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ABSTRACT

This document, “Tailing Neutralization and Other Alternatives for
Immobilizing Toxic Materials in Tailings," is the final report in a series of
six, It summarizes research completed since the beginning of the project.
Three subtasks are included: Subtask A - Neutralization Methods Selection;
Subtask B - Laboratory Analysis; and Subtask C - Field Testing.

Subtask A reviews treatment processes from other industries to evaluate
whether current waste technology from other fields is applicable to the uranium
industry. This task also identifies several reagents that were tested for
their effectiveness in treating acidic tailings and tailings solution in order
to immobilize the contaminants asso:iaced with the «.1d waste.

Subtask B describes the laboratory batch and column treatment studies per-
formed on solid waste tailings and tailings solutions over the course of the
project. The evaluation of several reagents identified in Subtask A was based
on three criteria: 1) treated effluent water quality, 2) neutralized sludge
handling and hydraulic properties, and 3) reagent costs and acid neutralizing
efficiency.

Subtask C presents a ficld demonstration plan that will evaluate the
effectiveness, costs, and benefits of neutralizing acidic uranium mill tailings
solution to reduce the potential leaching of toxic trace metals, radionuclides,
and macro ions from a tailings impoundment,

Details of the related research can be found in the documents listed in
the "Previous Documents in Series,”
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EXECUTIVE SUMMARY

Of primary concern at uranium mill sites in the United States 15 the
potential of ground-water contamination from mill wastes that are disposed in
tailings impoundments (e.g., evaporation ponds, pits, or dammed basins),
Although many systems (e.g., evaporation ponds, underdrains, liners, and solu-
tion recycling) have been used to control seepage from tailings impoundments,
most of these systems are \imited in their ability to handle an excess of
tailings solution, If the tailings solution is not contained, the high concen-
tration of contaminants in the acidic solution may present a potential environ-
mental problem,

In the United States, most uranium mill tailings pond solutions are acidic
(pH 1.2 to 2) and contain 15,000 to 32,000 ppm total dissolved solidé éTDS)
including 100,000 to 300,000 pCi/L of long-lived radioactivity from 33y and
its daughter products. Left untreated, the liquid waste exceeus primary and
secondary drinking water standards, recommendations for livestock and irri-
gation water limits, and radiation protection standards for release to uncon-
trolled areas b{ two to three orders of magnitude for constituents such as Fe,
Mn, NHg, SO;, 230Th, 226Ra, 210ph, and 210pg and exceeds the standards by one
order of magnitude for elements such as Ca, Na, NO,, and Cl, However, compar-
ing the tailings pond concentrations to the water Standards does not take into
account chemical attenuation by soils (e.g., precipitation and adsorption,
ground-water dilution/dispersion, or the possible total containment of the
waste), Clearly, some or all of these mechanisms can be counted on to provide
environmental protection. As a result of these mechanisms, no U.,S, mills have
been forced to neutralize the acidic wastes prior to disposal,

As evidenced by experience on acid mine drainage in Canada and in the
United States, neutralization can reduce the solution concentrations of many
potential contaminants., In Canada, where neutralization is practiced, the
neutralized uranium tailings ligquids contain only 1000 to 2500 ppm TDS includ-
ing about 1000 pCi/L of long-lived radioactive elements, Compared to the 1,S.
acid solutions, these values show a 90% reduction in TDS and a 99% reduction in
radionuciides. Even with these reduct}ggs. Canadian liquid effluents exceed
U.S. standards for SO,, NO., NHy, and Ra by up to one order of magnitude,.
Further, pyrite oxidagion f neutralized tailings often occurs in Canada
resulting in reacidification of the tailings liquids and remobilization of many
trace metals and radionuclides., Such pyrite reacidification is not expected in
typical U.S. tailings because most U.S. tailings have low pyrite contents,
Also, most soils and sediments, especially those in the western United States,
contain natural neutralizing agents (e.g., CaC0;), which, on contact with the
acidic tailings waters, significantly reduce thé mobility of radionuclides and
other dissolved solids.

The U.S5. Nuclear Regulatory Commission (NRC) established the tailings neu-

tralization task to assess the effectiveness, benefits, and costs of neutraliz-
ing tailings under a fuil range of site and environmental conditions, As a
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first step, we conducted a literature review to evaluate tailings amelioration
techniques and to assess their effectiveness in reducing contaminant mobility.

Three general amelioration methods were identified: neutralization, fixa-
tion, and specific constituent removal. During neutralization, a reagent is
added to the tailings solution to neutralize the acidity and raise the pH to
reduce the solubility of various pH-sensitive contaminants. In contrast, fixa-
tion processes add materials such as lime, cement, or asphalt to the waste to
produce a physically stable composition that resists leaching of hazardous con-
stituents., Specific constituent removal encompasses varying technigues, such
as alternate ore-leaching processes, effluent treatment with sorption, or ion-
exchange agents or selected precipitation that reduce specific constituent con-
centrations in tailings solution.

Currently, neutralization processes appear to be best suited for treating
uranium mill tailings because they can, at a reasonable cost, limit the solu-
tion concentration of many contaminants, thus reducing the potential for
ground-water contamination., However, the effectiveness of the process depends
on the reagent used as well as the waste being treated. Of the six reagents
studied (lime, limestone, caustic soda, soda ash, combined limestone/lime and
combined alumina/lime/soda), a combined treatment of limestone and lime seems
best. This is especially true for tailings containing ferric iron because the
limestone economically buffers the solution acidity, while the lime takes the
pH to ~8.,0, an optimum level for heavy metal removal. For those tailings con-
taining ferrous iron, lime alone works best. In general, the costs for the
lime/1imestone or lime processes range from $0.20 to $1.00/1000 gal of treated
water, excluding capital equipment costs,

' The objective of the laboratory studies was to compare various neutraliz-
ing agents for treatment of acidic uranium mill tailings solution from repre-
sentative U.S. sites, Each reagent was evaluated in terms of

. the quality of treated effluent (with greater detail on radio-
nuclides, potentially toxic trace metals, and mobile anions)

. the properties of the neutralized sludge (e.g., dewatering, hydraulic
conductivity, and leaching characteristics)

. the cost of the reagents for typical U,S. uranium mill tailings
treatment,

For those contaminants that are only partially immobilized by neutralization,
additional treatments were studied, After the initial laboratory screening
studies were completed, a field demonstration test was proposed to NRC to
verify the effectiveness of selected processes under field conditions,

Studies designed to determine the optimum final pH for solution neutrali-
zation were also conducted, The optimum final pH for tailings solution neu-
tralization is defined as the pH where further addition of a neutralizing
reagent no longer significantly increases the removal of contaminants from
solution, Data from this study could result in significant solution treatment
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savings by preventing over-neutralization of the tailings solution through the
addition of excess neutralizing reagents. Results of these experiments per-
formed on Lucky Mc and Exxon tailings solutions showed neutralization of tail-
ings solution above pH 7.3 does not significantly increase removal of contami-
Zf £5. Igilings 38 ution constituents such as Al, As, Ba, Cr, Fe, St, V,

U, and Th showed reductions in concentrations or activities in
excess of 98% after neutralization to pH 7.3. Acid tailings constituents not
effectively removed by Ca(OH), neutralization include the macro ions, Ca, Na,
Mg, C1, N03, and S04 and the grace metals, Co, Mo, and Se.

Laboratory experiments were conducted to evaluate the performance of a
two-step neutralization procedure for treatment of acidic uranium mill tailings
solution, The two-step solution treatment, initial limestone neutralization to
intermediate solution pHs of 4.0 or 5.0, followed by lime neutralization to
=pH 7.3, was identified in a previously completed literature review as a
potentially cost-effective treatment to attenuate contaminants in tailings
solution, Most applications of this type of solution treatment have been
performed on acid mine drainage or coal pile runoff waters and have proven to
be one of the least-expensive treatment methods tested for those industries.

Studies examining the feasibility of combination limestone/lime neutrali-
zation on acidic uranium mill tailings solution were initiated., Tailings solu-
tions from the Lucky Mc and Exxon Highland mills were neutralized to pH 4,0
or 5.0 in separate tests using limestone (CaC0,), followed by further solution
neutralization with lime ([Ca(OH)z] to pH 7.3.

Evaluations of the effectiveness of the combination limestone/lime treat-
ment for neutralizing acidic uranium tailings solutions were based on two
criteria: 1) treated effluent water quality and 2) reagent cost,

Treated effluent water quality data suggest that initiai solution neu-
tralization with CaC0, to either pH 4.0 or 5.0 followed by lime neutralization
to pH 7.3 is effectfvg in reducing contaminant concentrations in tailings solu-
tion. Total dissolved solids contents were reduced by greater than 55% for the
Lucky Mc tailings solution and greater than 57% for Exxon tailings solutions,
Certain mﬂggo ions (Cl, NO3 and SO4), trace metals (Cd and Se) and one radio-
nuclide (¢¢°Ra) still show solutiog concentrations above EPA's maximum contami-
nant levels for various types of waters. Ions such as these will require some
type of additional solution treatment, such as specific ion removal techniques,
to reduce .heir solution concentration to meet wastewater quality guidelines,

Laboratory experiments were conducted that allowed a direct comparison of
the effectiveness of limestone (CaC0,) and hydrated lime [Ca(OH),] in improving
wastewater quality through the neutrilization of acidic uranium gill tailings
solution, These batch experiments were designed to additionally assess the
effects of each of three proposed mechanisms (carbonate complexation, elevated
solution pH, and colloidal particle adsorpticn) on the solubility of contami-
nants found in acid tailings solution,
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Final conclusions of the batch studies are as follows:

e ‘eutralization of acidic uranium mill tailings solution by any of the
test methods can substantially improve wastewater quality,

e The optimum solution pH to terminate neutralization from a water
quality viewpoint is pH = 7,3, regardless of neutralizing reagent,

To evaluate the long-term contaminant attenuation properties of the sludge
material generated, column leaching studies were conducted. These sludye
leaching studies indicate the sludge end product, generated as neutralization
occurs, remains as a chemically stable, low-density precipitate, When leached
with low-ionic-strength ground water, the sludge does not permit the dissolu-
tion and release of the pH-dependent contaminants but does release soluble

salts such as Ca, Na, Mg, Se, Cl, and 504.

