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INVESTIGATION OF TEE ENVIRONMENTAL CONSEQUENCES
OF DISPOSAL OF THE LITHIUM ORGANIC-
ELECTROLYTE/SO, BATTERY

I. INTRODUCTION AND SUMMARY

The lithium organic-electrolyte/SO, battery is a new primary battery
which has many advantages over existing primary batteries. The superior
electrical properties of the battery are produced by an electrochemical
system which contains some unconventicnal materials and uses a non-agqueous
electrolyte. The major camponents of the battery system investigated
include lithium metal as the anode, a carbon cathode consisting of a mixture
of carbon and teflon on a support screen, and an electrolyte consisting of
lithium bromide and sulfur dioxide dissolved in acetonitrile (propylene
carbonate may be mixed with the: solvent). Conventional materials are used
for separators inside the batterv and for the outside jacket.

Because of the potential hazardous or toxic nature of scme of the
vattery camponents, the U.S. Army contracted with Versar, Inc. for a stucy
on the environmental consequences of the disposal of the battery. The
cbjective of this program is to provide recammendations for low cost
environmentally acceptable disposal procedures for both large and small
quantities of the battery.

This program was conducted in two phases. The first rhase was
conducted between September 1976 and March 1977, while the second phase
was started in July 1977 and ended in January 1978.  The fesults of the
first phase were described in detail in an interim report published in
July 1977 as Research and Development Technical Report ECOM~76-1752-1.°
The Phase I Interim Report contains the following detailed types of
information:

® A collection of available toxicity data and an evaluation of the
relative hazardousness of the battery components as they exist
in the cell,plus the by-products which could be produced in a
landfill leachate;

S N




ey “ E S e i b e i - ﬁ

® A conmpilation and description of standard disposal practices for

’ potentially hazardous wastes;

e A listing of state and federal regulations concerning disposal of
potentially hazardous wastes;

@ Results of laboratory analysis for cell camponents and by-products
in an aqueous solution, made by cutting open charged and discharged
cells and immersing them in distilled water;

® Results of laboratory analysis for adsorption of cell constituents
and by-products in an agueous solution containing different types

of soil; and
® Results of laboratory analysis for cell constituents and by-products
in the leachate fram a soil colum containing sandy loam type soil.

The most significant result obtained in the Phase I study was that
cyanide was cdetected in significant quantities in an aqueous solution made
by cutting open fully discharged cells and immersing them in distilled
water. Significant quantities of cyanide were also detected in the sandy
loam soil leachate tests using fully discharged cells.

Based upon the results of laboratory data generated in the Phase I
study, Versar reccmmrended secured landfills or lined disposal ponds as the
only environmentally acceptable dispcsal alternatives. Disposal recommen-~

’ dations were limited to these methods because of the quantities of cyanide
released from discharged cells. However, when these recommendations were
made, it was realized that additional laboratory work should be performed.

To assess the environmental consequences of disposal of lithium battoer-
ies accurately, it was important to evaluate the effects of discharged
lithium cells as they would actually exist under in-use disposal conditions.
Data collected during Phase I testing could serve only as an indication of
what might exist in actual usage. No information was available to deter-
mine how variable the concentrations cf£ these chemical constituents were
from cell to cell, or how discharging these cells to different final voltace
levels could affect the amount of toxic or hazardous materials potentially

available for discharge into the environment.
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BOOM officials decided that this information was necessary for their
evaluation of lithium cell disposal alternatives. As a result, Phase II
testing was initiated to characterize the chemical components potentially
_ released fram a lithium cell under various stages of discharge, and to
] further determine the mobility and adsorption of cell constituents in two

soil types of lower permeability. Since no drinking water quality standards
exist for either lithium or sulfite, additional work regarding further cell

characterization and s0il sorption data emphasized the detection of cyanide.
The EPA cyanide drinking water standard for water supplies is 0.2 mg/1.

? The possibility also existed that the chemical camposition of the lithium-
organic electrolyte/SO, cell could be modified to eliminate or greatly
reduce the formation of cyanide. This modified cell has an increased SO:
to lithium ratio than the standard lithium cell.

To evaluate these alternatives, Phase II laboratory testing examined
the cyanide concentrations produced by both standard and modified lithium
cells at various discharge levels. Soil column: leachate tests using fully
discharged cells were continued from Phase I using soils of lower permeability
and higher sorptive capacity. '

To characterize the concentration of cyanide produced in lithium cells
under discharge conditions similar to those anticipated during actual usage,
cells were discharged to various voltage levels in groups of ten cells per
level. This provided data on variations in discharge characteristics and
cyanide formation which could be used to evaluate the significance of
these variations statistically.

The actual discharge levels chosen for testing were made in conjunction
with BCOM personnel after examination of the electrical discharge characteris-
tics of the cells. Sets of ten cells were discharged to various voltage end
points using a constant current discharge circuit designed by ECQM.

) The results of laboratory analysis with standard cells show that as
the discharge state of the cell is increased, the formation of cyanicde
increases. Cells discharged to a negative voltage condition contained an

average of 97.8 mg of cyanide per cell (19.6 mg/l when solubilized in five
) liters of water), while cells dischzrged to 1.7 volts contained 22 mg per
i cell (4.4 mg/l) and at the 2.4 volts level, there was an average of 4.6

mg of cyanide per cell (0.92 mg/l). Live cells which were not discharged
contained 1.6 mg per cell (0.32 mg/l).
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A camparison of results between discharged standard cells placed in
water versus those placed in a high pH buffered solution revealed no statis-
tically different results. The high pH buffer solution was used to minimize
possible loss of cyanide to the atmosphere.

Analysis of the modified lithium cells discharged at the 1.7 wolt
and negative voltage levels, showed that the cyanide production during
discharge is minimal. Cyanide analyses revealed no significant difference
between the cyanide concentrations at the two levels. The 1.7 volt level
cells contained an average of 0.16 mg of cyanide (0.032 mg/l) and negative
voltage cells contained only 0.13 mg (0.026 mg/l) of cyanide. The cbvious
conclusion fram these results is that the modified cell apparently eliminates
the environmental hazard of cyaznide being introduced into the environment
during disposal.

