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ABSTRACT

This, topical report describes the results of an investigation on the
solidification of low-level radioactive wastes in modified sulfur cement. The
work was performed as part of the Waste Form Evaluation Program, sponsored by
the U.S. Department of Energy's Low-Level Waste Management Program.

Modified sulfur cement is a thermoplastic material developed by the U.S.
Bureau of Mines. Processing of waste and binder was accomplished by means of
both a single-screw extruder and a dual-action mixing vessel. Waste types
selected for this study included those resulting from advanced volume reduc-
tion technologies (dry evaporator concentrate salts and incinerator ash) and
those which remain problematic for solidification using contemporary agents
(ion exchange resins).

Process development studies were conducted to ascertain optimal process
control parameters for successful solidification. Maximum waste loadings were
determined for each waste type and method of processing. Property evaluation
testing was carried out on laboratory scale specimens in order to compare with
waste form performance for other potential matrix materials. Waste form prop-
erty testing included compressive strength, water immersion, thermal cycling
and radionuclide leachability.

Recommended waste loadings of 40 wt% sodium sulfate and boric acid salts
and 43 wt% incinerator ash, which are based on processing and performance con-
siderations, are reported. Solidification efficiencies for these waste types
represent significant improvements over those of hydraulic cements. Due to
poor waste form performance, incorporation of ion exchange resin waste in mod-
ified sulfur cement is not recommended.

-1X=



1. INTRODUCTION

This investigation of modified sulfur cement as a potential radwaste
solidification agent has been performed as part of the Waste Form Evaluation
program, sponsored by the U.S. Department of Energy's Low-Level Waste Manage-
ment Program. The primary objective of the Waste Form program is the applica-
tion of materials and processes which are not currently employed in the United
States for the improved solidification of low-level radioactive wastes (LLW).

A survey of potential agents was conducted during FY 1983 and modified
sulfur cement was designated as a leading candidate for further investiga-
tionls2. Selection criteria as outlined in the Letter Report to DOElL,
were based on such considerations as compatibility with waste, material prop-
erties, solidification efficiency, ease of processibility and economic feasi-

bility.

Modified sulfur cement is related to traditional hydraulic cements, e.g.
portland cement, in name only. In contrast to hydraulic cement and other con-
temporary LLW binders such as thermosetting polymers, a chemically induced
curing reaction is not required for solidification. As a thermoplastic mate-
rial, modified sulfur cement can be heated above the melt temperature, com-
bined with waste to form a homogenous mixture and allowed to cool forming a
monolithic solid product. By eliminating solidification chemistry, processing
is simplified and waste form quality assurance is less subject to variation
due to slight changes in waste stream composition.

This topical report describes research and development efforts in the
areas of modified sulfur cement waste form development and property evaluation
testing. Simulated Taboratory scale waste forms were produced encompassing a
number of waste types. Two methods of processing waste and binder materials
were investigated and their relative advantages and disadvantages are discus-
sed. Relevant process control parameters necessary for successful solidifica-
tion are defined and maximum waste loadings attainable are reported. Solidi-
fied waste form performance was evaluated through a series of laboratory prop-
erty tests and compared with results obtained for several other materials.



2. CHARACTERIZATION OF MODIFIED SULFUR CEMENT

2.1 Background

Interest in sulfur cement as an alternative to hydraulic cements dates
back to the early 20th century. Its corrosion resistant properties made it
a candidate for potential use as a construction material in the chemical
industry3. Product failures were encountered during the use of these early
formulations, which have been attributed to internal stresses set up by
changes in the crystalline structure upon cooling (see Section 2.2). Attempts
to improve product durability by the addition of modifying agents were either
unsuccessful or uneconomical.

Recently, mandated pollution abatement programs which require sulfur
dioxide removal from combustion stack gasses have resulted in increased pro-
jections of the involuntary supply of sulfur. Sulfur is also a by-product re-
covered from the refining of natural gas and petroleum. By the year 2000, as
much as 85-90% of all sulfur production will result from these clean-up oper-
ations, yielding over 5.0x10% tons per yeard, In an attempt to develop
new, commercially viable uses for this by-product material, the U.S. Bureau of
Mines (USBM) initiated a Sulfur Utilization Program in 1972. Through their
research efforts, a modified sulfur cement was developed employing readily
available and relat1vely inexpensive chemical modifiers which significantly
improve product durability. For the purposes of this study, a commercially
available modified sulfur cement produced under USBM license, was used.

Compared with hydraulic portland cements, sulfur cement has a number of
advantages. Sulfur concrete compressive and tens11e strengths twice those of
comparab]e portland concretes have been attained®. Full strength is reached
in a matter of hours rather than several weeks. Concretes prepared using sui-
fur cements are extremely resistant to most acids and salts. Sulfates, for
example, which are known to attack hydraulic cements have 1ittle or no effect
on the integrity of sulfur cementb. Figure 2.1 compares sulfur and portland
concrete specimens after exposure to acid for two weeks’/. Because of these
properties, modified sulfur cement has been proposed for use as a paving mate-
rial, and for the production of tanks, pipes and other structures where dur-
able concretes are required.

2.2 Structure of Elemental Sulfur

The basic raw material of moditied sulfur cement is elemental sulfur.
Sulfur, with an atomic weight of 32.06, has a number of allotropic forms in
both the liquid and solid states. The two crystalline solid forms of sulfur
which are important to the long term stabjiity of sulfur material as a solid-
ification agent are the orthorhombic form (a-sulfur) and the monoclinic form
(g~sulfur). The orthorhombic form has a melting point of 112.8°C and a speci-
fic grav1ty of 2.07 at 20°C, whereas the monoclinic form has a melting point
of 119°C and a specific grav1ty of 1.9578. Typically, natural sulfur and
that which results from chemical separation is orthorhombic (a), since this
form is stable below 95.6°C. Monoclinic (B8) sulfur is rare in nature but can
be found in association with volcanic exhalative processes and with burning
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coal dumps9. With the allotropic transformation of g-sulfur to a-sulfur,
which occurs at a temperature of 95.6°C, an increase in density results,
creating residual stresses in the material. Fracturing will subseguently
occur if the solid is shocked, for instance by impact or by thermal changes.
Thus, it i$ desirable to retain the sulfur material in the monoclinic (g) form
in order to optimize structural characteristics.

2.3 Structure of Modified Sulfur Cement

Initial USBM attempts to develop a modified sulfur cement involved the
reaction of elemental sulfur with the unsaturated hydrocarbon dicyclopenta-
diene (DCPD). This material is commerciall{ available at relatively low cost
(approximately ¢ 0.08-0.12 per pound, 1976) 0. Although product durability
was enhanced, processing cifficulties were encountered due to an unstable ex-
othermic reaction which, if uncontrolled resulted in extremely viscous
mixtures. This exotherm results from the rapid depolymerization of DCPD to
the monomeric form, cyclopentadiene (CPD) at the reaction temperatures of 120-
140°C necessary for sulfur polymerization as depicted belowll:

Ss .. . ¢Y)
+ S§g — 5 Highly exothermic
8

cPD

Remaining DCPD then reacts with the polysulfide product formed in Re-
action 1, as seen below:

S p
C@ + Q 8 — Saj 7 + @ Less exothermic
Se Se
DCPD l
(2)

7

Linear polymer



USBM researchers found that a mixed modifier system consisting of DCPD
and the oligomer of cyclopentadiene (CPD) resulted in a lower exotherm, and
thus, a more readily controlled reaction. The oligomer product is derived
from the commercial production of DCPD resin and contains approximately 10%
dimer and trimer, 20% tetramer, 45% pentamer and 10% higher polymers. The
reaction between oligomer and the polysulfide product of Reaction 1 is more
stable as the oligomer breaks down slowly to form DCPD:

58 Sg ﬁ Very ‘ow
58 exotherm
Oligomer
Sg
EtC. w— \ l + \
SB

(Tetramer)
(3
(Trimer) l

Linear polymer

Further research was conducted by the USBM to determine the effects of
varying the percentages of total modifier added, the relative proportions of
modifier constituents, i.e. DCPD and CPD oligomer, and reaction methodologies.
From the point of view of developing a useful construction material, the USBM
selected a formulation containing 5 wt% modifiers consisting of equal parts of
DCPD and ar oligomer of CPD. This formulation yields a product of low viscos-
ity upon melting, an advantage for mixability and handling considerations.
Varying compositional parameters results in modified sulfur cements with a
wide range of properties. Formulations developed with an increased proportion
of modifiers (from 10-40 wt%) and varying ratios of DCPD/oligomer produced
higher viscosity end products which were more elastic in nature than those
containing 5 wt% modifiers.

The effects of various modifier formulations on the final viscosity of
the mixture are seen in the thermal stability profiles in Figure 2.2. The
most stable formulation is that of the 5 percent mixture of equal parts DCPD
and oligomer which yields a flat profile with a final viscosity of 28 cp at
135°C after over 30 hours reaction time. In contrast, the formulation con-~
taining only DCPD is quite unstable with a sharply increasing viscosity
measured at > 450 cp at 135°C after 12 hours reaction time.

The effects of various formulations on the structural behavior of mod-
ified sulfur cement is compared with elemental sulfur in Figure 2.3. These
differential scanning calorimeter (DSC) thermograms indicate the quantity of
thermal energy absorbed as the sample specimen is heated at a controlled rate.
For the elemental sulfur and the DCPD modified sulfur (curves A and D, respec-
tively), a peak representing the solid phase transformation from orthorhomb1c
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(a) to monoclinic (g) forms is evident at 104°C, as well as the peak at ap-
proximately 119°C, representing transformation to the liquid state. Those
formulations containing mixtures of DCPC and oligomer (curves B and C) indi~
cate that the solid phase transformation has successfully been eliminated.

2.4 Commercial Production of Modified Sulfur Cement

The modified sulfur cement utilized in this investigation was manufac-
tured vy Chemicai Enterprises, Inc., Houston, Texas and is marketed under the
tradename Chement 2000. Chemical Enterprises, Inc. is licensed to produce the
USBM formulation of 5 wt% modifier concentration with DCPD/oligomer ratio =
1.0. Although other 1licenses have been issued, they are currently the sole
commarcial producer,

Dual steam heated reactor vessels with a combined capacity of 18 tons of
moiten sulfur are used for the processing of Chement 2000. Molten elemental
sulfur is reacted with the modifier mixture at 140+5°C under constant stirring
for a total of four hours. The material is then fed to a water cooled belt
where it solidifies, is chopped into 1/8 inch thick diameter particles and is
packed in 50 pound bags for shipment.

As the production of modified sulfur cement is accomplished by batch
processing, the end-product properties may vary slightly from batch to batch.
This phenomenon can be seen in the DSC thermogram performed at BNL on a sample
of Chement 2000 as shown in Figure 2.4. The minor peak at 104°C can presum-
ably be attributed to either a small percentage of unreacted elemental sulfur
present in this batch, or the slow transformation of some of the sulfur from a
monoclinic to an orthorhombic structure over time. Since USBM testing has
shown no change in modified sulfur cement structure at intervals of 14 and 21
months, the a peak is most 1ikely due to traces of unreacted sulfur.
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Form Process Development Studies.
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3. WASTE TYPES INVESTIGATED

3.1 Background

Large volumes of low-level radioactive waste are routinely generated
through the operation of defense-related and commerc1a1 nuclear facilities.
In 1982, DOE/defense activities produced some 89 1x103 cubic meters of LLW.
whereas, the commercial sector generated 75. 9x103 cubic metersl2. These
wastes are diverse in chemical and physical composition, but can broadly be
defined as either aqueous or dry active wastes {DAW).

