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ABSTRACT

This report presents data that can be used to assess the acceptability of
polyethylene and Modified Sulfur ceaent waste forms to meet the requirements
of 10 CFR 61. The waste streams selected for this study include dry evapora-
tor concentrate salts and incinerator ash as representative wastes which re-
sult froa advanced voluae reduction technologies and ion exchange resins which
reaain problematic for solidification using coaaercially available matrix
•ateriais. Property evaluation tests such as compressive strength, water im-
mersion, theraal cycling, irradiation, biodegradation and leachability were
conducted for polyethylene and sulfur ceaent waste foras over a range of
waste-to-binder ratios. Based on the results of the tests, optimal waste
loadings of 70 wtt sodium sulfate, 50 wtt boric acid. 40 wtl incinerator ash
and 30 wtX ion exchange resins were established for polyethylene, although
aaxiaua loadings were considerably higher. For Modified sulfur ceaent,
optimal loadings of 40 wt*. sodiua sulfate, 40 wtJ boric acid and 40 wt'l
incinerator ash Are reported. Ion exchange resins are not recoaaended for
incorporation into Modified sulfur ceaent because of poor waste fora perfor-
mance even it very low waste concentrations. The results indicate that all
waste foras tested within the range of optical waste concentrations satisfied
the requirements of the NRC Technical Position Paper on Waste Font.
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The overall objective c** the Waste For* Eva tuition program, sponsored by
the ^.S. Zepartnent of Energy's Low-Level Waste Management Program £DUE-
^LMMP", is to aevelcp anc test technology for the improved solidification of
low-leve: radioactive wastes through the application of waterials and proces-
ses wnicf are not currently employed in the United States.

> e initna? phases of the program, which began in October 1983, in-
eluded the seleccicr of polyethylene and! modified sulfur cement as potential
solidification agents. Tie waste types which CO-JIC be successfully incorpo-
rated into t*e oat rices were also selected.

The natr?x paten a* s were selected based on s a d considerations as com-
DatifcTlUj* witN waste, solidification efficiency, ease of processibiSity,
availability of materials aid econonics. The waste s-reaws selected for this
study were c*»ose whicr '•es-jlt from advanced v3?u«ie red^ctior: technologies.
Tne results of this st^dy, which include process aeveloja»ent ana preliminary
waste font property evaluation, ?*ave been previously ^^

t*»e iiatter part of Fiscal Year 1%5, progran emphasis was directed
towards a more comprehensive waste fora testing ana evaluation study. To as-
sess the acceptability of polyethylene and modified sulfur ceaent waste forws
ts meet the 10 £F3 tl waste far* stability requirements, tne test prccediires
if" t^is study a^e those sjggested in the *«RC Branch Technical Position Paper

issuec Ptey 6

>rs re^'t Sj**«arizes the results of this study. However, because of
ccstraitts, the entire series of polyethylene and modified sulfur cement

»*aste tjrns was rrot completely evaluated in accordance with the prescribed
tests. Included are alsc those results which were obtained -jsing tests other
tfcar those sus*jes»;eri oy the IRC. For continuity, this report also provides a
irtef description af the processing equipment and parameters used to fabricate
the test specimens.

-I-



2. POLYETHYLENE

Polyethylene is an organic polymer material of crystalline-amorphous
structure, formed through the polymerization of ethylene gas. The technology
of polyethylene is well established and a very wide variety of polyethylenes
is available, ranging from soft waxes to very tough plastics. Many polyeth-
ylenes are tailored for specific applications by control and design of their
molecular structure. Such structural variations are usually produced by the
manipulation of process parameters.

The degree of crystal Unity determines density, which in turn affects a
range of material properties. Polyethylene is generally categorized as low-
or high-density, although the American Society for Testing and Materials
(AST*) grades polyethylene into three types: low, medium and high, with re-
spective density ranges of 0.910 to 0.925; 0.926 to 0.940; and 0.941 to 0.967.
Some of the properties of polyethylene, by grade, are given in Table 2 . 1 .

The higher density polyethylenes have relatively few side branches or
chains, thus, they will solidify from the melt with the chains being closely
packed together in an orderly fashion, giving i t a hard crystalline character.
Low-density polyethylenes art highly branched, and the solidified material has
a disorderly arrangement of polymer chains; they cannot pack so tightly and
thus, the material has a Tower density.

A second basic control is that of molecular weight (NW). The higher the
NU, the more energy (temperature, pressure} is required to process i t . With
an increase in MW, however, there is a corresponding increase in strength,
toughness and chemical resistance.

A third basic control is molecular weight distribution. I f most of the
molecules fa l l within a ^ery narrow range of NU, the product will have better
mechanical properties compared to a mixture of molecules with a broader range
of MW. But these materials are also more di f f icul t to process.

Based primarily on east- of processibility, low-density polyethylene
(LDPE) is preferred over high-density polyethylene (HOPE) for the solidif ica-
tion of low-level wastes. An experimental survey of a number of commercially
available LOPEs established preferred materials based on processing parameters
such as melt temperature, pressure, melt index (a measure of viscosity) and
extrusion rate*. Low-melt temperatures are preferred for solidification of
radioactive wastes to prevent volatilization and decomposition of the radio-
nuclides and/or other waste components. Because of i ts chemical structure,
polyethylene is very resistant to chemical attack and is unaffected by most
acids, alkalis and aqueous solutions.

One of the most important chemical changes produced in polyethylene by
irradiation is the formation of intermolecular cross-links. Since cross-
linking of low-density polyethylene leads to beneficial changes in some of i ts
properties, such as heat resistance, tensile strength, cold flow, etc. the use
of this material in applications where exposure to radiation is imminent has
received by far the greatest attention among vinyl type polymers.

- 2 -
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2.1 Waste Streams

The wastes used in this study Mere simulated to closely resemble actual
wastes in both physical and chemical composition. Two of the wastes which
simulate dry evaporator concentrates are BUR soditM sulfate waste and PVR
boric acid waste. For that purpose anhydrous sodium sulfate {H^SOc] and
ortho boric acid (H3BO3) were used. Both reagents were employed as a
fine, dry powder with bulk densities of 1.46 and 1.44 g/cm3, respectively.

As a typical ash product, incinerator ash generated at the Rockwell
International Rocky Flats Plant rotary kiln incinerator was employed3- This
MIS produced by burning simulated wiste with constituents equivalent to those
present in actual combustible LLM as generated at Rocky Flats, T« tsprove
both, the processibiIity and the homogeneity of ash/polyethylene waste forms,
the ash was put through a No. 8 sieve, resulting in a maxim* particle size of
2.38 mm.

