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ABSTRACT

SYNROC 135 a titanate hused ceramic waste form being developed (o
immobilize high-level nuclear reactor wastes. SYNROC-D is a unique variation
of SYNROC designed Ly coniain high-level defense wastes, particlarly those in
storage at the Savannah River Plant (SKP). We review recenl research and
development on SY NROC-D processing options und report on work m progress on
various unit operations. The overall immouilization process ean be divided into
three general purte:

. Slurry preparation {formulation, reactant addition and biending)
2. Powder processing (spray drying, caleination/redox control)
3. Mineralization {(dersification)

Powder processing research is directed toward development of u slurry-Ted,
{luidized-bed caleiner hased on the ICPP design. Densiflication researeh s
focused on use of hot isostatic pressing (HIP) ar hot uniaxial pressing (HUPL The
suecess{ul use of both have been demonstrated.

INTRODUCTION

SYNROC {synthetic r_ogk) is a titanate-based ceramic waste tform currently
being developed as an alternate to berosilicate glass for imobilizing mgh-level
nuelear reactor wastes*.

The iden of putting ruriwastes into a synthetic mineral [orin 15 not news it
was originally suggested as tor back as the early 508.2 There are many natural
minerals that can accept radwaste-type elements (Cs, 5r, and U) into their
crystatline structure, Furthermore, several of these mineruls possess the
important property of having a very low solubility in groundwater and, thus, ure
strongly resistant 1o leaching and alteration in the geologic environment.

¥ Work performed under the auspices of the U.S. Department ol Energy by
Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.
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FIGURE 1. Crystul Structures Of Tre Minerals In SYMROC. SYNROC-C Is
Comprised Of Zirconolite, Perovskite, And Hollandite. SYNROC-U Is Composed
Ot Zirconolite, Perovskite, Nepheline, And Spinel. Note That Beenuse Of The
Na And Si In The Defense Wastes, We Have Chosen To Incorporale (s [n
Neplelime Ruther Than Hollandie,

The SYNROC concept is unique because it suggests: &) using a
titanute-based mineral system of extremely low solubility, and b) incorporating
the radionuclides into these “host minerals" at low concentrations (i.e., as dilute
solid solutions). The host minerals for the radwaste elements in SYNROC are
zirconolite, perovskite, hollendite, and nepheline (Fig. 1). Anmalogs of these
minerals can be found in nature, Many of the natural minerals contain radwaste
elements (U and Th, for example) and have retained these elements in their
erystal steuetures for up to 500 milljon years.3
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SYNROC-C V8. SYNROC-D

The SYNROC composition originally proposed by Ringwood was designed for
storage of commercial reactor wastes. This material is called SYNROC-C (¢
for commereinl). At LLNL we are working on a modification of this original
form for the storage of defense wastes, i.e. SY NROC-D (D meaning defense).

There are two major crystal-chemieal differences between SYNROC-C und
SYNROC-D. First, an additional inert (i.e., contains no radionuelides) spinel
mineral phase (Fig. 1) is formed from the large quantities of aluminum and
transition metals {mainly Fe, Ni, and Mn) in the defense waste. Secondly, due to
the presence of Na and Si in much of the defense waste, a silicate phuse
(nepheline) is used as a Cs host.

Starting materials Mineral products

37% SYNRQC additives

Misc. inert 5.5% 48% inert phase

Fission products
+ actinides 3.5%

Ti0, 19%
1100°C
2000 psi Nepheline Zirconolite
Fe,0g 24% th 18% 19%
Na,0 4.0%
63% waste sludge 52% radionuclide-containing phases

FIGURE 2. Pie Chart Showing The Composition Of The Starting Materizls And
Mineral Products During Preparation Of SYNROQC-D Containing SRP Composite
Sludge.



STATUS OF SYNROC-D DEVELOPMENT

In October 198! SYNROC-D was selected as the reference alternate waste
form to borosilicate glass for immobilization of defense wastes. A total of eight
candidate waste form= competed in this selection process. The decision of which
alternate waste form to use was primarily based on performance properties. For
example, SYNROC-D shows an improvement of 103 in wotinide leach rates
over borosilicate glass (SRL waste glass 131). Also the waste loading of
SYNROC is three times that ot the reference glass giving SYNROC a marked
economic advantage for interim storage, transportation, and repasitory storage.
These savings offset the additional costs associated with the processing facility.