The data on the mobility of cell constituents through the soil leachate
colums show that the soluble constituents including cyanide leached
throuch the three different soil types at different migration rates, which
were primarily dependent upon the porosity of the soil type. The migration
rate was fastest through the sandy loam soil (Lakeland) where the maximum
lithium, sulfite and .cyanide concentrations were detected in a sample
after 2,540 ml (40 percent) of the total leachate were collected. This
sample contained approximately 13 percent of the total cyanide recovered
in the leachate through the sandy loam soil. The migration rate of
constituents through silty loam soil (Mattapeake) was slower as evidenced
by the detection of a maximum concentration of cyanide after 3,175 ml
(66 percent) of the total leachate were collected. This sample represented
samewhat of a slug of migrating constituents with almost 17 percent of the
total cyanide recovered in this sample. The leachate from the silty clay
soil colum was even more concentrated. Maximum cyanide levels were
cbserved after 3,300 ml (88 percent) of the total leachate were collected.
This sample contained 28 percent of the total cyanide that leached through
the silty clay colum.

The leachate colum test results indicate that no significant adsorp-
tion of the soluble cell constituents took place in the soils tested and
that although the migration rates through the different soil types varied

4
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considerably, the leachate from all three soil colums contained maximum
concentrations of cyanicde, lithium and sulfite, which were considerably
greater than those considered to be environmentally safe.

Even though the leachate test results showed that environmentally
unsafe levels of cyanide will leach through different types of soil, BCOM
personnel felt that same type of disposal density model should be developed,
which would indicate or predict the number of cells which could be disposed
per volure of landfill. Specifically, ECOM was interested in estimating
the number of discharged lithium cells which could be disposed of with a
volure of solid waste during various scenarios of Army operations without
adversely impacting the local environment.

Versar has developed a general model which evaluates the disposal
density of lithium cells when incorporated into a sanitary landfill. The
model is based upon the volume of precipitation necessary to produce water
saturation (field capacity) of the solid waste containing the lithium cell.
The model assumes complete dispersion of the lithium cell constituents
within the saturated portion of the solid waste. The concentration of
constituents in the leachate from the landfill is assumed to be monitored
at the bottom of the landfill before it flows into an aquifer. The medel
cases have been calculated based upon the concentration of cyanide in the
leachate at the point of monitoring. The concentration of cyanide has been
assumed to be equal to or below 0.2 mg/l which is the EPA designated drinking
water standard.

Using the model to predict the worst case situation with a fully dis-
charged standard cell, the wolure of solid waste necessary to contain cne
cell would be 11.9 cubic meters or equivalent to the solid waste produced
by 238 Army personnel. Using the model to predict an intermediate case of
normally discharged standard cells, the volume of solid waste necessary to
contain cne cell would be 2.6 cubic meters or equivalent to the solid waste
produced by 52 Army personnel.

The developrent of the simple landfill disposal cdensity model was
accomplished to provide ECOM with some rough guidelines of how many cells
can be disposed when mixed with solid waste. However, it has been Versar's

5
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experience in dealing with federal and state regulatory agencies that con-

" sideration of disposal density factors or dilution factors for contaminants
will not stand alone as a ratiocnale for disposal considerations. Additional
data must be collected at the actual disposal sites. This requires
monitoring of groundwater quality in the immediate vicinity, preferably

? from monitoring wells located within or adjacent to the landfills.

Versar's recommendations for the disposal of live and discharged
standard lithium-organic electrolyte/SO, cells are the following:

e The most environmentally safe disposal alternative for the cells is
to place them in secured landfills or lined, monitored disposal ponds.

® Sanitary landfills or special landfills can be used where the cells
are dispersed in large quantities of solid waste in a carefully con-
trolled manner to produce a leachate containing environmentally safe
concentrations of cyanide. However, this disposal practice should be

used only with landfills where leachate monitoring is practiced on a
routine basis.

Versar's recommendation for the disposal of the modified lithium-organic
electrolyte/SO; cell is that the cell can be disposed of with the normally
collected solid waste in a sanitary landfill. The potential envircnmental

) effects posed by disposal of the modified cell are considered to be minimal.




II. TECHNICAL RESULTS AND DISCUSSION

) A. Description of the Camponents of the Lithium Organic-Electrolyte/
S0, Cells and Environmental Considerations of Disposal.

Inasmuch as some of the constituents of the lithium organic-electrolyte/
SC; cells present a toxic or hazard potential, it was necessary to assess
’ the environmental consequences of disposal. The composition of the cell
and the toxicological and hazardous properties of its constituents as they
relate to disposal options are presented in the following sections.

1. Description of the Cell

The lithium organic-electrolyte/SO, cell is a new primary cell having
several advantages over existing cells. These advantages include higher
voltage, longer shelf life, better low temperature performance, higher
capacity, greater power densities, and lighter weight.

Chemically the lithium organic-electrolyte/SO, contains lithium metal
as the basis for the anodic half reaction (2Li - 2Li* + 2¢7) with sulfur
dioxide as the cathode (half reaction, 2 SO, + 2~ + S,0. ). Thus, the
overall electrochemical reaction is 2Li + 2S0, - Li,S,0,. The electrolyte
matrix is non-aqueous since lithium reacts vigorously with water to generate
hydrogen gas and heat. The electrolyte is an organic liquid containing an

r anhydrous soluble salt. The electrolytes which have been used include
; acetonitrile and propylene carbonate. The salt used in the electrolyte is
, lithium bramide.

Under discharge conditions, the dissolved SO, is reduced to sulfite
at the cathode as the metallic lithium anode is converted to lithium ions.
As a result, discharged cells contain organic electrolyte with dissolved
lithium salts and sulfites.

. In the laboratory investigations conducted under this project, two
4 ’ chemically different sets of cells were examined. Basically these
cells differed from one another in SO; to lithium ratios only. 7The
camposition of a standard lithium organic-electrolyte/SO, D-cell is as
follows:
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Lithium anode - 4.2 grams

Carbon cathode consisting of an aluminum support screen,
and 80% acetylene black/20% teflon mixture - 13 grams.

Polypropylene separator - 1.0 gram,

4. Electrolyte consisting of 24.5 grams of sulfur dioxide,
2 grams of lithium bromide, and 8.5 grams of acetonitrile.

The second set of cells, classified as 1O 26 SX (Modified) contains
a higher SO, to lithium ratio than the standard cells.

