Consistency Test on borosilicate glass

Through dl the preceding experiments, the endeavor was to determine and improve
upon the leach characterisics of hydroceramics. Although data was avalable for the
leachability of boroslicate glass that was proposed as the DOE's preferred waste form
dterndive, it was pertinent to test the waste dass in the same laboratory conditions that the
hydroceramics were prepared and tested. Therefore, a sample of the boroslicate glass
classfied as “DWPF (Defense Waste Processng Facility) Environmental Assessment
Standard Reference Materid — WSRC-NB-92-12 9”7 was obtained from Westinghouse
Savannah River Company, South Carolina. The Product Condstency Test Method B was
gpplied to this glass.

A few deviations were made in so far as obtaining an accurate comparison of the
borodlicate glass and the hydroceramics previoudy tested. In place of three consecutive
cycdes of washing with ethanol and vibraing the glass-ethanol mixture in an ultrasonic
vibrator to remove the fines from the glass surface before testing, four cycles of washing
with 200-proof ethanol were carried out. Post leaching, the pH of the leachate was not



64

measured. This is in conformity with the fact that none of the leachates derived from
leaching hydroceramics were monitored for pH changes. Insead, a chemica andyss was
peformed on the leachate to determine concentrations of various dements. The
conductivities of the three leachate samples are shown in Table 3-4. Also, the average
chemica compostions of the three samples are displayed.

The glass leachate differs from the hydroceramic leachates in a few ways There is a
high leve of boron in the glass leachate, wheress it is virtudly absent in the hydroceramic
leechate. The amount of nitrate is higher in the latter. This may be due to incomplete de-
nitrification of the waste Smulants while making the calcines.

Table 3-4: Chemical analysis of the leachate obtained after a 7-day PCT
conducted on borosilicate glass.

PCT results of EA glass
Averag

Sample 1[Sample 2[Sample 3le
Conductivit
y (mS/cm) (6445  16.354  6.242  6.35
Al 2.2 2.1 1.9 2.07
B 140 140 1375  [139.17
Ca 1.8 2 1.55 1.78
K 1.05 1.35 1.8 1.40
Mg 0.15 0.05 0.05 0.08
Na 400 400 395 398.33
Si 180 170 190 180.00
NO3 0.5 0.4 0.3 0.40

Aluminum is dso higher in the leachates produced from hydroceramic leaching.
This is perhgos because of some unused duminum in the cay while meking the
hydroceramics. At the same time, cacium, potassum and magnesum appear in the glass
leachate. These dements are bdow detection limits (0.01 mg/L), or are present in
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inggnificant amounts in hydroceramic leach results. Also noticeable are the high levels
of sodium and glica in the glass leachate. The conductivities mainly reflect the mobility of
the boron, sodium and glica in the leachate. The conductivity of the glass leachate is
comparable to hydroceramics prepared during the scoping studies described earlier in this
thess, as seen in a comparison of Table 3-4 and Figure 3-2. However, with the use of
Engdhad metakaolinite and quatz supplementation, the vaues of sodium in the
hydroceramic leachates are about a third of those obtained from glass leaching as can be
seen from comparing Table 3-4, Figure 3-26 and Figure 3-27.

Through this and other glass leach dudies, it gppears that while boroslicaie glass
leaches by an ion exchange process, the dissolution process in hydroceramics involves both
ion exchange and hydrolyss [5]. Like most other soil minerds, cancrinites & soddites have
a much greater affinity for cations than they do for anions Deonized waer saidfies this
“hunger” by hydrolyzing to donate hydronium ions to the minerd  a process that displaces
an equivdent amount of sodium ion from it.  Hydrolyds smultaneoudy crestes an
equivdent amount of hydroxide ion, the bulk of which then dislaces anionic materias
(glicate, duminate, and nitrate) from the minerd; and the remaning hydroxide raises the
pH of the leachate. If the minerd’s cation exchange sites are satisfied by other cations from
the leachant, both hydrolysis of the water and dissolution of the minera are suppressed.

4. Conclusions

Through this study, we have concluded that hydroceramics made with waste cacines
and metakaolinite tended to outperform other waste form dternatives. Hydroceramics,
owing to their ceramic dtructure containing zedlitic phases, accommodate sodium  within
ther marix with rdativey little additiond processng. They have low leachability and
compare favorably with treditiond glass wade forms. Sugar cdcination of high-sodium
wades without a “cadcination ad’ containing duminum and/or slicon is of quedionadle
benefit. At least 75% of the sodium required to produce sodalites and cancrinites in the
zeolitization phase should be present in the form of oxides, duminates, or dlicates.
Cdcining the sodium bearing waste is a wdl-suited way to remove most of the sodium
nitrate and nitrite, besdes acids and organics thus making the waste more amenable to
zeolite encgpsulation. In practice, cdcination involves the use of a smple rotary kiln or
congruction of a cacination facility such as the one used by INEEL to cdcine its waste.

