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SOLIDIFICATION OF COMMERCIAL AND DEFENSE
LOW-LEVEL RADIOACTIVE WASTE IN POLYETHYLENE.
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Nuclear Waste Research Group
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Upton, New York 11973

ABSTRACT

A process has been developed for the solidification of salt wastes,
incinerator ash and ion-p.xchange resins in polyethylene. Of the salt wastes,
sodium sulfate and boric acid are representative of the wastes produced at
commercial nuclear facilities while sodium nitrate is a typical high-volume
waste generated at defense-related facilities. Ease of processibility and
high loading efficiencies were obtained through the use of low-density
polyethylene (0.917 to 0.924 g/cm3) with melt indices ranging from 2.0 to 55.0
g/minute. The process utilized a commercially available single-screw extruder
to incorporate the wastes into the polyethylene at about 120°C to produce a
homogeneous mixture. Although present studies utilize dry wastes, wet wastes
can also be processed using vented extruders of the type used commercially for
the bitumen solidification process.

Tests were performed on the waste forms to determine leachability,
according to the ANS 16.1 Method, and mechanical properties. In the case of
waste forms containing nitrate salt waste, the EPA Extraction Procedure was
also used. To confirm the compatibility of polyethylene and nitrate salt
waste at elevated temperatures, the self-ignition temperatures were measured
and a differential scanning calorimeter was used to characterize the thermal
behavior of oxidizing compounds contained in the simulated waste, as well as
the real Savannah River Plant waste. Mo exothermic reactions were observed
over the temperature range studied from 50°C to 400°C.

INTRODUCTION

The most common solidification agents used for the stabilization of
low—level radioactive wastes (LLW) at nuclear facilities are portland cements,
bitumen and thermosetting polymers. Operational difficulties such as
incompatibility with waste constituents, low loading efficiency, premature
setting or the formation of solidified products with poor performance
properties have been observed with these materials.

This work was initiated originally to develop materials and processes for
the improved solidification of commercial LLW.1,2,3 Later it was expanded to
include the stabilization of DOE problem wastes.4,5,6 Problem wastes are
defined as those wastes for which current techniques are considered Inadequate
for either technical or economic reasons.



One of the materials which was developed and is the subject of this paper
is low-density polyethylene in conjunction with an extrusion system. The
choice of polyethylene as an improved solidification agent was based on such
considerations as compatibility with waste, solidification efficiency,
material properties, availability of materials, economic feasibility and ease
of processibility. Since the solidification process is not dependent upon
complex chemical reactions as it is in the case of hydraulic cements and
thermosetting polymers, the processing is simplified and solidification of the
waste is assured.

The use of polyethlene to encapsulate low-level waste (LLW) was
originally suggested by researchers at Oak Ridge National Laboratory (ORNL)7.
Polyethylene has been used for solidification of low- and intermediate-level
wastes in The Netherlands (unpublished) and in Argentina , . Currently
researchers in Japan1" are investigating various methods of encapsulating in
polyethylene waste generated at nuclear power plants.

MATERIALS

Polyethylene

Polyethylene is a thermoplastic organic polymer of crystalline-amorphous
structure formed through the polymerization of ethylene gas. At elevated
temperatures thermoplastic polymers change from a hard material to a rubbery
flowable liquid. On cooling, the polymers revert to their original form.

Polyethylene is resistant to most acids, bases, and organics normally
encountered In waste streams. The superior mechanical properties of
polyethylene (i.e., compressive strength) allow higher waste loadings than
normally can be incorporated into other materials such as cement or bitumen,
without compromising the integrity of the waste form.

Some of the more important factors which affect the properties of
polyethylene are density, molecular weight, molecular weight distribution,
melt index, and crosslinking. Low-density polyethylene (0.910 - 0.925 g/cm3)
is preferred for the solidification of low-level radioactive waste since the
processing temperatures and pressures are appreciably lower than those
required for high-density polyethylene.1,2, A low processing temperature is
more desirable not only for economic reasons, but also for ease of
processibility and prevention of volatilization/decomposition of the waste
components. Evaluation of the properties of solidified waste forms were
conducted to determine the relative effects of material properties on the
performance of the waste forms. The selection of polyethylene best suited for
the solidification of specific wastes was based on a balance between
achievable waste loadings, process control requirements and the results of
waste form performance tests.

