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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government, Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include N RC correspondence and ir,ternal NRC memoranda; N RC Of fice of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.
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Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical information and Document Control, U.S. Nuclear Regulatory Commission, Washington, DC 3

20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American NationalStandards, from the
American National Standards Institute.1430 Broadway, New York, NY 10018.
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ABSTRACT

Laboratory experiments were conducted to evaluate the performance' of
selected neutralizing agents for the_ treatment of uranium tailings solutions.
Highly acidic tailings solutions (pH<2) from the Lucky Mc Mill in Gas Hills,
Wyoming and the Exxon Highlands Mill near Casper, Wyoming were neutralized to a
pH of 7 or greater using seven neutralizing agents. Reagents used included:

1. Fly Ash from Boardman Coal Plant, . Boardman, Oregon
2. Fly Ash from Wyodak Coal Plant, Gillette, Wyoming
3. Calcium carbonate (CACO ) reagent grade3
4. Calcium hydroxide [Ca(OH)2] reagent grade
5. Magnesium oxide (Mg0)- reagent grade

Sodium hydroxide (NaOH)3) reagent gradeSodium carbonate (Na200-6.
reagent grade.7.

Evaluation of the effectiveness for the treatment of uranium tailings solutions
for the selected neutralizing agents under controlled laboratory conditions was
based on three criteria. The criteria are: 1) treated effluent water quality,
2) neutralized sludge handling and hydraulic properties, and 3) reagent costs
and acid neutralizing efficiency.

On the basis of these limited laboratory results calcium hydroxide or its
dehydrated form Ca0 (lime) appears to be the most effective option for treat-
ment of uranium tailings solutions. ;

l

.

iii

, -. . - . - .



ACKNOWLEDGEMENTS

This study was funded by the U.S. Nuclear Regulatory Commission as part of
the Uranium Recovery Research Program.at Pacific Northwest Laboratory. W'e wish
to acknowledge M. E. Dodson, R. L. Erikson, and P. Heller for their work on
sludge properties. We also wish to thank P. R. Partch, and G. W. Gee for their-
advice, support, and technical review of this document. We would also like to
express our appreciation to Thomas A. Fox of Pozzolanic Northwest, Inc. for
supplying fly ash samples from the Boardman and Wyodak Coal Plants.

,

i

l

:

,

I

V

.. - _. -



EXECUTIVE SUMMARY

Laboratory experiments were conducted to evaluate the performance of
selected neutralizing agents for the treatment of uranium tailings solutions.
Highly acidic tailings solutions (pH<2) from the Lucky Mc Mill in Gas Hills,
Wyoming and the Exxon Highlands Mill near Casper, Wyoming were neutralized to a
pH of 7 or greater using seven neutralizing agents. Reagents used included:

1. Fly Ash from Boardman Coal Plant, Boardman, Oregon
2. Fly Ash from Wyodak Coal Plant, Gillette, Wyoming

| 3. Calcium carbonate (CaC0 ) reagent grade3
4. Calcium hydroxide [Ca(0H)2] reagent grade
5. Magnesium oxide (Mg0) reagent grade

Sodium hydroxide (NaOH)3) reagent grade
Sodium carbonate (NapC06.

7. reagent grade.

Evaluation of the effectiveness for the treatment of uranium tailings solutions
for the selected neutralizing agents under controlled laboratory conditions
were based on three criteria. The criteria are: 1) treated effluent water
quality, 2) neutralized sludge handling and hydraulic properties, and 3) rea-
gent costs and acid neutralizing efficiency.

Treated effluent water quality suggests that removal o
constituents (e.g. , Al, Fe, Si, As, Ag, Cr, Cu, Pb, V, Zn, gany dissgedPb, and Th)is
controlled by pH buffering and does not depend upon the specific neutralizing
gnt. Hoger, test results for effluent concentrations of sulfate, cobalt,

U,and Ra have shown a marked dependence on the reagent selected. Sul-
fate was removed from solution only by thosgeagents gntaining calcium which2promotes the formation of gypsum. Cobalt, U, and Ra are not removed from
solution as effectively with carbonate reagents as with other reagents. This
effect may be due to the formation of soluble carbonate complexes of cobalt,
uranium, and radium. Other constituents (e.g., K, Na, Ca, NO3, Cl , and Se)
have shown little or no change in solution concentration during neutralization
regardless of reagent used. Manganese and molybdenum removal is variable and
does not seem to correlate with the reagent used.

The neugralizeg Lucky Mc tailings solutiogs excegd maximum concentration
levels by 10 to 10 times for Se and Mn byg to 10 times for Mo, SO4 and0 7TDS and by 10 to 10 times to NO , C1 and Ra. The Exxon Highland Mill3

ta{ lings golution after neutralization gxceeds maximum concentration legls byy
10 to 10 for Se, Mn and SO4 and by 10 to 10 times for C1, TDS and Ra.
Thus one might conclude that potentially the most problematic constituents will
be Se , Mn , S04 and total dissolved solids. Most likely Mn would be removed
further upon contact with sediments, but Se, SO4 and TDS would require signifi-
cant dilution with low ionic strength ground water or specific treatment to
ensure that their concentrations are below water quality guidelines.

Selected sludge properties were also used as a means to evaluate the per-
formance of the neutralizing agents. The total weight of sludge generated,
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sludge moisture retention, and sludge mineralogical analyses were performed for
each of the reagents tested. The sludge characterization results indicate that
calcium-containing reagents and fly ash produce the largest weight of sludge.
Reagents without calcium produce much less sludge but of a substantially higher
moisture content.- Crystalline mineralogy of the two fly ash samples compared
to those reacted with tailings solution indicated that lime (Ca0) and periclase
(Mg0) present in the ash were dissolved during contact. Gypsum (CaSO .2H 0)4 2
was identified as the only crystalline phase detected in the calcium reagent
neutralized sludges. Crystalline phases were not detected in samples neutral-
ized with magnesium oxide, sodium carbonate, or sodium hydroxide. Undoubtedly
all sludges contain noncrystalline precipitates that form rapidly during
neturalization.

The amount of reagents required to neutralize the tailings solution to pH
~7 was monitored to determine the reagent efficiency and costs. Reagent usage
information indicates that the quantity of reagent required to treat a given
volume of solution depends on the total acidity of the solution, the equivalent
weight of the reagent, and the efficiency with which that reagent reacts to
neutralize solution acidity. Results of the reagent usage tests indicate that
a high-quantity total-acidity tailings solution (e.g., Lucky Mc 15,000 mg/l
total acidity) may require as much as three times the amount of reagent
required to neutralize a low-quantity total-acidity leachate (e.g., Exxon High-
land Mill 4500 mg/l total acidity). Neutralization efficiency results suggest
that only two reagents tested had efficiencies in excess of 90% of their theo-
retical neutralization capacity (e.g., sodium hydroxide = 96% and calcium
hydroxide = 90%). Calcium carbonate exhibited the lowest neutralizing effi-
ciency of the reagents tested (67%). No efficiency could be calculated for the
fly ash samples, since they have no known equivalent weight. Reagent costs
show that calcium carbonate, calcium hydroxide, and magnesium oxide are the
least expensive neutralizing agents tested. The calculated reageit costs per
ton of ore processed for treatment of the Lucky Mc solutions (high acidity)
with calcium carbonate, calcium hydroxide, and magnesium oxide were $0.88,
$0.83, and $0.77, respectively while the costs for the Exxon solution were
$0.30, $0.26, and $0.26, respectively. Costs for other reagents tested were at
least twice as expensive. Sodium hydroxide was the most expensive reagent
examined with a reagent cost of nearly ten times that of calcium carbonate,
calcium hydroxide, or magnesium oxide.