In addition to the electrochemical reaction and the resultant formation
of Li,S,0, some breakdown of acetonitrile to cyanide occurs. This reaction
apparently becames important as the SO, is depleted. The reaction postulated
as the source of cyanide is:

21i + 3CH;CN + LiCN + CHut + [CHsCN - CH,ON]™ + Li’

The detectable species is probably lithium cyanide (LiCN) due to its
relatively high solubility.

2. Cell Component Toxicity Description

Several constituents and products of the electrochemical reaction of
the cell are known to have toxic or hazardous properties, thus affecting
the selection of acceptable disposal methods. A thorough literature review
of the toxicity and hazardousness of these constituents was conducted in
Phase I and the results are sumarized below. Camplete toxicity profiles
were presented in the Phase I Report. * On the bases of this toxicity review,
carbon , teflon and polypropylene were found to be insignificant in their
environmental effect and therefore, do not affect disposal considerations.

Lithium and its Campounds

Metallic lithium (Li) and lithium bromide (LiBr) are camponents of
the battery. Two other lithium compounds were also studied: lithium
hydroxide (LiOH), which is formed by the reaction between lithium and water;
and lithium dithionite (Li;S;0.), which occurs as a result of the chemical
oxidation of lithium and reduction of sulfur dioxide during battery discharge.

The toxicity of metallic lithium was not considered germane to this
study because it reacts immediately on contact with water or water vapor
to form LiOH and hydrogen gas. Lithium hydroxide is a strong base

8
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and quite toxic due to its corrosive action on skin and internal tissues.
An increase in pH will occur when it is dissolved in water. This increase
’ could prove to be harmful to aquatic and soil biota. Lithium dithionite
(Li,S.0,) forms a slightly alkaline solution in water which is corrosive
to skin. No toxicity data are available for Li,S,0., but data on Na;S,0,
(sodium dithionite) indicate that the S,0, group is practically non-toxic
’ to mammals. Lithium bramide (LiBr) is also practically non-toxic to
mammals. The major groups of organisms threatened by the lithium compounds
are plants and freshwater invertebrates. Very small amounts (1-30 mg/1)
of lithium compcunds when added to soil have caused toxic effects to a
i variety of plants, especially citrus. Concentrations of lithium salts as
low as 7.2 mg/l have immobilized freshwater invertebrates. Lithium metal
l can also cause an airborne hazard when it reacts with water, releasing

1 explosive hydrogen gas.

Sulfur Dioxide and Sulfurous Acid

insects. Concentrations in air of less than 1 ppm have caused toxic
' effects in plants.

f Sulfur dioxide (SO2), a gas, is toxic to plants, mammals, fish and
|

In mammals, the harmful effects of SO, are due to physical damage to
the lungs and other mucoserous membranes. In contact with water (or
mucous) , SO, forms sulfurous acid (H,SO;) which corrodes the tissue.

The formation of H,SO; is also the mechanism by which SO: exerts

’ toxic effects on fish and other aquatic life. During laboratory investiga-
tions sulfite analysis was used as an indication of sulfurous acid and its

¢ salts which potentially could be released from a lithium cell into the

environment.

Acetonitrile

Acetonitrile is another potentially hazardous cell camponent, since,
it also is flammable. The exothermic reaction between metallic lithium
and water could theoretically supply the heat required to ignite acetonitrile,
resulting in the possibility of fire or explosion. Inhalation of acetonitrile
vapors in some reported cases has resulted in death. However, it does not
represent a serious airborne problem since extremely high concentraticns

-
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are required to cause toxic effects. Acetonitrile has been found to be
essentially non-toxic to mammals, fish, birds and amphibians. The major
toxicological consideration associated with this compound is its potential
decamosition to an inorganic cyanide radical.

Cyanide

Although cyanide is not a component of the cell, it was found in
significant concentrations in discharged standard cells due to disassociation
of acetonitrile upon SO, depletion. Cyanide is acutely toxic to mammals,
fish, invertebrates, protozoa, plants and bacteria. The cyanide ion is
less acutely lethal than hydrogen cyanide. It interferes with enzymes
associated with the cellular oxidation process, and in effect asphyxiates
the cells. Cyanide is not biologically accumilated and at sub-toxic
dosages it is rapidly catabolized to relatively non-toxic substances (e.g.,
thiocyanate). Hydrogen cyanide (HCN) and most cyanide salts are extremely
soluble in water. In addition, HCN is both volatile and flammable , present-
ing praoblems in handling.

Propylene Carbonate

Propylene carbonate (C-H-CQ) may represent a handling problem since
it is flammable. However, it is practically non-toxic to mammals and is
only slightly soluble in water.

The toxicological evaluation presented above indicates that the
standard lithium organic-electrolyte/SO, cell contains several substances
which can cause seriocus environmental problems. Specifically, these
problems are: (1) release of toxic or hazardous campounds to sources of
drinking water; (2) release of toxic gases; and (3) fire or explosion
hazard. In assessing the consequences of disposal of cells the following
points must be considered:

10
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e When discharged, standard cells contain appreciable amounts of
cyanide which are extremely toxic to all life forms;

e Plants or livestock may be harmed by sulfur dioxide or lithium
ions; and

e Acetonitrile or propylene carbonate could be ignited by the heat
of reaction between metallic lithium and water, or other heat
sources in the presence of oxygen, which could result in a fire
or explosion.

Table 1 gives a qualitative rating of the toxicity and hazard of
each of the compounds found in lithium organic-electrolyte/SO, cell.
The rating is based on a qualitative assessment of the toxicity of the
camponents with respect to the concentrations likely to result fram cell
disposal.

3. Environmental Considerations of Disposal

Results of the toxicity review performed during Phase I of this

investigation indicated that certain cell components have potentially toxic

effects. The disposal of standard cells could impact the environment via
one or more of the following vectors:

(a) Contamination of surface/or groundwaters;
(b) Contamination of soil and vegetation; and
(c) Release of amounts of HCN and SO: to the atmosphere.

The degree to which one or all of these consequences could occur depends
upon the disposal method and the potential toxic load introduced into the
environment. The following section is a review of the environmental
considerations to be addressed in assessing specific disposal options.

Inherent to several disposal methods are certain technical difficul-
ties that would need to be overcome. For example, implementation of
certain methods would necessitate segregation of cell constituents into
soluble and insoluble phases. This pre-condition for disposal would
require the development of a safe method for opening cells, in addition
to assessment of environment effects.