Waste Types

Five types of waste were solidified in polythylene. Sodium sulfate
(Na2S0(() and boric acid salt (H3BO3) represent evaporator concentrates from
commercial boiling water and pressurized water reactors, respectively. Both
salts were used as a fine, dry powder with respective bulk densities of 1.46
and 1.44 g/cm3.



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

Unloaded mixed-bed ion exchange resin beads manufactured by Rohm and Haas
Corp., Philadelphia, PA, were used to simulate reactor resins. Although
actual reactor resin waste is chemically loaded, the use of unloaded resins is
not expected to alter results since no free ions are available to interact
within the polyethylene matrix. 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 to
1.0 mm in diameter. As-received resins (2:1 mixed-bed) have a density of
approximately 1.21 g/cm and contained approximately 58 percent moisture by
weight. Typically ion exchange resins at reactors are maintained in a slurry
(containing about 80 percent moisture) to facilitate transfer operations.
Prior to processing with polyethylene, the resins were oven dried overnight at
110°C. This step was necessitated by design constraints of the bench scale
extruder, which preclude presence of moisture.

Sodium nitrate salt waste is a typical high-volume waste generated at
defense-related facilities. Although the waste streams can vary greatly in
radiological, chemical, and physical properties, the most abundant component
of the waste stream is sodium nitrate (NaN03). Consequently, dry NaN03 salt
was used to simulate this waste stream in all of our studies except some
involving waste-binder combatibility.

Studies in process development and the evaluation of the properties of
the waste forms usually were performed using non-radioactive simulated
wastes. Radioactive tracers were added to those waste forms which were leach
tested for the release of radionuclides. All materials were selected to
closely resemble actual wastes in both physical and chemical composition.

STUDIES OF SODIUM NITRATE WASTE-POLYETHYLENE COMPATIBILITY

The chemical composition of a waste stream should be considered when
developing a solidification system to avoid processing problems resulting from
waste-binder interactions. Sodium nitrate waste streams at Savannah River
Plant (SRP) and Rocky Flats Plant (RFP) contain a substantial amount of sodium
nitrate (NaN03), however, there are notable differences in the types and
concentration of other chemical constituents. Of particular interest in
this study is the presence of sodium nitrite (NaNO2) in SRP waste and
potassium nitrate (KN03) in RFP waste. Both compounds, along with NaNO3, are
categorized as strong oxidizers and are capable of becoming unstable at
elevated temperatures or in combination with organic materials.

Since polyethylene is an organic material, a series of experiments were
conducted to determine the thermal stability of the major waste components in
the presence of polyethylene at elevated temperatures. A differential
scanning calorimeter (DSC) was used to characterize the thermal behavior of



selected compounds and to determine the effects of oxidizing compounds on
polyethylene. The self-ignition temperatures of polyethylene, separately and
in combination with several selected waste components were also measured.

Studies of Thermal Stability

A Perkin-Elmer Differential Scanning Calorimeter (DSC) was used to
characterize the thermal behavior of the compounds listed in Table 1.

Table 1

Compounds Tested for Thermal Stability Using a Differential Scanning
Calorimeter

Polyethylene

NaNO3

NaNO2

KNO3

Na2SO^

NaA102

Na2CO3

NaOH

RFP Salt (simulated)

SRP Salt (simulated)

SRP Salt (real)

Polyethylene +

+

+

«• ,

t* •

•t ,

+

+

+

+

NaNO3

NaNO2

KNO3

Na2SO1+

NaA102

Na2CO3

NaOH

RFP Salt

SRP Salt

SRP Salt

(simulated)

(simulated)

(real)

Aluminum or gold pans were used to encapsulate »0.1 g samples of the
above compounds and compound-solidification agent mixtures (at equal amounts
of each). The samples were heated in the DSC oven while the temperature was
raised at the rate of 40°C/min over a range from 50°C to 400°C. Nitrogen was
used as the carrier gas. The measured differences in heat (calories) intake
or output between sample and reference pan represent endothermic and
exothermic reactions, respectively. The thermograms, shown in Figures 1-6,
describe the thermal behavior cf some of the compounds tested. All major
peaks of the mixtures could be identified by matching them with the peaks in
the thermograms of the individual compounds. In each case, the thermal
profiles depict endothermic reactions characteristic of the melting points and
transition temperatures of the respective compounds. No exothermic reactions
were observed over the temperature range used.
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Measurements of Self-Ignition Temperature

The self-ignition temperature of a material is defined by the American
Society for Testing and Materials (ASTM) as "the lowest initial temperature of
air passing around the specimen at which, in the absence of an ignition
source, the self-heating properties of the specimen lead to ignition or
ignition occurs of itself, as indicated by an explosion, flame, or sustained
glow."

