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Abstract-TbAs study was carried out in order to produce bituminized waste forms, which have dimensional and 
mechanical stability like cement-based waste forms. This paper reports the effects of adding polyethylene (PE) to the 
bi~rninized waste form. The additive used for the experiment was the spent PE generated from agricultural use. The 
bitumen used in the sample prepa-ation is straight-tin1 distillation bitumen of penetration 60/70 (pmdng asphalt). The 
waste used for the experiment was a bottom ash generated from an industrial (inactive) waste incinerator. Bituminized 
waste forms with PE contents of 5 wt% or more resulted in maintaining dimensional and mechanical stability. The 
compressive strength and soffeim~g point of bitmv_mized waste fomas increase in proportion to the amount of additional 
PE. The leaching test using ANS 16.1 shows that the principal leaching mechanism of elements (Cs, SI; Co) from 
bi~rninized waste forms is diffusion. Ftkrthermore, it is demonstrated that additive PE of 5-10 wt% does not change 
the leaching mechanism, and bituminized waste forms maintain a high leach resistance. 
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INTRODUCTION 

The solidification of radioactive waste plays an important role 
in handiing, traasportation, intezim storage, and disposal, etc. For 
preventing or delaying the release of hazardo~ts material into the 
environment when it is contacted with water in the disposal site, 
waste forms should maintain stable chemical and physical proper- 
ties. Portland cement has been so far the most common solidification 
agent, while use of bitumen has been gradually increased Cement 
and bitumen have been ~tsed for radioactive waste fi-om the begin- 
nmg of the nuclear ind~tstry in the 1960's. C%wrently, their applica- 
tions have been extended to mLxed wastes [Swincildlu~'st et al., 1989; 
Mattus et al., 1994]. lVlixed wastes contain both hazardous and ra- 
dioactive constitx~ents. 

Bitxtmen is not reactive with the substances with which it con- 
tacts. Accordingly, quality conlrol of bituminized waste forms can 
be done easily even in the case of changing the waste stream com- 
position and pH. Also, bituminized waste forms ~laibit very low 
leaching of contaminants because the ma~rgx is impervious. Bitu- 
mmization accompanied by tx~th mLxmg and evaporation l~-OCeSSeS 
can lead to high volume reduction [IAEA, 1970, 1993]. 

The bitumen used for the solidification of radioactive wastes can 
be classified into a s~-aight-rLin distillation bitumen and an oxidized 
bitume: The former with relatively low viscosity is used in pot type 
and thin fihn evaporator systems. The latter with high viscosity is 
mainly used in extruder systems. Slraight-rtm distillation bitumen 
has high leaching resistance and is economical in comparison with 
oxiclized bi~nen [Willimnson, 1 980; Rcclier et al., 1968]. Howevei; 
bituminized waste forms prelzared by using especially s~-aight-rLin 
distillation bitumen are mechaaically and dsnensioilally unstable 
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[IAEA, 1985]. This ~stability is cbsely related to the long-term 
mechanical stability of waste forms at the disposal site. The Iong- 
tezm int~rity of the waste forms is linked to leaching stability. More- 
ore1; a precise leach test cannot be perforated because of the de- 
formation of the bituminous specimen. 

The objective of this study was to investigate the effect of poly- 
ethylene (PE) on the mechanical stability and leaching of bitumi- 
nized waste forms. The ANS 16.1 leach test was carried out and 
the effect o fPE adclition was it~a~estigated. The diffusion model is 
applied in the analysis. 

Polyethylene used in this experiment was spent agncultLral poly- 
ethylene film for waste recycling In Korea, agiicultural polyethyl- 
ene film generates about 90,000 tons of waste per year. I f  bitumi- 
nized waste forms consist of 60 wt% ash and 15 wt% spent PE as 
binder, the spent PE used in this treatment is 100 kg for 1 ton of 
dry ash waste. This method has the benefit of saving 100 kg of bi- 
tumen and albws the spent PE to be reused. 

