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INTRODUCTION

In 1978, Congress passed Public Law 95-604 requiring the final disposal of

twenty-four inactive uranium mill tailings piles in the United States

(Department of Energy 1982). In response, the Department of Energy created the

Uranium Mill Tailings Remedial Action Program (UMTRAP). One of the program's

responsibilities included developing the technology necessary for remedial

action of the tailings piles and vicinity properties in conformance with

regulatory standards established by the Environmental Protection Agency

(EPA). The anticipated regulations led to the inception of the liner

technology program supported by UMTRAP in 1980.

Pacific Northwest Laboratory (PNL) was contracted to develop liner

technology for the long-term remedial action of these uranium mill tailings

sites. More recently, it became apparent through the liner technology and

hydrological studies conducted for UMTRAP that the natural retarding factors in

the foundation soils at these sites are, in most cases, enough to protect the

groundwater (Relyea and Martin 1982). Only in certain circumstances would

special liner technology be required for long-term remedial action. One such

circumstance might include alkaline tailings near a shallow groundwater table

in a permeable or cracked foundation soil, since the natural retarding factors

for soils are diminished for alkaline leachates. Even though the application

of liners to inactive sites will be limited, the PNL liner program, addressed

in this report, has provided significant technological background applicable to

UMTRAP and elsewhere.

The PNL liner program is comprised of four tasks. The first, a decision

tree development task, was completed in FY 1982. It outlined a logical

approach for determining the need or type of liner required at a disposal site

through the use of hydrological models (Relyea 1983). In the second task, soil

and clay liner interaction studies were performed with leachates. Accelerated

aging tests of an asphalt membrane liner were conducted in the program's third

task. The fourth task demonstrated the application and longevity of selected

liners in the field. By the end of FY 1983, the four task's activities have

been or will be finished, signifying the completion of the PNL development
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program for liner technology. This report is the final report dealing with the

activities in Task 3, which completes the asphalt liner aging tests.

Early in the program, screening studies were conducted to determine the

most prospective asphalt liner materials (Buelt et al. 1981; Barnes, Buelt and

Hale 1981). As a result, a catalytically airblown asphalt membrane was

determined to be the most stable and cost-effective asphalt liner material of

those tested. The asphalt membrane is 7 to 8 mm thick and is applied at about

200 0C through an asphalt distributor truck, as shown in Figure 1. The asphalt

is specially formulated in the production process to resist aging reactions; it

is airblown in the presence of a catalyst, usually phosphoric oxide or ferric

chloride. This procedure not only resists aging reactions, but also promotes

proper viscosity relationships for use as a lining material. Proper viscosity

is necessary to prevent cold flow on slopes but still be elastic enough to

yield to stresses caused by foundation soil, subsidence. Besides having

advantageous chemical and physical properties, the catalytic airblown asphalt

has a good historical use record in canal linings (Geir and Morrison 1968). It

has not only been considered for uranium mill tailings liners but also as a

cover material for the disposal of low-level radioactive wastes (Tucker

1983). Composed of naturally occurring components, the asphalt membrane is

expected to have a greater expected lifetime than synthetic geomembranes.

Thus, it was selected for more comprehensive testing.

The primary purpose of the study described in this report is to quantify

the expected performance lifetime of catalytic airblown asphalt in contact with

conditions that might be expected over the long term (1000 years) at a uranium

mill tailings impoundment. To make that determination, accelerated aging tests

were devised. This report discusses the results of these accelerated chemical

compatibility tests. It does not, however, discuss the engineering aspects of

installing a catalytic airblown asphalt membrane. They have been addressed

widely in the literature and will be discussed in the final programmatic report

to be issued later this fiscal year.
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FIGURE 1. Distributor Truck Applying Asphalt Membrane
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CONCLUSIONS

The results of the accelerated aging study have shown that by

extrapolating the test data, the lifetime of the catalytic airblown asphalt

membrane as an effective leachate barrier for inactive uranium mill tailings is

greater than 1000 years. This is determined by infrared spectrometric analysis

of aged asphalt samples. Infrared spectrometry identifies the carbonyl-

containing components, which are the reaction products of aging reactions.

