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Department of Nuclear Energy
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ABSTRACT

A polyethylene solidif ication process, using an extrusion
system, has been developed for the immobilization of dry
wastes resulting from volume reduction technologies. Ease
of processibility and high packing efficiencies were ob-
tained through the use of low-density polyethylene (0.917
to 0.924 g/cm3) with melt indices from 2.0 to 55.0 g/10
min. Maximum waste loadings of 70 wt % sodium sulfate, 50
wt% boric acid, 40 wt% incinerator ash and 65 wt% ion ex-
change were obtained. A series of tests were conducted to
assess the acceptability of polyethylene waste forms to
meet the requirements of 10 CFR 61. Based on test results
and process control considerations, optimal waste loadings
of 70 wt% sodium sulfate, 50 wt% boric acid, 40 wt% incin-
erator ash and 30 wt% ion exchange resins are recommended,

INTRODUCTION

Low-level radioactive waste at nuclear facilities is presently being
solidified using portland cements, bitumen and thermosetting polymers. Op-
erational difficulties have been observed with each of these solidification
agents. Such difficulties include incompatibility with waste constituents,
low packing efficiencies, premature setting or the formation of solidified
products with poor performance properties. Similar problems are anticipated
for the solidification of wastes resulting from advanced volume reduction
technologies, including evaporator concentrates with high solids content,
dry solids and incinerator ash.

The development of polyethylene as an improved solidification agent was
based on such considerations as compatibility with waste, solidification ef-
ficiency, material properties, availability of materials, economic feasibil-
ity and ease of processibility. Since the solidification process is not de-
pendent upon complex chemical reactions as it is in the case of hydraulic
cements and thermosetting polymers, the processing is simplified and solidi-
fication of the waste is assured. Polyethylene is heated above its melt
temperature before it is combined with waste to form a homogeneous mixture.
Therefore, it is especially well suited for incorporation of dry wastes
resulting from advanced volume reduction systems. The data generated in



th is study substantiate the results obtained in Japan* for the s o l i d i f i c a -
t ion of wastes such as sodium sul fate, boric acid, incinerator ash and spent
ion exchange resins.

MATERIALS

Polyethylene

Polyethylene is an organic polymer material of crystalline-amorphous
structure, formed through the polymerization of ethylene gas. A variety of
polyethylenes is commercially avai lable, ranging from soft waxes to very
tough p last ics . The American Society for Testing and Materials (ASTM)
grades polyethylene into three types based on density: low, medium and high
with respective density ranges of 0.910 to 0.925, 0.926 to 0.940, and 0.941
to 0.965 g/cm3.

In addition to density, other factors which affect polyethylene proper-
t ies include molecular weight, molecular weight d is t r ibut ion and melt i n -
dex. The melt index is probably the most important consideration since i t
determines the ease with which the molten polyethylene flows under prescrib-
ed conditions of temperature and pressure. The melt index, as specified by
ASTM D-1238, is a measure of the viscosity of the melt at 190°C and is ex-
pressed in units of grams/10 minutes. Low-density polyethylene is preferred
for the so l i d i f i ca t ion of low-level radioactive waste since the processing
temperatures and pressures are appreciably lower than those required for
high-density polyethylene.1»2»3 A low processing temperature is more de-
sirable not only for economic reasons, but also for ease of processib i l i ty
and prevention of vo la t i l i za t ion and/or decomposition of the waste compo-
nents.

Process development studies were conducted with a variety of low-densi-
ty polyethylenes having densities between 0.917 to 0.924 g/cm3, melt indices
between 2,0 to 55.0 g/10 min, and molecular weights between 19,000 to
70,000.1»2 Property evaluation studies were conducted for so l i d i f i ed
waste forms to determine the relat ive effects of material properties on
waste form product performance. The selection of polyethylene best suited
for the so l id i f i ca t ion of specif ic wastes was based on a balance between
achievable waste loadings, process control requirements and the results of
waste form performance t e s t s . '

Preparation of Simulated Wastes

Laboratory scale waste forms were fabricated for both process develop-
ment and property evaluation studies using non-radioactive, simulated
wastes. Radioactive tracers were added to those simulated wastes which were
incorporated into waste forms for leach tes t ing. Materials were selected
which closely resemble actual wastes in both physical and chemical composi-
t ion.