MATERIALS AND METHODS 

1. Equipment and Waste Form Preparation 
1-1. Equipment Description 

In this study the pot type equipment was employed in the bi- 
agninization, and the bituminization was carried out in batch oper- 
ations. Fig. 1 shows the schematic diagran of expei~nental appa- 
ratus for the production of waste forms. As the reactor was heated, 
~tsmg a heating oil, local over heating could be avoided. An elec- 
tiical heater adjusted the tempera~-e of the heating oil; the temper- 
atx~-e ranged between 25 ~ and 240 ~ The temperature of the mix- 
ture in the pot was measured by tempera~e sensoz's and fed back 
to the heater controller for precise temperature control. A mixer with 
three mixing blades was operated by a DC motor with speeds fi-om 
70 to 5501pro. A screw below the mLxer was designed to help the 
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Fig. 1. Schematic diagram of experimental apparatus for the pro- 
duction of waste forms. 

mix~-e to be discharged effectively. The pot cover was operated 
by oil press~tre and was ttgtNy sealed. A condenser was also in- 
stalled to condense evaporated vapors. 
1-2. Waste Form Preparation 

Cylmdrical waste form specimens (diameter of 5 cm and height 
of 8 cm) were cast into the teflon molds consisting of three pieces. 
The mixed bitumen flowed from the vessel directly into the teflon 
molds. After coolmg for 24 hours at room temperature, the teflon 
mold was removed The ash content of the waste form was de- 
fined as the weight of dry ash to the total weight of the waste form 
(waste+binder). The PE content of the waste fom~ was defined as 
the weight of PE to the weight of the binder (bitumen+spent PE). 
2. Materials 
2-1. Bitumen 

The bitumen used for the sample preparation was s~-aig~ht,run 
distillation bitumen, penelrafion 60/70 paving asphalt_ Bitumen has 
a density of 1.03 g/cm 3 at 25 ~ Table 1 shows physical properties 
of  the bitumen 60/70 used. 
2-2. Bottom Ash 

The ash used in this experiment was the bottom ash generated 
from an industhal (inactive) waste incinerato~ Bottom ash was crush- 
ed to sizes smaller than 120 mesh (0.125 irzn) and &'led for 24 hours 
at 110 ~ before bitummizatioi1 Bi~nen as a solidification agent 
is used to deal with inten'nediate mad low level radioactive waste. 
The typical radioactive conta'ninalts in the low level radioactive 
waste are Co-60, Sr-93 and Cs137. Co, Sr and Cs were, therefore, 
selected as the typical elements in order to estimate the leactfing 
mechanism from the bi~nitfized waste fom~. For leach tests, bottom 
ash was spiked with a small amo~at of cobalt oxide (CoO : Co304), 
strontium chlocide (SrCI2) and cesium ctfloride (CsCI) as tracers. 
Two kinds of samples were prepared; Group L: bottom ash spiked 
with 4,000 mg of each element per kg of dry ash, and Cn-oup H: 

Table 1. Physical properties of bitmnen 60/70 

Property Test condition VaIue 

Penetration 25 ~ 100 g, 5 sec (ASTM D5) 63 (1/10 mm) 
Softei5ng point Ring and bail (ASTM D36) 48.8 ~ 
Flash point Cleveland open cup (ASTM D92) 328 ~ 
DuctiLity 25 ~ 5 cm/min (ASTM D70) 150 cm 
Solubility in tfi ct~oroethylene 99.8% 

Table 2. Detailed propel~ies of bottom ash 

Property Value (Test condition) 

Particle size Less tl~a~ 0.125 n .n  
True density 1.781 g/cm 3 (dry base) 
Moisture content 28.9 wt% (wet base) 
pH 9.25 (10 g, 25 nfl water) 

Chenucal composition wt% 

SiO2 49.71 CrO3 0.22 
A12Q 6.99 PbO 0.16 
TiO2 8.17 CdO 0.003 
Fe203 4.72 K20 0.79 
ZnO 0.29 CaO 10.78 
MgO 1.48 Na20 10.24 
Cu20 0.33 

