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SUMMARY

The Submerged Demineralizer System is a process developed to decontami-
nate high-activity level water at Three Mile Island by sorbing the activity
(primarily Cs and Sr) onto beds of zeolite. Pacific Northwest Laboratory's
Zeolite Vitrification Demonstration Program has the responsibility of demon-
strating the full-scale vitrification of this zeolite material. The first
phase of this program has been to develop a glass formulation and demonstrate
the vitrification process with the use of nonradioactive materials. During
this phase, four full-scale nonradiocactive demonstration runs were completed.
The same zeolite mixture being used in the SDS system was loaded with non-
radioactive isotopes of Cs and Sr, dried, blended with glass-forming chemicals
and fed to a canister in an in-can melter furnace. During each run, the gase-
ous effluents were sampled. After each run, g]gss samples were removed and
analyzed. T 7

Most of the process difficulties were determined and modifications made
during‘the first run. The major prdb]em;area was maintaining the temperature
in the connecting section between the feed 1ine and canister between 300 and
400°C to prevent feed bridging. Also, the zeolite drying temperature had to
be increased to reduce the water‘content:ahd thus minimize pressure fluctua-
tions from this water flashing to steam..

During each of the four runs, the gaseous effluents and scrub solutions
in the offgas system were sampled. When a set of sintered metal filters was
installed after the first run, particulate losses were greatly reduced. The
total average particulate melter-system DF was 5 x 106 for the last three
runs. After passing through the metal filters, the gaseous effluents were
drawn through a condenser and two venturi scrubbers. Based on analyses of the
condensate and the two scrub solutions, the of Cs and Sr losses were <0.05%
during each of the runs. Gaseous effluents were also sampled to determine
offgas compositions, particulate compositions, and decontamination factors for

the melter system. The average Cs DF from the feed to the effluent system was
measured to be 3 x 107,
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The glass prodﬁct from each of the four runs was sampled and subjected to
visual examinations, chemical analysis and Soxhlet leach tests. Visually, the
glass varied from sample to sample; most samples from the top of the canisters
displayed flecks of alumina-enriched material. However, leach test results
were very consistent, regardless of where in the canister the sarple was
taken. Glass from each of the runs displayed excellent durability during
Soxhlet leach tests when compared to test results for borosilicate glass for-
mulations being developed for commercial and defense high-level 1liquid waste
solutions. A complete MCC-1 test is being performed an all of the glass sam-
ples, and these results will be issued in a later report. Process equipment'
similar to that described in this document is being fabricated and installed
in a radiochemical cell for a radicactive demonstration of the ZVDP process.
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INTRODUCTION

The cleanup of the high-activity-level water at Three Mile Island (TMI)
provides an opportunity to further develop waste management technology.
Approximately 3.6 x 106 L (790,000 gal) of high-activity-level water at TMI's
Unit~2 Nuclear Power Station will be decontaminated at the site with the use
of the Submerged Demineralizer System (SDS). In the SDS process, the Cs and
Sr in the water are sorbed onto a blend of zeolites that are contained within
metal 1iners (Campbell et al. 1980). One disposal option for this zeolite
material is to mix it with glass formers and vitrify it to a borosilicate
glass product. The U.S. Department of Energy (DOE) authorized the Pacific
Northwest Laboratory (PNL) to take a portion of the zeolites from the SDS and
demonstrate, on a full scale,(a) that these zeoiites can be vitrified with the
use of the in-can melting (ICM) process. '

The ICM process, which is used to vitrify high-level radioactive waste,
was developed at PNL under the sponsorship of the DOE and its predacessors.
In the ICM péocess, the calcined high-level waste and glass-forming chemicals
are fed into a canister in a furnace. The waste {s heated and vitrified

within the canister. The canister serves as the container for the final waste
product. ' | o

The TMI Zeolite Vitrification Demonstration Program (ZVDP) includes both
nonradioactive and radioactive production-scale demonstrations. The specific
objectives of the program are to: 1),estab11sh that the vitrification of zeo-
1ites is a feasible method for immobil11zing high-activity-level special
wastes; 2) characterize the process effluents and the vitrified waste form;
and 3) provide a radioactive waste form for further analyses and for possible
disposal demonstrations.

This document presents the results of the nonradiocactive demonstration.
The demonstration consisted of four runs. The objectives of each of these
runs was to: 1) verify the design of and demonstrate the ZVDP process;

(a) Full scale is defined as an 8-in.-dia canister filled with ~7 ft of glass.
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2) 111 one 8-in.~-dia canister with ~7 ft of glass product {four total);
3) sample and analyze gaseous effluents to determine compositions, process
volatilities and particulate losses; and 4) analyze the glass product.




GLASS DEVELOPMENT

When the ZVDP was conceived, a process temperature 1imit of 1050°C was
imposed for glass formulation studies. This 1imit enabled PNL to use existing
nonradioactive and radioactive ICM furnaces. Glass formulation tests were
performed to identify which chemicals must be added to the zeolite so that it
would dissolve at 1050°C. If the ratio of zeolite to glass-forming chemicals
was sufficiently high to make vitrification an attractive option, additional
tests would be performed to evaluate the glass durability in comparison to
similar glasses developed for high-level liquid wastes. The reference zeolite
was Linde Ionsiv IE-96® (which is IE-95 converted to the sodium form). The
composition of this zeolite is Naz(A]02)2(5102)4-H20.

The results of the first glass-formulation tests are shokn in Tables 1
and 2. The compositions in Tables 1 and 2 were initial attempts to determine
the zeolite loading and alkali requirements. As shown by the following
description and these tables, the glass must be ~12% to 20% alkali (Nago, Lio0
and/or KZO) for the zeolite to dissolve in the glass (glasses 80-195 and
80-206).