Unloaded mixed-bed resin beads manufactured by Rohm and Haas Corp.,
Philadelphia, PA, were used to simulate ion exchange resin waste. Although
actual spent ton exchange wiste is chemically loaded, the use of unloaded res-
ins *s not expected to alter results since the ions in spent resins *r% bonded
to the resin and do not interact with the polyethylene. A ratio of two parts
cation resin (IRN-77) to one part anion resin (IRN-78) was selected as
representative of a typical demineraliaer system. Resin bead particle sixes
range between 0.5 and 1.0 mm in diameter. These resins (2:1 mixed-bed) have a
density of approximately 1.21 g/crn^ and contain approximately 58 percent
moisture by weight. Prior to processing with polyethylene, the resins were
oven dried at U0*C. This step was necessitated by design constraints of the
bench scale extruder, which precludes the presence of moisture,

2.2 Process Development

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 avail-
able technology, the extrusion method was selected?. This process employs a
simultaneous mixing and heating of the waste-binder mixture. A simplified
schematic of the sectional view of a screw extruder is shown in Figure 2 . 1 .
Polyethylene is a thermoplastic material with properties which makes i t well
suited for processing via this technique as evidenced by numerous applications
in the plastics industry.

For the production of laboratory-scale polyethylene waste forms, a com-
mercially available 1 1/4 inch single-screw extruder, manufactured by Ki! -
lion Extruders, Inc., Verona, RJ, was used. The extruder ins codified to ac-
coKsoriatc a dynamic feed system with two hoppers to eliminate static pre-
mixrng and gravity feeding of waste and binder materials into tfte extruder.
These feeders improved the homogeneity of the product by closely regulating
the rate at which both waste and binder kn 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 facil i tate mixing with
polyethylene, which is not mfsciofe with water.
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To avoid contamination of the sersw extruder, saaples prepared with
radioactive tracers for leach testing «ere produced by use of a dual-action
heated nixing vessel, shown in Figure 2.2. The stsuiless steel mixer is
heated by a series of external electric*! resistance band heaters controlled
by a digital tine-proportioning temperature controller. Stirring of the
waste-binder Mixture is accomplished by the combined action of an impeller
blade and Teflon wiper, powered by an air-driven motor. Use of this aixer re-
quired that formulations contain less waste than those processed by extrusion,
and processing times be extended to compensate for less efficient nixing.
Consequently, the highest sodiwa sulfate waste loadings that could be incor-
porated into the leaching staples by this aethod w s 50 wtt.

Process development studies were conducted with a nuaber of LflPCs varying
principally according to their aeit index, as shown in Table 2.2. The impor-
tant process parameters investigated included temperatures, pressures, mixing
pressures, nixing aethod, feed rates, waste pre-treataent, solidification
kinetics and wiste/binder ratios. In general, polyethylene with a higher melt
index (those with a lower viscosity when aolten) such as LDPE type 6ulf~1409
and 1410 were able to incorporate greater quantities of waste. Lower viscosi-
ties also allowed for iaproved atterial flow, lower pressure buildup and en-
hanced homogeneity of Uu- waste fora product. Results of these studies are
presented in Table 2.3, in terns of ntxiaua waste loadings achievable, ftox-
imua waste loadings for LOPE incorporating each of the waste types investi-
gated T^i 70 wtt sodium sulfate, 50 wtX boric acid, 40 wtt incinerator » h
and 651 ion exchange resins, waste loadings are presented in teras of dry
weight percent and represent the aaxiaua aaount of waste which can be incor-
porated to form a monolithic solid, based solely on process constraints.

2.3 Saaple Fabrication

Laboratory-scale saaples of varying waste/binder ratios were prepared for
both process development and waste fora stability evaluation studies. The
hoaogeneous extruded mixtures were solidified in cylindrical aolds, yielding
saaples which measured approximately 4.8 en (1.9 Inches) in dianet^r and 9.0
cm (3.5 inches) in height. Those samples nhich were prepared for leach test-
ing had radioactive tracers incorporated into the wastes. The radioisotopes
used were Co-60, Sr-35 and Cs-137, since these are the radionucl1des usually
of greatest concern (in quantity and hal f - l i fe) ft»r low-level wastes. As
mentioned earl ier, these samples were prepared using a dual-action nixing ves-
sel (Figure 2.2) , to avoid contamination of the screw extruder. For conve-
nience, waste loadings of 10, 30 and 50 wtl were used for poiyethylene/sodiua
sulfate saaples, 25 and 35 wtS for polyethylene/ incinerator ash sanples and
10, 20 and 30 wtt for polyethylene/ion exchange resin s.'vples.

Haste fora activity source terns were calculated based upon the waste
loading (wtt) and the final weight of each specimen.

2.4 Testing Procedures

Haste for* stability is considered to be an important factor in the per-
formance of shallow land burial sites. Thus, an evaluation of the structural
stability of polyethylene waste forms was conducted to help predict their

-6-
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Average Properties

LDPE

Gulf
1117-B

Gulf
1400

Gulf
1408.5

Gulf
1410

Gulf
1409

Eastaai".
C-14

Eastaen
C-17

Table 2.2

of Low-Density Polyethylene
for Investigation^)

End Density/*)
Use q/cn?

Extruded
F i l *

Injection
Molding

Injection
Molding

Injection
Molding

Injection
Molding

NM-EMI1S1-
fiable Wax

Non-Etuisi-
fiable yax

*) Data as supplied bj
b ) Determined by ASTM
c) Detenrined by ASIH
«) ftot*fwimri hw Gel I

0.924

0.924

0.924

0.924

0.924

0.918

0.917

Melt Index(c)
9710 Bin

2.0

8.0

27.0

H.C

55.0

1.6

20.0

r Manufacturers
Test Method 01505
Test Method D1238
tervMtifMi Chrautaoranhv (CPl

(LDPE) Materials

Hoiecular(d)
Height

in

70.000

60,000

55,000

40,000

23,000

19.000

r.\

Selected

Holecbiar
-eight
Distribution^*)

HA

3.0

2.5

2.5

2.5

3.8

3.6

9)

Ratio of weight average Molecular Height to matter average
•olecular weight.
Not available
Manufactured by: Gulf Oil Cheaicals, Hovston, TX and
Eastatn Cheaical Products, Kingsport, TM

- 8 -



Table 2.3

Maximum uaste Loadings for Polyethylene waste fores
Achieved by the Extrusion Method

Uaste Type

SodiuP Sulfate

Boric Acid

Incinerator Ash

Ion Exchange Resin

70

SO

40

65

polyethylene waste fores measured the percent swelling after immersion in
Mater for 90 days, deformation under coapressive load, effects of thereal cy-
cling and leaching of radionuclides. However, during the latter part of FY
85, further testing was conducted in accordance with guidance provided by the
U.S. Department of Energy's Low-Level Uavte Management Program (OOE-LLWMP).

The additional testing included coapressitre strength, biodegradation and
radiation stability. However, due to tiae constraints soae of the waste/
binder combinations were not completely evaluated.

The tests which were used in this study are listed in Table 2.4. With the
exception of the Plastic Oeforeation Test, which was used for testing soae of
the earlier polyethylene saaples, all of the test sethods used are those sug-
gested in WRC's Branch Technical Position Paper on Waste Fore6. The test
aethods and criteria by which uaste font stability was determined are also
included in Table 2.4. These tests were used to assess the acceptability of
polyethylene and aodified sulfur cement waste fores to aeet the requireaents
Of 10 CFR 61.

