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serial batch extraction procedure to perform accelerated testing: the described

?/,/,/f”iiii;llcnt leachii:g times in cthe field. The correlation allowed employing this

series of seven extractions allowed simulating years of field leaching in a

i faw woeks of laboratory extractions. ‘
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carbon battery manufacturing, titanium dioxide pigment production, hydrofluoric
aci¢ maaufacturing, white phosphorus production, oil re-refining, and two
i from zinc secondary-refining (cinders and scrubber-waste). - After analyzing
these wastes to determine the content of potentially hazarése§\$ang?n1c ions,
they tvere exanined by the graded serial batch extraction procedure.™ Water
extracts of these wastes were applied to Chalmers, Davidson, and Nicholson
sofls. The analysis of the resulting solutions for pH, conductivity, and
concentrations of specified hazardous ions before and after contact with these
i clay soils allowed calculating distribution coefficients: (the slooes of adsorp-
tion isotherms) Gpenetration Tactors, the fraction of each ion retained on the
} sofls, the amount flushed off from a sofl by the passage of a later extract,
the yielé of an ion per unit weight of waste, and the amourt of an ion pene-
trating and re.ained by a unit weight of soil.
ratic on these measurements was also obtained.
i bility of empirical equations and prediction mode
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ABSTRACT

The inftfal objective of this work was to measure the leachability of
selected wastes and determine the attenuation characteristics of certain soils.
But, because the distribution of an ion between a waste leachate and a soil
depends upon the composition of the leachate and the prior history of the soil
(both of which change as leaching progresses and as more soil s penetrated),
it was necessary to develop an experimental approach capable of simulating this
, ?y::li:;:Iy-changing situation. Column studies were too time-consuming and

nflexible.

Successive extracts of a waste were used to challenge a sequence of three
sofl batches. The sofl batches were graded insizeto allow analyzing samples
of the extracts between each step. The extraction volumes were related to
equivalent leaching times in the field. The correlation allowed employing this
F serial batch extraction procedure to perform accelerated testing: the described
series of seven “xtractions allowed simulating years of field leaching in a
few weeks of laboratory extractions,

Samples of wastes were collected from the following indistries: zinc-
carbon battery manufacturing, titanium dioxide pigment production, hydrofluoric
acid menufacturing, white phosphorus production, o1l re-refining, and two
from zinc secondary-refining (cinders and scrubber-waste). After anaiyzing
these wasies to deiermine the content of potentiaiiy hazardous inorganic ions,
they were examined by the graded serial batch extraction procedure. Water
extracts of these wastes were applied to Chalmers, Davidson, and Nicholson
sofls. The analysis of the resulting solutions for pH, conductivity, and
concentrations of specified hazardous ions before and after contact wit)h these
clay sofls allowed calculating distribution coefficients (the slopes of adsorp-
tion isotherms), penetration factors, tne fraction of each ion retained on the
sofls, the amount flushed off from a soil by the passage of a later extract,
the yfeld of an ion per unit weight c¢f waste, and the amount of an ion pene-
trating and retained by a unit weigh. of sofl. The effect of soil-to-waste
ratio on these measurements was also obtained. The limitations and applica-
bility of empirical equations and prediction models is also discussed.

This study was part of a major research program investigating the leach-
ability of a number of industrial wastcs and the migration of hazardous com-
ponents through soil. The work was funded by the Environmental Protection
Agency, Municipal Environmental Research Laboratory, Solid and Hazardous Waste
Division, Cincinnat!, Ohio 45268, under Interagency Agreement EPA-IAG-04-0443.
This report covers experimental work done during the period July 1976 to Feb-
ruary 1978,
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SECTION 1
INTRODUCT ION

As concern incredses about protecting the environment from the effects

of {mproper and/or indiscriminate dumping of potentfally hazardous wastes,

regulations are promulgated regairding final disposal of these vastes. The

intent of these regulations is ‘v prevent incidents, suzr as contamination of
or surface watsrs, that adversely affect ani.. ! or plant life.

» & waste s not necessarily hazardous just becausz it contains toxic
substances. It may be possible to dispose of certain types of these wastes
with 1{ttle or nc pretreatment simoly by placing them in landfills. Other
tpes of maste, no doubt, will require afther extensive treatment or storage
in » specially designed disposal site. Before these judgments can be made,
olith type of waste must be chzacterized as to the amount and leachability of
the toxic substances it contains.

The ability of a soil to retard the movement of chemical substances
Teacked from & waste is one of the iwportant factors in designing and select-
ing a dispozal site for each type of waste. Unless the soil can adequately
vetard wntte Teachate movement or remove the toxic substances from the leach-
8%, ination of ground-water may resuit. The chemical and physical
camposition of a soil are the primary factors determining the soil's effective-
ness for shielding ground-water frow contamiration. However, the composition
of the waste and environmental factors such as annual precipitation, are also
\m-{ fwportant. These factors may be of equal or greater importance than the
soil composition 1f a very soluble waste containing large quantities of toxic
substances 1s improperly disposed of.

Before the movement of contaminants through soil can be evaluated in
quantitative terms, it 1s necessary to have at least a qualitative picture of
the fmportant aspects of the process. As a waste is leached by precipitation
and other surface water, components in it are depleted. This generally will
cause each succeeding volume of extract to have a different composition. The
most soluble chemicals will leach out first, so the initia) washings usually
contain the highest concentrations of salts as shown in Figure 1. Besides
being challenged by a changing solution, the soil's ion-removal character-
istics continually change with time as the soil becomes conditioied and
loaded by the passage of waste extracts. Since each portion of waste is
changed by passage through a segment (layer) of soil, the conditioning each
succeeding sogment of soil receives is different and each segment therefore
muy vesove different proportions of the various fons present in the waste

1
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extract. So although the soil segments start out the same, in effect they
become different sofls due to the passage of the different waste extracts.

The soi1 may remove ions from the waste, but the waste extract can also
displace ions from the sofl. This release of ions originally present in the
sofl can shift with quantity and type of {fons present in the extract. The
soil may also give up fons that it previously had removed from the extract,
because the sofl's characteristics can change due to the passage of the
waste-extract solution which, as mentioned above, changes with depth and with
extent of leaching.

O0BJECTIVES

The initial objective of this work was to measure the leachability of
selected wastes and determine the attenuation characteristics of certain
sofls. But to be able to correctly evaluate this dynamically changing
situation, 1t was recessary to design an experimental approach that takes
into account the changes in the nature of the soil and the changes in the
total composition of the waste extract as leaching progresses. For future
applications, this laboratory procedure should also be rapid and versatile to
factlitate examining the effect of other variables of potential fmportance in
a fleld situstion. Such a procedure would be usabla for research irtended to
fmprove land disposal technology and to provide input data for prediction
equations. It would also allow rapidly measuring the leachability of hazard-
ous mterials from a waste and determining the effectiveness of soils under-
lying a potential disposal site.

EXPERIMENTAL PROCEDURE

A graded serial batch extraction procedure was developed for rapidly
determining the leachability of wastes and the attenuation characteristics of
sofls. In this experimental approach, a weighed amount of waste is extracted
by a specified amount of water, then, after remaining in contact long enough
to equilfbrate, the waste extract is filtered, a sample is taken for analysis,
and a measured volume of the extract is placed on a certain weight of soil.
This soil slurry is equilibrated, filterad, a sample of the extract is taken
for analysis, and a volume of the remaining extract is placed on a lesser
amount of soil. (This is to allow maintaining a constant 1iquid-to-solid
ratfo in spite of having taken a sample.) The proress is again repeated with
a third even smaller batch of soil. Meanwhile, the original extracted waste
1s treated with a second, larger, volume of water and this extract is passed
down through the same three batches of soil, in succession. This process is
repeated until the desired number of extractions have been performed.
Depending upon the rate of movement of the 1iquid front at the field site of
interest, the series of seven extractions utilized for this work were the
equivalent of from two months (at 107“ cm/sec Tiquid front velocity in the
pores) to 17 years (at 1076 cm/sec pore water velocity) of leaching.

Samples of wastes were collected from the following industries: zinc-
carbon battery manufacturing, titznium dioxide pigment production, hydrofluowric

3




acid manufacturing, white phosphorus production, 0il re-refining, and two
from zinc secondary-refining (cinders and scrubber-waste). After analyzing
these wastes to determine tha content of potentially hazardous fnorganic
ions, they were examined by the graded serial batch extraction procedure.
Water extracts of these wastes were applied to Chalmers, Davidson, and
Micholson sofls. The analysis of the resulting solutions for pH, conductiv-
1ty, and concentrations of specified hazardous ions before and after contact
with the soils allowed calculating distribution coefficients (the slopes of
adsorption {sotherms), penetration factors (the reciprocal of attenuation
factor), the fraction of each fon retained on the soils, the amount flushed
off from a soil by the passage of a later extract, the yield of an ion per
unit weight of waste, and the amount of an fon penetrating and retained by a
unit weight of soil (expressed fn micrograms of the ion per gram of waste or
so1l, which 1s numerically equivalent to grams per metric ton of approxi-
mately 2200 1bs.) The effect of sofl-to-waste ratio on these measursments
was also obtained. Although characteristics of specific wastes and sofls
were determined, the results cannot be considered as representative of each

type of waste studied, because only a single plant was sampled in each
industry.
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SECTION 2
: CONCLUSIONS

. POLLUTION PREDICTION TECHNIQUES

1. The current state of knowledge is not sufficient to a'low formula-
" - ting a workable prediction model that includes all of the variables controi-
‘ 1ing fon movement in scils. The most reliable means for predicting the ef-
. fects of a waste on adjacent or underiying waters at a proposed location is
£ to derive empirical equations from site-specific experiments which simulate
i the fmportant aspects of the field situation.

5 2. The concentrat’on of ions in the leachate frcm a waste changes over
K time because the most soluble components of the waste are removed first and
o the less snluble are released more slow'y and over a longer period of time.

¥ Because of th's leaching behavior, and the fact that retention by soil de-
pands upon both the current solution composition and the soil's history of

3 exposure, simplified solutions of constant composition should not be used

i to simulate field conditions.

b 3. The retention of chemical species by.a soil depends upon mechanisms
‘ other than just adsorption and is affected by numerqus variahlas besides tem-

- -

perature, so the usual contaminant-soil adso*ption isotherms are too limited
to be useful for determining the effects of waste disposal upon soil. Be-
cause the conditions for retention vary continually as a function of the
leaching of the waste and of the depth aud pre-conditioning of the soil,

. these factors must be included in the desigr of the experiments.