Spiking elements 
Co Sr Cs 

(Spiking fore0 
(COO) (SrC12) (CsC1) 

mg/kg dry ash 

Group L 4,000 4,000 4,000 
Group H 10,000 10,000 10,000 
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bottom ash spiked with 10,000 mg of each element per kg of dry 
ash. Table 2 shows detailed properties of the bottom ash used. 
2-3. Spent Agricultural PolyethyIene Film (Spent PE) 

Polyethylene is saturated aliphatic hy&ccarIx~ polymer and ther- 
moplastics, and is very stable chemically [He~keI, 1984]. In Korea, 
agricultLtral polyethylene film having 1-2 year Ii'e is made from 
mainly low-density polyethylene (LDPE)and geneiates about 90,000 
tons of waste per yea: Polyethylene used in this expeisnent was 
spent agriculaa'al polyethylene film for waste recyclmg. Typically, 
LDPE has a density of 0.910-0.925 g/cln 3 and a softening point of 
about 105 ~ [Henkel, 1984]. 
3. Methods 
3-1. Compressive Strength 

The unconfmed compressive sttength of bitumen and bitxtmen- 
based waste fonn is measured by the ASTM D 1074-83 "Test Meth- 
od for Compressive Strength ofBia~ninous Mixa~-es". The rate of 
vertical deformation for these tests is set at 0.05 cm/mitqcm of the 
specimen height. The U.S. Nuclear ReguIatory Conunission (NRC) 
has recommended that the unconfmed compressive sttength should 
be evaluated at the tx~int where 10% defom~ation in specimen height 
occurs. For raclioactive wastes, the NRC suggests that waste forms 
have a minimum unconfined cornpressive strength of 414 kPa (60 
psi) [NRC, 1983]. 
3-2. Softening Point 

Softei~ng point testing was perforated in accorclalce with the 
ASTIvl D 36-70 "Test Ivlethod for Softeifing Point of Asphalts and 
Tar Pitches (Ring and Bali)". 
3-3. Form Stability 

The form stability was simply examined by checking the appea- 
ance change of the specimen during storage in air or water for 90 
days at roon~ temperature. 
3-4. Leach Test 

The leachability of the waste fon-ns was tested by using the Amer- 
ican Nuclea- Society's leaching test procedure (ANS 16.1) lAmer- 
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icm Nuclear Society, 1986]. The leachmt was denlinea~olized water 
and has a pH range in the range 6.8-7.2. The ratio of the surface 
area of the specimen to the leachant vohme was 10 in the leach 
test. The samplings and replacements of the leachate were made at 
the cumulative leach times of  2, 7 and 24 houm mid every 24 hours 
thereafter for the next four days. Three leach int~,vals of  14, 28 and 
43 days were added and the test was completed up to 90 days. 
3-5. Analytical Methods 

The wrote materials and the leachate after contacting the was~ 
forms have been malyzed with an atonlic absorption ~ectropho- 
tometer for cesium and strontium, and an induced-enupled plasma 
emission spectrometer for cobalt. When the concentmions of ele- 
ments were too low to measure, the leachae was concentrated by 
evaporation at 80 ~ for 2 days. The pH of the leachates was ad- 
justed to a p H  of about 2 by adding a few droplets o f  nitric acid 
(HNO3) to avoid precipitation of  the elements. 

RESULTS AND DISCUSSION 

1. Effect of  Spent PE on the Mechanical  Stability 
Experinlents were performed with amixing condition of 150 ipm 

mid 170-190 ~ Fig. 2 shows the scanning electron microgmph of 

Fig, 2. The scanntag elecWon mitrograph ef framwe surface of the 
matrix (b~unea+spent  PE 10 ~t%).  
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Fig. 3. The effect of spent PE contents on the softmtng point of the 
waste forms. 
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Fi~  4. The effect of spent PE contents on the compressive grmgth 
of the waste forms. 