On the basis of these laboratory results either calcium hydroxide or its
dehydrated form Ca0 (lime) appears to be the most effective option for treat-
ment of uranium tailings solutions. Further laboratory experiments are needed
to determine other information required to support the use of lime as the most
applicable reagent. Experiments that evaluate the chemical stability of the
sludge generated by lime neutralization are needed for a better understanding
of how contaminants are immobilized (e.g., precipitation, sorption, ion
exchange, occlusion, coprecipitation). These types of tests will not only be
applicable to this task, but should derive valuable data for understanding the
reactions which may occur in alkaline, calcium-rich soils. Further testing of
lime under possible process conditions is needed to verify reagent performance
prior to actual field demonstration which represents the final phase of this
project. These further tests will be performed during the next year prior to
the submission of a field demonstration test plan.

viii
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Other tests on the possible complexation of cobalt, uranium, and radium,
with carbonate should also be performed. These tests are needed to determine
the potential mobility of these constituents in high carbonate soils and/or
carbonate ground waters. An alternate method for removal of Se, major cations
(e.g., K, Na, Ca, Mg), major anions (N0; and Cl-) and perhaps Mo is needed
because neutralization is not effective *in lowering their solution concent.ra-
tions to commonly used water quality guidelines.

Cost estimates for adding the neutralization step in the overall uranium
production and waste disposal scheme range from about 1 to 5% increments in
production costs. More sophisticated cost estimates should be performed to
verify these calculations, however.
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INTRODUCTION

The acid milling process to extract and purify uranium produces two wastes
for disposal: solid tailings and process wastewater. In the United States
(U.S.), disposal of the wastes varies substantially from site to site. Many
systems have been used to control the volume of acid seepage released from
tailings impoundments. Examples include evaporation ponds, underdrains, syn-
thetic liners, clay liners, and solution recycling. However, each system is
limited in its ability to handle an excess of tailings solution. If the acidic
tailings solution is not contained, the high concentration of many contaminants
in the residual solution may present a potential environmental problem because
of ground-water contamination. This is a potential concern at sites where
wastes are disposed in tailings impoundments with high permeability or small
distances to the existing water table.

In Canada, the Elliot Lake and Bancroft areas have had the water quality
adversely affected as a result of poor disposal techniques (Anon.1972 and
Brown et al .1981). In the U.S., contamination of surface and/or ground water
has also occurred, e.g., Canon City, C0 (Cotter), Ford, WA (Dawn Mining), Gas
Hills, WY (Union Carbide). (Details may be found in Mineral Resources Wasta
Management Team Report 1,1980.) Such contamination may have been minimized or
totally avoided if the waste solutions had been treated prior to disposal. As
a result, the U.S. Nuclear Regulatory Commission (NRC) established a project to
assess the effectiveness, benefits and costs of neutralizing tailings to reduce
the quantity of toxic and radioactive constituents available for migration
under a full range of site and environmental conditions. As part of this pro-
ject, a literature review (Sherwood and Serne 1982) was conducted to assess
current tailings amelioration techniques in terms of their effectiveness in
reducing the mobility of contaminants in the residual solution and from leach-
ing of the solid uranium mill tailings.

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 ground-water-induced
leaching of hazardous constituents. Specific constituent removal encompasses

.

varying techniques, such as alternate ore leaching processes, effluent treat-
ment with sorption, or ion exchange agents or selected precipitation that
reduce specific constituent concentrations in tailings solution.

Based on the literature review, neutralization appears to be better suited
for treating uranium mill tailings than fixation processes or specific ion
rem 3 val because they can, at a reasonable cost, limit the solution concentra-
tion of many contaminants, thus reducing the potential for surface- and ground-
water contamination. However, the effectiveness of the process depends on the
reagant used as well as the waste being treated. Further, the selection of

tailings solution neutralization as the most viable method of treatment was
based, in part, upon results obtained on neutralization of acid mine drainage
and Canadian uranium mill wastes as opposed to actual observations on U.S. acid

1
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uranium mill wastes, because few if any U.S. mills have used neutralization.
Data for all potentially important radionuclides and toxic trace metals and
macro anions were not found in the literature reviewed. Thus, controlled
laboratory experiments comparing various neutralizing agents for treatment of
acidic uranium mill tailings solution from representative U.S. sites were
started. The results of these controlled laboratory experiments completed
through September 1982 are the subject of this progress report.

After completion of laboratory experiments in 1983 and with concurrence of
NRC, a field demonstration project using the best neutralization process (es)
determined from the available literature and laboratory studies will be per-
formed. Field demonstration results would verify laboratory findings and pro-
vide large-scale cost and contaminant migration data that would be useful in
evaluating the need and potential cost / benefits for NRC regulations on uranium
mill waste treatment.

Based on the literature review (Sherwood and Serne 1982) and cost and
availability information taken from recent issues of the Chemical Marketing
Reporter, six chemical reagents were chosen: coal fly ash, calcium carbonate
Lcaco J, hydrated lime [Ca(0H)2], magnesia [Mg0], soda ash [Na200 ], and caus-33tic soda [Na0H]. Within the literature review, we evaluated the strengths and
weakenesses of four of these reagents: limestone, lime, soda ash and caustic
soda. All four were confirmed as candidates for laboratory study with the lime
tentatively selected as the most desirable. As magnesia is very similar to
lime it was added to the list. Finally coal fly ash was chosen because of its
alkaline nature, its low cost and to evaluate whether the waste from one
industry could provide a useful resource to another industry.

Preliminary evaluation of the effectiveness for the treatment of uranium
tailings solutions for the selected neutralizing agents under controlled labo-
ratory conditions was based on three criteria. The criteria are: treated
effluent water quality, neutralized sludge handling and hydraulic properties,
and reagent costs and efficiency. Water quality considers the total dissolved
solids content but emphasizes the removal of radionuclides and potentially
toxic trace metals. Sludge handling considers the mass of sludge produced and
its attendant water content and drainage characteristics. Efficiency considers
the actual amount of reagent needed to raise the tailings solution pH to 7 ver-
sus the theoretical amount of reagent based on its equivalent weight. Further
tests and criteria may be used in future tests on the more effective reagents
chosen in this preliminary study. Examples are process considerations such as
ease of handling reagents, mixing characteristics of reagents and tailings and
more detailed analyses of sludge hydraulic conductivity properties. |

2
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METHODS AND MATERIALS

CHEMICAL REGEANTS

Chemical reagent-grade calcium carbonate, calcium hydroxide, magnesium
oxide, sodium carbonate and sodium hydroxide were obtained from a local chemi-
cal supplier. Fly ash samples were obtained from surface piles at the Boardman
Coal Plant (Boardman, Oregon) and the Wyodak Coal Plant near Gillette, Wyoming.
Table 1 lists the six neutralizing agents along with the chemical composition
and cost per ton of each agent.