With time, the carbonyls normally combine with other long-chain asphalt

molecules that increase the viscosity and hardness, making the asphalt more

prone to brittle fracture.

This study successfully demonstrated that the aging of asphalt (formation

of carbonyls) could be accelerated through the use of increased temperatures

and oxygen concentrations. According to reaction rate measurements, the

imposed temperature and oxygen concentrations produced an equivalent aging

effect of 7 years over a 3-month period. We determined that for every increase

of 100C, the reaction rate would increase by a factor of 2.3. Oxygen

contributed a significant effect as well. Increased acidity concentrations,

however, were determined to have an unmeasurable effect on aging.

Aging reactions during the 3-month exposure were limited to a penetration

beyond the exposed asphalt surface of only 10 to 40 pm. This amounts to only

0.1 to 0.5% of the total membrane thickness. Extrapolating the penetration of

the maximally exposed asphalt sample to the total membrane thickness gives an

expected performance lifetime in excess of 1000 years.

Aging reactions were not discernible under normal, nonaccelerated

conditions. This observation supports the conclusion that aging reactions can

be accelerated. Even so, we can conclude that the degradation reactions, even

at accelerated aging conditions, are extremely slow when exposed to mill

tailings leachates. Therefore, the catalytic airblown asphalt membrane could

serve as an effective leachate barrier for long-term management of uranium mill

tailings, should the need arise.
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TEST RESULTS

Aging of asphalt results in physical hardening and embrittlement of the

liner materials. The primary degradation known to occur due to aging is

oxidation. Asphalt, when oxidized, is converted to longer chain hydrocarbons

with the formation of carbonyls. The longer chained hydrocarbons are more

viscous and brittle and are thus more easily prone to cracking from physical

stresses that might be experienced at a tailings site over a long period (i.e.

1000 years). Therefore, it is important to quantify the rate of aging

reactions and predict the condition of the asphalt liner after the 1000-year

period. As a result, a methodology for accelerating the reaction rate over a

reasonable period of time (3 months) was developed for this study.

THEORY

The objective of the accelerated aging methodology is to increase the

degradation reaction r.ates of an asphalt liner under simulated mill tailings

impoundment conditions. To accomplish this, certain exposure conditions are

selected, based on past studies, to accelerate the reaction mechanisms. The

reaction rate is then determined and compared to those of less accelerated or

normal conditions. This comparison is used to quantify the expected

performance lifetime.

Van Oort (1956) and Blokker and van Hoorn (1959) have conducted studies

previously on increasing the degradation rates of asphalt. Both studies used

the following expression for the reaction rate:

RA = k (C0 2 )n (1)

where:

RA = reaction rate of the component of interest

k = the temperature dependent reaction rate constant

C02 = concentration of oxygen

n = the dependency of oxygen on reaction rate (referred to as the order

of reaction).
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The reaction rate constant is dependent upon temperature according to Arrhenius

law (Levenspiel 1972):

k = ko e-EA/RT (2)

where:

k = reaction rate constant

ko = a proportionality constant

EA = activation energy

R = gas law constant

T = temperature.

Since the reaction rate constant is temperature dependent, Van Oort

experimented with temperature to increase the reaction rate. By conducting

aging experiments in the absence of light, Van Oort was able to determine the

activation energy EA for asphalt experimentally. By plotting ln k vs 1/T, he

derived the activation energy at 24 kcal/mole, which is a normal value for

organic chemical reactions. At this activation energy, an increase in

temperature of 10%C above ambient would be expected to increase the reaction

rate by a factor of 4.3.

Blokker and van Hoorn (1959) built upon Van Oort's investigation of the

aginy of asphalt in the dark. Whereas Van Oort concluded that the extent of

aging would be limited by diffusion to 7 pm, Blokker and van Hoorn demonstrated

and substantiated their demonstration with theoretical interpretations that

hardening may occur down to depths of 3 mm or more. Blokker and van Hoorn also

increased oxygen pressure to accelerate the reaction rates. Depending upon the

order of reaction in the reaction rate equation, the concentration of oxygen in

the atmosphere can also affect the reaction rate substantially.