4, To assess the suitability of a site for disposing of a given waste,
the leaching behavior of the waste can be characterized and the ability of
the underiying soils to remove a chemical species firom the waste leachate
can be more conveniently and rapidly evaluated with properly designed serial
batch extractions than with other techniques such as column studies. The
characteristics of the proposed graded serial batch extraction technique
also allows readily conducting the experiments required to evaluate alter-
native site management procedures in the usual situation where more than
one waste is to be placed in a site and where one kind of soil underiies
another.
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ZINC-CARBON BATTERIES.

1. The initial concentrations of cadmium, 1ead, mercury, and zinc in
the water extracts of broksn zinc-carbon batteries were low to moderately
high compared to the safe drinking water standards (listed in Table 14) and
the concentrations decreased fur-ther as leaching progressed.

2. After contact with clay soils (Chalmers, Davidson and Nicholson

sgils), the waste leachate contained very low ccncentrations of these met-
als,

TITANIG! DIOXIDE PIGMENT KASTE

1. Yater extracts of this waste contzined low to very low concentra-
tions of chromfum, lead and titanium. The compounds containing these met-
als spparently were very insoluble, as only a few hundreths of a percent
dissolved during the entire series of seven extractions.

2. After contact with clay soils, the waste leachate contained very
low concentrations of these metals.

HYOROFLUORIC ACID WASTE

1. The waste sample was taken prior tc the final neutralization in
::: waste treatment process because some manufacturing plants do not include
s st.p.

2. MNater extracts were highly acidic and ~ontained high concentrations
:f :;:orido. The seven extractions removed 56 percent of the total fluorine
n waste.

3. Clay soils were initially very effective in removing fluoride from
the waste leachate, but by the fourth extraction they were reieasing sub-
stantial amounts of fluoride previously retained.

4. Land disposal of acidic wastes containing fluorine will require
special attention because of the potential for fluoride movement in soils.

WHITE PHOSPHORUS WASTE

1. The water extracts were of high pH, although the concentrations of
fluorides and phosphorus-coritaining compounds were very low.

2. Only a few tenths of a percent of the available fluorine and phos-
phorus were removed in the seven extractions, so the waste appeared to be a
long-term source of fluoride ion.

3. After continued exposure to the strongly basic leachate, the soils
lost their ability to reduce the pH and they also started to release pre-
viously-retained fluoride and phosphorus.

!
1
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LINC SECONDARY-REFINING CINDERS

1. These cinders had been laying in an open dumping area, so were al-
ready partly leached.

2. The water axtracts yielded low or very low concentrations of cad-
mium, lead, nickel, and zinc.

3. The sample tested was quite insoluble and only a few tenths of a
percent of lead, nickel, and zinc dissolved, and less than three percent of
the cadmium was removed by the seven extractions.

4. The effluents from the soils contained very low concentrations of
these metals, although previously-retained cadmium was being released in the
later extractions.

ZINC SECONDARY-REFINING SLUDGE

1. Water extracts of the sludge from this industry produced a leachate
with a very high initial cadmium concentration which then dropped to a low
level. The clay soils passed only low lavels of this metal, but began to
give up cadmium previously retained, indicating the pcssibility of poor per-
formance upon further exposure to this waste.

2. Lead was retained very well by all three clay so1ls and only low
concentrations penetrated them. The waste appeared to be a long-term source
of lead; the concentration of 1ead was moderately high in the waste extract
throughout the period of leaching, and although only 2.2 percent of the lead
was extracted during these tests, the waste is about 6.8 percent lead.
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4. The zinc salts were sufficiently soluble at first to give a solu-
tion of moderate zinc concentration, but it dropped to a low concentration
b, the seventh extraction. Although only three percent of the zinc dissolved
in this time, potentially leaving a long-term source (this waste was 38 per-
cent zinc), the concentration should be very low unless influenced by exter-
nal factors. The clay soils further reduced the zinc concentration, with

Nichoison and Chalmers soils retaining about 80 percent, and Davidson soil
50 percent of the cumulative challenge.

OIL RE-REFINING WASTE

1. Extremely low concentrations of beryllium were leached by water
from this organic waste but the highly acidic solutions were powerful dis-
placers of beryllium from the soils,

2. Boron appeared at moderately low concentration in the initial wa-
ter extracts. The ability of clay soil to remove boron from solution
dropped rapidly and the soils soon gave up previvusly-retained boron.
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3. The inftial extracts contained moderate concentrations of cadmium,
The soil effluents usually contained higher concentrations than the chal-
Tenges, showing that cadmium was displaced from the soils by components of
the highly-acidfc extracts.

4., Chromium initially appaared at a mbdorate concentration, but the
soil extracts were always higher than the challenge, showing that the com-
position of the extracts caused release of chromium from the soils.

S. Copper was eluted from the waste in very low concentrations, but
consideradly more copper was displaced from the soils than was present in
the series of waste extracts.

6. Moderate concentrations of lead persisted in the waste extracts,
and lead was released from the soils in many of the extractions.

7. Very low concentrations of nickel were found in the waste extracts,
but these solutions displaced considerable amounts of nickel from the soils.

8. Very, very low concentrations of titanium leached out of this
waste. The actdic extracts displaced considerable titanium from the soils.

9. Moderate concentrations of zinc were found in the initial extrac-
tions and although this element was retained by clay soil from the first

extract, it generally was released by subsequent extractions throughout
the remainder of the series.
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SECTION 3
RECOMMENDAT IONS

1. The graded serial batch extraction technique should be used to con-

duct experiments designed to examine the following aspects of waste disposal:

The leachirng of ions from combinations of wastes or wastes deposited

in sequence, and the net retention by soil of ions from these leachates.

The leaching and . etention of ions when extractants other than dis-
tilled or defonized water are used — e.g., municipal landfili leach-
ate or simulated acid rain.

The long term retention of ions by soil after overlying wastes have
ceased releasing fons. (Appendices C and D show preliminary studies
on the flushing by water of soils previously exposed to wastes, and
the efrects of placing new waste on already leached wastes and soils.)

2. Because the distribution of ions between the soil and the solution
passing through it varies with the number of soil batches (which simulate
increased soil depth), work should be conducted with greater numbers of
batches to examine the ability to extrapolate to even greater depths of

soil in the fleld.

3. Results from this procedure should be compared with carefu11y-'
planned field trials. Measurements should be made of the effects of those
factors that significantly affect the accuracy of extrapolation to a field
situation.

4. Because the first water extract of a waste removes the most solu-
ble components and commonly contains the greatest amounts of toxic ions,
the feasibility of extracting waste solids once or twice with water (per-
haps then drying them to render hydrated species less soluble) and treating
washings separately should be examined as a way of greatly reducing the haz-
ard from disposal on land.

5. The serial batch extraction procedure can be used to study the ef-
fectiveness of various fixation processes for industrial wastes. The ac-
celerated testing capability it provides should allow rapidly estimating
the long-term ability of many kinds of processes to retaird solubility.
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SECTION 4
METHODS AND MATERIALS

WASTE AND SOIL EXTRACTION METHOD

A sequence of seven extracts was made from each waste. Ordinarily a
sasple of waste was dried to determine moisture content, then sufficient
undried sample was weighed to give 300 grams dry weight. (Drying the sample
could affect hydrated species and drastically reduce the solubility.) If the
waste had supernatant water, the volume of the water was considered as part
or all of the first extract. Appropriate volumes of water were added for
each extraction to produce the 1iquid-to-solid ratio given in the second
column of Table 1. The sample bottle was shaken gently 4 or 5 times daily
(continual mechanical shaking was not used because of concern that it might
abrade the waste agglomerates, making them more susceptible to extraction).
The time requirec to reach equilibrium was determined by periodically with-
drawing an aliquot for analysis; 24 hours is adequate for most wastes of
small particle size. However, longer extraction was required for some
wastes. At the end of the extraction pericd, the mixture was filtered under
vacuum using a hardened filter paper (such as Whatman 54) in a Buchner
funnei. An aliquot of approximately 20 milliliters of the filtrate was
withdrawmn for analysis of metals, atc. and filtered through a 0.5 u Millipore
f4lter ¢ rémove fine particies which might have by-passed the filter paper
and could dissolve when the sample was acidified (after measuring conductance
pH, and fluoride ion, one percent concentrated nitric acid was added to the
filtrate to inhfbit precipitation while standing). The solid waste residue
was transferred back to the jar and mixed with the volume of water specified

for the next batch. The flow-chart of Figure 2 outlines the sequence of
operations.

TABLE 1. SPECIFICATIONS FOR SERIAL BATCH EXTRACTiONS (2)

Volume of Volume of Filtrate Nnto a Soil (ml)

Extract- Water Water (ml) 1 T TIT

fon Added Extracting 60 g 30 g 15 g

Number (ml/q) 300 g Waste Soi]l Soil Soil
1 2 600 120 60 30
2 3 900 180 90 45
3 6 1,800 360 180 90
4 12 3,600 720 360 180
5 24 7,200 1,440 720 360
6 48 14,400 2,880 1,440 720
7 96 28,800 5,760 2,880 1,440

10
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In the procedure detailed here. the 1iquid-to-solid ratio was continu-
ally increased (Figure 3) to further accelerate the testing—the volume of
each extraction a®cer the second orie was made double the one before, which
redoubles the time represented by that extract (see discussion in Section
5). (With some wastes, adaquate results may be obtainable by using very
large volumes right from the first, or, one or two extractions using small
11quid-to-solid ratios, followed by a very large one as shown in Figure 4.
However, this would have to be checked for each kind of waste by comparison
with the more conservative series of extractions utilized in Table 1. Such a
. procedure would allow rapid simulation of long leaching periods and could be
F useful in the routine monitoring of variations in waste composition and

leachability.) (3)

The filtrate resulting from each sequential extraction of the waste was
mixed with the first of three batiches of each kind of soil. The weights of
sofl used were 60, 30, 15 grams, representing section I, II, and III,
respectively. This gradation in weight allows taking an aliquot of the
extract for analysis and having enough extract left over to chailenge the
next soii batch at the same 1iquid-to-solid ratio. Extracting 300 grams of
waste ylelds sufficient solution to challenge three different kinds of soil
in experiments set up with the proportions stated in Table 1.

Although the sofl equilibrates in six hours or less (4), each solution
wes kapt in contact with the batch of soil before filtration for the same
length of time as used to extract the waste. This was to keep the samples
progressing smoothly without gaps in the series. After filtering the soil
extract, an aliquot was refiltered through a Millipore filter and saved for
analysis. The appropriate volume of the remaining filtrate was added to the
next batch of sofl. The soil exposed to the first waste extract was recovered
and mixed with the second waste extract in the series. This was
repeated until the waste had been extracted seven times and each waste
eéxtract had progressed through all three soil batchez. (An eighth extract
could have been made to further increase the equivalent leaching time.) This
procedure was run in duplicate.