TAILINGS SOLUTIONS

In December of 1981, PNL scientists visited the Pathfinder (Lucky Mc) Gas
Hills Mill near Riverton, Wyoming and the Exxon Highland Mill near Glenrock,
Wyoming. The tailings solution from the Lucky Mc Mill (~32 liters) was taken
from the east side of pond 2A on the opposite side of the area where tailings
were being pipeline slurried. Discussions with Jack Stevenson, Mill Superin-
tendent, indicated that the ore being processed was a mixture coming from three
sources: highly oxidized mill waste (0.02 to 0.03% U 0 ) from old stock piles,38
ore (0.03 to 0.05% V 0 ) ken from an underground operation near Jeffery City,

taken from open pits at the Gas Hills mine, and higher
grade ore (0.1% V 0 ; g3

ta38Wyoming, about 65 km (40 miles) southeast of the Lucky Mc mill. The tailings
solution from Exxon Highland Mill (~40 liters) was taken from the north edge of
the present evaporation pond.

TABLE 1. Selected Neutralizing Agents and Their
Corresponding Prices

Chemical Composition Cost / ton, $(a)

Fly Ash (Variable)(b) 19.00

CACO 20.00
3

Ca(OH)2 32.50

Mg0 55.00

92.00Na2003
Na0H 300.00

t

(a) Costs do not include shipping
(b) Fly ash samples from the Boardman

Coal Plant in Boardman, Oregon and
from the Wyodak Coal Plant near
Gillette, Wyoming.

.
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SOLUTION CHEMICAL ANALYSES

Detailed analyses of the initial tailings solutions and the treated
effluents from tt.e batch neutralization experiments were performed. Macro-
cations (A1, Ca, Fe, Mg, Mn, Si, Na, and Sr) present in the tailings solutions
and treated effluents were determined using a Jarrell-Ash emission spectrometer
with an inductively coupled plasma source (ICP). Potassium was determined by
flame atomic absorption because spectral interferences on the ICP technique

Macro-anions (50 , Cl, NO ) were determined by ion chromatog-limit its use. 4 3
raphy on a Dionex Model 16 ion chromatograph. Trace metal constituents were
determined either with the ICP (Cu and Zn) or by graphite furnace atomic
absorption (Ag, As, Ba, Cd, Co, Cr, Pb, Mo, Se, and V) using a Perkin Elmer
Model 5000 and HGA-5000 graphite furnace.

Radionuclide concentrations in the tailings solutions and treated effluent
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
fixed geometry. A Princeton Gamma-Tech intrinsic germanium diode coupled with

" ** ean km-238 and
a Nuclear Data ND6620 Nuclear Analyzer was gsgd tg36"Th, and 3E6three of its daughter products. Lead-210, U, Ra concentra-
tions were determined over a counting time of 7 hr ugigg gamma intensities of

U activity g actually46.5, 63.3, 67.7, and 185.8 kev, respectively. The
2based on counting a gamma ray (63.3 kev) of its daughter product Th. The

226Ra activity is calculated after corrgion of the count rate of the
185.8 kev peak for a contribution from U which also has a gamma rn
(183.7 kev) nearby. The correction factor is based on the ratio of a8U/235g
activity found in natural ore deposits (21.5). Thus upon calculation of the
238 2350 content, a content for 0 may be calculated and this activity subtgted
from the total activity in the region of 185 to yield an estimate of the Ra

content. Detector efficiencies were determined on NBS-traceable, uranium-
bearing sediments pressed into pellets identical to those used for evaporite
analyses.

The pH and total acidity of the tailings solutions were also measured.
Solution pH was determined using a Corning Model 130 pH meter and a combination
pH electrode. The Salotto method of total acidity (Salotto 1966) was used to
detemine the total acidity of the Lucky Mc and Exxon leachates. Briefly, the
procedure is to titrate the acid solution with sodium hydroxide to a pH of 7.3.
The total dissolved solids (TDS) content of the tailings solutions and treated
effluents was calculated in milligrams / liter from the macrocation and anion i

values that were determined as described. Ammonium analyses were not deter-
mined in these preliminary studies due to the large sample volume needed to
perform an analysis.

MINERALOGIC ANALYSES

Mineralogic characterization of the two fly ash samples and the sludges
generated from solution neutralization were determined by X-ray diffraction.
Bulk samples of these materials were slurry-mounted on glass slides for

4
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analysis. Diffractograms were obtainad using a Philips XRG 3500 'X-ray
,

diffractometer and a CuKa radiation generator. .
!

4 BATCH CONTACT NEUTRALIZATION TESTS

Four.hundred milliliters of the acid tailings solution were placed-in
0.5-liter polyethylene bottles. Based on the theoretical equivalent weight of4

each chemical reagent and the measured total acidity of the tailings ~ solution,
enough dry reagent was added to the bottles to raise the slurry pH to ~7.3.
After reagent addition, the bottles were placed on a linear oscillating shaker
for two. days to facilitate mixing and reaction. As no theoretical equivalent

j weight was available for the two fly ash samples, small quantities were ini-
tially added to the acid tailings solution.

; After-the two-day contact period, the sample pH was measured. If the
solution pH above the sludge was 7 or greater the experiment was stopped. If

. the pH was less than 7 an. additional portion of reagent was weighed. and added
'

to the bottle and the bottle was placed on the shaker for an additional two
days.

The pH was then re-measured and the cycle continued until a solution pH of +

7 or greater was achieved. Once each sample had achieved this condition it was
centrifuged and the supernate solution was filtered through a 0.45 micron mem-
brane. The filtered solutions were then analyzed by the techniques described

,

; in the solution chemical analysis section. Residual sludge separated from the
'

supernate during centrifugation was used to evaluate sludge properties. The
batch contact tests for all seven reagents (two fly ashes and five chemicals)
and the two uranium mill tailings solutions (Lucky Mc and Highland Mill) were
performed in duplicate. Tables presented in-the results section snow the aver-4

age values obtained from the duplicate tests.

- SLUDGE PROPERTIES
i
t 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 hr (Gardner 1965). To determine
the sludge moisture retention properties, the saturated sludge samples were'

i placed in a pressure plate apparatus (Richards 1965) and drained under various
applied pressures. The drcined 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

,

similar sludge 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.:

;

|

|
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RESULTS AND DISCUSSION

TAILINGS SOLUTION COMPOSITION

Chemical composition of the uranium tailings solutions used for the batch
neutralization tests is given in Table 2. Tailings solution from the Lucky Mc
site had a low pH (1.2) and a high total acidity of nearly 15,000 mg/t as
CaC0 . This corresponds to an acid content of nearly 300 milliequivalents per3
liter (meq/t). The leachate from the Exxon Highland Mill site had a pH of 2.2
and a total acidity of only 4500 mg/t as CACO , which corresponds to an acid3
content of only 90 meq/t. These values of 300 meq/t and 90 meq/t were used to
estimate the quantity of neutralizing agent which would be required to raise
the pH of these leachates to 7.3. Dissolved constituents present in these
leachates originate as process additives or as by-products of the ore dissolu-
tion process. The process additives are sulfuric acid (H SO ), sodium perchlo-2 4
rate (NaC10 ), ammonium nitrate (NH N0 ), and ferrous carbonate (FeC0 ). These4 4 3 3
reagents account for most of the observed sulfate, sodium, chloride, nitrate,
iron, and the low pH. Other constituents present in the tailings solution are
dissolved from the uranium ore during the leaching process. The high concen-
trations of trace metals and radionuclides represent a potential source of
environmental contamination. The high concentrations of many of these con-
taminants in these acid tailings solutions enable us to evaluate the effective-
ness of selected reagents for contaminant immobilization.

TREATED EFFLUENT WATER QUALITY

The water quality of the effluents from the batch neutralization experi-
ments is found in Tables 3 through 8. The chemical composition of the treated

_

effluents has been divided into three subsets for comparison purposes. Macro-
'

ion, trace metcl and radionuclide results for each reagent have been tabulated
for each tailings solution.