In a recent series of pupers, we have addressed the formulationd,
preparationﬁ, characterization™' and performance testing7'8 of SYNROC
containing SRP defense wastes. We have also recently published w brief
description of the SYNROC process flow sheets and a schematie layoul of an
associate processing facility. In this briel paper we summarize current data
on (i) pilot plant R&D on SYNROC preparation, and (ii) recent reduclions in
complexity of the SYNROC process.

In regard lo formulation, il is 1mportant to realize that only four additives
(1109, Zr0gq, CaQ and Si0y) are used in the preparation of SYNROC
containing SRP defense waste (Fig. 2). Further, we have found that components
in the waste sludge feed can vary by as much as *30% in composition without
affecting either the quantity of SYNROC additives needed or the quality of the
final product. Qur experience shows the SYNRQC formuiation lo be very
tolerant of wide variations in feed composition and thus very forgiving of feed
stream upsets® Y,

The SYNROC-D proaess, ut the present state (two years R&D) is less
developed than the more muture (greater than 15 years) borosilicate glass
crocess, This is expeeted, SYNROC is a new waste form and nearly all research
has been directed toward lab synthesis and testing of the product. As a resull of
engineering R&D, sigmlicant simplification in SYNROC-D processing has
oceurred over the past 18 months. In our initial scheme, (Fig. 3a) we blended and
sometimes milled the udditives with the waste slurry. After spray drying. this
mixture was caleined and then reduced in two separate buteh operalions. Uiten
the powder was reground prior to hot pressing. The inilial capacity wus only
about 50g/day, In our presenl preparation procedure, (Fig. 3b) we have
eliminated all grinding operations and simply blend the waste and additives 1n a
55 gallon drum prior to pumping to & large (5 kg/hr) spray dryer. The spray dried
powder is simultaneously calcined and reduced in a large rotary culeiner and then
hot pressed. By March 1382, (Fig. Jc) the spray dryer and rotary caleiner will be
replaced by a slurry-fed, fluidized bed caleiner. This unit will evenluaily
increase our powder production capacity to about 100 kg/day. We expect [urther
significant reductions in the number, size and complexity of the SYNROU
process steps as engineering R&D continues,
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ENGINEERING SCALE-UP

THE SYNROC-D PROCESS: AN OVERVIEW

During FY198l, a preliminary SYNROC reference process was developed
based on lahoratory preparation steps used to produce our [irst SYNKOC
sumples. The reference process was used by SRLI 1o develop a preliminary
engineering layout of the process cell. In this initial process layout, the washed
sludge and (s/Sr (separated {rom the supernate) are mixed with SYNROC
additives and ball milled to particle sizes of less than 10 mierons. The resultant
slurry is spray calcined at a temperature between §50°C {minimum for 99%
decomposition) and 8009C (maximum to prevent premalure mineralization). The
spray caleined powder is blended with a metal powder (Ni, Fe or Ti} for in-situ
redox control and the mixture Jouded and sealed in large containers for hot
isostatic pressing (HIP)., The HIP unit has a large diameter furnace 1n which the
sealed metal containers of SYNROC are subjected to high temperature
(1000-1100°C) and pressure {15,000 psi) to produce a monolith of greater than
92% theoretical density. Since the time this preliminary engineering layout was
developed, significant advances have been made in the SYNROC process
technology. In the next several sections, we will highlight these developments.

