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" ABSTRACT

. Vitrification has beén declared by the Environmental Protection Agency (USEPA)
as the Best Demonstrated Available Technology (BDAT) for the pemanent dtsposal of
high-level radioactive waste. Savannah River Site currently uses a sodium
tetraphenylborate (NaTPB) precipitation process to remove Cs-137 from a wastewater
solution created from the processing of nuclear fuel. This process has several

-

disadvantages such as the formatiori of 3 benzene waste stream. It has been = -
proposed to replace the prec:pltatlon process with an jon exchange process us;ng a
new resorcinol- -formaldehyde resin developed by Savannah Rlver Techmcal Center
(SRTC). Preliminary tests, however, showed that problems such as crust formation and
.a reduced final glass wasteform exist when the resinis placed in the melter
envnronment. The newly developed stired melter could be capable of overcommg
these problems. This research explored the operational feasxbility of using the stirred
tank melter to vitrify an organic ion exchange resin. Preliminary tests xncluded crucible
studies to determine the reducing potential of the resin and the extent of oxygen
consuming reactions and oxygen transfer tests to approximate the extent of oxygen .
transfer into the molten glass using an impeller and a combmatxon of the lmpeller and
an external oxygen transfer system. These preliminary studies-were used as a basxs
for the final test which was using the stirred tank melter to wtnfy nonradxoactxve cesium
loaded organic 1on exchange resm Resuits from thus testincluded a cesium mass
balance a charactenzatlon of the semi-volatile organic compounds present i ln the off
dgas as products of mcomplete combustlon (PIC), a qualitative analysis of other volatile:

metals, and observations relating to the effect the resin had on the fing] rredox state of

the glass.
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CHAPTER 1
INTRODUCTION

‘Vitrification, the conversion of a material or materials into a glass or glass:like
substance, has been declared the Best'Demon'strated Available Technology (BDAT) for
the treatment of high-level radioactive waste (HLW) (FR, 1990). It has also been
chosen for treatment of hi.gh‘ level wastes‘in Germiany, France, Great Britain, and Japan
(Wicks, '.1989). it involves subjecting materials capable of forming a glass or glassglike
substance to temperatures above 1000° C so that they may form a gfa'ss. One::vay this
is doneisin an electrically heated glass melter with either alloy or ceramic lining. This
is known.as ex sifu vitrification. The original waste can be bound int'o'a.glass matrix
which is extremely leach resistant and has usually undergone ‘an extremely beneficial
volume reduction from a practicai and economic standpoint. o ' '

High-level radioactive waste (HLW) is the waste produot resulting from the
processing of nuclear fuel. Currently, there are aporoximately 120,900 m3 of HLW
stored in.two tank farms With a total of 51 carbon steel tanks at the Savannah River
Site (SRS). After ten to twenty years of aging, one of the major sourées of t—aheta and
gamma radiation is cesxum-1 37 Because of it's alkali nature cesuum-‘l 37 is soluble in
| water whlch canresultina cesxum-oontammated waste salt solutxon The current

method used by SRS to remove thls radtoactlve fon from solutxon is prec:pltatxon usmg
sodlum-tetraphenylborate (NaTPB) (Wallace, 1988). Thls process,,however,-produces
. alarge amount of organ(c matenal which puts a burden on a glass melter A process
. step performed pnor to melter processing is used to decrease the amount of organlc
compounds in the melter feed Th:s step mcorporates the hydrolysts of the TPB with

fonmc acxd to yleld benzene whlch can be removed through.steam dtstxllatxon

Although the process is able to remove approximately 90 percent of the organic



. Mmaterial, itis very Complex and has severa] disadvantages. These disadvantages
include the presence of large amounts of sodium, potassxum and titanium that are fed
to the melter and the regulatory and safety concems of handling the benzene waste
stream.

Although ion exchange was proposed to replace the sodium tetraphenylborate
prec:pltatlon process, it was discarded due to major additions in processing space
required for the operating equipment. A new resin has been developed however .
which is capable of removing cesium under SRS HLW storage conditions (Wallace
1988). Thxs proposed process carries severaf advantages which could outwelgh the
necessary modifications in the tank fam program Two of these advantages are a
lower amount of alkali metals fed to the melter, whlch ‘would increase the reliability of
the glass making process, and the absence of boron in the resin which would allow the
boron content of the glass to be more easily regulated One method suggested for
. disposal of the used resin is to feed it along with frit and other neceSsary additives

directly into the existing Defense Waste Process:ng Facility (DWPF) melter at the SRS.
Preliminary tests, however, (Bibler, 1991) showed that problems exist when the resnn is
placed in the melter environment. First, the resin has the tendency to accumulate on
top of the meltin a crust, This increases the ﬁme for the feed to become lncorporated
Am the melt and allows more time for cesium to volat:ltze instead of becoming
immobilized in the melt, Second, the organic resin causes significant reducing’
conditions in the mejt wh(ch could increase the volatlllty of alkalu metals such as cesium
and can result i lﬂ aless durable glass: .
- The newly developed stirred tank melter may be capable of overcomzng both of

these problems. The melter used for these expenments is the Stxr-Melterm WV-0. 25
.designed and fabricated by Sti-Melter, Inc. It's design lncludes an impeller that enters
the melt from the top. Since the entire met Is agitated by the impeller, the crust

formatiorris decreased by contmuously drawing the surface into the melt. The impeller

A ———



agitation can also ameliorate the negative effects of a reduced melt by constantly
refreshing the surface layer and thereby incréasing oxygen gxchange between the melt
and vapors above the melt. A more oxidized melt could lower the amouqt of cesium
'volétilized as well as other metals (Bickford, 1994). ‘

This research focused on the vitrification of the ion exchange resin developeq at
the SRS. The éoal of this research was to prbvide a basis for determining the
feasibility of vitrifying the organic ion exchange resin proposed to decontaminate

aqueous solutions containing cesium-137. The research was conducted in four '

phases. Thefirst bhase involved several crucible level experiments. ' This phase )
investigated ihe effects of oréanic compound additions on the formation of a glass
wasteform. These effects indu&ed oxidaﬁon/reciucﬁon shifts and cesium re_tgnti_on. It
also examined the reducing effectiveness of the ion exchange resin il;l comparison to
elemental carbon. The goal of the second phase was to establish nominal melter
operation parémeter val‘ues. ﬁis phase determined acceptable valués fé( operational
parameters such as impeller height, impeller rotational speed, and melter temperature
Which needed to be maintainéd in order to sustain satisfactory melter production fate
and operating coﬁditions_Which jndicate successful ope;atién of the melter. The 'third
phase was .oxygen ﬁ'ansfer tests. This phase examined the rate of oxygen trans;fer into
the molten glass through comb?naﬁons of impeller agitatié_n, an extem.al air sparger,
and water in the feed. - The fourth and final phase was the actual -vi,tﬁﬂc_:ation of the..

. resin using the stired melter. The.pn'mary goal of thi;s-phasé was fo ap‘pro;drﬁate a
césium mass balance around tﬁe melter including the feed, exit glass, and off gas -
stre_anis. The tes_t progrém for this phé‘_se élso iﬁcfudec_i gas sampling for 'semi-vol_atile

. orga-nic compounas, other volatile 'metalé in éddiiion to cesium, and total parﬁcu(at'e

matter.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

The Vitrification 'Process

Vitrification is the process of tuming a material or materials into a glass or glass-
like substance. Itis a general term covering all glass making operations from the
creation of bottle glass to the treatment of radloactlve hazardous, and mixed wastes
Mixed wastes are those Wthh ‘have both a hazardous element or compound and the
radioactive elements and are often the most difficult to treat successfully. In the
environmental englneenng realm, the term v:tnt' ication specifically covers the process in
which a wide variety of waste streams are converted into a durable glass wasteform
(USEPA, 1992). L7

Glass melter designs combine many of the characteristics of flash bouers
calciners, incinerators, and .electrically heated glass melters (Bickford, 1986). The
melter acts as a flash boiler when a slumy feed containing organxc compounds s ,
exposed to the 500° C to 900° ¢ surface of the glass pool Volatile organlc compounds
present in the feed can be considered to boil off at the same temperature as water. _
These compounds can be collected in an off gas treatment system and destroyed
effectlvely (Bickford, 1986) Calcination occurs as the solids in the feed settle into the .
melt pool and are further heated. The formates and hydroxxdesof cations such as Al

"Na, and Ca are converted to oxxdes which are then i incorporated in the glass matrix.
Several of these catlons are common components in hazardous waste streams and
thus decrease the amount of additives needed for successful vitrification (Bickford,
1986). When organic contaminants are subjected to typical vitrification temperatures of

over 1000° C, they are destroyed either by pyrolysis or combustion. Some of the

-




heavier organic compounds are pyrolyzed \rvithin the melt. The majority of the
combustion generally oceurs in the plenum above the melt or in a secondary
combustion chamber. Destruction efficiencies of over 99.999 percent have been
reported in vitrification systems for compounds such as chlorobenzene, phenol, and
carbon tetrachloride (Armstrong, 1985; USATHMA, 1988; Kiingler, 1989).

The melters are electrically heated by passing a current through electrodes
' submerged in the molten glass. The heat caused by the resistance of the glass to the
" current allows the molten glass to maintain a mélting temperature. Resistance heagers

are also used in some cases to provide extra heat when needed (Bickford, 19886).

Savannah River Site High Level Waste Program

At the SRS, the high-level radioactive waste (HLW) residue of 6\./er 30 years of
reprocessing irradiated nuclear fuels for national defense purposes is cun‘ently stored
in 51 carbon steel tant<s located in two tank farms and totals apprdxin'rat'ely 120
thousand cubic meters. This HLW at SRS is the residue of chemical reprocessing of
uranlum fuel and targets after irradiation in nuclear reactors. HLW contains most of the
fission products of irradiation, including the intense beta and gamma radiatiqn—e'mitters
Cs-137 and Sr-90 (Pearson, 1991).

‘The HLW produced is first transferred from the separatxon fac:htxes where it was
generated to waste recelpt tanks While in these tanks the waste divides into three
parts. First, a metal oxide sludge settles out. This sludge consrsts of metal oxides of
aluminum, iron, and manganese'. It makes ‘qp apprexirnately :10 pereent of the v;/aste
votume and has the majority of the radioactivity since it includes most of the fission
products and some actxn(des that were not recovered in the reprocessmg facxhty The
overlylng layers area salt solutxon and a salt cake. The salt solutron and cake are-
“primarily sodium nitrate, sodium nitrite, and sodium’ hydroxide. Itis also highly

radioactive because it contains cesium-137 (Pearson, 1991).



The metal oxide sludge, salt solution, and salt cake are allowed to remain in the
receipt tanks undisturbed for"at least one year in order for the shert-lived isotopes to
decay and for the metal oxides to'settle. After one year, the salt solution and salt cake
are decanted off and concentrated into a salt cake. This cake is allowed to decay for
several more years before further processing (Pearson,, 1991).

Tank sludges high in aluminum are leached with NaOH to dissolve most of the
aluminum. Approximately 75 percent of the hydrated aluminum is dissolved resulting in
avolume reduction of about 50 percent (Pearson, 1991). All sludges are washedwrth
water to decrease the volume by removing the soluble salt content. Itis currently
thought that this washed sludge will be stored at 10 to 19 weight percent solrds and fed
to the Defense Waste Processing Facility (DWPF) melter. The DWPF is a treatment
facility designed for the processing and immobilization of High-Level Radloactive_ Waste
(Pearson, 1 991): o - /

The current method to remove the radionuclides from the salt solution and salt
cake is through the addrtlon of sodium tetraphenylborate solution (Brbler 1891). This

produces insoluble tetraphenylborate salts of cesium, ammonium, and potasslum A

~

small amount of sodlum titanate slun'y is also added to adsorb any residual plutonlum
or strontium. The resultant slurry, composed of tetraphenylborate salts and used
sodlum titanate, is then processed under contrnuous fi ltratron untrl itis 10 werght
percent solids. Itis then washed to a low soluble salt level and pumped to the DWPF
(Pearson 1991). '

Before vitrification, the tetraphenylborate salts are processed to remove most of
the organic carbon This is accomplished by the addrtron of formic acxd whrch converts
_the phenyl groups to an immiscible benzene phase. The benzene is removed through
steam distillation and incinerated.. The remaining aqueous phase solutron contains the
cesium and other metals as formate salts bonc acid, formic acid, phenol, and

phenyibaric acrd This solution is known as Precrpltate Hydrolysrs Aqueous (PHA)



product. The solution along with the irgsoluble titanate is collected a;'xd fed to the
Sludge Receipt and Adjustment i‘a’nk (SRAT) (Pearson, 1991).

- The SRAT is fed by the washed sludge slumry and the precipitate hydrolysis
product. i\Aercury is reduced to its elemental state in the SRAT'ti'lrough the addition of
formic acid and removed with steam distillation. The SRAT slumry is then-mixed with
borosilicate glass frit and concentrated to 45 weight percent by boiling. It is transferred
to the Melter Feed Tank and then fed to the melter (Pearson, 1991).

. The decentaminateq'-ealt solution from the waste processing steps will be mi>§e_d
with cement, flyash, and 'slag to produce saléstone which will be disposed of as-’az!‘;ow-

Level Radioactive Waste (LLW) at SRS (Pearson, 1991).

-

The lon Exchanqe Process

A cation exchange resin has been developéd recently by SRS whose cesium
capacity was four times greater than the best commercial resin (Wal]ace, 1988). Itcan
potentially reduce the complexity of the decontamination process. ’I"he Cs removal
could occur in the tank farm area, the Sr remeval ina sodium—.ﬁtenate (Na=Ti) column,
and mercury removal in a resin column. Spent Sr titanate could be fed with.t_lle Cs
resin to the meltet-'.