Macro-ion results for the treatment of the Lucky Mc and Exxon solutions to
pHs between 7.0 and 7.5 are given in Tables 3 and 4, respectively. In each
case the concentrations of aluminum, iron, and silica were reduced signifi-
cantly and generally independent of the reagent used. The removal of these
constituents appears to be controlled mainly by the pH of the resultant solu-
tion. The average removal percentage over all seven treatments for each tail-
ings solution was identical for Al (99.3%), Fe (>99.9%) and Si (97.2%). It

| appears that the Mg0 and fly ash treatments removed slightly less Al (88.5%)
i than the other treatments. The carbonate-based reagents and the Wyodak fly ash
! removed slightly less Si (96.2%) than the other reagents. Manganese removal

was 70% for Exxon Highland Mill (HM) and 64% for Lucky Mc (LM). Hydrated lime
removes manganese better than the other chemical reagents and limestone removes
the least manganese.

|
7

|

'
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TABLE 2. Solution Chemistry g{ Lucky Mc and Exxon Highland MillTailings Solutions

Lucky Mc Exxon
Macro Ions Tailings (mg/t) Tailings (mg/t)

Al 1,030 405
Ca 600 548
Fe 2.780 950
Mg 1,220 495
Mn 163 44
Si 283 209
Na 1,630 332
Sr 14 8
K 156 40

504 26,400 7,920
NO3 302 7
C1 1,090 290

Trace Metals
j Ag <0.05 <0.05

As 19.00 0.42
Ba 0.09 <0.05
Cd 0.280 0.038
Co 3.40 0.90
Cr 2.40 1.41
Cu 1.50 1.10
Pb 0.87 <0.04
Mo 8.4 <0.05
Se 1.6 1.2
V 14.0 '10.6
Zn 17.0 3.7

Radionuclides (b)
.

210Pb 16,000 <50
238

U 16,800 2,375
230Th 167,000 127,000
226Ra 4,900 940

(a) Lucky Mc tailings solutions had a pH 1.22 of -

35.7 g/t of total dissolved solids and

14,800 mg/t as CACO 3 of total acidity; the
Exxon tailings solution had values of 2.24,
11.2 and 4,500, respectively.

(b) In pCi/t

8
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TABLE 3. Final Concentrations Versus Influent for Lucky Mc
Solution Neutralization, mg/t

Fly Ash Fly Ash Lucky Mc

3- Ca(OH)g Mg0 Na2CO3 Na0H InfluentMacro Ion Boardman Wyodak CACO

Al 5.6 7.6 5.8 5.3 13 6.2 6.5 1,030

Ca 450 480 490 480 500 310 490 600

Fe <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 2,780

Mg 1,600 2,000 1,200 810 4,900 1,200 1,000 1,220

Mn 26 120 130 14 37 11 76 163

Si 5.2 18 7.7 <0.1 8.9 9.5 5.9 283

Na 1,700 1,500 1,500 1,500 1,500 10,000 9,000 1,630

Sr 17 21 2.4 3.8 11 6.8 12 14

K 160 150 150 150 150 150 150 156

SO 12,000 13,000 10,000 9,100 24,000 25,000 24,000 26,400
4

290 300 290 290 300 330 280 302
N03
C1 1,300 1,300 1,300 1,300 1,300 1,300 1,200 1,090

TDS(a) 17,500 18,900 15,100 13,700 32,800 38,300 36,200 35,700

(a) Total Dissolved Solids is a calculation based on the sum of the macro ion
concentrations in each sample

The percentage of removal for the major constituents calcium, magnesium,
sodium, strontium, potassium, sulfate, nitrate and chloride is not high and
some 'of the constituents show significant dependence on the reagent used.
Average removal percentages for the seven reagents for each tailings solution
were: Ca, 0% for HM and 24% for LM; for Mg, 0% for both tailings solutions;
for Na, 0% for both; for Sr, 0% for HM and 24% for LM; for K, 3% for HM and 14%
for LM; for SJ , 28% for HM and 37% for LM; for NO , 9% for HM and 2% for LM;4 3
for Cl, 0% for both. Calcium removal occurs best when sodium carbonate is
used, while magnesium, silicon and sulfate removal is best when hydrated lime
is used. The calcium reagents remove significantly more strontium than other
reagents. The two fly ash samples appear to release magnesium and strontium to
solution. Sulfate is removed only by reagents containing calcium. The two
sodium reagents and the magnesium oxide release significant amounts of sodium
and magnesium respectively to the effluent solution. The potassium, nitrate
and chloride contents of the tailings solutions change very little no matter
what reagent is used to neutralize the solution. From the calculated total
dissolved solids content the two calcium-based reagents (hydrated lime and
limestone) remove the most dissolved solids, 58% ar.d 51%, respectively.

|

|

|
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TABLE 4. Final Concentrations Versus Influent for Exxon Solution
Neutralization, mg/t

Macro Fly Ash Fly Ash Exxon
Ion Boardman Wyodak CaC0p Ca(0H)2 Mg0 NagC02 Na0H Influent

A1 5.2 5.0 <0.1 <0.1 7.6 <0.1 <0.1 405
Ca 680 590 600 540 510 440 510 548

Fe <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 950

Mg 540 430 470 340 1,700 470 360 495

Mn 7.1 1.1 330 1.8 10 24 15 44

Si 0.4 5.2 8.0 5.7 6.7 8.7 6.1 209

Na 390 380 320 310 320 2,700 2,600 332

Sr 17 14 4.3 4.0 7.6 6.3 7.7 8

K 33 28 30 27 26 27 30 40

S0j 4,500 3,900 4,100 3,600 7,900 8,000 7,900 7,920

NO- 6.7 6.2 6.1 6.4 6.5 6.4 6.3 7.0

Cl- 300 320 310 310 290 290 290 290

TDS(a ) 6,480 5,680 6,180 5,140 10,800 12,000 11,700 11,200

(a) Total Dissolved Solids is a calculation based on the sum of the macro ion
concentrations in each sample.

Trace metal concentrations in the treated effluents for the Lucky Mc and
Exxon tailings solutions appear in Tables 5 and 6. Results for silver indicate
that silver had a limited solubility in these high sulfate systems independent
of pH. The silver content of the acid tailings solutions is below the primary
drinking water standard of 0.05 mg/t. Neutralization with the seven reagents
does not increase silver solubility. Arsenic, chromium, copper, lead, vana-
dium, and zinc results indicate that these trace contaminants were removed from

solution with the change in pH independent of the reagents used. Thus, neu-
tralization appears to be an effective method of removing these trace metals.
The detection limit for zinc was quite high (2.5 mg/t); therefore, complete
removal can only be inferred from these experimental results. Zinc and {chromium did appear in concentrations above the detection liait in one sample
each. These were in leachates neutralized with Wyodak fly ash suggesting that
it is a less desirable neutralizing agent.

The effluent concentrations of barium were below detection limits
(0.05 mg/t) except for the experiments using limestone or the fly ash as the
neutralizing agents. These three reagents were not effective at removing
barium. -Most of the reagents remove significant amounts of cadmium. Limestone
appears to be the best removal reagent and the Wyodak fly ash is least
effective.