Aqueous wastes consist primarily of fission and activation products re-
moved from process streams to reduce radiation and/or contaminetion hazards to
plant personnel. A nu-ber of processing techniques are employed to remove
radioactive elements from these streams such as ion exchange, evaporation, re-
verse osmosis, flocculation, and filtration. Each of these techniques, while
effective for the removal and concentration of activity, still result in some
form of radioactive waste which must ultimately be disposed. Waste streams
thus produced include ion exchange resins, evaporator concentrates, filtration
sludges, and contaminated filters and membranes. According to current NRC
regulations contained in 10 CFR 61, all liquid waste stream$ must be stabil-
ized by either solidification or use of a high integrity containerl3. An
increased emphasis on waste stabilization is also being promulgated by DOE for
the treatment and disposal of defense related waste streams.

Dry ac'ive wastes are produced at virtually all facilities involved with
nuclear materials. These wastes such as paper, rags, clothing and plastics
are currently compacted in 55 galllon drums or larger vessels. Many of these
wastes however may be incinerated with a Targe reduction in waste volume re-

sulting.

Waste streams selected for this investigation as reported in the Letter
Renort to DOE 14 and reviewed in the sections following include, 1) those
which result from advanced volume reduction technologies (for both aqueous and
dry active wastes), and 2) those which continue to be problematic for solidi-
fication using contemporary materials and processes.

3.2 Volume Reduction Wastes

Solidification efficiencies for aqueous concentrate wastes encapsulated
using contemporary agents are often limited by chemical interactions between
the waste and binder. Advanced volume reduction processes such as fluidized
bed caiciners; are now available which can reduce these liquid concentrates to
a dry solid condition. By doing so, waste stab111ty is 1mproved and aqueous
waste volumes can be reduced by factors rang1ng between six and twelve (de-
pending upon original waste composition) 15.” Combustible dry active wastes
can be treated by a number of currently available incineration technologies
including rotary kiln, controlled air, fluidized bed, molten salt, cyclone and
pyroiysis incineration. Depending upon the process and the composition of the
waste infgt, incineration can achieve reductions in waste volume of as much as

100-fold
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In addition to increased stability, the benefits inherent in the use of
advanced volume reduction of low-level waste include:

e Extension of current and future shallow land buria? capacity.
¢ Reduction in over-the-road shipments of radioactive waste.
e Potential overall cost savings for the disposal of LLW.

For these reasons, it is felt that the use of volume reduction technol-
ogies will become increasingly prevalent. As such, the incorporation of the
resulting dry solid residues in modified sulfur cement is covered in this

study.

3.3 "Problem"” Wastes

Due to their excellent sorption capacities, ion exchange resins serve a
number of vital functions in the effective operation of nuclear facilities.
Although resin wastes account for a relatively small fraction of LLW on the
basis of volume, they contain a significant fraction of the radicactivi-
ityl7. Hydraulic cement is commonly used for the solidification of spent
jon exchange resins. However, due to physicochemical interactions between the
resin and cement which cause severe degradation of waste form mechanical
integrity, waste loading efficiencies tend to be poor. In earlier studies
performed at BNL it was shown that a maximum of approximately 13 weight per-
cent drﬁ jon exchange resins could be successfully incorporated in portiand
cement18, Ion exchange resins are therefore considered a "problem waste"

and are included in this study.

In summary, waste form development and property evaluation studies for
modified sulfur cement have been performed incorporating the following waste

types:

e sodium sulfate evaporator concentrate saits
e boric acid evaporator concentrate saits
e incinerator ash

e ion exchange resins

Preparation of simulated wastes for use in process development and prop-
erty evaluation studies are discussed in Section 4.2.
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4. PROCESS DEVELOPMENT STUDIES

4.1 Background

Modified sulfur cement is a recently developed material for which little
industrial experience is available. Furthermore, its application as a poten-
tial binder material for low-level radicactive wastes had been previously un-
tried. Investigation of processing requirements leading to successful encap-
sulation of LLW products was therefore a necessarily significant portion of
the total project effort. Process development studies were conducted for mod-
ified sulfur cement in order to:

e select the optimal processing technology
e verify waste-binder compatibility
e determine processing parameters of interest

3 ascertain the effects of these parameters on the successful
encapsuiation of various waste streams

e optimize process parameters to achieve maximum waste form
volumetric efficiencies

e develop a data base of relevant laboratory-scale process centrol
information to be used as a basis for the production of larger

scale waste forms.

Modified sulfur cement is a thermoplastic material which melts at 119°C
to form a lTow viscosity liquid. It is therefore amenable to a number of dif-
ferent methods of processing. Process development studies were performed us-
ing two methods: a screw extruder and a duzl action heated mixer.

Unlike other thermoplastics such as polyethylene, sulfur is not inert and
potential chemical interaction with waste constituents was a primary concern.
In some cases, compatibility is a function of waste loading and/or process
conditions.

Successful production of modified sulfur cement waste forms is dependent
upon control of processing parameters within a finite operating range. Addi-
tion of waste products of diverse physicochemical composition may alter these
processing requirements. For each processing method, relevant parameters are
identified and optimized for waste form volumetric efficiency, i.e., the quan-
tity of waste which can successfully be solidified.

4,2 Preparation of Simulated Wastes
Laboratory scale waste forms were fabricated for both process development
and property evaluation studies using non-radioactive, simulated wastes. Ma-

terials were selected which closely resemble actual wastes in both physical
and chemical composition.
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Evaporator concentrates which have been brought to a dry solid state were
simulated using anhydrous sodium sulfate (NapS0Os) reagent and orthoboric
acid (H3B03) reagent. The agtual form of boric acid produced through
volume reduction is depéfident upon treatment conditions. When processed at
temperatures in excess of 1700C metaboric acid results. It should also be
noted that compositional variations in specific waste feed streams may alter
the chemical form of volume reduction wastes. Both Na2504 and H3B03
simulated waste were employed as a fine, dry powder with bulk densities of
2.68 and 1.44 g/cm3 respectively.

Incinerator ash generated at the Rockwell International Rocky Flats Plant
rotary kiln incinerator was employed as a typical volume reduction ash pro-
duct. This ash was produced by burning simulated waste, with constituents
equivalent to those present in actual combustible LLW from this facility as

shown in Table 4.119.

Table 4.1

Rotary Kiln Incinerator Feed Composition

Constituent Weight %
Paper 40.0
Polyethylene 22.8
Neoprene 18.8
Kerosene 9.5
Polyvinyl Chloride 7.9
Tributyl Phosphate 1.0

As received, the ash had a bulk density of approximately 0.23 g/cm3.
Since particle size was non-uniform the ash was put through a No. 8 sieve, re-
sulting in a maximum particle size of 2.38 mm. This procedure improved waste

homogeneity.

Unloaded mixed-bed ion exchange resin beads manufactured by Rohm and Haas
Corp., Philadelphia, PA, were used to simulate reactor resins. A ratio of two
parts cation resin (IRN-77) to one part anion resin (IRN-78) was selected as
representative of a typical reactor demineralizer system. Resin bead particle
sizes range between 0.5 and 1.0 mm in diameter. As-received resins (2:1
mixed-bed) have a density of approximately 1.21 g/cm3 and contained approxi-
mately 58 percent moisture by weight. Typically ion exchange resins at reac-
tors are maintained in a slurry (containing about 80 weight percent moisture)
to facilitate transfer operations. Prior to processing with modified sulfur
cement, the resins were oven dried overnight at 110°C.
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4.3 Processing Techniques

Processing of modified sulfur cement and waste components into a waste
form product requires 1) heating of the components until the binder has com-
pletely melted, 2) mixing the constituents into a homogeneous molten slurry
and 3) pouring into a suitable mold and cooling to a monolithic solid. These
relatively simple processing requirements can be met by a number of different
techniques. Those investigated for this project include a 1 1/4 inch diameter
screw extruder and a dual action heated mixer. Each of these systems is de-
scribed below, along with a discussion of their relative merits and limita-
tions. Comparisons of process develcpment results for each method is included
in Section 4.6

4.3.1 Screw Extruder. A Model KL-125 single screw extruder manufactured
by Killion Extruders, Verona, NJ was employed for the production of laboratory
scale simulated waste forms. This machine is equipped with a 1 1/4 inch diam-
eter screw powered by a 3 horsepower d.c. drive electric motor. It is heated
by a series of electrical resistance band heaters which are controlled by
solid state time proportioning temperature controllers. Melt temperature,
melt pressure, screw speed and current draw are monitored by appropriate
instrumentation. Pre-measured guantities of waste and binder were mixed to-
gether and placed in the feed hopper prior to processing. A schematic view of
the extruder is shown in Figure 4.1. Additional technical data pertaining to
the extruder, as well as a discussion of the principles of extrusion technol-
ogy are included in Reference 20.

Screw extrusion systems have been employed for processing thermoplastic
materials for nearly 50 years. Their use in the plastics industry for the
production of a wide range of products is common. Use of a proven and avail-
able processing method was one advantage considered in the selection of this
system. In addition, since extrusion is a continuous rather than batch meth-
od, it provides advantages in terms of process efficiency.

Unlike polyethylene and other plastics commonly processed by extrusion,
modified sulfur cement develops a Tow viscosity upon melting. This high de-
gree of fluidity impeded conveyance through the extruder barrel which is ac-
complished by the action of the rotating screw. Low melt viscosity also ham-
pered the screw's ability to effectively mix the waste and binder constitu-
ents since mixing occurs upon mastication of the viscous melt between the bar-

rel and screw.

4.3.2 Dual Action Mixer. Inherent limitations in the application of the
extrusion process for use with modified sulfur cement as discussed above, led
to the development of an alternative technique. A mixing vessel was designed
and fabricated, similar in principle to_a system employed at ORNL for labora-
tory processing of bitumen waste formsZl,

The dual action mixer consists of a stainless steel vessel with an inter-
nal diameter of 11.2 cm and height of 21.0 cm, providing a capacity of just
over 2 liters. The vessel is heated by a series of external resistance band
heaters, controlled by a digital time proportioning temperature controller. A
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view of the mixer with external insulation removed can be seen in Figure 4.2.
Stirring of the waste-binder mixture is accomplished by the dual mixing action
of a combination impeller blade and teflon wiper stirrer. The wiper blades
are oriented at 180 degrees and are supported on the power shaft by a stain-
less steel plate which has been drilled to promote internal flow. The wipers
serve to both stir the mixture and scrape the vessel's interior surface, re-
ducing particle size and improving homogeneity. A standard 3 blade impeller
at the base of the power shaft provides a vortex mixing action.

The mixer is powered by a high torque compressed air driven motor. A
view of the vessel with the cover removed to display the mixing components is
included in Figure 4.3. Delivery of the molten mixture is through a heated
ball valve with inert gas pressurization assistance.

The order of addition of waste and binder components had an observable
impact on the ease of processibility. Heating the combined waste-binder mix-
ture led to cliumping and segregation of ingredients. Pre-melting of the mod-
ified sulfurr cement with the gradual addition of waste solids provided a more
workeble mixture, especially for higher waste Toadings.

4.4 MWaste-Binder Compatibility

The compatibility of each waste type with modified sulfur cement was ex-
amined from the standpoint of Loth processing requirements and final waste
form performance characteristics. The impact of potential interactions be-
tween waste and binder as they relate to processing considerations are ad-
dressed in this secticn, while those which affect waste form performance are

covered in Section 5.