Column leaching experiments were also performed on untreated (acidic) and
laboratory-neutralized solid tailings from two mills in Wyoming., Both the
treated and untreated tailings were contacted with laboratory-prepared ground
water for several pore displacement volumes in order to evaluate the long-term
effectiveness of neutralizing the solid fraction of uranium mill waste,
Results of these column leaching studies indicate that the column effluents
from neutralized tailings contain significantly fewer hazardous constituents
than effluents from untreated acidic tailings. The majority of the total dis-
solved solids content in the neutralized tailings columns effluents are com-
prised of those elements whose solubility is not strictly dependent on solution
pH.

Laboratory experiments were conducted to develop alternative control mea-
sures for those contaminants that were identified as not being effectively
attenuated by common neutralization methods, Of those contaminants associated
with uranium mil] tailings not effectively immobilized by tailings neutraliza-
tion, radium imposes an important environmental concern in terms of potential
ground-water contamination,

Because of the high activity of soluble radium in the acidic uranium mil)
tailings environment (several hundred to several thousand picocuries per liter)
specific ion-removal procedures were investigated for use in attenuating radium
in order to prevent future ground-water contamination., Results of these
investigations led to the development of a tailings additive comprised of a
mixture of hydrated lime and barium chloride, which, when added to acidic tail-
ings, can reduce the amount of leachable radium escaping a designated tailings
impoundment ,

In Taboratory verification tests, this radium-specific tailings treatment

reduced the effluent solution activity of radium by three orders of magnitude,
from >3500 to 1.7 pCi/L, in comparison with untreated acidic tailings.
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A field demonstration plan is presented that will evaluate the effective-
ness, costs, and benefits of neutralization of acidic uranium mill tailings
solutions to reduce the potential leaching of toxic trace, radionuclides, and
macro ions from a tailings impoundment,

The effectiveness of neutralization of acidic uranium mill tailings solu-
tion of a field scale will be basea on the following four criteria: 1) t-eated
effluent water quality, 2) reagent costs and acid neutralizing efficiency,

3) neutralized sludge handling and hydraulic properties, and 4) long-term
contaminant immobilization,

The plan proposes three separate alternatives for carrying out the
evaluations of selected neutralizing reagents or techniques on a field-site
scale. The three alternatives, only one of which will be implemented, are
designed to assess the contaminant immobilization properties of acid solution
neutralization,

Alternatives

The field demonstration of neutralization techniques and selected neutral-
1zing reagents will be one of the three alternatives considered below:

Alternative A - The outright purchase of ghe necessary equipment for
neutralization of a specified volume (~10° L) of tailings solution
using one reagent or a combination of more than one reagent as deter-
mined by laboratory experiments as most beneficial for the selected
demonstration site,

Alternative B - Use of existing equipment and facilities at a milling
site that currently neutralizes the acidic solution via incorporation
of our chosen reagent or a combination of more than one reagent as
determined by laboratory experiments as most beneficial,

Alternative C - Analysis and evaluation of the efficiency, costs, and
benefits of an existing neutralization technique and reagent(s) in
use at a mill site that currently treats acid tailings solution,

The criteria involved in selecting one of these three alternatives for
ful “i1lment of the demonstri.ion program is based primarily on 1) sponsor con-
currence, 2) mill site owner/operator concurrence, 3) time allocated and fund-
ing availability for project completion, and 4) site location and equipment
availability,



P R R R R TR == —w—yw/w/wFwFwF0wrrr4/wm74/ /=T

INTRODUCTION

In September 1981, the U.S. Nuclear Regulatory Commission (NRC) expanded
the scope of the Uranium Research and Recovery Program at Pacific Northwest
Laboratcry (PNL) to address many technical issues of concern in the licensing,
operation, and decommissioning of uranium recovery facilities. One of the more
technical issues to be investigated dealt with the treatment and/or disposal
practices associated with acidic uranium mil)l tailings and tailings solution.
Specifically, the Tailings Neutralization and Other Alternatives for Immobiliz-
ing Toxic Materials in Tailings Task was developed to investigate ways of miti-
gating the movement of contaminants associated with uranium mill tailings in
order to prevent future potential ground-water contamination,

In the United States, most uranium mill tailings pond solutions are acidic
(pH 1.2 to 2) and contain 15,000 to 32,000 ppm total dissolved solids (TDS)
including 100,000 to 300,000 pCi/L of long-lived radioactivity from uranium-238
and its daughter products. Left untreated, the ligquid waste exceeds primary
and secondary drinking water standards, recommendations for livestock and irri-
gation water limits, and radiation protection standards for release to uncon-
trolled areas by tgo to thrge orgers of magnisude for constituents such as fe,
Mn, NHg, SOgs PH, 230Th, 226Ra, 210py, and 210po and exceeds the standards by
one order o, magnitude for elements such as Ca, Na, N0y, and Cl, However, com-
paring the tailings pond concentrations to the water standards does not take
into account chemical attenuation by soils (e.q.,, precipitation and adsorption,
ground-water dilution/dispersion, or the possible total containment of the
waste), Clearly, some or all of these mechanisms can be counted on to provide
environmental protection, As a result of these mechanisms, no U.,S, mills have
been forced to neutralize the acidic wastes prior to disposal,

As evidenced by experience on acid mine drainage in Canada and in the
United States, neutralization can reduce the solution concentrations of many
potential contaminants, In Canada where neutralization is practiced, the
neutralized uranium tailings liquids contain only 1000 to 2500 ppm TDS includ-
ing about 1000 pCi/L of long-lived radivactive elements, Compared to the U,S.
acid solutions, these values show a 90% reduction in TDS and a 99% reduction in
radionuclides., Even with these reduct}ggs. Canadian liquid effluents exceed
U.S. standards for S0,, NO3, NHg, and Ra by up to one order of magnitude,
Further, pyrite oxidation of neutralized tailings often occurs in Canada
resulting in reacidification of the tailings liquids and remobilization of many
trace metals and radionuclides., Such pyrite reacidification is not expected in
typical U,S. tailings because most U,5. tailings have low pyrite contents,
Also, most soils and sediments, especially those in the western United States,
contain natural neutralizing agents (e.g., Caco3). When the acidic tailings
waters contact the natural neutralizing agents, a significant reduction in the
mobility of several radionuclides and other dissolved solids normally occurs
because .t the solution pH change,

The NRC established this project to assess the effectiveness, benefits,
and costs of neutralizing tailings and tailings solution under a full range of
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site and environmental conditions. As a first step in the Project, (Sub-

task A - Neutralization Methods Selection) a literature review was conducted to
evaluate current tailings amelioration techniques and to assess their effec-
tiveness in reducing contaminant mobility, Based on the recommendations for
future study from the literature review, several laboratory experiments were
performed (Subtask B - Laboratory Analysis). The experiments were designed to
evaluate several different neutralizing reagents and techniques in terms of
effluent solution quality, sludge handling properties, and treatment costs for
U.S. tailings. Subtask C, field demonstration, developed a demonstration plan
for field verification of the most effective treatment scheme identified in the
laboratory analyses. This document describes the test methods employed,
experimentation, results, and conclusions of this Uranium Recovery and Research
Program task.



SUBTASK A. NEUTRALIZATION METHODS SELECTION

Neutralization Methods Selection describes the three main techniques or
processes used to treat solid and liguid inorganic wastes. The three tech-
niques for treatment are as follows: solution neutralization processes, fixa-
tion processes, and specific constituent removal., A summary of these three
processes follows., For a more in-depth discussinn, see Sherwood and Serne

(1983a).