METHODS OF ANALYSIS
Conductance and pH

The pH and conductance of each waste and soil sample were measured using
the standard procedure specified in, "Manual of Methods for Chemical Analysis
of Water and Wastes". (5?

Flyoride Content

Dissolved fluoride was determined using ithe fluoride ion activity
electrode method (6). Tota! fluoride content of the wastes was measured

usi:gdthe Bellack distillation method (7), followed by the fluoride electrode
m L ]
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Phosphorus and Metal Content
Digestion of Wastes and Soils--

In order to determine the initial phosphorus and metal content of the
wastes and soils, they were subjected to an aqua-regia digestion. One gram +
one mi11igram of dried waste or soil was weighed into a 400 ml beaker.
Fifteen mil11iliters concentrated hydrochloric and five milliliters ccncentra-
ted nitric acid was added to each sample. The samples were covered with
watch glasses, placed on a hot plate at low heat, and evaporated (digested)
to incipient dryness, taking care to prevent boiling-over or splattering of
the digestion mixture. The samples were removed from the hot plate and
allowed to cool for five minutes. The watch glasses ard the sides of the
beakers were washed down with distilled water. The acidity was adjusted by
adding two millil1{ters concentrated nitric acid and bringing the volume in
the besker to 15 to 20 milliliters with distilled water. The samples were
placed back on the hot plate, left uncovered, and brought to a low boil. The
samples were then removed and allowed to cool for 15 minutes. They next were
f{l1tered through Whatman No. 54 filter paper into 50 milliliter volumetric
flasks. The residue in the beakers was washed 5 to 7 times with small por-
tions of distilled water, letting the washings pass through the filter
between washings. The volumetric flasks were then fiiled to volume. A
reagent blank was treated in the same manner.

Quantitative Analysis--

Mercury in undigested wastes and soils, and in the acidified batch extrac-
tion samples were measured using a2 Perkin-Elmer Model 303 Atomic Absorption
Spectrophotometer (AAS) equipped with the Perkin-Elmer Model 56 strip chart
recorder and a Perkin-Elmer Flameless Mercury Analysis System. The detection
1imit was 0.02 micrograms mercury in 100 m1. The following operational

parameters wre used:

Wavelength - 253.7 nm;
Siit Setting - 4 (0.7 mm);
Light Source - Perkin-Elmer hollow cathode lamp.

A stock standard solution of mercury was made by dissolving 1.080 grams
of Mercury (II) oxide in a minimum amount of (1:1) hydrochloric acid:distilled
water and diluted to one 1iter with distilled water. This equalled 1000
micrograms/mill111ter mercury.

The other elements investigated in this study were measured using argon

plasma emission spectrophotometry. This technique offers several advantages
over the more conventional AAS techrnique. These are:

a. Increased sensitivity for certain elements due to higher excitation
tesperature (6000° K in the working region of the plasme versus 3000° K for
AS fiame). An example of the effect of this temperature increase on various
elements can be found in the boron and phosphorus analyses. Boron can be
deter:ined at concentrations as low as 0.1 microgram/milliliter by plasma arc
versus 5.0 micrograms/miililiter by AAS. Phosphorus can be measured as Tow

15




as 0.5 micrograms/milliliter by plasma arc. Thfs nlement can nnt be measured
by AAS at reasornable concentrations.

b. The method does not require a separate source for each element.
Instead, the flame excites the element, and the optics of the instrument
separates the specific wavelengths of 1ight for each metal. By using an
array of photomultiplier tubes and a preselected wavelength cassette, the
spectrophotometer can be operated in a multi-element mode. This permits
measuring up to 20 elements simultaneously.

¢. It requires only one gas: Nonflamable, nontoxic argon. This is a
distinct safety advantage over AAS.

The argon plasma emission method does have certain limitations. -
Although it 1s possible to measure 20 elements simultaneously, it is difficult
to prepare one standard containing the desired quantities of twenty elements
without precipitating some elements. However, a standard was prepared which |
contained one microgram/milli{liter of beryllium, cadmium, chromium, copper, L
lead, nickel, titanium, and zinc and 10 micrograms/milliliter boron and 100
2 micrograms/mi11111ter magnesium. Phosphorus was prepared in a separate
‘ standard at a concentration of 100 micrograms/milliliter. This multi-element
standard was acidified with concentrated nitric acid to one percent. In
&ddition, it was prepared with 2000 micrograms/milliliter 1ithium for the
reason discussed below.

One problem with the argon plasma emission method is the effect of

. alkaline metals and earths (sodium, potassium, calcium, and magnesium) upon

E the analysis of chromium, lead, and zinc. The effect usually appears as a
positive ¢nhancement in the response from these elements and is read as

b erroneously high concentrations. Because relatively high concentrations of
aikaiine metais and earths were expected in some of the samples, it was
imperative that effect upon the argon plasma emission method be eliminated.
It has been reported that the enhancement can be suppressed through the
addition of 1ithium to each sample. This was investigated using several

_ concentrations of 1{thium. It was found that 2000 micrograms 1ithium/miili-
!F; Titer completely suppressed the effect of the alkaline metals and earths upon
S the chromium and zinc analyses and partially suppressed the effect upon the

] lead analysis. It was determined that the lead analysis enhancement was

' caused by magnesium, probably due to 1ine spreading of a strong magnesium
Tine at 2802 Angstroms or a weak intensity line at 2852 Angstroms. These two
magnesium 1ines bracketed the analytical 1ine for lead located at 2833
Angstroms. This is not the optimum emission 1ine available for lead but
potential emissions from other elements dictated selection of the 2833
Angstrom line if more severe interferences were to be avoided.

In order to analyze lead using the argon plasma emission spectrophoto-
meter, a means of compensating for the magnesium enhancement was needed. A
3 three-level factorial experiment was run to quantitate the effect of mag-

nesium and the magnitude of interactions. A correction-equation was derived
for the instrument by regression analysis so that by measuring the magnesium
concentration and the apparent lead concentration, the actual lead concen- !
traticn could be obtained. The reliability of this method was tested by

16
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analyzing samples for magnesium and lead and applying the results tc the
correction equation. Tne samples were then analyzed by AAS. Comparison of
the results from both methods showed good agreement.

The precision and sensitivity of the argon plasma emission method for
the elements of interest was determined using the multi-element standards
(except for phosphorus). The results are shown in Table 2. The lowest
concentration of each element 1isted in this table is approximately the
detection 1imit of the argon plasma emission equipment used in this study.
However, the ability to quantitate at these levels was only fair. The
higher concentration 1isted for each element was therefore considered the
“overational” detection limit for the mathod. These multi-element standards
we‘e relatively simple compared with actual waste and soil extracts. They
contained only the elements of interest plus acid and 1ithium, and not the
diverse elements found in waste or soil samples. The sensitivity and prec-
ision of the method might deteriorate somewhat in complex samples, so the
higher concentration was used as the detection limit in sample measurements
and the data analysis.

TABLE 2. PRECISION AND SENSITIVITY OF THE ARGON PLASMA EMISSION METHOD

ETement Concentration ‘ Percent Coefficient
o (micrgrams/milliliter) of Variation
Be 0.0205 0
0.01 C
R 0.1 ' 34
0.5 3
Cd 0.01 17
0.05 2
Cr 0.1 25
0.05 2
Cu 0.01 18
0.05 2
N1 0.01 50
0.05 2
P 0.1 45
0.5 5
Pb 0.05 38
0.1 13
in 0.01 27
0.05 1
17
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Check samples were furnished by the Environmental Protection Agency.

The samples were prepared as specified and analyzed by the argon plasma
enission metiod. The metals determined were beryllium, cadmium, chromium,
copper, lead, nickel. and zinc. In one of the samples some of the elements
were below the detec:fon Timits of the analytical method. The other elements
were approximately at the detection 1imit. This required modifying the

reparation of the "as received" sample in order to bring these elements
within the limits of the method. Another one of the samples was slightly
above the detection limfts while the concentration of the elements in the
third sample was considerably above the detection limits.

b
K
L
.-

§~ For the low concentration sample, the analyses ranged between 70 to 130

b percent of the stated value, except for lead which was 160 percent of the
statad value. The semple which contained the elements slightly above the
detection 1imit gave results 87 to 106 percent of the stated value. The high

co?cnntrltion sample was analyzed as being 85 to 106 percent of the stated
value.

The reliability of the argon plasma emission method was further investi-
gated by adding beryllium, cadmium, chromium, copper, lead, nickel, and zinc
to an extract from a flue-gas desulfurization waste in concentrations suffi-
cient to give 2 0.475 micrograms/milliliter above the in situ concentration
of the elements in the waste. The results are shown in Table 3.

TABLE 3. RECOVERY OF ELEMENTS ADDED TO A WASTE EXTRACT \

i — T
T T T
. -

Element Found Percent Recovery

Pb 0.456 96
x cd 0.479 101

Cr 0.456

96
Cu 0.504 106
N1 0.498 105
Pb 0.509 107
In 0.480 101

SOILS

The three soils used in this study were Chalmers soil from Indiana,
Davidscn sofl from North Carolina, and Nicholson soil from Kentucky. Thnse
3011s were collected from the B-horizon soil zone (30-100 centimeters in
dapth) at each location. These soils were selected because of differences in
their physical and chemical properties and clay mineralogy. Table 4 shows
that Chalmers and Nicholson soils have similar surface areas but significantly
“*#¢ei.  -ation exchange capacities. In addition, the clay mineral composi-
-ion ~ . micron separates) are much different. The Chalmers clay composition
is largely montmorillonite, with small amounts of vermiculite, chlorite, and
kaolinite. The Nicholson clay fraction is predominately vermiculite with
only a trace of mica and kaolinite. In contrast, Davidson soil has a low
surface /| -~ and cation exchange capacity. The clay is predominaztely kaolinite !

