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Simulated evaporator concentrate was prepared by pre-treating sodium borate with calcium hydroxide
to produce an insoluble, ulexite-like borate salt. The resultant solid waste was blended by extrusion with
virgin and recycled low density polyethylene {LDPE) at 30 and 50 wt% load. Samples were evaluate to
homogeneity by density determinations (ASTM D792-91), compressive strength (ASTM DE95-91) and
leaching behavior by accelerated leaching tests {ASTM C1308-95). Coefficient of variation of density was
lower than 5% for all evaluated waste forms, indicating a satisfactory homogeneity. Compressive
strengths have complied to US.NRC standard and were above CNEN standard limit for cement waste
products if 5% strain could be considered a reasonable limit to assure the structural integrity of the
material. Cumulated fraction leached after 11 days of accelerated leach test was found to be lower than
10%, and diffusion coefficients of boron have varied between 3.86 x 107'° and 9.06 = 10~'° cm?/s. Boron
concentrations for all materials have shown a tendency to reach an asymptotic value at the end of the
test {around 0.25 and 0.7 mg/L for 30 and 50% waste load, respectively). Measured cumulated fraction
leached (CFL) data with time have shown a tendency of becoming asymptotic sooner than it was

predicted by the diffusion model.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Radionactive waste immobilization aims to obtain a waste form
suitable to be transported, storage and disposal. Cement and
bitumen are materials commonly used as matrices to immobilize
radioactive wastes. The main goal of the process is to transform
waste in a monelithic block with reduced leaching potential

Low density polyethylene (LDPE) as an immeobilization matrix
was firstly evaluated by the Brockhaven National Laboratory (BNL)
(Kalb et al., 1996; Lageraaen and Kalb, 1997; U.S.EPA, 1997) in
a process called polymer microencapsulation. The processes of
extrusion and kinetic mixing were investigated to melt and mix the
polymer (virgin and recycled) with different types of waste (ra-
dicactive, hazardous and mixed) in both laboratory and pilot-scale.

These studies demonstrated that the use of polymeric materials
for waste immobilization can be very promising due to several
factors, such as chemical resistance to a variety of chemical agents
and solvents; degradation resistance due to seil saturated condi-
tions, thermal cycles, microorganisms and radiation; matrix solid-
ification is assured by the polymer cooling, dispensing chemical
reactions; best leaching perfermance if compared to cemented
waste forms with equivalent waste loads; and capability of loading
great amounts of waste.
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BNL studies also showed that polyethylene matrices can be
applied to different kinds of waste since chemical characteristics of
the waste do not affect thermoplastic selidification. However,
physical characteristics of the waste, such as particle size, humidity
level and presence of volatile substances, can be problematic
during the extrusion process. Another limiting factor is the thermal
degradation of the waste related to the application of relatively
high temperatures during the process (as high as 200 °C).

This paper goal is to present the evaluation of waste forms
resulting from the immoebilization of a simulated evaporator
concentrate, containing mainly boren, in two LDPE matrices (virgin
and recycled), blended by extrusion (in laboratory scale) in the
proportion of 30 and 50 wt%. Samples were evaluated for homo-
geneity using density determinations, mechanical (compressive)
strength and leachability for boron by accelerated leach test.

2. Materials and methods

Simulated evaporator concentrate was prepared by the pre-
treatment of sedium borate with calcium hydrexide to produce an
inseluble borate salt (Awwal et al,, 1996). The boron concentration
in the evaporator concentrate was around 44,000 ppm and the
reaction was carried out at a temperature of 85-87 °C for a period of
7 h with mechanical agitation. Solid samples dried at 60 °C for 3 h
were analyzed by X-ray diffraction and presented a predominant
crystalline phase identified as NaCaBs0g 8H0, as well as minor
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ameorphous phase. This new compound is similar to ulexite, which
is a hydrate boron mineral composed of sodium and calcium. The
equilibrium concentration of boron in water at the borate satura-
tion condition (at 25 °C) was about 650 mg/L of boron. Borate salt
was also dehydrated at 170°C to aveid vapor release during
extrusion.