Land disposal is the most frequently used and the least costly
method of disposing of solid wastes in the United States. Actual
methods range from open dumping to a sophisticated waste-specific

11




TABLE 1. QUALITATIVE TOXICITY AND HAZARD POTENTIAL FOR LITHIUM BATTERY

CQMPOUNDS
Toxic to Toxic to Airborne
Toxic Aouatic Mammals Toxin or Handling

Carrpound to Plants Animals (incl. humans) Hazard Hazard
Acetonitrile u.k.! No No No Yes
N~ Yes Yes Yes No Yes
HCN Yes Yes Yes Yes Yes
Li metal Yes Yes Yes Yes Yes
Lit Yes Yes No No No
Br~ .kt No No No No
5,04 u.k.! No No No No
OH™ Yes Yes Yes No Yes
Propylene

Carbonate u.k.! ek, ! No No Yes
SO, Yes Yes Yes Yes Yes
H,S0; Yes Yes Yes No Yes

'Unknown - Inrormation on toxicity for this group is not in
published literature.
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chemical fixation process. The practice of indiscriminate land disposal
fails to control potentially toxic emissions, runoff and leachate, and

has possible detrimental effects resulting from waste interactions. This
is especially true of the practice of open dumping. Currently, controlled
landfilling of waste materials is a much more effective means of minimiz-
ing these problems. Despite this fact, landfilling per se does not assure
protection from all the hazards associated with standard lithium cell
disposal.

Landfill methods, however, are amenable to standard lithium cell
disposal provided specific conditions are met. Monitoring wells and
leachate treatment provisions may be required to protect groundwater from
contamination. In addition to these controls, segregation of wastes
and the recording of burial coordinates may also be necessary to limit
any chemical interactions within the landfill or resultant leachate.

Basically, there are two methods of landfilling which could be
considered when disposing of standard lithium cells. The first is a
secured landfill which retards the percolation of hazardous materials
through the landfill to insure that the groundwater integrity in the area
is maintained. This can be accomplished by locating secured landfills
in areas with impervious soil substrates. (A criterion for secured
landfills is permeability of soil of less than 10 ' cm per second).’

If impermeable soils are not available, then plastic or other materials
would be needed as liners to trap potentially hazardous leachate. There
are also certain modifications available to this type of secured landfill
which would retard leaching by isolating the wastes. These modifications
would include:

e Capping the waste with an impervious material such as asphalt
or concrete;

® Total encapsulation of the lithium cells in an impervious
material; and

e Placing cells in steel drums followed by burial of the drums.

13




At best, these modifications offer only short term containment since
degradation is always possible.

A second landfill method applicable to lithium cell disposal would
be to control the mumber of disposed cells in a given area of a landfill.
A carefully controlled disposal density might be used to insure that any
leachate fraom the landfill contained only insignificant concentrations of
hazardous cell components. Establishing this disposal density guideline
would require complete understanding of soil/cell camponent interactions,
constituent diffusion through different waste or soil types, as well as
the levels of materials potentially released from each cell into the
environment.

Several disposal alternatives to landfills are based upon dissolution
of cell components into an aqueous medium and the containment or treatment
of the resultant liquor. These alternatives include use of disposal ponds
or lagoons, deep well injection and disposal via municipal sewers.

Disposal ponds or lagoons are frequently used to dispose of same
types of hazardous waste. However, there are same critical factors to be
considered to insure protection of surface and groundwater against
contamination. Surface waters play an important role in recreational
activity and as sources of drinking water in addition to supporting a
delicately balanced ecosystem. Thus, it is essential that they be
protected from accidental contamination due to disposal pond overflow or
direct discharge. Concentrations of 0.21 mg/1 HCN and 0.5 mg/1 H:SOs,
for example, have been reported to be fatal to fish.®’® Adverse effects
such as heavy rainfall events must be anticipated and appropriate flood
and runoff controls must be provided.

To prevent infiltration and contamination of groundwater, impervious
materials such as clay, plastic, concrete or epoxy must be used to line
the pond. Even with the most careful construction, however, cracks and
leaks do occur and therefore, a monitoring or detection system must be
incorporated into this type of disposal regime.

Even with these safeguards, wolatile substances may escape to the
atmosphere representing a serious airborme danger. Air quality standards
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for both HCN (10 ppm) and SO, (0.03 ppm) might be exceeded unless the

total nuaube:r and rate at which cells are placed in the pond are controlled.’
An additional threat to the environment may be the actual physical

presence of the pond or lagoon. Unless enclosed or covered, the pond

may adversely effect wildlife (e.g. migratory waterfowl) attempting to

use these waters.

Deep well injection is a specialized form of land disposal of
hazardous wastes. It is normally restricted to liquids only, since
suspended solids or sludges tend to clog the porous rock or sand into
which they are being injected. To utilize this method, a suitabl
containment well must be found in which hazardous wastes can be permanently
stored and contamination of groundwater supplies will not occur. Deep well
injection will require opening the cell, dissolving the soluble camponents,
and disposal of the remaining solid fraction. This would be a technically
difficult method for disposal of standard lithium cells.

Disposal of industrially generated soluble substances is cammonly
accomplished by discharging them into municipal sewers for treatment at
sewage treatment plants. Several considerations are necessary when
evaluating the application of this method to lithium cell disposal. The
first is the problems associated with opening the cells. The second
consideration would be the possible effects this waste could have on the
microbes within the municipal treatment plant essential to the organic
digestion process. Inhibition of these organisms has been reported to
occur at cyanide concentrations of less than 4 mg/l, and would result in
rendering the plant ineffective in sewage treatment.’

Incineration is a method cammonly used to dispose of cocmbustible
solid wastes. Specific considerations to be addressed in assessing the
applicability of incineration to the lithium cell would be:

Release of HCN, SO, and wolatile lithium to the atmosphere.
Since incineration must be preceded by cell opening,
escaping gases (SO,) must be contained to avoid injurious
effects.
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e Nickel-plated steel casings are not acceptable for incinera-
tion and must be disposed of separately, thus compounding
disposal procedures.

To camply with air quality standards, cambustion products, HCN, SO
and volatilized lithium would have to be eliminated or greatly reduced by
scrubbing of stack emissions. A second approach to maintaining safe
levels of these cell constituents would be to control the ratio of cell
related waste to non-cell waste entering the incinerator (and thus limit
gas emission concentrations of these components). The practical problems
inherent in opening lithium cells previous to incineration make this
disposal method difficult to achieve.