2.4.1 Coapressive Strength. To ensure that a waste fore reaains stable
under the coapressive loads inherent in the disposal environment, solidified
waste fores should have coapressive strengths of at least 50 psi when tested
in accordance with ASTM C-39 "Coapressive strength of Cylindrical Concrete
Speciaens," or ASTM 0-1074. Since polyethylene is a nonrigid plastic with no
discrete brittle fracture yield point under coapressive load, the standard!
empressive strength test according to ASTM C-39 is not applicable. Instead,
the ASTM D-1074 "Standard Test Method for Coapressive Strength of Bituminous
Mixtures" was used as an alternative since the behavior of polyethylene under
coapressive load is siailar to that of bitumen.

Prior to testing, the saaples were capped according to AS1M C-617, "cap-
ping Cylindrical Concrete Specimens," with sulfur aortar to assure appropri-
ate plane surfaces. The coapressive tests were performed using a Soiltest
AP1000 universal Testing Machine. The coapressive strength in pounds per
square inch was determined by dividing the aaxiaum vertical load obtained dur-
ing deformation by the original sectional area of the test specimen.

-9-



Table 2.4

M»ste Fora Test Methods

METHOD

ASTM D-1074
AST* C-39

Plastic Defcraition Test ASTM 0-621
Polyethylene

TEST

Coapressive strength
Polyethylene
Modified Sulfur C

90-SJay Iaaersion in Hater

Therwai Cycling ASTM 8-553

Leach Testing (90 days) ANS 16.I7

Irradiation - 10** Rad Gaasa Irradiator
cr Equivalent

Biodegradation
fungus Attack

Bacteria Attack

ASTM 621

ASTM G22

TEST CRITERIA

Coapressive strength >_ 50 psi

Coapressive Strength >_ 50 psi

Coapressive Strength >̂  50 psi

Coapressive Strength 2 50 psi

Leachability Index > 6.0 for
each isotope

Coapressive Strength > 50 ps'

No observed fungal growth
Coapressive Strength 2 50 put

Ho observed bacterial growth
Coapressive Strength >̂  SO psi

2.4.2 Deformation Under Coapressive load. Pr.or to adopting the ASTM
0-1074 for determining the coapressive strength oV polyethylene waste fonts,
speciaens were tested in accordance with ASTM 0-621, "Standard Method of Test
for Oeforaition of Plastics Under Load" during the early part of this prograa.

ASTM 0-621 specifies a constant coapressive load of 100 psi for a period
of three hours. This coapares with a a'niaw coapressive strength of 50 psi ,
as required in the NRC Branch Technical Position Paper on uxste Fora.

2.4.3 Mater I t r s l o a Test. Haste fonts disposed by shallow land burial
aay potentially encounter periods of exposure to aqueous conditions in the
font of percolate and/or ground water. Depending upon the coaposition of the
contained waste, these conditions aay cause swelling, cracking, dissolution or
exfoliation of the waste fora structure and subsequent deterioration of the
disposal trench.

water iaacrsion tests were perforated on representative, siaulated waste
foras for a period of 90 days. Test speciaens were iaaersed in deionized
water in a sealed polypropylene container. Oeionized water was generated by
passing disti l led water through a Barnstaed Sybron/NMiopure oeionization water
systea to obtain water with a conductance of less than 5 » aaos/ca at 25*C.

-10-



In the tests performed in the early part of the prograa, dimensional
changes, as weU as gross failures in structural integrity Mere recorded at
the end of 90 days. In the later tests, the conpressive strength of some of
the saaples wrs measured after the 90 day inversion test., according to ASTM
0-1074.

2.4.4 Thermal Cycle Test. To determine the effects of extreme tempera-
ture enviirorwents <4iich taste fonts may experience during storage, transpor-
tation or- burial, thermal cycle testing HIS performed. Testing was conducted
in accordance mth the procwiures of ASTM B-553, "Thermal Cycling of Electro-
plated Plastics".

Cycling of waste fom specimens was performed using a Model T6C environ-
•enta? chamber, Manufactured by Tenney Engineering, Inc., Union, WJ. The
chamber has a capacity of 6 cubic feet. Temperature settings and duration Are
Microprocessor controlled. Heating and cooling functions are Maintained by
conditioned air flew.

Specimens for each waste-binder combination were placed in the chamber
and cycle/J between +60*C and -40*C for a total or 30 cycles in accordance with
NRC recommendations. Temperatures were held at each extreme for a period of
one hour, separated by one tour at 20*C. Temperature ramp tim?s varied be-
tween 3 ninutes {20*C to 60*C) and 15 Minutes (20*C to -40*C). The total time
required to complete one cycle «as approximatley S hours, as shows in Figure
£.3, wh»ch presents a graphical representation of cycling conditions. Chamber
temper«tures were recorded by a 24 hour circular chart recorder. In addition,
representative specimens were monitored by thermocouples to verify uniform
temperatures throughout the c»aober and to track their response to changes in
chamber temperatures.

Upon completion of thermal cycling, specimens were removed fro* the cham-
ber for coppressive strength and deformation testing.

?.4.5 Co-60 Gimaa Irradiation. To determine resistance of waste forms
to raciation degradation, the waste forms were exposed to a totaT accumulated
dose of 103 Rads. Specimens -<ere irradiated at ambient conditions using a
Co-60 gamva source with a measured gamma dose rate of 3.6x10^ Rad?/hour. The
dose rate was calibrated using a radiochromatography technique (Far Nest Tech-
nologies, Inc., Goleta, CA). Compressive strengths were measured after irra-
diation in accordance with ASTM D-1074 procedures.

2.4.6 Biodeqradation. The abil ity of a waste form to resist bacterial
degradation during its expectd l i f e time in a land disposal environment is
important in maintaining the integrity and stability of ths burial trench.
Solidified waste forms were tested for resistance to biodegradation in ac-
cordance with ASTM G21 and ASTH G22.

The bacteria used for ASTM G22 was:

Psuedomonas aeruginosa ATCC 13388.
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The fungi used for ASTM G21 consisted of a mixture of:

AspergiTlus niger ATCC 9642
Penicillin* Jenseni ATCC 10456
Chaetomium globosum ATCC 6205
Gliocladiua virens ATCC 9645
Aureobastdium pullans ATCC 9348

One of the fungi in ASTM G22, Penicilliu* funicalosuft, is a plant patho-
gen. A similar common fungus, Penicilliu* jenseni, was substituted for the
pathogen with approval of the NRC.

The biodegradation tests were followed by compresslor testing in accor-
dance with AST* 31074.

2.4.7 Leaching Test. Leach testing was performed for a minimum of 90
days in accordance with the procedures in AMS lti . l Standard ."Measurement of
the Leachabiiity of Solidified Low-Level Radioactive Hastes"7. This test
was designed to provide a standardized laboratory method for characterizing
the leachitg behavior of low-level waste forms. Although the test procedures
dt> not necessarily simulate waste fora leaching under actual burial condi-
tions, i t allows a comparison of the relative l~Khabitity of various waste/
binder combinations. The NRC has recommence its use for demonstration of
wast2 fora stability although leachabiiity of waste foras is not addressed in
10 CFR 61.