Under suitable conditions sulfur can chemically react with most elements
and many inorganic, organic and organometalic compoundszz. Only those re-
actions which involved liberation of water vapor such as the solidification of
boric acid and ion exchange resins had a measurable impact on processing.

In order to minimize potential reactions, process temperatures were
maintained as low as practical. Processing of ortho boric acid (H3B03) at
temperatures greater than 169°C results in a transition to meta boric acid
(HBO2) and the generation of water vapor. lon exchange resins may contain
as much as 70 wt% water as both interstitial and sorbed moistuire, even after
dewatering operations?3. The bench scale extruder was not equipped with a
venting apparatus, thus incorporation of water vapor created a pressure build-
up and the formation of voids in the solidified mixture upon cooling. Al-
though the design of the dual action mixer includes ventilation, in practice,
wastes were pre-dried to expedite processing time. Formation of meta borate
also led to deterioration of solidified waste forms, as discussed in Section
4.6.2. No adverse reactions were observed in processing sodium sulfate or
incinerator ash with sulfur cement.

4.5 Processing Parameters

One of the advantages of employing a thermoplastic material for waste en-
capsulation is that as long as proper processing conditions are maintained, a
monolithic solid waste form is assured upon cooling. Control of these process
conditions is essential for production and can ultimately affect waste form
performance. Due to its low melt temperature and viscosity, processing of
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Figure 4.2 View of Dual Action Heated Mixing Vessel for the Production of
Laboratory Scale Modified Sulfur Cement Waste Farms, Shown With
Insulation Removed.
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Figure 4.3 Dual Action Heating Mixing Vessel Shown With Cover Removed,
Displaying Mixing Blade.
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modified sulfur cement is relatively less complex than other thermoplastics,
such as polyethylene. Those parameters which were judged most important for
the production of modified sulfur cement waste forms include:

e temperature
e waste pre-treatment
e solidification kinetics

4.5.1 Temperature. Temperature control of the waste-binder mixture is
the most critical factor for processing modified sulfur cement waste forms.
From the standpoint of processing, temperature must be maintained above the
melt point (119°C), yet below the point at which additional polymerization oc-
curs (159.4°C), causing a sharp rise in viscosity24. Although use of modi-
fied sulfur cement suppresses this polymerization, presence of unreacted sul-
fur did cause observable variations in viscosity at temperatures higher than
160°C. As discussed in Section 4.4, processing of boric acid waste at ele-
vated temperatures .caused the formation of meta borate and resulted in pro-
cessing difficulties and poor product performance.

4.5.2 MWaste Pre-Treatment. In certain cases waste pre-treatment was re-
quired for processing. As discussed in Section 4.2, ion exchange resins were
oven dried at 110°C overnight to drive off interstitial and sorbed moisture.
This procedure is not required where sufficient venting is provided and/or
adequate processing times are allowed to remove contained moisture. If mois-
ture is not removed from the waste-binder mixture prior to cooling, entrapped
vapors will create void spaces in the waste form. This will reduce product
density and in turn, sacrifice loading efficieny and have an adverse effect on
waste form strength and leachability.

4.5,3 Solidification Kinetics. The waste-binder mixture was extruded or
poured into mclds and allowed to air cool. Copper molds were employed ini-
tially but difficulties were encountered in removing the specimens, as the
mixture tended to strongly adhere, especially when surface imperfections were
present on the molds. The use of polyethylene molds fitted with copper heat
sink sleeves allowed for easy removal of waste form specimens.

Cooling times were relatively rapid, (generally on the order of 15-30
minutes) due to the comparatively low specific heat capacity of the material
(approximately 0.17 cal/g(°C)). More rapid cooling induced by water bath or
other means was avoided since quenching of sulfur results in additional allo-
tropes which are uncharacteristically plastic in nature, but revert back to
the brittle phase in a short time?4,” Modified sulfur cement without addi-
tion of waste solids tended to form a hollow void along the cylinder's axial
centerline upon cooling. This phenomenon was due to the more rapid cooiing of
the exterior of the specimen by convection, forming a rigid shell. The solid
exterior restricts movement of the molten center as it begins to solidify and
shrink, leaving a void in the center. Void formation decreased as the addi-
tion of waste solids increased, presumably due to higher specific heat capaci-
ties, reduced rate of cooling and reduced shrinkage.
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4,6 Process Development Results

Waste,form loading optimization was performed for each waste type and
each processing system. Formulations were prepared with increasing quantities
of waste until the limits of processibility were reached. Requisite process
parameters for achieving these waste loadings are reported. It should be
noted that waste loading results presented in this section are determined on
the basis of processibility constraints. Consideration of waste form prop-
erties is presented in Section 5. Optimal waste loadings which reflect a com-~
promise between loading efficiency and waste form performance are discussed in

Section 6.

For the extruder, in some case these limits were ob:erved when delivery
of the waste-binder mixture from the output die ceased. If upon further ex-
amination, i.e. screw removal, the process shut down was attributable to
blockages in the screw flights caused by a dry mixture, process limits were
established. In other cases, extremely dry waste-binder mixtures resulted in
excessive mechanical loading on extruder components which was monitored
through the motor ammeter. If high amperage draw exceeded equipment specifi-
cations, un automatic safety shut-off was activated and process limits were

established.

For the dual action mixer, maximum loading was also determined in one of
two ways. For some waste-binder formulations, the power required to mix ex-
cessively viscous or dry mixtures would exceed the torque capacity of the
motor. This would either stall the mixer or slow it to the extent that ade-
quate homogenization was not possible. In other cases, excessive waste load-
ings created a dry, friable solid upon cooling, which lTacked sufficient cohe-
siveness to form a monolithic solid.

A summary of maximum waste loadings for modified sulfur cement waste
forms achieved during process development studies is presented in Table 4.2.
Data are reported in terms of wt% dry waste contained in the solidified waste
forms, and serve as a comparison of results for the two processing systems

under consideration.

4,6.1 Solidification of Sodium Sulfate. Processing of modified sulfur
cement mixtures containing 30, 40, 50, 60, 65 and 70 wt% sodium sulfate were
attempted by extrusion. No adverse conditions were encountered unt*l the 70
wt% formulation was run. At this point the screw became plugged with a dry
powder containing insufficient binder to support conveyance through the bar-
rel. Screw removal was required for cleaning before production could resume.
Thus, the maximum sodium sulfate waste loading in modified sulfur cement by
extrusion is reported at 65 wt%. Extrusion process parameters for represen-
tative sodium sulfate formulations are presented in Table A-1, Appendix A.

Modified sulfur cement waste forms containing 30, 40, 50, 60, 70, 75 and
80 wt% sodium sulfate were prepared by means of the dual action mixer. Above
60 wt% waste the mixture consisted of a dry past.e and additional mixing time
was required for homogenization. Inert gas pressurization was insufficient to
transfer these mixtures (> 60 wt% Na2S04) to specimen molds, necessitating
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Table 4.2

Summary of Maximum Waste Loadings for Modified Sulfur Cement Waste Forms
Achieved During Process Development Studies

Waste Max. Loading Max. Loading

Type by Extrusion, wt¥ by Dual Action Mixer, wt%
Sodium Sulfate 65 80

Boric Acid 40 57

Incinerator Ash 20 43

Ion Exchange Resin 40 Na(a)

a)Not applicable; see Section 4.6.4.

scooping of the mix by hand. Attempts to process 85 wt% sodium sulfate re-
sulted in an extremely friable paste which could not be adequately mixed and
crumbled upon removal from the specimen molds. Process parameters for sodium
sul fate encapsulation by means of the dual action mixer are included in Table
B-1, Appendix B.

4.6.2 Solidification of Boric Acid. Boric acid was solidified in mod-
ified sulfur cement by extrusion processing at waste loadings of 20, 30, 35,
and 40 wt% waste. Attempts to extrude greater quantities of this waste re-
sulted in blockage of the extruder barrel. Extrusion process parameters for
representative solidified boric acid formulations are presented in Table A-2,
Appendix A.

Incorporation of 20, 30, 40, 50 and 57 wt% boric acid waste in modified
sulfur cement was accomplished by means of the dual action mixer. Above 40

wt% waste the mixture had a stiff consistency and required hand scooping in
order to transfer it to specimen molds. Maximum waste loading (57 wt%) was

achieved by the slow addition of waste until the limits of workability were
reached. Attempts to incorporate additional quantities of waste yieided mix-
tures which could not be successfully processed.

During the production of some boric acid specimens a malfunction in the
temperature control system caused the melt temperatures to exceed 169°C. As
discussed in Section 4.4., this resu]ts in the fgrmat1on of meta borate and a
change in density from 1.435 g/cm3 to 2.486 g/cm Meta borate is extreme-
ly hygroscopic and the waste form specimens containing this compound tend to
rapidly sorb atmospheric moisture. In doing so, they rehydrate to their
original ortho boric acid form, decrease in density and increase in volume,
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severely degrading waste form mechanical integrity. Three boric acid waste

forms containing 35, 40 and 50 wt% waste, which experienced severe swelling

upon exposure to atmospheric moisture are shown in Figure 4.4. 1In contrast,
specimens containing 20, 30 and 40 wt% boric acid which were processed below
169°C display no signs of deterioration, as seen in Figure 4.5.

4,6.3 Solidification of Incinerator Ash. Incinerator ash waste loadings
in modified sulfur cement encapsulated by the extrusion method were limited to
a maximum of 20 wt%. The ash tended to sorb the molten binder, form clumps,
and plug the channels of the screw. The mixing action of the screw was not
vigorous enough to counteract this tendency, resulting in relatively low waste
loadings. Extruder parameters for typical incinerator ash formulations at 10
and 20 wt% waste are presented in Table A-3, Appendix A.

Significant improvements were realized by processing ash mixtures in the
dual action mixer. By pre-melting the binder and slowly adding the incinera-
tor ash waste, the tendency to clump was reduced. In addition, the dual ac-
tion mixer provided more vigorous agitation and allowed increased mixing dura-
tion, further mitigating the problems encountered with the extrusion method.
Formulations were prepared which incorporated 10, 20, 30, 40 and 43 wt% incin-
erator ash. Attempts to incorporate additional ash waste resulted in unwork-
able mixtures. Representative parameters for these formulations are given in

Table B-3, Appendix B.

4.6.4 Solidification of Ion Exchange Resins. Initial processing of ion
exchange resins in modified sulfur cement yielded formulations containing 10,
20, 30 and 40 wt% waste. Extruding 50 wt% resins resulted in seizure of the
screw. Extrusion process parameters for resin waste forms are given in Table

A-4, Appendix A.

Several waste form performance scoping tests were peformed on representa-
tive ion exchange resin/modified sulfur cement specimens formulated during
these initial runs. During short term (2 week) water immersion testing, swel-
ling, cracking and complete loss of mechanical integrity was observed for ail
specimens containing resins, as discussed in Section 5.1. For this raason,
further process development studies for the incorporation of ion exchange re-
sins in modified sulfur cement were discontinued.