The potential advantages of the ion exchange process are (Wallace, 1988)
1. . The need for the acid hydrolysis process would be eliminated;

2. The alkali elements going to the melter as part of the PHA preduct
would be eliminated. This would greatly increase the reliability of the :
glass making process;

- 3. The amount of titanium going to the melter would be decreased by
. about a factor of 10. This will significantly reduce the possibility of
devitrification in the glass product,-and of spinel formation in the
melter; )

4. .No boron is introduced to the gléss making process by the spent
resin. Thus, the boron content in the glass can be controlled by
. regulating borosilicate glass additions;



5. The volume of waste sent to the Saltstone facility, where
decontaminated salt solution is immobilized by mixing with cement
slag, and flyash, should be less for the ion exchange process
(Pearson, 1991);

6. Problems associated with the generation of organrc compounds in
the TPB precipitate process would be eliminated;

7. Theneedfora holding tank regulated under the Resource
Conservation and Recovery Act (RCRA), an incinerator, and mercury

removal processeés to handle the benzene waste stream created
through the formic acid hydrolysis would be eliminated.

The possible disadvantages of the ion exchange process are (Wallace, 1988)
1. The cost and schedule of the tank farm program would be impacted;

2. Engineering aspects of the jon exchange process, such as resin
transport have not been evaluated i in detail.

The lon Exchande Resin

The resin which is being proposed to replace the tetraphenylboraté process for
cesium removalis a resorcinol-formaldehyde cation exchange resin fBibles 1987). ltis
prepared by condensmg the potassium sait of resorcinol with formaldehyde inan
aqueous solution. This results In a gel which is dried at approx:mately 100° C._The
sample can be prepared in three separate forms dlstmgulshed by the exchangeable
cation. Initially, the resin'is present in the potassrum form. The hydrogen formis
Prepared by washing the resin present in the potassium form in a dilute solution of nitric
acid. A combmatron potassium/sodium form is prepared by rinsing the potassium resin

with 2 M NaOH solution.

- Studies of Vitrification of lon Exchange Resin

-+ Bibler (1991) used a ceramic-lined joule heated melter with a capacity of 18 kg of
glass for thelr demonstrations of the vitrification of the same orgamc ion exchange resin
usedin thls study. The melter was fed with a 58 wi% slurry containing ground

borosrllcate/glass, sludge, and resin. The ground glass was frit 165 developed at SRS.



The sludge was a "typical* composition for sludges which will be processed at SRS.
;l'he anions in the sludge were primarily nitrates, nitrites, and formates. The resin was
0.95 weight percent cesium. The melter operating temperature was 1150° C. ltwas
reported that during the feeding phase, the slurry “fell on the tob surface-of the melt,
water was flashed off, any organic present was incinerated, sludge was diesolved.in the
melt, Aand the frit was melted." The molten product was collected in stainless steel
beakers through an overflow drain. The off gas eystem was. able to collect condensate
from the water fee tc the melter as well as parﬁculate matter entraiaed in the off gas.
Three runs were performed ixsing this melter. The first run used a ccmbinati:gn of
sludge and frit, while the second and third.runs used a mixture of frit, sludge, and resin.
The schedule for the ﬁrsé two runs consisted of pouring for sixteen hcurs during the first
two days and eight hcurs duﬁng the third day with the melter idling for the remaining
hours of each day. ‘The schedule for the third run was one run with a duration of fifty-
*. three hour (2.2 days). Each run collected 12 cans of glass with each één holding
approximately 12 kg.

Bibler concluded that.no effects on me!ter operation were caused by resin o
addition to the feed. This included no shorting out of the melt due to conductive |
species, no pluggages in the cff gas system, and adequate pourability cf the melt. The
resin did, however, have an effect on the final glass composmons The sample for

- each run had very similar composmons except for the relatlve amounts of Fe(ll) and
Fe(lll). Whenever resin was present,.the Fe(ll) concentratxon was higher, mdlcatmg the
Qlass was in a more red&ce_d state.” The amount of Fe(ll) was, highest during the third
.run. This was because the .other two run schedules in(:luded an idling tin;le"where'
oxygen had a chance to dlffuse lnto the melt and reoxxdxze the melt. Samples were
taken several times dunng the course of the runs. ln all cases, the glass became more
reduced and less durable as time passed during resin feeding. This i inverse

relationship between durabiliti( and redox state is due to the fact that-Fe(ll) acting as a

-
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network modifier reduces durability while Fe(lll) is a network former. However, the
glass is still an “acceptable waste form" when compared to the prehmmary results with

the DWPF Environmental Assessment (EA) glass."

Vitrification with Organic Compounds

One possible problem with organic compounds in the melter environment is the
‘formation of soot and tar. Both of these can cause pluggages in off gas system
equipment. More importantly, these carbon deposits can cause sulfidization or .
carburization of melter equipmeént. Dependrng on the type of redox envrronment, alloys
can be attacked moderately or severely. lnconel-690 placed in a reducing environment

showed "catastrophic” sulfidization (Bickford, 1986).

-Redox Control of Glass

Redox control of the glass' melt is an important process operation.” It is done by
balancing the amount of reducing agents and oxidizing agents i rn the' feed and plenum
For a complex feed which rncludes organic compounds, the redox state of the waste
- glass is found by balancing the reducing potentral of feed organtc compounds_ and the
oxidizing potentral of the gases above the melt as well as any nitrates or polyvalent
elements in the waste (Bickford, 1991). One of the pnmary tests for excessive amounts
of organic compounds in the melter feed is determining the ratio of Fe(ll) to Fe(lll) or
Fe(ll) to total i lron (Bickford, 1 986). Accurate control of the redox state @n lead to .
better metal retention within the melt. a more durable t‘ nal glass product, more eft‘ cient
heat transfer wrthm the melt, and a better Destructxon and Removal Efﬁcrency (DRE) of

organrc compounds in the feed.

Cesium Volatility

Cesium is a semi-volatile metal. This is of concem at nuclear sites because itis

primarily present as a radioactive isotope such as Cs-137. There have been several
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efforts to lower the volatility of cesium in a melt. One methpd was to add soda ash or
" sodium o;dde to the melt to decrease the melting temperature. However, the increased
. evplution of off gas offset the benefits of the new melt temperature (Spalding, 1989).
Current trends in cesium control include either controlling process feed or recycling off
gas components. Controlling process feed involves monitoring the constituents in the
_feed and how they affect cesium volatility, while recycling off gas components such as
HEPA filters or scrubber water. minimize the amount c;f cesium in the secondary off gas
system waste stream (USEPA 1992). '!_ .

Kamizono (1 986) examined the volatllrty of cesium within a stainless steel*
canxster The purpose of his study was to look into the safety aspects of HLW
vrtnﬂcatlon storage. In this experiment, HLW was placed into a canister which wae
heated in a furnace to V1 000°C in steps of 25°C. It was noted that the decay heat did
not play an important role in the temperature control of the glass. _Duﬁhg the cqurse' of
heating, air samples were taken into a botﬂe with a volume of approﬂrhately 7 cmS.
The normalized concentration of cesium (taken by dividing the airbpme cehcentration
by the glass cohcentration) approached it's maximum value in l.ess'than one hour.
Kamizono divided the: complex release mechanism into two pathways Fxrst,’the
radionuclide must migrate from w:thm the melt to the melt surface. Second, the
‘radronuchde at the surface reacts with other elements. Cesium has been reported to
volatilize as CsBOz (Asano, 1985). This means that the volatmty of cesium at the
surface has some relation to the interaction between cesium and boron. The v_olat:lnty
of cesium also-ihcreases with increasing terhperature \fJith the activation energy eqtral
to approximately_14q kJ/mol. 'The temperature range of this study was frorn 400°C to
~1000°C.

When alkali metals are bound in'a'glass matrix, thej/ beginto actin a noh—ideal
" manner. t=or example, the activtty of cesium oxide when incorporated in a glass is

several orders of magnitude lower than when it is existing as a pure element. This



decreases the volatility of cesium from a glass matrix significantly. If cesium does
volatilize, it q'uici<_Iy disassociates into Cs* and Oy (Sanders, 1977). After volatilizing,
the vapor pressﬁre of’Cs"' is approximately 10 times higher than. tha-t of Cso0 (Odoi,
1979).

i
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CHAPTER 3
EXPER!MENTAL ‘OBJECTIVES

The goal of this research was to provide a basis for determining the feasibility of |

vitrifying a cesium-contaminated organic ion exchange resin. In order to meet this goal,

the following research objectives were established:

1.

using crucible studies to determine sorne of the effects such as
changes.in Fe(ll)/Fe(total) ratio and cesium retention that the addition )
of organic compounds have on the formation of a glass; _ o

&

'determining a range of-acceptable values for several operating

parameters such as melter temperature and also determining the
relative importance of the operatmg parameters

approximating oxygen transfer rates into a glass melt using drfferent
combinations of operating condrtrons

using pilot scale demonstrations to perform a cesium mass _balance
around the melter including the feed, off gas, and exit glass streams;

characterizing semi-volatile products of incomplete combustion (PIC) -
found in the off gas resulting from the vitrification of the resin.



CHAPTER 4
MATERIALS AND METHODS

A pilot-scale stirred tank glass melter fabricated by Stir-Melter, Inc. was used to
investigate the potential application of vitrifi catlen ln the treatment of organic ion
exchange resin (Richards, 1991). The experimental system consrsted of the melter,
two related feed systems, an oxygen sparger, and an off gas treatment system. Three
phases of preliminary studies were performed prior to the actual use of a pilot-scalé
glass melter for the vitrifi catlon of the cesuum-contamlnated ion exchange resln."These

preliminary studies included crucible studies and oxygen transfer tests.

Experimental Plan

The research was divided into four phases. The first phase was a crucible study.
This phase examined the effect that the addition of an organic matenal had on the
resulting glass wasteform. These effects included cesium retention and final redox
state of the melt. The goal of the second phase was to set g range of operational
parameters that woulcl allow for successful operation of the melter. A mafﬂX'Wlfh"lZ
different combinations of operating parameters was establlshed in order ta determme a
range of acceptable operating parameters and also to dlstlngmsh the relative
' lmportance of the operatmg parameters. The third phase was oxygen transfer tests.
. Approximate values of the oxygen transfer rate into the molten glass under dlfferent
combinations of 1mpeller agitation, oxygen sparging, and feed water were calculated
based on temporal changes in the Fe(ll)/Fe(total) ratio. The fourth phase of research
was the vitrification of actual cesuum-contammated fon exchange resin. The results

from each of the first three phases of research were used in establishing conditions for

the fourth phase.

o
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Research Eaquipment

Stirred Tank Melter
The stirred tank glass melter used in this research was the Stir-l\/lelter model

WV-0.25. A cutaway of the melter is shown in Figure 1 (Richards. _1991). ltis a.Joule-

heated melter with a power supplj/ rated at 50 V maximum, 300 Amperes maximum, or

10 kW total power. The vessel is constructed of Inconel™ alloy 661- Itis 15.24 x 15.24

x30.48 cm (6 x 6 x 12in). The vesselis surrounded by exterior 7 kW heating elements

which are used for startup and to assist in ‘maintalning melter temperatures if .

. necessary. Animpeller extends into the molten glass from above. The height-"ari'd-.
-rotational speed of the impeller can be controlled. Feed compon.ents are fed into tlje‘
melter through ports located above the melter.vessel. The feed materials fall into the
vessel and on the molten glass bath where they are rapidly incorporated into the melt
through impeller agitation. When the molten glass level reaches 6 inches from the
bottom of the vessel, the glass drains from an overflow spout. The molten glass exits
from the bottom of the tank, upwards through a channel in tl,1e comer of the vessel,
over an overflow pomt located 15. 24 cm (6 i) from the bottom of the vessel, and then
downward to an outlet located at the bottom of the melter. There is also an addrtronal
water-cooled drain plug located in a lower comer of the vessel adjacent to the overflow '
channel. This is used when emptymg the melter vessel (Richards, 19891).

- The melter used in these expenments was also equipped with a drain tube ‘
heater Occasionally, the glass exiting the melter through the overflow drain cooled
whrle passing down the exit tube and caused blockages A heated rod, placed |
adjacent to the exit tube, kept the local environment inside the tube at. approxxmately '

;1000° C to aid in mamtamrng a steady flow of glass. Tlle rod'heated the entire drain-

tube except for the lower two to three inches. In addition to.the drain heater, a proparle
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burner was used to heat the lower few inches of the drain tube so that the exiting glass

did not cool as it left the tube.

< - Feed Sys;tem

The feed system used during Phases Il and (I of the research is shown in Figure

' 2. lt consisted of a large stainless steel mixing iank, a secondary stainless steel vessél,
a diaphragm pump, and a peristaltic pump. The slurry mixfure was stored in the large
mixing tank capable of holding over 55 gallons. This tank was eqqipped with a large
impeller and baffles in order to keep the slurry in suspension. The mixture w'as;pufhbed
with a diaphragm pump into the seconda}y vessel which was elevated above the large
mixing tank on a small stand. The operating volume of the secondary vessel was
approximately 3 liters. The slurry entered the éecondary vessel tangeﬁﬁal to the walls
of the véssel creating a swirling motion in the‘secondary vessel vyhich kept the slurry in
suspension. The secondary vessel had two exit ports. The first porj: was,a tube which
entered from the bottom of the vessel and ended approximately 3.5 inches from the
bottom. When the slumry reached the height of the tube, it would overflow into the tube

" and drain through a hose back into the large mixing.ténk. It was installed so thata
constant level of slurry was haintéined iﬁ the vessel to assist in‘maintaining a steady
flowrate. The sécond port—was a small hole in the side !ocated. approximately 2.75
inches from the bottom of the vessel. ‘i‘he ‘siun‘y was pumped from_th.is port using a'.
Cole Parmer peristaltic pump with a Masterflex controller through the water-cooled
slurry feed nozzle and-into the melter vessel. | _ |

- The fee_ci system shown in Figure 3 was used during Phase IV research. ltwas

much simpler .than that used in Phases It and lll.. The prg\}ious éystetﬁ was not used - -
ciuring Phe;se IV research because it would have invélved ‘either allowing the resin to
mix in the farge mixing tank or using an auger feeder to feed éhe resinas a éep'érate

feed stream. Both of these circumstances were unacceptable. If the resin was allowed

e



Secondary Mixing Tank
__r% ~ ’To Metter
— i P
f Sta—n-q—b-' " Paristattic Pump

)

—xgr T

-

Large Stainless <>
Stesl Mixing Tank

Paistaltic Pump -

Figure 2, Feed System Used in Phases Il and il

So?;n/da:y Mixing Tank

S

Stand

v f
— T

Large Stainless <2
Stee! Mixing Tank

Peristaltlc Pump

Manuai
Addition

Manual
Addtition
BAE——

E To Maiter

lon Exchange gugilb“ Paristattic Pump
Resin Storage ot .