The effect of temperature on the curing process of hydroceramics is such that with
increase in temperature, more zeolites are noticed in the microstructure. However,
consdering the fact that the hydroceramics will remain in underground repostories
essentialy forever, a lower temperature of 90°C may be chosen for cost and safety reasons.
Results suggest that leachabilities of hydroceramics cured at different temperatures tend to
converge upon prolonged curing durations. The addition of water during the curing process
does not seem to have any percaeivable benefit. In fact, leaching of ions could occur into the
water vapor when extra water is present in the autoclave. Hence, no extra water should be
introduced into the process.

Engdhard and other high purity clays show good leachabilities but poor srengths. It
is therefore necessary to choose a metakaolinite such as Troy metakaolinite, which may
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possess some quartz, but neverthdess displays respectable leach effectiveness. Usng a
blend of clays is one method of counteracting the low srength of hydroceramics caused by
one of the condituent clays. However, the addition of a slica source like AAC sand or Min-
U-Sil shows more promise. Whereas with the presence of even very low proportions of
Engehard clay the dtrength characteridics of the resulting blended-clay hydroceramic are
ggnificantly compromised, with dlica addition indead, more cyddline phasss ae
observed, accompanied by a sgnificant increase in hydroceramic strength.

The PCT conducted on the DOE's boroslicate glass showed the high leachability of
this particular waste form. It compares poorly with zeolitic hydroceramics.

As a waste form, zeolitic hydroceramics make a sgnificantly better choice than the
DOE's current borodlicate glass dternative. The former dready consst of the zeolitic
“sacondary phases’ that glasses will eventually decompose to when they come in contact
with the geology of the Nevada Test Site, which has been determined to be the find resting
place for the nation's nuclear wastes. The experiments in the preceding sections have shown
that with longer and longer duraions of curing a low temperatures, the leach characteristics
of the hydroceramics gpproach those made at higher temperatures. This points to one more
advantage. Since the wagte form will reman for a dgnificant period of time in temporary
dorage areas on dte, there is a potentid to cure the hydroceramic monoliths at redivey
low temperatures during this waiting period, and 4ill be adle to achieve desred waste-form
characterigtics before going “onroad”. Thus, the highest temperature required in the entire
process is approx. 500°C for waste cdcination. All curing thereafter needs a temperature
that is an order of magnitude lessthan that  (1200°C — 1600°C) needed for vitrification.

The radioactive intendties of DOE's defense wastes are too low to cause damage to
cementitious materids (such as hydroceramics), and aufficiently high to promote
hydrothermd curing reactionsin an insulated interim storage system. [9]

In a drive to achieve volume reduction, vitrification appears to have immediate
benefits, in that it reduces the quantity of HLW that needs to be ultimately disposed off.
However, it dso creates a LLW fraction that is much larger than the origind waste burden
itsdf. (It is estimated that the amount of “new” nitric oxide done will be of the order of
20,000 tons. (Persond communication. Siemer and Grutzeck, April 2000]). This LLW is
proposed to be left on-gte with only a cursory treatment [5]. With the use of hydroceramics,
the entire waste volume — without any separation — can be suitably accommodated in one
monolithic waste form. Thus, a reduction in the totd wase volume will be conveniently
achieved in this manner.

Hanford waste too performs wel as a hydroceramic waste form. Therefore, there is
subgtantial  evidence that zedlitization is a very viable option not only for Savanneh River
Laboratory’s wastes, but adso for other nuclear waste repostories. Because of the easy
availability of kaeolinite clay and the draightforward processing required to convert keolinite
to metakeolinite, qudity control is essy to mantan. The overdl low cost and low
temperature processng enhance the potentid utility of hydroceramics in providing an
dternate means for the digposd of sodium bearing wastes. In toto, hydroceramics have
acceptably low leachabilities (measured usng the PCT and MCC-1 methods) and adequate
drength (Semer e d., 1998, Krishnamurthy, 2000 [2]). In addition there is little or no
change when a hydroceramic is subjected to DOE's vapor hydration test. This is due to the
fact that the hydroceramic wade form is dready in equilibrium with saturated steam. Glass
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of course, is not a equilibrium with steam and tends to form ungable secondary hydration
products during the test.

Hydroceramics are perfectly suited for low activity SBW streams that contain high
levels of sodium. Rather than being detrimentd, as is the case for vitrification, the high
sodium content actually increasses the ease of producing a hydroceramic waste form. Rather
than diluting the waste, one can use the sodium in the wadte to its full advantage. During
cacindion, it should aso be possible to reduce the vaance states of Tc and Np so that they
ae more amenable to encgpsulation as cations rather than their current anionic dtate. This
can be done chemicdly (adding smal amounts of various sulfides) or by control of oxygen
fugacitiesin the calciner.

These observations lead one to reevaluate hydroceramics as a worthy dternative to
vitrification for the safe disposd of the nation’ s radioactive wastes.
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