Dried evaporator concentrates were simulated using anhydrous sodium
sulfate (Na2SOtt)and orthoboric acid (H3BO3). The actual form of boric acid
produced through volume reduction is dependent upon treatment conditions.
When processed at temperatures in excess of 170°C metaboric acid results.
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I t should also be noted that compositional variations in specific waste feed
streams may alter the chemical form of the volumed-reduced wastes. Since
polyethylene does not chemically react with these waste products, such vari-
ations are not expected to significantly affect the final product. Both
Na2S0^ and H3B03 simulated waste were employed as a f ine, dry powder with
bulk densities of 1.46 and 1.44 g/cm3 respectively. In contrast to chemical
form, variations in the physical form of the waste may affect such process-
ing parameters as feed rates, screw speed and melt temperatures.

Incinerator ash generated at the Rockwell International Rocky Flats
Plant rotary ki ln incinerator was employed as a typical volume reduction ash
product. This ash was produced by burning simulated waste, with constitu-
ents equivalent to those present in actual combustible LLW from this f ac i l -
i t y .

Unloaded mixed-bed ion exchange resin beads manufactured by Rohm and
Haas Corp., Philadelphia, PA, were used to simulate reactor resins. Al-
though 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 be-
tween 0.5 to 1.0 mm in diameter. As-received resins (2:1 mixed-bed) have a
density of approximately 1.21 g/cm3 and contained approximately 58 percent
moisture by weight. Typically ion exchange resins at reactors are maintain-
ed in a slurry (containing about 80 weight percent moisture) to fac i l i ta te
transfer operations. Prior to processing with polyethylene, the resins were
oven dried overnight at 110°C. This step was necessitated by design con-
straints of the bench scale extruder, which preclude presence of moisture.

PROCESS DEVELOPMENT

A number of processing techniques were considered for incorporation of
wastes into low-density polyethylene. These included batch heating vessels,
wiped fi lm evaporators and screw-type extruders.1»3,4,5 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 employs a simultaneous mixing and heating of the waste-binder mix-
ture. A simplified schematic of the sectional view of a screw extruder is
shown in Figure 1.

For the production of laboratory-scale polyethylene waste forms, a com-
mercially available 1 1/4 inch single-screw extruder, manufactured by K i l -
1 ion 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 extrud-
er. These feeders improved the homogeneity of the product by closely regu-
lating the rate at which both waste and binder are introduced into the ex-
truder. Since the laboratory scale extruder was not equipped with vents to
allow water vapor to escape, al l waste materials were dried to fac i l i ta te
mixing with polyethylene, which is not miscible with water.
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The extrusion process for so l id i f i ca t ion of radioactive waste in poly-
ethylene involves the heating, mixing and extruding of materials in one
basic operation. The process is broken down into the following steps:

1 . The polyethylene binder and dry waste materials are transferred
from either a single hopper or individual hoppers in which they are
stored to the extruder feed throat. Metering of waste-to-binder
ratios is accomplished at this step.

2. The mixture is conveyed through a heated cylinder by the motion of
the rotating screw. The i n i t i a l portion of the cylinder is con-
t ro l led at a temperature below the polyethylene melting point .
This serves to gradually pre-heat the materials but at the same
time assures proper transport of the mixture.

3. As the waste-binder mixture moves forward past the i n i t i a l pre-
heating zone, i t is masticated under pressure due to the compres-
sive effects of a gradual reduction in the channel area between the
screw and cyl inder. Screw rotation also assists in the mixing of
the materials to a homogeneous state.

4. The gradual transfer of thermal energy by the combined effects
of the barrel heaters and f r i c t i ona l heat serves to melt the poly-
ethylene. The f r i c t i ona l heat input is d i f f i c u l t to control and
must be compensated for by the regulation of the resistance band
heaters. In some cases i t is necessary to remove excessive heat by
the use of external blowers.

5. The melted thermoplastic-waste mixture is forced through an out-
put die into a mold and is allowed to cool and s o l i d i f y .