Yigure 3. Feed System Used in Phase [V

-



19

to mix in the large mixing tank, the cesium might have disassociated fro'm.'the resin into
the slurry ana behaved differently in _the melter. Auger feeding of the resiﬁ was
attempted unsuccessfully. When it was fed in this manner, it became swept up in the
off gas before it ;:ould reach the melt surfaCe. Therefore, the slu&y from the large tank
and cesmm contammated jon exchange resin were mixed in a § galion bucket. The'a
feed to the melter was pumped directly from this bucket into the melter using a Cole’
Parmer ben‘sté!tic pump with & Masterflex controller. .

The v;/ater-éooled slurry feed nozzle fit directly into the siurry feed port ofthe
melter assembly. The nozzle consisted of two concentric 304 stainless steel tubes
The outer diameters of the two tubes were 0.25 inches and 0.75 inches, respectively.
The slurry travelled down the 0.25 inci'x tube ihto the melter. The 0.75 inch diameter
tube surrounded the smaller tube and was sealed arbund both ends forming ajacket.
This jacket was fed with ambient temperature cooling water so that the nozzle and

slurry did not become too hot and cause a blockage.

.Gas Sparging System
The melter used in-this stidy was also equippéd with a gas sparging s’)Ls_tei'n
~ consisting of a 0.50 inch L.D. lncc;nel 601 tube inserted into the molten bath. The gas
was supplied from an ordmary gas cylinder. The gas travelled from the'cylinder
~ through a calibrated Gilmont ﬂowmeter ‘before being expelled dlrectly under the

impeller. The flowrate of the gas was controlled Iusmg_a needle valve.

Redox Probe
The rédox probe was a hollow ceramtc probe with a zirconium oxxde pellet atthe -

tip. ltwas manufactured by C.S.L.R.O. in Australia under U. S. Patent # 4,046,661
(Arculos, 1 981). Inside the ceramic probe was a type R thermocouple consisting of

platinum and rhodium wires. Another platinum wire ran down the outside of the
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ceramic probe and wrapped around the zirconium oxide pellet. Redox measurements .
were taken by reading the voltage across the two platinum wires. Terhperature
measurements were made simultaneously by reading the voltage across the
thermocouple wires and using a thermocouple table specific to the R type

thermocouple (Bums, 1 993).

Off Gas Treatment System
The off gas treatment system is shown in Figure 4. A 5 hp blower (not shown in
figure) created a negative pressure in the headspace of the melter and pulled gases
evolved from the feed and alr inleakage through a 2 inch riser pipe. The gas then
passed through a combination venturi scrubber/sqpray quencher, Approximately one
hter per minute of water was added through the quench in order to decrease the
temperature and scrub some of the larger particles. The gas then was bubbled into a
bubbler tank with an operational volume of approx1mately 92 hters through a perforated
pipe. The water level in the tank was controlled to approximately 15 inches usinga .
tube which entered through the top and was connected to a continuously operating
peristaltic pump. The tube stopped approxzmately 15 inches from the bottom3f the
tank as shown in the fi igure. Thus, when the water levelin the tank reached 15 mches
it was pumped from the tank. The gas then traveiled through a countercurrent scrubber
-packed with 0.50 inch Raschrg nngs The scrubber column contained 5 feet of packing
and was 6 rnches in diameter. The scrubber solution was contmuously pumped from a
reservoir at a rate of approximately. 1 to 2 gallons per minute ‘which had an operational

volume of approximately 325 liters through the column and back into the reservorr

.Temperature Control
Watlow brand temperature controllers were used to control the power supplied by

the glass melter. Both the melter heating circuit (Joule) and the auxmary heating circuit

—— e —
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were controlled by a Watlow controller to a'user defi ned temperature setpoint. In
addition to'the satpoints, the user coutd also define the percentage of the maximum
power available to be used by the melter in each heating circuit. Type S thermocouples
were used in controlling each heating circuit. The thermocouples were placed so that
they measured the temperature next to the vessel wall. The thermocouple used by the
" melter controller measured the temperature near the bottom of the vessel. The
thermocouple used by the auxiliary controller measured the temperature approxxmately
6 inches above the melter thermocouple. Typically, the melter controller was supphed
with a higher setpoint than the auxiliary controller so that the glass was predomtnantly

heated using Joule heating.

Research Chemicals-

Slurry -
The slurry provided by SRS used in Phases Il, 1ll, and IV of this research was a
" HLW surrogate of what would actually be fed to DWPF melter. The slurry was
approximately 35 to 40 we:ght percent solids. It was ‘made of three- components The
first component was a surrogate metal oxide sludge similar to what would be found at
the bottom of the waste tanks at SRS. The second component was frit 202, which is a
borosilicate glass frit designed by SRS for the vitrification of HLW. The third
_ component was simulated PHA material. If the ton exchange process actually replaced
the NaTPB precipitation process the simulated PHA material would not be present in .
the slurry PHA was present because an existing surrogate contalnmg the PHA
- material was avadable and it was decided that the small amount of PHA material
ex:stxng In the slumy would not significantly affect this study. No external organic
matenal such as carbon or resin was present in the slurry except for the smal| amount

of formic acid contributed by the simulated PHA material, An approximate oxide
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composition of each of the three primary components of the slurry is shown in Table |
(Schumacher, 1991). ' ‘

. During Phase 1V the slurry was premlxed thh the resin before being fed to the
. melter. This mixture was analyzed by Coming Engineering Laboratory Servrces

(CELS). Resuits of these analyses are provided in Chapter 5.

. lon Exchange Resin
The ion excnange resins used in the- study were provided by SRS. Itwas made
available in two forms. 1;he ﬁrst form was ion exchange loaded with elemental gesium.
The mass ratio of cesium in the loaded form of resin was 0.16 grams of cesium per
gram of clean dry resin. ltwas approximately 38.4% solids but had no free sianding
water in the container. This resin was used in both Phases | and IV. The second resin

was not loaded with cesium and was basically dry. This resin was used in Phase [il.

, 7

Miscellaneous Chemicals

The carbon used in ‘Phase | and Phase Il was granulated activated carbon
supplied by Calgon (CAS# 7440-44-0) The ferric oxide used in the crucuble study was
99+% pure and supphed by Harcross Pigments (Lot number F8090). The sodium
carbonate used in the crucible study was technical grade, mined. it was supplied by
General Chemical. The glass frit used in the crucible study was supplied by Bassfchi‘s
Co. (Lot number CBF-230). The anhydrous borax used in the crucible study was
99.5% pure on a metals basxs and supplied by Johnson Matthey (Lot number H10C05).
The cesium carbonate used in the crucible study was 99% pure on a metals basrs and

supplied by Johnson Matthey (Lot number [29C08). -




24

Phase I: Crucible Study

Sample Preparation
Each of the chemicals used in the crucible study was dried in a 101° Cto103°C
oven for more than 24 hours prior to the crucible study. After they were removed from

the oven, they were stored in a desiccator until used in the experiments. -

‘Experimental Procedure

2

High purity alumina crucibles were filled with identical amounts of glass formmg
chemicals. Each cruc;b!e contained approx:mately 20 grams of frit, 2. 5 grams of
anhydrous borax, 2.5 grams of ferric oxide (Feo03), and 2.5 grams of sodium
carbonate (NasCOg). - The type and amount of organic material, the presence of water,
and the inclusion of a sealed lid were altered for each crucible. The parameters used
for each crucible set are defined in Chapter 5. Cesium earbonate wes added to those
samples using elemental carbon as the carbonaceous material to provide cesium for
the cesium retention study. Water was added to some of the crucibles to examine it's
effect on the final redox state of the glass. All samples were ground and sﬁned using
a mortar and pestle to assure uniform blending of the components. Crucibles were
sealed, as required, with a commercial ceramxc sealant. .

A fumace capable of maintaining 1100° C Was preheated to 600° C. After the
- samples were placed in fhe fumace at 600° C, the temperature was lncreased to
1100° C. The.samples were mamtaxned at 1100° C-for three hours. The cruc:bles
were then removed-from the fumace and air quenched The sealed samples remamed

sealed during quenchmg
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Table |

Appréximate Composition of the Slurry Components
Used in Phases i, lll, and IV

-Oxide Sludge PHA . Frit 202
-(weight percent) (weight percent) (weight percent)
Al 16.86 1.20 ' ’
Ba 0.24 . 0.81
B 29.30 8.00
Ca 4.39 ) 0.08
Cr 0.36 0.02
Cs 0.01 1.00
Cu 0.18 3.80
Fe 4412 . 0.81 . .
K . .0.38 36.92 a0
Li . : 7.00
Mg 0.35 0.01 2.00
Mn 8.91 0.16
Na 12.77 ) 18.46 6.00
Ni 2.65 0.05 S
Pb 0.41 0.01 - :
Si 4.18 0.07 . 77.00
Ti 7.22 .
Zr

141 0.02 o
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Phase - Analvytical Methods

Recoveryof Glass Samples
The glass from each crucible was removed by breaking tl:le crucible with’a
hammer over a stainless stee| tray. Priorto analysis, it was powdered to approximately
100 mesh using an aga‘te ball mill. The powde;red glasses were stored in labejled

plastic vials,

Redox Ratio Analysis -

t1

The redox analysis'fpr_ Fe(ll)/Fe(total) ratio in waste glass fol!ovs}ed the sam
procédui'e as that developed at Savannah River Site (Baumann, 1987). This_n)ethod
involved placing pulverized glass in a sulfuricihydroﬂuoﬁc acid mixturé in the presence
of ammonium vanadate, As the Fe(ll) ioﬁs éntered solution, 'they reacted with the
VOo*ion to produ;:e Fe(lll).” After the glass dissolved, boric acid was »added to -

complex the fluoride. A bi:ffered Ferrozine solution was used to raise the pH and

“r’egenerate" the original Fe(ﬂ)_. The solutfon tumed a magenta cojor due to the
formation of g ferrous-Ferrozine complex. The absorbance of this éoluﬁqn was )
determined colbrimetrically at 562 nm. Ascorbic acid was then added to (edt’fc“e all Fe
to Fe(ll). The resulting Fe(ll) formed more of the ferrous-Femrozine complex. A new
absorbance was read and the Fe(ll)/Fe(total) ratio__ was deteq_nined with the aid of

calibration curves. A sample of this calibration curve is shown in Appendix A.

‘Cesium Content of Glass
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The analysis was by flame emission at a wavelength of 852.1 nm, with a slit width of

0.1 nm, and using an air-acetylene flame

Phase {l: Operational Parameters

A matrix of 12 trials for op'erating the melter was created allowing for different
. combinations of impeller height, impeller speed, 'melter ter_noer_ature, slurry feed rate,
and air.feed rate. For each parameter, a high, middle, ano low vel'ue were selected for
testing. Following these ihitiat 12 trials, 4 more trials were performed to refine the
_ ranges. The parameters for the first 12 trials and the following-4 trials ere sho;zvp' in:. .
Table Il. Trials were generally carried out for at least two hot.'lrs except ih cases where
it was apparent after several minutes that the combination of parameter values for that
-trial would be unsuccessful such as those usino high slurry feed rates. 'Qualitetive

observations were made during each trial.

Phase lll: Oxygen Transfer Tests

Experimental Procedure
Two of the.oxygen transfer tests performed were batch type experiment_s__ dsing
" no feed slurry. The melter was first filled with a known amount of glass from the Phase
Il tests. The impeller agitated the moiten glass for several hours to assure that the
molten glass was at equilibrium w1th the atmosphere Next, a measured quantity of
_ elemental wrbon was added to the melt to increase the Fe(ll)lFe(total) ratio. When lt
was felt that the carbon had been fully reacted with the melt as evndenced by the
: absence of ﬂares, sparks, or the eyolution of gases, samples v;/e_re taken from the
sijhface of the' melt..' Operational conditions for the test were then iniﬁeteo The
operatlng condmons are shown in Table (Il for- batch tests 1 and 2 Samples were then

taken penod(cally for the next several hours The operatqonal values for the melter
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parameters such as melter temperature and impeller speed were based on results

from Phase Il observations.

Table Il

Phase Il Operational Parameters Matrix

Trial Meiter T Imp Spd Imp Ht Slumry Air Feed
(deg C) (pm) (inches)’ (m/min) (mU/min)
1 1050 202 4 66 200 .
2 1050 202 4 88 50Q, >
3 1050 : 302 4 114 ' 800
4 1050 302 5 66 . 200
5 1060 420 5 88 200
6 1060 420 5 114 . . 500
7 1060 202 6 66 500
8 1060 © 202 6 88 800
9 1070 302 6 114 . 800
10 1070 302 4 66 . 200
11 1070 420 5 88 - 500
12 1070 420 6 114 800
13 1060 302 4 54 T 600
14 1060 588 3.5 54 600
15 1070 370 4 54 800
16 1070 420 4 50 800

4

-——

“ The second type ot oxygen transfer test was conducted using continuous slurry
flow. The melter was first allowed to appréach equdlbnum asinthe. batch style test.
Next, the slurry feed containing approximately 35 to 40 percent solids descnbed eadier
made up of frit, sludge, and PHA material was started at arate of 50 lemin and an
exit glass stream was established. Other operational values based on Phase |l results
for the continuous feed test are shown in Table lIl. When the melter was operatmg )
successfully under the slurry feed conditions, resin which had not been loaded with

cesium, was batch fed in 30 to 100 gram portions to the melt to increase the

Fe(ll)/Fe(total) ratio. A total of 300 grams of resin were added in this manner. During



the mélter run, the redox state of the glass was monitored by two methods. First,
samples of molten glass were taken periodically from the molten surface and of the exit
glass. These samples were analyzed for t.he Fe(ll)/Fe(total) ratio as an indication of the
redox state of the.glass;. Second, the on-line redox analyzer utilizing a zirconium oxide
probe was used which continuously monitored the redox state of the glass. A rough

correlation was made between Fe(ll)/Fe(total) ratio and EMF readings generated by. the

probe.