NEUTRALIZATION PROCESSES

Although no U,.S. uranium mill sites have used neutralization processes for
treating uranium mill tailings solutions, several other industries (e.g., metal
plating and surface coal mine disposal) add a reagent to their acidic waste
solutiuns to neutralize the acidity and reduce the potential mobility of con-
taminants, This process, known as neutralization, 1s used extensively to
reduce the potential environmental effects of acid mine drainage (AMD) on sur-
face and ground waters and should prove useful for uranium mill wastes. In
general, the effectiveness of the neutralization processes depends on the
oxidation state of the iron in the acid mine waters, the desired quality of the
effluent, and the reagent used, Of these variables, the reagent is probably
the most important variable of the treatment process because it affects the
basic components of the treatment system: the process design, the effluent and
sludye characteristics, and the costs. In the following subsections, the six
most commonly used reagents (limestone, lime, soda ash, caustic soda, combina-
tion limestone/lime, and combination alumina/lime/soda) will be discussed in
terms of the basic components of the treatment system., However, since neu-
tralization has not been conducted at U.S. mill sites, the following discussion
is based, in part, on experience gained on AMD,

SUMMARY

Because AMD is often treated successfully via neutralization techniques to
remove contaminants, its use for uranium mill wastes is a logical extension,
Table 1 summarizes the advantages and disadvantages of the selected neutrali-
zation processes discussed in this section, The following recommendations are
based on experience gained treating AMD rather than uranium mill tailings
waste, The next phase of our work involves developing a confirmatory data base
from laboratory and field studies on uranium mill tailings typical of U.S.
sites.

Of the six reayents studied (limestone, lime, soda ash, caustic soda, com-
bined limestone/lime and combined alumina/lime/soda), a combined treatment of
limestone and |ime appears best, especially for uranium mill tailings contain-
ing ferric iron, The limestone economically neutralizes the tailings acidity,
while the lime increases the pH to 8.0. an optimum level for heavy metal
removal, For those uranium mill tailings containing ferrous iron, lime alone
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would be most economical and efficient., Neutralization with these calcium-
based reagents are capable of removing acidity, trace metals and radionuclides
from acid mine drainage and Canadian uranium mill tailings. Removal of radio-
nuclides and trace metals from U,S, mill tailings has not been documented, but
because of their similarity to AMD and Canadian mill tailings wastes, we expect
neutralization techniques to be quite effective for most radioactive and trace
metal potential contaminants,

Neutralization may not remove all potentially mobile contaminants, The
available literature concentrates on its ability to remove transition metals
(e.g,, Fe, Cu, In, Cd), selected radionuclides (U, Pb, Th, Ra) and sulfate,

For other constituents like alkaline earth metals, NHy and NOj data are

sparse, In general, the costs for the two calcium reagent-baSed neutralization
processes should range from $0.20 to $1.00/1000 gal of treated wastewater,
excluding capital equipment costs.




FIXATION PROCESSES

Fixation processes are those treatment processes that produce a physically
stable, leach-resistant material from waste solids, sludges, or slurries, The
solidified waste produced is chemically and physically bound by additives,
which can reduce leaching of hazardous contaminants from the waste. Other
benefits derived from fixation processes are that the final product has a
higher structural stability and can be handled more easily than the untreated
waste stream,

Selidification (fixation) processes can be grouped into three major cate-
gories based on predominant additives used to fix the waste material, These
processes are |lime-based, cement-based, and asphalt-based (thermoplastic).
These fixation treatmentc use lime, cement, or asphalt as well as other lesser
additives to produce a waste of the desired composition and characteristics,
The following chart lists the processes that represent the commercially avail-
able techniques used for solidifying hazardous and/or toxic inorganic wastes,

Solidification Process
[ime-Based Cement-Based Asphalt-Based

Pos-0-Tec Chemfix AECL Bituminization
Canadian Waste Technology Stablex

Four of these stabilization processes--Pos-0-Tec, Canadian Waste Technology,
Chemfix, and Atomic Energy of Canada Limited, Inc., (AECL) Bituminization--were
tested for use on Canadian uranium mill tailings (Ritcey et al, 1982). Tests
were performed (1.e., stress tests, flexural strength, compressibility, and
freeze/thaw cycling) to determine the structural stability of the solidified
tailings. Ground-water leaching, acid leaching, and radon emanation experi-
ments were also performed to determine the chemical properties of the fixed
tailings. The physical properties (bulk density, moisture content, and
porosity) were determined for each of the treated solids., The results of these
tests are discussed below, The tests were performed by researchers at CANMET,
located in Ottawa, Ontario, and the Ontario Research Foundation, located in
Waterloc, Ontario. In addition, Stablex, a fifth method, is briefly descrihed,

SUMMARY

Generally, fixation processes are not readily suited for uranium mil)
tailings because they increase volume and weight of the waste, (Table 2
describes the advantages and disadvantages of the various processes.) For
example, some of these treated solids contain as little as 40% of the original
waste, which significantly increases the waste volume, An effective lime-based
soclidification process such as Pos-0-Tec costs between $10 to $17/ton of tatl-
ings. An effective cement-based solidification process has an estimated cost
of $7/ton of tailings. The asphalt-based solidification process works only on
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TABLE 2. Advantages and Disadvantuge of Solidification Processes(?)

Process Advantages

Disadvantages

Lime-based 1. The additives are generally very
inexpensive and widely available,

2. FEquipment required for processing
is simple to operate and widely
available,

3. Chemistry of pozzolanic reactions
1s well «nown,

Cement-based 1. Additives are available at a
reasonable price,

2. Cement mixing and handling
technigues are well developed.

3. Processing equipment is readily
available,

4. Processing is reasonably tolerant
of chemical variations in sludges.

5. The streagth and permeability of
the end product can be varied by
controlling the amount of cement
added.

Asphalt-based 1. Contaminant migration rates are
generally lower than for most
other technigues.

2. End product is fairly resistant
to most agqueous solutions,

3. Thermoplastic materials adhere
well to incorporated naterials.

{a) After Ritcey (1982)

Lime and other additives add to weight
and dulk of waste,

Stabilized sludges are vulnerable to
acidic solutions and to curing and settling
problems associated with inorganic contami-
nants in the waste,

Low-Sstrength cement-waste mixtures are
often vulnerable to acidic leaching solu-
tions., FExtreme conditions can result in
decomposition of the fixed material and
accelerated leaching of the contaminants,

Pretreatment, more expensive cement types,
or costly additives may be necesary for
stabilizing wastes containing impurities
that affect the setting and curing of
cement ,

Cement and other additives add considerably
to weight and bulk of waste.

Fxpensive equipment and skilied ladbor are
generally regquired. Reagents are rela-
tively expensive,

Sludges containing contaminants that
volatilize at low temperatures must bde
processed carefully.

Thermoplastic materials are flamable,

Wet sludges must be dried before they can
be mized with the thermoplastic material,
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dried tailings and is exceedingly costly: $140 to $420/ton of tailings
treated. To compare the neutralization costs discussed in the previous section
with these process costs, we converted the 1000-gal-based costs to per ton
costs. Neutralization using lime or limestone would cost $0.17 to $0.30/ton of
tailings (assuming a specific gravity of slurry of 1.4) or ~1% of the solidifi-
cation costs, Thus, application of fixation processes to uranium mill tailings
waste traatment should be limited and, if used at all, limited to the most
toxic fraction of the waste stream such as concentrated slimes, Strictly
lTimiting the volume of tailings treated may make this technique feasible,

e i T e s e e e e e e
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REMOVAL APPROACHES FOR SPECIFIC CONSTITUENTS

The neutralization process effectively removed pH-sensitive elements such
as transition metals and selected radionucl‘des, However, certain important
constituents such as the alkaline earth elements (e.g., radium and barium) and
mobile anions NO3, SO%’. and C1° may still exist in neutralized tailings
effluents at unagcept bly high concentrations, Effluent streams could be
further treated to selectively remove these constituents, Or, further specific
removal techniques could be incorporated into the milling process 1tself and
used on the waste stream right after uranium extraction or just prior to tail-
ings disposal,

Selected contaminants can be removed by 1) separating the contaminant from
the solid waste (tailings) such that subsequent seepage would have no source
matertal to leach or 2) capturing or treating the liguid effluent seepage from
disposed tailings as it leaves the tailings environs, In addition, experiments
are under way to develop new uranium extraction schemes for producing more
environmentally compatible waste streams, which would remove contaminants prior
to disposal,

ORE_AND TAILINGS SOLIDS TREATMENT

The general approach to treating ore and tailings 15 to separate the con-
taminants from the waste prior to disposal. Among the techniques reviewed were
a preconcentration technique, nitric and hydrochloric acid extraction, and
flotation,

Summary

Alternate ore milling technology or tailings leaching prior to disposal to
remove potential pollutants are in their infancy. In general, the acid or salt
leachants require more complex process steps, new capital equipment, and often
produce waste streams with the same or greater potential hazard as the conven-
tional sulfuric acid leach process, For tailings treatment, long-term hazards
reduction via radium-226 removal will require removal of thorium-230 also
because of the ingrowth of radium-226 daughters, After 1,000 years, ingrowth
reaches 35%, and after 10,000 years, it reaches 100% of the existing
thorium-240 activity, Radium-226 represents the largest potential radiation
hazard in tailings and thus is the focus of most treatment schemes,

The most promising alternate ore-processing technigue reviewed uses ore
preconcentration via flotation to remove sulfide minerals and high-intensity
magnetic separation to remove radionuclide-laden minerals, The two concen-
trates combined represent only 33%1 by weight of the original ore yet contain
97% of the uranium, 94,51 of the radium, 92% of the thorium, and 98,5% of the
pyrite, The bulk tailings contain only 25 pCi/g 226Ra and are environmentally
acceptable for mine backfill or uncontrolled pit disposal, The concentrates
may be uranium extracted by conventional sulfuric acid leach to yield 1/3 the
typical amount of waste, ¥hc same process may be used on spent tailings to
remove residual sulfide minerals and radionuclides to produce a bulk tailings,
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~2/3 of which have very low hazard potential and 1/3 of which contain the
concentrated radioactive waste, Removal of pyrite also reduces the risk of
tailings pile re-acidification upon pyrite oxidation, which is a demonstrable
problem in Canada,