10
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TABLE 5. Trace Metal Concentrations After Neutralization Versus Lucky
Mc Tailings Solution, ug/t

Trace Fly Ash Fly Ash Lucky Mc
Metal Boardman Wyodak CACO _ Ca(0H)2 Mg0 NagC02 Na0H Influent3

Ag <50 <50 <50 <50 <50 <50 <50 <50

As <50 <50 <50 <50 <50 <50 <50 19,000

Ba 62 80 90 <50 <50 <50 <50 92

Cd 11 180 <10 20 16 31 24 280 l

Co <50 2,600 1,200 <50 <50 410 <50- 3,400

Cr <40 <40 <40 <40 <40 <40 <40 2,400

Cu <100 <100 <100 <100 <100 <100 <100 1,500

Mo 880 50 630 1,300 2,500 720 830 8,400

Pb <50 <50 <50 <50 <50 <50 <50 870

Se 1,100 1,000 1,100 1,100 960 1,300 1,330 1,600

V <50 <50 <50 <50 <50 <50 <50 14,000

Zn <2,500 6,200 <2,500 <2,500 <2,500 <2,500 <2,500 17,000

TABLE 6. Trace Metal Concentrations After Neutralization Versus
Exxon Tailings Solution, ug/L

Trace Fly Ash Fly Ash Exxon
Metal Boardman Wyodak

CACO _ Ca(OH)3 Mg0 Na7C02 Na0H Influent3
Ag <50 <50 <50 <50 <50 <50 <50 <50

As <50 <50 <50 <50 <50 <50 <50 420

Ba 110 100 74 <50 <50 <50 <50 <50

Cd <10 <10 <10 <10 <10 14 <10 38

Co <50 <50 340 <50 <50 175 <50 900

Cr <40 220 <40 <40 <40 <40 <40 1,410

Cu (100 <100 <100 <100 <100 <100 <100 1,100

Mo 54 84 <50 <50 <50 <50 <50 <50

Pb <40 <40 <40 <40 <40 <40 <40 <40

Se 1,100 1,200 1,100 1,590 1,100 840 1,000 1,200

V '50 <50 <50 <50 <50 <50 <50 10,600

Zn <2,500 <2,500 <2,500 <2,500 <2,500 <2,500 <2,500 3,700

11
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TABLE 7. Radionuclide Results of Lucky Mc Solution Neutralization, pCi/t

Fly Ash Fly Ash Lucky Mc
Radionuclide Boardman Wyodak CACO, Ca(OH)g Mg0 Na2CO Na0H Influent

3

210Pb <50 <50 <50 <50 <50 <50 <50 16,000

238U 93 134 798 81 106 1,680 104 16,800

230Th <400 <400 <400 <400 (400 < 400 <400 167,000

226Ra 84 138 368 154 235 1,590 334 4,900

TABLE 8. Radionuclide Results for Exxon Highland Mill Solution
Neutralization, pCi/t

Fly Ash Fly Ash Exxon
Radionuclide Boardman Wyodak CaC0 Ca(OH)g Mg0 N_a % Na0H Influenta

23

210Pb <50 <50 <50 <50 <50 <50 <50 <50
238

U <50 112 250 149 57 350 <50 2,375

230Th <400 <400 <400 <400 <400 <400 <400 127,000

226
Ra <50 215 142 174 <50 206 <50 940

Cobalt removal was variable. Carbonate bearing reagents (CACO 3 and
NapC0 ) and fly ash appear least efficient at removing cobalt suggesting that a3soTuble cobalt-carbonate complex may form or that neutralizing agents with the
capability of increasing beyond pH 8 are necessary for efficient cobalt
removal. Molybdenum removal was also variable. For the Exxon Highland Mill
solution with less than 0.05 mg/t Mo originally, neutralization with fly ash
actually increased the Mo solution concentration with the Wyodak fly ash again
releasing the most. For the Lucky Mc tailings solution with an original Mo
content of 8.5 mg/t, an average of 88% is removed. The magnesium oxide and
hydrated lime removed less than the other reagents. For either tailings solu-
tion neutralization is ineffective at removing selenium, on the average only
29.6% and 5.6% of the selenium in the Lucky Mc and Highland Mill tailings solu-
tions are removed upon neutralization. This implies that other techniques may
be required to remove selenium from treated or untreated tailings solutions.

Radionuclide results for the neutralization of the Lucky Mc and Exg g

Removal of 23bDHighgd Mill tailings solutions appear in Tables 7 and 8.
and Th was nearly complete (>99.7%) for all of the reagents tested. 2S8226and Ra results show an average 96% and 85% removal, respectively. The U

1226and Ra treated effluent contents are greatest for the sodium carbonate i

reagent and also high in the calcium carbonate effluents. The data suggest
thatsolublecarbongRaremoval. complexes may be forming and thus reducing the effi-2380 andciency of

12



Evaluation of these reagents based on treated effluent water quality sug-
gests that removal of many of the potential contaminants is not reagent depen-
dent. For those contaminants which are reagent dependent certain less desir-
able properties can be identified. It appears that the use of carbonate
reagents (e.g., calcium carbonate, sodium carbonate) may complex certain poten-
tial contaminants. In addition, reagents that do not contain calcium (e.g.,
magnesium oxide, sodium carbonate, and sodium hydroxide) do not remove sulfate
from the treated leachates. Fly ash results indicate certain coal fly ash sam-
ples may contain soluble contaminants and hence add to the contaminant inven-
tory. Calcium hydroxide has shown none of these less desirable characteristics
and in fact was the most effective neutralizing agent for removal of manganese,
magnesium, silicon, sulfate and total dissolved solids. In only one instance,
removal of Mo, do other reagents out perform hydrated lime, Ca(0H)2-

No promulgated set of Federal water quality standards exists that active
uranium mill operators must meet prior to disposal of tailings and process
waters but each mill is required to meet guidelines determined by state and
federal regulatory agencies. The expressed purpose of the guidelines is to
assure that tailings disposal will not cause ground water concentrations of
selected contaminants to exceed specified levels considered harmful if directly
consumed by humans and other living organisms.

For comparison purposes Table 9 lists several recommended water quality
maximum concentration levels for selected constituents and the observed concen-
trations in the neutralized and filtered tailings solution for the three most
promising reagents, calcium hydroxide, calcium carbonate and magnesium oxide.

The neutralizeg Lucky Mc tailings solutiogs excegd maximum concentrationg
levels by 10 10 times for Se and Mn by $6 es for Mo, SO4 and

0 1TDS and by 10 to 10 times for NO , C1 and Ra. The Exxon Highland Mill3

ta{lingsgolutionafterneutralizationgxceedsmaximumconcentrationIglsby
10 to 10 for Se, Mn ana SO4 and by 10 to 10 times for C1, TDS and Ra.
Thus one might conclude that potentially the most problematic constituents willt

be Se , Mn , SO4 and total dissolved solids. Most likely Mn would be removed
further upon contact with sediments but Se, SO4 and TDS would require signifi-[

| cant dilution with low ionic strength ground water or specific treatment to
'

ensure that their concentrations are below water quality guidelines.