Table Il

Operating Conditions for Phase lll Oxygen Transfer Tests

Parameter Batch Test 1 - " Batch Test2 Continuous Feed

Melter Temperature 1070 degrees Celsius 1070 degrees Celsius 1070 degrees Celsius
Auxiliary Temperature 1055 degrees Celsius 1055 degrees Celsius 1055 degrees Celsius

Impeller Height - 3.25 inches 2.75 inches _ 7 4inches
Impeller Speed - 405 rpm 405 ipm :405 mPm
Oxygen Flow - 0 mifmin 0 mUmin 1060 mbl/min
Water Feed Rate ) ‘ 0 mUmin 3540 mUmin 0 rrileit)
Slurry Feed Rate "~ .0 mb/min 0 mi/min. 50 nllein

Glass Sampi_ing Procedure
Glass was éampled from the surface of the melt during the batch type oxygen
transfer tests. Inconel™ weldmg rod was inserted approximately 1.5 mches beneath
the surface of the melt and removed. The glass was allowed to air quench on the rod.
it was removed f(om the rod by covering the glass with a paper tovel _and hghtly

tapping with a hammer. The glass samples were stored in a labelled plastic vials.
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Glass was sampled both from the surface of the melt and from the exit glass
stream during the contmuous type testing. Melt surface samplxng was pedormed in the
same way as the batch type testmg. Pull samples were taken by allowing the exit
stream to fall on a stainless steel plate. This glass was allowed to air quench and then

stored in labelled plastic vials.

Fe(ll)/Fe(total) Ratio Determination

Redox determination of all glass samples was performed using the colorimetric

analysis developed at SRS described earier in Phase 1. . ' o T

R

Phase {V: Vitrification of lon Exchange Resin

Experimental Procedure

The glass was t' lled to approximately 6 inches with nominal 8.6% i lron glass made
from Phase i tests The melter and awxiliary temperature controllers wére set to
setpoints of 1070° C and 1045° C, respectively. ‘The oxygen sparger was then tumed_
on at a rate of 1200 mU/min at STP. The scrubber was filled wrth a known amount of
tap water and tumed on. The bubbler was allowed to fill with tap water to the level
control tube. After the scrubber water was allowed to circulate through the p.a'cked
column for approximately thirty minutes, three scrubber_s:oluﬁon sample blanks were
taken. Three bubbler tank solution sample blanks were also taken from the exit tube of
the level controller. The bucket which txeld the slurry and resin mixture was then ﬁlled
with 11.312 L of the slurry previously described as approximately 35 to 40 welght -
percent solids and 295 grams of the wet resin loaded with nonradloactrve cesium. A
' small mixer kept the resin and other solids in suspensron. Three feed samples were
taken from this initial slurry mixture. When the glass melt had reached the setpomt
temperatures the slurry feed was added to the melter at a rate of 51 mUmin. During

the course of the run, samples from the packed column scrubber and the bubbler

p
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solution were taken approximately every hour. Samples of exit glass were taken
approxim'ate-ly every thirty minutes. Readings from the redox'probe were recorded _
manually in a log book every few minutes during the course of the entire run. A data
acquisition system recorded all other lmportant data every one to five minutes.: The
bucket level was maintained by adding resin and slurry to the bucket in the same ratio
as the initial amount during the run. When the melter had processed approximately 3
tank volumes of glass, samples of the'off gas were taken using both the EPA Modified
Method S Samplmg Train (OSWER 1986) and the EPA Multiple Metals Sampling Train
(USEPA, 1990). After the off gas samphng was completed final samples of the * ;

scrubber solution, bubbler solutxon, glass, and feed were taken.

Sampling Procedure

Glass Sampling

Glass was sampled from the exit stream in an identical manrier as in the Phase |l

”

continuous type test.

Bubbler Solution Sampling

Sam_ples of the bubbler solution were taken-from the solutioh pumped fr'om' the
bubbler tank through the. level controller. Since the tank was required to be alr’aght at
all times, no sample was taken directly from the tank. It was felt that enough bubbling
and mlxmg was going on m the tank that the sample from the level controller was
representatlve of the concentratron in the tank.

. Scrubber Column Sampling .o

Samples from the scrubber column were faken from the stream bemg pumped

back into the scrubber solution reservoir immediatély after leaving the scrubber column.

7

- Off Gas Multiple Metals Sampling Train -
Sampling for metals in the off gas was performed using a modified version of the

EPA Met_hod 29 Sampling Train (USEPA, 1990). Since mercury was not present in the
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feed, the Pemanganate impingers nNomally used for sampling mercury were ehmmated
from the train. These i impingers were replaced with additional HNOz/Hp05 i impingers.
The reason for this is that several of the metals of interest such as Cs were not on the
list of metals for which Method 29 was designed. Thus, these addmonal Impingers
were analyzed Separately to determine if the first impingers had caught all the

- additional metals. For example, if each i impinger solution contained the san"ie amount
of a certain metal, it could be determined that the results for that metal were
mconcluslve since all the metal had apparently not been captured with the i lmpmgers
However, if the final i lmpmgers had much lower concentrations of a certain meta’l than
the first impingers, it could be concluded with reasonable certainty that the majority of
that metal was captured. ' ‘

Off Gas Modified Method 5 Sampling Train

The procedure used was as per EPA Modified Method 5 (OSWER, 19886).

Phase IV-Analytical Methods N

Feed and Glass Analysis
Glass and feed samples were analyzed by Coming Engineering Laboratory
Services (CELS) in Coming, NY for the following eIements Fe, Na, -Ca, Mg, Cr, Nl Cs,
B, Si, Li, K, Mn, and Al '

Glass samples were also analyzed by SRS for cesium. The procedure used was

summarized earier in the Phase I analytxwl methods section. .

Off Gas Analysis

Multiple Metals Sampling Train

The components of the Multlple Metals Samplxng Train were analyzed by Oxford
Laboratories in Wlmmgton NC for the following elements: Cs, Ni, Si, Pb, Ba, Fe, Mn,

Mg, Cr, Na, Ca, Al, Ui, K, and B.

e
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Modified Method 5 Sampling Train

The XAD-2 resin module of the Modified Method 5 Sampling Train was analyzed
.by Triangle Laboratories in Raleigh, NC for semi-volatile organic compounds lfsted %n
. the Clean Air Act.and on Table 2 in SW-846 based on the guidelines of Method 8270.
The column for the gas chromatography analysis was a J&W DB5-625, 30 m x 0.32
‘ mm x 1pum. The camier gas for the analysis wa§ helium. The instruments used for
performing the maés spectrophotométry we're a Hewlett-Packard MSD, Chemsystem

and Target data system. The parameters of the scan were 35-550 amu at 1.67 s/scan.

X

_ Bubbler and Scrubber Solution Analysis

Bubbler and scrubber solution samples were analyzed by SRS for total Cs
content by SRS using a Varian Spectra400 Atomic Adsorption spectrophotomé_ter. The
analysis was by flame emission at a wavelength of 852.1 nm, with a slit wi&h of 0.1

nm, and using an air-acetylene flame. -



CHAPTER 5
RESULTS AND DISCUSSION

Phase I: Crucible Studies

The basis for the design of the Phase | crucible test matrix was to vary the type of
organic material and also to test what effects the addition of water and a sealed
environment had on the resulting glass product. Seven combinations of these test
conditions were explored. The basxc matrix showing the different combmatxons Is
shown in Table IV. Within each combmaﬁon the amount of the respective reducing
agent was varied. It was not felt that the addition of water would have an effect on an

open crucible so that combination was not pursued.

Table v

7

~

. Basic Matrix for Phase | Crucible Study Experiments

Set Reducing Agent Reducing Agent (9) Water Type of Environment
A Carbon : 0,125, 025, 0.29, 0.34, 0.375 - No- " “‘Sealed
B Carbon 0.125, 0.25, 0.375 Yes  Sealed
C Resin : 0.25, 0.50, 0.75 No : Sealed
D Resin 0.25, 0.39, 0.50, 0.75, 0.81 Yes ‘Sealed
E Carbon 0.125,025,0375 ' pNo ‘Unsealed
. F - Resin 0.25, 0.50, 0.75 * No Unsealed
G None . None No. - Sealed

Table V shows the chem(@l contents of each crucible pnor to melﬁng and the
type of environment (sealed vs. unsealed). As mentioned before each cruc:ble had the
same base of glass formmg materials. The glass frit was the primary glass forming

material. . lt supplied the SiOy for the final glass sample. The borax was added mainly

e
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because the actual glass frit used for the vitrification of HLW is a boro‘silicate glass.
The FepO3 was added to serve as a redox determinant and to provide additional
oxygen for the oxidation of carbon or resin. The Fe(ll)/Fe(total) or ferrous to total iron -
ratiois a common indicator of the redox state of a glass. Ferric oxide can serve as a
redox buffer by being reduced prior to other glass forming elements and thus provtding
oxygen for oxidation reactions. . The soda ash was used as a fluxing agent so that the
 final glasses would become more homogeneous. Cesium carbonate was.added to
spike those crucibles containing carbon as the reducing agent. The masses listed in
Table 'V for each chemical were taken after the chemicals had been dried in a 101"0 to

103°C oven for over 24 hours and then cooled i lﬂ a desiccator.

Visual Observations .

The cn.xcibles were identified by a three section 'idenﬁﬂoaﬁon code. The first

. section is the page number of the log book issued to Dennis Bickford of’SRS where

| they were first listed (Bickford, 1994). The second section is the lettér trom Table IV
L which describes the comt)inaﬁon of elements in the crucible. The third section is a
number which distinguishes the crucibtes with identical page numbers and P
‘ combinations of e!ements from each other based on thexr different organic compound °

‘loading. For example the crucible sample 1dent1f ed with 17-A-3 means that thts
- sample is descnbed on page 17 of the log book, has carbon as the reducmg ageit,
does not have ‘water added, and is in a sealed envu'onment.

Two of-the crucible mixtures, 17- A-3 and 13—0—2 descnbed in Table V dxd not
form a homogeneous glass. These samples were dxscarded and underwent no further
tests Sample 17-A-3 contained 0.3749 grams of carbon. Two addmonal tests using
set A conditions were performed with slightly lower carbon loadings. T_hese samples

were 21-A-1 and 21-A-2 and had 0.2922 and 0.3383 grams of carbon respectively.
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Both of these samples formed a homogeneous glass. Sample 13-D-2 contained
0.5039 grams of resln. This was anomalous because sample 13-D-3 which had a
higher resin loading was processed at the same time and~ formed a homogeneous
glass. Three additional tests were performed using both higher and lower resin
loadings. Two of the samples, 21-D-1 and 21-.D-2, had lower resin loadings and one
sample, 21-D-3, had a higher loading. All three of these samples formed
'homogeneous glasses. It was not 1mmedlately clear why these two crucible mixtures
'falled to fon'n a glass
After powdenng the glasses to approximately 100 mesh in an agate ball mxll,.the

glass samples exhibited colors dependent on their final redox state. Glasses Wthh had
low Fe(ll)/Fe(total) ratios or were less reduced were yellow in color. Glasses which had
‘ hxgher ratios or were more reduced were green in color. For example,’ crucible 13-G
which had no reduczng agent addition was bright yellow. Crucibles such as 21-D-3

which had high reducing agent loadings were medium to dark green.

- Redox Ratio , -~

The final average redox valu’es for each crucible as lndlcated by the
Fe(ll)/Fe(total) ratio are listed in Table VI. The values shown represent the z_a_verage of
at least two ahalyses performed at Clemson University arld'dne.analysis performed at
SRS. .The a_nalysls provided by SRS served to check the Clemson~values for accuracy.

: They were not used in the following correlatlons éevedcruclbles warranted an
additional analysis because the first two analyses dld not provide similar results. In.

'-these cases, all four values were averaged for the fi nal result. In all cases, the SRS
expeﬁmental values (:orrelated well with the average Clemson University expenmental
values ‘

Equatxons were developed to correlate the redox results from the crucible study

- with the parameters which could affect the final redox state of the glass These
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Table VI

Final Fe(lf)/Fe(total) Values for Phase | Crucible Tests -

(03]

Clemson University SRS Analysis
Crucible Fe(ll)/Fe(total) ____Fe(liyFe(total)
17-A-1 0.675 0.722
17-A2 0.427 0.436
17-A3 Did not form glass Did not form glass
17-8-1 0.377 0.380
17-8-2 0.603 0.599 .
17-83 , 0.775 0.833
17-C-1 0.244 0.250
17-C2 0.382 0.391
17-C3 ‘0.427 0.502 .
13-D-1 _ 0.279 - 0.276 ¥
13-D-2 . Did not form glass ' Did not form glass
13-D3 0.549 0.558
17-E-1 ) 0.044 0.022
CTE2 0.050 , 0.051
17-E3 . 0.374 - 0.378
13-F-1 0.088 0.073
13-F2 - 0.206 0.180
13-F3 0.273 0.293
13-G 0.055 0.022
21-A-1 0.688 ‘ 0.658
21-A-2 0.682 “ 0722
21-D-1 0.202 0.204
21-D-2 0.262 . 0.326
21-D-3 0.515 0.574

4

parameters included the type and amount of resin, the prese'n.ce« of water, and the
presenée of a lid.