4,7 Waste Form Quality Assurance

Waste form process development studies incorporated a number of quality
assurance tests in order to:

o discover product flaws prior to property evaluation studies

e determine homogeneity of the waste form product

& assess processing reproducibility

These tests, as described below, were performed on representative speci-

mens throughout the process development phase of the program to provide qual-
ity assurance feedback on process controlled parameters.
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Figure 4.4 Modified Sulfur Cement Waste Forms Containing 35, 40 and 50 wt%
Boric Acid Waste (No. 1, 2, 3, respectively) Which Were Processed
at >169°C. Surface Spalling and Cracking Occurred Upon Exposure
to Ambient Laboratory Humidity Conditions.
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Figure 4.5 Modified Sulfur Cement Waste Forms Containing 20, 30 and 40 Wt%
Boric Acid Waste (No. 6, 7 and 8, respectively) Processed at
121-122°C.
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4,7.1 Detection of Voids. As discussed previously, modified sulfur ce-
ment tends to shrink along the axial centerline during cooling, leaving void
cavities generally in the upper middle section of the waste form. Thus, the
majority of voids are visible by inspecting the waste form's top surface. In
addition, some waste form specimens were longitudinally cut to check for
internal voids.

A typical void cavity can be seen in the photograph of a cross-sectioned
modified sulfur cement specimen containing no waste (Figure 4.6). This ten-
dency was reduced as increased waste loadings were introduced. Void formation
was further mitigated by filling sample molds in several stages and allowing
the mixture to cool and solidify between fillings.

4,7.2 Resistance to Spalling. Spalling and flaking of the waste form
surface and in some cases severe degradation of mechanical integrity were ob-
served for some specimens upon exposure to ambient air conditions within the
laboratory (approximately 20°C, 25% relative humidity). This behavior is at-
tributed to the sorption of atmospheric moisture by the waste. Solidified ion
exchange resin specimens containing as little as 10 wt% waste displayed spal-
ling as the dry resin beads took up moisture in the air and expanded. This
phenomenon is readily observed in Figure 4.7 which compares the surface ap-
pearance of a specimen containing no waste with those containing 10, 20, 30
and 40 wt% dry ion exchange resins after approximately 2 weeks exposure to
ambient laboratory air. As discussed in Section 4.6.2, the formation of meta
borate upon processing at temperatures greater than 169°C resulted in waste
form products which were extremely hygroscopi¢. The deterioration of these

specimens in air was shown in Figure 4.4.

4.7.3 MWaste Form Homogeneity. A thorough homogenization of waste within
the solidified waste form is an important quality assurance parameter since it

provides:

e Uniform distribution of radioactivity throughout the waste form--
Avoidance of "hot" spots is an important consideration for the safe
handling, storage and transportation of solidified LLW.

e Uniform physicochemical properties--Substantial variations in waste
cancentration throughtout the waste form can significantly alter such
properties as leachability and compressive strength.

e Accuracy in waste loading determination--Since processing of modified
sulfur cement is performed in batches yielding a number of separate
waste forms, homogeneity must be assumed in determing the quantities

of waste incorporated in each waste form.

As a measure of homogeneity, the waste form apparent density was calcu-
lated for a number of solidified waste formulations. Volume measurements were
based on waste form dimensions. Results of apparent density calculations are
presented in Table 4.3. These data are based on 8 replicate specimens for
each waste loading. Mean values, standard deviation around the mean, and
absolute and relative error at the 95% confidence interval are included. Fig-
ure 4.8 is a plot representing waste form apparent density vs. waste loading.
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Figure 4.6 Cross-Sectional View of a Neat Modified Sulfur Cement Specimen,
Displaying Void Cavity Formed Upon Cooling.
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Figure 4.7 Modified Sulfur Cement Specimens Containing (From Left to Right),
0, 10, 20, 30 and 40 wt% Ion Exchange Resins, Upon Exposure to
Ambient Laboratory Humidity Conditions.
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Table 4.3

Modified Sulfur Cement Waste Form Densities(a)

Mean
Waste Apparent
Waste Loading, Density,(P)  Standard Absolute(t)  percent(d)
Type wt? g/cc Deviation Error Error
Sodium Sulfate 30% 2.007 0.017 0.014 0.7
40% 2.053 0.073 0.061 3.0
50% 2.095 0.038 0.032 1.5
Boric Acid 20% 1.667 0.055 0.046 2.7
30% 1.586 0.033 0.028 1.7
40% 1.448 0.041 0.034 2.4
Incinerator Ash 10% 1.904 0.046 0.038 2.0
20% 1.955 0.053 0.044 2.2
30% 1.828 0.087 . 0.073 4.0
40% 1.914 0.033 0.028 1.5

a)pata based on 8 replicate specimens.
b)calculated based on waste form dimensions.
C)Expressed at the 95% confidence interval.
d)g Error = Absolute Error/Mean.
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Data Represent the Mean for Three Replicates, Bracketed by Minimum and Maximum Values.



In general, waste form densities within each batch were in close agree-
ment, as evidenced by the small error around the mean (ranging from 0.7% to
4.0%). This is indicative of both good homogeneity within samples and good
reproducibility in processing. For sodium sulfate, waste form densities
increased with add1t1ona1 waste loadings. Since the bulk density of the waste
(approx1mate1y 2.68 g/cm3 ) is greater than that of the binder (approximately
1.96 -g/cm3), this effect is expected. Solidified boric acid waste form den-
sities decreased with higher waste 1oad1ngs. S1m1lar1y, as the bulk density
of ortho boric acid (approx1mate1y 1.44 g/cm ) is less than that of modified
sulfur cement, this behavior is anticipated.

Based on its extremely low bulk density (approximately 0.23 g/cm3), one
vwould also expect an inversely proportional relationship between waste loading
and density for incinerator ash waste forms. _Instead, apparent density mea-
surements ranged between 1.828 and 1.968 g/cm3 without correlation to the
quantity of waste incorporated. This is due to the fact that the ash density
increases dramatically upon wetting, so that the ash and molten sulfur densi-
ties are roughly equivalent.
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5. WASTE FORM PROPERTY EVALUATION STUDIES

5.1 Introduction

The primary objective of any disposal system is the isolation of con-
tained radionuclides from the environment until such time has elapsed that
activities have decayed to safe levels. For most radionuclides contained in
LLW, approximately 300 years of containment is sufficient. In recent years
both commercial and DOE defense-related LLW disposal operations have come
under increased scrutiny. Activity releases due to performance failures such
as trench cap subsidence have been recorded at some sites. Maintaining the
waste in a stable manner over time, e.g. by solidification, is one means of
assuming the successful long-term performance of LLW disposal sites.

Prediction of actual waste form behavior in the disposal environment over
long periods of time is a difficult, if not impossible task. Interactions be~
tween the waste form and environment are compounded by the synergistic effects
of waste-binder interactions. However, the performance of a number of labora-
tory scale property evaluation tests can provide valuable information on po-
tential waste form behavior and can provide a basis for comparison of various
waste-binder formulations. Thus, a physicochemical data base of relevant mod-
ified sulfur cement waste form properties has been developed for comparison
with other binder materials. These data were generated through the applica-
tion of a number of standardized property tests for simulated laboratory scale
waste forms, based upon preliminary evaluation criteria as reported in the
Letter Report to DOEZS. These tests include:

e Compressive Strength (ASTM C-39)

e MWater Immersion {90 days, ASTM C-39)
e Thermal Cycling (ASTM D-621, C-39)

e Leaching (ANS 16.1, 90 days)

The tests listed above are also included in NRC's Branch Technical Posi-
tion on Waste Form26, so that results may be readily compared with_waste
forms tested for compliance with 10 CFR 61 stability requirementsl3. It is
not the intention of this program however, to qualify waste forms for com-
mercial disposal. Additional testing (including biological and radiation
stability tests) which were beyond the scope of this investigation would be
required for NRC approval.

Waste form testing as outlined above was conducted for modified sulfur
cement waste forms containing a range of waste loadings for each waste type
investigated. In some cases testing of certain waste-binder formulations was
omitted based on the poor performance of those formulations in previous scop-
ing tests. Waste form testing procedures and results are presented in this

section.
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5.2 Compressive Strength

Waste form compressive strength is used as both a general indicator of
mechanical integrity and a specific measure of the waste form's ability to
withstand loading pressures arising from overburden in the disposal setting.
Modified sulfur cement is a relatively brittle material and tends to fail by a
shattering fracture under axial compressive loads (see Figure 5.4). Compres-
sive strength testing was therefore performed in accordance with the standard
method developed for hydraulic cements, ASTM C-39, "Compressive Strength of
Cylindrical Concrete Specimens"2/,

Three replicate cylindrical test specimens nominally measuring 4.7 cm in
diameter by 10.0 cm in height (1.9 x 3.9 inches) were prepared for each waste
formulation tested. Both ends of each specimen were capped to provide smooth
surfaces, perpendicular to the axial centerline. Testing was performed using
a Model AP-1000 Versatester, manufactured by Soiltest, Evanston, IL, as pic-
tured in Figure 5.1.

Compression testing results for modified sulfur cement waste forms con-
taining sodium sulfate, boric acid and incinerator ash are presented in Table
5.1. 1lon exchange resin samples were not tested due to poor performance in
other testing, as discussed in Sections 4.7 and 5.3. Mean compressive
strength and standard deviation are presented for the three replicates in
units of psi and MPa. The data are represented graphically as a function of
waste loading in Figure 5.2 for the dry salt wastes, and Figure 5.3 for incin-
erator ash. The error bars in these plots depict the data spread around the
average values. In some cases these error bars are unexpectedly wide, pos-
sibly due to internal voids within the specimens, or inhomogeneities within
the waste and/or waste forms.

The compressive strength of modified sulfur cement samples containing no
waste was approximately 1800 psi. Virtually all test specimens incorporating
simulated waste displayed greater compressive strengths. The addition of
waste solids acts as an aggregate which, together with the matrix form a mate-
rial of increased strength. Boric acid provided the least improvement in com-
pressive strength while the addition of incinerator ash provided the greatest
gains. For sodium sulfate, increasing waste loadings between 30 and 50 wt%
provided improvement in compressive strength results. A slight decrease in
the compressive strength of boric acid specimens with increased waste loading
was observed. This may be related to density reduction, but the magnitude of
these variations was too small to be conclusive. For incinerator ash waste
forms however, the relationship between waste loading and waste form compres-
sive strength appears erratic. These apparent discrepencies may be due to the
presence of voids within specimens, variations in the homogeneity of the
waste, or scatter associated with the number of specimens tested. Figure 5.4
depicts ash compression specimens before and after testing, revealing the
presence of small voids. In any case, all specimens tested easily surpassed
the current minimum compressive strength of 50 psi as specified by the NRC in
their Branch Technical Position.
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Figure 5.1 Modified Sulfur Cement ‘Waste Form Test Specimen Undergoing
Compressive Strength Test.
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Table 5.1

Modified Sulfur Cement Waste Form Compressive Strength Results{@),(b)

Waste Compressive Standard Compressive
Haste Loading, Strength, Deviation, Strength,
Type wt® psi psi MPa
Neat(c) 0% 1822 180 12.6
Sodium Sulfate 30% 3663 533 25.3
40% 4356 60 30.0
50% 4564 236 31.5
Boric Acid 20% 2152 123 14.8
30% 2002 156 13.8
40% 1998 136 13.8
Incinerator Ash  10% 5371 310 37.0
20% 4317 304 29.8
30% 4251 2112 29.3
40% 6435 129 44.4
43% 4434 255 30.6

a)performed in accordance with ASTM C-39.
b)Results reflect mean values for 3 replicate specimens.
C)Results reflect mean values for 5 replicate specimens.
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Figue 5.4 Modified Sulfur Cement Waste Form Specimens Containing 30 Wt%
Incinerator Ash Before Testing (Right) and After Testing (Left).
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5.3 MWater Immersion

Processing temperatures for modified sulfur cement result in dehydration
of aqueous wastes and encapsulation of the dry solids residue within the waste
form occurs upon cooling, The waste is then susceptible to rehydration reac-
tions upon contact with water, which can cause swelling and disturb the struc-
ture of the waste form. In order to simulate exposure of waste forms to an
aqueous environment, test specimens were immersed in water for 90 days.