Waste immobilization was carried out in a 35 mum, simple screw
laboratory scale extruder, with length to diameter ratio (L/D} equal
to 32 and five heating zones. Two types of low density polyethylene
were applied, a virgin LDPE with melt index (MI) of 30 g/10 min and
density of 0.917 gfcm> (referred as PV30) and a recycled LDPE
{referred as PR16) with MI of 16.2 g/10 min and 0.93 gjcm® density
(MI at 190°C and 2.16 kg, according to ASTM D1238-90, 1990).
Table 1 shows the extruder temperature configuration used during
the process. The extruder rotation was set as 80 rpm.

Polymer and simulated waste were pre-mixture before feeding
in the extruder. Batches of 500 g were prepared with 30/70 and 50/
50 waste/polymer ratio and 1% (weight basis} of mineral eil to help
fixing the waste powder on the surface of the polymer pellets. Care
was taken to avoid the segregation of the components in the feeder
funnel and keep the waste/polymer ratio as constant as possible.
The melted material leaving the extruder was ceollected into
cylindrical molds of 6 cm of diameter and 10 an of height and
allowed to cool down in room temperature under slight load
(3 tons} using a hydraulic press. After cocling, samples were
removed from molds and cut te produce suitable samples for being
used in characterization tests. Summary description of each eval-
uated material and the respective material code is given in Table 2.

The homogeneity of each mixture was investigated by
determining the density of each one of three consecutive cylin-
drical samples and evaluating the variability of the measurements
for the three samples as a whole. Density values were determinated
by displacement (ASTM D792-91, 1991 }. For each sample, a repre-
sentative value of density (arithmetic average) was determinated
by sectioning it in four pieces and evaluating the density of each
piece. Each piece weight was measured to check for conformity
with maximum weight allowed by the standard test (50 g). Tem-
peratures were controlled to comply with standard requirements of
23+2°C

Mechanical strength was evaluated through determination of
compressive strength (ASTM D693-91, 1991), using an Instron
Universal Testing Machine. For each determination, five prismatic
samples (12.5x12.5 x 254 mm)} were used. Load was applied
longitudinally at constant rate of 1 mm/min. Tests were conducted
at room temperature. Results were compared to the value for the
pure polymer and with limits established by CNEN-NN-6.09 stan-
dard for cement waste forms and by U.S. Nuclear Regulatory
Commission (U.S.NRC, 1991).

Three cylindrical samples (2.5 cm diameter and 2.5 cm height)
for each mixture were tested to determine the leach rate of the
immobilized waste by the accelerated leach test method (ASTM
C1308-95, 1995). Three liters of deionizated water were used as
leachant for each one of the 13-leachant replacements required by
the standard. Leachant replacement was made using the specified
time intervals: 24 h of interval during 11 consecutive days plus two
additional changes in the first day, 2 and 7 h after the beginning of
the test. Samples of the pure polymers were also evaluated to allow
checking for contamination. Tests were conducted at room tem-
perature. After each interval, samples of the leachant were taken
and analyzed for boron by Inductively Coupled Plasma Mass

Table 1

Termperature configuration for the temperature zenes of the extruder.

Zene 1(°C) Zone 2 (°C) Zone 3 (°C) Zone 4 (°C) Matrix (°C)
175 180 185 190 190

Table 2

Characteristics of the evaluated mixtures®

Material Polymer Polymer Waste
(wts) (wti)

PV30 Virgin LDPE; MI 30 100 0

PV30B30 Virgin LDPE; MI 30 70 30

PV30B50 Virgin LDPE; MI 30 50 50

PR16 Recycled LDPE; MI 16.2 100 0

PR16B30 Recycled LDPE; MI 16.2 70 30

PR16B50 Recycled LDPE; MI 16.2 50 50

® Melt index (MI) reported at 190 °C and 2.16 kg, according to ASTM D1238-90
(1990).