TABLE 1. Composition of Glasses with Unpulverized Zeolite
Composition, wt%

Glass Glass Glass Glass Glass
Oxide No. 80-195 No. 80-196 No. 80-197 No. 80-198 No. 80-199

8203 5.84 12.93 - - =
(oF:14] 2.92 ’ -= == 10.0 2.0
L120 6.50 - 4.39 - 6.0
Na20 10.40 5.76 7.69 5.0 2.0
Ti0, 9,14 -- - -- --
Zeolite 65.26 81.31 87.91 85.0 90.0

(as received)

When heated to 1050°C, compositions 80-195 through 80-199 exhibited the fol-
lowing characteristics: ’

® Trademark of Linde Division, Union Carbide Corporation.

q
1
A
i
3
2z
j
P
%
Iy
4
3




80-195 became a smooth, transparent amber glass with no undissolved
zeolite.

e 80-196 only partially melted and most of the zeolite remained free.
e 80-197 only partially melted and much of the zeolite remained
undissolved.
® 80-198 did not melt.
e 80-199 only partially melted.
TABLE 2. Composition of G1asses with Pulverized Zeolite
' ‘ ‘ Composition, wt%
Glass No. Glass No. Glass No. Glass No. 3&lass No. Glass No.
, Oxide 80-202 80-203 80-204 -80-205 80-206 80-206A
B,04 24.20 20.75 17.30 3,35 -- --
Ca0 - -- -- 1.68 - --
Ko0 Cam L e - 4 00 5.00 5.00
Liza - -- - 3.72 5000 5000
Na,y0 10.80 9.25 7.70 3.72 12.00 12.00
510, — e e 17.52 -- --
Ti0, -- - -- 6.00 8.00 8.00
- Zeolite - - 65.0 70.0 75.0 60,0 70.0 - 70,0 s
(as received) : ‘
Glasses 80-202 through 80-206A (see Table 2) exhibited the following
characteristics at the temperatures indicated:

80-202 melted completely at 1150°C and became very viscous; no
undissolved zeolite was detected.

80-203 melted at 1150°C; much of the zeolite rema1ned undissolved
in the glass.

80-204 me]ted at 1150°C much of the zeo11te remained und1sso1ved
“in the glass.



e 80-205 melted comp1ete1y,at'1100°c and became’very viscous. A faw
large air bubbles and many small air bubbles were trapped in the
glass.

e 80-206 melted completly at 1050°C with a viscosity of ~150 poise.
The glass was a transparent amber with some white crystalline mate-
rial; there was no undissolved zeolite.

Glass 80-206A had the same composition as 80-206 but the zeolite was not
pulverized. The glass melted at 1050°C, but much of the zeolite remained
undissolved in the glass.

With g1assés 80-206 and 80-206A, the results indicated that pulverizing
the zeolite helped it to dissolve in glass. However, since pulverizing the
zeolite would be a costly and difficult process, we decided to continue the
glass-formulation tests with unpulverized zeolite. We also decided to load
the zeolite with nonradioactive isotopes of cesium and strontium for the
remainder of the glass-formulation tests so that leach tests could be per-
formed with the products from the tests.

Table 3 presents the results of the third series of glass-formulation
tests. These tests were completed with zeolite that had been loaded with non-
radioactive cesium so that leach tests could be conducted. Glasses 80-213

TABLE 3. Compositicn of Glasses with Cesium-Doped Zeo11te

Composit1on, wth
Glass No. Glass No. Glass No. Glass No. Glass No. Glass No.

Oxide 80-213 _80-214  80-215  80-216  _80-217  _80-218
B,05 5.84 5.04 4.20 5.0 -- 13.85
Ca0 2.92 2.52 2.10 -- - -
K,0 .- -- -- - 5.0 --
Li,0 6.50 5.61 4.68 5.0 5.0 --
Na,0 10.40 - 8.98  7.48 . 8.0 - 10.0 16.15
Ti0, 9.14 7.89 6.57 7.0 10.0 -

Zeolite 65.26  70.0 75.0 75.0 70.0 70.0
with Cesium - HP C '



and 80-214 were melted at 1050°C; whereas, glasses 80-215 through 80-218 were
melted at 1065°C. These glasses exhibited the following characteristics:
e 30-213 became a trahsparent amber glass wiLh some white crystalline
material (probably titanium); no undissolved zeolite was detected.

e 80-214 became a transparent amber glass with very 1ittle crystal-
iine material; no undissolved zeolite was detected.

e 80-215 became a transparent amber glass with no crystalline mate-
rial; no undissolved zeolite was detected.

e 80-216 became a transparent, dark amber glass with mahy air bubbles
trapped in the glass; no undissolved zeolite was detected.

e 80-217 became a transparent amber glass with a great deal of white
crystalline material; no undissolved zeolite was detected.

e 80-218 became a greenish-yellow glass; some zeolite could be seen
in the glass.

Table 4 shows the results of the leach tests with these glasses that con-
tained the cesfum-doped zeolite. Two of these glasses (80-215 and 20-216) had
a 75% zeolite loading, a good appearance, :and an excellent leach rate when
compared to Soxhlet Teach tests for reference comuercial borosilicate glass
76f68,(6 X IO'S‘g/cmz-day) (Mendel et al.) and defense borosilicate glass
T0S-211 (8-14 x 107% g/em®-day) (Lukacs et al.). Glass 80-216 was selected as

the better glass because of its slightly better leach rate and fewer chemical
additives. S '

TABLE 4.\ Soxhlet Leach TéstﬁResults of Glasses with Cesium-
Doped Zeolite ' ‘ '

Glass wt% Lost g/cmz-dag

80-213 1.80 6.9 x 107°
80-214 1.39 5.4 x 1072
80-215 099 3.8 x 107
80-216 0.94 3.6 x 107°
80-217 1.18 4.5 x 1075

80-218 1.14 4.4 x 1070
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The selected glass was produced by melting the zeolite with a chemical
mixture, which consisted of NayB,0, - 10 HZOV(Borax, 32 wt%), Na,C04 (23 wt%),
Li,C03 (29 wt%), and Ti0, (16 wt%). For the ZVDP process, these chemicals
were agglomerated into particles approximately the same size (-20 to +60 mesh)
as the zeolite for feeding to the melter.

By the time the nonradioactive demonstrations were initiated, the TMI SDS
process had been modified to use a mixture of [E-96 with a high-alumina zeo-
lite (Linde Ionsiv A-51®). The composition of A-51 is Na,(A10,),(S105),¢
4.5H20. The first demonstration test was made with 1E-96, but additional
glass formulation studies were required for the subsequent runs. Because of
the alumina content of the new zeo]ite, the studies showed that either the
process Operating temperature would have to be increased, or the waste loading
would have to be reduced for the A-51 to dissolve. The exact proportion of
1E-96 to A-51 had_nbt,been determined; therefore, glass formulations had to be
developed for a range of zeolite mixtures. The first phase of these studies
was to identify the waste loading in the glass for several different mixtures.
There was some concern that a different glass formulation would be required
for each zeolite mixture. For 1:1, 2:1 and 3:1 mixtures of IE-96 to A-51,
glasses were made with 60, 65. and 70% loadings of zeolite with the same chemi-
cal agglomerate (which had already been procured) plus additional silica.
Soxhlet leach tests were conducted to evaluate the durabi]ity of these
glasses. The results are presented in Table 5. Again these results compared
favorably with results for the reference commercial and defense waste boro-
silicate glass compositions.