EFFLUENT SEEPAGE TREATMENTS

The second general technigue to remove radionuclides and other contami-
nants from uranium mill tatlings is to treat any associated or seepage liquids
that subsequently are formed after disposal. Treatment techniques discussed
include adsorption, ion exchange, precipitation, biological, solvent extrac-
tion, reverse osmosis, and selective membrane mineral extraction,

Summary

The adsorptive reactions of several clays, zeolites, hydrous oxides, and
soils/sediments for the radionuclides uranium, thorium, and radium, were
reviewed, Because of uranium's high solubility under oxidizing conditions and
strong anionic carbonate complexes, it is only moderately adsorbed, Thorium is
insoluble in neutral pH environments and readily retained in soils., Radium

appears to adsorb readily to clays, soils, and sediments via ion exchange-like
processes,

lon-exchange resins have been used to remove radium from low-quali'y
municipal and drinking water sources and mine wastewaters, Common cation
exchange resins are of limited use because calcium, magnesium, and other multi-
valent cations load the exchange sites and compete too strongly., Other spe-
clalized resins such as manganese-impregnated acrylic tiber resins or synthetic
zeolites show good radium selectivity from low-TDS neutral mine waters, but
column regeneration is a problem, Without good column regeneration, the cost
for treatment is high, The most promising ion-exchange resin is a new cross-
linked organi- polymer recently studied by Boyce and Boom (1982), Using a
neutral-pH mine water with ~1350 ppm TDS and up to 100 pCi/L radium-226, the
resin removed >95% of the radium-226 for 7 months, while a standard strong acid
cation exchanger lasted only | week before calcium loading decreased radium
removal,

At best 1on exchange appears useful for removing radium from only neutral-
ized, low TDS waters, Direct application to acidic tailings liquids with the
15,000 to 35,000 ppm TDS appears inappropriate excepting perhaps the new cross-
linked resin for which more testing 1s needed, No specific costs for fon
exchange removal of radium for mine waters are available but for a 1000 gal/min
drinking water plant using conventional strong acid cation resins, the capital
costs are estimated at §1,000,000 (1976 dollars) and 204/1000 gal for operating
costs, The capital costs greatly exceed those for BaCl, treatment but the
operating costs are 3,5 times less.,

Currently only one constituent, radium-226, 1s selectively removed by pre-
cipitation techniques from uranium mil] tailings waste streams, The chosen

technigue 1s BaCl, treatment to precipitate (Ba,Ra)S04. The BaCly in the
presence of high gulfate concentrations causes BaS0, to precipitate and

10
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| scavenge (co-precipitate) (Ba.Rc)SD‘. If the waters are initially low in

| sulfate, Nazso‘ may be added to promote precipitation, The settling of the

| precipitate is enhanced by the addition of FeCl, and organic polymers within

| flocculation tanks, The supernate water from f?occulators is often further

| clarified on inclined plate clarifiers or filtered through packed beds of
anthracite coal and sand, The dissolved radium-226 is readily reduced to the
current Canadian concentration yuide of 3 pCi/L, but reduction of the total
radium concentration (dissolved plus suspended) to 10 pCi/L is not readily
met, The (Ba,Ra)S0; precipitate is fine-grained and not readily removed from
solution without large settling basins and long residence times, The Canadian
mill operators suggest that 30 pCi/L for a total radium concentration guide
would be attainable, Typical operating costs for BaClp teatment in Canada are
$0.68/1000 gal. Capital equipment costs include batch reactors (often just
stirred ponds) and clarifiers or filters (often mixed media sand beds). Using
ponds and sand filter beds, a typical Canadian mill has set up a BaClz treat-
ment plants for $25,000 (1978 dollars),

OTHER TREATMENTS

Literature on less common removal techniques was reviewed, and brief sum-
maries germane to radionuclides present in uranium mill tailings are given
below, The processes reviewed included biological, solvent extraction, reverse
osmosis, and selective membrane mineral extraction,

Summary

Less common treatment techniques to remove radionuclide and trace metals
are not well studied, but besides selective membrane mineral extraction, they
appear to be of limited use for practically treating high-acid high-salt mil)
tailings solutions, Biological *routh is probably inhibited in these solutions
and reverse osmosis would probably be only 85 to 95% efficient for most consti-
tuents, More information on the proprietary selective membrane mineral extrac-
tion technique is needed to assess 1ts usefulness,

NONRADIOACTIVE SELECTIVE EXTRACTION TECHNIQUES

An exhaustive review of specific removal techniques for individual con-
stituents 1s beyond the scope of this report, Besides the radionuclides dis-
cussed above, our review and conclusions of others (e.qg.,, Moffett 1976) suggest
that the more serious potential pollutant hazards in acid leach uranium mi??
wastes are sulfate, nitrate (from blasting compounds and recovery and purifica-
tion of yellow cake), ammonium (from recovery of yellow cake), manganese
(sometimes used an oxidizing agent in ore extraction), TDS, and a.idity,

Summary

Removal of most trace metals would use techniques similar to those dis-
cussed for the radionuclides, Neutralization of the acidic tailings and waste
t streams 15 probably the most cost-effective method of immobilizing trace metals
that are soluble in the acid wastes, General works on pollutant removal such
as Sittig (1973) and specific works on municipal water treatment such as

11
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Gumerman et al, (1979) should be used as references to the topic of selective
constituent removal techniques. No specific literature was found on the
removal of selected nonradionuclide constituents from acid leach uranium mill
wastes,

Techniques such as sulfate precipitation via barium chloride treatment,
sulfate removal by anion exchange, nitrate removal by biological denitrifica«
tion, nitrate removal by anion exchange, ammonium removal by ammonia stripping,
biological nitrification, and cation exchange on clinoptilolite were discussed
but no operating data or costs for such specific removal techniques are avail-
able for uranium mill effluents.

® and NO3, both of which can exceed drinking water and
/1ivestolk concentration limits by several orders of magnitude,

anions S

Theg;ost mobile constituents in tailings effluents will probably be the
irrigati |
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TREATMENT EFFECTIVENESS AND RECOMMENDATIONS

Using neutralization processes to treat uranium mill tailings leachate
appears to significantly reduce contaminant mobility based on experience with
AMD and other industrial-generated acidic solutions, Because of the high con-
centrations of certain contaminants, it is possible that neutralization will
not be as effective as it would be for AMD, Contaminants that do not appear to
be effected by neutralization technigues include nitrate and ammonia., Sulfate
concentrations are only reduced if calcium-based reagents are used as neutral-
izing agents. Manganese and iron may remain slightly soluble if they are not
present in oxidized forms. The high iron concentrations present in uranium
mill tailings solutions may require long residence times in the aeration vessel
to ensure the total oxidation of ferrous iron, If the iron is present in the
ferric oxidation state, treatment of the solution is rapid with only short
residence times., Pretreatment oxidation or long storage times prior to treat-
ment would allow the iron to oxidize as well as make the neutralization process
more efficient,

At U.S. mills, five specific situations are foreseen where the neutraliza-
tion processes might be beneficial:

1. to hasten the closure process at the time of mill decommissioning;
excess solution present in the tailings impoundment or in an
evaporation pond may be treated,

2. to avert the possibility of an uncontrolled discharge of acid leach-
ate, as an emergency measure

3. to protect the quality of a near-surface ground-water resource

4. to reduce the volume of leachate present in a tailings impoundment
thereby increasing the usable disposal capacity

5, to mitigate the effects of a release of acidic solution through sur-
face seeps adjacent to tailings disposal areas.

Neutralizing uranium tailings leachate with calcium alkalies appears to be
the preferred technigue, A two-staye combination limestone-lime treatment
would be the optimum process for ferric iron uranium mill tailings solution,
The majority of the solution acidity would be buffered by inexpensive limestone
in the first stage of the process. The second stage would take the pH to
approximately 8,0 with lime, which is the optimum pH for removal of heavy
metals from AMD, Another advantage of the limestone-lime process is that the
sludge generated has a high percentage of solids, This makes handling and
sludge disposal fairly easy.

For the treatment of ferrous-iron-rich uranium tailings solution, we
recommend lime treatment, The high pH generated in * lime process speeds the
oxidation of the iron, which is more rapid at elev ¢. pH values (pH 8,0 or
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higher). This process would be slightly slower than the combination process
recommended for neutralizing ferric uranium tailings solution, but much quicker
for ferrous tailings leachate.