Spectrometry {ICP-MS). Boron concentration data were introduced
in the accelerated leach test (ALT} computer program in order to fit
a leaching model and estimate the model parameters.

3. Results and analysis

Processing of the materials in the extruder was successful. The
melted material was homogeneous, with few bubbles due to
polymer andfor waste degradation. The small size of the waste
particles {a powder-like material} has reduced polymer wettability
and made feeding more difficult. Applying slight pressure during
cooling with a hydraulic press has produced more homogeneous
and bubbles-free samples.

Statistics of the density determinations for each evaluated
material are given in Table 3. The homogeneity of each material can
be measured by calculating the coefficient of variation for the
determinations. This parameter was lower than 5% to all materials,
suggesting that the process is able to mixture properly melted
polymer and waste and produce a homogeneous material. How-
ever, pre-mixing and feeding the extruder manually are not feasible
in large scale processes and these aspects of the process must be
improved.

Values of compressive strength properties of the pure polymers
and the waste forms are listed in Table 4. Data of strength at yield
point, at 5 and 10% deformation and the maximum strength (when
failure by fracture was observed) showed that these values increase
as waste is added to the polymers, resulting in a stronger material.
This was already expected since fillers are commonly used in
polymer industry as additive in order to improve the mechanical
strength properties. Failure by fracture was only cbserved for the
materials containing recycled polymers (PR16B30 and PR16B50).

Comparing the values of mechanical strength obtained with the
requirements of waste form acceptance criteria is a difficult task
due to the lack of compressive strength values for waste in-
corporated in polymers. CNEN regulation (CNEN-NN-6.09, 2002)
requires that cemented waste forms must support 10 MPa strength
in order to satisfy the criteria of structural integrity of a repository.
LS.NRC requires a minimum value of 60 psi (0.4MPa), In-
dependently of the matrix, but also requires that efforts must be
applied to achieve the higher possible mechanical resistance within
practical limits (U.S.NRC, 1991). All values of compressive strength

Table 3

Results of the homogeneity evaluation®.

Material Density {average + 95% Standard Coefficient
cenfidence interval) deviation of variaticn
(gfem?) (g/cm?) (%]

PV30B30 104+ 0.06 0.02 19

PV30B50 12401 0.04 33

PR16B30 105+ 0.03 0.01 10

PR16B50 1.2+01 0.03 2.5

2 Density average and 95% confidence interval for pure polymers: PV30
density = 0.916 + 0.002 g/cm?® and PR16 density = 0.93 & 0.01 g/em?®.
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Table 4
Results of the compressive strength tests®.

Material ~Strength at Strength at 5% Strength at 10¥ Maximum Deformation

yield point deformation  deformation strength  at maximum
{MPa) {MPa) (MPa) {MPa) strength (%)
PV30 3.3+04 95402 124403 NO NO
PV30B30 44405 10.9+0.2 13.3+0.2 NO NO
PV30B50 59408 13.6+0.6 16.2+0.6 NO NO
PR16 71+05 15.2+0.2 18.6+0.3 NO NO
PR16B30 86+04 161+04 18.7+£05 18+2 12+£5
PR16B50 11.0+0.6 19+1 20807 21+3 13+8

* All data are expressed as average + 95% confidence interval. NO = not ehserved.

obtained for the waste forms using both pelymers comply with
[LS.NRC requirement. According to CNEN criteria, if 5% deformation
could be considered low encugh to assure structural integrity, the
evaluated waste forms can also be considered acceptable.

Boron concentration data resulting from accelerated leach test
are shown in the right vertical axis of Figs. 1 and 2, for virgin and
recycled LDPE matrices, respectively. These values were introduced
in ALT program and used to match a leaching medel. The mass of
boren in each sample, a parameter required by the model matching
process, was estimate as 516 and 974 mg for 30 and 50% load,
respectively, considering sample geometry, sample density and
that the waste molecular weight is the same as ulexite molecular
weight (calcium and soedium borate salt; 405.11 g/mol). Measured
and modeled cumulated fraction leached {CFL} are alse shown in
the left vertical axis of Figs. 1 and 2. Table 5 shows the parameters
and error for the fitting process of CFL data.
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Fig. 1. Results of accelerated leach tests versus time for virgin LDPE matrix at 30% (a)
and 50% (b) waste load.
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Fig. 2. Results of accelerated leach tests versus time for recycled LDPE matrix at 30%
(a) and 50% (b) waste load.