REDUCTION OF PROCESSING CELL AREA AS A RESULT OF RECENT R&D

Based upon the first laboratory preparation procedure, the initial processing
[low sheet and plant layout (Fig. 4a) included a ball milling operation®. Also,
for redundancy, two hot isostatic units (HIP), each with complete support
{acilities were also included. After ecritically reviewing the particle size
requirements and HIP size/cycle time relationships (see following sections), we
conclude that the ball miiling operation and one HIP unit may be eliminated (Fig.
4b). The effect of this on processing cell ares requirements is significant as
shown ut the left where the initial layout length of 390! is reduced to 270'. Other
areas of possible size reduction involve consolidation of the two sepurate off gus
serubber tank systems for the caleiner and cannister preheat into one system and
replacement of the metal powder redox control step by & gas phase redox
method.  This gus phase methou is done as part of lhe calciner operation and
would eliminate the powder blending operation. Replacement of the spray
calciner with a more compact {luidized bed unit is also under development. This
should result in additional simplifications in the flow sheet and allow cost savings
in plant layout.
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POWDER PROCESSING

Measurements of particle size distribution!2 on samples from waste
storage tanks show 2 large fraction are less than 20 microns (Fig. 5). Particles
greater than 20 microns are mostly inert sand or similar components. UOne
operating scenario is to screen these oul (including the grit blast material used
for final deeontamination) and handle! us a separate low level wuste stream or
add them separately to the spray caleiner through a lurger orfiee spray nozzle.
Intimate mixing of these relalively inert particles wilk the main stream is hot
required since final product performance is unuffected by the prescnce of a lew
inert particles (TiOg, AlgQy, SiQg, ete)  Our luborutory preparations
ure presently done routinely without a grinding operation and produce a good
product. Furthermore, the puarticle size distribution of the powders we are
ceurrently spray drying and hot pressing is greater than that reporied for the SRP
wuste sludge (Fig. 5). Consequently, ball mill reduetion of the sludge particle
size is not required for the current SYNROC process.

The reference SYNROC flow sheet calls {or in-situ redox control using
melal powders. However, our presefit laboratory redox control 15 by gds phuse
reaction using a 1710 (0,0 gas mixture. Reaction kincties are very Jasl ul
temperatures of 400°C or bhigher (Fig. 6) and the /1) mixture is below the
combustion limit. Reaction with the calcined powders further reduces the CO
content so the system is inherently explosion sufe. Proper redox control may be
effected with CO/COy ratios as low as 1/100 or 171,000 (Fig. 7) afthough
enough CO must be provided to reaet with the specific amounts af FeqOy,
MnQg and U30g. The gas phase redox control may he carried out in the
spray calciner or in the collection bin at the exit from the ealeiner. Maximum
temperature is limited to 800°C to prevent premature mineralization.

Laboratory scale experiments are currently underway at LLNL (o
investigate the use of a fluigized-bed redox-caleiner!3. The unit is more
compaet than an equivalent spray caleiner. The allowed nperating temperature
range is 400-800"C’. This is a larger temperature range than the spray calciner
{630°-800°C) sinee the longer residence time of material in the [luidized bed unit
allows the deconiposition/ reduction reactions to proceed to cemipletion ot lower
temperatures,
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FIGURE 4. Schematic Plan View Of Processing Celi For Preparation Of
SYNROC-D. Note That The Elimination Of Ball Mill And One HIP Unit Results
[n Significant Reduetion In Length Of Process Cell. (a) Preliminary Design, (b)

Current Design.
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DENSIFICATION (i.e. MINERALIZATION)

REQUIRED POWDER PROPERTIES

Caleined SYNROC powders ready for high temperature consolidation (1.e.
mineralization) need to meet the following specifications; (1) pyenometrie
density = 3.7-4.0 g/cm:‘, (2) particle size less than 70 microns with mean sice
approximately 15 microns, and (3) a powder tup density greater than 1.0
g/cmz. The final, fully dense waste form has a density of about $.0g/cm?,

An importunt powder characteristie is its packing density. HIP experience
has shown that for powder with pucking densities greater than 45% theoretical
(i.e., less than 55% porosity), simple eylindrical canister designs can bie uscu
reliably. In this case the packed powder provides sutficient nternal support to
the inetal canister to prevent buckling ¢nd distortion during densification, In the
event that packing densities full in the range of 25-33% theorctical, u spectal
bellows-type cunister is emploved which allows most of the densification to tuke
plaee m the axial dimension 4,