Specimens were leached in de»ine"> ized water. The volume of leachant
employed ranged between 1470 and 1720 J* I S specified by the ratio of 10 t 0.2
CM of leachant volume to extern*! get aetrfic surface area of the waste form.
The temperature was maintained at 20 * ?'t. After an ini t ia l 30 second rinse
of the specimens, leachant was replenished at the following t ie* intervals: 2
hour, 5 hour, 17 hour, 24 hour intervals for the next four days, 13 day, 28
day and 45 day, for a tota1 of ten leachate samples.

Leachate aliquots were taken for analysis and acidified with nitric acid.
The gamma activity of the radionuclides was determined with an intrinsic
germaniuR detector and computerized multichannel analyzer system or a Searle
Model 1185 Mat detector with three single channel analyzers and an automatic
sample changer.

2.5 waste Fora Stability Testing Results

The results of tne waste fora stability tests performed on polyethylene
waste foras, except for the leaching tests, ire listed in Tables 2.5, 2.6 and
2.7.

The results indicate that the stability of polyethylene waste foras con-
taining sodium sulfate, boric acid or incinerator ash was l i t t l e affected by
increased waste loadings during such tests as water immersion, thermal cy-
cling, irradiation and biodegraWlation, whether followed by measurements of
percent deformation or compressive strength. In al l cases the compressWe
strength values, as shown in Table 2.5, are many times higher than the 50 psi
limit recommended by the NRC. Us shown in Table 2.6, the polyethylene waste
fora deformation values were less than 0.5%. All samples tested for deforma-
tion returned to at least 99% of their original shape within 15 hours.

-13-



Table 2.S

Compressivc Strengths of Polyethylene Waste forms*

Waste
Typt

Waste
Uading
(*t X)

30
40
50
70

Initial

Strengths (psi)

After
Immersion
Test

After
Thermal
Cycling Test

After After Biodeqradation Test
Irrad1at1onc Bacteria fungi

1700 • 100
1

2000 • 100
1600 7 200

d
1397
1680
d

d
d

2200
1900

100
300

1702000 •

2040 • 60
1780 7 50

d
d

1400
910

10
60

2310
1200

d
d
20
400

H3BO3 20
25
35
50

2100 • 250

1800 + 100
1600 7 40

d
660
d
d

d
d

1870 • 40
1800 7 100

d
1720 + 120
1670 7 50

2300
1300

d
d

too
200

d
d

1690
1300

40
200

Incinerator
Ash

Ion Exchange

a.
b.
c.
d.
t.

20
25
30
40

10
20
30

1750 • 140
d

1600
2000

400
200

d
1137
d
d

d
d

d
d

1800
2200

300
90

1700
1500

400
180

2100 • 170
1800 7 300
2000 7 200

d
d

1580
2300
2000

300
200

d
2100 •
1600 7

300
400

d
d

1700 • 300
2200 7 400

1390
1700

50
100

d
d

1500
2800

800
150

2230 •
2000 7

Performed 1n accordance with ASTH 01074. 1 ps1 • 6*98 kPa.
Results i re reported as wrw + one standard deviation,
Results for 0.5" length x 1.13** Hiimtter cylinder samples Mere normal lied and are reported
*s equivalent compressive strengths to 4" length x 2H diameter cylindrical samples.
Not available.
Two parts cation resin (Rohm 0 Haas IRN-77) plus one part anion resin (Rohm and Haas IRN-78).
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Table 2.6

Polyethylene Waste ,om Deformation Testing under 100 psf Compressive Loada

Waste
Waste Loading
Type (wt %)

Na?S04 30
50
54
60
70

H3B0-, 30
35
40
50

Ion Exchange 20
Resin* 28

30
50
60
65
60
50

Incinerator Ash 20
30
40
40

LOPI-;
Type

1409
1409
1409
1409
1409

1410
1410
1410
1410

1410
1410
1410
1410
1410
1410
1409
1117-H

1409
1409
1409
C-I7

Init

0.21
0,16
0.14

0.16

0.16

0.24

0.26
0.16
0.31
0.20
0.12

0.18

0,0C
0,18

Ai

d
d
+
7

•

3
•

3

d

3
*
7
7
7

+

+
7

0.
0.
0:

0.

0,

0,

0
0
0
0

0

0
0

Deformation (X)

>

.10
08
11

.06

.06

.02

•06
.04
.10
.09

.14

.08

.!?

After
Thermal
Cycling

d
d

0.1? •
0.25 7
0.18 7

0.13 •
3

0.16 +
3

d
0,24 •

3
0.33 •
0.29 •
0.16 7
0,10 7
0,29 7

0.41 •
3

0.06 •
0.20 7

Testc

0.13
0.0?
0.14

0,07

0.09

0.17

0.01
0.13
0.05
0.03
0.16

0-16

0.06
0.11

After
Irradiation11

0.
0.

0.

0.

0,

0

0

2/ • 0.0?
,43 t 0.1/
3
d

,18 • 0.02

d
,18 • 0.07

d
,10 • 0,03

.38 • 0.04

3
.49 • 0.11

3
d
d
d
d

d
0,30 • 0.08
0.20 • 0.12

3

a. Performed In accordance with ASTM D-621.
b. Results reflect average for 3 replfcates. Errors reported on one

standard deviation of results.
c. Results reflect average for 2 replicates. .
d. Test not performed.^ , „ _ _ _A l l M C I R H . 7 7 ) p l u S o n e part anion resin (1RN-7B),Si Two'partsTatio1;Trisin ( f t * and Haas 1RH-



Taole 2.7

Effect of Mater immersion Testing on Various Types of Low-Density
Polyethylene (LCPE)

Waste
Type

Sodiw
Sulfate

Boric Acid

Incinerator
Ash

Ion
Exchange
Resin

Waste
Loading. wt%

54
60
70
70

35
40
40
45
50

25
35

20
28
30
50
50
SO
60
65

LOPE
Type

1409
1409
1409
1410

1410
1410
1409
1409
1409

1409
1409

1409
1410
1409
I1IT-E
1410
1410
1409
1409

Spelling,*
X

o.c
1.7
3-7

0.2
OX
0.0
0.0
0.0

0.5
2.0

0.0
0.7
1.3

s.c.fc
S.C.
s.c.
s.c.

a. Measured as A length/original length
b. S.C.: severe cracking
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On1./ those samples which contained ion exchange resins showed a correla-
tion between waste loadings and waste form failure; and that was during the
water immersion test , as shown in Table 2-7. For the samples containing up to
30 wtt dry ten exchange resins, overall swelling was £ 1.3%. For higher waste
loadings results varied with the type of polyethylene employed. Specimens
fomulated from Gulf »ll?-B containing SO wtX resins, experienced a Moderate
degree of swelling J8.7X), but no deterioration in structural integrity was
observed. Those formulated from Gulf 1410 which contained 50 wtX resin swel-
led severely wiittt cracking, waste fonts containing 60 and 65 wtS ion exchange
resins formulates from Gulf 1*10 and Gulf 1409 also failed catastrophically
due to swelling of the resin beads.

It can be concluded, therefore, that the behavior of ion exchange resin
waste fonts in an aqueous environment is dependent upon the quantity of waste
incorporated and to some extent on the type of polyethylene binder used.
Waste forms containing as much as 30 wtX resin loading were able to retain a
compressive strength > 50 psi.