TABLE 5. ZVOP §1ass Soxhlet Leach Test Results

(e/cm -day)
Ratio ‘ . - MWaste Loading
1E-96:A-E1 B0k __65%  _70%
1:1 S 3.6x100°  N/A S 3.0 x 1070
2:1  2.9x10° 2.9x10°  2.8x10%

3:1 3.4 x 1078 3.3 x 10~ 1.2 x 1078




Fortunately, the Soxhlet test also indicated that the glass durability as
measured by Soxhlet leach tests was not greatly affected by the zeolite com-
bination or the waste loading. However, the glass was extremely viscous at
70% zeolite loading, which may not allow the volatile gases to escape during
melting. This would leave voids in the glass. Results also showed that the
glass appearance was affected by the 1oading. There were small amounts of
undissolved A-51 in the 65% zeolite-loaded glasses and a larger amount in the
glasses with 70% zeolite loading. However, only the visual quality seemed to
be affected, not the durability. Since neither the durability nor visual
quality was affected at a 60% waste loading for the different zeolite mixtures
tested, this waste mixture was tentatively selected as the glass formulation.
One last series of tests was completed with different mixtures of IE-96 and
A-51 to verify these results. These results are shown in Table 6.

TABLE 6. Soxhlet Leach Tests Results (60% Zeolite Loadings)

1E-96:A-51 wt% Lost g/cm’-day
1:1 1.30 5 x 1070
3:2 0.84 3.2 x10°°
2:1 0.90 3.5 x 107°

B2 . 091 3.5 x107°

Each of the above g1a$ses had a vis¢051ty of <100 poise and no undis-
solved zeolite at 1050°C. Fortunately, a separate formulation was not
required for each combination of IE-96 and A-51. A 60% zeolite loading that
had the original chemical agglomerate with additional silica (three parts
agglomerate to one part silica) was selected as the glass formulation for the
remainder of the process verification tests. o '



PROCESS DEVELOPMENT

Before designing the ZVOP system equipment; it was necessary to determine
whether the process would have a slurry or a solid feed stream. The SDS
liners would be shipped wet to PNL. 1If the zeolite caked and had to be slur-
ried to be removed from the liner, a spray calciner would have to be coupled
to the ICM. Fortunately, in tests at PNL, it was determined that when the
zeolite was thoroughly dried (bed temperature of 250°C), it became a free-
flowing solid that could be easily poured out of the liner.

To make a glass product, it is necessary that glass-forming chemicals be
mixed with the zeolite. Since the zeolite could be handled as a dry solid, a
decision was made to mix the zeolite and dry, agglomerated giass formers
before their introduction into the canister. .The major reasons for this were:
1} only one feed stream would need to be metered into the canister; 2) the
feed added to the canister would always be mixed in the proper portions; and
3) the resultant glass would be homogeneous. Thus, a vessel was designed in
which the zeolites and glass formers could be mixed and fed to the ICM.

'To échieve'thé mixing of glass former and zeolite, a weighed amount of

zeolite had to be added to this mixer/feeder vessel. This was accomplished by

fabricating a handling fixture designed to pick up and invert either the SDS
liner or the mixer/feeder vessel. The SDS liner was inverted over the mixer/
feeder vessel, and the two'weré'connected~by‘an adaptor. . Then, by using a
load cell on the handling fixture, a weighed amount of zeolite was added to
the mixer/feeder vessel directly from the SDS liner. -A weighed amount of
glass formers correSpchding to the weight of added zeolite was batched into
the same vessel, and the mixer/feeder was tumbled end over end by means of the
handling fixture until the mixture was homogeneous. A laboratory test with a
plexiglass mixing vessel demonstrated that thorough mixing without any strati-
fication of materials was observed in a few minutes. The mixture remained
homogeneous after tumbling was stopped, and the vessel was allowed to sit.

The mixer/feeder vessel was then inverted and used as the féed supply for the
vitrifjcation system (Figure 1). The feed was meteréd'by'means of a star
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FIGURE 1. Zeolite Vitrification System
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valve that had a variable-speed motor. The feed fell through the connecting
piping into the ‘canister where the glass was formed. The canisters were
fabr1cated from Sch. 40 8-in. stainless steel pipe, o

- The equipment interface between the feed piping and the canister (refer-
red to as the canister adaptor) was discovered to be of critical 1mport4nce.
This canister-adaptor must be maintained below 400°C to prevent melting of the
glass formers on the walls as they are fed into the canister. Br1dg1hg will
develop if me1t1ng occurs and will eventually block feed from entering the
canister. A steam jacket around the canister adaptor prevents this mé1t1ng.
Maintaining the canister adaptor above 100°C was also important because of the
offgas water content. Condensation of the water could occur below 100°C and
will also cause bridging to occur. The connecting piping and offgas filter
system were also electrically heated to prevent condensation problems.

Since the ZVDP process is a solid-feed system, an offgas system was
designed with a first-stage particulate removal device. Initially, this was a
cyclone separator; however, this was not efficient for this process and was
replaced with sintered metal filters.

The filter urit is madé up of three 65-um sintered Inconel® filters that
are pulsed about every 20 m1n to return accumulated dust back to the canister.
Two air-driven vibrators were also incorporated in the system to assist 1n
removing any mater1a1 held up 1n the connecting p1p1ng.

The offgas stream, after passing through the f11ters, passed through a
condenser and two venturi scrubbers before being d1scharged to the stack. The
system, as fabricated, is shown in Figure 2.

The furnace useé to heat the canister for the nonradioactive runs was
PNL's existing full- scale ICM (see F1gure 3). The ICM 1s a vertical, resist-
ance-heated, 225-kVA, 480- v, 60-cyc1e. three-phase system. It has six heating
zones with four silicon-carbide heating elements in each zone and a maximum
temperature of 1200°C. The working cavity is 33 in. x 33 fn. x 90 in.