DENSIFICATION METHODS

Laboratory expericnce has shown that two high-temperature fabrication
processes currently employed in industry have potentinl for the large scale
processing of SYNROC-D. Both of these proeesses, HIP (Hot Isostatic Pressing)
and HUP (Hot Uniuxial Pressing) employ pressure as well as temperature in the
consolidution process. In HIP (Fig. 8) u gas is used to unifurmly apply pressure to
all sudes of the cunister during densification. Large monoliths are possible with
this process which makes it very attractive for HLW processing. In HUP, the
waste ceylinder is compressed uxially between two pistons. [Intermediate size
cvlinders {e.g. npproximately 8" diuneter) with height/diumeter ratios less than
0.5 ean he produced ut high speed production rates. We have utilized HUP in the
laboratory to establish the hot pressing parameters (time, temperature, and
pressure) for SYNROC-D powders,

We huve explored lurge scale HUP processing with the Greenleaf
Corporution using simulated SYNROC-D powder. This company u.es HUP to
produce high quality ceramic cutting tool inserts of various shapes and sizes at
very high throughput rates. Greenleaf Corporation has produced a few 7"
diameter cylinders of SYNROU-D at simulated production rates of about a
ton/day. As a result of this work, we are encourgaged that relatively small high
speed hot presses have the potential to process SYNROC-D HLW at high
throughput rates.

-10-
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A typical SYNROC-D powder can be hot pressed over a lurge range of
temperatures and pressures. The region of acceptability 15 defined by these
conditions which will produce a high density waste form with only a siull
amnount of residual closed porosity. The time at temperature and pressure is
more significant to the HUP process because high throughput rates for medim
size monoliths require short time periods at maximum lemperatures. Our duti
show Lhat densifieation can be achieved in 5-10 minutes, at 4000 psi pressure.

In the case of HIP, there is considerable flexibility 1 the required
tempernture and pressure. We have caleulated the required time to thermally
equilibrate a large waste powder compaet. In our calculations we have assimed
# pueking density of 35% and an initiul bellows canister size ol 26" diameter by
38" high. Our laboratory studies huve shown that packing censities near 33% can
ne achicved by controlling the sotids/liquid ratio of the slurry feed during spray
caleination.

EFFECTS OF HIF CANISTER SIZE ON CYCLE TIME AND THROUGHPUT

HIP shrinkage studies for bellows canisters have shewn that a 2687 diam. by
58" canister ecompresses L0 approximately 22" diam. by 31", Al a wuste loading
of 60%, cach cunister would contain approximately 0.45 metrie ton of SRP waste.

It will take less than 24 hours to preheat the HIP cunister lo a center hine
temperature of 800°C before charging the canister to the HIP furnace. large
wdustrial HIP furnaces are always loaded hot in a continuous process. QOnce
londed into the HIP unit, it will take about 11 hours lo process the canister and
cool the HIP to 800 C for recharging. This includes a three hour hold period ot
maxunumn temperature. After cooling the HIP unit to 800°C, the canister would
be trans.erred lo a controlled cooling furnace. The total HIP eyele Lme 1y
expected to be approximately 11 hours. The consolidation pressure needs to be
crester than 3000 pst. Industeial experience ias shown o ¢ larpe BIP systems
can he operated on a {2 bour eyele under similar time mperuture-pressure
proliles. ‘Therefore, u single HIP unit can be proje:ted lo process wo
wiisters/day.
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FIGURE 8. Sehematie Of HIP Cyele Using A Bellows Canister.
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Diselaimer

This doeimnent was prepared 1s an aceourt of work sporsored by an ageney of the
United States Government. Neither the United States Gevernment nor the
University of Californi nor any of their employees, makes aly warranty, express
or implied, or assumes any legal liability or responsibility lor the accuraey,
completeness, or usclulness of uny information, apparatus, produet, or proeess
disclosed, or represents thal its use would not infringe privately owned rights.
Reference herein to any specific commereial products, process, or scrviee by
trade name, trademark, manulacturer, or otherwise, docs nol necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of
authors expressed herein do nol necessarily state or reflect those of the United
States Government thereof, and shall not be used for advertising or product
endorsement purposes.
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