The leaching data for polyethylene waste forms are presented in terms of
the incremental fraction !e*ched (IFLj, the cumulative fraction leached (CFL),
and the leaching indices fur the three radionuclides, Co-60, Sr-85 and Cs-137.
These data are tabulated in Appendix A. The CFL is also presented graphically
as a function of leaching time (in days} and will oe discussed below. These
leaching curves represent the average CFL of two sets of leaching data from
the leaching of replicate specimens.

In contrast to the other test results, wherein insignificant changes were
observe*" as a function of waste loading, a clear dependence of Teachability
upon increased waste loadings of 10, 30 ami 50 wtl for all three isotopes was
established for polyethylene/sodium sulfate specimens. This is shown rn
Figures 2.4, 2.5, and 2.6 where the CFL of Co-60, Sr-85 and Cs-137, respec-
tively, is plotted as a function of time. Since sodium sulfate wbist* is a
highly soluble salt , mobilization of contained radionuclides i s controlled in
part by leachate dissolution of the waste. This in turn is dependent upon the
physical encapsulation of the waste. At the higher loadings the amount of
binder available to encapsulate the waste material i s minimal. In addition,
as more sodium sulfate comes into contact with leachatc and dissolves, poros-
ity increases {as a result of the voids left behind) creating more pathways
for migration.

A comparison of the Teachability of the three isotopes at each waste load-
ing, in Figures 2.7, 2.3 and 2.9, shows that t'ey leach at similar rates from
sodium sulfat*r waste forms, indicating a lack of chemical interaction between
the waste and polyethylene binder. For example, at the highest loading (50
wtt), the CFL of Co-60 and Sr-85 Is 2.3xl0r3 while for Cs-137 it is
3x10-3.

A similar trend in dependence of teachability upon increased waste load-
ings was also demonstrated for alii isotopes in the leaching of polyethylene
specimens containing incinerator ash at waste loadings of ?5 wtf and 35 wtX.
These resu.es are shown in Figures 2.10, 2.11 and 2.12. For the less soluble
ash this trend may be attributed to the reduced amount of binder available for
waste encapsulation as the amount of waste loading is increased. In contrast
to the relatively uniform leaching of all three isotopes evident in the sodium
sulfate specimens, Cs-137 is more mobile than Sr-85 and Co-60 from solidified

-17-



Co-60 relaaaa from polyathylanai •odium aulfata waata
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Ft;urt 2.4 CmwUtiva fraction l««e)Md of Co-60 at a function of Um from poiyathylaim waita
fonat cofitiining 10, 30 and 60 * t l of tod1u» sulfata wattt.
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2.5 Cumilitivt frictton U«cht<t of Sr-85 1$ « function of t1«« from polytthyltnt Miltt forwi
contiining 10, 30 «nd 50 wtf of »od1m tuiftte wast*.
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Ca-137 release from polyethylene* sodium sulfatu waste
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Figurt 2.6 Cwmiitivt friction ttcchtd of Ci-137 i t • function of tint from polytthyltnt
Mi t t form* containing 10, 30 and 50 wt% of todliM tulf i t t Mistt.
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Polyethylene leachlngi 10wt% •odium •ulfate waste
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Figurt 2.7 CiMuUttvt friction U«chtd of Co-60, Sr-85 «nd Cs-137 as a function of t in* from
poly«thyl«nt waste forms containing 10 wt* i f sodium suifate t



Poly«thyl«n« Uachingi 30wtX sodium •ulfata waste

Strontiuni-85 a CMIUM-137 +

Cobalt-60 A

10--1 4 1 j , ^ 4—H 1——I

s
•9*

I 10--2 ..

j
10--3 +

20 40

TinftCd)

60 80

B

100

Figurt 2.8 CumiUtivt friction lttchtd of Co-60, Sr-85. Ct-137 «s * function of ttmt from
polytthyltnt Mt«tt forms containing 30 wtl of sodium suifttt w**tt.
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Co-60 reloasQ from polyethylene* incinerator ash
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form containing 25 and 3$ wtX of Incinerator «<h.
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Figurt 2.11 Cunu1«t1vt friction ltichtd of Sr-85 as « function of time from polyethylene waste
forms containing 25 and 35 wtl of Incinerator ash.
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Figurt 2*12 Cynulitivt fraction Itachtd of Cs-137 as a function of tint* from polytthyltn* wast«
foms containing 25 and 35 wtX of Incinerator ash.



ash waste forms. In Figures 2.13 a**." 2.14, which show the CFL for the three
isotopes relative to each other at two different waste loadings (25 and 35
wtl ) , i t can be seen that at both loadings Cs-137 release is the greatest and
that of Co-60 the lowest. At 35 utX loading the CFL of Cs-137 is 7x10*3
while the value for Sr-85 is 1.5xl0"3 and Co-60 is 1.3xiO*3. Since poly-
ethylene does not chemically interact with the waste, this disparity in leach-
abil i ty between isotopes suggests that the incinerator ash itself exhibits
preferential sorption.

An opposite trend was observed in the dependence of leachability upon
increased waste loadings of 10, 2C and 30 wttt of ion exchange resins in poly-
ethylene. The higher the waste loading the lower the leachability for Co-60
and Sr-85. The data for Cs-137 were less conclusive. These results can be
seen in Figures 2.15, 2.16 and 2.17 where the CFL of each isotope at different
waste loadings has been plotted as a function of leaching time. A comparison
of the three isotopes at the three waste loadings is shown in Figures 2.18,
2.19 and 2.20. I t is obvious from the data that Sr-85 is retained less ef-
fectively by the waste for* than Co-60, but i t is difficult to make a defini-
tive statement about Cs-137 since in the early leachate samplings Cs-137
levels were below the detection limit of 10~*. At the highest waste loading
of 30 wtt the CFL for Sr-85 is 5.5x10*4 and for Co-60 i t is 2.*xlO'4 .

The leaching indices were calculated as recommended in the AJIS 16.1
method. This index is a dimensionless figure of w r i t which quantifies the
relative leachability for a given waste type-solidification agent. I t can
thus be used as a basis for comparison of the radionuclide retention capa-
bi l i t ies of various solidification matrix-waste type combinations. The NRC
has issued a recommended minimui leachability index of > 6 for compliance with
waste form stability requirements.

The Teachability index for a given radionuclide, i , is given

10
1/10 t [log (8/0i)]n (Eq. 2.1)

n-1

where:

B * 1 ca /̂sec (defined constant)

Df • effective diffusivity (cm2/sec)

The effective diffusivity is calcinated from the leach test dati by applica-
tion of the foi!swing expression:

. 2.2)
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Figure 2,16 Cumulitive friction leached of Sr-85 as a function of time from polyethylene * m e
forms containing 10, 20 and 30 wt* of Ion exchange resin.
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Mhere:

*n * activity released fro* the speciaen during the leaching period n

Ao * initial activity in the test speciaen

V * voiuae of speciaen (or*)

S * geoaetric surface »rtt» of speciaen (ca2)

(it)n * increaental leaching tiae (sec)

T « [1/2 (ttf • tnii)32, the leaching tiae (sees), representing the
"ae«n tiae" of the leaching interval

Mhere:

t n * leaching tiae at the end of leaching interval n.