Blokker and van Hoorn's experiments showed that n in the reaction rate

equation was 0.6. This relationship indicates that the concentration of oxygen

can be instrumental in affecting the aging rates of asphalt. Blokker and van

Hoorn also found that the activation energy, the temperature dependence

coefficient of the reaction rate constant, was 12 kcal/mole instead of the
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24 kcal/mole measured by Van Oort. At this new activation energy, a 100 C rise

over ambient will approximately double the reaction rate, still making

temperature a good acceleration parameter. Based on Blokker and van Hoorn's

data, temperature and partial pressure of oxygen were selected as the aging

parameters for the PNL liner evaluation study.

To obtain the equivalent of 1000 years of aging in a 3-month period, it

was necessary to accelerate the reaction rate by a factor of 4000. Since

temperature and oxygen alone were not anticipated to accelerate the aging

reactions to the equivalent of 1000 years, another accelerated aging parameter

was sought. Since most of the uranium mill tailings leachates have

considerable oxidizing agents, such as sulfates, we speculated that increasing

the strength of these oxidizing agents would increase the rate of chemical

degradation. Basic chemistry shows that the concentration of hydrogen ions can

increase the oxidizing strength of sulfate. Therefore, by increasing the

hydrogen ion content in simulated leachate from a nominal pH of 2.5 to lower pH

values, the oxidizing strength of sulfates and other oxidizing agents would

potentially be increased. Thus, three accelerated aging parameters were

identified for the uranium mill tailings liner evaluation. They include

temperature, oxygen partial pressure, and acidity controlled by pH.

EXPOSURE COLUMNS

Barnes and Buelt (1982) have previously described the 0.6-m dia exposure

columns used to subject the asphalt liner membranes to simulated mill tailings

impoundment conditions. These larger diameter columns more accurately simulate

field conditions while still maintafning a controlled environment. The column,

depicted in Figure 2, was constructed in two parts from carbon steel pipe and

flanges with internal epoxy coatings to inhibit reactions with low pH

leachates. The asphalt liner was poured over a foundation soil where the two

portions of the column were joined. A subsidence bladder designed to duplicate

physical stresses expected in the field during foundation soil subsidence is

located directly beneath the liner in the foundation soil. The subsidence

bladder is constructed of two sealed chlorosulfanated polyethylene membranes

filled with water that can be removed during liner exposure. This causes
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FIGURE 2. Exposure Column

the bladder to collapse, subjecting the liner to the same physical stresses

incurred from a subsidence of 1 cm per 10 cm of length. Above the liner,

specific gradations of sand were added to simulate uranium mill tailings. A

hydraulic piston continually exerts a force on the sand simulating the weight

of 6 in of tailings above the liner. Together, the subsidence bladder and
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piston above the simulated tailings duplicate the compressive and tensile

stresses expected in the field and indicate the extent of impregnation of sand

particles into the liner at accelerated temperatures.

Simulated tailings leachate, the composition shown in Table 1, was added
to the sand. The columns were then sealed above the liner so that a

pressurized atmosphere could be subjected to the liner. This not only

increases the partial pressure of oxygen necessary for accelerating asphalt

aging, but also forces limited quantities of leachate through the liner for

better permeability measurement during the exposure period. The higher

hydrostatic head also helps force leachate through the liner, thereby

eliminating diffusion-controlled reactions.

The entire exposure column is surrounded by heating/cooling coils within

5 cm of high-quality insulation. The heating/cooling coils subject a

controll~ed temperature to the entire exposure column. As discussed earlier,

temperature is one of the parameters used for the accelerated aging tests.

EXPOSURE CONDITIONS

Because of the sophisticated design of these columns, it is desirable to

limit the number of exposure conditions. However, to determine the influence

TABLE 1. Simulated Tailings Leachate Composition

Chemical Concentration, g/z

CaSO4  500.0

CaCO 3  18.1

MgSO4  8.6

Na2 SO4  7.4

NaCl 7.4

Fe2 03  2.4

NaCO 3  2.3

A12 03 1.2
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of each parameter on aging reactions, variable exposure conditions must be

imposed. Selecting three values for each of the three parameters require a

3 x 3 x 3 testing matrix, resulting in 27 exposure tests for the liner. Since

only eight exposure columns were available, a statistical method for selecting

only key parameter combinations in the 3 x 3 x 3 matrix was employed for

testing. The statistical method, known as the fractional factorial matrix,

requires measurements at only 11 points, instead of 27, as shown in Figure 3.