The measurements were made according to ASTM-D-1929, "Standard Methods
for Ignition Properties of Plastics," on specimens of polyethylene
individually and in combination with NaNO3, NaNO2, and actual SRP salt waste.
The polyethylene specimens containing NaNO2 were tested at salt loadings of
30, 50, and 70 wt%. The other specimens tested contained 50 wt% salt. The
SRP waste solution was vacuum dried at 20°C prior to incorporation into the
polyethylene. The specimen (=»3g) was placed in a hot-air ignition furnace
with an air flow velocity of 152 cm/s, while the furnace temperature was
increased at a rate of 600°C/h. The temperature of the specimen and the air
passing around the specimen was monitored with chromel-alumel thermocouples.
Both temperatures were recorded at the first indication of ignition.

Tĥ > measured self-ignition temperatures for specimens containing varying
concentrations of salt waste are presented in Table 2.

Table 2

Self-Ignition Temperatures of Polyethylene with Nitrate Salt
and Salt Waste Components

Specimens

Specimen Temperature
at Ignition Point

(°C +_ 5°C)

434

380

362

360

363

365

Air Temperature
at Ignition Point

(°C + 5°C)

433

381

360

358

359

365

Polyethylene

Polyethylene/50 wt% NaN03

Polyethylene/30 wt% NaN02

Polyethylene/50 wt% NaN02

Polyethylene/70 wt% NaN02

Polyethylene/50 wt% SRP Real Waste



SOLIDIFICATION PROCESS

A number of processing techniques were considered for incorporation of
wastes into low-density polyethylene. These included batch heating vessels,
wiped film evaporators and screw-type extruders. , , , Based on such
considerations as ease of processibility, quality control, and the use of a
proven and available technology, the extrusion method was selected. This
process simultaneously mixes and heats the waste and binder to produce a
homogeneous mixture at extrusion temperatures at approximately 120°C. A
simplified schematic of the system is shown in Figure 7, and a more detailed
description is given in References 1 and 2.

For the production of laboratory-scale polyethylene waste forms, a
commercially available 1-1/4 inch single-screw extruder, manufactured by
Klllion Extruders, Inc., Verona, NJ, was used. The extruder was modified to
accommodate a dynamic feed system with two hoppers to eliminate static
premixing and gravity feeding of waste and binder materials into the
extruder. These feeders improved the homogeneity of the product by closely
regulating the rate at which both waste and binder are introduced into the
extruder. Since the laboratory scale extruder was not equipped with vents to
allow water vapor to escape, all waste materials were dried to facilitate
mixing with polyethylene, which is not misclble with water.

The process is especially well suited for incorporation of dry wastes
resulting from advanced technologies in volume reduction. Pre-drying of
aqueous wastes before incorporation into polyethylene results in improved
packing efficiencies and homogeneity of the product. Homogeneity of the waste
form also depends on the particle size of the dried waste, as do the leaching
characteristics >

PROPORTIONAL
FEEDER

PROPORTIONAL
FEEDER

| ' 9 0 4 0 0 1 '
SCREW

LEXTRUDER

' { 6 9 0 *

^HEATER

Figure 7: A schematic of the continuous extruder process for immobilization
of dry wastes in polyethylene.



Commercial extruder-evaporator systems are available which simultaneously
evaporate water from liquid wastes while encapsulating the residual solids in
a binder such as asphalt 3. Since the thermoplastic properties of polyethy-
lene are similar to those of bitumen, it is highly feasible that polyethylene
can easily be adapted to this system.

Studies on process development were conducted with a variety of low-
density polyethylenes having densities between 0.917 to 0.924 g/cm , melt
indices between 2.0 to 55.0 g/10 min, and molecular weights between 19,000 to
70,000. The important process parameters investigated included temperature,
pressure, mixing kinetics and volumetric efficiency. In general,
polyethylenes with a density of 0.924 and melt indices of 35.0 to 55.0 g/10
n~in, were able to incorporate greater quantities of waste. Results of these
studies are given in Table 3. In the case of sodium sulfate, boric acid,
incinerator ash and ion exchange resins, the maximum waste loadings are: 70
wt%, 50 wt%, 40 wt%, and 65 wt%, respectively. They are presented as dry
weight percent and represent the maximum amount of waste which can be
incorporated to form a monolithic solid, based solely on process constraints
due to the small size of the extruder. In the case of sodium nitrate,
waste forms loi ded at greater than 70 wt% were not prepared because the
nitrate releases form 70 wt% loaded samples approached those of some
cement-based wa: te forms.