Average leaching indices were calculated for each of the two replicate
sets of polyethylene waste foras which had been leach tested. These values
are included in Appendix A. An average of these t M sets of leaching indices
is listed in Table 2.8. Since the teacnability index is inversely propor-
tional to effective diffusivity, higher index values represent reduced leach-
abi l i ty . All of the polyethylene taste fonts had a leaching index for each
isotope greater than the ainiau* value mu—mled by the NRC.
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Table 2.8

Average Hadionuclide teachability Indices for Polyethylene Haste Foras*

Waste
Type

Incinerator
Ash

Ion Exchange
Resin

Waste
loading

{UtX}

10

3d

50

25

35

10

20

30

Average
teachability
Index. Co-60

11.5

11.1

10.1

13.9

12.7

13.6

14.3

14.6

Average
Leachabi1ity
Index. Sr-8S

13.9

11-1

10.2

15.5

14.9

16.2

14.7

16.1

Average
teachability
Index. Cs-137

i4.7

11.4

9.9

12.5

11.3

18.2

18.9

19.5

a. Calculated in accordance with ANS 16.1 Leach Test.
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3. MODIFIED SULFUR CEMEKT

The Modified sulfur cement used in this study was developed by the U.S.
Bureau of Mines (USBM) by reacting eleventa1 sulfur with a 5 wtS Modifier con-
sisting of equal parts of dicyiopentadiene (DCPO) and oligomers of cyclopenta-
diene. Solid sulfur transforms on cooling below 96*C from the oonoclinic
(Sg) to the orthorlKabic (Sa) crystalline fora that is •ore dense and oc-
cupies less volume than the Sg fora* resulting in a nighJy stressed product.
The Modifier prevents the phase transformation of the sulfur fron Sfi to Sa
thus resulting i r a More stable and durable product. Modified sulfur cement is
a thermoplastic Material which Melts «t 119*C to for* a low-viscosity liquid
which can be Mixed with waste to fora a homogeneous, solid monolithic product
upon cooling. A chemically induced curing reaction is not required for solid-
ification of Modified sulfur cement as i t is in the case of thermosetting
Materials. Therefore, the technology for solidification of L5.W in Modified
sulfur cement should be similar to that developed for bitumen and polyethyl-
ene.

Modified sulfur cement is commercially available and is being used as a
strong, highly corrosion resistant material for the preparation of high struc-
tural strength concretes that *re extremely resistant to acidic and saline en-
vironments. Previous work** on processibility, solidification efficiencies
and waste form characteristics has established the feasibility of Modified
sulfur cement as a potential solidification agent for several types of
low-level waste streams.

3.1 Hastes Streams

The same waste streams which were used in the work on solidification of
LLU in polyethylene were also used to study the solidification of LLU in u n -
ified sulfur cement. These include sodium sulfate, boric acid, incinerator
ash and mixed-bed ion exchange resins.

3.2 Process Development

Process development studies were performed using a screw extruder method
and a dual-action heated Mixer. The low viscosity of the Molten modified sul-
fur cement impeded conveyance through the extruder barrel and also hampered
the screw's abil i ty to mix the waste and binder constituents effectively at
higher waste loadings. More suitable processing results were achieved by
using the heated batch mixer, shown in Figure 2.2. The details of this pro-
cess have been previously described8.

Processing temperatures were kept as low as practical to prevent addi-
tional polymerization of the sulfur at 160*C and to prevent the conversion of
ortho boric acid (H3BO3) to meta boric acid {HBO2) which occurs at tem-
peratures > 16g*C. Additional polymerization would cause a sharp increase in
viscosity while the formation of HBOj? would result in the generation of
water vapor and a change In density from 1.435 g/cm3 to 2.486 g/oP.
Since meta borate is extremely hygroscopic, rehydration to the original ortho
boric acid form would occur, resulting in the deterioration of the solidified
waste forms due to expansion.
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the bench-scale extruder, the design of the dual-action sixer
included ventilation so that wastes which release water vapor during nixing
could be accommodated. But in order to expedite processing time, the wastes
were Jned prior in nixing with the molten sulfur cement.

Maxim** waste loadings for modified sulfur cement waste fnms as achieved
during process development studies using the dual-action Mixer ire: 30 wtl
sodiui sulfate, 57 wtX boric acid and 43 wtX incinerator ash. These results
ire presented in Table ?. ! . For comparison, the aaxiaum waste loadings
achieved when a screw extruder was employed are also included. In all cases,
the use of the "tual-action mixer clearly shows an increase in waste loading as
compared to that obtained ay ust of the extruder.

Table 3.1

ry or Maxim** Waste Loadings for Modified Sulfur Cement waste Forms
Achieved During Process Development Studies

waste
Type

Sodiu* Sulfate

Boric Acid

Incinerator Ash

Ion Exchange Resin

Max. Loading
by Extrusion. wtX

65

40

20

40

Max. Loading
by Dual Action Mixer, wtl

80

57

43

a)ttot applicable; see Section 3.5.

3.3 Sample Fabrication

Laboratory-scale samples of varying waste/binder ratios were prepared for
waste fora stability studies using the dual-action heated mixer described in
Section 2.2. The mixtures Mere solidified in molds of 4.8 oa (1.9 Inches)
diameter yielding samples approximately 9.0 cm (3.5 inches) high.

Those samples which were prepared for leach testing had Co-60 and Cs-137
incorporated into the wastes. Simulated radioactive samples were prepared in
duplicate containing 25 and 40 wtl sodium sulfate and iO and 40 wtX incinera-
tor ash. The maximum loading cf 40 wtX for scdium sulfate samples was based
on the results obtained in the immersion test during which samples containing
2 50 wtS sodium sulfate failed. The 40 wtt loading for incinerator ash M S
essentially the same as the maxima loading achieved during processing stud-
ies. Samples containing ion exchange resins were not prepared for leach
testing since they failed the immersion test as discussed in Section 3.5.
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As in the case of polyethylene saaples, the activity source tent calcu-
lations Mere based upon the waste loading (wtX) and the final weight of each
staple.

3.4 Testing Procedures

Uaste form stability testing was performed according to the tests listed
in Table 2.4. Modified sulfur ceaent taste foras containing a range of waste
loadings for each waste type were investigated to determine suitable waste/
binder ratios for solidification of low-level waste.

The test descriptions, as presented in Sections 2.4.2 through 2.4.7,
apply also to the testing of modified sulfur cesent waste foms.

3.5 Test Results

Except fcr the leaching data, the results of the stability evaluation
tests perforeed on Modified sulfur ceaent waste foms containing various
aaounts of sodiuai sulfate, boric acid or incinerator ash *n sumarized in
Table 3.2.

Samples containing ion exchange resins *rt not included because i t becaae
apparent during the testing prograa that icn exchange resins could not be
satisfactory solidified in Modified sulfur ceaent. Spall ing and flaking of
these waste foras at low waste loadings occurred upon exposure to aabient air
conditions within the laboratory. In water iaMersion, speciMens containing 10
wtX resin deteriorated rapidly within 5 Minutes as shown in Figure 3 .1 . Con-
sequently, no further testing was perforaed on aodified sulfur ceaent waste
forms containing ion exchange resins. The encapsulation of ion exchange res-
ins in aodified sulfur ceaent is not recoaaended.