The correlation based on t_ﬁe entire set of crucibles (R2 = 0.92) was determined
to be,

Fe(ll)/Fe(total) = (1.28 * C) + (0.343 * R) + (0.0292 * W) +(0.159 * L)

. and for only the sealed crucibles (R2 = 0.96)
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Fe(ll)/Fe(total) = (2.10 * C) + (0.530 * R) + (0.0255 “W)

where Cis the grams of carbon, ‘R is the grams of resin, W is'the n;L of water, and L is
the type of environment. A value of 1 was given to L if a lid was used and 0O if there
was no lid. The data for the set of unsealed crucibles were limited and did not generate
an accurate cormrelation when analyzed separately.

The relative reducing abﬂity of the two type of rgducing agents can be calculated
fro&n the two correiaﬁons based on the ratio of their coefficients. In the correlatiog’
relating the entire set of crucibles the ratio qf the carbon coefficient to the resin
coefficient is apprbximatély 3.7. This indicates that 1 gram of carbon and 3.7 grams of
resin have the same capa_bil_ify as reduci_ng ag:en_ts under sitﬁilar circumstances. ‘For
the correlation limited to thé sealed crucibles, the ratio of the coefficients is closer to
4.0. ' L L

Since there was not a quantitative value that could be placed on wpether the
crucible environment was sealed dr open, a value of 1 was used in determining the
correlatiqn if the environment was sealed and a valde of 0 was used if the enlirbnment .
was open. This value system basically tums the variable on and off. The rr;;gnitude of
this coefficient indicates iha_t a difference of approximately 0.159 in _thé fespecti.ve
. fe(ll)/Fe(total) ratios should be seen befween two glass-samples processéd undér
otherwise identical conditions. “This difference becomes sighiﬁca’nt when the
'Fe(l!)/Fe(totél) ratio of 0,33 whlch SRS uses to déﬁne\ an acceptable. g(asé is

considered (Ramsey, 1991). . ) |
| Since Vgx.ﬁing amounts of water were not used, the correlation is not méant to
predict the result either quélitative_ly or qua_nﬁtaﬁvely if more or less than 2 mL of Qater
are used. Thus, the only comparisons that can be made involving water are tﬁose

which compare 0 mL of water with 2 mL of water. _Although there are not enough data



to support any quantitative conclusions involving water, it seems that since the
coefficient for water is positive, the presence of water hinders the reoxidation of the
glass rather than assrstmg as an oxygen donor. This hindrance i Is only minor, however
since the magnitude of the coeffi icient for water is so small i in relatron to the other
coefficients and the SRS guidelines for an acceptable glass. _

A graphical comparison of the predicted Fe(lD/Fe(total) redox ratios.and the
.observed experimental vajues based on these correlations for the entire set of crucible
data and the set of sealed crucibles are shown in Figures S and 6 respectively. An
additional 45° line has been added which represents a 100 percent correlation between
the predtcted redox ratios and the abserved experimental resuits.

Figure 7 shows the' effect of reducing agent loading on the final redox state of the
glass as indicated by the Fe(ll)/Fe(total) ratio. Since the same mass of resin and
carbon behave differently and a slightly different amount of glass resulted in each
crucible, the ratio of the coeffi clents in the Correlation relating the ent:re set of crucibles
was used to "nomalize" the masses of reducmg agents. The ratio used was 3.7. The
nomalization was performed by mult:plymg the masses of carbon in those crucibles
with carbon as the reducing agent by the coeffi icient ratio. This nommalized \_ratué is
essentlally the mass of reducmg agent as resin. Th:s value was then divided by the
predicted mass of glass based on the crucible materials to get the mass of reducing
agent as resin per gram of gtass Itis apparent that the sealed cmabtes follow a
somewhat linear trend. The open crucible, on the other hand, do not follow any sort of
trenq and are therefore difficult to correlate

Based on weight percentages given by Blbler (1991), the empirical formula for the
orgamc portion of the resin is C2.96H5.8005. 84. Using this formula and assummg that
the carbon combustion reaction proceeds 100 percent towards carbon dioxide (COZ)
and that the hydrogen combustxon proceeds 100 percent towards water (H20) the

theoretical chemrcal oxygen demand can be calcufated as
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2.99 moles Oy / 100 grams resin, This value takes into account the existing oxygen in
the resin molecule and i ignores any oxygen demand attributed to the potass:um
cesium, or sodium present as exchangeable elemental cations i in the resin. If
100grams of carbon are combusted and the same assumptxons apply, the chemica]
oxygen demand is 8.33 moles O2 /100 grams carbon. Thus, the theofetical ratio of
_reducing effectiveness of carbon to resin can be calculated as 8.33 dmded by 2.99, or
2.79. Thisratiois very similar to the expenmental values of approxnmately 3.7 and 4. 0
calcliated earlfier based on the crucible study cormrelations. If the combustion reactions
of the resin were more correctiy assumed to proceed 100 percent towards CO the
theoretical chemical oxygen demand decreases to 1.51 moles O2 /100 grams of resin,
In this case, the theoretical ratio of reducing effectiveness of carbon to resin can be
calculated as 8.33 divided by 1.51, or'5.52. Itis probable that during these crucible
tests, the combustion of carbon’did not proceed 100 percent towards either COz 0orCO

. indicating the theoretical ratios compare well with the experimental values

~
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The crucible daté can also give an early indication for the maximum level of resin
loading in the glass that is operationally feasible. Preliminary assessments by SRS
indicate a Fe(ll)/Fe(total) of 0.33 %n a glass as a maximum value to prevent nickel
sulfide precipitation in the melter (Ramsey, 1991). These crucible studies indicate the
organic loading giving this ratio is approximately 0.32 grams of reducing agent as .
carbon or 1.26 grams of reducing agent as resin per 100 grams of glass in a sealed
environment. For the unsealed set of crucibles, the ratio increases to approximately
4.91 grams of reducing agent as résin or 1.23 grams of ;'edudng agent as carbon per

100 grams of glass. L

x s

Cesium Content

Each crucible glasé was intentionally loaded with one of two forms of
nonradioactive cesium based or; the type of organic material. The résin was- preloaded
with rgasin by SRS ata fnass mﬁo of 0.16 grams of cesium per gram of dry resin.
Those crucibles which used carbon as their reducing agent were spikéd’ with cesium
carbonate. The predicted cesium oxide weight percent was calculated based on the
initial composiﬁon of raw_qhemicals. This value was compared to the experimeq@al
value to determine the retention of cesium in the crucible glass. - -

Table Vil lists the final Cs20 weight percent in éaqh crucible alohg thh tﬁe
predicted_ weight percent based on the initial composition of raw chemicals and the
calculated cesfum retention in the glas;. The average cesium retention for the .
crucibles utilizing carbon as the redudng agent was 66.8 percent with a standard
de.viaﬁon of 4.9 percent. The average cesium retention for the crucibles utilizing resin
as the i‘educing agent was 88.6 percedt with a standard deviation of' 6.6 ;'Jercent, Thus,

cesium retention was favored with the resin over that of the cesium carbonate, i.e., the

intimate mixing of the cesium with the organic resin did not increase cesium volatility.



Final redox ratio and mass of reducing agent did not seem to influence cesium

retention.
Table VIl
Cesium Retention in Phase | Crucible Study

Crucible Type of Predicted Experimental Cs Final Reducing Agent
1D - Reducing Agent  (wt% Cs20) -(wt% Cs20) Retention  Fe(ll)/Fe(total) (grams)
17-C2 Resin 0.32% 0.31% 97.57% 0.382 0.5013
13-D-3 Resin 0.48% 0.46% 97.13% 0.549 0.7484
13-D-1 Resin 0.16% - 0.15% 95.11% 0.2798 : 0.2526
17-C-3 Resin 0.48% 0.45% 93.74% 0.427 0.7535
17-C-1 Resin 0.16% 0.15% 90.54% 0.244 02529
13-F-1 Resin . 0.16% 0.14% 87.90% 0.088 02502
13-F3 Resin . 0.48% 0.41% 85.25% 0.273 0.7541
13-F-2 Resin 0.32% 0.27% 84.87% 0.206 0.5029
21-D-1 Resin 0.16% 0.13% 81.95% 0.202 . 0.2496
21-DZ Resin 0.25% 0.20% 81.31% 0.262 0.3936
21-D-3 Resin 0.52% 0.41% 79.31% - 0.515 ) 0.8127
17-E-3 Carbon 0.18% 0.13% 72.60% 0.374 0.3772
17-8-3 Carbon o 0.19% 0.14% 72.59% . 0.775 0.3801
17-E-1 Carbon 0.24% 0.17% 70.26% - 0.044 , . 0.1242
17-E-2 Carbon 0.20% 0.14% 6937% 0.050 0.2500
21-A-1 Carbon 0.23% 0.16% 69.02% 0.686 . 02922
21-A-2 Carbon 0.24% 0.16% 68.07% 0.682 . 0.3383
17-8-2 Carbon 0.18% 0.11% 63.35% 0.603 0.2506
17-A-2 Carbon - 0.20% 0.13% 61.60% 0.427 0.1278
17-8-1 Carbon T 0.25% 0.15% 61.51% 0.377 . 0.1261
17-A-1 Carbon 0.19% 0.11% . 59.38% 0.675 0.2489
13-G None 0.00% < 0.0040% Not Cale. 0.055 -~0.0000

- . Phase Il Estabhshmg Ogeratxonal Parameters

The operating parameters chosen for the operational matnx in Phase Il are critical
in determining the success of a melter operatlon based on trials perfon‘ned before this
'research The melter temperature can estabhsh the melt rate which in tum can
determine the maximum feed rate The impeller speed combined with the 1mpeller
height can influence the oxygen transfer rate as well as how rapidly the feed -
components are incorporated into the melt. The maximum slurry feed rate is a result of

the chosen operating parameters. Itis generally wise to set the Operating parameters
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in order to maximize this rate. The air feed rate can influence the oxygen transfer rate
but may hinder the success of a melter operation-by lowering the melter temperature or

increasing the volatilization of metals or entrainment of particulate matter.

Operational Parameters
Some of the operating parameters st;ch as air sparger flowrate and auxiliary
temperature varied during the Phase Il work did not significantly influence the success
' of t.he.melter operation. Some of the parameters, however, such as slurry feed rate
“and melter temperature were important in determining the operational stability of the. -

x .

-. melter. The final melter opefaiional settings ehosen based on the 16 trials are listed in

Table VIIL.
_ Table Viii
" Phase It Final Operating Conditions‘
- Parameter ' Value
Melter Temperature * 1070 degrees Celsius
Slurry Feed Rate: 50 mUmin -
Impeller Height _ 4inches
Impeller Speed - 405pm
Audliary Temperature 1055 degrees Celsius
Alir Sparger Flowrate > 800 mUmin @ STP
Melter 'Temperature )

The operating temperatures of the melter were hmxted by the hmrts on the
-matenals of construction. The upper limit of the Inconel 601 was apprommately
1070°C (Bickford, 1995»). Based on previous melter operation, the lowest melter

temperature which allowed acceptable melter operations was 1050° C. ' This range was
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not large enough to provide a great deal of operational differences between the low
and the h(gh temperatures. The higher operational temperatures did, however, show

some noticeable improvements in prevention of the formation of acold cap.

lmpeller Speed and Height

The impeller speed was measured in Hertz (Hz) and converted to revolutions per
minute (rpm) ,based on a correlation provided by the melter manufacturer. The impeller
height was measured from the bottom of the vessel to the lower edge of the xmpeller

-blades. One restriction on the height of the impeller was that the blades must remaun
completely submerged in the molten glass in order to maintain the lowest current
density across the impeller blades. If the blades are only partially submerged, the full
amount of current is passed through a smaller-area (the submerged area) and can
increase the deterioration of the impeller. Therefore, in order to .maintain an :mpeller
height at 6 inches, for example, the addmonal glass height due to foamlng would need
to be the same height as the impeller blades, or approxxmately 2 25 lnches Ina
condition where the glass height was 6 inches (no foammg, full tank) the maximum
impeller height would be- -approximately 3.75 inches measured from the bottom of the
impeller to the bottom of the tank. ) T

The impeller speed-and height were important in determining the effectiveness of
the vortex action in drawing the feed down into the melt. The relat(onshnp between the
speed and heightis an inverse relaﬁonsh:p If the lmpeller speed is mcreased the

. impeller height must be decreased to prevent the exposure of the xmpeller within the
vortex. lf the lmpel(er speed is decreased the impeller height must be mcreased to
create an effective vortex at the melt-surface. During these trials, it was not’ possnble to
set the impeller at heights above 4 xnches measured from the bottom of the blades to
the bottom of the vessel for extended periods of time because the molten level

including glass and foam was not cons:stently over 6.25 inches. Since the impeller

—_



blades have a height of approximately 2.25 inches, it was necessary to maintain a
molten level including glass and foam of at least 6.25 inches in ordexr to completely
cover the impeller blades. Thé final set of operational values set the impeller height at
ap;)roximately 4 inches and the impeller speed at 25 Hz or 405 rpm.

Air Sparger Feed Rate

Nitrogen was used during Phase |l testing of the air sparger to test the influence
of a separate gas stream on the operational feasibility of the melter system. There
were n§ noticeable differences in melter operationé at different gas flow seftings.
Under normal operating conditions, either oxygen or wmpressed'éir would be _q§eé és
the sparging gas to assist in the combustion of the organic materials. The same reshlts
were expected for oxygen or combr_essed air thai were found for nitrogen. The highest
flow rate tested in Phase il was 800 mUminqtc;,. ' ‘ |

Slunry Feed Rate

The slurry feed rate was the most important of the five operating éarameters in
detetmin.ing the melter operating stability. The three ﬂdv_vrates chosen in the initial
matrix were too high for successful operation o.f the melter. Either the melt ra’fe of the
feed or the rate which feed was drawn ciown into the glass melt was too sma_i_l—té"allow
for succgssful operatidn of the melter. During the ﬁnél refining trials, the feed rate was
set at 50 mL slﬁrrylminut_e o}' the.equivalent 6f 1.36 'k.glhour of glass. This flowrate
-could be maintained c'onﬁn‘uousl)' without operato_i‘ assistance. In addition to problems
associa;ec_j with the rﬁelt rate and the incorporation of the feed into the melt, higher .
flowrates seemed to lead to periodic extreme foaming. Lower flowrates did not

A 1

prodtce these foaming instances.