® Tradename of Huntington A11oys Division of the International Nickel Company,
Inc.. Hunt1ngton. Hest V1rg1n1a. ,
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FIGURE 2,  Zeolite Vitrification Nonradioactive







ZEOLITE PREPARATION

To obtain the max1mum benefit from the nonradioactive demonstrations, it
was necessany to simu1ate as closely as possible ‘the zeolite that would be
received from TMI.v Thus, the zeolites which were being used at TMI for the
SDS process were procured. ‘Also, a liner identical to those being used at TMI
was fabricated (Figure 4). The liner was filled with 8 ft3 of zeolite mate-
rial. . Due to the heat re1eased when the zeolite is wetted, the 1iner was
first f111ed with water, and then the zeolite was slowly added to the liner
while the water. overf1owed to a drain. To simulate the SDS flowsheet, ca1cu-
lated amounts of CsN03 and Sr(NO3), were dissolved in 50 gal of water. This
solution was passed through the liner to load the nonradioactive Cs and Sr
onto the zeolite. For the first demonstration, this solution was prepared
with the equiva]ent of about 60,000 Ci of Cs and 2,000 Ci of Sr (SDS flowsheet
values). For the ‘subsequent demonstrations, the solution was changed to have
the equivalent of about 120,000 Ci of Cs and 2,000 Ci of Sr to account for the
nonradioactive isotopes of Cs present in the TMI water, which will also be

loaded onto the TMI zeolite. The composition of the loaded zeolites for each
run is g1ven in Tab]e 7.

TABLE 7. Loaded Zeolite Description

) o Run 1 Run 2 Run 3 Run 4
Composition = 100% 1E-95  67% IE-96  60% IE-96  60% IE-96
o | 33% A-51 40% A-51 40% A-51
orying‘rem;eraturé . ~100°C 250°C 350°C 350°C
Water Content | ';;14% ' ' 10% 7% ~1%
Cs Content (wt%) © 0415 0.40 ~0.83 0.64
Sr Content (wt%) Co02 0.05 ~0.04 0.03

After the zeo1ites had been 1oaded the damp zeolite was dried. Because
of the carbonates ‘and water present in the glass- form1ng chemical agglomerate,

it was desirable to remove the majority of the free water in the zeolite to
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reduce the volume of gaseous effluents generated when the zeolite/glass
formers mixture wa fvitrified. ‘During the first nonradioactive demonstration,
the zeolite was not dried sufficientiy. The zeolite dumped in the mixing ves-
sel and evntuaiiy“pIugged the connecting piping, and the gaseous effluents
pressurized the procéés. A Thermai Gas Anaiysis (TGA) of the IE-96 and A-51
demonstrated that most of the moisture was driven off when the zeolite was
heated to 250°C. For the remaining runs, thermocouples were installed in the
zeolite, and the Tliner was placed in the ICM furnace and heated to 250°C for
Run 2 and 350°C for Runs 3 and 4.

After the zeolite had been dried and cooled to room temperature, the
liner was inverted on the mixer feeder, and the amount of zeolite required to
produce 7 ft of glass in one 8-in.-dia canister was emptied into the mixer.
Then, the required amounts of glass-forming chemicals were added to the mixer.
This mixture was tumbled for 2 hours to provide the feed for the ZVDP process.




OPERATIONS SUMMARY

~ Four runs were COmp1eted during the nonradioactive demonstration phase of
the ZVDP. For each run, a mixture of zeolites was blended and added to a
fabricated 1iner. The zeolite mixture was loaded with nonradioactive isotopes
of Cs and Sr. Then, the loaded zeolite was dried to bed temperatures of up to
300°C, emptied into the mixer/feeder, and blended with the appropriate amounts
of glass-forming chemicals. The mixer/feeder was not large enough to hold the
entire contents of the liner in addition to the glass formers after the SDS
flowsheet was modified to include the A-51 zeolite. Therefore, amounts of

zeolite and glass formers were individually weighed and added to the mixer/
feeder. '

~ Several process conditions were changed during the course of the non-
radioactive demonstrations (see Table 8). Since a process temperature limit
of 1050°C was imposed for glass formulations, a stainless steel canister was
used for each of the runs. The flowsheet used during Runs 3 and 4 is shown in
Figure 5. These runs were based on IE-96 to A-51 ratio of 3:2, which is the
probable composition in the SDS liners. The feedrate varied somewhat during
each of the runs and was dependent upon the level of glass in the canister.
It was possible to maintain a feedrate of 20 kg/h to a canister height of up
to ~6 ft of glass while the top-surface temperature of the glass remained

- TABLE 8. Process Condition5~Dur1hg Nonradioactive Demonstrations

‘ - Runl_ ~ _Run2 =~ _Run3 Run 4
Furnace and Canister  1050°C =~ 1050°C-  1050°C -1050°8
Temperature o , - ,
Average Feedrate 20 kg/h 10 kg/h 10 kg/h 10 kg/h
Maximum Feedrate 29 kg/h 25 kg/h 22 kg/h 20 kg/h
Annealing Time(2) 1h 1h 4 h 6 h

Canister Length - 8 ft 9 ft 9 ft 9 ft

(a) Aﬂnealing‘times_wére increased for the purpose of glass hOmOQéheity} :
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@ GLASS FORMER CHEMICALS

TOTAL MASS
" {kg/he)

|E-96 o 812 -~ 6.12 %0 -

(kg/hr} o ;

A-51 428 -~ 428 63 -

{kg/hr)

GLASS FORMERS - 96 98 7.58 -
@ | {kg/hr) ;
H,0 - - - - 1.34
CANISTER ‘ tkg/hr)

‘ : Co, . - - o - 2.02

{kg/hr) e

CESIUM 96 - 96 95,95 0.05
(g/hr}

0220 @ ©
10.4 20

2.6 186.64 3.38

{g/hr}

FIGURE 5. ZVDP Process Flowsheet

above 900°C. At a canister fill height greater than 6 ft, slower feedrates
were required due to greater heat losses at the opening of the furnace.