Water immersion testing was performed on two replicate specimens for each
waste loading formulation. Formulations, loadings and dimensions correspond
to those prepared for compressive strength measurements as described in Sec-
tion 5.2. Each specimen was completely immersed in demineralized water at
ambient temperature (20°C) and was examined periodically. Upon completion of
90 days, they were removed from the water and checked for variations in weight
and dimension. Compression testing was then conducted according to ASTM C-39
and results are summarized in Table 5.2.

As previously discussed, all specimens containing ion exchange resins

failed catastrophically in water immersion. Dry resin beads readily sorb
water and expand, resulting in cracking and disintegration of waste forms.
Ion exchange resin waste form failures occurred rapidly as demonstrated by the
photographs in Figure 5.5, which depict deterioration of 4 modified sulfur ce-
ment waste form containing 10 wt% resin within 5 minutes. Complete structural
failure for this specimen occurred in less than one day.

Specimens containing 80 wt% sodium sulfate and 57 wt% boric acid suffered
severe cracking within several days. Sodium sulfate waste forms containing 50
wt% waste developed visible cracks after approximately 48 days in immersion.
These specimens are shown in the photograph in Figure 5.6 taken after 65 days
in immersion. The minor cracks shown in Figure 5.6 significantly expanded and
degraded the samples during the remainder of the 90 day test period. In con-
trast, waste forms containing 40 wt% sodium sulfate show no signs of cracking
after 65 days in immersion as seen in Figure 5.7

Waste forms which did not fail, i.e. crack, as a result of water immer-
sion experienced negligible weight loss and changes in dimensions. With the
exception of 3 formulations (20 and 30 wt% boric acid and 43 wt% ash), losses
in compressive strength between 8 and 46% were recorded. Improvements in com-
pressive strength are attributed to experimental scatter associated with the
limited sample population. Sufficient strength was retained by all modified
sulfur cement waste forms tested under compression to meet storage, transpor-
tation and disposal requirements. A graphical comparison with non-water im-
mersion comprassion data is presented in the histogram in Figure 5.8.

5.4 Thermal Cycling

In some cases during transportation and storage operations, waste forms
may be subjected to severe changes in temperature. Since unmodified sulfur
cement is subject to deterioration upon thermal shocking, waste form behavior
under these conditions was investigated. Testing was conducted by condition-
ing the waste forms in accordance with the procedures outlined in ASTM B-553,
“Thermal Cycling of Electroplated Plastics,"28 with modifications, as recom-
mended by the NRC26. Changes in physical properties were then examined by
means of compressive strength testing.
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Table 5.2

Modified Sulfur Cement Waste Form Compressiye S rﬁngth Upon
Completion of Water Immersion Test(a),{b

Percent
Waste Waste Compressive Compressive Change in
Type Loading, wt% Strength, psi Strength, MPa Strength(c)
Sodium Sulfate 30% 2482 17.1 -32%
40% 2985 20.6 -31%
50% NA(d) NA NA
80% NA NA NA
Boric Acid 20% 3112 21.5 +44%
30% 2600 17.9 +30%
40% 1347 9.3 -41%
57% na(d) NA NA
Incinerator Ash 10% 2905 20.0 -46%
20% 3991 27.5 -8%
30% 3870 26.7 -9%
40% 4090 28.2 -36%
43% 5396 37.2 +22%

a)Two replicate specimens immersed in water for 90 days.
b)Compression testing performed in accordance with ASTM C-39,
¢)Comparison with non-water immersion specimen data as presented in Table 5.1

d)Not available; samples failed in immersion.
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Figure 5.5 Modified Sulfur Cement Waste Form Incorporating 10 Wt% Dry Ion
Exchange Resin While Undergoing a Water Immersion Test. All
Three Photographs are of the Same Sample, Taken Within Five
Minutes of the Initiation of the Test. Complete Structural
Failure of the Sample was Observed in Less Than one Day.
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Figure 5.6 Modified Sulfur Cement Waste Forms Containing 50 Wt% Sodium
Sulfate Showing Crack Formation After 65 Days in Water

Immersion. Further Degradation Occurred During the Remainder
of the 90 Day Water Immersion Test.
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Figure 5.7 Modified Sulfur Cement Waste Forms Containing 40 wt% Sodium
Sulfate Shown After 65 Days in Water Immersion. Upon Comple-
tion of the 90 Day Water Immersion Test no Cracking was
Observed.
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Cycling of waste form specimens was performed using a Model T6C environ-
mental chamber, manufactured by Tenney Engineering, Inc., Union, NJ. The
chamber, as pictured in Figure 5.9 has a capacity of 6 cubic feet, It is cap-
able of achieving temperature ranges between -73°C and +200°C, with a control
tolerance of *0.3°C. Temperature settings and duration are microprocessor
controlled. Heating and cooling functions are maintained by conditioned air

flow.

Waste form specimens tested were replicates of those employed for com-
pressive strength testing. As such, their dimensions measured a nominal 4.7
cm (1.9 inches) in diameter by 10.0 cm (3.9 inches) in height. Three repli-
cate specimens for each waste-binder combination were placed in the chamber
and cycled between +60°C and -40°C for a total of 30 cycles in accordance with
NRC recommendations. Temperatures were held at each extreme for a period of
one hour, separated by one hour at 20°C. Temperature ramp times varied be-
tween 8 minutes (20°C to 60°C) and 15 minutes (20°C to -40°C). The total time
required to complete one cycle was approximately 5 hours as seen in Figure
5.10 which represents a graphical representation of cycling conditions. Cham-
ber temperatures were recorded by a 24 hour circular chart recorder. In ad-
dition, representative specimens were monitored by thermocouples to verify
uniform temperatures throughout the chamber and to track their repsonse to
changes in chamber temperatures.

Specimens were removed from the chamber upon completion of tharmal cy-
cling and examined. No changes in physical dimensions or structure were ob-
served. Compressive strength testing was then conducted as described in Sec-
tion 5.2. Results are reported in Table 5.3. As a graphical means of com-
parison with results from non-thermal cycled specimens these data are plotted
in Figure 5.11 where they are shown by the shaded bars in the histogram.

Moderate reductions in compressive strength (£ 23%) were recorded for
thermally cycled sodium sulfate waste forms. Boric acid waste form specimens
actually increased in compressive strength by as much as 69% after thermal cy-
cling. Data for incinerator ash waste forms show no clear trends in compres-
sive strength as a result of thermal cycling. 1In general, thermal effects
were minor for modified sulfur cement and should not impose any lTimitations on
its use as a potential radwaste binder.

5.5 Leaching

The retention of radionuclides within the disposal environment is de-
pendent upon several factors, but the initial barrier to activity release is
the waste form itself. Although Taboratory leaching methods do not realisti-
cally simulate burial site conditions, the use of a standardized leach test
methodology enables a comparative assessment of leachability for a given

waste-binder combination.

5.5.1 Methodology. With this goal in mind, leach testing for modified
sulfur cement waste forms was conducted in accordance with the ANS 16.1
Standard, "Measurement of the Leachability of Solidified Low-Level Radioactive
Wastes.“29 Since this method was selected by the NRC for demonstration of
waste form stability as set forth in 10 CFR 61, the leaching data base for
various binder materials generated under 16.1 protocol, is growing.
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Figure 5.9 Photograph of Microprocessor Controlled Thermal
Cycle Environmental Chamber for Conditioning
Specimens According to ASTM B=-553,
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Table 5.3

Modified Sulfur Cement Waste Form ComFrﬁs?ive Sgrength for
Thermal Cycled Specimens(a)s(b),(c

Haste Compressive Standard Compressive Percent
;;;;i Lozg;ng, ngg?gth, Deggggion, Stre;g;h, g:igggia?d)
Sodium Sulfate 30% 2797 1044 19.3 -24%
40% 3617 613 24.9 -17%
50% 3672 1198 25.3 -20%
Boric Acid 20% 2214 1208 15.3 +3%
30% 3382 374 23.3 +69%
40% 2197 183 15.1 +10%
Incinerator Ash 10% 4057 1049 28.0 -25%
20% 4366 929 30.1 +1%
30% 3826 1717 26.4 -10%
40% 4739 948 32.7 -26%
43% 5336 2870 36.8 +20%

a)Thermal cycling performed in accordance with ASTM B-553 (see text).
b)Compression testing performed in accordance with ASTM (-39

c)Results reflect mean values for 3 replicate specimens.

d)Compam’son with non-thermal cycled specimens as presented in Table 5.1.
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5.5.2 Sample Preparation. Simulated radioactive waste forms were pre-
pared in duplicate conta1n1ng 25 and 40 wt% sodium sulfate and 20 and 40 wt%
incinerator ash, 7Cs and 90Co tracers were added at a nominally con-
stant ratio of 0.25 uCi per gram of waste. Activity concentrations found in
actual low-level waste may vary over several orders of magnitude. Therefore,
activity concentrations for this experiment were selected which were both re-
asonable from the standpoint of simulating actual waste and practical from the
standpoint of experimental considerations, e.g., detection limits and radia-
tion dose levels. Actual activity contained ranged from approximately 17 to
48 uCi of each isotope per waste form, depending upon waste loading.

In order to evenly distribute the aqueous tracer activity throughout the
dry powdered simulated sodium sulfate waste, the following procedure was em-
ployed. A gquantity of sodium sulfate was weighed and then dissolved in dis-
tilled water at elevated temperature to increase solubility. The appropriate
volumes of Tliquid tracer were pippeted and thoroughly mixed. The solution was
evaporated to dryness and the remaining salt cake removed. The tracer acti-
vated sodium sulfate was then crushed to a fine powder by mortar and pestle.

Incinerator ash was prepared in a similar fashion. Tracers were pipetted
into a slurry of ash and distilled water which was then throughly mixed. Upon
evaporation the ash was also crushed to a fine powder.

Since waste-binder mixtures were not prohibitively viscous, modified sul-
fur cement leaching specimens were prepared in disposable glass beakers, wrap-
ped with electrical resistance heaters and insulation. This procedure enabled
the use of a new mixing container for each batch and eliminated concerns over
cross-contamination. Heating was adjusted by a variable voltage control-
ler and mixing was accomplished using an electrically driven impeller. Mod-
ified sulfur cement was pre-heated to a molten state. Waste was then added
and stirred for 10-20 minutes. The mixtures were then poured in polyethylene
lined sample molds and allowed to cool. Apparent voids were refilled as
necessary. Upon cooling, waste form heights were trimmed and the surfaces of
the cut ends were resealed by means of a heat gun. Waste form dimensions were
recorded for calculation of volumes and surface areas. Weights were taken so
that waste form activity source terms could be calcuiated based upon the waste
loading (wt%) and final weight of each specimen.

5.5.3 Experimental Procedure. Specimens were leached in demineralized
water. The volume of leachant employed ranged between 1470 and 1720 ml as
specified by the ratio of leachant volume to external geometric surface area
of 10 + 0.2 cm. Temperature was maintained at 20 + 2°C. Leachant was replen-
ished at the recommended incremental intervals of 30 seconds, 2 hours, 5
hours, 17 hours, once each day for the next four days, 13, 28 and 45 days, for
a total leaching time of 91 days.