'

SLUDGE PROPERTIES

Characterization of the sludges generated from neutralization of acidic
j tailings solution provides data needed to determine potential sludge disposal

problems. Of major importance are the weight of sludge generated, its residual
moisture content and its leachability. The weight of sludge is directly
proportional to the handling and disposal costs. Sludge moisture retention
properties are a measure of the adhesive and cohesive (capillary) forces which

,
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TABLE 9. Observed Concentrations Versus MCLs

Standard EPA-Interte Neutraltzed Lucky Mc Neutralized Emmon
LFA-Inac e Primary EPA-Secondary EPA Livesto Radiation Tallings Solution Tallings Solution
Tatilngs Drtnking WaterI2} Ortnking Water (3) Consumption ) Protection (bI

Ca(OH)2 E*'U 3 M'50 L'iUHA2 L*'U M90Constituent og/t anta mg/s mg/r pct /e og/t og/e ag/s ag/t mg/f ag/e

Al .-- --. --- 5 5.3 5.8 13 (0.1 (0.1 7.6
As 0.05 0.05 --- u.2 (0.05 <0.05 <0.05 (0.05 (0.05 (0.05
Bd 1.0 1.00 --- --- <0.05 0.09 <0.05 (0.05 0.014 (0.05
Cd 0.01 0.01 --- 0.05 0.02 (0.01 0.016 (0.01 <0.01 <0.01
Cr 0.05 0.05 --. 1.00 (0.04 (0.04 <0.04 <0.04 (0.04 (U.04
PD 0.05 0.05 --- U.1 (0.05 <0.05 (0.05 (0.04 <0.04 (0.04
Hg 0.002 0.002 --- 0.010 --- --- ... -- --- ---

Mo 0.05 --- --- uncertainIDI 1.30 0.63 2.50 (0.05 (0.05 <0.05
M in M0 10.0 10.0 --- 23 66 66 68 1.5 1.4 1.53
Se 0.01 0.01 --- U.05 1.1 l.1 U. % 1.59 1.1 1.1
Ag 0.05 0.05 --. .-- <u.0% (0.05 (0.05 <0.u5 (0.05 <u.uS
F --- 1.4 2.4I8) --- 2.0 --- --. --- ..- -.. ---

Cl ..- --- 250 --- 1.300 1.300 1,300 310 31U 290

Cu .-- --- 1.0 0.5 <o.1 <u.1 <0.1 <0.1 (0.1 (0.1
Fe --- ... U.3 No limit (u.1 (0.1 <0.1 (0.1 (U.! (U.1
Phi --- --- 0.05 ho limit 14 130 37 1.8 330 10

50 ... --- 250 --. 9.140 1.u00 24,000 3.600 4.100 1.9004

in ... --- 5.U 2.% (2.% <2.5 <t.5 (2.5 <2.5 (2.5
g -.- ..- --- 5.0 --- -.- --. --- .-- --.

V --. --- --- U.!
TD5 --- ... Sr' --- 15.100 15,100 31.800 5.140 6.180 10.80
pH ... --- 6.5-8.5 --- 1 1 1 I i i

Ccastituent (pct /t) (pC1/t) (pCi/t) (pCi/s) ptt/r (PC1/t) (pct /s) (pCi/r) (ptt/r) (pct /r) (pct /t)

226g 22RRa 5.0 5.0 --- 5.0 .-- --- --. --- --. --- ..-

4Natural U 10.0 .-- --- --- 2n10 --- --. .. --- --- --.

238 4
U -.. --- -.. ... 4 10 81 798 106 149 250 57

230Th --. -- -.- --- 2000 <400 (400 (400 <400 <400 (400
226R4 --- --- --- -.- 30 154 368 235 li4 142 (50
210Pb .-- --- --- ... 100 (50 <50 (50 <50 <50 (50

(1) Environmekal Protection Agency. " Proposed Standards for inactive Urantum Processing Sites." 40CFR Part 192 in FR Vol . 46. No. 6 (Jan. 9.1981),
pp. 2556-2563.

(2) Environmental Protection Agency. " National Interim Primary Drinking Water Regulations." 40CFN Part 141 in FR Vol. 45 (Aug. 27.1980). pp. 57342.
(3) Environmental Protection Agency. " National Secondary Drtnking Water Regulations." 40LFR Part 143 in Fk Vol. 44 (July 19.1979). pp. 42196.
(4) Environmental Protection Agency. " Quality Criteria for Water." EPA 440/a-76 023. July 1976.
(5) U.S. Nuclear Regulatory Comission. " Standards for Protection Against Radiation." Title 10-Chapter 1. Code of Federal Wegulations. Part 20.
(4) Depends on temperature of water.
(b) EPA could not agree upon the level at wntch Mo is tonic to livestock.
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bind water in the sludge. Sludge residual moisture content is related to the
ease of handling, with high moisture content sludges being much harder to
handle. Sludge leachability determines the release of slightly soluble salts
and potentially-toxic trace metals and radionuclides. Mineralogic charac-
terization was performed to give further information on chemical reactivity or
leachability.

Results on the amount of sludge generated during neutralization appear in
Table 10. Sodium hydroxide, sodium carbonate, and magnesium oxide generated
the lowest quantities of sludge. These reagents produced 4 to 7 g of dry
sludge for each liter of tailings solution neutralized for the Exxon Highland
Mill tailings solution and 11.8 to 14.6 g/t for the Lucky Mc tailings solution.
All of the other neutralizing agents produced at least twice as much sludge on
a dry weight basis. The other neutralizing agents contain reactive calcium and
thus remove some sulfate from the acid tailings solution (see Tables 3 and 4)
which increases the quantity of sludge. Further, samples neutralized with fly
dsh appear to have unreacted solids present as part of the sludge. The fly ash
reagents produced 27 to 32 g of dry sludge per liter of Exxon Highland Mill
tailings solution and about 60 g/t for the Lucky Mc tailings solution.

Measurements of sludge moisture retention versus capillary pressure are
shown in Tables 11 and 12. Sludges formed by neutralization with magnesium
oxide, sodium carbonate, and sodium hydroxide contained substantially higher
residual moisture contents over the entire pressure range. Values as high as
twelve grams of water per gram of solids were measured for these sludges. Fly
ash sludges retain the least water of any of the samples tested (0.3 to
1.5 gram of water per gram of so? ids over the pressure range studied). The
undissolved solids remaining from the original ash contains little moisture and
hence reduces the total moisture content of the fly ash sludges. Calcium car-

| bonate and calcium hydroxide exhibit intermediate moisture contents of 1 to
3 grams water per gram of dry solids. The higher the moisture content at any
capillary pressure range the more difficult the sludge will be to handle. Wet

! sludges also do not settle and consolidate well. The Exxon Highland Mill
| sludges for a majority of the treatments retain more moisture than the Lucky Mc
| Mill sludges at pressures >-10.2 m. For capillary pressures below (more nega-
! tive than) -30.6 m the two sludge's moisture retention are quite dependent upon
| the neutralizing agent and show no distinct trends. The trend of these results
'

show sodium reagents with the nighest residual water content followed by mag-
nesium oxide, calcium hydroxide, calcium carbonate, and the fly ash sludges
with the lowest moisture content.