According to this statistical method the high and low values of each parameter

are selected for testing. The liner is also subjected to three exposure tests

at the intermediate values of all three parameters to obtain a statistical

variation of the data. With eight exposure columns being available, the

eleven measurements could be made in two series of tests leaving spares to

rerun any cases that might be indicated.

The temperature was controlled for the various points on the fractional

factorial matrix with three glycol circuits. The intermediate and high

I I
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FIGURE 3. Fractional Factorial Matrix
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temperatures, 35 and 50'C, were maintained by electrical heaters immersed in

glycol that is continually recirculated through the heat transfer coils of the

respective column(s). The intermediate and high temperature cases were

selected on the basis of anticipated reaction rate constants, and the desire to

avoid chemical reactions above 500 C that might not normally occur. The 200C

ambient temperature was maintained in the column by use of a heat pump. This

temperature represents the equivalent ground temperature that might be expected

below a uranium mill tailings pile.

The range of oxygen partial pressures for accelerated aging was based on

ambient conditions, the maximum pressure rating of the exposure column, and an

arithmetic average between the two. Therefore, 0.21 atm, 1 atm, and 1.7 atm

were selected as the exposed oxygen partial pressure with a total pressure of

1.7 atm in all cases. The prescribed partial pressure of oxygen was maintained

in the exposure column by two flow control valves from oxygen and nitrogen

supply tanks. The intermediate and ambient oxygen partial pressures were more

difficult to maintain since the flow of oxygen and nitrogen had to be balanced

to match the leak rate of the exposure columns.

The acidity levels were maintained by periodic sampling of the leachate

directly above the liner. As the pH slowly increased throughout the exposure

period, additional sulfuric acid was introduced into the exposure column. The

pH tended to increase because the leachate interacted with the exposure column,

the simulated tailings, and possibly the asphalt liner itself. This posed a

difficult control problem and required that various conditions be rerun in the

second series of tests. The base case of pH = 2.5 was selected as the lowest

measured pH from a variety of batch leaching samples of uranium mill tailings

from Ship Rock, Durango and' Salt Lake City. The pH values for the accelerated

conditions were selected at 2.0 and 1.5. Subsequent column leaching studies

showed that the initial pore volume of leachate passing through Ship Rock

tailings has a pH of 1.8 increasing to higher pH values with subsequent pore

volumes of leachate (Relyea and Martin 1982). The concern over maintaining

accurate pH levels proved to be inconsequential, however, since it was

discovered during asphalt liner analysis that acidity levels have an

unineasurable effect on the extent of aging.
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The appendix shows the pH curves experienced for all asphalt samples

throughout both series of tests. Temperature and oxygen exposure conditions

are also given.

PERMEABILITY

Permeability, used to measure the immediate effectiveness of the liner, is

calculated by the Darcy equation for saturated flow (Hillel 1980):

(3)
•-A. P

where:

= permeability coefficient (cm/s)

V= the volumetric flow rate through the liner (cm3/s)

x = liner thickness (cm)

A = exposed surface area (cm2

P = hydrostatic pressure (cm - H2 0).

The exposure column's manometer measures leachate level in the column.

Readings collected over a given period determine the volumetric flow rate of

leachate passiny through the liner. Thus, the permeability of each asphalt

liner was determined during the exposure period by changes in manometer

level. The amount of leachate penetrating the liner, if sufficient, could be

collected in the bottom drain of the exposure column and be averaged over the

time period between collection periods for a redundant measurement. However,

because of the low permeability of the asphalt liner (10- 9 - 10-10 cmn/s),

measurable volumes of leachate were rarely collected. The required time period

for a permeability measurement was approximately 2 weeks as indicated by the

manometer.

Because of the chemical durability of the asphalt, accelerated aging

conditions produced no measurable effect on permeability with time, even after

the subsidence bladder was collapsed. Figure 4 represents the permeability

measurements for three liners at normal, intermediate and highly accelerated

conditions. Because of the flatness of the curves, the figure indicates that

14
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permeability cannot be used to determine the extent of aging in the asphalt

liner and that additional analytical techniques are necessary to make that

determination. However, the permeability curves do indicate that, even for the

maximum accelerated aging conditions, the performance of the asphalt liner is

not affected. Permeability data for each of the runs is given in the appendix.