Process development studies were conducted with low-density polyethyl-
enes varying pr inc ipal ly in density and melt index. The important process
parameters investigated included temperature, pressure, mixing kinetics and
volumetric ef f ic iency. In general, polyethylenes with a density of 0.924
and melt indices of 35.0 to 55.0 g/10 min, were able to incorporate greater
quantit ies of waste. Results of these studies are given in Table 1 . The
maximum waste loadings are: 70 wt% sodium su l fa te , 50 wt% boric acid, 40
wt% incinerator ash and 65 wt% ion exchange resins. Waste loadings are pre-
sented in terms of dry weight percent and represent the maximum amount of
waste which can be incorporated to form a monolithic so l i d , based solely on
process constraints.

WASTE FORM STABILITY EVALUATION

Sample Fabrication

Laboratory-size samples of varying waste/binder ratios were prepared
using the extrusion method as described previously. Waste loadings ranged
from 20 wt% to 65 wt% ion exchange resins, 10 wt% to 70 wt% Na2S0tf, 20 wt%
to 50 wt% H3BO3, and 20 wt% to 40 wt% incinerator ash. The homogeneous ex-
truded mixtures were so l id i f i ed in cyl indr ical molds, y ie ld ing samples of
approximately 4.8 cm diameter x 9 cm high.



TABLE 1. MAXIMUM WASTE LOADINGS OBTAINED FOR POLYETHYLENE WASTE FORMS BY
THE EXTRUSION METHOD

Density (g/cm^)

0.924
0.924
0.924
0.917-0.925

Polyethylene

Melt Index

35.0 -
55.0
55.0
20.0 -

(g/10 nrin)

55.0

55.0

Waste Type

Sodium Sulfate
Boric Acid
Ion-Exchange Resin
Incinerator Ash

Waste Loading
(wt %)

70
50
65
40

Those samples which were prepared for leach testing 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 radionuciides usu-
ally of greatest concern in low-level wastes. Waste form activity source
terms were calculated based upon the waste loading (wt%) and the final
weight of each specimen.

Testing

The tests used in these studies are those recommended in the NRC's
Branch Technical Position paper on Waste Form" and are listed in Table 2.
NRC's recommended test methods and criteria by which waste form stability is
determined are also included in Table 2.

TABLE 2. WASTE FORM TEST METHODS

Test

Compressive strength

Method

ASTM C-39
or D-1074

90-Day immersion in water

Thermal cycle ASTM B-553

Leach tes t ing (90 days) ANS 16.1

I r rad ia t i on - 10** G?;iima I r rad ia to r
or equivalent

Biodegradation
Fungus attack

Bacterial attack

ASTM G21

ASTM G22

Test C r i t e r i a

Compressive strength _>. 50 psi

Compressive strength _> 50 psi

Compressive strength _> 50 psi

Leachabi l i ty index > 6.0 fo r
each isotope
Compressive strength _> 50 psi

Fungal growth < 10%
Compressive strength >̂  50 psi

No observed bacter ial growth
Compressive strength > 50 psi



In general, increased waste loadings for polyethylene specimens contain-
ing sodium su l fa te , boric acid or incinerator ash had l i t t l e ef fect on the
results of such tests as thermal cyc l ing, water immersion, biodegradation and
i r r a d i a t i o n . Only specimens containing ion exchange resins showed a cor re la-
t ion between waste loadings and waste form fa i l u re during the water immersion
t e s t . Specimens containing 50 wt% resin swelled approximately 9% while those
containing 60 wt% or more resin suffered severe cracking. Based on th is test
a waste loading of 30 wt% dry ion exchange resin is recommended for s o l i d i f i -
cation in polyethylene. Test results for polyethylene waste forms at optimal
waste loadings are summarized in Table 3. The results of the tests indicate
compressive strengths which are well above the minimum 50 psi requirement
(see Table 2) .

In contrast, a clear dependence of Teachability upon increased waste
loadings of 10, 30 and 50 wt% for a l l three isotopes was established for
polyethylene/sodium sul fate specimens. An example is given in Figure 2 where
cumulative f ract ion leached of Co-60 is plot ted as a function of t ime. The
cumulative f rac t ion of Sr-85, Cs-137 and Co-60 leached from 50 wt% waste
loaded samples af ter 91 days of leaching is s imi lar (~3xlO~2) fo r a l l three
isotopes.