The coapressive strength of aodified sulfur ceaent saaples, without
waste, averaged about 1800 psi. The incorporation of sodium sulfate and in-
cinerator ash, even at the highes loadings, essentially doubled the coapres-
sive strength of the waste foms, while the addition of boric acid had HiniaaV
effect.

The in i t ia l coapressive strength of the waste fonts did not change sig-
nificantly after being subjected to the various stability tests, except In the
case of water iaaersion tests, as shown in Table 3.2. Host of the detriMMital
effects on the waste foms were observed during the water lasers*on test. As
previously discussed, speciaens containing Ion exchange resins failed alaost
iaaediately wh*n iaaersed in water. Speciaens containing 80 wtS sodim sul-
fate and 57 wtS boric acid suffered severe cracking within several days, while
speciaens containing SO wtS sodiua sulfate developed visible cracks after 48
days of iaaersion and failed within the 90 d*y test period.

No bacterial or fungal growth was observed on any of the waste foms as a
result of the btodegradstion test.

The results of leach testing two replicate sets of Modified sulfur
waste fbras containing Co-60 and Cs-137 are presented in terns of the
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Table 3.2

Modified Sulfur Cement Waste Form Testing Results*

CompressIva Strengths (psi)

Waste
Type

Control

Sodium Sulfate

#

Boric Acid

Waste
Loading
(wt *)

0

20

30

40
50

20
30
40

Incinerator Ash 10

a. Performed
b. Results n

20
30

40
43

Initial

1800 1 200

d

3700 • 500

4360 • 60

4600 1200

2200 • 100

2000 1200

2000 1 100

5400 + 300

4300 1 300

4200 • 2100

6400 • 100

4400 1 300

in accordance with ASTM C-
ifleet tvmria* of 3 real lea

After
Immersion
Testc

d

d

2500 «•

3000 +

900

900

Failed

3100 •

2600 •

1400 1

2900 +

4000 •

3900 •

4100 *

5400 1

39. 1 j
ta samo

600

200

200

800

600

1600

200

1100

ps1 •
les •

After
Thermal
Cycling Test

d

d

2800 1
J600 1

3700 1

2200 1

3400 •

2200 1

4100 •

4400 t

3800 +

4700 +

5400 1

6.98 kPa
one star*

1000

600

1200

1200

400

200

1000

900
1700

950
2900

*
dard d«v1

After
Irradiation*)

3000 i 400

3000 * 400

4110 + 40

3300 1 1100

d

2600 * 300

3040 i 80

2100 1 700

d

4400 1 400

4600 + 1000

7200 • 1300

d

iAtion.

After Hiodeojadation Test
dacuna

4400 * 60

d

4500 1 400

3800 + 400

d

d

2300 1 1'

1630 1 ll

d
d

7100 + 60

5700 + 1500

d

fungi

4300 1 200

d

5100 + 400

4500 • 800

d

d

1400 > 600

2300 1 70

d

d

4800 1 1700

5700 1 1100

d

g p p i
c. Results reflect average of 2 replicate samples 7 one standard deviation.
d. Test not performed. ~



Figure 3.1 Modified sulfur cenent 10 wtX dry ion exchange resin waste fom
undergoing a water iaaersion test. All three photographs «re of
the saae staple, taken within five Minutes of the initiation of
the test. Complete structural failure of the saaple was observed
in less than one day.
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fraction leached £CFL}, the incremental fraction leached ((FL) and
the average teaching indices for both radionuclides. These data are tabu-
lated in Appendix B. The CFL has also been plotted as a function of leaching
tine 'in days) and the results will be discussed below. These leaching curves
represent the average C"\ of the two sets of leaching data.

A dependence of leachabiiity upon increased waste loadings was observed
for modified sulfur cenent/sodiu* suifate specimens. This is shown in Figures
3.2 and 3.3 where the Cfl of both isotcpes is higher at 40 wtX waste loading
than at 25 wtt loading. At both waste loadings, the release ratp • for Cs-137
are greater than that for Co-60, as shown in Figures 3.4 ana ". . At the 40
wt« loading the CFL of Cs-137 and Co-60 are I.1x10-* and v . : v :o-2 t respec-
tively.

However, increased waste loadings fro* 20 wts *_J 40 wtl had l i t t l e effect
or. the leaching of waste forws containing incinerator ash, as shown in Figures
3.6 and 3.7. As in the case cf sodium sulfate waste fonts, Cs-137 was leached
at a higher rate than Co-60 at both waste loadings. These data are shown in
figures 3.3 and 3.9. At a loading ofr" 4s) wt% the CFL of Cs-137 ts 6.7xlO"3

while that of Co-60 is only l .6xl(r4 .

The leaching indices for both radioisotopes of the two replicate sets of
leachi;ig data were calculated according to the Method described in ANS 16-1'
An average was taken of these two sets of data ana the results are shown in
Table 3.3. All of the values are > 6, the miniaun required by the KRC.

Table 3.3

Average Radionuclide Leachability Indices for
Modified Sulfur €«*ent waste Foms

waste
Type

Pla2S04

Incinerator Ash

waste
Loading
(Mtt)

25

40

20

40

Average
Leachability
Index, Co-60

12.5

10.7

14.0

14.6

Average
Leachability
Index. Cs-137

10.6

9.7

11.2

11.1
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Modified sulfur cementi Co-60 relacmo from sodium •ulfato
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Cs 1 37 release from modified sulfur cemontj sodium sulfate
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Modified sulfur cements 25wtX sodium sulfate waste
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Co-60 release from modified sulfur comonti incinerator ash
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CB-137 r«lease from modified sulfur comanti incinerator ash
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Modified sulfur coment* 20wtX incinerator ash
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4. CONCLUSIONS

Laboratory-scale process development studies demonstrate the feasibili-
ty of polyethylene and modified sulfur ceaent as potential solidifica-
tion agents for LLU.

The results of waste fora stability testing indicate compliance of
polyethylene and modified sulfur ceaent with NRC cri ter ia.

The optiaal recommended waste loadings for polyethylene art 70 wtt
sodium sulfate, 50 wtl boric acid, 40 wtl incinerator ash and 30 wtl
ion exchange resins, based on the results of the waste fora stability
tests.

The optimal recommended waste loadings for modified sulfur ceaent *n
40 wtl each for sodius sulfate, boric acid and incinerator ash, except
for ion exchange resins.

The incorporation of ion exchange resins in modified sulfur ceaent is
not recommended.