ANALYTICAL RESULTS

Since permeability was not a good measure of the extent of aging, the

formation of reaction products was analyzed as a function of depth into the

liner. This helped determine whether aging is a near surface phenomenon or

whether it extends well into the depth of the asphalt. The asphalt membrane

was, therefore, sampled in 4 pm increments using a microtome. Microtoming is

normally used for obtaining thin biomedical samples for analysis of animal

tissue. To adapt microtoming for the asphalt study,.special casting techniques

of the asphalt sample in Paraplast® (paraffin wax) or O.C.T.® were used.

The analytical technique selected for determining the extent of aging was

infrared spectrometry. The infrared spectrometric method tells how much of the

asphalt has been converted to carbonyl forms, the product of aging. The

formation of carbonyls is important in the asphalt process because they are

polar groups that form at the end of a hydrocarbon chain. These polar, oxygen-

containing groups sometimes combine with other hydrocarbon chains, increasing

the higher molecular weiyht fraction in the asphalt. This increases the

viscosity and brittle nature of the asphalt membrane. Experience with the

infrared spectroinetric method showed that all of the asphalt samples at various

depths could be analyzed cost-effectively by this technique.

Separate infrared analysis of Paraplast and asphalt showed that the

absorption bands for these two materials are very similar. Their similarity

was not discovered until after the first series of tests had been cast and

® Paraplast is a registered trademark of the Lancer Division of Snerwood
Medical, St. Louis, Missouri.

® O.C.T. (Optimal Cutting Temperature) is a registered trademark of the Labtek
Division of Myles Laboratory, Naperville, Illinois.
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microtomed for analysis. Therefore, the second series of asphalt samples were

cast in O.C.T., a material whose absorption bands differed significantly from

asphalt. Figure 5 shows the absorption bands with their associated

contributors for each of these materials. The carbonyl absorption band falls

within the 1667 to 1800 wavenumber range. The peak at 1600 wavenumbers is

associated with C=C bonds from which carbonyls form.

The reaction rates for each sample are determined in the following

manner. The contributions of the Paraplast or O.C.T. to the absorption spectra

are first subtracted from the absorption band to obtain the true curve for the

asphalt sample. Then, the aging reaction rates are determined by comparing the

integrated values of these asphalt absorption curves related to various

exposure conditions. The integrated absorption curves for each exposure

condition are listed as a function of penetration into the liner, as shown in

the appendix. The reaction rate at each depth is determined by rate of

formation of carbonyls during the exposure period. It can be expressed by the

equ at i on:

C C-
c=o f c=o 

(
R =t (4)

where:

R = reaction rate

Cc=of = concentration of carbonyls after exposure, indicated by the

integrated absorption curve between 1667 and 1800 wavenumbers

Cc=oi = initial concentration of carbonyls based on a derived

relationship with the integrated absorption curve for C=C

t = exposure time.

Because the influence of the initial concentration of carbonyls was not

foreseen, the concentration of carbonyls (Cc=oli) was not measured before

exposure. However, a mathematical relationship was derived relating the

concentrations of C=C which was measured with C=O. The expression was based on

emperical data from the three tests in the center of the fractional matrix with
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identical exposure conditions. The reaction rates from Equation 4 were then

normalized to their respective, initial concentrations of carbonyls and plotted

in Figures 6, 7, 8 and 9 for the various exposure conditions. Examination of

these plots reveals some important findings:

" temperature and oxygen are effective acceleration parameters

* acidity levels have no measurable effect on aging reactions

" no measurable reaction rate is observed under normal, non-

accelerated conditions
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o aging is extremely slow for asphalt, even under accelerated

conditions, and

, aging reactions under accelerated conditions penetrate only 10 to

40 pm.

Let's examine the bases for these conclusions more closely.