Recovery and reuse is considered to be the most environmentally
desirable method of 'disposing' of wastes. Not only does it reduce the
pollution problem associated with conventional disposal methods, but 1t
also diminishes the need for extraction of the resource fram the natural
source. It has been demonstrated that lead, silver, mercury, cadmium
and other heavy metals can be recovered from various battery types.
However, many ccmponents of the lithium cell are not amenable to recovery
and must be disposed of. Technical problems associated with lithium
cell opening also would be maximized in a recovery and reuse program.

Although the major environmental considerations of various disposal
regimes have been addressed, additional economic and logistical constraints
may exist. These factors must also be examined before any disposal
procedures are adopted.

To quantify these environmental considerations and assess the
environmental consequences of disposal of lithium batteries, laboratory
tests characterizing the chemical constituents of lithium batteries was
necessary. Specific information regarding the solubility of these
constituents and amounts of lithium, sulfite, and cyanide contained in
the cell or produced during its discharge had to be cbtained. In addition,
data was needed on the mobility and adsorption of cell constituents in
various soil and sediment types. To obtain this information extensive
laboratory investigations were performed. The results of these investiga-
tions and how they related to the assessment of disposal alternatives
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are presented in the following section.

B. Discharge of Lithium Cells and Analysis of Cell Constituents
in Agqueous Media.

Introduction

To evaluate the environmental impact of the disposal of lithium
batteries, it was important to characterize the chemical components or
by-products potentially released from a lithium cell. Laboratory
investigations were conducted to determine:

e the identification of those cell constituents which are
present in water;
the level of dissolution of cell constituents in water;
the extent to which known quantities of these coustituents
or by-products would be adscrbed by three soil types; and
e the mobility and adsorption of these cell camponents in
leachate colums containing three types of soil.

An estimate of the types and quantities of compounds released into an
aqueous media through dissolution of lithium cell constituents was made
by submerginc cross-sectioned discharged cells in distilled water. A
stainless steel vessel containing five liters of water was used for each
cell. This volume of water guaranteed that dissclution of all soluble
components occurred, and that no precipitation of the chemical campounds
was possible as a result of saturation of the solution.

Known quantities of solutions containing opened cells were added
to three different soil types. Samples of these solutions were analyzed
for various chemical constituents to determine the adsorption of cell
constituents or by-products in soils. These soil-water samples were then
shaken and allowed to stand prior to filtering. Analysis of the filtrate
samples was then performed and the differences between the concentration
of original solution and filtered solution was estimated to be the

adsorption capacity of those soils.
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It was also important to determine the effect different soil types
would have on the concentrations of standard cell constituents in water
percolating through the soil, to evaluate the environmental impact of

the land disposal of lithium batteries. Leachate tests were performed

to assess the mobility and transport of toxic or hazardous materials,

and the degree to which they were absorted by soils. These tests consisted
of camparisons betwecn concentrations of cell constituents in leachate

and the levels solubilized in distilled water testing. Three different
soil types were selected for this evaluation. These laboratory procedures
and results were detailed in the Phase I Report.

Standard lithium cells were evaluated in Phase I of this program under
live (no discharge) and discharged conditions. Discharge of these cells
was accamplished with a resistance circuit for 72 hours. The discharge
circuit included a 5 ohm resistance between a "D" cell holder containing
cne standard lithium cell. During discharge the cell's woltage was
periodically monitored and the circuit resistance checked.

Following discharge these cells were placed in liquid nitrogen for
30 minutes to reduce the internal pressure within the cell from about
three atmospheres to one atmosphere. This was done principally to reduce
the amount of SO; vaporization during opening. Cells were then cut in
half longitudinally using a mechanical saw in a closed fume hood. Upon
opening, the cells were either dropped into separate vessels of water (for
the solubility and adsorption test) or embedded in the soil colums.
Chemical analysis of the solutions was limited to those caomponents which
were rated as toxic or potentially hazardous when present in the environ-
ment.

1. Phase I Results

Phase I laboratory testing was performed to determine the concentration
(solubility) of acetonitrile, lithium and sulfite in solutions prepared
from cross-sectional live and discharged standard lithium cells, and to
evaluate how the level of these components might change with increased
exposure time to an aqueous media.
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Cyanide analysis was also performed at that time. In spite of the
fact that free cyanide was not a camponent of lithium cell, it might
be present in water or leachate samples as the result of acetonitrile
CH3CN breakdown to cyanide ions (CN ). Analysis for acetonitrile was
discontinued when the presence of large concentrations of cyanide from a
discharged cell was discovered, since cyanide became the predaminant

environmental consideration.

Cyanide was found in solutions containing discharged standard
lithium cells, with an average of 160 mg per cell introduced into solution.
Same variation in the cyanide ccncentration of these water solutions was
adbserved. The concentrations generally increased to their maximum level
in samples collected 24 hours after the discharged cells were opened.
Live cells contained less than 0.5 mg per cell of soluble cyanide, with
all samples extracted from the five liter solution containing less than
0.1 mg/1 cyanide.

Discharged cells when submerged in distilled water for 144 hours
emitted 2,590 mg per cell of soluble lithium. Increasing amounts of
lithium were dispersed into the aqueous media throughout the test period
with concentrations reaching 1,076 mg/l in samples collected 144 hours
after the discharged cells were opened. Live cells emitted 3,365 mg per
cell of soluble lithium. A similar pattern of increased dissolution of
lithium with longer aqueous media exposure was also observed for live cells.

Discharged standard cells contributed an average of 5,360 mg per cell
of sulfite to the water solution. Samples collected from vessels contain-
ing standard live cells indicated that 14,150 mg per cell of sulfite were
solubilized from these cells.

Results of soil-sediment adsorption testing revealed that an insignifi-
cant quantity of lithium cell components were absorbed by the three soil
types. Concentrations generally were reduced by less than two percent.

Data collected from leachate testing of discharged standard cells
placed in a sandy loam soil colum indicated that lithium concentrations
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reached a maximum level of 1,999 mg/l, sulfite 11,100 mg/l, and cyanide
39.0 mg/1 in leachate collected during Phase I testing. Breakthrough
of lithium cell components was not observed during this period in either
silty loam or silty clay colums.