The first run was terminated after 3 hours because feed was bridging
across the canister adaptor. When the adaptor was examined, feed had actually
vitrified in the adaptor. The temperature in this section was too hot, so a
cooling Jacket was fabricated. wheh"theﬁrun‘was restarted, 1t was again ter-
minated aftef 3 hours because feed was bridging across the adaptor. This
time, the bridge consisted of afc1ump of damp feed. Cooling water in the
jacket yas‘keéping‘thehadaptqr‘témperature too cold; and moisture was collect-
ing on the walls, causing the feed to clump to the adaptor walls. The run was
restarted with steam as the canister adaptor coolant. A vibrator was also
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installed on the feed 1ine to eliminate the br1dg1ng. This was successful,
and bridging has not been a problem since.

Another problem discovered during the first run was that the star feeder
(used to meter feed to the canister) fed in batches, which pressurized the
offgas system when steam and CO, was released as the feed hit the melt sur-
faces. The steam condensed in the feed 1ines and the feed clumped. The star
feeder was modified to reduce the volume of the feed batches. The feed and
offgas 1ines were insulated and heated with electric heaters to eliminate con-
densation problems.

During the first run, the process offgases were drawn by vacuum through a
cyclone for particulate removal, then through a condenser and two venturi
scrubbers. After the run, it was discovered that 5% of the feed processed had
been lost to the offgas system. As a result, the unit was replaced with a
bank of three sintered metal filters. This greatly reduced the particulate
losses dur1ng'the subsequent runs. Sample filters were installed at two
points in the process offgas system to measure the particulate 1oss, and the
part%cu]ates were analyzed to determine their composition.

The condensate and scrub so]ut1ohs:were Samb]ed hourly during each of the
runs andkaﬁa1yzed for Cs and Sr. Less than 1 gofCsand 1 g df Sr were found
in the offgas system during each of these runs. This is less than 0.5% vola-
tility or entrainment for these elements. A side stream of the process efflu-

ents was drawn through a sampling apparatus to determine the composition of
the offgas. -

During the second run, the feedrate was increased from 20 kg/h to 25 to
30 kg/h to establish an upper 1imit on feeding. The higher rates caused the
melt to begin to "boil" and foam. A maximum feedrate of 20 kg/h was set for
the last two runs and foaming was never again observed. During the four runs,
the feedrate was reduced as the canister was filled, due to dropping canister
temperatures. The rate was reduced to 1 to 2 kg/h at the end of the runs.
After the feed was shut off, the glass was annealed by maintaining the furnace
at 1050°C for a period of time. During Run 2, a l-hour annealing time was
found to be insufficient, as there was unmolten material at the top of the
canister. A 4- to 6-hour annealing time proved to be sufficient. The surface
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of the melt was glassy. Although some undissolved particles were detected at
the top of the melt, this was attributed to: 1) formation of slag in the ICM
process, and 2) the increased alumina from the A-51 zeolite. The glass dura-
bility was not affected; if anything it was slightly improved. (These results
are discussed in more detail in the next section.)
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GLASS CHARACTERIZATION

After each of the demonsfrations, core samples of the glass product were
taken from the top, middle and bottom of the canisters. These glass samples
were subjected to visual inspections, chemical analyses, and Soxhlet leach
tests. In addition, one glass sample from each canister will be subjected to
an Mcc-l(a) leach test. The chemical analyses for Run 1 are given in Table 9.
This run was performed with all [E-96. Visually, these samples were of good
quality and no undissolved material was detected.

The second run was completed with a 2:1 mixture of IE-96 and A-51. The
bottom and middle samples were of good quality, and no undissolved material
was detected. The top sample was 1ighter in color, and undissolved material
was observed. Unmolten material was seen at the top of the melt. The canis-
ter was heat-soaked for 1 hour at the end of this run. This heating was obvi-

ously insufficient, and longer soaking times were used for subsequent runs.
" This helped but did not eliminate the presence of this undissolved material.
The chemical analyses of the glass from Run 2 are presented in Table 10.

TABLE 9. ZVDP-1 Glass Product Analysis

wtl
Component Top Middle gottom
A150, 10.4 13.4 10.2
By0, 7.1 4.4 7.0
Fe,04 3.3 1.9 3.0
Lis0 5.7 4.2 5f7
Na,0 12.3 13.0 12.0
510, 42.0 46.0 41.0
7102 9.9 7.0 9,2
Csp0 0.24 0.41 0.22

{a) A test developed by the PNL Materials Characterization Center.
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TABLE 10. ZVDP-2 Glass Product Analysis

wtd
Component Top Middle Bottom

A1203 10.4 13.4 10.2

3203 7.1 4.4 7.0

L1203 5.7 4.2 5.7 |
Na20 12.3 13.0 12.0 .
5102 42.0 46.0 41.0

T‘Ioz 9.9 7‘0 907

Cszo 0.24 0.41 0.22

Runs 3 and 4 were completed with a 3:2 mixture of IE-96 and A-51. Flecks
of unmolten material were detected in the top samples. The chemical analyses

(Table 11) show a higher alumina content in these samples, which would account
for these flecks.

TABLE 11. ZVDP-3 and -4 Glass Product Analysis

Run 3 Run 4 Run 3 wt%Run‘4 ‘Run 3 Run 4

Component Top - Top ‘Middle ~  Middle = Bottom Bottom
A1,04 14.0  14.60 12,9  14.00 12.9  14.30
Bzo%’ 37 490 44 5,30 4.3 4.88
cao(a) --- 0.85  =-- 096 -e- ©0.94
Fe,04 1.8 1.60 2.1 1.86 2.1 1.82°
Li,0 4.4 4.8 47 457 46 4.64
NazO vﬁ15,3 16.30 15.5 . 15,20 15.3 - 15,90
3102 46.6 ‘46,90 42.6 44.80 42.8 - 45.40
Tio, 6.5 6.95 7.6 7.26 1.4 7.04
Cs,0 0.7 0.46 0.64 0.44  0.64 0.46

s0  0.03 0.3 0.3  0.03  0.03 0.03 |
| |

(a) Impurity not detected in Run 3.
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The undissolved material detected in the top samples from Runs 2 and 3
and 4 were partly attributed to the presence of alumina in the A-51. However,
one feature of the ICM‘process is the formation of a durable layer of “"slag"
at the top of the melt. This slag layer can be reduced by the addition of
extra glass-forming chemicals at the end of the run. However, this addition
would reduce the glass durability, and thus was not attempted. The glass
durability was evaluated by completing Soxhlet leach tests on the glass pro-
duct samples. These results are shown in Table 12 (the numbers 1 through 4
indicate the particular runs).