The limestone-only process is not recommended for solutions containing
high iron concentrations. For this reason a single-stage limestone process
would be used only in emergency situations to avert spills of acidic leach-
ate, Sodium reagents should also be used only under emeryency conditions, The
high quantity of sodium alkalies required to neutralize extremely acidic
uranium mill tailings solution adds hazardous concentrations of sodium to the
treated water,

The alumina-lime-soda process has not been studied in depth, The per-
formance of this process in reducing trace element concentrations is unknown,
This process is the most expensive of the six neutralizing techniques reviewed,

The common problem among fixation techniques reviewed for this paper was
cost. Prices for solidification ranges from $1.50 to $420/ton of tailings. In
terms of product value to solidification cost, the processes reviewed cost from
5 to 1400% of the uranium price. This calculation was based on the recovery of
1 1b of uranium at $50/1b for each ton of tailings solidified. Using these
treatment types is only feasible if the waste to be processed is highly toxic
and the volume is fairly small,

Specific constituent removal processes need careful cost/benefit analyses,
The cost of radium removal from lime- and/or )imestone-neutralized Canadian
uranium mill waste effluents using BaCl, treatment is similar to the cost of
neutralization ($0.68/1000 gal versus 56.20 to $1.00/1000 gal), In Canada, the
mill sites are often located in areas with little soil, high water tables, and
in proximity to surface water bodies. Thus, the natural sediment/soil radium
retardation processes are not effective and man-induced immmobilization is
required by government agencies. For typical U,S. mill sites where natural
soil/sediment neutralization processes are prevalent and ground-water supplies
are usually distant from the disposal pits, no general statement on cost effec-
tiveness is possible, We recommend additional field studies and long-term
consequence modeling that uses sophisticated coupled hydrologic-chemical
predictor codfes to better assess the need for mill tailings waste treatment
and/or new disposal schemes, To evaluate the most economical and practical
treatment/disposal schemes one must consider the natural ability of soils and
sediments to neutralize acid mill wastes and retard the migration of potential
contaminants,

14



TR

SUBTASK B. LABORATORY ANALYSIS

METHODS AND MATERIALS

SAMPLE COLLECTION

Pacific Northwest Laboratory scientists visited the Pathfinder (Lucky Mc)
Gas Hills Mil]l outside Riverton, Wyoming, and the Exxon Highland Mill near
Glenrock, Wyoming, in December 1981 and November 1982, Samples of acidic tail-
ings solutions, solid tailings, and undisturbed overburden sediments were col-
lected from each mill site for experiments in the vailings neutralization
project and other companion projects. The Lucky Mc' and Exxon Highland acidic
tailings solution collected in December 1981 were used exclusively for the
batch reagents experiments (see Batch Contact Studies section), All other
experiments described use the acidic tailings solution collected in November
1982,

Lucky Mc tailings solutions and solid tailings were collected from
Tatlings No. 2A Reservoir (Figure 1). Tailings solution was sampled from the
east side of Tailings No, 2A Reservoir, 100 m north of where the tailings
solution/slurry .a< currently being discharged into the evaporation pond., Dis-
cussions with Jack Stevenson, Mill Superintendent, indicated that the ore being
processed was a mixtu~e coming from three sources: highly oxidized mill waste
(0.02 to 0,03% U30g) from old stock piles, ore (0,03 to 0.05% U30g) taken from
open pits at the Gas Hills mine, and higher grade ore (0.1% U30g) taken from an
underyground operation near Jeffery City, Wyoming, about 65 km (90 miles) south-
east of the Lucky Mc Mill,

Exxon Highland tailings solution and solid tailings were sampled from the
north side of the existing tailings pond, opposite the area where the slurry
pipeline was located, This location, designated as sampling point 1 in
Figure 2, was also used to collect Exxon tailings solution for the field neu-
tralization process.

Solid tailings and overburden samples were collected from both the
Lucky Mc and Exxon Highland mills. The Lucky Mc tailings were collected from
material near the edge of the embankment along the dam face on the west end of
the tailings impoundment, Exxon Highland tailings were collected from area 2
(Figure 2). Overborden material from the Lucky Mc Mil)l was collected from the
surface ‘n an & ra just south of Tailings No. 4 Reservoir, Exxon overburden
samples were coliected “outh of the tailings pond dam outsiae the existing
embankment and below the existing solution level of the tailings evaporation
pond at area 3 in Figure 2,

CHEMICAL REAGENTS

Laboratory-grade reagents were obtained from a local supply house, except
for the fly ash used in the batch experiments, which were obtained from surface
piles at the Boardman Coal Plant (Boardman, Oregon) and the Wyodak coal plant
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FIGURE 1. Lucky Mc Mill Site and Sampling Locations
near Gillette, Wyoming. Finely ground chemicals (<200 mesh) were used in all

experiments requiring neutralizing reagents to ensure faster solution/reagent
reaction rates and to facilitate mixing,

LABORATORY=PREPARED SYNTHETIC GROUND WATER MAKEUP

Laboratory-prepared ground water was produced for use in a'l column
leaching studies except those leached with tailings solution, The procedure
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FIGURE 2, Exxon Highland Mill Site and Sampling Locations

used to formulate this synthetic ground water was derived from the chemical
Characterization data presented for Exxon Highland Mill process water (local
ground water) (Gee et al, 1980). The ground-water sample was collected in
April 1979 from inside the Exxon Highland Mill and is used throughout Exxon's
uranium extraction and purification process.

Laboratory-prepared ground water was produced in 20-L batches by the addi-
tion of measured amounts of reagent-grade chemicals. These reagents were
chosen to provide cations and anions in amounts producing concentrations
matching those quoted for actual Exxon Hi?hland Mill process water, After
adding all reagents to 20 L of warm distilled water, solution pH was adjusted
from pH = 9.0 to pH = 7.6 with the addition of small aliquots of concentrated
sulfuric acid, The reagents and amounts of each needed to produce 20 L of
laboratory-prepared ground water are given in Table 3,

Chemical characterization data for the laboratory-prepared ground water
used in leaching studies are presented in Table 4, Also included are the
characterization results from the actual (April 1979) Exxon Highland Mil)

process water (Gee et al, 1980).
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TAILINGS SOLUTION CHARACTERIZATION

Detailed analysis of the untreated acid tailings solution and neutralized
tailings solution were performed for the solutions collected from both the
Lucky Mc and Exxon Highland mills. Macrocations (Al, Ca, Fe, Mg, Mn, Si, Na,
and Sr) present in the tailings solution and treated effluents were determined
using an inductively coupled plasma (ICP) sourze, Macroanions (S0,, NOy, and
Cl) were determined by ion chromatograph (IC). Trace metal constituents (Ag,
As, Ba, Cd, Co, Cr, Pb, Mo, Se, and V) were determined either with the ICP (Cu
and In) or by graphite furnace atomic absorption spectroscopy (AA-GF). The
various methods of analyses for the specified elements are shown in Table 5,
The neutralized effluents for cation and radionuclide analyses were preserved
by acidification to <pH 2,0 with ultrapure nitric acid (APHA 1980). The
neutralized effluent samples used for anion analysis were preserved by storing
the samples in sealed, airtight containers,

Radionuclide concentrations in the tailings solutions and treated efflu-
ents were determined using high-resolution gamma spectroscopy. For these
analyses, a volume of solution (250 mL) was evaporated leaving the residual
evaporites. These salts were mixed with a cellulose binder and pressed into a
pellet of fiisq geometry, An intrinsic germanium diode was used &o an%&yze the

ellet for 238y and three of its daughter products. Lead-210, 238y, 230Th, and

26Ra concentrations were determined over a counting time of 7 h using gamma
intensities of 46.5, 63.3, 67.7, and 185.8 KeV, respectively, The 238U activ-
ity is actually based on counting a gamma ray (63.3 KeV) of its daughter prod-
uct thorium-234, The radium-226 activity is calculated after correction of the
count rate of the 185.8 KeV peak for a contribution from uranium-235, which
also has a gamma ray (183.7 KeV) nearby. The correction factor is based on the
ratio of 238y/235y activity found in natural ore deposits (~21.5). Thus, after
calculating the 238y content, an activity for 235 may be calculated and
subtracted from the total activity in the region of 185 KeV to yield an esti-
mate of the radium-226 content. Detector efficiencies were determined on
National Bureau of Standards traceable uranium-bearing sediments pressed into
pellets identical to those used for evaporite analyses., Radium-226 activities
in the radium attenuation experiments were determined by radium coprecipitation

TABLE 3. Constituents in Laboratorv-Prepared Ground Water

Grams of
Reagent Reagent /20 L
MgS0y 1.088
NaSO4 4.091
NaCl 1.169
NaNO4 0.075
CaCoq 2.647
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TABLE 4. Comparison of the Chemical Composition of Exxon Highland Mill
Process Water and Laboratory-Prepared Ground Water

Exxon Highland Laboratory-Prepared
Parameter Process Water(a) Ground Water
Al <0.1 <0.1
As <0.02 <0.02
Ca 53 69
Cr <0.0% <0.01
Fe <0.1 <0.1
Li <0.05 <0.05
Mg 11.0 11.0
Mo 0.5 <0.01
Na 91 105
P <0.01 <0.1
Pb <0.01 <0.02
Se <1.0 0.34(b)
Si 3.5 0.54
Sr 0.9 0.03
In 0.05 <0.02
Cl 36 44
NO3 3.5 3.3
S04 181 300
EC (mmhos/cm) 0.92 0.76
pH (units) 8.2 7.6

(a) Gee et al, 1980.
(b) Analysis performed by Inductively Coupled Plasma,

with barium sulfate followed by alpha scintillation counting (APHA 1980). The
counters were calibrated using BaS0, precipitaies of varying weights, each
containing a known activity of radium-226.