18 : i
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but this soil contains a high percentage of hydrous oxides of iron. It has
been shown that iron oxides piay a major role in heavy and trace metal
resoval. (8)

fIBLE 4. SOME PHYSICAL AND CHEMICAL PROPERTIES OF SOILS USED IN THIS STUDY

Cation Tree Texture
3oil Exchange Surface Iron
Sofl Paste Capacity Area Oxides ~ Sand SiTt CTay
PH (meq/100 g) (m2/q) % % % p
Chalmers 5.6 26 125.6 3.1 7 58 35
Davidson 6.2 9 51.3 17.0 19 20 61
Nicholsor 5.0 »>37 >120.5 5.6 9 31 60

Samples of the three soils were subjected to aqua-regia digestion. The
2:gostat.s were analyzed for the elements of interest using argon plasma
ssion spectrophotometry (except Tor fluoride, which was determined using
a distillation and fon salective electrode method). These analyses were
performad to obtain the amount of each element available for extraction
and/or leaching from the soils in addition to that introduced by the waste.
The results are shown in Table 5 expressed as microgram element/gram of soil.

WASTE SAMPLES

Seven industrial wastes were used in this study. They were character-

zZied as to their content of the elements of interest. Each waste will be
discussed separately.

Zinc-Carbon Battery Waste

This waste consists of broken-open reject Lelanche (zinc-carbon) batteries.

Approximately one percent of the batteries produced are rejected. Cadmium,
mercury, lead, and zinc were the metals of interest {n this waste. Table 6
gives an “{industry average" for waste battery composition, (9) but prcprietary
differences in formulation exist between manufacturers and battery types.

19
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TABLE 6. COMPOSITION OF ZINC-CARBON BATTERY WAsTE (10

Concentration
Element (microgram/qram)
Mercury . 7.3
Zinc 3,800.
Zinc Chloride 2338.
Manganese Dioxide 615.
Cadmium 0.27
Lead 0.3

Titanium Dioxide Pigment Production Waste

The waste from this industry results from equipment cleanup and the wash-
ing and drying of titanium dioxide pigment produced using the chlorine process.

(10) In this process, rutile ore or beneficiated i{lmenite is reacted with
gaseous chlorine in the presence of coke to produce liquid titanium tetra-
chloride. This 1iquid is purified by distillation and oxidized in a flame to
titanium dioxide which condenses as & fume. The pigment is wcched and fil-
tered. The water from these process steps is treated with alkali to increase
the pH, thereby promoting precipitation of the metals from solution. The
solids are separated from the water by filtration and trucked to a commercial
disposal site. The sample used in this study was collected at the filter.
The metals of interest were beryllium, cadmium, chromium, copper, lead,
nickel, titanium, and zinc.

To establish the amount of each metal of interest present in the waste, a
one gram portion of the waste (dry weight) was digested with aqua-regia,
filtered and diluted. The metals listed above and boron, magnesium, and iron
were analyzed for using argon plasma emission spectrophotometry. The results
are shown in Tablae 7, expressed as microgram/gram of waste. This provides an
estimate of the total weight of each element potentially available for leach-
ing from the waste.

TABLE 7. ANALYSIS OF SELECTED ELEMENTS IN TITANIUM DIOXIDE PIGMENT WASTE

Concentration
Element (microgram/qram)
Beryllium 25.
Boron 590.
Cadmium 113.
Chromium 3,240.
Copper 84.
Iron 92,200.
Lead 270.
Magnesium* 7,650.
Nickel 270.
Titanium 34,300.
Zinc 430.

*
Magnesium was measured in order to correct the lead result obtained by argon
plasma emission spectrophotometry.
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Hydrofluoric Acid Production Waste

This waste results from treating fluorspar with concentrated sulfuric
acid to produce hydrofluoric acid. The residue is primarily calcium sulfate
and a small amount of calcium fluoride. The dry residue is strongly acid.
This residue is neutralized with 1ime and is pumped to a holding lagoon where
it is de-watered and allowed to dry. The dried waste (gypsum) is pulverized
and sized and trucked from the plant and used to stabilize road beds. The
sample used in this evaluation was collected as a dry powder prior to the
additfon of 1ime. The waste was collected at this point in order to deter-
mine the effect of the waste when disposed of on land without neutralizing
the excess acidity. (Some producers dispose of unneutralized waste.) The
element of iInterest was fluorine. However, the concentrations of other
elements were also determined so as to more thoroughly characterize the ,
w.3te. As can be seen from the results presented in Table 8, their concentra-
tions were quite low in comparison to fluorine.

TABLE 8. ANALYSIS OF SELECTED ELEMENTS IN HYDROFLUORIC ACID PRODUCTfON WASTE

Elenent (miérocrany sram)
Beryllium 0.85
Boron 119,
Cadmium 9.2
Chromium 13.0
Copper 5.5
Flucrine 4,900.
Lead 66.2
Magnesium 272,
Nickel 9.4
Zinc 140.

White Phosphorus Production Waste

This waste originated from the production of elemental phosphorus by the
electric furnace method whereby phosphorus is produced through the reduction of
phosphate rock by coke using a silica flux. In this process, the raw
phosphate rock 1s dried and then sized or agglomerated. The agglomerates
are calcined in a rotary kiln. The gases emitted by the kiln contain phos-
phorus, fluorides, and fuel decomposition products. The gases are passed
through a water scrubber and the resultant liquor is treated with lime to
precipitate these compounds. The solid fraction of the waste is composed
primarily of calcium fluoride, calcium phosphate, calcium sulfate and
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"unreacted lime. Slurries of this waste are highly alkaline (pH 12.7).

Detafled discussion of the elemental phosphorus production is presented
elsewhere (11).

The species of interest in this waste and in the waste leaching and soil
migration studies were inorganic phosphorus (probably present as phosphates)
and fluorides. In addition, beryllium, boron, cadmium, chromium, coupper,
lead, magnesium, nickel, and zinc were determined in the waste. The results
of tha analysis are shown in Table 9.

TABLE 9. ANALYSIS OF SELECTED ELEMENTS IN PHOSPHORUS PRODUCTION WASTE

Flomnt (nicragran/aro]
Beryllium 2.97
Boron 4,180
Cadmium 12.9
Chromium 24.8
Copper 9.98
Fluorine 220, 000.
Lead 230.
Magnesium 23,600.
Nickel 25.7
Phosphorus 14, 400.
Zinc 63.2

Secondary Zinc Smelter Wastes

Two wastes were obtained from this industry. The first was cinders and
ashes resulting from the smelting process before pollution control regula-
tions were imposed. These cinders, rich in metals, had been deposited on the
plant property. This resulted in a 1 to 10 foot layer of cinders covering 12
acres of the plant property. After pollution control regulations were
instituted, a scrubber was installed on the stack. The sludge from the
scrubber is disposed of among the cinders on the property. The scrubber
sludge constitutes the second waste studied. The results of digesting and
analyzing a sample of each waste are shown in Table 10.

23
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TABLE 10. ANALYSES OF SELECTED ELEMENTS IN CINDERS AND SLUDGE WASTES FROM THE
SECONDARY ZINC SMELTING INDUSTRY

_Concentration {microgram/gram)

Element Cinders STudge
Beryllium 3.92 0.82
Boron 130. 57.6
Cadmium 60.2 54.5
Chrowfum 36.2 14.8
Copper 3,070. 1,270.
Lead 12,500. 68,200.
Magnes{um* 17.2 920.
Nickel 1890. 360.
Zinc 50,300. 383, 000.

*
Magnesium was measured in order to correct the lead result obtained by argon
plasma emission spectrophotometry.

011 Re-refining Waste

A waste was collected from the oil re-refining industry. The waste is
generated by the re-refining of discarded crank case oil, transmission fluid,
grease, etc. After the oil is dehydrated to remove water, alcohols, etc, it
fs heated with sulfuric acid. The acid solubilizes metals and other compounds
that contaminate used ofls. The acid is separated from the oil and discarded.
This is the waste that was used in this study. The waste was a strongly acid,
highly viscous, tarry material.

Triplicate samples of the waste were dissolved in aqua regia. Because
of the high organic content of the waste, it had to be repeatedly mixed with
fresh portions of aqua-regia, heated to incipient dryness, mixed with more
aqua-regia and again heated to incipient dryness. The digestate was filtered,
diluted to volume and analyzed by argon plasma emission spectrophotometry.

The elements of interest were beryl1ium, boron, cadmium, chromium, copper,
}?ad. nickel, phosphorus, titanium, and zinc. The results are shown in Table

TABLE 11. ANALYSIS OF SELECTED ELEMENTS IN OIL RE~REFINING WASTE

Concentration
} Element (microgram/gram)
Beryllium Trace*
Boron = 54.*
Cadmium = §,*
Chromium 36.3
Copper 58.7
Lead 2,330.
Nickel = 2, %
Phosphorus 600.
Titanium = 3, *
Zinc 190.

| *The concentration in the digestate was in tie region of the detection 1imit.
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SECTION 5
DEVELOPMENT OF A RAPID LEACHING TEST

BACKGROUND

The major problem encountered in waste leaching studies is to duplicate
~'the essential characteristics of the field conditions. That is, to include
those variables active in the field that have a statistically significant
effect upon the leaching of substances from a waste and/or the passage of
these substances through soils, and to exclude or minimize variables that
might be introduced by the experimental setup. This is the goal, and one
can expect to fall short, but an investigator should be aware of how the
experiments fell short so as to be able to specify the expected range of

applicability of the findings and to qualify their ability to predict
effects.

One obvious way of obtaining data under conditions existing in the field
is to actually go to the field for samples (performing soil coring, water
sampling, etc). This has much value (especially for predicting hazards that
might result from existing waste deposits) but the studies are limited to
only those wastes which have already been dumped and even then to just
certain combinations of waste and soil types, waste-to-soil ratios, etc. In
the field it is not possible to readily change variables to determine their
effect and this lack of flexibility limits the examination to only a few
factors. Many variables are completely out of the control of the experi-
mentor. Thus the applicability of these types of studies may be limited to
a relatively narrow range of environmental conditions.

Laboratory studies have the potential advantage of allowing more control
over a wider range of experimental conditions. But they also have the
potentfal disadvantage that significant field variables may be excluded
because of the difficulty in simulating complex field conditions or because
of improper experiment design. A compromise must be made between experiments
that are an exact simulation of the field situation and those that allow
varying those factors controlling the responses of interest. But if all of
the controlling factors are not varied to establish their effects and if they
are not included at proper levels, the empirical equations derived from this
«ata may not be reliable in making predictions for situations where these
variables are involved. It may be necessary to run preliminary experiments to

see which variables have significant enough effects to merit including them
in the final experimental plan.
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There are two principal laboratory approaches for measuring the leach-
ability of wastes and the migration of hazardous substances chrough soil.
These are batchwise extractions and the continuously-leached column method,
both of which are discussed below.