Observation Categories
The qualitative observations recorded during Phase i trials primarily fell into three

" categories. These categories were the formation of a cold cap, melter output, and
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foaming. Each of these categories was directly related to the successful operation of
the melter.

Formation of a Cold Cap

The prevention of the formation of a cold cap was the most r'mportant category of
observations. The melter occasionalily developerj a layer of unmelted feed on the
surface. This occurred if the vortex action of the impeller was not sufficient to draw the
feed contents under the melt surface or the melt rate was inadequate. Occasionally a
cold cap would begin to form and then disperse without operator assistance., These
instances were usually attributed to insufficient vortex action. If the cause of the cold
cap formation was more severe such as grossly insufficient vortex action or a too high
'slurry feeding rate, a very sturdy cold cap layer was created. This layer was eble to
support the incoming slurry and would eventually cover the entire molten surfaee. _
Since one of the primary reasons for testing the stirred tapk melter was to prevent the
resin from forming a crust, it was necessary to change the operating por;ditions to

~

prevent the slurry from forming a cold cap.
Foaming

Foaming is generally caused by the release of water vapor and other ggses-'such
as carbon dioxide from the melt. During these trials, the foaming was attributed .
primarily to the steam released from within the melt as water was pulled below the
surface and also from combustion gases formed due to the addition of the small
amounts of organic compounds in the feed. During Phase il operation, the melter -'
exhibited periodic instances of exiremé foaming. These instances generally occurred if
. the meltertemperature dropped well below the setpomt and the joule heatmg circuit
was forced on at high amperage. The foaming would quickly subsxde |f the power to
the joule heating circuit was tumned off. It was unclear as to the exact cause of these

instances.  Lower feed rates generally resulted in fewer occasions of extreme foaming.




Meilter Qutput

The overflow spout drain in the WV-O_.QS was designed to allow for a steady
output of glass as long \as the molten glass level was above 15.24 cm (6.in). However,
since the operating temperature is limited in the WV-0.25 melter and the drain diameter
is so small, it was easy fc.ar the glass to cool as it traveled downward through the exit
pipe of the melter. This sometimes caused a "nesting" effect, small strands of glass
collecting on top of each other within the drainpipe, which led to clogging of the dra%n
hole. It was therefore necessary from an operational standpoint t-o be able to operate
the melter so thail: a steady stream exited the melter. In order to maintain a steadyy. pull
from the overflow drain, it was necessary to heat the lower two inches of the drgir?tube
thh a propane bumer. The drain tube heating system effectively heated the entire
drain tube except for these bottom few inches. There were no problems with
maintaining a sfeady output from the melter when the prc:)pane burner was used as long *
as the feed syétem was opéraﬁng ‘properly as well. In cases of high slgrry feed rates,
the melter was unable to provide en_ough power to sufficiently melt all ;)f the incoming
slurry and thérefore the melter pull or output rate was less than the expeéted based on

the feed rate.” , '

Phase lll:_Oxygen Transfer Tests.

.fhere were two types of oxygen trapsfer tests performed during thé Phase lll
_ research.” The first type was a batcf; ty;i'e tes't.. This type of test involved filling the
melter with a known amount of glass containing a known amount of iron and theh
reducing the glass by 'adding a reducing agent such as .carb'or_z. Samples were then
taken over the next several' hours and analyzed for the Fe(ll)/Fe(total) _ratio.-. Two of
mese.téstsv.s‘/_e.r_'e performeci with different operational conditions. Both tests used -
impeuer agitatién to assi_sf ii'\ oxygen tranéfe‘r., Duriﬁg one of the tests, water was fed to

the melter during the course of the run. The second type of test was a continuous feed
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test. This test closely resembled operational conditions. Slurry was fed to the melter at
approximately 50 mL/min and reducing agent was added to the melt in order to
iﬁcrease the Fe(ll)/Fe(total) ratio. Samples were taken over the next several hours and
analyzed for the Fe(ll)/Fe(total) ratio. A zirconium oxide redox probe was also used
during this test to continuously measure the redox state of the glass.

Itis assumed that the oxygen transfer rate can be approximated by the rate of
" oxidation of FeO. This means that oxygen transfer rates can be estimatéd by
observing the char}ge in .the Fe(ll)/Fe(total) ratio and knowing the tc.;tal amount of iron in

the melt. In other words, the change from FeO to Fey03 uses the following t

X

stoichiometry:
4FeO+ 09 - 2Fey03.

Thus, the number of méles of oxygen entering the melt can be approxitrfated by
multiplying the moles of iron in the melt that change from Fe(ll) to Fe(lll) b\y the
stoichiometric ratio of Fe(ll) to O5 equal to 0.25.

<

Recovery Curve During Batch Test
Data from the first batch type test that used only irﬁpeller agitation to assist in
oxygen transfer is illustrated in Figure 8. A relatively weak (R2 = 0.76) equation

describes this curve linearly. This eqdatipn is

y=0.00230 * t + 1.400

where yis the r_nolés of oxygen in the melt existing as FepOg and tis the elapsed time

in minutes.

P
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This equation gives an approximation of the oxygen transfer rate as 0.00230
_moles Oy per minute with the impeller running at approximately 405 rpmand at a
hefght of 2.25 inches from the bottom of the vessel.
In order to qaiéulate the'.feed rate of resin which this oxygen transfer rate could
accor'r{modate, it is simpler to first look at carbon. The cc;mbustion of carbon follows

the stoichiometry

C+ 0y - COg.

-

Thus, an okygen transfer fate of 0.0023 moles Oo/min could accommddate 0.0023
moles C/min or.0.0276 grarr;; C/min. Since it was concluded from Phase | research
that approximately 4 grams of resin behaved tl:\e same as 1 gram of cérbon, aresin
flow rate of 0.1104 grams resin/min could be accomquated under these test

s

conditions.’ S
Data from the second batch test that used a combination of impeller agitation and
water feed is illustrated in Figure 8. A stronger linear fit (R2 = 0.97) describes this

4

curve. The linear equation is . ' ’ o

y=0.00153 * t +2.04
where y is the moles of oxygen in the melt existing as FeoO3 and tis the e‘la"psed time
in_ minutes. This equation gives an approximation of the oxygen transfer rate as
~ 0.00153 moles Ozlmihu_té. Using the same procedure as above, the'equivglent flow
rate .of resin is 0.0734 grams ,resinl'rr.zin under.othérwisé‘similar test con.ditioné.
.The oxygén transfer rate was lower in the_secorid batch test. The only difference
, l between the two tests was the éddition of the water stream. As seen in the t;rucible

studies, the presence of water seemed to hinder the reoxidation of the melt. As
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mentioned earfier, it is not possible to make any definite conclusions concerning the

effect of water on the redox state of a glass melt based on the amount of relevant data.
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Figure 8. Recovery Curve for Phase lll Batch Test One

Recovery Curve During Continious Sluny Feed Test - 3

The continuous feed test was per_formed in order to evaluéte the oxygen transfer .
when slurry was being continuously fed to the melter which more clo#ely resembled
_normal operating cdnditio'ns. In addition to sampling exit glass for Fe(ll)/Fe(total) to _
evaluate the oxidation of FeO, a zirconium oxide.re&ox probe was used to continuously
monitor the redox state of the glass. L ‘

After the full 300 grams of resin had been added batch stﬁe to the m;alt to reduce
the FepOg to FeO, the melt was éllo‘wed to reoxidize. During the last 55 _minuf:eé of
recove'ry, if was founa that the Fé(ll)/F;e(total) raﬁo increased linearly. A linear equation
(R2=0.98) can be used to describe the final 55 minutes of data shown in Figure 10.

This equation is

Pl



y = 0.00956 * t + 2.54

where y is the moles of oxygen in melt existing as FepO3 and tis the elabse’d timein .
minutes. The approximate oxygen transfer rate under these test conditions was
0.00956 moles Oo/min. This oxygen transfer rate would accommodate a resin feed

rate of 0.459 grams of resin/minute..

Phase 1V: Vitrification of lon E)ichanqe Resin - L%

A mi;dure of non(adioaétive cesium-contaminated resin and the slurry described
earlier in Chapter 4 composed of frit 262, metal oxide s!u_dge, and PHA mateﬁal was
fed to the melter for 20 hours or the equivalent of roughly 3.1 tank volumes tﬁroughput.
During the course of the run, samples of feed, exit glass, bubbler tank solgtion, and
scrubber solution were taken in order to approximate a cesium mass b’a’lance on the
melter and to determine the effect of the resin feed on the redox state of the glass.
Samples of the off gas were also taken using a modified method 5 train and a mgltiple
metals sampling train in order to characterize the off gas with respect to any semi-

“volatile organic'compoun.ds present as products of incomplete combustion, volatile

metals, and particulaie matter.

Overall Cesium Mass Balance
A mass balance on cesium was performed around the melter system. This
' balance involved the feed stream, the exit glass, and the off gas. It cc_:vered the entire

20 hours (1385 mindtes) of run time.

The following sections explain how each stream was analyzed for the total

cesiqm content.
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Figure 10. Recox)ery Curve for Phase Il Continuous Feed Test
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Feed étreafn
The feed slurry mixture was prepared fn a 5 gallon bucket during the course of
the run.” When the slurry levet dropped in the bucket, more of the resin and slurry
mixture was added in the samé ratio as existed in the initial batch._ This ratio was
approximately 1.302 grams of wet resin per 50 mL of slurry. . Duplicate samples were
taken from the initial batch and the final batch mixtures. The samples were taken as
the slurry was pumped from the slurry feed nozzle so they woﬁld be an accurate
representation of what was actually being fed to the melter. |
The samples taken at the beginning and at the end of the test Were analyzed py
CELS for certain oxides and Iéss on ignition (LOI) at 850°C. The resuits of thess' )
analyses are shown in Table IX. Itis apparent from the results that the composition of
the slurry being fed to the melter changed over the course of the run. Based on the
predicted composition of the mixture, the weight percent of Cs20 in the dry slurry solids
should be approxima'tely-o,?:gé wt%. Neither of th_e sample analyses ref,lect this
predicted amount. One possible.reason why the.initial results are mhc'h lower than the
predictec{_gesults could reflect the me_ﬂjod of analysis by CELS. Each slu&ge’ sample
was dr%ed at 850°C. The high volatility at this drying temperature could resultin 3 lower
measu‘red weight percent. One possible'reason why the measured weight percent ;3f
cesium in the final sample analysis is much higher than.the érédigted amount is
inadequate mixing in the-bucket. Each of the'me'asurea oxide weight percents in the
“final slt;m'y increase from _éhe, initial sample ‘anélysis: result except silicon, magnesium,

- fithium, and boron. These are 4 of_the 5 oxides which constitute ;’ﬁt .202.‘ Sodium is the
other oxide in the frit but it is also present in large amounts in the PHA material anc{ the
oxiég sludge so 'a decrease in frit 202 would not significantly aff_ect the ﬁrial weight

. p:ercen't of sodium. Since no eVidence.é;f sétt_ling was seen during the Phase IV.
opération by visual inspecﬁon.or'by prabing the bottom '9f the bucket with a rod, no '

cormrective action was taken during the test.

—
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In addition to the oxide analysis and LOI test, a semi- -quantitative mspectlon was
done on the glass to determine why the oxide weight percentages did not equal 100
pergent. This type of chemical analysis gives weight percentage ranges for each oxide.
The results of this analysis are shown in Table X_ It appears that.’éhe ;indes of_ titanium,
lead,_copper, and Azirconium which were not analyzed for by CELS probably make up
the difference between the sum of the weight percentages and 100 percent.

In order to calculate the total amount of cesium fed to the melter the total amount
of cesium used i in makmg up all of the slurry/resin batches for the full 20 hours and the
amount of cesium remaining in the bucket after the test was complete must be {g@wn.
The difference between these- two values is the total amount of cesium fed to the
melter. The total amount of wet resin used in xi'laking the slurry and resin mixture \;vas
2036 grams. Based on the resin being 38.40% solids and loaded with cesium at a
mass ratio of 0.16 to 1, the total amount of cesium used 'in making the epﬁre amount of
feed mixture was 125.09 grams. The full 125.09 grams of cesium was’ r;ot fed to the
melter, however, because there‘wa‘s 20.18 kg of feed mixture reméining in the bucket
after the testing was complete. The amount of cesium remaining in the bucket»a.fter
testing was completed is- difficult to accurately define 'beca}.xse the CELS oxide analysis
results do not agree with what wo'dld be predicted based on the quantities of resin and
slurry used in making the batch. Both the predicted value for the weight percenthof
Cs20 in the final slurry and the final CELS analysis value were used in the cesxum
mass balance calculations to prowde a cesium retention range. If the calculatxons are
done based on the predicted 0.396 wt% Cs,0 in the residual feed mixture and an LOI
of 64.75 percent, the total amount of ceéium which remained in the buckef was 25.26
grams. Therefore, thé totél amount of cesium fed to the melteris qalc;ilated as 9é.83
grams. If the CELS analysis value of 0.550 wt% Cs20 is used in the same calculation,
the total amount of cesium which remained in the bucket was- 35.08 érams. This

results in a total amount of cesium fed to the melter of 88.18 grams.
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Table IX

Phase IV CELS Feed Analysis Results

Oxide Analysis of Iniial Sample Analysis of Final Sample
(wt%) (wt%)
Cs 0.26 0.55
K - 239" ) 2.90
Li 4.85 ) 4.50
Na 6.46 6.54
Al 295 - 3.35
B . 1777 7.60
Ca 1.02. 1.26
Cr 0.13 . 0.16
Fe 12.05 i 14.20
Mg 1.55 1.48 | '
Mn 263 - 312 . -
Ni . A1 1.30 %
Si : ) 5435 80.75
TOTAL ' . 97.51 : 97.68
Loss on Ignition . 63.00% 66.50%

Table X | ’

Phase IV Semi-Quantitative Analysis of Feed

Range (wt%) Element K
>30 ’ : e
10-30 - . Fe,Si -

3-10 : Al, Na-
1-3 B, K, Mg, Mn
31 Ca, Cy, Ni, Zr
. .13 - Pb, Ti
.03-.1 . Ba, Cr
.01-.03 Sr .
~.003-.01 ' . Mo
.001-.003 ’
<0.001 - Ag
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Glass Stream

The glass was collected in large graphite crucibles during the course of the run.