Table 3

Maximum Waste Loadings Obtained for Polyethylene Waste Forms
by the Extrusion Method

Polyethylene

Density (g/cm3) Melt
0.924
0.
0,
0.
0,

.924

.924

.917-0.925

.924

Index
35.0 -
55.
55,
20.
55,

.0

.0

.0 -

.0

(g/10 min)
55.0

55.0

Waste

Waste Type
Sodium Sulfate
Boric Acid
Ion-Exchange Resin
Incinerator Ash
Sodium Nitrate

Loading

(wt %)
70
50
65
40
70

EVALUATION OF WASTE FORM STABILITY

Sample Fabrication

Laboratory-size samples of varying waste/binder ratios were prepared
using the extrusion method as described previously. Waste loadings ranged
from 20 to 65 wt% ion exchange resins, 10 to 70 wt% Na^O,,, 20 to 50 wt*
H3BO3, 20 to 40 wt% incinerator ash, and 30 to 70 wt% NaNOj. The homogeneous
extruded mixtures were solidified in cylindrical molds, yielding samples of
approximately 4.8 cm diameter x 9 cm high.

Those samples which were prepared for the determination of the release of
radionuclldes had radioactive tracers incorporated into the wastes. The
radioisotopes used were Co-60, Sr-85 (in place of Sr-90) and Cs-137, since



these are the radionuclides usually of greatest concern in low-level wastes.
Source terms of the waste forms were calculated using the waste loading (wt%)
and the final weight of each specimen.

Testing

The tests which were used to evaluate the stability of the waste forms
are listed in Table 4. Most of them are those recommended in the NRC's Branch
Technical Position Paper on Waste Form11* in support of 10 CFR 6l 1 5.

In the case of waste forms containing sodium nitrate waste, only two of
these tests, the 90-day immersion in water and the ANS 16.1 Leach Test,16 were
performed. Since some of the states have adoped the EPA drinking water
standards as a guideline for the amount of nitrates that can be released into
the environment which could eventually enter the groundwater, also the EPA
Extraction Procedure (EP) was used. The EP, which is described in detail in
40 CFR Part 261, App. II , was designed to characterize the leaching
performance of hazardous waste packages under landfill conditions. The
National Interim Primary Drinking Water Standards18 set a limit for total
nitrogen at 10 mg/1 (44 mg of nitrate/1). In order to take into account the
attenuation and dilution expected during migration of the leachate to the
groundwater, the limit set in the standard is combined with a generic
attenuation/dilution factor of 100 to yield the regulatory limit (44 mg/1 x
100 = 4400 mg/l). The amount of a contaminant released during the EP is
compared to the regulatory limit for compliance.

Table 4

Waste Form Test Methods

Test

Compressive Strength

Compressive Yield
Strength

90-day immersion in water

Thermal cycle

Leach testing (90 days)

Irradiation - 108

Biodegradation

Fungal attack

Bacterial attack

Method

ASTM D-1074

ASTM D-695

ASTM B-553

ANS 16.1

Gamma Irradiator
or equivalent

ASTM G21

ASTM G22

Test Criteria

Compressive strength _>. 50 psi

Compressive strength ^ 50 psi

Compressive strength >_ 50 psi

Leachability index > 6.0 for
each isotope

Compressive strength _>_ 50 psi

Fungal growth < 10%

Compressive strength >_ 50 psi

No observed bacterial growth
Compressive stength >_ 50 psi

EPA Extraction Procedure <44 mg of nitrate/ji or

<4400 mg/Jl if apply attenuation/

dilution factor of 100



Results

In general, increased waste loadings for polyethylene specimens
containing sodium sulfate, boric acid or incinerator ash had little effect on
the results of such tests as thermal cycling, water immersion, biodegradation
and irradiation. Only specimens containing ion exchange resins showed a
correlation between waste loadings and waste form failure during the water
immersion test. Specimens containing 50 wt% resin swelled approximately 9X
while those containing 60 wt% or more resin suffered severe cracking. Based
on this test, a waste loading of 30 wt£ dry ion exchanges resin is recommended
for solidification in polyethylene, although loadings up to almost 50 wt% may
be acceptable. In the biodegration test no bacterial or fungal growth was
observed. The compressive strength measurements made during these tests for
polyethylene samples at optimal waste loadings are summarized in Table 5. Test
results for samples at other loadings are given in References 2 and 6. All of
the values are _> 500 psi.