The pH, Eh, and electriral conductivity of the tailing solutions and
treated effluents were measured., Solution pH and Eh were determined using a
combination pH/Eh meter and a combination pH electrode or a platinum-banded
redox electrode, Electrical conductivity was measured using a portable con-
ductivity meter,
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TABLE 5. Elements Anions Considered and Proposed Analytical Methods

Elements/Anions ICP  IC AA-GF Intrinsic
Macro Cations

Al
B

Ca
Fe
Mg
Mn
Si
Na
sr

Trace Metals

DE 2 3 2 2 D D 2k >k

Radionuc)ides
Zlopb
230Th
226Ra

U

> > > >

Anions
NO3
P04
504

Cl

> > »x X

(a) AA hydride
The Salotto method of total acidity (Salotto et al. 1966) was used to

determine the total acidity of the Lucky Mc and Exxon tailing solutions.
Briefly, the procedure requires titrating the acid soiution with sodium
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hydroxide to pH 7.3 and calculating the total acidity as milligrams per liter
of CaC0; by the number of equivalents of NaOM added. The TDS content of the
tailingg solutions and treated effluents was calculated in milligrams per liter
by summing the concentration values of the macrocations and anions that were
determined by the methods described earlier,

MINERALOGICAL ANALYSES

Mineralogical characterization of the two fly ash samples were determined
by x-ray diffraction. Bulk samples of these materials were slurry-mounted on
glass slides for analysis. Diffractograms were obtained using an x-ray dif-
fractometer and a CuKa radiation generator.

BATCH CONTACT STUDIES

Reagent Neutralization Tests

Four hundred milliliters of the acid tailings solution were placed in
0.5-L polyethylene bottles, Based on the theoretical equivalent weight of each
of the five chemical reagents and the measured total acidity of the tailings
solution, enough dry reagent was added to the bottles to raise the slurry to
~pH 7.3. After reagent addition, the bottles were placed on a linear oscillat-
ing shake for 2 days to facilitate mixing and reaction. Because no theoretical
equivalent weight was available for the two fly ash samples, small quantities
were initially added to the acid tailings solution.

After the 2-day contact period, the sample pH was measured., If the solu-
tion pH above the sludge was 7.0 or greater, the experiment was stopped. If
the pH was less than 7,0, an additional portion of reagent was weighed and
added to the bottle, and the bottle was placed on the shaker for an additional
2 dayS.

The pH was then remeasured and the cycle continued until a solution pH of
7.0 or greater was achieved. Once each sample had achieved this condition, it
was centrifuged, and the supernate solution was filtered through a 0.45-um mem-
brane. The filtered solutions were then analyzed by the techniques described
in the tailings solution characterization section, Residual sludge separated
from the supernate during centrifugation was used to evaluate sludge proper-
ties. The batch contact tests for all seven reagents (two fly ashes and five
chemicals) and the two uranium mill tailings solutions (Lucky Mc and Exxon
Highland) were performed in duplicate. Tables presented in the Results and
Discussion section show the average values obtained from the duplicate tests.

pH Optimization

For the purpose of this study, the optimum pH for acidic uranium mill
tailings solution neutralization has been defined as the solution pH where
further additien of a neutralizing agent no longer significantly increases
removal of contaminants. To determine the optimum pH of neutralized tailings
solution, samples of both Lucky Mc and Exxon Highland acidic tailings selutions
were neutralized from =pH 2.0 to pH values of approximately 5.0, 6.5, 7.2, and
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8.0 using reagent-grade Ca(OH)z. After samples of each acidic tailings solu-

tion had reached the desired solution pH, they were centrifuged, filtered, and
analyzed for solution quality. The neutralized solution chemical composition

was then compared to solution data for the untreated solutions.

Limestone/Lime Neutralization Tests

Four hundred milliliters of each acid tailings solution were placed in
prerinsed 0,5-L polyethylene bottles. Based on the equivalent weight of
limestone, the total acidity of the tailings solution, and results of previous
laboratory studies, enough dry limestone was added to the bottles to raise the
solution/slurry pH to =4.0 in one test and pH 5.0 in another. After reagent
addition, the samples were placed in a linear osciliating shaker for 48 h to
ensure adeguate mixing,

After the 48-h contact period, the sampie pH was measured. If the solu-
tion pH above the slurry had reached the desired pH of 4.0 or 5.0, depending on
the test, the experiment was temporarily stopped. If the pH was less than
desired, an additional portion of limestone was weighed and added to the bot-
tle, and the bottle was placed on the shaker for an additional 2 days. The pH
was then remeasured, and the cycle continued until the initial desired pH was
attained. Once each sample had reached the desired pH, it was centrifuged, and
the supernate solution filtered through a 0.45-um membrane. The filtered solu-
tions were subsampled, preserved (depending on the analysis to be performed),
and then analyzed for anions, cations, and radionuclides by the techniques
described in the tailings solution characterization section,

Then the remaining pH 4.0 and 5.0 filtered solutions had weighed portions
of calcium hydroxide added to the bottle, and the bottle was again placed on
the shaker for 48 h, The pH was remeasured, and the cycle continued until a
solution pH of =7.2 was achieved. Once the sample achieved the desired pH, it
was centrifuged, and the supernate was again filterea, subsampled, and pre-
served for analyses as described earlier, The known weights of the two
reagents added in each step were used to evaluate the cost of neutralizing
acidic uranium mill tailings solution using the two-component scheme, Tables
presented in the Results and Discussion section show the average constituent
concentrations and reagent costs obtained from duplicate tests,

Contaminant Complexation Experiments

Two sets of static batch studies were conducted under identical conditions
using separate neutralizing reagents or combinations of reagents as neutraliz-
ing techniques. In the initial study, acidic tailings solution were neutral-
ized using either hydrated lime or limestone. Selected pH points for neutrali-
zation by hydrated lime were pH = 6.5, 7.3, 8.0, 8.5, and 9.0. Final set pH
values for limestone neutralization were pH = 6,5, 7.3, and 8.0. Neutraliza-
tion was accomplished through the addition of solid reagents to 200 mL of
acidic tailings solution in sealed 250-mL polyethylene bottles, Initial rea-
gent weights were determined by measuring the total acidity of the tailings
solution and calculatin? the equivalent weight of reagent necessary to reach
each set pH point, Mixing was facilitated by constant shaking for a period of

22



43 h. When the 1nitial reaygent addition and shaking period was completed, the
hydrated lime samples were allowed to settle prior to being measured for pH
without agitating the sample, If necessary, solution pH was further adjusted
by the addition of either fresh tailings solution to lower the pH or solid rea-
gent to raise the pH. Prior to measuring the pH of all limestone-neutralized
solutions, they were allowed to equilibrate to atmospheric carbon dioxide
levels for a period not less than 24 h, Solution pH was then recorded and, if
necessary, further adjusted toward the set pH levels. Once neutralization was
complete, all samples were centrifuyed; filtered through a standard 0,45-um
membrane; measured for pH, Eh, and alkalinity; and then prepared for further
analyses.

To study the effects of carbonate complexation, a second set of hydrated
lime-neutralized solutions were prepared following the procedure described
above., Neutralization by hydrated lime was carried out to the same set pH
levels of pH = 6,0, 7.3, 8.0, 8.5, and 9.0 obtained in the initial study.
Without removing the neutralization reaction precipitates, these solutions were
further contacted with a carbonate source. Carbonate was introduced as solid
sodium Dicarbonate to avoid drastically altering solution pH, while increasing
alkalinity levels hydrated to the neutralized-lime solutions. Enough carbonate
was added to equal those measured for the corresponding limestone-neutralized
solutions of equal pH prepared in the first set of batch studies. The alka-
linities of the hydrated-]lime neutralized solutions having alkaline pHs of 8,5
and 9.0 in the second set of batch studies were elevated to the levels measured
for the limestone-neutralized solutions of pH = 8.0 in the initial study.
Sodium bicarbonate addition was followed by 48 h of mixing after which each
sample was allowed to equilibrate to the atmosphere for at least 24 h., Samples
were then centrifuged; filtered (0.45 wn); measured for pH, Eh, and alkalinity;
and then prepared for solution analyses.

Coloida! particles were removed from selected samples by centrifugal fil-
tering through an 184 membrane. Membranes were soaked overnight in double-
distilled water, and an aliquot of sample was passed through the filter to fill
possible adsorption sites prior to sample filtration.

Solid Sludge Characterization

Mineralogical characterization of the sludges generated frem solution neu-
tralization was determined by x-ray diffraction., Bulk samples of these mate-
rials were slurry-mounted on glass slides for analysis. Diffractograms were
obtained using x-ray diffractometer and a CuKa radiation generator,

The total dry weight of sludge formed for each batch contact experiment
was determined by measuring the sludge wet weight and sludge moisture content
gravimetrically by oven drying at 105°C for 24 h (Gardner 1965). To determine
the sludge moisture retention properties, the saturated sludge samples were
placed in a pressure plate apparatus (Richards 1965) and drained under various
applied pressures, The drained water contents were measured gravimetrically
and tabulated as a function of capillary pressure, which is equal in magnitude
to the applied pressure, but opposite in sign., These measurements, taken over
a range of applied pressures, provide an estimate of drainage expected for
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similar sludye piles under field conditions. For example, a covered sludge
pile, 10-m thick, draining to a water table at its base would have capillary
pressure ranging from -10 m at the top to near zero at the base.