Leachate aliquots of 100 ml were collected for analysis, acidified with 1
ml of nitric acid and were then prepared for gamma counting. Leachate anal-
yses were performed using a germanium detector and computerized multichannel
analyzer system. Data reduction was accomplished by use of several programs
written for a Hewlett Packard HP-85 micro computer, which calculated incre-
mental and cumulative fraction release, stored and printed tabular data and

plotted leaching curves.
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5.5.4 Results. Average cumulative 137Cs fraction release is plotted
as a function of leaching time (in days) for the sodium sulfate waste forms in
Figure 5,12 and in Figure 5.14 for incinerator ash waste forms. Average cum-
ulative 60Co fraction release is plotted as a function of leaching time for
the sodium sulfate waste forms in Figure 5.13 and for incinerator ash speci-
mens in Figure 5.15. Tabular leaching data for each individual specimens are
presented in Appendix C.

The highest release rates were for 137Cs from the sodium sulfate waste
forms. Maximum average fractional releases after 91 days of 2.04x10-Z and
1.1x10~1 were calculated for samples containing 25 and 40 wt% sodium sul-
fate waste, respectively.

Cobalt fractional releases from the same waste forms were somewhat
lower, indicating isotope-specific interactions affecting leachabjlity. Max-
imum average 90Co fractional releases after 91 days were 1.68x10-3 and
4,25x10-2 for samples containing 25 and 40 wt% sodium sulfate waste, respec-
tively. The increase in leachability as a function of waste loading is ex-
pected for a soluble salt waste where the release of radionuclides is usually
proportional to the release of soluble salt from the waste form.

Cesium leachability for modified sulfur cement waste forms containing
incinerator ash do not appear to be dependent upon waste Toading. The average
cumulative fractional releases from sampies containing 40 and 20 wt% ash were
6.69x10-3 and 6.48x10-3, respectively. These data represent an improve-
ment of approximately one order of magnitude over 137Cs releases from sodium
sulfate waste forms. The lowest release rates were recorded for 60Co from
modified sulfur cement waste forms containing ash. Average cumulative frac-
tional releases were 1.63x10-% for specimens containing 40 wt% ash and 3.86

x10-4 for those containing 20 wt% ash.

In addition to cumulative fractional release and incremental release rate
determinations, data were also calculated in terms of the "leachability index"
as recommended in the ANS 16.1 method. This index is a dimensionless figure
of merit which quantifies the relative leachability for a given waste type-
solidification agent. It can thus be used as a basis for comparison of the
radionuclide retention capabilities of various solidification matrix-waste
type combinations. On a plant scale, the leachability index can be employed
as a means of demonstrating that waste forms meet minimum quality assurance
standards. As a result, the NRC has issued recommended minimum leachability
indengpecifications in support of 10 CFR 61 waste form stability require-
ments<O,

The leachability index for a given radionuclide, i, is given by:29

10
Li = 1/10 zl {Tog (8/Di)1n (Eq. 5.1)
n:‘.
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where:

8 1 cmé/sec (defined constant)

Di

The effective diffusivity is calculated from the leach test data by applica-
tion of the following expression:

effective diffusivity (cm2/sec)

2

Di = = [a”/A°] (v/s)2T (Eq. 5.2)
(at)n

ap = activity of a radionuclide released from the specimen during the
n-th leaching period

total activity of a given radionuclide in the specimen at the
beginning of the leach test

=
(=]
n

Di = effective diffusivity (cmé/sec)
V = volume of specimen (cm3)
S = geometric surface area of specimen (cm2)

T = mean time of the leaching interval (sec)

{at)p incremental leaching time (sec)

Average cesium and cobalt leachability index values for modified sulfur
cement waste forms are presented in Table 5.4. Since the leachability index
is inversely proportional to effective diffusivity, higher index values repre-
sent reduced leachability. As a means of comparison, the minimum Lj recom-
mended by NRC for commercial waste forms is 6.0. All modified sulfur cement
waste forms easily surpassed this criteria.
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Table 5.4

Average Leachability Indices for Modified Sulfur Cément Waste Forms(a),(b)

Waste Average Average
Waste Loading Leachability Leachability
Type (Wt%) Index, 60co Index, 137¢s
NapS0y 25 12.5 10.6
40 10.7 9.7
Incinerator Ash 20 14.0 11.2
40 / 14.6 11.1

(a)Calculated as. recommended in ANS 16.1 Test Method.
(b)average of 2 replicate specimens.
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6. SUMMARY AND CONCLUSIONS

Maximum waste loadings for each waste type considered which can be suc-
cessfully processed and yield a monolithic solid waste form are reported in
Section 4. Results of waste form property evaluation testing are presented in
Section 5. Recommended waste loadings which represent a balance between the
quantity of waste which can be incorporated in modified sulfur cement while
still maintaining desirable waste form properties are discussed in this sec-
tion. A comparison of solidification efficiencies with hydraulic cement as
currently employed for the majority of LLW solidification and low-density
polyethylene, also demonstrated at BNL as an improved solidification tech-
nology is provided, as well.

Increased waste loadings had a positive effect on sodium sulfate waste
form compressive strength. Although both thermal cycling and water immersion
resulted in moderate reductions in the compressive strength of tested samples,
such reductions were not of sufficient magnitude to compromise structural in-
tegrity. At sodium sulfate waste loadings greater than or equal to 50 wt%
salts, however, swelling and cracking occurred upon exposiure to water. Opti-
mal waste loadings of up to 40 wt% sodium sulfate are therefore recommended

for solidification in modified sulfur cement.

A slight decrease in the compressive strength of modified sulfur cement
waste forms containing boric acid was recorded as waste loading increased.
Such reductions are not significant since the lowest mean compressive strength
values were approximately 2000 psi. Thermal cycling did not adversely affect
boric acid waste form strength. Reductions in strength were measured for sam-
ples containing 40 wt% boric acid upon completion of immersion testing, while
those containing maximum loadings of 57 wt% failed in immersion. Optimal
boric acid loadings in modified sulfur cement should therefore be limited to
40 wt% waste. Although Teach testing for this waste type was not performed,
the Teachability is expected to be similar to that of sodium sulfate since the
solubility for boric acid in water is essentially the same or less than that

for sodium sulfate salt.

Incinerator ash compressive strength data were somewhat erratic, but
since mean strength for each waste loading was in excess of 4000 psi, from a
practical standpoint, this is of little concern. For most ash waste form
formulations, thermal cycling and water immersion testing resulted in small
reductions in compressive strength. Sufficient average strength (> 2900 psi)
was retained, however, to exceed requirements for transportation, storage and
disposal operations. Leachability for all ash specimens tested was relatively
Tow (minimum leachability index 0. "'.1). Based on these results, maximum
loading of incinerator ash in modified sulfur cement is limited only by pro-
cessing constraints, i.e. 43 wt% ash.

Modified sulfur cement waste forms containing ion exchange resin wastes
are susceptible to spalling upon exposure to atmospheric moisture and suffer
severe deterioration upon saturation with water. Use of modified sulfur ce-
ment for encapsulation of these wastes is therefore not recommended.
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Optimal recommended waste loadings for modified sulfur cement waste forms
are summarized in Table 6.1. Data comparing optimal loadings for hydraulic
cement (based upon previous BNL waste form development studies for specimens
which satisfied free-standing monolithic solid and two week water immersion
criteria)l8,19,30 and for low-density polyethylene (based upon the same
performance evaluation criteria employed for modified sulfur cement)20 are
presented, as well. In order to normalize for variations in product densi-
ties, data are given in terms of quantities of waste solidified per 55 gallon
drum, in addition to wt% waste loadings. The percentage improvement or reduc-
tion in waste loadings for modified sulfur cement versus hydraulic cement and
polyethylene are given in Table 6.2. With the exception of ion exchange resin
wastes, significant waste loading improvements for modified sulfur cement are
achieved (ranging from 20 to 500%), as compared with hydraulic cement. 1In
comparison with Tow-density polyethylene, 51% additional incinerator ash
waste, 34% less sodium sulfate waste and approximately the same quantity of
boric acid can be incorporated.

Progress and significant highlights in the area of modified sulfur cement
waste form process development are summarized by the following points:

e Improvements in processing modified sulfur cement waste forms over the
results achieved by extrusion were made possible by use of the dual action
mixer. Low mixture viscosities which impeded material conveyance through the
eﬁtruder barrel were well suited for the vortex stirring action provided by
the mixer.

e Pre-heating of modified sulfur cement to its molten state with the
gradual addition of waste solids, resulted in mixtures which were more readily
processed, especially when approaching maximum loadings.

o Close attention must be paid to control process temperatures in the
range of 120-150°C. Lower temperatures will result in incomplete or partial
melting of the sulfur. Excessive temperatures can increase mixture viscosity
and for some waste types, e.g. boric acid, adversely affect waste form integ-

rity.

o Modified sul fur cement tends to form void cavities upon cooling to
the solid phase. This tendency is lessened with the addition of waste solids
and can be further reduced by filling drums in incremental steps, allowing the

mixture to solidify between fillings.

¢ Thorough homogenization of waste and binder and reproducibility within
batches was demonstrated by good agreement in apparent density measurements.

In conclusion, the use of modified sulfur cement as a potential binder
material for the improved solidification of certain LLW streams has been es-
tablished. With the exception of ion exchange resin wastes, compatibility
with the waste types investigated was good. Significant improvements in
solidification efficiencies, as compared with hydraulic cement, were demon-
strated. For optimal recommended formulations (as given in Table 6.1) per-
formance should surpass minimum criteria for storage, handling and disposal

operations.
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Table 6.1

Comparison of Optimal Recommended Waste Loadings for Modified Sulfur Cement,
Hydraulic Cement and Polyethylene Based on Processing and Waste Form
Performance Considerations

Waste Type
Sodium Boric Incinerator Ion Echange
Sulfate Acid Ash Resins
Solidification in
Modified Sulfur Cement:
Wt% Waste(a) 40 40 43 Not Recommended
Drum Wt., kg(b) 415 287 384
(1bs) (915) (633) (846) -
Waste/Drum, kg(c) 166 115 182
(1bs) (366) (253) (360) -
Solidification in
Hydraulic Cement : (d)
Wt% Waste(a) 9 15 40 13
Drum Wt., kg(b) 307 296 318 318
(1bs) 678 (653) (700) (700)
Waste/Drum, kg(c) 28 44 127 41
(1bs) (61) (98) (280) (91)
Solidification in
Polxethzlene:(e)
Wt% Waste(a) 70 50 40 30
Drum Wt., kg{b) 358 225 270 210
(1bs) (789) (496) (595) (463)
Waste/Drum, kg{c) 250 133 108 63
(1bs) (552) (248) (238) (139)

a)Based on dry solid weight.
55 gallon drum size waste form.
c)Equivalent quantity of waste which can be incorporated in

55 gallon drum size waste form.
d)Based on previous BNL waste form development studies
for waste forms which satisfied free-standing monglithic
solid and two-week water immersion criterial8,19,3
e)Based on data from Reference 20.
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Table 6.2

Percentage Improvement or Reduction in Waste Loading for
Modified Sulfur Cement Versus Hydraulic Cement and Polyethylene

% Increase/Decrease In Waste Loadings As Compared With:{(a)

Waste Type Hydraulic Cement Low Density Polyethylene
Sodium Sulfate +500% -34%
Boric Acid +158% +2%
Incinerator Ash +29% +51%

a)Based on waste/drum as given in Table 6.1.
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APPENDIX A

Extruder Process Parameters for Representative
Modified Sulfur Cement Waste Forms