The solid horizontal lines shown in Figures 6 through 9 are the arithmetic

mean values of the reaction rates measured at the near surface (10-40 pri). The

standard deviation of the reaction rates beyond 40 pm are then determined

separately to help define the bounds of the data scatter. The reaction rate

near the surface is considered measurable if the mean value near the surface

falls near to or outside the standard deviation at greater depths.
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Figure 6 shows two cases conducted at normal exposure conditions and one

at high acidity, low temperature and oxygen conditions. No measurable reaction

rates are discernible as a function of depth. Thus, we can conclude that aging

reactions are not measurable under normal conditions during the 3-month

exposure period. Also, increased acidity in the leachate does not accelerate

the aging reactions. Apparently the oxidizing nature of sulfuric acid is not a

significant degradation mechanism for asphalts.

Figure 7 shows the effect of temperature on reaction rates, for the same

oxygen concentrations. The ratio of reaction rates for these two cases is

0.099/0.058 = 1.7. Comparing the low temperature, high oxygen reaction rate

with that in Figure 8 for high temperature, high oxygen conditions results in

an increased reaction rate near the surface by a factor of 0.31 (high
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temperature, high oxygen-Figure 8)/0.058 (low temperature, high oxygen-

Figure 7) = 5.3. Using the higher ratio of reaction rates, the activation

energy in Equation (2) can be calculated to be 15 kcal/g-mole. This means that

for an increase in temperature of 100C, the reaction rate increases by a factor

of 2.3. This is consistent with Blokker and van Hoorn's findings in their

accelerated aging tests with pavement asphalts.

Figure 8 also shows the effect of oxygen concentration under constant

temperature conditions. From this comparison, oxygen evidently has a

significant effect on aging. From this plot, the value of n in the reaction

rate equation (1) is calculated to be 0.8. Blokker and van Hoorn determined n

to be 0.6, so this finding is substantiated.
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The penetration of aging reactions was limited to 10 to 40 pm into the

surface of the 7000 pm thick liner. Blokker and van Hoorn showed that for

thick samples, penetration of oxygen as deep as 3000 pm might be expected. The

discrepancy may be due to the fact that the asphalt liner aging reactions were

performed under saturated leachate conditions whereas Blokker and van Hoorn's

studies were conducted in air.

Figure 9 shows the reaction rates at the intermediate exposure

conditions. The plots substantiate the quantitative effect that temperature

and oxygen have on reaction rate. The depth of penetration, 10 to 40 prn, is

also substantiated by these measurements. Even though the data scatter is

quite significant, the mean values agree very closely for all three exposed

liners. The intermediate exposure results provide an important validation of

the accelerated aging methodology and analysis.

PERFORMANCE LIFETIME

The calculated activation energy (EA) and dependency of oxygen

concentration on reaction rate (n) in the reaction rate equation determine the

equivalent exposure period for the maximally exposed liner sample. With a

temperature 20% above ambient and 1.7 atm oxygen partial pressure, the

reaction rate was increased by a factor of 30. This means the equivalent aging

period of the liner over 3 months at these conditions was 7 years. The

inability of acidity to act as an accelerating aging parameter, and the fact

that only 40% was achieved at the accelerated temperature (see appendix), left

the equivalent exposure period short of the desired objective. However,

because the penetration of aging reactions was minimal, the expected

performance lifetime may be extrapolated with some accuracy.

The penetration of the reaction products was only -14 pm at maximum

exposure conditions--O.2% of the total liner thickness. Maximum penetration of

reaction products was 40 pm. At the accelerated reaction rate, the time

required to penetrate the entire depth of the liner might be increased by a

factor of 200 to 500. Based on the aged liner representing 7 years of aging,

the asphalt membrane's performance could be expected to greatly exceed the
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1000-year standard. Catalytically airblown asphalt, if needed to prevent

groundwater contamination, could therefore be expected to perform extremely

well as a leachate barrier at inactive uranium mill tailings piles for long

periods.
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APPENDIX

EXPOSURE CONDITIONS, PERMEABILITIES, AND REACTION RATES

This appendix presents the exposure conditions, permeabilities and the

integrated infrared absorption band data for the aged liners. Reference

codes A, B, and D through G refer to the first set of exposure tests. Codes 1

through 7 refer to the second set of exposure tests; and Code Z is the control,

unexposed asphalt.
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