As can be seen, the test results were very consistent. The glass showed
good durability regardless of the zeolite mixture used or the location at
which the sample was taken. The top samples from Runs 3 and 4 show the best
test results. This was expected due to the slight enrichment in Al,05. As

TABLE 12. ZVDP Soxhlet Leach Test Results

Samplé L _wWtY lost . g/cmz-day
ZVDP-1--Top:  1.29 4.97 x 10~5
ZVDP-1--Middle  1.31 5.04 x 1072
ZVDP-1--Bottom  1.09 4,20 x 107°
2VDP-2--Top  1.02 3.93 x 1072
ZVDP-2--Middle  1.15 © 4.43 x 1079
IVDP-2--Bottom  0.96 - 3,70 x 1673

vop-3--Top(d) 0.82 0.73  3.16 x 1075 2.81 x 103
VDP-3--Middle  1.15 0.99  4.43 x 107> 3.81 x 107
ZVDP-3--Bottom  1.29 0.70  4.97 x 1075 2.70 x 1075

VOP-4--Top  0.78  0.79  3.00x 107> 3.04 x 107
VDP-4--Middle  0.90 1.12  3.47 x 10-5 4,31 x 1075
ZVDP-4--Bottom  0.82 1.03  3.16 x 107>  3.97 x 1075

*

(a) Duplicate tests were comp1eted for the samples
from Runs 3 and 4.
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previously mentioned, samples from all of the runs will be subjected to MCC

‘tests for quality evaluation and comparison with other waste forms.
will be issued as a separate publication at a later date.
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QFFGAS STUDIES

Offgas and effluent characterization studies were established to support
the ZVDP. The purpose of these studies was to provide basic offgas engineer-
ing data around which an effective offgas processing system could be designed
for any future solidification facility that would utilize ZVDP technology.
The scope of these studies includes: 1) establishing the gaseous composition
of the process exhaust; 2) identifying the pathways for effluent escape; and
3) quantifying melter effluent losses,

The effluent characterization studies conducted during nonradioactive
testing were primarily concerned with the stable elemental substitutes for the
radiologiciclly important isotopes of 13?Cs, 13485, 9°Sr. 14C, and 3H, which
will be present in TMI-generated waste zeolite. The results of these studies
would be generic to other ICM systems in that all classes of effluents,
including volatile, semivolatile and nenvo]atf1e matter, were investigated.

SAMPLING SYSTEM

Sampling site selection was based upon the need to obtain representative
samples and the desire to locate the sampling site as close to the process
source {melter) as was physically possible. These conditions were most
closely satisfied by establishing the primary sampling site at a process line
elbow located ~6 ft from the in-can melter feeding and exhaust line lid, or
"tree." In terms of the offgas line schematic illustrated in Figure 1, this
sampling site, designated by "A," is situated at the end of a 5-ft straight
run of melter exhaust line downstream from the particulate removal device,
which was a cyclone for the first run and a set of sintered metal filters for
the subsequent runs.

An auxiliary sampling site ("B") was also established in the tree assem-
bly (Figure 1). This site, upstream of the particulate removal device,
allowed effluents to be sampled directly above the melter.

Sampling of the process exhaust was accomplished with the system 11lu-
strated in Figure 6. A tapered 1/4-in.-dia stainless-steel sampling nozzle,
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FIGURE 6. Offgas Effluent Sampling System
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located along the axis of the 2-in.-dia process line, allowed samples to be
extracted upstream from the turbulence created by elbows (A) or bends (B) in
the‘dffgas line. The sampTed gas and .all entrained particles moved along this
uniform-diameter sampling nozzle directly to a commercially available filter.
This filter was located as close as physically possible to the process line
and along a common central axis defined by the collection tube and the process
1ine itself, thereby ensuring a straight, short trajectory to the filter. The
filtered gas was then transferred via heat-traced tubing to a condenser and
three gas-washing bottles in series. Gas samples required for offgas composi- -
‘tional analysis were extracted after the condenser at the port labeled GC in
Figure 6. The volumetric sampling rate of this system was always adjusted to

match the sample nozzle inlet velocity to that of the average velocity of the
offgas stream.

LABORATORY ANALYSIS

Analytical results generated by this study were of iwo general types:
1) those pertaining to sample composition, and 2) those relating to particle-
size distributions. Compositional analyses of particulate matter, condensate
and scrub solutions were conducted using emission spectrometry, atomic adsorp-
tion, neutron activation, and x-ray fluorescent ana]ytica] techniques. The
noncondensable process exhaust gas composition was routinely established with
the use of a gas chromatograph. The data generated with this instrument pro-
vided quantitative 1nformation with regard to CO, COZ. Ny, 0 and Hyo In
addition, the average water ]oading of the process exhaust was also estab-
lished through use of condensate sample data.

Part1c1e size ana1ys1s was conducted by scanning e1ectron microscopy
(SEM) The central port1on of particulate filters was examined under 1000X
magnification with the SEM 1nstrument.; Various magnified regions of individ--
ual fi]ters were ‘then photographed. The part1c1es appearing in these magni- "

fied photographs were subsequent]y sized by an automated partic]e size analy-
sis system.
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RESULTS

Gross process entrainment was. measured with glass depth filters at sampl-
1ng site B during the f1rst two runs. The results obtained from these studies
are summar1zed in Table 13. If it is assumed that all entrained particulate
matter was carried over into the offgas system (which certainly was not the
case during the second cold run), then melter decontamination factors (DFs)
can be estimated from the measured data. These estimated DFs appear in
Table 13. During the second cold run, particulate sampling was conducted at
both the primary and auxi11ar§ sampling sites, which allowed filter assembly

DFs to be estimated from the combined data. These values-are also included in~

Table 13.

TABLE 13. Results of Melter Entrainment Measurements

Average Rates Particle
Run Feeding, Flow, Loading, g/L DF

Time - Date  No. kg/h scfm A B Melter Filter
10:20  7/23/81 1 17.8 4  --= . 0.015 170 ---
12:15 ; _ . o :
08:10 8/06/81 2 145 4 6x 1077 0.017 130~ 3 x 10*
09:00 R :
09:31 8/06/81 2 205 & 6x10°7 0.0288) 130 4 x 10

10:05

(a) Entrained matter fa]ling back from the sintered metal filter hous1ng con-
tributed to this valuein an: undetermined way.