fiaam'e sarface of the matrix with bi0mlen mad 10 wt% spent PE  
In Fig. 2, the threadlike white lines represent PE PE is distributed 
physically in b~umen due to a stable material. It was found that the 
spent PE existed as net structures in bitumen. Fig. 3 shows the ef- 
fect of  spent PE contents on the sotiening point of the bi0mlinized 
waste forms Adding spent PE of 5 wt% ormore to biltanen leads 
to an increase of  the softening point above 118 ~ Howeva; above 
a cetlain loading of PE it has no effect on the softening point. This 
is due to the effect of softening point of  s'pent PE (about 105~ 
For radioactive waste, the U.S. NRC has reconnnended that waste 
forms exhibit amininltml softening point ofT0 ~ When the soft- 
ening point of  the mixture is above 170 ~ it has an effect on the 
operation condition, including discharge to reactor and the forma- 
tion of  waste forms in the drum alia" discharging. If  the b~uminized 
waste forms contained 40, 50, and 60 wt% of ash, the waste forms 
with spent PE above 25, 20, and 15 wt%, respectively, could not 
be made becmse the pot type mixer could not discharge the mix- 
tures due to high viscosity. 

Fig. 4 iUuslrates the effect of  the additional spent PE on the conl- 
pressive strength of the bitmninized x,,,aste forms. When the mh con- 
tent is 60 wt% w~hout the spent P E  the compressive s~ength of 
waste forms is only 138 kPa (20 psi). When more than 5 wt% of 
the spent PE is added to waste forms, its con~pressive m'ength in- 
creases above 414 kPa (60 psi). In Fig. 4, the compressive strength 
becomes higher as the amount of  the spent PE is iucreased, but the 
amount of ash content does not show a large difference in the xarlge 
of 40 and 50 wP/o. It seems that aphysical change in the structure 
of the bitumhfized waste forms occurs when the ash content exceeds 
50 wt% 

Fig. 5 illustrates the appearance of waste forms m%r being ex- 
posed at room temper'eaure to air (A, 13) or water (C) for 90 days. 
As shown in Fig. 5(A), the waste forms without PE and containing 
40 mid 50 wt% ash collapsed entirely after ex-po~re of  20 days, 
mid the slope of the wo~te folms w~h a..~i contents of  60 wt% de- 
formed after 90 clays. The waste forms containing the spent PE ~e  
shown in Fig. 503, C). As shown in Fig. 5(C), even after being ex- 
posed to water for 90 days, the waste follns kept their original 
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Fig. 5. The appcai--dnce of waste [ollns alter being exposed into air 
(A, B) or water (C') fer 90 days. 
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Fig. 7. The eumulmive fraetion of dements leached from the spec- 
i m m  (60 vato/o ~ m d  10 ~to/o PE)  are plotted as a func- 
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Fig. 6. The leaching behavior of Cs m'lder ANS 16.1 test cmldilion. 

C F L = Z a , ! A o = 2 ( S / V  ) ( D / t l ~ )  'a (1) 

where, Xa,,--the total amount of  substance released in all leaching 
periods up to time, t, 

Ao=the initial amount of  substance ofintca~est originally 
present, 

V=the volume of  waste form, 
S=flae surface area of v~_ste form. 

In Fig. 7 the cmnulative fi'acfion of  Cs, Co and St" leached fi~n 
the specimen (60 wl% ash mad 10 ~vt% PE) are plotted as func- 
tions of  the square root o f  time. The linear correlation is found in 
the figure; thus, we condude the leaching process was controlled 
by diffusion. 

According to Eq. (1), the effective diffusion coefficient (D,) can 
be determined fi-om the slope of  Fig. 7. The value of  V/S is 0.95 
cm in this experiment The unit of  Xa,/Ao is dimensionless. 