Table A-~1

Extruder Parameters for Selected Modified Sulfur Cement/Sodium Sulfate Solidification Formulations

Temperature Control

Settings °C, (°F) Instrumentation Readings
Dry Melt Melt Screw
Haste Zone Zone Zone Die Temp. , Press Load, Speed
Run No. Wt% 1 2 3 Zone °C(°F) MPa, (psi) Amps RPM
6-2-6 30 65 121 135 135 128 0 2 30
(150) (250) (275) (275) (263)
6-2-7 40 107 135 149 149 138 0 1 30
(225) (275) (300) (300) (280)
6-2-8 50 107 135 149 149 138 0 1 30
(225) (275) (300) (300) (280)
6-7-1 60 107 135 149 149 139 0.28 1 30
(225)  (275) (300) (300) (283) (40)
6-7-3 65 107 135 149 149 139 0.28 1 30

(225) (275) (300) (300) (283) (40)




Table A-2

Extruder Parameters for Selected Modified Sulfur Cement/Boric Acid Solidification Formulations

Temperature Control

Settings °C, (°F) Instrumentation Readings
Dry Melt Melt Screw
Waste Zone Zone Zone Die Temp. , Press Load, Speed
Run No. Wt% 1 2 3 Zone °C(°F) MPa, (psi) Amps RPM
6-8-1 20 79 121 121 135 126 Q 1 40
(175) (250) (250} (275) (259)
6-8-3 30 79 121 121 135 126 Q 1 40
(175) (250) (250) (275) (259)
6-14-1 35 79 121 121 149 140 Q 2 30
(175)  (250) (250)  (300) (284)
6-8-2 40 79 121 121 135 127 0 2 30

(175) (250) (250) (275) (261)




Table A-3

Extruder Parameters for Selected Modified Sulfur Cement/Incinerator Ash Solidification Formulations

Temperature Control

Settings °C, (°F) Instrumentation Readings
Dry Melt Melt Screw
Waste Zone Zone Zone Die TemE., Press Load, Speed
Run No. Wt% 1 2 3 Zone °C(°F) MPa, {(psi) Amps RPM
6-14-7 10 79 121 121 149 138 0 2 30
: (175)  (250) (250)  (300) (281)
6-14-8 20 79 121 123 149 137 0 2 30

(175)  (250) (250) (300) (278)




Table A-4

Extruder Parameters for Selected Modified Sulfur Cement/Ion Exchange Resin Solidification Formulations

Temperature Control
Settings °C, (°F)

Instrumentation Readings

Dry Melt Melt Screw
Waste lone Zone Zone Die Temp. , Press Load, Speed
Run No. Wt% 1 2 3 Zone °C(°F) MPa, (psi)  Amps RPM
6-14-2 10 79 121 121 149 139 0 2 30
(175)  (250)  (250)  (300) (283)
6-14-5 20 79 121 121 149 139 0 2 40
(175)  (250) (250)  (300) (282)
6-14-3 30 79 121 121 149 139 0 2 40
(175)  (250)  (250)  (300) (282)
6-14-6 40 79 121 121 149 140 0 2 30
(175)  (250) (250)  (300) (284)




APPENDIX B

Dual Action Mixer Process Parameters for Representative
Modified Sulfur Cement Waste Forms



Table B-1

Dual Action Mixer Process Parameters for Selected Sodium Sulfate
Solidification Formulations

Temp.
Dry Control Melt Mix
Waste Set, Temp. , Time,
Run No. % °c, (°F) °C(°F) min.
1-156-1 30 129 125 5
(265) (257)
6-19-1 40 129 .127 5
(265) (260)
1-17-1 50 129 127 5
(265) (260)
6-19-3 60 132 129 5
(270) (264)
6-21-1 70 126 122 10
(259) (252)
4-11-1 75 127 122 10
(260) (252)
4-11-2 80 127 122 10

(260) (252)




Table B-2

Dual Action Mixer Process Parameters for Selected Modified
Sulfur Cement/Incinerator Ash Solidification Formulations

Temp.
Dry Control Melt Mix
Waste Set, Temp. , Time,
Run No. % °C, (°F) °C(°F) min.
i-22-1 20 123 121 5
(254) (250)
1-22-2 30 123 121 5
(254) (250)
1-23-1 40 125 122 5
(257) (252)
4-12-1 50 132 128 10
(270) (262)
4-12-2 57 132 128 10
(270) (262)




Table B-3

Dual Action Mixer Process Parameters for Selected Modified
Sulfur Cement/Incinerator Ash Solidification Formulations

Temp.
Dry Control Melt Mix
Waste Set, Temp. , Time,
Run No. % °C, (°F) °C(°F) min.
11-8-1 10 123 121 5
(254) (250)
11-13-1 20 123 121 5
(254) (250)
11-26-1 30 124 122 5
(255) (252)
{
11-27-1; 40 127 124 5
(260) (255)
11-28-1 43 127 126 10

(260) (255)




APPENDIX C

Tabular Leaching Data

Key
TIME = Cumulative leaching time, days
CPM = Counts per minute
IFR = Incremental fractional release
CFR = Cumulative fractional release
IRR,d = Incremental release rate, days-l

IRR,s = Incremental release, seconds-l



FILE:

§5-8-1

25 Wt% Sodium Sulfate in Modified Sulfur Cement

STORED O DISC: PK D1

85-5 LEACHATE COUNTING DATA (CFPM):

-t
100 m

1]
.08
h.23
.29
.00
3.0
1. 00
.o
.00
.ad
.62

000 N1 O3 U B B e
oo =
DA Ul & Gl - & & —f

1

&
o
—

10

FRACTION RELEASE

CESIuUM-137

TIME
.08
@.25
1.08
2.90
3.00
4.08
£.00
18.0@
45 .00
91.90¢

SO 3O UT P GEN— | e

—

>}
=
—
i
o)
&

TIME

|
1
|
i

S
[
o

Q
O B BIN = - =)
as]

e saSsan
R ese & s U

[}

Ul W GO U N
SO N P )= dE 0w

[SSIR ST I oV

o
I
-
pu =1

o]
sl
=

N UTWwW N NOEO U N R
LI S A g I AR B B i #1

Ol

<
0
=

|
1
i

ClHNMOUS © & — = —nN
NN X =SS

o s NSO N BT

BN DR BN D) o) O) e

C

S & =

=i

ONNOC UK =880

Ut G

IFR

.49E-204
.b9E-Ba4
.SBE-204
L41E-004
.42E-0T4
.70E-004
L22E-BU4
.15E-@03
L 13E-803
L1Z2E-083

.Z2E-004
. 34E-B05
. 23E-005
. 3UE-05
.43E-004
.55E-004
BTE-304

Table C-1

X

[ L
Qoo ea9 o

LA I T« N SY I SV I S B |
v e v s e e e e
oo AL SK S I SR T o I SV « BE S (SO NN
TGP SIUIRNG | O
rnmrnrnrnrrlrlr':mmml'n

[ap

)

(SRS s R I ST o IO S R I ¥
[SVIN AN I &3 B I EX I EE RN OY Iy SU I SU R

IRR,d
8.93E-003
2.25E-pd3
1.32E-003
B.41E-904
5.42E-0@4
4.70E-004
4 . 22E-004
3.9BE-004
2.15E-204
1.36E-2@4

WN @GN
a ~ @G
mimmm
[ |
«
[ G
wn u

£

7.42E-0809
6.28E-938
5.44E-009
4.88E-v¢0d9
4,58E-0039
2.53E-@@9
1.57E-888



Table C-2

25 Wt% Sodium Sulfate in Modified Sulfur Cement

FILE:  §5-8-2

1 TiME Cs Co

1 @.¢s8 7.6 i.8

Z 8.253 5.6 1.8

3 1.09 19.1 1.8

4 2.00 8.5 3.7

5 3.09 7.2 1.2

8 4.08 5.1 é.7

7 5.80 5.2 1.2

g 15.00 34.5 6.7

S 46 .08 44.@ 5.6

1@ 91.20 33.9 5.4
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CESIUM-137

I TINME CPiM IFR CFR IRR,d iRi,s

1 @.08 7.6 4 .989E~004 4.99t-034 5.95E-863 b.93E-288
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3 1.60 16.1 6.63E-0L4 1.53E~@@3 9.35E-064 1.86E-685
4 2.08 8.5 5.58E~-004 2.G3E~003 5.58E-d4 6.45E-0@9
5 3.90 7.2 4.72E-004 2 .56E-803 4.72E-634 5.47E-089
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9 46.00 44.9 7.79E-683 1.33E-@d2 2.78E-004 3.22E-209
19 9i.26 33.0 5.85E-603 1.81E-6082 1.50E-004 1.50E-0065
COoBALT-B@

I TINE CPM IFR CFR IRR,d IRR,s

1 0.08 1.8 1.18E~G0@4 1.18E-d04 1.42E-003 1.64E-¥08
2 9.29 1.8 1.1bE-0064 2.34E-004 5.55e-0d4 b.47E-6@9
3 1.00 1.8 l.i6E~004 3.51E-204 1.64E-9@4 1.96E-639
4 2.6@2 3.7 2.ZBE~-004. S.87E-064 2.36E~-20d4 2.73E-809
5 3.60 1.2 7.37E~-¥d0@5 6.51E-0G4 7.37E-205 8.54E-210
B 4.06@ B.7 4,.B6UE-B05 7.07E-004 4 .8@E-205 5.3ZE-01¢
7 5.89 1.2 7.39E~-0US 7.81E-0064 7.39E-0@5 6.55E-81@
8 18.6@ B.7 4.28E-004 1.21E-603 3.29e-0085 3.8lE-@1@
9 46.00 5.6 3.85E-024 1.60E-~0B3 1.39E-2@5 l1.6iE-@l@
i 91.@0 5.4 3.B0E-004 i.98E~-003 8.45E-906 8.78E-Q11



Table C-3
40 Wt% Sodium Sulfate in Modified Sulfur Cement

3
SC: PK D1

85-5 LEACHATE COUNTING DATA (CPM):

I TIME £s co
1 ©.08 32.2 19.8

2 0.29 51.2 9.5

5 1.00 86.5 14.5

4 2.90 38.7 38.5

5 3.00 14.9 4.3

8  4.00 43.2 4.3

7 5.00 23.7 11.5

& 18.00 422.5 355.5

5  45.09 365.9 159.8

16 91.00 518.9 637.2
FRACTION RELEASE DATA:
CESIUM~137

1 TIME CRit 1FR CFR 1RR, d IRR, s

I .08 32.2  1.32E-203  1,32E-003  1.SBE-0@2  1.B83E-007
2 0.29 51.2  2.19E-@03  3.41E-003  1.QIE-08Z  i.1GE-007
5 1.0 86.5  35.54E-@03  §.95E-003  5.@0E-003  5.7IE-008
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COBALT-E0

1 TIME CPM IFR CFR IRR,d IRR, s

1 0.8 10.6  4.22E~@04  4.22E-@04  5.Q7E-Q03  G.B7E-D08
2 0.78 9.5  3.21E-9@4  B.03E-004  1.83E-003  2.17E-0@8
3 1.00 14.5  5.80E-0@4  1.3BE-BQ3  8.19E-004  9.4BE-209
4  2.00 38.5  1.54E-003  2.93E-005  1.S54E-003  1.78E-008
5 3.00 4.3  1.70E-0@4  3.10E-003  1.70E-2@4  1.97E-209
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Table C-4