- The composition of the entrained'matter collected at samp11ng point B was
analyzed and found to,bekcompositiona]]ytenriched in aggiomerate,‘but was
otherwise quite comparable to the mixed feed. Table 14 compares the composi-
tion'of,hepresentative particulate samples to that of the feed. These data
further. suggest low process-induced Cs.volatility rates, which is of particu-
lar importance with regard to this demonstration program. -

Particulate size analysis of process-generated aerosols were conducted on

 samples collected at sampling site A during the last three cold runs. The
. bast: empirical parameters extracted from these size distributions are
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TABLE 14. Compositional Comparisof Jv Melter-Entrained Matter and Feed

wt% Agglomerate

Element Aerosol-1 Aerosol-2 Feed .~ Component

Al 2.1 1.9 6.7

B 4.4 5.3 0.98 Yes

Ba 0.021 0.016 0.039

Ca 0.22 0.18 0.26

Fe 0.54 0.39 1.1

Li 5.7 5.7 1.8 Yes

Mg 0.04 - 0.17

Na 8.7 9.7 8.7

Si 5.8 5.2 17.4
- Sr 0.038 0.026 0.029

Ti 8.0 8.3 3.3 Yes

In 0.23 0.09 - 0.04

Cs 0.17 - 0.14

summarized in Columns 4 through 9 of Table 15.
deriving these parameters is that of particle sphericity.

0.31

The major assumption used in -
In . addition, the

calculated particle loading ‘data, also included in this table, assume a uni-
form partic]e distribution across the filter as well as an average density of-
particulate matter of 0.66 g/cm . The bias in these loading calculations, if
any, should be high, providing for an overestimate of aerosol concentrations.
Total system (process and filter) particulate DFs, based upon process feeding
data and on an average offgas flowrate of 4 scfm, were also derived from the
above offgas loading figures and appear in Column 12 of Table 15. It should
be kept in mind that the loading and DF values listed in Table 15 are semi-
empirical in nature and were not directly measured. However, the assumptions
used in their derivation are all quite reasonable and, above all, conserva-
tive.

The actual Cs content of these "massless” filter samples had to be ana-
1yzed w1th neutron activation ana]ysis techniques.: Table 14 presents the
results obtained from these ana1yses. The curie- 1oad1ng of the filter and the
offgas stream was calcu1ated on the basis of a 2:1 radioactive-to-stab1e Cs _‘s,
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TABLE 15. Melter System Particulate Emission Characteristics

Run 4 . 9/23/81 12:37 to 18:58 1.5 3.22

1.0

51.0°

S ; . D?génum Dia, wn Maximum % Loading System

. -Experiment Date  Sampling Period Dia Vol. Dia Vol. Dia, mm <1l m #/L g /L DF
“Run2 . 8/06/81 .08:36 to 10:35  3.20 5.24 2.5 12.0 19.5 . 11.6 1x10*  0.60 4 x 108
C Run3  9/02/81 - 10:33 to 14:52 1.95 5.00 1.0 145 245 5.1 3x10* 1.4 2 x 100
- Run 3  9/02/81 15:46 to'23:50  2.73 4.87 2.0 10.0 14.0 . 28.1 0.9 x 10* 0.33 3 x 108
: 1.1 12.5 1x100 0.3 1 x107

:
‘
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ratio and a 134p4.137¢ isotopic ratio of 1:150. Using basic process feed and
flowrate data, particdlate Cs DFs were determined for the total system (melter
and sintered filters). These derived DFs also appear in Table 16. The load-
ing and DF values listed in Table 16, unlike those in Table 15, are based
entirely upon measured parameters that require no basic assumptions. The
limiting parameter used in these calculations is that of flowrate. Because of
the fluctuating nature of this quantity, an average value had to be utilized.

TABLE 16. Cesium Aerosol Emissions (Total System)

. , Average Rates  Filter 0f fgas

Experi- Sampling TFeeding, Flow, Loadin Loadin

ment Date Period kg/h scfm g ng/L nCi/L Total DF

Run 2 8/06/81  08:36 to 16.3 4 2.0 63 4.3 140 2.2 x 106
10:35

Run 3 9/02/81 10:33 to 19.7 4 1.0 32 0.91 29 2.6 x 10?
14:52

Run'3  9/02/81 15:46 to. 7.9 4 1.4 44 0.60 19 1.6 x 107
23:50 ;

Run 4 9/24/81 10:00 to 22.2 4 0.11 3.5 0.33 11 6.4 x 107
11:35 ' '

Run 4 9/24/81 12:37 to 11.8 4 0.94 30 0.46 15 2.4 x 107
18:58 _

The degree to which Cs existed as a volatile gas at sampling site A was
assessed with gas-scrubbing techniques (see Figure 6). Analysis of condensate
and scrub solutions by using atomic absorption was totally inadequate for the
Tevels of Cs existing in these solutions. As a result, samples were analyzed
by neutron activation techniques. - This analytical approach &lso proved to be
too insensitive for the detection of Cs in these samples. An upper limit for

volatilized Cs emissions was extracted from the analytical results obtained
from Run 4 samp1es. This resu1t appears in Table 17 along with a lower 1imit
value of the melter system DF for volatilized Cs. These data clearly show
that. vapor-state Cs does not significantly contribute to process !stem
losses.. This is not to say that volatilization has no effect upon process
1osse$. However. 1t appears that most volatilized: Cs has condensed upon s




" TABLE 17. Volatilized Cesium Emissions (Total System)

: Cs Total
‘Experiment ~ Sampling Period Content, ng Vapor DF
" Run4  10:00 to 18:58 <90 >3 x 108

entrained particu]ates before ever reaching the sintered metal filter housing
(1.e., the heavy process-generated entrainment acts to scrub out vapor-phase
Cs before it gets to the offgas system).