Phase I laboratory testing showed:

e that many of the lithium battery constituents are quite
soluble in water;

e that cyanide was detected in significant concentrations in
a solution in which an opened discharge cell was placed;

e that significant quantities of lithium cell constituents
can be transported through sandy loam soil; and

e that the concentration of cyanide in the leachate fram the
sandy loam soil column represented an environmental and
health hazard.

Based upon the data available at that time for the toxic and hazardous
properties of the cell, it appeared that the best options suitable for
disposal of lithium cells were secured landfills or controlled disposal
ponds. Federal water quality criteria have established standards for
cyanide in freshwater (drinking supply) of 0.2 mg/1.°%

However, to assess the environmental consequences of disposal of
lithium batteries accurately, it was important to evaluate the effects
of discharged lithium cells as they would actually exist under natural
disposal conditions. Data collected during Phase I testing could serve
only as an indication of what might exist in actual usage. No information
was available to determine how variable the concentrations of these
chemical constituents were from cell to cell, or how discharging these
cells to different final voltage levels could affect the amount of
materials available for discharge into the environment.

BCOM officials decided that this information was pertinent to their
evaluation of lithium cell disposal alternatives. As a result, Phase II
testing was initiated to fully characterize the chemical constituents
potentially released from a lithium cell and to determine the mobility
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and adsorption of cell constituents in the remaining two soil types.
Since no drinking water quality standards exist for either lithium or
sulfite, additional work regarding further cell characterization and

soil sorption data emphasized the detection of cyanide. Lithium battery
developmental research indicated that the production of cyanide within
the cell was a function of chemical reactions which occurred during its
discharge (See Section IIA). As cells were further discharged (increased
amp-hours of use), formation of cyanide was increased. The possibility
also existed that the chemical composition of the lithium organic-
electrolyte/SO, cell could be modified to eliminate or greatly reduce the
formation of cyanide. To evaluate the alternatives available, Phase II
laboratory testing examined, at various discharge levels, both standard
and modified lithium cells.

2. Testing of Cells Discharged to Various Levels

Additional standard cells and modified cells were tested in Phase
II of the program, to characterize the concentration of cyanide produced
in lithium cells under discharge conditions similar to those anticipated
during actual usage. Cells were discharged to various voltage levels in
groups of ten cells per level. This provided the necessary data on
variations in discharge characteristics and cyanide formation among
similiarly treated cells. It also permitted a statistical evaluation
of the significance of these variations.

Description of Discharge Test Circuit and Procedure

The simultaneous discharge of ten lithium cells was conducted using
a test circuit specifically designed and reccommended by ECOM for this
program. Cells needed to be discharged under controlled laboratory
conditions and in a manner that most closely represented actual applica-
tion and usage of the cell to assess environmental impacts properly. The
test apparatus consisted of ten discharge circuits connected in parallel.
Each circuit included a cell holder, two variable resistors (one on each
side of the cell) and a 1 ohm resistor across which the current discharge
of the cell was monitored (See Figure 1). As each lithium cell was

21




SNLVHVJAdY LINJYHID 1S31 IOHVHISIA | IHNOIL

LR e * %

-en e

w TeIT W
41| §
iiid| ]

Iy
i1

o
b JOTN T N
MZL/PSC = sss
MZL/T50L = o = @
%SMZ/TL = »
aN3931 3J2HNOS 3I9V1TOA INVISNOD
7
h - . -~
o = & e o Bl - -




discharged, the resistance in the circuit changed. Constant current
discharge of the cell was maintained by adjusting the variable resistors
in the circuit to a different resistance level. A reference voltage
] circuit, which was monitored continuously along with the ten discharge
circuits (See Figure 2), was also included in the test circuit. A
constant voltage source was applied to the test circuit throughout the
discharge period.

Actual discharge procedures utilized during Phase II are described
I ' in the following steps:

e Lithium cells were placed in cell holders and soldered into place
in the test circuit;

e The discharge rate was set at 0.5 amp for each cell by adjusting
a power supply and the discharge circuit variable resistors;

e Voltage across the l-ohm resistors was recorded on a multi-
point recorder to indicate the current flow through each

! circuit;

g[ . @ The reference circuit was set at 0.4 volts and was monitored

% on a continuous basis to insure the accuracy of the discharge

i readings;

E e Voltage fram a power supply source was applied to the test

' apparatus and one-by-one each circuit was opened. Generally
this voltage was between 13 and 15 volts depending on the
actual number of lithium cells being discharged;

e Final adjustments were made to the variable resistors to obtain
a 0.5 amp discharge on each cell;

e Voltage across one of the discharging cells was monitored on a
continuous basis with an additional D.C. recorder;

‘ . e Voltage across the remaining cells was monitored every 15-20
minutes once the voltage dropped below 2.7 volts;

e 2As cells continued to discharge, the frequency of cell voltage
monitoring was increased to guarantee that discharge of the
cells was terminated at the prescribed end point;
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e At the end point the circuit was closed and the cell removed
from the cell holder and placed in liquid nitrogen;

e Voltages across the l-ohm resistors of the remaining cells
were checked and readjusted to 0.5 volts if necessary; and

e Amp-hours of discharge were calculated fram recorder print-
out and data book recordings.

Figure 3 illustrates a cell discharge test in progress, including the
test circuit apparatus, voltage source and recorders.

Cell opening and sample collection procedures were similar to those
used during Phase I of this program and were detailed in that report.’
Samples were collected 24 and 48 hours after the cells were opened fram
the aqueous solution and preserved for cyanide analysis.

Summary of Discharge Levels

Sets of ten standard and modified lithium cells were discharged to
various voltage levels. The actual discharge levels chosen for testing
were made in conjunction with BCOM officials after examination of the
electrical discharge characteristics of the cells. Figures 4 and 5
represent actual discharge curves for standard and modified lithium cells.
As depicted in these figures, the 1.7 volt level is a point at which the
voltage is dropping rapidly (with almost a vertical slope). ECOM personnel
indicated that this was the level, in most applications, where equipment
containing lithium cells became marginally operable. To evaluate this
further, two discharge levels were selected above, 2.4 and 2.0 wolts,
and below, 0.1 and negative volts, the 1.7 wolt level. Sets of ten
standard cells were discharged at these five levels. In addition, sets
of ten cells were discharged at both the 1.7 and 0.1 volt levels and
placed in vessels containing 5 liters of Na,HPO./NaCH buffer soiution.