40 Wt% Sodium Sulfate in Modified Sulfur Cement

FILE: 85-~g-~4
STORED OWN DISC: PK D1

85-5 LEACHATE COUNTING DATA (CPM):

I TIrME CS Co
1 @.08 6.8 3.8
2 @.25 41.9 11.1
3 1.69 13.8 4.5
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FRACTION RELEASE DATA:
CESIUM-137
I TIME CPM IFR CFR IRR,d IRR,s
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4 2.0@ 42.72 1.79E-003 4,43E-003 1.79E-003 2.87e-de8
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& 4.09 59.9 2.54E-803 7.76E-003 2.54E-003 2.94E-008
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) 18,44 2224.8 Y.45E-Vids 1.85E-602 f.25E~Q04 §.40E-009
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20 Wt$ Incinerator Ash in Modified Sulfur Cement
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Table C-7
40 Wt% Incinerator Ash in Modified Sulfur Cement

FILE: 85-5-7
STORED ON DISC: PK D1

85-5 LEACHATE COUNTING DATA (CPM):

I TIME cs Cco

1 ©.08 4.5 0.0

2 .23 6.2 Q.2

3 1.00 12.8 6.2

4 2.09 10.9 e.3

5 J.00 8.0 0.2

6 4.00 7.1 e.2

7 5.0 8.3 3.1

8 18.00 44.9 2.6

9 45.00 41.3 2.4
19 31.060 35.6 2.1
FRACTION RELEASE DATA:
CESIUM-137

I TIME CPM IFR CFR IRR,d IRR,s

1 2.08 4.5 1.76E-004 1.76E-004 2.11E-003 2.44E-008
2 .29 : 5.2 2.41E-004 4.17E-004 1.16E-023 1.34E-008
3 1.00 12.9 4.95E-02024 9. 16E-024 7.05E-004 8.16E-008
4 2.00 1.9 4. .24E-004 1.34E-003 4.24E-004 4.90E-0083
5 2.008 8.0 3.11E-004 1.65E-803 3.11E-004 3.60E-009
6 4.00 7.1 2.75E-004 1.93E-003 2.75E-004 3.16E-008
7 5.00 8.3 3.22E-004 2.25E-003 3.22E-004 3.72E-909
8 18,020 44.0 1.71E-003 3.96E-003 1.31E-004 1.52E-009
9 46.00 41.3 1.60E-Q03 5.56E-003 5.73E-005 E.63E-010
10 91.00 35.6 1.38E-003 65.94E-003 3.07£-00% Z.55E-010
COBALT-E0

I TIME CPM IFR CFR IRR,d IRR,s

1 9.08 0.0 1.13E-0086 1.13E-206 1.36E-02@5 1.57e-010
2 .29 0.2 8.78E-0086 9.91E-806 4.22E-005 4.88C-010
3 1.0¢ Q.2 6.90E-0086 1.68E-205 9.74E-0086 1.13E-010
4 2.00 B.3 1.13E-005 2.BlE-005 1.13E-005 1.31E-010
5 3.00 8.2 G.27c-006 3.44E-005 6.27E-008 7.26E-011
B 4.00 0.2 7.53E-008 4.18E-005 7.53E-006 8.71E-211
7 5.00 3.1 1.15E-004 1.57E-004 1.15E-0084 1.33E-009
8 18.00 @.8 2.32E-005 1.80E-004 1.79E-0206 2.07E-011
9 46.09 0.4 1.44E-005 1.94E-004 5.15E-0@" 5.965-012
1@ 91.00 2.1 1.8BE-006 1.96E-004 4.18E-2@b 4.84E-013
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40 Wt% Incinerator Ash in Modified Sulfur Cement

STORED ON DISC: PK DI
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Table C-~9

Modified Sulfur Cement Waste Form Leaching Specimen Data

137¢s 60co
Waste

Equivalent Equivalent Form Surface Leachant
File No. Activity, uCi, Counts, CPM Activity, uCi Counts, CPM Volume, cm3 Area, Cm Volume, ml
85-5-1 21.97 203906 23.44 210272 141.5 157.9 1579
85-5-2 23.96 222376 25.56 229290 161.3 172.2 1720
85-5-3 43.76 406142 46.70 418929 154.7 166.6 1666
85-5-4 43,52 403915 46.44 416597 154.3 166.2 1662
85-5-5 16.66 154623 17.78 159498 142.3 156.9 1569
85-5-6 18.22 169102 19.44 174389 131.2 147.0 1470
85~5-7 44,66 414495 47.66 427541 152.3 160.9 1609
85~5-8 44,65 414402 47.64 427362 152.5 164.7 1647



Table C-10

Average Cumulative Releases, 20 wt% Sodium Sulfate in Modified Sulfur Cement

FILE: 2@SULF
STORED ON DISC: PK DI

CUMULATIVE FRACTION RELEASE, Cs:

I TIME 85-5-1 85-5-2 AVG

1 0.08 4.83E-003 7.43E-003 4,13E-003
2 ®.29 5.39E-003 5.35E-083 5.37E-003
3 1.00 6.35E-003 7.71E-203 7.83E-003
4 2.00 7.44E-003 1.01E-022 8.738E-003
=] 3.80 3.15E~-083 1.13E-0062 1.02E-002
6 4.00 1.86E-002 1.29E-002 1.18E-0202
7 5.00 1.20E-002 1,46E-002 1.32E-002
g 18.00 2.73E~002 2.47E-002 2.60E-202
9 465.00 5.33E~002 4 .35E-622 4,.84E-282
ie 91.00 7.42E~002 8§.37E-002 6.90E-002

CUMULATIVE FRACTION RELEASE, Co:

I TIME 85-5-1 g5-5-2 AVG

1 0.08 1.68E-203 1.19E-803 1.44E-203
2 @.29 1,7BE-203 1.56E-003 1.67E-6@3
3 1.020 1.90E-~003 1.B8EBE-6083 1.88E-083
4 2.00 1.97E-003 2.Q7E-D23 2.02E-003
5 3.00 2.08E-083 2.15E-233 2.11E-093
6 4.2 2.17E-003 2.24E-003 2.20E-003
7 5.00 2.28E-203 2.36E-003 2.32E-003
8 18.0@ 2.88E-003 2.74E-083 2.81E-003
g 46.00 3.74E-003 3.45E-003 3.60E-003
10 31.0@ 4.41E-003 4 . 57E-003 4.48E-003



Table C-11

Average Cumulative Releases, 40 Wt% Sodium Sulfate in Modified Sulfur Cement

FILE: 40SULF
STORED ON DISC: PK D!

CUMULATIVE FRACTION RELEASE, Cs:

I TIME 85-5-3 85-5-4 AYG

1 0.08 1.38E-003 8.15E-004 1.1E-Q03
2 0.29 2.82E-003 1.67£-003 Z2.25E-003
3 1.00 5.64E-203 2.40E-003 4.022E-203
4 2.00 6.6BE-003 Z.90E-003 5.29E-003
5 7.00 7.81E-003 4.87E-003 6.34E-003
3] 4.90 8.99E-003 S.BZE-023 7.41E-003
7 5.00 1.00E-092 7.83E-003 8.53E~G037
8 16.00 2.41E-002 1.78E-@82 2.10E-092
9 46.00 5.45E-002 5.43E-002 5.47E£-002
12 91.00 1.54E-001 1.62E-001 1.58E-001

CUMULATIVE FRACTION RELEASE, Co:

I TIME 85-5-3 25-5-4 AVG
i @.028 2.E5E-004 1.42E-004 2.04E-004
2 .29 3.10E-004 1.85E-204 2.53E~004
3 1.00 4.09E-204 2.15E-284 2.14E-004
4 2.00 4,58E-004 2.61E-004 3.58E-~-004
5 3.90 5.02E-004 2.85E-024 3.33E-004
6 4.00 5.38E-004 3.05E-004 4.21E~-004
7 5.00 5.64E-004 3.34E-004 4.49E-204
g 18.00 9.153E-004 4.77E-C04 E.95E-004
g 46.00 1.51E-08@3 E.61E-004 1.0BE-003
10 91.00 2.40E-003 9.36E-004 1.67E-083



Table C-12

Average Cumulative Releases, 20 Wt% Incinerator Ash in “ocified Sulfur Cement

FILE: 2@ASH
STORED ON DISC: PK DI

CUMULATIVE FRACTION RELEASE, Cs:

I TIME 85-5-5 85-5-6 Ave
1 0.08 5.82E-004 2.97E-0024 4,.39E-004
2 @.29 1.@5E-803 5.00E-204 7.74E-004
3 1.00 1.73E-203 7.93E-004 1.26E-003
4 2.00 2.27E~-003 1.05E-003 1.66E-203
5 3.00 2.77E-003 1.20E-003 1.99E-003
] 4.920 3.17E-003 1.35E-003 2.26E~003
7 5.00 3.55E-003 1.47E-003 2.51E-003
8 18.00 4.35E-003 3.32E-003 3.84E-003
9 4G6.00 5.58E-003 3.97E-003 5.27E-003
10 91.60 8.49E-003 4.46E-003 6.4BE-003

CUMULATIVE FRACTION RELEASE, Co:

I TIME 85-5-5 85-5-6 AVG

1 .08 3.28E-806" 1.55E-005 9.37E-2086
z 0.29 3.28E-Q08 1.87E-205 1.15E-005
3 . 1.00 9.84E-006 2.25E-805 1.62E-005
4 2.00 1.64€E-085 3.79E-005 2.72E-005
5 5.00 2 .4B6E-005 4.21E-005 3.34E-005
6 4.00 3.61E-005 5.76E-005 4 .6BE-005
7 5.09 1.64E-004 1.63e-0204 1.63E-004
g 18.00 5.16E-004 2.02E-004 2.59E-004
9 46.08 3.2RE-Q04 3.79E-004 3.53E-004
1@ 91.00 Z.54E-004 4.19E-004 3.86E-004



Table C-13

Average Cumulative Releases, 40 Wt% Incinerator Ash

FILE: 4QASH
STORED ON DISC: PK D1

CUMULATIVE FRACTION RELEASE, Cs:

I TIME B5-5-7 85-5-8 AYG
1 0.08 1.76E-004 2.34E-004 2.05E-004
2 0.29 4.17E-004 4.83E-004 4,.506-004
3 1.00 9, 16E-004 1.23E-003 9.726-004
4 2.00 1.34E-003 1.4B8E-003 1.41E-003
5 3.00 1.65E-003 1.82E-203 1.74E-093
5 4.00 1.93E-003 2.05E-003 1.99E-003
7 5.00 2.25E-093 2.28E-003 2.26E-003
8 18.00 3.95E-003 3.74E-003 3.85E-003
9  45.00 5.56E-003 5.18E-003 5.37E-003
19 81.00 G.94E-003 B.44E-003 6.596-003
CUMULATIVE FRACTION RELEASE, Co:

I TIME §5~-5-7 85-5-8 AVG

1 0.028 1.13E-006 3.07E-006 2.10E-0086
2 2.29 9.91E-066 §.92E-006 8.42E-006
3 1.00 1.68E-005 1.72E-005 1.70E-005
4 2.00 2.81E-00% 3.00E-P0S ?.91E~095
S 3,00 3.44E-005 3.65E~-005 3.54E-005
6 4.00 4.196~005 4.16€-005 4.18E-025
7 5.00 1.57E-004 1.065E~-204 1.32E-004
g8 18.00 1.80E-004 1.17E-004 1.49E-004
9  45.00 1.94E-004 1.27E-204 1.61E-004
10 81.00 1.96E-004 1.20E-004 1.63E-004