! Together the total dry weight (see Table 10) and residual moisture content
(see Tables 11 and 12) characteristics can be used qualitatively to project
possible sludge handling and disposal problems. The non-calcium containing
reagents (Mg0, Na CO , and Na0H) produced much less sludge, but they may con-; 2 3
tain up to 10 times tne residual moisture content of the calcium containingi

reagents. The problems involved in handling and storage of these sludges may
be much more difficult than those of the low moisture content sludges. Of the

15
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TABLE 10. Total Dry Weight of Sludge Per Liter of Mill Tailings
Solution Treated, 9

Fly Ash Fly Ash
Boardmar Wyodak CACO 3 Ca(OH)g Mg0 NagC0 Na0H

3 ,

Lucky Mc 59.48 59.60 34.25 33.45 14.30 11.78 14.63
Tailings
Solution

Exxon 27.35 31.58 12.18 10.20 7.23 5.00 4.15
Highland
Mill
Tailings
Solution

TABLE 11. Capillary Pressure Versus Water Content Relationship
for Lucky Mc Sludge Material

Capillary Sample Water Content [ Dry Weight Basis (g/g)]
Pressure Fly Ash Fly Ash

3 Ca(OH)g Mg0 Na0H.Na S3(-m) Boardman Wyodak CaC0
2

0.10 1.519 1.141 1.833 2.251 5.320 7.071 7.171
'

0.50 1.500 1.141 1.787 2.194 5.180 6.889 7.042
1.02 1.284 1.063 1.470 1.958 3.928 5.474 6.950
3.06 1.091 0.923 1.311 1.648 3.362 4.214 4.548

10.20 1.030 0.809 1.154 1.479 3.092 3.764 4.048
30.60 0.537 0.428 0.707 0.716 2.302 2.453 2.718
51.00 0.465 0.352 0.560 0.595 2.012 2.429 1.132

'

TABLE 12. Capillary Pressure Versus Water Content Relationship
for Exxon Highland Mill Sludge Material

,

'

Capillary Sample Water Content [ Dry Weight Basis (g/g)]
Pressure Fly Ash Fly Ash

(-m) Boardman Wyodak CACO __ Ca(OH)2 Mg0 Ng Cg Na0H3

1.02 1.377 1.137 1.746 2.829 3.945 12.250 7.094
3.06 1.367 0.791 1.384 2.778 3.290 8.808 4.707

10.20 0.791 0.640 1.00Q 1.714 2.941 7.000 4.241
30.60 0.453 0.387 N.D.ga) 1.238 N.D. 4.500 2.452

{51.00 0.436 0.356 0.511 0.990 1.607 3.950 N.D.
153.00 0.487 0.357 0.416 0.855 1.109 2.880 2.333

(a) N.D. = Not Determined
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calcium-containing reagents, calcium hydroxide produced the least sludge but
its sludges contained higher moisture content than the other calcium sludges.
The fly ash sludges that were produced during neutralization had low moisture,
but had a total dry weight of nearly 60 grams per liter of Lucky Mc tailings

_

solution neutralized which is 75% greater mass than the other calcium-based
sludges. Thus, the hydrated lime, Ca(0H)2, again appears to be a likely choice
with its moderate sludge production and moderate moisture retention properties.

MINERALOGYs

'

Mineralogy of the sludges and original fly ash was determined by X-ray
diffraction to shed some light on the neutralization process and minerals pres-
1ent in the sludges. Both the untreated Boardman and Wyodak fly ashes contained
a-quartz (SiO ), lime (Ca0), and periclase (Mg0). Further identification of2
crystalline phases present in the unreacted fly ash samples was unsuccessful.
Both samples contain large quantities of high temperature glasses, which could4

not be identified and which made identification of other minor phases more
difficult.

ay diffraction analyses of the resultant sludges from all batch contact
em,_ inents identified only one crystalline mineral, gypsum (CaSO .2H 0). Gyp-4 2sum was identified in all samples neutralized with calcium-containing reagents
[i.e., fly ashes, CaC0 and Ca(0H)2]. Of the minerals identified in the.

3' ' unreacted fly ash sampTes, only a-quartz remained. Thus, dissolution cf lime
(Ca0) and periclase (Mg0) occurred during the neutralization process since'

,

neither was identified in the reacted samples. No identifiable crystalline
phases were present in the samples neutralized with magnesium oxide, sodium
carbonate, or sodium hydroxide.

I
As most of the sludge appears to be amorphous, the X-ray diffraction

analyses provided very little insight into the potential leachability of the
> sludges. Actual leach experiments will be ~necessary in future wor {.

'

t( REAGENT EFFICIENCY AND COSTS
r

! The total weight of dry reagent added to each 400 milliliter batch contact>

f. experiment was compared to the theoretical amount based on the reagent's
/ equivalent weight needed to neutralize the measured total acidity. This ratio

i expressed as a percentage is called the reagent efficiency. As the fly ash has
| no theoretical weight an efficiency for tailings neutralization cannot be
I calculated. If quantitative estimates of fly ash's lime and periclase were'

available it would be interesting to calculate a theoretical equivalent weight,

I solely on their composition and then to compare with the actual weight of fly
| ash used. The actual weight of reagent used (to neutralize the 400 milliliter

tailings solution, the theoretical weight needed= and efficiency of the reagent

i

|
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are shown in Table 13. Fly ash results suggest that.large_ quantities of these
reagents would be- required to treat the acid taliings solutions tested. Most
of the other reagents tested required less than half the weight necessary with
fly ash treatment. Magnesium oxide and calcium hydroxide neutralization used
the smallest quantity of reagent for each of tailings solutions.

Neutralization efhciency results show that sodium hydroxide and calcium
hydroxide are the most efficient reagents tested. Each of these reagents had
efficiencies of greater' than 89% on each tailings solution with a maximum of
98% for the Lucky Mc tailings solution ~ and sodium hydroxide. The. lowest calcu-
lated efficiency was for calcium carbonate and Exxon Highland Mill solution
(62%). Table 13 also lists the reagent costs to neutralize the tailings

solution per ton of ore processed. T_his value is obtained by assuming that
500 gallons (1892.7 liters) of tailings solution is produced per ton of ore
processed and that all the tailings solution requires neutralization. The
measured quantity of reagents used to neutralize 400 milliliters is converted
to pounds of reagent /500 gallons of tailings solution (1 ton of ore). The
reagent costs per pound are found in Table 1 and thus a reagent cost per ton of
ore can be calculated. '

-

Calculated reagent costs for leachate neutralization suggest that calcium
carbonate, calcium hydroxide, and magnesium oxide would be the least expensive
of the neutralizing agents tested. In addition, the total acidity of the

leachate (see Table 2) is directly related to the cost of the treatment. High
total acidity values as in the case of the Lucky Mc tailings solution may

~

triple the cost of treatment over that of one with low acidity such as Exxon
Highland Mill tailings solution. While these tests can only be used to predict
costs on a laboratory scale, it is apparent that both reagent choice and leach-
ate acidity influence tocal treatment costs. Other factors such as shipping
charges, capital equipment requirements, and operating expenses must also be
considered when evaluating neutralizing agents. These factors are best
addressed under actual field conditions at each specific mill. On the other
hand generalized data contained in the neutralization literature review
(Sherwood and Serne 1982) suggest that lime and limestone or a combination of
the two are cost competitive at Canadian Uranium mills and acid mine drainage
sites in the United States. The figures for reagent costs found in this labo-
ratory study ($0.26 to $7.65/ ton) are higher than the costs calculated in the
literature review document ($0.10 to $0.50/ ton of ore processed). Perhaps the
total acidity of the particular tailings solutions chosen in this study exceed
the average values used in the literature review calculations.