Table 5

Compressive Strengths of Polyethylene Waste Forms

Waste
Type

Sodium
Sulfate

Boric Acid

Incin. Ash

Ion Ex.Res.

.Sodium
Nitrate

N.P. = Test

Waste
Loading
Wt%

70

50

40

30

70

•was not

Compressive

Thermal
Initial Immersion Cycling

1600

1600

2000

2000

1020

performed.

7 DO

500

1140

1580

720

1900

1800

2200

2000

N.P.

Strength (psi)

Irradiation

1800

1700

1500

1600

N.P.

i.iodegration
Bacteria Fungi

900

1300

2200

1700

N.P.

1200

1300

2800

20QO

N.P.

In contrast, a clear dependence of leachability upon increased waste
loadings for all three isotopes was observed for samples loaded with sodium
sulfate and incinerator ash. The same trend was seen for nitrate releases
from sodium nitrate loaded samples. Only in the case of samples loaded with
ion exchange resins, a significant trend was not observed. Samples containing
boric acid were not leach tested.

The leaching data , was used to calculate the leaching indices as
prescribed in the ANS 16.1 Laach Test Method. This index is a dimensionless
figure of merit which quantifies the relative leachability for a given waste
form. It can thus be used as a basis for comparison of the retention



capabilities for various waste components by different combinations of waste
types and solidification agents. Since the leaching index is inversely
proportional to effective diffusivity, higher values represent reduced
leachability.

60, Sr, and 137Cs from polyethylene wasteThe leaching indices for CO,
forms loaded with sodium sulfate, incinerator ash and ion exchange resins are
given in Table 6. They range from 9.9 to 19.5. The sodium nitrate leaching
indices range from 7.8 to 11.1 and are listed in Table 7.

Table 6

Average Radionuclide Leaching Indices for Polyethylene Waste Forms

Waste
Type

Sodium
Sulfate

Incinerator
Ash

Ion Exchange
Resin

waste
Loading
(Wt%)

10
30
50

25
35

10
20
30

Average
Leaching

Index,Co-60

11.5
11.1
10.1

13.9
12.7

13.6
14.3
14.6

Average
Leaching

Index,Sr-85

13.9
11.1
10.2

15.5
14.9

16.2
14.7
16.1

Average
Leaching

Index,Cs-137

14.7
11.4
9.9

12.5
11.3

18.2
18.9
19.5

Table 7
Average NaN(>3 Leaching Indices
for Polyethylene Waste Forms

Waste
NaNO,

30
50
60
70

Loading
(wt%) Average Leaching Index

11.1
9.7
9.0
7.8

The results of the Extraction Procedure are given In Table 8 as ppm of
nitrate found in the leachate. These values are low for 30 to 60 wt% loaded
samples, ranging from 11 to 64 ppm. Even the 70 wt% loaded sample with a
nitrate release of 492 ppm is below the regulatory limit- when the dilution/
attenuation factor is applied.



Table 8

EPA Extraction Procedure Data on Release of Nitrates
from Polyethylene Waste Forms

Waste Loading Nitrate in
(NaNO3 Wt%) Leachate (ppm)

30 11

50 40

60 64

70 492

CONCLUSIONS

• This work demonstrates polyethylene as a viable solidification agent for
various types of low-level waste.

The compatibility of polyethylene and nitrate waste salts at temperatures
to 400°C was confirmed using differential scanning calorimetric
techniques, implying that these materials remain chemically stable at
temperatures greatly exceeding those required for processing (»120°C).

Self-ignition temperatures, measured according to ASTM D-1929, are 434°C
for polyethylene, and between 365°C and 380°C for mixtures of
polyethylene and nitrate wastes. This demonstrates the inherent safety
of these materials at or above the temperatures («120°C) required for
processing.

• Product evaluation shows compliance with NRC waste form criteria.

• Results of the EPA Extraction Procedure indicate that the nitrate release
from polyethylene waste forms is lower'than the regulatory limit.
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