CONTINUOUSLY-LEACHED COLUMNS VERSUS BATCH EXTRACTIONS

The migration of chemical substances through soil is usually studied in
the laboratory using columns packed with soil to a predetermined bulk density
(usually approximating the field density of the undisturbed soil). These
soil columns are challenged with a sojution extracted from a waste by water
or by some other solvent such as municipal landfill leachate, or the soil is
treated with simple solutions containing the ion under study. A useful

configuration is shown in Figure 5 along with illustrative plots of the data
obtained. -

Continuously-leached column experiments provide information as to the
ability of a soil to remove chemical substances from a waste extract. However,
an important limitation of this method is the time and effort required to
obtain and analyze a sufficient number of samples to make predictions of
migration rates and toxic hazards. This usually requires months and may even
take years, depending upon the flow rate of the leaching solution through the
colums. The information obtained from relatively short-term column studies
cannot be relied upon to describe what will occur during years of leaching.

When setting up experiments of this type, an investigator is faced with
the problem of selecting values for each experimental parameter such as
leaching solvent flow-rate, head pressure, so?l bulk densitcy, column diameter
meter, waste-to-soil ratio, etc. The choice of these values may not 3l1 be
entirely arbitrary, but a given set will yield results which probably apply
only to that particular combination of conditions and the experiment may not
be. very useful for making general predictions. In addition, column experi-
ments are cumbersome and do not readily lend themselves to changes in the

levels of the experimental parameters. Thus, they are slow and relatively
limited in applicability.

If an experimental approach were available which is more rapid and more
versatile than the usual column leaching methods, a wider range of environ-
mental conditions could be investigated, thereby more completely describing
the behavior of a waste deposited on a soil. This would also make it more
practical to use factcrial experiment designs. Factorial experiments allow
making predictions without sacrificing reliability even in the presence of
interaction between multiple variables. (Interaction exists when the effect
of one factor is dependent upon the level another factor. This introduces

error into the results of classical, vary-one-factor-at-a-time experimentation).

A fast method would also allow making timely determinations, on demand, for
each specific situation.

In previous studies of the leachability of certain metals from a number
of industrial wastes and the migration of these metals through soils,this
laboratory used continuously-leached columns. A batch method was employed to
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rapidly screen soils for their ability to remove these metals from the waste
leachate (12). This intormation vas then used to select soils for more
detailed column studies. While examining the data, it became apparent that
properly designed batch studies of the leaching of both waste and soil could
provide much of the same information obtained from column studies. However,
no adequate infcrmation was available as to the correlation between batch
extractions and continuously-leached columns of industrial wastes and soils.
As a result, samples of the industrial wastes used in the cuntinuously-
leached column studies were leached using a serial batch extraction procedure.
It was found that the weights of toxic metals extracted from thie wastes
batchwise compared well to the column leaching (3) even though substantially
greater amounts of water were present (200 to 4,800 percent versusless than 50
percent). Besides this, the results were obtained by the serial batch extrac-
tion method in only a small fraction of the time required by the column
method. The serial batch method was experimentally much simpler, and it was
concluded that this apprcach would permit the rapid investigation of the
effect of a wide variety of environmental factors such as freeze/thaw and
drying/resaturating cycles and similar variables that would be difficult to
include in column studies.

Nther investigators have used batch soil methods to study the removal of
certain chemicals from waste extracts or municipal landfill leachate (13-16)
and obtained results that compared well with colum experiments. However,
their experiments eitker did not alliow for the changes in the waste axtract
composition as the waste depleted, for the further change as the extract
contacted each increment of soil, and/or for the continually changing condi-
tioning of each increment of s0i1, a change which depends both upon the
leaching time and the soil depth. (Appendix E discusses this further.)

CORRELATING CONTINUOUS AND BATCHWISE LEACHING (2)

The data obtained from continuously-leached columns may be presented in
several ways. One technique is to piot the concentration of the chemical of
interest found in the waste or soil column samples, versus the cumulative
volume through the colum. The common way of expressing the cumulative
volume is to use the cumulative pore volume calculated for the type and
weight of soil employed. However, changing the kind or amount of soil will
change the scale of the cumulative volume axis when pore volume i{s employed.
Figure € i an exam le showing the difference obtained with different pore
volumes (in this case 40 and 60 mi1liliters). The corresponding total volume
in milliliters is appended for comparison.

- It often is not practical or possible to determine a pore volume for a
waste becaus2 of its physical form (heterogeneous suspension, liquid, etc).
This problem was circumvented by using the soil column pore volume as the
measure of 1iquid volume through the waste. It alluwed correlating the
waste-column output with the soil-column results in a given set of experi-
ments. However, instead of using the soil pore volume as the principal
plotting parameter, it is much more flexible to plot the observed concen-
tration of a chemical in an extract versus the cumulative milliliters of
leaching solvent per gram of waste or soil, as shown in Figure 7. This
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makes the scaling independent of soil type, soil sample weight, and waste-
to-sofl ratio and allows the direct comparison of many different designs of
experiments. It normalizes the results so they can be more readily corre-
Tated to a range of field conditions. The areas under the curves represent
the total weight of a chemical extracted per gram of waste or soil. The
weights thus obtained can be used to calculate attenuation or penetration
factors for the soil.

1

These considerations make 1t possible to correlate batch and continu-
ously-leached column experiments. Batchwise extractions can be related to
continuously-leached columns by recognizing that continuous leaching is
equivalent to running a series of discrete extractions spaced by the fre-
quency of collecting the effluent sample. Figure 8 shows tnat the concen-
tration of a substance in the periodic column samples can be plotted to
represent the average for that sampling period. Thus, samples from the
continuous leaching of a column correspond to sequential batchwise extrac-
. tions by volumes of extractant equal to the volume passing through a column
L batween the taking of samples.
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When extracting a batch of waste or scil, instead of using the same
volume of solvent for each successive extraction, the solvent-to-waste or
-s0f1 ratios can be graded in size, as indicated by the extraction volumes
: pictured in Figure 9. A small solvent-to-solids ratio should probably always
F be employed for the first extractions. This is usually when the concentration
- is changing most rapidly, so smaller increments define the curve more
. accurately. It also fs when the soluble species will be the most highly
] concentrated in the extract (see Figure 1) and the fonic strength will be at
: its maximum. Greater dilutions would reduce this, possibly affecting the
solubility of other components. After the more soluble components have been
extracted, the solvent-to-solid ratio can bte greatly increased, thus reduc-
ing the total number of extractions required, Obvicusly, the further along
the cumulative milliliter per gram axis the extraction volumes extend, the
longer the period of colum leaching the batchwerk is equivalent to.

THE BASIS FOR ACCELERATED TESTING (2)

- g T

Batch extractions are rapid comparec to letting the 1iquid percolate
through a column. If the volume of 1iquid used in a batch extraction can be
related to the same volume of liquid passing through a waste or soil over a
period of time, sequential batc) extractions can be the basis for an accel-
erated testing of wastes and soils. First, it is necessary to consider the
fraction of void space in a soil (the pore fraction) packed at a certain
bulk density. The pore fraction can be calculated from the formula

PF =1 - _Jié__, (M
PP

| R ——
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where:
PF = pore fraction,

Pb = bulk density, g/cm3, and
Pp " particle density, g/cm3.

Because 1iquid does not pass through all parts of a pore with equal efficiency,
it is necessary to define an effective pore fraction, PF', for each soil,
which is some fraction of F of the pore fraction calculated by Equation 1:

PF' = F (PF) = F Q - —&—-) (2)
o

The pore volume is the total volume of void space in a given quantity
:f so}l. This is obtained by multiplying the volume of the soil by the pore
raction

PY = (PF) (V), (3)
where:

PV = pore volume, cm®, and
V = volume of soil, cm3.

An effective pore volume, PV' can be calculated by inserting the effective
pore fraction in Equation 3:

v

PV' = F (PF) (V) = (PF') (V), (4)

To find the effective pore volume of one gram of soil, PF}, which is of
interest because the gram is the basis for the normalizafqon emploved in this
report, substitute the volume occupied by one gram of soil,

V'—-F];—cm", | (5)

and Equation 2 into Equation 3, which yields,

PV&-FG— gb)<;b) em . (6)
P

The velocity of a 1iquid front moving through the soil (the pore water
velocity) can Le related to the volume displaced by the front by first
calculating the depth occupied by one gram of soil out of the total weight
contained in a cubic centimeter. One gram of soil having a specified bulk
density and a cross-section of one square centimeter will have a depth

1
hg = e, cm o, (7)
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where:
hg = depth, cm, of one gram of soil.

The time rtquired for a liquid front to pass through one gram of soil (having
a depth of _17- cm) at a given velocity, i.e., the time required to fi11 the

effective pore volume of one gram of soil with l1iquid, is given by
1

T =

days, (8)

where:

T = time, days, and
v = velocity, cm/day.

Because the number of effective pore volumes in a volume of liquid, v, 1s

V. (9)
PV;

the time required for the passage of any volume of liquid through one gram of
soil of one centimeter cross-section at a given pore water velocity can be
calculated from the product of Equations 8 and 9:

T-’/ r \T\
\ P\ v/

Another expression of this relationship can be obtained by substituting
Equation 5 into Equation 4, which gives,

V' = (PF') ( gb ) : (1)

days . (10)

and substituting this into Equatio? 10 yields
v \f
1
"’F')(T) v
b

1
Al though the<7§--'s in the numerator and denominator are numerically equal,
b

T= days. (12)

the upper one is a height and has dimensions of centimeters, and the lower ‘
one is a volume with dimensions of cubic centimeters, so they cannot be can- |
celled in the general case needed to plan experiments.
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Engineers and other workers in disposal practice employ the Darcian
velocity (17), the rate of fall of the liquid in a reservoir above the soil,
instead of the velocity of the liquid front within the soil, which was needed
to develop the equations above. Because the effective pore fraction is a
measure of the area availahle for the movement of water through soil, it also
is the ratio of the Darcian to the pore water velocity. (The reduced area
can be visualized as a venturi orifice which accelerates the velocity.) The
Darcian velocity, v, , therefore can be expressed as

v, =PF'v . (13)
The substitution of Equation 13 into Equation 12 allows the use of Darcian

velocity to calculate the time that & volume of 1iquid takes to pass through
a gram of soil:

5
T= — days. (14)
2 (%)

The Darcian velocity may be relatively easy to determine for a lagoon
having known rates of influx and evaporative loss, but the effective pore
volumes of the underlying sotls must be known in order to calculate how much
soil was contacted by a volume of solution leaving the reservoir. The rate
of fall of the reservoir thus can only be correlated with the residence time
in a gram of soil of one centimeter cross-section by way of the effective
pore fraction, as was done to obtain Equation 14 from Equation 10. (Using
Darcian velocity directly instead of converting to pore water velocity yields
2 number having different dimensionality and it can lead to planning experi-
ments which emnloy incorrect batch sizes to represent a given contact time.)