Fig. 8 sho~vs the effective diffusion coefficient versus a~h con- 
tents. The D, for ash content of less than 50 wt% is almmt the same, 

shapes. 
2. Effect of  Spent PE on the Leaching 

Fig. 6 shows the cumulative fi'action of  Cs leached fi'ona the spec- 
inaen as a function of  time For the w'a~te forms with the same ash 
content, there is no difference b~ween the two curves cont~fining 
5wt% and 10vxt% of the spent PE. That is, tile cunmlative fiac- 
tions leached ~ n  the specimens wkh the s~ne ash content are in- 
dependem of the added spent PE amount. Thus, added PE has no 
effect on the leaching process. Similw results are obtained for Co 
mad St: After discarding the atypical initial data (2 hours) due to s~'- 
face effects mad wash-off[Colombo, 198~, the cunmlative fi'actions 
of Cs, Co and St" leached from the specimen are plotted as func- 
tions of  the square root of  time. 

From the m~aematical flmoiy oflraasport by diffusion fi'ona sol- 
ids based on Fid<'s law, the malytical solution has been applied to 
the leaching of mdionuclides fi'om waste forms [Machiels, 1982; 
Thomas, 1987]. The cunmlative fi'action leached is derived as: 
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Fig. 8. The effective diffusion coefficient plotted versus a ~  con- 
tents from the b~Lminized waste fa-ms. 
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Table 3. Leachability Index (LX) of elements 

Leachability Index (LX) 
Ash/(Pg) 

Group L Group H 
loading (Low concentration) (High concentration) 
(wt%) 

Cs Sr Co Cs Sr Co 

50/(10) 10.75 12.35 18.12 10.00 10.57 17.66 
60/(10) 10.12 10.62 17.54 9.34 9.74 16.94 

3. The effective diffusivities of Cs, Sr and Co increase rapidly in 
the above 50wt% of ash content. Howevei; in the case of waste 
fomls contaff~ag 60wt% ash, the effective diffusion coefficient (D~) 
is still very low. 

4. With the adclition of spent PE in bituminizafion of ash waste, 
two advantages are observed: (1) to make very stable bituminized 
waste foml, (2) to reuse the spent PE. 

A C K N O ~ r L E D G E M E N T  

but the D~ for 60wt% of ash contents increases rapidly. Also, in 
Fig. 4, the compressive strength does not show a large difference 
in the range of 40 and 50wt% of ash content, but shows a large 
dKTerence in the 60wt% of ash content_ Considering the Irends of 
Do value aid compressive strength, it is speculated that the physi- 
cal change in the structure of the bituminized waste fon~as exists 
above a 50 wt% of ash content_ However, in the case of waste forms 
containing 60 wt% ash, the Do of cesium, which is the highest value 
among the elements, is 3.95x10 -5 cm2/day (4.57x10 -~~ cm2/sec). 
The Leachability Index (LI) is defined as 

LX=-Iog Do 

where Do is the effective diffusion coefficient of waste fomls. For 
waste fomls, the U.S. NRC requires that the LX should be a value 
6 ~1~C, 1983]. 

In the case of waste fomls containing 60 wt% asia, the Leach- 
ability Index (LX) is 9.34. Accordingly, the D~ of cesium is a rela- 
tively very low value. Table 3 shows the Leachability Index (LX) 
of  elements. 

The D~ value of Co is much smaller than those of Sr and Cs. The 
relatively high De values of Cs and Sr are due to the solubility of 
the spiking reagents-- strontium chloride (S1C12) aid cesium chlo- 
ride (CsC1)-while the reagent used for Co was insoluble cobalt oxide 
(COO). It is therefore speculated that the solubility of elements is 
the principal factor of leachability. 

CONCLUSION 

1. The addition of more than 5 wt% spent PE maintains dimen- 
sional and mechanical stability of waste forms, and increases the 
softening point and the compressive slrength of waste forms. The 
maxmmm allowable amount of additional spent PE is 25, 20, 15 
wff,4 in the case of ash contents of 40, 50, 60 wt% respectively. When 
the PE content exceeds these amounts, a pot type mixer is unable 
to discharge mixtures due to high viscosity. 

2. The leaching mechanism of bituminized waste forms with ash 
is controlled by diffusioi1 A&-iitive PE of 5-10wt% does not ct~nge 
the leaching process, and bituminized waste forms maintain a high 
leach resistance. 

This project has been conducted under the Nuclear R&D pro- 
gram by MOST. 
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