Among the possible leaching models included in ALT program
(diffusion, disselution and partitioning), diffusion model has
provided the best match with experimental data for all materials.
Diffusion coefficients of boron in the polymeric matrices were
found to vary between 3.86 x 107!? and 9.06 x 107'% cm?/s. Maxi-
mum CFL after 11 days of test was lower than 10%. Literature has
reported similar values for 50% load of sodium in virgin and recy-
cled LDPE (4.40 x 107" and 1.91 x 107! cm?/s, respectively) and
a maximum CFL of 8% at 11 days (Lageraaen and Kalb, 1997).

Poor results of the fitting process for some materials (mainly, for
PV30B30) might be an indication of an inadequate representation
of the leaching mechanisms which take place in polymeric matrix.
As the ASTM C1308 standard limits the estimation error to 0.5% to
allow data extrapolation using the fitted model, diffusion model
cannot be used to predict the leaching behavior of the waste form
for longer times. Partitioning model could also be suitable for
describing leaching from waste forms, but data fitting to this model
did not show to be significantly better in comparisen to diffusion
model. Ancther possible reason can be pointed as uncertainties
related to the actual amount of boron within the samples. ALT leach

Table 5

Results of the accelerated leach tests and fitting process with ALT program
Material Measured CFL Diffusion Error

(after 11 days) coefficient {cm?/s) (%)

PY30B30 0.085 9.06 x 10 © 832
PV30B50 0.051 3.86x10 0.77
PR16B30 0.095 534 %10 ° 144
PR16B50 0.092 751 %10 © 094
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models and the fitting process have shown to be very sensitive to
the initial amount of boron in the source term.

Due to operational problems, leachant replacement for the first
two changes for the recycled LDPE materials was not possible and
the first actual change was made after 24 h of the beginning of the
test. An increase of boron concentration in the first leachant with
respect to the observed in virgin LDPE materials was the reflect of
this problem and data input in ALT program was altered to account
for the change in time intervals for this materials.

Boron concentrations for all materials have shown a tendency to
reach an asymptotic value at the end of the test. Final boron
concentration (at 11 days) was 0.25+ 0.06 and 0.24 4+ 0.01 mgj/L for
PV30B30 and PR16B30 (30% waste load) and 0.65+0.04 and
0.7 £03 mg/L for PV30B50 and PR1GB50 (50% waste load),
respectively. The proportionality between waste load and final
boron concentration indicates that the performance of both poly-
mers with respect to the amount of boron released after 11 days is
similar. Also, measured CFL data with time show a tendency of
becoming asymptotic sooner than it was predicted by the diffusion
model, implying that the actual leach behavior of pelymeric waste
forms is more favorable than predicted.

4. Conclusions

A preliminary evaluation of the waste form resulting of the
immobilization of a simulated evaporator concentrate containing
boron in virgin and recycled LDPE matrix was presented. Simulated
solid waste was blended by extrusion with the polymeric matrices
in the proportion of 30 and 50 wt%. Samples were evaluated by
homogeneity (using density determinations}, mechanical strength
(compressive strength) and leaching behavior (accelerated leaching
test).

Coeefficient of variation of density of three consecutive samples
was lower than 5% for all evaluated waste forms, indicating a sat-
isfactory homogeneity of the material. Improvements on the
feeding process of the extruder must be introduced in order to
increase the homogeneity and guarantee the homogeneity of the
waste forms in larger scales.