' Samples of the exit glass were collected on a stamless steel plate approximately every
_ thirty minutes. Four of the glass samples were sent to CELS for oxide analysis. Table
Xl shows the fi nal analysis results. As seen in Figure 11, the temporal changes in
cesium concentration resemble what would be’ expected in a continuously stirred tank
reactor (CSTR).

In order to calculate the tota] 'amount of cesium retained in the glass, itis
necessary to know the average weight percent of Cso0in the glass collected in the
crucibles and also the weight percent of Cs20 in the glass remaining in the vessel after
the run was completed. The sum of the cesium in the collected glass and the glass
remaining in the crucible is the total cesium retained i in the glass. '

The total amount of cesium in the glass-collected in the crucibles can be
calculated by dividing the area of the curve in Figure 11 by the total run- time to get an
average concentratlon A second order polynomial was used as a basis in order to
calculate the area. This polynomial was .

C=-1.427E-07 {2 + 4.47E-04 t + 2.19E-04

Wwhere C is the concentration in the exit glass in wt% Cs20 and tis.the tlme in minutes.
If this curve is integrated fromt=0 to t 1385 mlnutes the area under the curveis
calculated as 302.65 wt% C8200mln If the area is divided by the total time, the result
'lS the average concentration or 0.218 wt% 0520 lf the average ooncentratlon Is

' multiplied by the total glass collected in the crucibles, the resuit is the total amount of
Cso0 collected In the exit glass. Since the total amount of- glass collected in the
cruables was 25 87 kg, the total amount of ceslum in the collected glass of §3.20.

grams.
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The cesium in the glass remaining in the vessel after the testing ‘was completed
can be calculated by multiplying the final weight percent of Cs20 in the exit glass by

the total amount of glass remaining in the vessel. Table Xl shows the average last

“measured weight percentage of CspO to be 0.347. The total amount of glass

remaining in the vessel was 8.85 i(g giving a total amount of cesium remaining in the,
vessel after the test was complete of 28.97 grams. The totél amount of cesium
retaiﬁed in the glass is the sum of these two values or 82.17 grams. This is between
823 pereent and 93.2 percent -of the total cesium fed to the melter.

Off Gas Deposits . _ . e

The off gas deposits were taken from the stainless steel piping immediateii/

“exiting the melter and the 2 inch riser. The deposits were dark brown to black in color

and had the texture of fine soot. There were some very small yellow particles mixed in
with the soot like material. A total of 12.70 grams of deposit were, collected. The
analysis of these solids provided by CELS is shown in Table Xll CELS/also performed

a semi-quantitative spectrographic analysis on the deposits. These results provided

~

- estimates of the oxide weight percent of all elements present in the sample. Five

elements were not analyzed for in the quantitative analysis which showed up in -

signiﬂca‘ni amounts in the semi-quantitative analysis. ‘These elements were copper,

Zirconium, titanium, barium, and lead. Estimated weight percentages provided by

_ CELS for these five oxides are also shown in Table XIL.

A loss on ignition test at 850 degrees Celsius was performed on the solids

collected from the bubbler solution. These solids were similar to the solids collected as

. depbsits on the off gas pipi.ng in appearance. The average foss oh ignition of these

sohds was 8.96 weight. percent.
The sum of the welght percentages based on'the quantitative analysis, the semi-

quantitative analysis and the loss on xgnmon usmg ‘the bub_bler solution solids was 98.0
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Table Xi

Phase IV CELS Analysis of Exit Glass
Samples Taken at Different Times

wi% oxide 0 minutes - 627 minutes 920 minutes 1385 minutes
Cs 0.00 0.24 0.30 : 0.35
K . 243 2.70 2.76 2.76
Li 475 4.79 4.82 4.80
Na 6.69 6.69 6.73 6.76
Al 3.09 3.05 3.04 3.07
B8 7.90 7.75 7.76 7.80
Ca 1.70 1.24 1.23 1.24
Cr 0.19 0.17 0.17 - 0.17
Fe 12.00 12.25 12.50 12.57
Mg 1.56 1.53 1.56 1.56
Mn . 264 2.74 2.80 2.80 .
Ni 1.15 1.18 . 120 1.21 g
Si " 54,10 52.70 53.55 - 5367 *
Total 98.19 97.01 98.38 98.73
Note: The analysis results shown for 1385 minutes are the average of two analysis
results. ) :
0.35 T
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(=] .
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Figure 11. Phase IV CELS Analysis Results for Cs,0 in Glass
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percent. Since estimates were used for copper, zirconium, titanium, barium, lead, and
'carbon, the 2.0 percent which is not accounted for based on these analyses is not
significant. :

Based on the CELS value for the weight percentage of Cs50 and the total mass
of solitjs coltected, the total amount of cesium existing in.the off gas depositis 0.14

grams. This is between 0.14 and 0.16 percent of the total cesium fed to the melter.

Bubbler Solution

The purpose of the bubbler tank in combination with the venturi scrubber and
spray quencher was to remove the larger particles from the off gas stream and alsc to
cool the off gas stream enough to condense most of the volatile meta!s Samples of
the bubbler solution were taken from the liquid leaving the bubbler tank through the
level controller. Four of these samples were ﬂttered and sent to SRS for analysis. The
results_ of the analyses are listed in Table‘Xllll and shown .graphically in Figure 12.

In order to calculate the amount of volatile cesium captured in the ,bhhbler |
solution, it is necessary to know the total amount of cesium leaving the bubbler tank

through the level controller and the total amount of cesium remaining in the bubbler

tank after the testing was complete. _
The total amouht of cesium 'that was captured in the bubbler solution \A‘/hich exited

the bubbler tank through the level controller can be calculated by multiplying the area of

the curve in Fgure 12 by the average flow rate. A second arder polynomtal was used

as a basis in order to calculate the area. This polynomial was

" C=-1.157E-06t2 + 3.192E-03 t + 4.763

where C is the concentration in the exit bubbler solutt,cn in mg Cs/L and tis the time in

- minutes. ‘If this curve 'is iritegrated from t = 0O to t =.1385 minutes, the area under the
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Table Xil

Phase IV CELS Oxide Analysis, Semi-Quantitative Analysis, and
Loss on Ignition Results of Off Gas Deposits

Oxide Final Analysis
wt% as oxide
Cs : 1.17
K ) 6.49
Li 0.77
Na ’ 7.25
Al 6.53
B ‘ 7.67
Ca - 3.00
Cr 0.61 . . _
Fe ] 32.10 £,
Mg ) 0.50 . x
Mn ' 6.82 x
Ni - 2.89
Si 6.16
Cu . 125(@) -
Zr 4.00 (a)
Ti . 1.20 (a)
Ba 0.30(a)
Pb 0.30 (a) .
896 (M) .
(a) - Theseresults are estimated basad on the semi-quantitative .
spectographic analysis provided by CELS .

(b) - The result is based on a loss on ignition at 850 degrees\
Celsius of the solids collected in the bubbler solution.

- ]

Table XIll - B ..“

Phase IV SRS Resduits of Bubbler and Scmbbet"
Solution Analyses for Cesium

-

Time Bubbler Solution - - Scrubber Solution

(minutes) . (mg Cs/L) (mg Cs/L)
0 0.0046 : Not Detected
670 2.6942 - ' 0.2271
1075 2.1131 - ’ 0.4518
1281 ' . .2.1617 0.5491

1385 ° T ' © 2.2278 : ' 0.6615 -
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curve is calculated as 2043.727 mg Csemir/L. Since the average fl(;wrate of bubbler
solution exiting the buBbler solution tank was approximately 0.916 L/min, the total
amount of cesium in the exiting bubbler solution was 1.87 grams.

The cesium in the glass remaining in the vessel after the testing was completed
can be calculated by multiplying the final concentration of cesium in the bubbler
solution by the total amount of bubbler solution remaining in the tank. The final
concentration of césium in the bubbler solution was 2.23 mg Cs/L. The total amount of
solution remainihg in the tank was 91.77 liters giving é total amount of ceéium
remaining’in the tank after the test was complete of 0.205 grams. Thg total amountof
cesium captured in lthe bubbler solution is the sum of these two values 6r 207 grams..
This is between 2.1 and ;‘2.4 percent of the total cesium fed to the melter.

The particulate form of cesium captured in thé off gas treatment system was not
quantified. When the samples were being pulled from the level controller tube, .there
were small quantities o'f solids present in the solution. The total. parﬂcqlaté cesium in
the off gas was hard to accurétely quantify for two primary reasons. /First,_me solids
captured in the bubbler solution were not anélyzed. ‘Since 'thé(e was a significant .
amount of solids present in the bubbler tank at the beginning 6f the r_uﬁ, itwas ielt that
an analysis of th_.ese sblids would not be valuable. Moét of the solids were re.r;mved
from the tank _pn'or to th-e run but some residual solids remained. Second, the samples
\ivei'eﬁriot'ﬁltered immediately. The solids were allowed to settle.in the sample container

and cesium attached to the particulate could have deéorbed into solution.

Séerubber Column Solution

Scrubber solution samples were taken from the soluti_on immediately aftér it left
- the scrubber column. These samples_had no visually detectable solids present.'" Four
"of these samples were sent to SRS for analysis. The results of these analyses are

- fisted in Téble Xl and showed graphig:ally in Figdre 13. The total amount of cesium
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captured by the scrubber column solution can be calculated by multiplying the tota]
volume of solution in the scrubber tank by the concentration of the solution after the un
was completed. Based on a f' nal scrubber solution volume of 325.4 liters and a final
concentration of 0.662 mgl/L, the total cesium captured in the scrubber solution was
0.215 grams. This represents between 0.22 and 0.24 percent Sf the total cesium fed td

the melter.
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Figure 12. Phase IV Results from‘Bubbler Solution Analysis
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Figure 13. Phase [V Results from Scrubber Solution Analysis

Summary of Results from the Mass Balance '

A summary of the results from the cesium mass balance is shév;m in Table XIV.
Between 84.7 and S6 percent of the.cesium that enteredv the melter systen; was
accounted for in.the exit glass stream and the off gas treatment system. A cesrum

| retentron efficiency in the glass was calculated as between 82.3 and 93.2 percent.
Between 2.4 and 2.8 percent of the cesium was found in the off gas treatment system.

There are several reasons for having a fractio'n of cesium unaccounted for in the

. rnass balance:- First, it was already mentioned that the calculations for the total amount

of cesium fed to the melter were probably inaccurate because jtwas_ unc!ear‘on the ‘

total amount of ceeium remaining in the bucket after th'e test was compiete’ Second,

cesrum present in the particulate form captured in the bubbler solutton was not |

rnciuded If the tank had been cleaned thoroughly before the test and samples could

be filtered qurckly. the results from thrs sampling could be valuable. Third, the

undedyrng- assumption that all of the cesmrn was captured in the off gas system has not
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been éonﬁrmed. Itis possible that some of the cesium could have passed through the
scrubber column and therefore not been included in the mass balance. Chapter 6 lists
some of the recommendations which éould possibly improve the accuracy of this type

of analysis.

Analysis of Off Gas
The off gas stream was sampled for metals and semi-volatile organic compounds -
using a multiplé metals sampling train and a modified method 5 sampling train,

respectively. The field data sheet for each of these sampling runs is presented i i« '

X

Appendix B.
Table XiV
Phase |V Cesium Mass Balance Summary
Location Grams of Cesium Percent of Total Cesium
Feed Stream 88.18-99.83 : :
Exit Glass 82.17 823-.932
Off Gas Deposits . 0.14 . . 0.14-0.16
Bubbler Solution (Particulate) / Not Calculated Not Calculated
Bubbler Solution (Volatile) 207 21-24
Scrubber Solution 0.22 0.22-0.24

Unaccounted Cesium ’ © 1523-.3.58 4.00-15.24

Multiple Metals Samgling Train

The multiple metals sampling train was opfarated for one hour. It was runin
accordance with the proposed method 29 with some minor additions. The two
impingers normally containing a permanganéte solution contained ad.di‘tiohal nitric acid
and hydrogen peroxide. . This was done since some of the metals which-were sampled
for were .not on the list of metals for Wthh the sampling train was desxgned By-adding
the additional impingers at the end, the efficiency of removing the metals from the off”

~ gas was increased. The-final two impingers were also analyzed separately from the
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first three irnpingers so the metals removed across the train of impinoers could be seen
by examining theconcentration gradient.

During the muitiple rnetals sampling run the feed stooped for approximately 10
minutes due to a,blockage lin the feed nozzle. This problem was corrected as quickly
as possible but still significantly affected the resuits.