To {1lustrate the use of these generalized equations, assume that : soil
has a bulk density of 1.60 g/cm3, a particle density of 2.65 g/cm3, andthat
effectively 90 percent of the pore space transports 1iquid (18).. (These

values are representative of the clays used in the experimental work presented
in this report.) Thus, from Equation 2, the effective pore fraction is

PF' = 0.90 ( - -}'—gg—)s 0.357

and the effective pore volume per cubic centimeter is
PV' = (0.357) (1.0) = 0.357 cm3.

The volume occupied by one gram of soil is

v "1‘]'6'0"‘ 0.625 cm3 ,

36




¥
y
v
4
=

<o the effective pore volume for the one gram of soil is

/

' - ( 1.60 1 - .
P‘lg 0.90 k] - ﬂr) (—m—) (0.357)(0.625) = 0.223 cm3.

If a 1iquid penetrates this soil at a pore water velocity of 1 x 10-3 cm/sec
(which, with 86,400 sec/da, is 0.864 cm/da), one milliliter of liquid will
penetrate one gram of soil in

r- (T;,ﬁ (_gggg_) - 3.20 days.

Thus, an extractfon with 2 mill{liters per gram of soil is equivalent to

2 x 3.24 = 6.48 days of penetration in the field or in a column. Table 12
lists the 1iquid-to-solid ratios employed in this study together with the
cumulative volumes and equivalent exposure times for 1iquid front velocities
of 1 x 10°%, 1 x 10-5, and 1 x 10-¢ centimeters per second through a typical
clay. This correlation is displayed graphically in Figure 10.

The pore water velocity of the liquid in a soil underlying a specific
waste-disposal site must be calculated or determined experimentally to be
able to choose the correct correlation from the table. However, the flow
rate determining the factor wili often be the penetrability of the layer of
waste. Table 12 also applies to the leaching of waste because the volume of
1iquid passing through a column of waste will ordinarily be the same as
through the soil beneath it, as previously discussed.

TABLE 12. CORRELATION BETWEEN EXTRACTION VOLUME AND PENETRATION TIME (2)

Water CumuT. “Equivalent Days of Penetration*
Extraction Added, Vol., -
Number (ml/q) (mi/q) ©10°"% cm/sec G10°5 cm/sec @1076 cm/sec
o 4 2 0.65 6.5 65.
2 3 5 1.62 16.2 162.
3 6 1 3.56 35.6 356.
4 12 23 7.45 74.5 745, (2.0 yr)
5 24 47 15.2 152. 1520. (4.2 yr)
6 48 95 30.8 308. 3080. (8.4 yr)
7 96 191 61.9 619.(1.7 yr) 6190. (16.9 yr

»
At the specified pore water velocity cthrough a soil having an
effective pore volume of 0.223 ml/g.

Tables similar to Table 12 can be calculated for soils having other pore
volumes using Equation 10 or 12. If Darcian velocities are desired in the
table, then Equation 14 can be employed. (A table using Darcian velocities
is shown in Appendix A.)

The waste composition changes as components are leached from the waste.
Each succeeding portion of extract will therefore generally have a different
composition as shown in Figure 11. Besides being challenged by a changing
solution, the soil's ion-removal characteristics continually change with
time as the soil becomes conditioned and loaded by the passage of waste
extracts. Since each portion of waste is changed by passage through soil,
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the conditioning each succeeding segment of soil receives is different and
each segment therefore may remove different portions of the various ijons
present in the waste extract. So although the soil segments start out the
same, in effect thay become different soils due to the passage of the
different waste extracts.

, The soil removes ions from the waste, but the waste extract can also
displace ions from the soil. In addition, soil can pick up a specific ion
from a waste solution of one composition and then give it up again as the
1iquid composition changes. The soil may also give up ions later because of
intervening conditioning of the soil by the passage of the changing waste
extract solution. If extract samples were taken within. a layer of soil, it
would be possible to study this dynamically-changing situation. This can be
accomplished by placing sampling ports in the side of a soil column, as
shown in Figure 12. The same results can be attained in a shorter time with
far fewer equipment difficulties by putting waste extracts on successive

-batches of sofl and taking a sample after each extraction. A batch of soil
then will represent a segment of soil from a soil layer.

Normally, the distribution of substances retained by the soil column is
determined after leaching is concluded by sectioning and analyzing the soil
column. But this seria! batch approach, with sampling between batches of
soil (described in Section 4, page 10) allows perceiving what is happening with-
in a bed of soil and provides data which could permit extrapolating to the
effect of thicker strata — something which cannot be done with validity from
experiments with only a single layer or from experiments which use simpler
conditions. It {s re-emphasized that batchwise testing also yields its infor-
mation in a small fraction of the time required by columns or field studies.

UTILIZATION OF BATCH EXTRACTION DATA

A variety of calculations can be performed using the results from the
graded serial batch extraction experiments on wastes and soils. Table 13
lists those which were done for this report, giving the derivation of the
tables presented in Section 6. In Table 13, W refers to the waste extract,
and I, II, and III, identify the extract from the first, second, and third
batches of soil, respectively. The subscripts affixed to these symbols
identi{fy the number of the extraction in the series of seven employed. The
resulting character refers to the amount of a chemical species found in the
extract, axpressed in terms of micrograms per gram of waste or soil. Each
calc:lat1on utilizing these quantities is-explained in the following para-
graphs.

Calculating the Weight of a Substance Leached from Waste

The weight of a substance leached per gram of waste can be calculated by
multiplying the concentration of the substance observed in the extract by the
volume of water or other extraction liquid used, divided by the weight of
waste being extracted. In consistent units: microgram/milliliter x milli-
Titer/gram = microgram/gram waste. Thus, the weight extracted by each
extraction in the series listed in Table 1 was obtained by multiplying the
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FIGURE 12. CHALLENGING MULTIPLE SOIL SEGMENTS WITH SUCCESSIVE EXTRACTS OF WASTE.
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observed concentration in micrograms/milliliter by the extraction volumes
14sted in the second column of the table.

Since one percent concentrated nitric acid was added to keep ions in
solution, and ten percent by volume of 1ithium nitrate solution was added to
suppress interference from alkaline metals and earths in the analysis by
argon plasma emission spectrophotometer, the observed concentration must be
adjusted to obtain the actual concentration. (The correction for the 1ithium
addition was accomplished by programing the concentrations printed out by
the spectrophotometer.) The corrected raw data from replicate extractions
is averaged and posted as column C, Table 13. Multiplying each waste-sample
concentration by the appropriate above-mentioned factor yields the corres-
ponding result ir column D.

Calculating the Weight of a Substance Penetrating the Retained on Soil

The weight of a substance extracted per gram of soil is calculated for
each extraction in the same manner as described above for waste. The multi-
plying f_ctors remain the same because the extraction volumes in Table 1
were adjusted for all the soil batches to maintain the same milliliter/gram
as for tha waste.

The amount penetrating a batch of waste or soii becomes the challienge to
the next batch. Thus, the ug/g out of the Wy becomes the ug/g in for I3.
The weight of a substance coming in to a batch of soil minus the weight out
equals the weight retained by the soil during the extraction. In this way,
tha values entered in column D, Table 13 are used to produce column E. The
fraction retained by a soil from an extract is calculated by dividing the
results in.column E by the weight coming in, as indicated in column H.

When ever a minus sign appears in the table., it means that the <oil
either gave up some of that substance which it had previously picked up from
the waste leachate, or it gave up some originally present in the soil before
being exposed to that waste. If the original analyzed concentrations were
near the detection limit, then, because of the normal deterioration of the
precision of an assay near its detection limit, less significance can be

assigned to the corresponding derived values and to the appearance of a
minus sign.

A useful property of the fraction retained from the cumulative total
challenge is that when the soil is yielding the elment of interest and it
is desired to know how many times greater the amount existing is greater than
the challenge,change the minus sign on the value in column I to a plus and
add 1.00. Thus, a fraction of -8.0. retained from the total challenge means
that 9.05 times as much of that element was given up as was present in the
total challenge.

The results of passing one waste extract through the three soil
batches can be presented as in the histogram of Figure 13. The height
of the histogram bar labeled W represents the mass in micrograms of
a substance extracteu per gram of waste. This is the challenge to
the first batch of soil, whirh represents the top layer in a bed of soil.
The height of the bar labeled I shows the concentration of the species
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in height between I and W is the amount of the species retained per gram of
‘sofl. '

The cumulative sum of the challenges to a given batch (layer) of soil is
obtained by summing up the results for the successive extractions that have r
challenged that batch. Thus, as seen in columm F of Table 13, the curilative I

penctrating the batch representing the next layer of soil, and the difference . i

sum of the challenge to soil II, is Iy + I>. The cumulative total ret ined
can be calculated in a similar manner, as indicated in column G, and used to
determine the fraction retained from the total challenges, as recorded in
column 1. These values are of particular interest in studies of soil

-capacity.

Calculating Penetration Factors

The quantity of a substance penetrating a batch of soil divided by
the amount of challenge (both found in column D) can be defined as the
Penetration Factor (the reciprocal of the Attenuatfion Factor), which is L
found 1n colum J of Table 13. This is the fraction penetrating the
soil and i1t can also be viewed as the decimal percent. Multiplying a
challenge by the Penetration Factor gives the amount penetrating. If
the Penetration Factor is greater than 1.0, it indicates that the soil
is either yielding material previously held up during the passage of
:xtr::ts. ?r that some is being displaced out of that originally present
n the soil.

The penetration factor calculated in column J is for the corresponding
extraction only and is not cumulative. The cumulative penetration
factor can be obtained by subtracting the cumulative fraction retained,
column I, from 1.00.

- L. —— . _ {10}
Caicuiating Distribution Coefficients *®

The chromatographic distribution coefficient, K, is defined as the i
concentration of a species in the solid phase divided by the concentration :
in the liquid phase. (20) This distribution ratio (columns K and M of Tahle I

13) {s the slope of the line showing the relationship between the concentra-

‘tion adsorbed on the soil and the concentration remaining in the solution.

The angle of the slope at that point is the arctangent of K. (The angles
are tabulated in columns L and N.) At low concentrations, the relationship
is usually linear in simple systems, but K typically decreases with increas-
ing amounts of solute, {.e., as the sites are occupfed by ircreased amounts
of the substance being studied. Large K's show a high relative retention.
Experiments to determine K are normally done at constant temperature because
K is temperature-dependent (changing the temperature changes the position of
a point on the plot showing the amount of a species removed from the solution
by the sot1) and so the curves are called isotherms.