A dependence of leachabi l i ty upon increased waste loadings was also de-
monstrated for a l l three isotopes in the leaching of polyethylene specimens
containing incinerator ash at waste loadings of 25 wt% and 35 wt%. An exam-
ple of th is can be seen in Figure 3 where the cumulative f rac t ion leached of
Co-60 is plot ted as a function of t ime. At both loadings the cumulative
f rac t ion leached for Cs-137 af ter 91 days of leaching was higher (7 x 10"3 at
35 wt% loading) than that for Co-60 and Sr-85 (-1.3 x 10" 3 at 35 wt% load-
ing ) .

No s ign i f i cant dependence of leachabi l i ty was observed for polyethylene
waste forms containing 10, 20 and 30 wt% of ion exchange resins loaded with
Co-60, Sr-85 and Cs-137. The data shown in Figure 4 is typ ica l and ref lects
sample var ia t ion at thase low leach rates. The low leach rates are a t t r i b u t -
ed to the iner t character ist ics of the polyethylene and the a b i l i t y of the
ion exchange resins to retain radionuclides under processing and leach test
condit ions.

TABLE 3. COMPRESSIVE STRENGTHS OF POLYETHYLENE WASTE FORMS

Waste
Waste Loading
Type Wt%

Sodium
Sulfate

Boric Acid

Incin. Ash

Ion Ex. Res

70

50

40

. 30

Initial

1600

1600

2000

2000

Compressive

Thermal
Immersion Cycling

700

500

1140

1580

1900

1800

2200

2000

Strength (psi)

Irradiation

1800

1700

1500

1600

Biodegradation
Bacteria Fungi

900

1300

2200

1700

1200

1300

2800

2000
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KEY. X///////

Feed Material
Feed Hopper
Heating Unit

(4) Mechanical Screw
(§) Strainer
(§) Extruded Product
(7) Die

Figure 1. Sectional view of a simplified screw extruder. The sketch de-
picts flow of material from the hopper to the output die, where
it is extruded in a molten state.

Co-60 release from polyethylene: sodium sulfato waste
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Figure 2. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 10, 30 and 50 wt% of sodium
sulfate waste.
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Co-60 release from polyethylene: incinerator ash
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Figure 3. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 25 and 35 wt% of incinerator
ash.

Co-60 release from polyethylene: ion exchange resin

30wt% resin a 20wtX resin +
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Figure 4. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 10, 20 and 30 wt% ion ex-
change resins.



CONCLUSIONS

Laboratory-scale process development studies and waste form stability
tests demonstrate the feasibility of using low-density polyethylene as an
improved solidification agent for low-level waste.

The results of waste form stability testing indicate compliance with NRC
criteria.

A comparison of recommended waste loadings for polyethylene and
hydraulic cement, as shown in Table 4, demonstrates economic feasibility^
of the polyethylene system based on packing efficiencies.

TABLE 4. COMPARISON OF OPTIMAL WASTE LOADINGS FOR POLYETHYLENE AND HYDRAULIC
CEMENT BASED ON PROCESSING AND WASTE FORM STABILITY CONSIDERATIONS

Solidification in
Polyethylene:

Wt% Wastea

Drum Wt., kgb

(lbs)

Waste /Drum, kgc

(lbs)

Solidification in
Hydraulic Cement:d

Waste Wt%

Drum Wt., kg
(lbs)

Waste/Drum, kg
(lbs)

Sodium
Sulfate

70

358
(789)

250
(552)

9

307
(678)

28
(61)

Boric
Acid

50

225
(496)

133
(248)

15 ;

296
(653/)

44
(98)

Waste Type

Incinerator
Ash

40

270
(595)

108
(238)

40

318
(700)

127
(280)

Ion Exchange
Resins

30

210 '
(463)

63
(139)

13

318
(700)

41
(91)

a. Based on dry solid weight.

b. 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 monolithic solid and two-week immersion
criteria.7»8»9
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