The total particulate loading was not performed on this sampling run because the
samples of t;rlter'and front end washes were sent to the outside laboratory. The '
concentration of w_ater vapor in the off gas stream was_71.0.grams per cubic meter at
an average stack temperature of 6_36°C. The sampling rate was approximately, 130+ '
percent of isokinetic. This meéans that the'average velocity pdlled through the sample
nozzle was 1.3 times the veloclty_of the off gas in the pipe. -

The results from the analysis of the multtple metals sampling train components
are shown in Table XV. These resuits are in total micrograms" of a specific metal found
in each éomoonent of the sampling train. Itwas practically impossibleto n1ake any
quantitative conclusions based on this data because of the feeding problem. The
analyses were divided into two main parts, the front end and the back end. The front
. end analy_sis involves a combined sample of the quartz filter, the acetone was_rl of the
probe liner, nozzle, and ﬁlter bell inlet, and the nitric acid wash of the same three
components. The baok end analyses include the five implngers. The first impinger isa
knock out impinger and serves to remove water from the sampled gas stream. The
following four i lmprngers contain a nitric acrd/hydrogen peroxxde mixture which serves to
remove volatile metals from the'sampled gas. The first, second and third lmprngers
.. were analyzed together The fourth i rmprnger and fifth i lmp(nger were each analyzed

' separately ' '

The front end and the last two impingers were not analyzed for silicon-and boron. - .

Aooording to the laboratory which oerformed the analyses, ooncluslons concernlng :

particulate silicon are almost impossible because of the silicon present in the quartz

—



filter. Boron analyses are also difficult because much of the boron is lost th‘rough
volatilization during the filter digestion step. The final two i impingers were not analyzed
for silicon and boron due to an ireversible mistake by the lab.

' Some important qualitative observations can be made from the multiple metals
sampling train analysis. First, the partitioning of the cesium shows that less than half of
the cesium present in the off gas exists in the volatile form. Any quantitative
observations drawn from the resuits of this analysis are inconclusive due to the feed
system malfunction. Approximately 34 percent of the total cesium which was captured
in the multxple metals sampling train was found in the i impingers (volatile) rather, than on-
the filter (particulate). Second, there were several other metals which partitioned
s}gniﬁcanﬂy into the volati!e form. Other ele(nents which partitioned ‘more than 10
percent in the volatile form include lead (156.2%), chromium (25.4%), sodium (1 4.5%),
calcium (10.7%), lithium (16.0%), and potassium (18.5%).

The amount of volatile cesium collected in the volatile form in the bubbler and
scrubber solutions can be roughly-checked by the amount of volatile cesium collected
in the Multiple Metals Sampling Train. The tofal amount of volatile cesium- collected in
one hour using the Multiple Metals Sampling Train was 2362 micrograms tlm‘:hgﬁ a
0.375 inch diameter orifice. If this value is corrected to what passed through the 2 inch
pipe, the approximate cesium flowrate is 0.0672 grams Cs per hour. Thus, dunng a
_trial lasting 1385 mmutes the total amount of volatile cesium that would be expected is
1.55 grams. The total amount of cesium in the bubbler and scrubber solution from -
Table XIV was 2 29 grams Although these values are not xdent(cal and the amount
captured is more than the amount predicted through a rough estimation, this
comparison shows that the values calculated for the amount of vol_aﬁle cesium in tﬁe o

bubbler and scrubber solutions is at least reasonable.



Maodified Method 5 Sampling Train

Table XV1 lists the six predominaﬁt semi-volatile organic compounds found in the .
- off gas b:ased on results from the modified method 5 sampliﬁg train analysis. They
were benzoic acid (CgH5CO2H), naphthalene (C1gHg), phenanthrene (C+ 4H1 0):
ﬂuo;’e_ne (C43H10). fluoranthrene (C1gH1q), and pyrene (C 5H1(.)).’ Each of these are |
feasible since they are all based on an aromatic or ring structure. Since the resinis a
polymer based on resorcinol which is also an aromaﬁc, it makes sense that the major
products of incomplete combustiop would also be aromatics.

The mod{ﬁéd metﬁod 5‘sampling train also provided results for" particulate loafiing
calc.dla‘tions. The particulate loadirig was 433 mg per cubic meter of off gas a§ an .
average temperature' of 664°b. The major components of these solids based on the -
analysis of the muitiple metals sampling train solids and the off gas depo.sits were
boron, iron, sodium, manganese, potassium, calcium, aluminum, and‘ carbon.

The total mass of garﬁculafe captured in one hour of sampling thrcfggh a 0.375
inch orifice was 0.5059 gréms. if this value is corrected to what pass'e,d though the 2
inch pipe, the estimated total particulate emissions is 14.39 grams of particulate per
hour. The slurry feed rate used during the trial was approximately.so mUmin. .
Assuming a specific gravity of 1.2 and an LOI of 64.75 percent, the solids feed rate into
the melter was approximately 1,21 5 grams pér hour. Tﬁus, the amount of parﬁ_culate

- captured in the off gas accounts for approximately one percent of the total solids fed to

“the melter.




Table XV

_Phase IV Multiple Metals Sampling Train Results

. Front End . Back End Front End Impingers Impinger Impinger
Element’ Wash Blank  Wash Blank Analysis 12,and 3 4 s .
{micrograms) {micrograms) {micrograms) (micrograms) {micrograms) (micrcgmmsz
Cesium " <1.00 <1.00 4510 2020 174 167
Nickel 1.79 211 7880 530 275 282
Silicon NA NA NA . 548 NA NA
Lead 1.49 <1.00 1130 174 145 138
Bardum 4,86 <1.00 601 575 <1.00 <1.00
Iron 325 6.01 72200 4750 31.2 14.8
Manganess 1.38 <1.00 15000 1080 2.41 218
Magnesium 10.3 <6.25 788 62 <6.25 <6.25
Chromium 1.4 54 385 . - 113 .10.9 10.6
Sodium 128 18.7 22200 3280 283 223 -
Calcium 47 <125 3980 427 .282 22x.
Aluminum 100 621 8720 . . 775 19 x [0}
Lithium <1.00 . <1.00 2370 381 20.6 193
Potassium 325 "16.5 23700 4700 342 - 332
Boron NA NA NA 8320 NA NA
Table XVI ’
Phase IV Modified Method 5 Sampling Train Results
Analysis One - Analysis Two Blank .
Compound (micrograms) (micrograms) {micrograms)
Benzoic Acid 348.87 304.73 17.36
Napthalene 297.44 495.30 5.14
Fluarene 11.65 9.50 (1.43)
Phenanthrene 113.82 130.11. (1.07)
Fluoranthene 52.50 71.87 (0.84)
Pyrene 83.21 81.55 (0.90)
- Note: Numbers in Parenthesis Indicate Detection Limit
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Redox Ratio
Samples of the glass were taken periodically from the exiting glass stream and
analyzed for the Fe(ll)/Fe(total) ratio. The results of this analysis are shown in Figure
14. 'Redqx measurements using the"zirconiur-n oxide redox pro-be were a_fso taken but
did not correlate with the con‘esbonding Fe(ll)_/Fe(totél_) ratio so thése probe:-results
were ;mt used in the redox analysis. None of the éamples analyzed exceeded 0.3 for
the Fe(ll)/Fe(to@al) ratio. The average Fe(ll)/Fe(total) ratio after approximately one hour

of operating time was 0.176.

At a feed rate of 0.50 grams of dry resin per minute, it appears that there would

x %

be no significant problems associated with an over reduced melt.
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Figure .1,4. Phase IV Fe(ll)/Fe(total) Ratio Results



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The following conclusions were reached after completing the four phases of

research.

1. The reducing effectiveness of the organic resin used in this research
is approximately four times less than elemental carbon.on a mass
basis.

2. During the crucible study, the average cesium retention for those .
‘glass samples which had resin as a reducing agent was 88.6 percent
with a standard deviation of 6.6 percent. The average cesium
retention for those glass samples which had elemental-carbon as a
reducing agent and cesium added as cesium carbonate was 66.8
percent with a standard deviation of 4.9 percent.

3. There was no, apparent correlation between the final redox state of a
glass and the cesium retention based on the crucible study_ data,

4. Based on the fimited amouﬁt of data, the addition of wate'r seemed to
result in a more reduced final glass sample. ‘

5. Asetof operating conditions which allowed for successful operation
of the melter were defined. Slurry feed rate and melter temperature .
were the two most important operational parameters in achieving-
successful melter operation.

6. The oxygen transfer rate under batch type conditions using only the
impeller agitation was 0.0023 moles Oo/min for a 0.25 2 melter.
, When water was fed to the melter under similar operating conditions,
) the oxygen transfer rate dropped to 0.00153 moles Oo/min fora 0.25 -
ft< melter, - :

7. ' The oxygen transfer rate with a slurry feed rate of 50 ml/min, an
oxygen sparging rate of 1000 mUmin at STP, and using impeller
agitation was 0.00956 moles Oo/min. This is the équivalen_t of
approximately 0.50 grams of dry resin/min.

8. During Phase IV, the melter was successfully operated for 20 hours
using a feed mixture of slurry and resin contaminated with
nonradioactive cesium. There were no significant operationaj
problems during the course of the run.
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9. Between 82:3 and 93.2 percent of the cesium fed to the meilter
during Phase |V was retained in the glass. Between'4 and 15.5
percent of the cesium was unaccounted for in the mass balance.

10. There were six primary semi-volatile organic compounds found in the
off gas sampling. They were benzoic acid, naphthalene, fluorene,
phenanthrene, fluoranthene, and pyrene.

11. The muitiple metals sampling train results were used as a qualitative
check on the form, particulate or volatile, elements took in the off
gas. Elements which were found to be at least 10 percent in the
volatile form during the Phase IV gxperiment include lead (15.2%),
chromium (25.4%), sodium (14.5%), calcium (10.7%), lithium
(15.0%), and potassium (18.5%).

12. The particulate loading during the Phase IV experiment was
approximately 433 mg per cubic meter of off gas at an average
temperature of 664°C. The primary elements found in these solids
were carbon, boron, iron, sodium, manganese, potassium, calcium,
and aluminum.,

The following recommendations should also be considered when additional work

s

is performed dealing with the vitrification of ion exchange resin or other organic

compounds in a stirred tank melter.

1. The dilution air pulled through the off gas treatment system should
be minimized in order to allow for accurate calculations of off gas™
components. Accurate off gas samplmg results can assist in

"performing a mass balance. .

2. More oxygen transfer tests should be performed in order to define a
. set of parameters which maximize the rate of oxygen transfer into the
glass melt so that the corresponding feed rate of resin can also be
maximized.

3.  Another test similar to the Phase IV study should be perforrhed fora
longer period of time in order to assure steady-state operation. -

4. Methods and equipment should be developed so that reproducible
results can be acquired without having to send samples to a third
party for analysis. This would eliminate any financial boundaries on
the numbeér of samples that can be analyzed and greatly increase the
amount of data.



Off gas sampling should be done at other locations alohg the off gas
treatment system such as downstream from the scrubber and
between the bubbler solution tank and the scrubber in order to
calculate other values such as scrubber efficiencies.

Attempts should be made to incorporate a redox probe such as the
one used in these experiments into all phases of research.

A better and more reliable feed system should be established which
is able to feed the slurry and resin mixture homogeneously at
metered rates. o
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Apopendix A

Sample Calibration Curve from Fe(ll)/Fe(totat)
Redox Analysis

Absrorbance
o
[4;]

0 0.5 1 1.5 2 - 25.°
Concentration of Fe(ll), micromolar :

Figure A-1. Sample Calibration Curve from Fe(ll)/Fe(total) Redox Analysis
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Field Data Sheets from Off Gas Sampling

Appendix B

Table B-|

Field Data Sheet for Muitiple Metals Sampling Train

Volume Vacuum Pitotdel P Orifice del P Probe T Stack T Meter In Meter Out Filter T Exit T

"Time

(min) (cubft) (inHgl (nH20)  (in H20) ) (F) (F) (F) (F) (F)

"0 28820 25 0.10 1.50 259 655 67 67 238 59
§ 29239 25 0.10 1.50 251 640 71 * 67 246 53
10. 29583 25 0.10° 1.50 248 636 73 68 250 85
15 299.30 25 0.10 1.50 " 250 632 76 68 250 % 59
20 302.80 3.5 0.10- 1.60 248 635 77 68 250 59
25 30637 3.5 0.10 1.60 248 631 ‘78 69 250 59
30 30992 3.5 0.10 1.60 250 625 79 69 250 59
35 31346 3.5 0.10 1.60 248 615 79 69 250 59
40 31693 3.5 0.10 1.50 247 618 79 ‘69 250 58
45 32038 3.5 .10 1.50 248 628 78 69 250 s9
50 32400 3.5 0.10 1.50 247 642 78 69 250 S8
§5 327.13° 35 0.10 1.50 248 667 78 69 250 57
60 330.63 3.3 0.10 1.50 250 651 77 69 250 57

Table B-{l
Field Data Sheet for Modified Method 5 Sampling Train -

Time Volume  Vacuum Pitotdel P Orifico del P Probe T Stack T Meter In Meter Out Filter T Exit T

(min) (cubft) (inHg) (InH20)  (in H20) AF) (F) (] F (F (F)
0 246.85 6 0.10 1.50 266 675 67 66 247" 42
§ 25000 7.5 0.10 1.50 <267 671 69 67 242 41
10 25335 7.5 0.10 1.50 266 667 73 67. 242 42
15 256,61 7.5 0.10 1.50 266 664 75 " 68 243 42
20 259.98 7.5 ~0.10 1.50 266 664 76 69 242 42
25 26331 7.5, 0.10 . 1.50 265 665 78 69 242 43
30 - 26668 7.5 0.10 1.50 266 663 " 79 70.-, . 247 43
35 27017 8 0.10 - 1.50 265 670 80 70 - 248 . 43
40 27350. 85 012 -+ 1.75 265 664 80 71 248' 43
45 277.15 .85 0.12 1.70 264 658, 81 72 248 44
S0 280.80 85  .0.2, - 1.75 266 656 82 72 248 45
S5 28432 85 - 0.12 175 265 656 82 72 249 45
60 288.07 8.5 0.12 1.75 265 654 82 72 247  4s
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