Compressive strength for all materials has increased after the
mixture with the simulated waste, indicating an increase of the
material strength with the increase of waste load. Ductile fracture
was observed for recycled polymer when mixed with waste. Esti-
mated compressive strengths comply to ULS.NRC standard and were
above CNEN standard limit for cement waste products if 5% strain
could be considered a reasonable limit to assure the structural
integrity of the material.

Cumulated fraction leached after 11 days of accelerated leach
test was found to be lower than 10%, and diffusion coefficients of
boron have varied between 3.86 x 107!% and 9.06 x 1071% cm?/s.
Boron concentrations for all materials have shown a tendency to
reach an asymptotic value at the end of the test {around 0.25 and
0.7 mg/L for 30 and 50% waste load, respectively). Measured CFL

data with time have shown a tendency of becoming asymptotic
sooner than it was predicted by the diffusion medel, implying that
the actual leach behavior of pelymeric waste forms is more favor-
able than predicted.

The good results obtained in this study have demonstrated that
this immebilization method could effectively become an alterna-
tive to current employed matrices for low level wastes. Some
possible restrictions of using this technology already pointed by the
literature could be verified during the development of the research:
waste must be inert to thermal degradation within the range of
temperatures used during the extruder operation; water and
volatile substances content in the waste must be kept to a mini-
mum, and waste particle size distribution must be controlled.
Improvements in the extruder feed system, an evaluation of higher
waste/polymer ratios and a more detailed study about the involved
leaching mechanisms could be considered during further
developments in this issue.

Acknowledgements

Authors would like to acknowledge CNPq and FAPEMIG for the
financial support, Polietilenos Unido for the donation of the poly-
mers, Produgdo Mecanica/GA2, Laboratdrio de Ensaios Mecdnicos/
EC2 and Laboratorio de Andlises Ambientais/TR2 for all technical
assistance provided.

References

ASTM (1308-95, 1995. Standard Test Methed for Accelerated Leach Test for
Diffusive Releases from Sclidified Waste and a Computer Program to Model
Diffusive, Fractional Leaching from Cylindrical Waste Forms. The American
Scciety for Testing and Materials, Philadelphia, U.S.A.

ASTM D695-91, 1991. Standard Test Methed for Compressive Properties of Rigid
Plastics. The American Scciety for Testing and Materials, Philadelphia, U.S.A.

ASTM D792-91, 1991. Standard Test Methed for Density and Specific Gravity (Rel-
ative Density) of Plastics by Displacement. The American Scciety for Testing and
Materials, Philadelphia, U.S.A.

ASTM D1238-90, 1990. Standard Test Methed for Flow Rates of Thermoplastics by
Extrusion Plastometer. The American Society for Testing and Materials, Phila-
delphia, U.S.A.

Awwal, M.A, Guzella, M.ER,, Silva, T.V.,, 1996. Chemical treatment of simulated
solutien of evaperator cencentrate for immobilization in bitumen. Waste
Management 16, 251-256.

CMEN-NN-6.09, 2002. Critérics de aceitacdo para deposicio de rejeitos radicativos
de baixe e médio niveis de radia¢io. Comissio Nacional de Energia Nuclear,
Brasil (in Portuguese).

Kalb, PD., Lageraaen, PR, Wright, S., 1996. Full-scale technology demonstration
of a pelyethylene encapsulation process for radicactive, hazardous, and
mixed wastes. Journal of Environmental Science and Health A31 (7),
1767-1780.

Lageraaen, P.R, Kalb, P.D., November 1997. Use of Recycled Pelymers for Encapsu-
lation of Radicactive, Hazardous and Mixed Wastes. Final Repert, BNL-66575.
<www.ostigov/bridge: (accessed 15.01.2008.).

U.S.EPA, 1997. Innovative Site Remediation Technology: Design and Application. In:
Stabilization/Solidification, vol. 4. U.S. Environmental Protection Agency, U.S.A.
EPA-542-B-97-007.

U.S.NRC, 1991. Technical Positicn on Waste Form (Revisien 1). U.S. Nuclear Regu-
latory Commissien, U.S.A.