The buffer maintained these solutions at pH 12 throughout the 48 hour
period and minimized any volatilization of hydrogen cyanide. Samples
were taken from each buffered sclution after 24 and 48 hours and
analyzed for cyanide to compare with non-buffered solution data.
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FIGURE 3 DISCHARGE TESTING OF LITHIUM CELLS
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To evaluate whether lithium cells which had a modified chemical
camposition from the standard cells eliminated or greatly reduced the
formation of cyanide, ten modified cells were tested at the 1.7 volt
and negative wvoltage levels and corpared to standard cells discharged
similiarly. The following section will detail the results of analytical |
testing and statistical evaluations of these standard and modified |
lithium cells at the various discharge levels. |

3. BAnalysis of Cell Components in Aqueous Media

Analytical Procedures

Laboratory analyses of solutions containing standard or modified
lithium cells were performed by procedures summarized in Appendix A.
All methods utilized during this program are approved by EPA for analysis
of water samples.'’ Separate samples were collected and preserved for
each chemical constituent held for analysis (more than one hour after
sample collection) and incubated at 4°C.%!

Summary of Analytical Results

When the period of discharge is increased or the end point voltage
level is decreased, an increased production of cyanide occurs within the
standard lithium cell. Cells discharged to negative voltage contained an
average of 97.8 mg of cyanide (19.56 mg/1l in solution) while cells
discharged to 1.7 volts contained 22 mg (4.4 mg/1) and at 2.4 volts,

4.6 mg of cyanide (0.92 mg/l). A summary of the mean level of soluble

cyanide per cell is presented in Table 2. 1

Camparison of results between discharged standard cells place in
water versus those placed in buffered solution revealed nc consistent
pattern of variation. Samples containing cells dischared to 1.7 volts
contained an average of 4.4 mg/l cyanide in water and 9.7 mg/1 in buffer-
ed solution. At the 0.1 volt discharge level, cyanide concentrations were
reported at 16.9 mg/1l in water and 7.8 mg/l in buffered solution. Results
of individual analysis of discharged standard lithium cells are detailed
in Appendix Tables B-1 through B-8.
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TABLE 2. AVERAGE CYANIDE PER STANDARD LITHIUM CEIL
SOLUBLE IN AN AQUEOUS MEDIA AFTER 24
HOURS AT DIFFERENT DISCHARGE LEVELS

Discharge Average Cyanide
Level (Volts) pex Coll juj)
2.84 (no discharge) 1.6
2.40 4.6
2.00 28.0
1.70 22.0
0.10 84.5
~3.88 (Mean) 97.8

Cyanide concentrations of standard cells were compared with their ]

& discharge level and actual amp-hours of discharge (use). This data is shown
in Table 3 and Figures 6 and 7. Based on these results, it appears

that the same general relationship exists between increased amp-hours of

discharge and the cyanide produced within the standard lithium cell as was

found with the discharge voltage.

Modified lithium cells discharged at the 1.7 volt and negative voltage

: ; levels and analyzed , indicate that the cyanide production during discharce is

minimal. Results of cyanide analysis revealed no significant difference in

) the cyanide concentrations at the two levels tested. The 1.7 volt cells

: contained an average of 0.16 mg of cyanide (0.032 mg/l) and negative voltage
cells 0.13 mg (0.026 mg/l). Camparisons of standard versus modified cyanide
levels are presented in Table 4. Note the reduced amp-hours (use) of

** thé modified cells necessary to achieve similar voltage discharge levels.

The soluble constituents from discharged standard cells had pH values
above 11.4. Soluble live cell camponents had a mean pH value of 6.74.
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TABLE 3. SUMMARY OF RESULTS OF ANALYSES
b OF STANDARD AND MODIFIED LITHIUM
CELL SAMPLES
Average Cyanide
’ Discharge Discharge Average pH Concentration
level (Volts) level {Average Amp Hrs) of Samples (mg/1)

Standard Cells in Water

2.84 (no discharge) 0.00 6.74 0.32
2.40 8.29 15573 0.92
2.00 9.50 11.78 5.6
1.76 9155 11.47 4.4
0.10 10.55 11.83 iL6:9
-3.88 (Average) 10.27 12.59 196

Standard Cells in Buffer

1.70 9.69 12.00 9.7
0.10 9.50 12.00 7.8
Modified Cells in Water »
; 1.70 7.25 4.18 0.032 '
~-3.84 .Average) 8.44 4.76 0.026
}
TARLE 4. COMPARISON OF SOLUBLE CYANIDE PRODUCED 1'
IN DISCHARGED STANDARD AND MODIFTIED f
LITHIUM CELLS 5
Lithium Discharge Amp Average Cyanice Average Cyanide
Cell Level Hours Concentration per Cell
Type (Volts) (Use) (mg/1) (mg)
Standard 1.70 9.55 4.40 22.0
Modified 1.70 162 0.032 0.16
Standard -3.88 (Average) 10.27 19.56 97.8
Modified -3.84 (Average) 8.44 0.026 0.13
31
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Modified lithium cells discharged to the 1.7 and negative voltage levels
; were far more acidic than similarly discharged standard cells. These
data appear to indicate that cells which contain significant levels of
SO, are releasing it into soluticn in the form of sulfurous acid. As
noted, these are the cells which either have not been discharged or,
in the case of the modified cells, contained excess amounts of SO;.
Higher pH values in discharged standard lithium cells may also have
been due to the formation of lithium hydroxide (a strong base) during
discharge.

Statistical Evaluation of Results

The characterization of the levels of cyanide produced within standard
and modified lithium cells was conducted by simultaneously testing ten
cells under similar discharge conditions. Some variation in both the
physical discharge characteristics and chemical reactions apparently
occurred during discharge (see Tables B-1l through B-14).

Cyanide analyses performed on standard cells at six levels of
discharge are summarized in Table 5. The greatest variations between
cells occur at the 2.4 and 1.7 volt levels. Standard deviations are
66 and 61 percent of the respective mean cyanide concentrations in these
cells. Comparison of analyses from samples collected 24 and 48 hours
after cells were opened generally reveal no change in dissolution of

cyanide. Statistical analysis indicates that only variations for cells
discharged to negative voltage are significant at the 95 percent confidence
level.

Evaluation of data on the actual amp-hours used to discharge lithium
cells also points out that variations exist in the physical discharge
characteristics of cells. Data presented in Table 5 show the greatest
variations between cells occurred at the 2.4, 2.0, and 1.7 volt levels.
Similar fluctuations in cyanide concentration and amp hours were also
observed in the modified lithium cells tested (see Table 35).