The Sr content of the filters and solutions previously described for Cs
were not detectable. “Conventional analytical techniques provided only upper
compositional 11m1ts for this element (i.e., it could not be detected). Even
neutron-activation techn1ques prov1ded too 1itt1e sensit1v1ty for adequate Sr
quantitetion. However, Sr is unequivccaX]y a nonvolatile under all existing
prdcess operating conditions. Consequently, high, pessimistic estimates of
the Sr content of partieu1ate samp1es can be derived from the previously dis-
cussed Cs data and the Cs:Sr ratio of the feed. Using this approach, Sr load-
ing and DF values were ca!culated and are. presented in Table 18. - The

TABLE 18. Strontium Aerosol‘Em1ssjons {Total System)

Feed : S
o Composition, - Filter 0f fgas
Experi~- Sampling wt% s Loading ; Loading ATth1 Sr
ment Date Period Sr Sr/ls _ng uC1 g( 1/l

Run 2. 8/06/81 gg:gg‘to 0.05 0.13 250 21 540 46 2 x 106

Run 3 9/02/81 10:33 to 0.04 0.048 48 4.1 44 3.7 3 x 10
- 14:52
Run 3 - \9/02181‘3%3:28 to 0.04 0.088 67 5.7 29 2.4 2x 10

Run 4 9/24/81 %?:gg.to 0.03 0.047 5.1 043 16 1.3 6 x 10

Run 4 9/24/81 3%5‘25 to 0.03 0.0847 44 37 22 1.8 2x10

.(a)”Samefé§¥tho§e of Cs by def1n1t10n.




curie-loading values presented in this table were based upon a ratio of 90
to a total Sr of 0.6. Again, the results appearing in Table 18 are semi-
empirical, but they are based upon realistic estimates that should provide

overestimates of the offgas loadings and underestimates of melter DFs for par-
ticulate Sr.

The process exhaust gas composition was routinely analyzed with a gas
chromatograph. The results generated by this instrument appear in Table 19.
The average water content of the offgas stream was calculated from condensate
samples collected with the sampling system illustrated in Figure 6. These
data can be quickly used toc estimate average‘inleakagekrates,'but‘mOre impor-
tantly, they identify the chemical channels throUgh wh1ch isotopes of carbon
and hydrogen escape the system. Furthermore, the data establish the relative
importance of each of these channels and suggest that,the,?H\and 146 present
in TMI-generated waste will be released to the cffgas system primarily as
water vapor and carbon dioxide, respectively.

TABLE 19. Process 0ffgas Composition

Average

' : % Molar Composition (Dry) | Molar %,
Date ~ Time W, 0 i — 0, Ny A _H
7/08/81  09:29  0.039 <10°3  20.4 79.6 <1071
13:44 1.8 <03 19.0 79.1 <0l
14:22 075 <100 19.1 80.1 <107}
© Avg. 0.85  =ma 19.5  79.6  --- 24
8/06/81 - 08:26  7.61 0,14  17.9.  74.4 <107}
09:40 1.4 <073 181 705 <ol
12:08  31.7 <1003 134 549 <0l
13:18 242 <1073 149 0.9  «ol
13:57  27.2 0.003 14.3 58.5 <lo°l

Avg. - 20.4  0.003 15.7 63.8 - 12
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TABLE 19,

% Molar Compusition (Dry)

(contd)

Date Time e, TO 2 o, N W
9/02/81  11:59  50.6 ~10° 9.4 40.0 <1071
12:41  38.6 0.001 12.0 49.4 <107}
13:36  46.4 0.003 10.3  43.3 <107}
14:15  42.9 0.001 11.0 46.0 <1071
14:49  35.8 0.001 12.6 51.6 <107}
16:03  35.0 ~103 12,6 s2.4 <107l
16:48 8.8 <03 18.6 72,5 <107l
Avg. 36.9 0.001 12,4 50,7  ---
9/24/81  10:20  12.0 <100 18.6 9.5 <107}
11:25  13.7 <103 = 18.2 68.1 <1071
12:62  17.4 <1003 17,2 65.4  <107]
1352 13,0 <103 18,2 8.8 <107}
15:25 6.4 <107 1906 742 0"l
18:58 6.8 <1073 19.4 73,8  <10°]
CAvge 115 eee 18,5 .

38

70,0

Average
Molar %,

H20
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- CONCLUSIONS

For the Zeolite Vitrification Demonstration Program, a borosilicate glass
formulation was developed for the Linde lonsiv IE-96 zeolite. When the A-51
zeolite was added to the SDS flowsheets, glass formulation studies were con-
ducted to identify a glass composition for mixtures of A-51 and IE-96. As
long as the ratio of IE-96 to A-51 is 3:2 or less, a good-quality glass (based
on Soxhlet leach tests and compared to commercial glass 76-68 and defense
glass TDS-211) can be obtained with a 60% loading of zeolite when using 36 wt%
of agg]omerated g]ass form1ng chemica1s and 12% silica sand. .

The ZVDP process coupled a solids m1x1ng/feed1ng vesse] to a canister in
an in-can melting furnace to complete the vitr1f1cation of zeolite during four
nonradioactive runs. The main Operat1cna1 problems encountered were maintain-
1ng the temperatures of the feed and offgas 11nes be1ow 400°C to prevent melt-
ing and above 100°C to prevent condensation. The prccess was des1gned and
developed for the use of [E-96 zeolite. )

Effluent characterization studies were conducted during the TMI-ZVDP cold
tests in order to establish the emission characteristics of the radiologically
important 1sotopes of Cs, Sr, C and H. These studies have shown that the
semivolatile element Cs, as well as the nonvo1at11e element Sr, are trans-
ported to the offgas system primarily as particu1ate matter. The gross par-
ticulate escapihg into the offgas system exhibited a size distribution charac-
terized by a mean diameter of 2.3 uym and a 35% integral probability below
1 un. A total average particulate, melter system DF of 5 x 10‘5, was esti-
mated from the data collected during the last three cold tests. The total Cs
particulate DF associated with these same cold tests was measured to be 3 x
107. A Sr DF could not be determined directly from the experiments conducted;
however, being a totally nonvolatile element under melter operating condi-
tions, Sr would be expected to exhibit a DF value greater than that of Cs.

The elements H and C, present in the simulated TMI feed, escaped the melter
system pr1nar1fy as the volatile chemical compounds of Hzo and COZ. respec-
tively. Partial melter system DFs for these elements are assumed to be ~1.

B



Glass samples from each of the four runs were analyzed for chemical con-
stituents and subjected to Soxhlet leach tests. These test results were very
consistent. These samples will also be subjected to MCC-1 tests to evaluate
their quality.

The ZVDP nonradioactive runs demonstrated that the designed process was a
simple, successful method for solidifying TMI's liners of zeolite material.
With a few modifications, identical equipment will be installed in a radio-

chemical cell and demonstrated with radicactive liners of zeolite shipped to
PNL from TMI.
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