Temperature is not the only parameter which affects the distribution
between phases. The pH, the ionic strength, the presence of competing ions,

the previous history of the solid, its current surface energy and effective
surface area, in short, the total conditions must be unifcrm because each of
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these things can affect the distribution ratio. So, iso-conditions are
needed, ot just iso-therm, while experiments are run if this kind of plot is
to be obtained. If the conditions are changed to some other level, a dis-
tinctly different set of points can be obtained. (If conditions are allowed
to vary at random, then randomly located points can be expected; if condi-
tions are varied according to some pian, like a factorial experiment design,
then their effect on the distribution coefficient can be examined. For the
results to apply to a field situation, field conditions inust be simulated in
the experimental array.)

These lines are called adsorrtion isotherms, but more than adsorption can
be involved in removing ions from solution. Besides dispersion and dipole
forces, hydrogen bonds and weak covalent bonds—including acid-base inter-
actions and complex formation—-strong covalent bonding responsible for chem-
isorption, precipitation, and even mechanical filtration, all could contri-
bute to the removal of a substance from solution. So what is called adsorp-
tion isotherms really are plots of removal or retention in iso-conditions,

that is, they are plots of temporsry retention under a given set of conditions.

Even irreversibiiity is condition-dependent. An insoluble compound may
become soluble as the conditions change, e.g., as the extracticn progresses
or as the soil changes.

The distribution coefficient, K, is not for adsorption alone, but for all
equilibria causing retention or displacement. K can be computed on several
different bases: as an experiment is started, the concentration of a sub-
stance being studied will probably be zero in the solid phase if a chromato-
graphic substrate is being worked with, but in soil work, any compounds
present in the soil which contain the ion(s) being studied are a potential
source that can contribute to 1ts concentration in the leachate solution
passing through the sofl. The waste leachate is a potentially powerful
solubilizer and displacer of components in the soil, i.e., the soil can act
&$ a reservoir of Pb, Ud, Ti, ZIn, etc, which the waste leachate can cause to
bleed off and carry on down to ground-watar. A negative slope to the reten-
tion isotherm shows the soil is giving up the ion, acting as a source. The
:;ste is the cause of this kind of pollution, but not the source—the soil is

e source.

The distribution coefficient, K, can be based on a unit volume of solid
adsorbant, or a unit weight, which is employed in this report. The concentra-
tion expressed in microgram/gram soil can refer to the number of micrograms
of fon removed from a given solution challenging the soil. it can represent
all that the soil kas removed from 2 series of solutions (as in colum M of
Table i3), it can be a total which also includes all that was originally
present in the soil (Table 5) and therefore potentially available to the
equilibria (as used in colum K), or the total concentration in the soil can
include just that portion known to be soluble in or displaced by the solution
challenging it.

The concentration in the solution is usually expressed as weight per unit
volume, such as micrograms per milliliter, and the resulting units for K are
milliliters per gram, as shown in equation 15:
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k= 2« ug/g x mi/ug = m/g. (15)

But, even though it is the liquid that is being analyzed, it is the soil

that is being studied. The concentration is measured as micrograms per
af11111ter, but of more direct importance is the weight of soil contacted by
this solution. If the concentration observed in the 1iquid, microarams/milli-
liter, is multigﬂied times the total amount of liguid put on the soil,
expressed as milliliters/gram, Equation 16 shows that the concentration in
the solutfon is obtained in terms of micrograms per gram of soil contacted:

ug/ml x ml/g = ug/g (16)

Then, as seen in Equation 17 the ratio, K, becomes a properly dimensionless
constant as a result of employing this more fundamental relationship:

X = Tgran Ty " e an

As previously discussed, the conditions for retention can be expected to
differ with soil depth because each layer of soil is challenged by a differ-
ent solution matrix. The conditions also will change with time as the
leaching of the waste progresses and generates a solution of changing
composition. So that this latter effect could be examined, equations were
derived 0 calculate the distribution coefficient for every succeeding
extraction of the waste. The distribution of a species between the solid
and the liquid: phases will be the sum of tie amount originally on the soil
and the amounts retained from each of the successive waste oxtracts, all
divided by the amount in the solution leaving that batch of soil. Thus, the
distribution ratio resuiting from n extracts passing through soil batch I
can be computed by the following equation:

C . ot (W= L))+ (W, - L)+ ... (W, - 1) (18)
In - I
n
n
I * E (W, - 1)
a i= ; = Slope of adsorption isotherm, (19)
n
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where,

Io = concentration of a species originally on the soil, ua/g,

li = concentration of the species in the ith extract pnassing through

_ soil batch I, ug/9, and,
et .
H W

;- concentration of the species in the ith extract out of the waste,
ug/g.

The concentrations of the solutions after equilibrium has been established
) (the output concentrations) are used in these calculations instead of the
i starting (the input) concentrations.

3 The distribution ratio will ordinarily be different for the second

: batch of soil because it is being challenged and conditioned by a different
solution — a solution which has been modified by passing through the first
batch of soil. The distribution coefficient for the second sofl batch can

?: be calculated for each extraction using the following formula:
‘ ) Ilo + (I] - 111) + (I2 - Ilz) + ... (In - IIn) (20)
- Iln 1
. “’n
o
. n
IIc + EE (Ii -~IIi)
; T - i= | = Slope. (21)
N re :

» l&"

The distribution coefficients for each extraction possing through the third

batch of soil are calculated in a similar manner using the differences in
E A concentration between the second and third soil batches.

The experiments generally will be done with the same kind of soil in
each batch, so the concentration of a species originally in the batch of
sofl, I_= ] = IIIq. If only the amount of a species removed from the
solutioR 1s t8 be cofisidered in the distribution coefficients being caicu-

: lated, neglecting that which is originally present in the soil, set I,, II,,
F and III, all equal to zero.

The effect of different soil-to-waste ratios can also be checked in this
experiment by calculating distribution coefficients for the waste extract
challenging the first two soil batches and then all three batches:

3 n
I +1I1I + (wi N Ili)
0 0 .

‘L’

s, * 21T - _ (22)
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for a 2:1 soil-to-waste ratio, and

I° + IIo + IIIo +

t =]

x( (23)
1/3 111

I+1I4111) -

for a 3:1 soil-to-waste ratio.

The effect 6f changes in the extract due to passage through the soil also
can be obtained by calculating:

n
(I, - II1.)
11, + III + i i
K = t = , (24)

and comparing it with the results from KH+II)n (Equation 22).

Since a distribution coefficient is the slope of the retention curve (the
"isotherm") at the point represented by the numerical values of the numerator
and dencminator in the ratio, the angle whose tangent is K can be depicted on
& ?raph by an appropriately oriented 1ine segment. This seemingly would
allow drawing a curve of retention under iso-conditions (an "isotherm"). But
21 examination of the experimental data in Section 6 reveals, as postulated
when designing this experimental approach, that there is a considerable
change in K for most ions as the leaching of the waste progresses and as the
waste passes down through the soil. This shows that in the real field
situation, or in experiments which approximate it, constant conditions for
adsorntion will not exist during the presentation of the challenge. This
means that the remainder of the curve cannot be determined. Only a fa.ily of
line segments will be obtained from the K values calculated for each waste
and soil extract, with each line segment representing the distribution ratio
under a different set of conditions. An example is depicted in Figure 14
using colums D, G, and N from the data giving the leaching of cadmium from
2inc secondary-refining sludge on Chalmers soil (Table 63).

Although there does not seem to be much value in plotting adsorption
tsothe ms for these compler situations, it is of interest to obtain distribu-
tion coefficients from valid observations because they are employed in chroma-
tographic theory. For instance, the net retention volume, V,, requirad to
elute the peak of a given chemical species, can be calculated from
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Vo K Vs ’ (25)

where Vs is the volume of the stationary phas:. (21) If we can relate K for
a given’hazardous material to environmental-exierimental factors having ‘
significant effects, then the resulting equations may be usable for predict- (
ing its movement down to ground water.

A distribution ratio of, e.g., three, would be obtained whether the
concentrations in the solid and 1iquid phases are 3/1 or 300/100. But what
ultimately determines the current hazard is the concentration existing in the
1iquid phase, and the distribution ratio does not directly disclose this.

The concentration resulting at each soil depth and for each stage of the ‘
leaching is given by the raw data from the serial batch extraction procedure.
gTyis information can be presented in a table as in the example in Appendix

COMMENTS ON PREDICTION EQUATIONS 19

The two main approache; to describing a physical situation in mathemati-
cal terms are either to construct a model or to derive an empirical equation.
Both were examined to see which was 1ikely to be the best for obtaining
prediction equations.

Models

The kind of model of interest here is a mathematical or at least a dimen-
sional analysis which expresses the relationship between the important vari-
ables of a physical system. Although mathematical models may be derivable to
describe relatively simple individual phenomena (i.e., observations of experi-
mants on simpie systems, etc), combining these to accurately describe a more
complex system will be possible only if all the significant phenomena are
known and if functions, weighting factors, etc, relating them (which must be
determined by observations) are included to balance their relative e?fects on
the system's response to a variation. Therefore, ever with the best model—
one which intludes all of the significant details—experimental work ordin-
arily will have to be done to measure the effect of each factor so that a
prediction equation can be derived. The result is an equation with empiri-
cally derived coefficients, but with a form constructed from theory. (Running
experiments also commonly provides additional insight into the pr ~‘cal
system, enahling revising the model.) Thus, for a model to be u .ful for
making predictions, the terms must ordinarily be amenable to elucidation by
experiments relatable to the real field situation. That is, the experiments
may have to include variables such as temperature, ionic environment, resi-
dence time, etc., at the levels they occur in the field. Experiments there-
fore should not be arbitrarily simpiified. Holding an experimental factor
(e.g., concentration) constant can be the experimental equivalent of deleting
a variable frcm a model or making an assumption in modeling. (Conversely,
assumptions in the initial formulation of a model can be equivalent to running
experiments under a limited range of conditions, thus excluding a range of
applicability of the model.) Simplifications can be introduced (assumptions
in theories, approximations in experiments), but it is always nacessary to
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detarmine whether the effects of these simplifications are significant, i.e.,
how far the final resuit comes from representing the real 1ife circumstances.