COLUMN EXPERIMENTS

Sludge Column Leaching Experiments

Column leaching experiments were conducted on the sludye material that
forms during the neutralization process. The sludge, collected as a field-
neutralized solution/slurry from the Lucky Mc and Exxon Highland mill sites,
had the excess solution removed by filtration through a 0.45-um filter, The
remaining solid residue was dried in a convective oven at 105°C for 24 h, The
oven-dried sludge from each mill site was placed in a ball mill, crushed, and
disaygregated, Known weights of the <150 mesh sample were packed into four
columns of known volume. Characteristics of the columns from each mill site
are listed in Table 6, Clear acrylic tubing and end caps were used in con-
structing the columns for the experiments,

Laboratory-prepared ground water, with elemental composition shown in
Table 4, was used as the leachate. Flow through the columns moved from the
bottom to the top to enhance complete column saturation, Constant flow rates
were maintained throughout the experiment with multistatic pumps adjusted to
0.11 mL/min, Flow rates were monitored daily, and samples were collected every
36 h. Sample pHs and Ehs were taken after collection, and then subsamples for
anion, cation, and radionuclide determinations were prepared. Samples used for
cation and radionuclide analyses were preserved by adding concentrated ultra-
pure nitric acid to drop the pH to less than pH 2.0 (APHA 1980). Samples for
anion analyses were not treated but were analyzed soon after collection, All
chemical analyses were performed as described in the Tailings Solution
Characterization section,

TABLE 6. Sludye Column Parameters

Sample Identification

Lucky Mc Exxon
Sludge Sludge
Length (cm) 8.9 8.9
Inner Diameter (cm) 8.9 8.9
Bulk Density (g/cm3) 0.80 0.87
Pore Displacement Volume (mL) 387 373
Flow Rate (mL/min) 0.11 0.11

Tailings Leaching Experiments

Tailings leaching experiments were performed using flow-through columns,
Four polyacrylic cylindrical columns were compacted with either untreated
acidic uranium mill tailings or tailings that had been neutralized to at least

24



pH 7.0 with hydrated lime [Ca(OH),] (Table 7). Two columns contained tailings
from the Lucky Mc Mill, one with untreated tailings and one neutralized
tailings, and two other columns contained tailings from the Exxon Highland
Mill, also one untreated and one neutralized tailings column, The tailingg
material was uniformly compacted to a dry weight bulk density of 1.50 g/cm? in
all four columns, Column compaction data for the four columns are listed in
Table 8. The method used for compaction was in accordance with the sliding-
weight tamper method (ASTM 1982). Laboratory-prepared ground water was used as
tailings leachate throughout the duration of the experiments. Leachate flow
moved from column bottom to column top to enhance removal of entrained air
pockets in order to simulate saturated flow conditions. Constant flow rates
were maintained throughout the experiment with multistatic pumps. Flow rates
were monitored daily, and effluent samples were collected depending on the
column's pore displacement volume (approximately every one pore volume for each
column), Effluent samples were measured for pH and Eh on collection, then
subsampled for anion, cation, and radionuclide determinations., All chemical
analyses were performed as described in the previous Tailings Solid and
Solution Characterization section.

TABLE 7. Tailings Column Identification and Description

Column ID Description
1 Untreated Exxon Tailings
2 Neutralized Exxon Tailings
3 Untreated Lucky Mc Tailings
4 Neutralized Lucky Mc Tailings

TABLE 8, Tailings Column Compaction Data

Cell Ory Bulk Pore
Diameter Length Volume Sample Density Volume
Column ID (em) (em) (cm3)  wt (@) (g/em3) Porosity  (cm3)
1 8.89 8.89 552 828 1.50 0.45 248
2 8.89 17.7% 1102 1653 1.50 0.45 495
3 8.89 17.75 1102 1653 1.50 0.45 495
4 8.89 3T05 1102 1653 1.50 0.45 495

Radium Attenuation Experiments

Before using the acidic tailings from the Lucky Mc Mill, they were oven
dried at 105°C for 24 h to facilitate handling. The dried tailings used in the
experiments were passed through a number 10 sieve and subdivided into 1000-g
subsamples, One tailings subsanple was amended with barium chloride and cal-
cium hydroxide, The other subsanple was left untreated, to be used as a blank
or baseline value for comparison of attenuation results., The description for
the amended and untreated tailings is shown in Table 9, The calcium hydroxide
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TABLE 9. Radium Attenuation Column Identification and Description

Column 1D Description

1 1000 ¢ tailings, 7.3 ¢ Ca(OH)Z,
151 mL BaC12 solution.

2 1000 g tailings, 151 mL DD H,0

amendment was mixed into the tailings as an oven-dried solid, Rarium chloride
was added to the tailings in liquid form after dissolving 32.86 g of
BaCl,-p2Hy0/L of distilled, deionized water (DD H,0). Distilled deionized
water was added to the untreated tailings not congaining barium chloride,

After adding the various reagents and solutions to the acidic Lucky Mc
tailings, the composite samples were thoroughly mixed and allowed to stand
overnight in sealed plastic bags to ensure a uniform moisture distribution,
Subsamples of each mixture were collected for moisture content determination,
which was done using microwave drying (Gee and Dodson 1981).

Two polyacrylic cylindrical columns were compacted according to the slid-
ing weight tamper method (ASTM 1982), with the composite mixture from each
sample bag, Sample 1 was compacted in column 1, sample 2 in column 2. The
physical compaction data for each column are listed in Table 10. Every effort
was made to keep all column compaciion parameters equal so a fair comparison
could be made at the completion of the experiment.

TABLE 10. Radium Attenuation Column Compaction Data

Cell Dry Bulk Pore

Diameter Length Volume Sample Density Vo lume

Column 10 (cm) (cm) (em3)  wt (g) (g/ecm3) Porosity  (cm3)
1 8.89 8.89 552 833 1.51 0.44 244
2 8.89 8.89 552 833 151 0.44 214

Once compacted, the columns containing the amended tailings mixtures and
the untreated tailings were saturated with approximately one pore volume of
local ground water, The method used to leach the compacted tailings columns
followed the American Society for Testing and Materials (ASTM) method for
measuring permeability of granular soils under constant head conditions (ASTM
1982), except that permeability values were not calculated. The chemical
composition of the local ground water is shown in Table 11. Flow through the
columns was from the bottom to top to enhance saturated flow conditions.

Flow rates through the columns were maintained at approximately 0.1 mL/min
with multistatic constant flow pumps. Column effluent samples were collected
at approximately one pore volume intervals (~250 mL) throughout the duration of
the experiment. The pH and Eh of each sample was measured after collection.
Subsamples were then preserved appropriately for subsequent anion, cation, and
total radium determinations.
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TABLE 11.

Local Ground-Water Chemical Composition

Concentration
Parameter (mg/L)
Al 0.1
As <0.02
Ba 0.03
Ca 25.1
Fe 0.04
K 0.9
Mg 4.4
m <0'3
Na 2.9
Si 3.6
Sr 0.1
In 0.2
cl 1.5
N03 <0.5
S0, 19.8
pH (units) 8.2
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RESULTS AND DISCUSSION

UNTREATED TAILINGS SOLUTION CHARACTERIZATION

Chemical composition of the uranium tailings solutions used for the batch
neutralization tests (December 1981 solution) is yiven 1n Table 12, Tailings
solution from the Lucky Mc site had a low pH (1.2) and a high total acidity of
nearly 15,000 mg/L as CaC0,. This corresponds to an acid content of nearly
300 meq/L. The leachate from the Exxon Highland site had a pH of 2.2 and a
total acidity of only 4,500 mg/L as CaCO,, which corresponds to an acid content
of only 90 meq/L. These values of 300 meqg/L and 90 meq/L were used to estimate
the quantity of neutralizing agent that would be required to raise the pH of
these leachates to 7.3 in the batch reagent experiments,

The results of uranium mill tailings solution characterization from the
Lucky Mc and Exxon mills collected in December 1982 are shown in Table 12, The
Lucky Mc Mill tailings solution had a low pH (1.7), high TDS content
(34.2 g/L), and high total acidity (15,700 mg/L as CaC0,). The total acidity
content of 15,700 myg/L corresponds to a total acid contgnt also yreater than
300 meg/L similar to the solution collected in 1981. In comparison, the Exxon
uranium mill tailings solution had a slightly higher pH (2.0), a TDS content of

12.5 g/L, and a total acidity of 5,269 mg/L as CaC0O3.