The optiaal waste loadings obtained for polyethylene and modified sul-
fur ceaent exceed or are comparable to those for portland cement, as
shown in Table 4 . 1 .
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Table 4.1

Cooparison cf Optical V.*.*te Loadings for Polyethylene,
Modified Sulfur Ceaent and Hydraulic Ceaent Basea on
Processing and Waste Fora Stability Considerations

Waste Type

Sodiua
Sulfate

Incinerator
Ash

Ion Echange
Resins

Solidification in
Polyethylene:

at* Waste**)

Drua Wt., kg(b)
(lbs)

Waste/Orua, kg(c)
(lbs)

Solidification in
Modified Sulfur Ceaent:

Wtt Wastet*)

Drua Wt., kg(b)
(lbs)

70

358
(789)

250
(552)

40

415
(915)

50

225
(496)

133
(248)

40

287
(633)

Waste/Drup,
(lbs)

166
(366)

115
(253)

40

270
(595)

108
(238)

30

210
(463)

63
(139)

40

384
(846)

132
(360)

Not rect snded

Solidification in
Hydraulic Ceaent:<dJ

Wtl Waste*«) 9 15

Drua Wt., kg(b) 307 296
(lbs) 678 (653)

Waste/Orua. kg(c) 28 44
(lbs) (61) (98)

40

318
(700)

127
(280)

13

318
(700)

41
(91)

Based on dry solid weight.
55 gallon drua size waste fora.
Equivalent quantity of waste which can be incorporated
in 55 gallon drua s i « waste fora.
Based on previous BNL waste fora developaent studies for
waste foras which satisfied free-standing aonolithic solid
and two-week water iaaersion criteria*.10,11.
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APPENDIX A

Leaching Data for Polyethylene Haste Forws

Tiae * emulative Leaching Ti«e, Days

1FL • Incremental Fraction Leacn&J

CFL - CuMilative Fraction Leached

Rate * Incremental Leaching Rate Per Second

LI » Leaching tnde*



Fable A-l

10 MtS Sodiia Sulf*te In Polyethylene
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Table A-2

10 MCS Sodiwi Sulfate In Polyethylene
Staple: 84-7-2

_#_ Ti«e(d) IFL CfL Rate{l/sec) LI

•5

• 4.

a.as
».29

4.JC

*;.»

#.*•:
A * • * * • * • * * • • *V.fVwVTvff

:.ioc

9.3

:2.ai2
Zi.l'.Z

15.a55
12.£44

a.;?

«.«•<€==€
. 331732:?

2.TIE-CIS

15.?S=

12.25*

C» LI - IS.32-S

F

2
3
4

6
7
8
9

13

A».EP*jfe

a8
1
2

4

s
IB
4*5
9 :

Co

.as. 23

.ae

.a«

.M

.99

.*e

.«•

. M

. # •

LI -

a
a
•
•
a
a
a
a
9

a

.a«034i? i

.M93244 i

.aM!324 1

.00ai224 4

.9031SZ* 4

.9*97>&Z i

.Nli29S 1

.8015118 t

tr.

1. W. 4 5C1
i.aoi32:£
i .*)2:46;
1.9023256
I.aa24si3

r.ao»;~4;5
».aoj4%:
I.M4S273
l.««6233a

** *in

2 .
1.
J.

6.
4 .
4 .

«6E-00-
94E-MS

::E-««
42t-JCS
I4E-3»IS
2JE-WS
?3E-i»J
STE-iJlO1

14E*0l0

r

J
1
I

1

V

1

S.53';
•J.i»2
l.-t'.Z
:.3z:
l.iZa
i .93;
b • H Ĵ -•
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Table A-3

30 Utl Sodiws Sulfate in Polyethylene
SmpU: 24-7-3
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Table A-4

30 Wtl Sodlun Sulfate in Polyethylene
S«ple: 34-7-4
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Table A-5

50 M« SodTw Sulfate in Polyethylene
Staple: 84-7-S
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Table A-6

SO WS SodiM Suifate in Poljetftyl
: 84-7-6
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Table A-7

10 UtS Nixed Bed Ion Exchange Resin In Polyethylene
Staple: M-7-7

IFL CFL RateM/sec) LJ
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Table A-8

10 Htt Nixed Bed Ion Exchange Resin in Polyethylene
Staple: 84-7-8

IFL CFL
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a. ;»**•*«=

— . k ^ t 4.

z:.zzi

IZ.i-'
1~.$"

»* . t " < "b t _•* - . *

e.*5
a.z-

z.aj*

3.2C

91.32

a.mseiz?

C.MM73S

0.9MC73S
S.SBE-c'lt

lS.s«S

C..-5
2.OC

3
9

si.ae 0.MWNNMI

5.3:£-M3

:.rse-acs

1Z.3?5
13.33?.

11.3123

z.s*z
13.ZZZ

A-8



Table A-9

20 Wtt Nixed lied Ion Exchange Resin in Polyethyl
Staple: 84-7-9

J. Ti«e(d) IFL Cft Rated/sec) U.
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Table A-10

20 Utt Nixed Bed Ion Exchange Resin in Polyethylene
Staple: 84-7-10

IFL CFL Rate?!/sec) U .
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Table A-il

30 utS Mixed Bed Resin in Polyethylene
Staple: 84-7-11

IFL CFL Ratetl /sec) U .
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Table A-12

30 WCX HJxed 8edi Resin in Polyethylene
Staple: 84-7-12

_ 1 Tiaeitd) IFL CFL Rated/sec) JJ
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Table A-13

25 UtX Incinerator Ash in Polyethylene
Sample: 84-7-13

IFL CFL Rate(l/sec) LI

3.J9

i.iZ^Zis

Z.2ZE-21Z

*.:? a.

. * L L *

i.ea c*.3€ca4e* ; , »» ! !< : T.SSE-VIZ

7 5.02 i l .MMtN 0.Mi25S= 1. l6E-ai3 :3.S4S

9 45.00 i
19 91.?*! ^

A-13



Table A-14

25 Mt% Incinerator Ash in Polyethylene
Saaple: 84-7-14

j _ Ti«e(d) IFL CFL Rated/sec > LI
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Table

35 MtX Incinerator Ash in Polyethylene
Saapie: 84-7-15

.JL Tf«e(d) tFL CFL Rate(l/sec) U.
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B

Leaching Data for Modified Sulfur Cement Waste Forms

Time * Cumulative Leaching Time, Days

ICL * Increaencal Fraction Leached

CFL = CiuMilative Fraction Leached

Rate * Incremental Leaching Rate Per Second

LI * Leaching Index



Table B-l

25 UtS SodiuM Sulfate in Modified Sulfur Ceaent
Staple: 85-8-1

IFL CFL Rated/sec) LI
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Table B-2

25 Kt% Sodium Suifate ir. Modified Sulfur Ceaent
Sasple: 35-8-2

IFL CFL Rated/sec)
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Table B-3

40 MtX Sodium Suifate in Modified Sulfur Cement
Saaple: 85-8-3

_^ Time(d) IFL CFL R a t e d / s « c ) Ll
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Table B-4

40 Wt% Sodita Sulfate in Modified Sulfur Cewnt
Smp\e: 85-8-4
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Table B-5

20 MtX Incinerator Asn in Modified Sulfur Ceaent
: 85-5-5

_£ Ti«e(d) IFL
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Table B-6

20 tftt Incinerator Ash in Modified Sulfur Ceaent
SMple: 85-5-6

Ti«e(o) jFL CfL Rate(l/sec; JJ
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Table b-7

40 Utt Incinerator Ash in Modified Sulfur Ceoent
Saaple: 85-S-7

IFL CFL aate(l/sec) Li
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Table B-3

40 til Incinerator Asn in Hodified Sulfur Cement

1FL CFL Kate(l/secj
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