Statistical analysis of the variations between different voltage
: levels was also conducted. This evaluation included examination of both
: differences in cyanide concentration and amp-hours of usage. Significant
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TABLE 5. STATISTICAL SUMMARY OF DISCHARGE TESTING
AND ILABORATORY ANALYSIS RESULTS

DISCHARGE DISCHARGE LEVEL CYANIDE CONCENTRATION
LEVEL (Volts) (Amp Hours) (mg/1)

Standard Average Standard Average Star}da;d
Cells Deviation Deviation

2.84 (no discharge) 0.00 0.00 0.32 0.13

2.40 8.29 0.49 0.92 0.61

2.00 9.50 0.29 5.60 2.16

1.70 9..55 0.32 4.40 2.68

0.10 10.55 0.22 16.90 6.34

-3.88 (Average) 10.27 0.06 19.56 4.89
Modified Cells

1.70 725 0.43 0.032 0.008

-3.84 (Average) 8.44 0.00 0.026 0.003

differences occurred in the mean cyanide concentration of standard
lithium cells discharged at the 2.84 and 2.40 volt levels, the 2.40 and
2.00 levels and the 1.70 and 0.10 volt levels. Standard t-test analysis
showed no significant difference in the variations between the means

of the 2.00 and 1.70 volt levels and in the 0.10 and negative voltage
cyanide values at the 95 percent confidence level. Results are included
in Table 6. Similar results were obtained from t-test analysis of
variations in amp-hours of usage.
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TABLE 6. STATISTICAL SUMMARY OF LABORATORY ANALYSIS RESULTS
.
Discharge Average Cyanide
v Level (Volts) Concentration (mg/1) Variance t-Value Difference
2.84 (no discharge) 0.32 0.0
2.2981 Significant
2.40 0.92 0.61
6.0648 Significant
4 2.00 5.60 4.16
1.0070 Not Significant |
1270 4.40 7420
5.1556 Significant
0.10 16.90 40.20
0.9957 Not Significant
’ -3.88 (Average) 19.56 21.49

Statistical analysis of both laboratory data and discharge testing
indicates that when the period of discharge is increased (lower cell
voltage and increased amp-hours of use), an increased production of
cyanide occurs within the standard lithium cell. (See Tables 6 and 7).
Amp-hours of discharge and voltage decrease from a cell seem to correlate
with the increase in soluble cyanide produced by the cell. Neither,
however, can be considered as an accurate index of the potential cyanide
contained in a discharged standard cell. -




TABLE 7. STATISTICAL SUMMARY OF DISCHARGE TESTING RESULTS
Discharge fverage Amg
Level (Volts) Hours Variance t-Value Difference
2.84 (no discharge) 0.00 0.00
54.183 Significant
’ 2.40 8.29 0.21
7.1176 Significant
2.00 9.50 0.07 .
0.1815 Not Significant
1.70 9.55 0.09 @
3.8639 Significant {
’ 0.10 10.55 0.04
~ 1.5761 Not Significant
-3.88 (Average) 10.27 0.003

C. ILeachate Colum Tests

As a further evaluation of the environmental impact of the land
disposal of lithium batteries, it was important to determine whether
different soil types would affect the concentrations of standard cell
constituents in water percolating through the soil. An assessment of
the mobility and transport of toxic or potentially hazardous materials
and the degree to which they were absorbed by soils was made. This
E consisted of a camparison between the concentrations of cell constituents
in leachate and the levels solubilized in distilled water testing (Section
IIB).

Three different soil types were selected for this evaluation. They
included sandy loam (Lakeland), silty loam (Mattapeake) and silty clay
(Hagerstown) soils. Three leachate columns were prepared with each soil,

: one containing two fully discharged standard lithium cells, a second

containing two live standard cells and a third serving as a test control

colum. A detailed description of the materials and procedures utilized

to pack these colums and collect the leachate samples was presented in

the Phase I Report.!? Analysis of leachate samples included characteriza- 4
_ticn of lithium, sulfite and cyanide concentrations for sandy loam soil

and monitoring of pH and conductivity levels. Only pH, conductivity and

cyanide analyses were performed on silty loam and silty clay soil leachates.

Figure 8 shows actual laboratory leachate testing in progress.
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FIGURE 8 LEACHATE TESTING OF DISCHARGED STANDARD LITHIUM
CELLS IN VARIOUS SOIL TYPES
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Results of Lakeland Sandy loam Tests

The monitoring of pH and conductivity levels in leachate from sandy
loam soil served as an index of the migration of lithium cell components
through the colum. It also provided same indication if soluble lithium
waste components had finished migrating through the soil. When pH and
) conductivity levels of leachate fram colums containing cells compared with
control leachate,migration was considered camplete. Figures 9 and 10
illustrate the points at which maximum leaching of lithium cell components
occurred.

i Migration of the chemical constituents from both live and discrerged
standard cells, as shown in Figures 11 and 12, indicated that litihium,
sulfite and cyanide were transported in the same portion of leactste.

The mobility of these camponents through the sandy loam colum appeared
to be quite similar. A long steady migration through the soil colum
apparently occurs, with significant amounts of the cell contained in
3,000 ml of the leachate collected.

The maximum concentrations of sulfite (11,100 mg/l) in leachate
from discharged cells, occurred after 1,670 ml of leachate had been
collected (passed through the colum), seven days follcwing initiation
of the test (See Phase I Report Table C-5). In comparison, a maximum
sulfite concentration of 11,400 mg/l1 occurred after 2,305 ml of leachate
had been collected from the live cell colum. This peak was reported
six days after testing had begun (See Phase I Report Table C-5). Total
soluble sulfite collected in leachate samples was 12.88 g per discharged
cell and 8.37 g per live cell.

Lithium reached a maximum concentration of 2,035 mg/l in discharge
cell leachate through sandy loam. This peak occurred at the same time
(in the same leachate sample) that maximum sulfite levels were recorded.
In the colum containing live cells, a maximum concentration of 3,035 mg/l
of lithium was observed one day (500 ml of leachate) after the correspond-
ing sufite peak. The total amount of soluble lithium transported throuch
sandy loam colums was 2.49 g per discharged cell and 2.97 g per live cell.
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