The composition of the Exxon tailings solution may be more 'dilute' than
the Lucky Mc tailings solution because of the addition of mine dewatering solu-
tion in order to move the tailinygs to the pond, Additional mine drainage is
pumped directly into the pond so that samples collected from the evaporation
pond include acidic tailings solutions diluted with several drainage solu-
tions., Solution properties such as these illustrate how tailings solutions
from two uranium mills can vary in solution composition even though both mills
employ a sulfuric acid leaching process for uranium extraction,

The dissolved constituents shown in Table 12 originate from one of two
sources: 1) process additives and 2) by-products of the ore dissolution pro-
cess. Process additives used in uranium milling include sulfuric acid (H 504),
sodium perchlorate (NaCl0,), ammonium nitrate (NH,NO,), and ferrous carbofiate
(FeCO,). These additives account for most of the high solution content of sul-
fate, chloride, nitrate, iron, and the low pH. Other constituents in the tail-
ings solution result from dissolution of the ore-grade rocks and sediments dur-
ing the leaching process or impurities contained in industrial-grade chemical
additives,

The following Lucky Mc tailings solution constituents (from Table 12)
exceed the set limits of the U.S. Environmenta' Protection Agency's (EPA)
maximum concentration levels shown in Table 13: four macro-ions, Fe, Mn, N03,
and S0,; seven trace metals, As, Cd, Cr, Cu, Pb, Se, and Zn; and three radio-
nuclidés, 210pp, 230Th, and 226Ra, Similarly for the Exxon tailings solutions,
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TABLE 12. Solution Chemistry of Lucky Mc and Exxon Highland
Tailings Solutions
Lucky Mc Lucky Mc Exxon m?mm Exxon Highiand
1981 1982 198 198
Parameter Solution Solution Solution Solution
pH (units) 1.2 1a? (1,2 2.0
En (mv) 785 NA 807
Conductivity (umho/cm) NA 32,300 NA 10,400
Total Suspended Solids (mg/L) NA 50 NA 20
Total Dissolved Solids (g/L) 35,7 34,2 11,2 12,5
Total Acidity (as mg/L c;oosy 14,800 15,735 4,500 5,269
Macro ions (mg/L)
Al 1,0 to 30 1,100 405 440
8 NA 1,1 NA 0.4
Ca 600 600 548 560
Fe 2,780 3,000 950 1,000
K 156 160 40 44
Mg 1,220 1,250 495 540
Mn 163 160 44 50
Na 1,630 1,600 332 340
Si 283 300 209 310
Sr 14 14 8 8,5
SO‘ 6,400 25,000 7,920 9,300
Ct 2,090 1,190 290 300
"!03 302 302 7 S
Trace Metals (mg/L)
Ag <0,05 <0,02 <0,05 <0,02
As 19,00 15.50 0,21 0,21
Ba 0.09 0.07 <0,05 <0,05
Ca 0,280 0.25 0,04 0.03
Co 3.40 4,93 0,90 1,31
Cr 2.40 2.09 1.41 1.25
Cu 1.50 1,45 1.10 0.97
Mo 8.4 7.74 <0,05 <0,02
Pb 0,87 0.85 <0,04 <0,02
Se 1.6 1,10 12 1,35
v 14,6 19,17 10,6 10,71
Zn 17.9 16 3.7 4,5
Radionuclides (pCi/L)
4 16,000 12,300 <50 2,100
2 U 16,800 15,550 2,375 2,100
Z;g'rn 167,000 185,400 127,000 97,140
Ra 4,900 4,020 940 758

(a) NA = not applicable,



TABLE 13. Maximum Concentration Levels for Specified Water

EPA-Interim
EPA-lnacleQ Primary EPA-Socondar¥ EPA Livest Raaiatlon(.)
Talllngs(' Drinking water () Orinking Water ¢ Consumption 9 protection
Constituent (mg/L) (mg/L) (mg/L) (mg/L) (pCi/L)
Al -—— -— -—— 5
As 0,05 0,05 -— 0.2
a’ |.0 |.00 s .
Co 0,01 0.01 -— 0,05
& 0.05 0.05 e 1 .00
Pb on05 0.05 Y= 0.‘
m 0.002 0.002 . 0.0'0‘9)
Mo 0.05 —— -—— uncertain
N in NO3 10,0 10,0 -—— 23
Se 0,01 0,01 -— 0.05
Aq 0,05 0.05 ) -—— ——
F — 1.4 to 2.4 - 2.0
Ct ——- —— 250 —
Cu —— —— 1.0 0.5
fe —— -—— 0.3 No limit
vn - IS 0,0% No limit
S04 o~ e 250 .
In -~ ——— 5.0 2.5
B et a— - 5.0
v e - -— 0,!
DS o Filb i —nc
pH st g 6.5 to 8,5 -——
Constituent (pCi/L) (pCi/L (pCi/L) (pCi/Ly (pCi/L)
2260,4228p, 5.0 5.0 - 5.0 -
yggurel 10,0 -—- - e 2 x 102
U —— —— — -— 4 x 10
gsoYh — -— —— -—— 2000
2622 - - —- - 30
210, - - - — 100

(a)
(v
{c)

(d)
{e)

($)
(g)

Environmental Protection Agency, "Proposed Standards for inactive lranium Processing Sites,"
40 CFR Part 192 in FR Vol, 46, No, 6 (Jan 9, 1981) pp. 2556-2563,

Environmental Protection Agency, "National Interim Primary Drinking Water Requiations,"

40 CFR Part 141 In FR Vol, 45 (Aug., 27, 1980),

Environmental Protection Agency, "National Secondary Drinking Water Regulation," 40 CFR
Part 143 in FR Vol, 44 (July 19, 1979), pp. 42198,

Environmental Protection Agency, "Quality Criteria for Water," EPA 440/a-76-023, July 1976,
U.S, Nuclear Regqulatory Commission, "Standards tor Protection Against Radiation,"” Title
10~Chapter |, Code of Federal Requlations, Part 20,

Oepends on temperature of water,

EPA could not agree upon the level at which Mo is toxic to livestock,
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three macro ions, FeZIBn, aggosoa. fouE grace metals As, Cd, Cr, and Se, and
three radionuclides Pb Th, and ? Ra, also exceed the water quality
Timits in Table 13,

NEUTRALIZED TAILINGS SOLUTION CHARACTERIZATION

The results of the analyses performed on the field neutralized tailings
solutions are shown in Table 14, The data show a significant reduction in dis-
solved constituents when compared to the low pH untreated solution. In the
neutralized Lucky Mc solution, the TDS content was reduced by greater than 80%
(34.2 to 6.4 y/L). The Exxon-neutralized solution showed an overall TDS reduc-
tion of greater than 70% (12.5 to 3.7 g/L). The difference in the TDS reduc-
tion between the two neutraiized tailings solutions is due to the makeup of the
untreated lTow pH solution. For example, ions such:as Al, Fe, Mn, Cl, NO,, ard
SO, are two to three times higher in concentration in the Lucky Mc taili%gs
solution than in the Exxon tailings solution, Upon neutralization, the resul t-
ant pH-buffered tailings solutions from both mills are relatively similar in
makeup, with the exception of elements such as Ca, Na, K, Cl, N03, and SO4
whose solubility is not strictly dependent on solution pH.

Before neutralization, 15 constituents (including solution pH) in the low
pH Lucky Mc tailings solution exceeded the EPA-recommended water quality maxi-
mum concentration limits. Following neutralization with Ca(OH),, og&g two
macro-ions SO, and NO,, one trace metal, Se, and one radionucliae, Ra,
exceed the designated levels. For the Exxon solution out of the original 10
constituents exceediny thezggmits, only one macro ion, SO,, one trace metal,
Se, and one radionuclide, Ra, exceed the limits after similar neutraliza-
tion, The detection limit for Mn was higher than the maximum concetration
limit and as a result a less than value has been reported, Manganese, in fact,
may be below the set limits but its concentration cannot be verified without
further study.

BATCH CONTACT STUDIES

Mineralogical Analyses

Mineralocy of the original fly ash was determined by x-ray diffraction to
better understand the neutralization process and the minerals present in the
sludges. Both the untreated Boardman and Wyodak fly ashes contained a-quartz
(Si0,), lime (Ca0), and periclase (MgD). Further identification of crystalline
phasgs present in the unreacted fly ash samples was unsuccessful. Both samples
contain large quantities of high-temperature g'asses, which could not be iden-
tified and made the identification of other minor phases more difficult.

Reagent Meutralization Tests

The water quality of the effluents from the batch neutralization experi-
ments is found in Tables 15 through 20, The chemical composition of the
treated effluents has been divided into three subsets for comparison, Macro-
ion, trace metal, and radionuclide results for each reagent have been tabulated
for each tailings solution,
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TABLE 14, Solution Chemistry of Field Neutralized Lucky Mc and Exxon
Highland Tailings Solutions (1982 solution)

e
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e

Lucky Mc Lucky Mc Exxon Exxon
Untreated Neutrallzed Untreated Neutral i zed
Parameter __Solution Solution Solution Solution
pH (units) 1.7 9.4 2,0 12.5
Eh (mV) 785 231 807 162
Conductivity (Umho/cm) 52,300 11,900 10,400 4,95%0
Total Suspended Sollds (mg/L) 50 10 20 20
Total Dissolved Solias (g/L) 34,2 (g’l 12.5 3.7
Total Acidity (as mg/L CaCOy) 15,735 NA 5,269 NA
Macro ions (mg/L)
Al 1,100 0.6 440 0.6
B 1.1 0.19 0. 0,08
Ca 600 520 560 870
Fe 3,000 <0,% 1,000 <0,%
K 160 170 44 55
M 1,250 6.4 540 - 047
Mn 160 <0,2 S0 <0.2
Na 1,600 1,570 540 330
Si 300 10 310 1.1
Sr 4 1.6 8,5 7.8
SO‘ 25,000 5,940 9,300 1,730
Ci 1,190 1,280 300 303
NO3 302 247 9 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>