The exact costs for producing yellowcake depend upon many parameters spe-
cific to geographical, ore, mill and waste disposal such that it is difficult
to present a detailed and defensible cost analysis of the impact of the addi-
tional costs that neutralization of tailings solution would generate. One

simple approach to assessing the impact of adding the neutralization step is to
take the reagent cost data presented in Table 13 and calculate the percentage
increase over current milling costs. A more thorough approach would amortize
the cost of capital equipment needed to facilitate the neutralization step and
additional operating expenses incurred during neutralization.
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TABLE 13. Reagent Usage and Cost Data

Theoretical Actual Reagent
Rea ent Rea ent Neutralization Cost, $ per

Reagent Leachate wt g) wt g) Efficiency, % ton of oretc)
Fly Ash Lucky Mc Mill (a) 14.5 (b) 1.43

(Boardman) Highland Mill (a) 6.2 (b) 0.61
Fly Ash Lucky Mc Mill (a) 16.0 (b) 1.58

~(Wyodak) Highland Mill (a) 9.0 (b) 0.89

CACO 3 Lucky Mc Mill 0.00 8.50 71 0.88
Highland Mill 1.80 2.90 62 0.30

Ca(0H)2 Lucky Mc Mill 4.44 4.94 90 0.83
Highland Mill 1.33 1.50 89 0.26

Mg0 Lucky Mc Mill 2.42 2.70 89 0.77

Highland Mill 0.72 0.90 81 0.26

Na200 Lucky Mc Mill 6.36 7.36 86 3.543

Highland Mill 1.90 2.10 90 1.01

Na0H Lucky Mc Mill 4.80 4.88 98 7.65

Highland Mill 1.44 1.55 93 2.42

(a) No calculated reagent weight can be predicted since fly ash has no known
equivalent weight.

(b) No efficiency could be calculated.
(c) 1982 costs.

For the former simple case an estimate of the costs to produce yellowcake
was obtained from ore cut-off grades and average ore grades milled in 1980 (see

i DOE 1981). In 1980 the rage ore grade milled in the United States was 0.12%
| U 0g. The cut-off grade for 0.12% grade ore was $27.30 in 1980. In other3words to make it economically worthwhile to mill a uranium ore containing 0.12%,

i U03 8 one must be guaranteed a sales price of $27.30 for the processed uranium
I (as U 0 ). At 0.12% U 0 content one ton of ore would produce 2.4 pounds of38 38

processed U 0 ; thus to process the ton of ore and still make a profit, the38
| costs would be less than 2.4 x $27.30 or $65.50. If we assume that actual
! production costs excluding capital amortization, profit, etc. for the

production of this average ore grade is about $40/ ton, then the added costs of
just the reagent (lime) to neutralize tailings solution ($0.26 to $0.83 depen-
dent upon waste acidity) represents less than a 2% increase in production

!

(a) the necessary ore grade that one must have to make a profit upon milling
and recovery at a set price value for the uranium.

|
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costs. If we assume that the capital equipment to receive, store and slake the
lime and the reaction tanks to facilitate the neutralization and additional
operating expenses triples the cost of the reagent alone, the percentage
increase still remains below 4% compared with the fully burdened uranium
production costs ($65.50/ ton of ore).

A separate study, Sears et al.1975, presents much more detail on incre-
mental costs for various radioactive waste treatment schemes for model U mills.
Based on 1973 dollars and a model mill with a capacity of 2000 tons / day and an '

ore grade of 0.2% U 0 , the incremental costs to add the lime neutralization38
step to conventionaT waste disposal practices currently used was $0.26 per '

pound of U 03 8 produced. As total production costs are not discussed, it is
difficult to compare with the above computations. The $0.26/lb increase does
include amortized capital costs as well as operating costs. When compared to
the 1980 cut-off price for average grade ore at 0.12%, $27.30 per pound of
V 0 , the incremetal costs for neutralization represents about 1% of the38
uranium value.

.

.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the results of these experiments and a past literature review
(Sherwood and Serne 1982), calcium hydroxide is recommended as the best poten-
tial neutralizing agent. While other neutralizing agents were effective in
reducing the concentrations of many contaminants in tailings solutions, there
was no reagent as effective for all of the contaminants investigated. Further-
more, the sludge properties associated with calcium hydroxide treatment were
more desirable than the other neutralizing agents tested. Reagent usage and
cost results have shown that calcium hydroxide neutralizes solution acidityt

with an efficiency of approximately 90%, and yields reagent costs equivalent to
that of the most economical reagents tested.

Results of the crystalline mineralogic analysis have provided limited
information on the chemistry of the solids formed during neutralization.
Crystallization of gypsum must occur rapidly under test conditions. No other
crystalline substances were identified but other amorphous iron, aluminum,
silica and manganese compounds are probable. Formation of such amorphous
compounds are common in acidic soil systems upon neutralization.

238 ,Neu gpadon M cadonate reagents may enhance ne moMIN of Co,U and Ra by formation of soluble carbonate complexes. Further, the
mobilityoftheseconstituentsincarboge-richsoilsand/orgroundwatermay
be enhanced. Of particular concern is Ra which has a lower maximum control
limit than concentrations found in the treated effluents especially after neu-
tralization with carbonate reagents. Since little or no data exist on the com-
plexation of radium with carbonates, we have not made theoretical predictions
of its solution concentrations to date.

Simple incremental cost estimates for adding neutralization of tailings
solution to the present milling procedures suggest an increase of 2-5% in pro-
duction costs. More detailed costs estimates are necessary after larger scale
demonstrations of neutralization are performed. Further cost-benefit relation-
ships should be performed to evaluate whether neutralization is warranted as a
pollutant abatement process.

I

Hydrated lime neutralization removed 62% and 54% of the total dissolved
solids conte.at of the Lucky Mc and Highlg Mill tailings solution. For the
elements Al, Fe, Si, Co, Cr, Pb, V, and Th for both solutions the hydratg,

7 lime removed >95% from solution. Greater than 90% of the Mn, As, Cu, and U
and >80% of the Cd, Mo, Zn, and Ra were removed from the solutions upon neu-
tralization with hydrated lime. Less than 20% of the Ca, Na, K, NO , Cl, and3,

: Se present in the tailings solutions were removed upon neutralization.

Based upon water quality guidelines that to date have been used to regu-
late waste water disposal activities, the laboratory observations presented
herein suggest that selenium, sulfate and total dissolved solids will still
exceed maximum control limits by ten to a hundred times. As sediment sorption
is not high for these constituents under oxidizing conditions and neutral to
slightly basic pH values, substantial groundwater ailution may be required.

21
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Otheg2g tentially problematic species on a case by case basis include fin, Mo,
Cl, Ra and NO . From the observed differences in reagent usage at the mill3sites studied, contamination problems will have to be addressed on a site
specific basis,

d
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1

FUTURE STUDIES

Future work on immobilization of toxic constituents in tailings and
tailings solutions should address:

1. More detailed neutralization process considerations prior to formula-
tion of the field demonstration tests.

2. More complete sludge chemical identification especially the form and
fate of contaminants within the neutralized sludges.

226Ra, 238 , and Co to3. Investigation of carbonate complexation of U

determine whether carbonate complexes significantly increase
contaminant mobility.

Process considerations such as ease of handling reagents, mixing char-
acteristics of reagent and tailings, etc. need to be examined prior to the
actual field demonstration of any technique. Since calcium hydroxide appears
to be the preferred reagent, tests should be performed to determine optimum
treatment conditions for this neutralizing agent. Among the most important
process parameters which should be investigated are determination of optimum
treatment pH (to remove soluble constituents in these studies), performance
under continuous flow treatment, and residence time within the reaction / mixing
chamber where the reagent and slurry are mixed.

Studies should also be performed which examine the chemical stability of
the hydrated solids formed by neutralization. These tests should attempt to
identify amorphous compounds and the contaminants associated with each
compound. Leaching studies of these sludges should also be initiated to4

determine the parameters affecting the release of contaminants from amorphous
precipitates.

Finally, detailed investigation on the effects of carbonate complexation
on the mobility of radium should be undertaken. This work is necessary prior
to formulation of any predictive capability on the migration of radium. Other
carbonate complexation studies which should be initiated include complexation
of uranium and cobalt,

b
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