Unfortunately, instead of attempting to 1ist all of the significant
varfables and then carefully working out the relationship between them, it is
a common practice to pick a model developed for some perhaps related applica-
tion and apply it to the new situation without considering whether the model
includes all of the variables which have statistically significant effects in
the new situation, much less seeing whether the functional relationship
between the variables {is correctly expressed. The dangers of being too
arbitrary about the choice of model can be seen from a simplified example:

An investigator may be interested in predicting the leachability of cadmium
from NiCd battery-production waste by landfi11 leachate (the liquid produced
by the percolation of water through municipal refuse). 1If in a previous
study he developed a model using water as the leaching solvent, and it is
desired to apply this model to the results obtained from experiments in which
landfil]l leachate was used, the simplifying assumption might be made that
since both 1iquids are aqueous, the other ions present in the landfill leach-
ate would not affect the basic nature of the leachability of the cadmium ion.
In actuality, the cadmium leaching by landrill leachate is adequately des-
cribed by a linear equation whereas the data from the original investigation
dictated use of a power function (Figures 15 and 16). Nevertheless, the data
from the landfill leachate study would be forced to fit the power function
model by regression analysis. The coefficients in the resulting equation,

Y = 14000 x~1-87 , (26)

then express the deviation of the experimental data from the presumed model.
In a. more complex example, the differences between the resporise surface pre-
dicted by the Lapidus-Amundson diffusion equation and that found experiment-
ally for the movement of cadmium through scils is expressed by the surface of
Figure 17, which presents a small section of the sum of squares surface (for
D1spersion Coefficient = 2 cm?/day) expressing the difference between the
experimental data and the model:

- _Pore Water Velocit¥ K, s
Conc. of Ion spers. Coeff. * Pore Fraction ~ Ka (27)

These misfits occur when experimental data is used to derive coefficients
for the wrong model. If the model should happen to describe the data reason-
ably well over a part of the concentration range or leaching time, and the
equation yields some predictability, it probably will be thought of as the
correct model even though it is a hybrid, an incorrect or incomplete model
with empirically-derived coefficients. Fortunately, experimentally determined
coefficients will help to compensate for deficiencies in the mathematical
structure, but the range of applicability of the formulation will seldom be
known and its use as a prediction equation can lead to very large errors.

When a complex physical situation is involved, rather than attempting to
use an inadequate model and inserting empirical coefficients, it may be
better to derive empirical equations in the first place and let the data
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3;apeak for itself. A modeler needs to understand and define everything cf

significance about a system whereas the developer of an empirical equation
does not. Eventually it may be possible to obtain good mudels which define
the movement of ions through soils, but at present the quickest route to
valid prediction equations is most 1ikely through equations that are entirely
empirically derived.

Empirical Equations

If the interest in obtaining equations which describe a complex system 1is
not for theoretical purposes but is for practical applications like predict-
ing a response resulting from known levels of given variables, then obtaining
purely empirical equations should be a more straight-forward approach. But
caution is still required if the equations are to describe a field situation.
Equation parameters should be derived from experiments that include all of

 the factors having significant effects. The design of the experiment should

be such that the scuope of its applicability and its relation to an actual
field situation will minimize the number of assumptions needed in the corres-
ponding prédiction equations. This will improve the validity of the predic-
tions. For example, the changes in K reported in Section 6 show that the
experiments should employ an actual changing waste leachate so that predic-
tions will not have to be based on the assumption of a constant composition
or so that the nature of the changes will not have to be assumed. The closer
the laboratory simulation approaches a field situation, the fewer additional

assumptions that will have to be applied and the more reliable the predictions
" 1ikely will be. Rapid experimentation which is flexible enough to simulate

each new fiald sfituation even makes case-by-case experimental determinations
practical, thus reducing to a minimum the dependence upon the ability of an
equation to extrapolate.

It is our opinion that mathematical models should not be introduced too
soon in an attempt to construct an expression meant to predict the behavior
of a complex system. Experimental examination of the effects of impressed
variations can (if the experiments are suitably designed) take into account
the effect of unidentified (unknown) factors. Afterward, in the application
of these results, mathematical compensation may be introduced to correct for
those factors which were not included in the experimental set-up (such as
upward capillary flow, horizontal spreading, etc). Additional experimenta-
tion may be required to quantitate these effects. The final description of
the predictions should be in a mathematical framework which yields output
weight or concentration in terms of time, volume, etc., upon plugging in
values for all factors which differ from those employed in the experimental
determinations or those effects which otherwise need correction (1ike experi-
ments on a saturated system being appliea to predictions on unsaturated).

In this connection, some commerts are in order concerning the nature of
the proposed graded serial batch extraction procedure:

a. Batch extractions are considered to be of zero dimensionality. (23)
The batch extraction method is independent of soil dimension in one sense,
but the relation employed in the design of the experiments reported here
yields results expressed per unit volume of soil, i.e., in three-dimensional
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*f%sﬁgcg,,,ln the application of these results to the field, the effect of
“Horfzontal spreading (how the space occupied by the volume changes with time)
“¢an be taken into account.

~ b. Even though an extraction can be classified as static with respect to
~1iquid-front movement, the sequential extractions proposed here simulate a

stepped dynamic situation so a steady state need not be assumed for predic-
tion equations in which these data are applied. The proposed batch extrac-
tion experiments thus should provide very useful input data for a variety of
‘transport models. (Predictions are better based on laboratory simulations
than upon completely mathematical "simulations".) Additional soil batches
(f.e., more than three) could be used to better define what happens with
{ncreasing penetration depth into the soil.

c. The serial batch experiments provide direct information for saturated-
only transport models. Corrections must be inserted if there is a signifi-
cant di’ference caused by unsaturation. (Comparison between batch and column
showed no difference for most fons studied.) (2) The rate of movement could
also differ greatly without causing significantly different adsorption equi-
libria;iiég., the K values may be sufficiently alike so long as equilibrium
i3 attained. ‘

*  d. The calculated time equivalencies listed in Table 12 are for the
idealized case of a uniformly-packed bed of soil (similar to that prepared in
a colum or for a lagoon lining). Inhomogenities in composition (such as
steaks of sand in a bed of clay) or fissures produced by, e.g., rotted roots,
will not only greatly increase the 1iquid front velocity in those zones but
the resulting channeling can significantly reduce the effective mass of soil
- contacted by the waste extract. For example, if channeling is bad, 70 percent
.. of the liquid may leak through and contact but a small fraction of the soil,
while only the remaining 30 percent of the waste leachate would b2 available
to percoiate through the bulk of the soil. Corrections can be readily
included for this kind of deviation from ideality if their relative magni-
" tudes can be estimated for the site of interest. Another situation that
= would affect the liquid-front velocity presumed for a given bed of soil, one
T which would require separate flow-rate columns to detect, is the case where
2 the waste leachate itself affects the flow through the soil, either by plug-
g ging the pores and reducing the fiow, or by affecting the soil structure and
drastically increasing the flow-rate (this was observed with flue gas waste
on Davidson soil (24)?..

b
{

TR T
PN B Lo
1E

i

g,

e. It is recognized that in the field very slow processes may contribute
to the net retention or even change the conditions under which retention is
1 occurring (like micro-biological modification of the leachates and/or soils).

: The relative net effect of the slow to the fast processes during the time of
contact will determine their significance. If slow processes have a signi-
ficant proportional effect, it may not be possible to accelerate the testing
by reducing-the contact time below the residence time calculated for a given
11quid front velocity. However, it is also not desirable simply to wait for
equilibrium to be established if this requires longer than the field residence
time for 2 slug of liquid of a given composition.
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A change in the distribution cocfficient shows a shift in the equilibrium.
e change in K could be plotted versus pH or hydrogen ion concentration, the
toncentration of other ions, or against the measured values observed or cal-
culated for the slope, or other responses of concern could be regressed
against the level of selected experimental factors to see if a simple relation
exists betweien a response and a factor. (I.e., test for or derive a relation-
ship between the measured or calculated parameters and the experimental
variables.) But, it is necessary to be careful when drawing conclusions in
this way. What is being done with the data to relate factors (variables) may
be analogous to classical vary-one-factor-at-a-time experimentation. If so,
the conclusions can be very far off 1f interactions existed between the
factors being plotted or examined numerically. The only sure way to take
interaction {nto account is to run the experiments as factorial experiments
and then derive the relations between the statistically significant factors
interactions using regression analysis. The effect of many kinds of
variasbles can be determined by relatively small perturbations superimposed
upon the total simulated field conditions, as by using the method of additions
to study the effect of the concentration of Ca++ or other ions. Other factors,
11ke temperature, surface area, soil type, etc., can be readiiy included. A
numbar of factors can be included simultaneously with factorial experiments.
(Models might be of help to point out possibl,-important factors that should
be included in the experiments, but mental imagery, not mathematical formula-
tions, ultimately provides the input for deciding what variables to include
in experiments.) If the number of potential factors is large, it may be
desirable to run screening experiments 1ike main-effect factorial experimments
first, possibly followed by fractional factorials.

‘Evean with the best kind of designs, the magnitude of the effect of only

those factors purposely varied can be learned from the experiment, but some
g other factors may have an effect and even interact with the experimental

, factors. But if any unidentified factors can be kept at the same levels as
they occur in the field (such as by using the same soil throughout the experi-
ment because some unknown soil properties may be significant factors), then
the effect of the known factors will be correctly estimated even if inter-
action does exist between them and the unidentified factors.
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SECTION 6
EVALUATION OF INDUSTRIAL WASTES

Samples of wastes were collected from a single plant in each of the
following industries: zinc-carbon battery manufacturing, titanium dioxide
pigment production, hydrofluoric acid manufacturing, white phesphorus pro-
ductiony zinc secondary-refining, and ofl re-refining. These wastes (des-
cribed in detail in Section 4) were examined for the water-extractibility of
certain inorganic fons during a series of seven extractions (by usually
redoubled volumes). This corresponded to an exposure to a water-source, such
as atmospheric precipitation, for a period of time which can be estimated by
the .relation developed in Section 5, page 37. The resulting leachates were
then applied, in sequence, to three batches (corresponding to three layers)
of each of three different clay soils: Chalmers, Davidson, and Nicholson
soil. Analysis of the solutions for pH, conductivity, and concentrations of
spacifiad ions before and after contact with the soils allowed observing the

effect of a soil on the leachate, as well as seeing how later changes in the
~ leachate affected the retention of an element on a soil. No attempt was made

to investigate the mechanisms responsible for the soil and waste leachate
interactions.

- These wastes represented a reasonably wide range of characteristics for
testing the graded serial batch extraction procedure — from very soluble to
relatively insoluble, from extremely acidic to highly basic, and one was an
organic waste. These practical applications provided data which could be
presented in a variety of ways. The graphs and tables that were chosen for
conveying the test results are included in the following subsections, each of
which covers one of the wastes.

. First, in the discussion portion of each subsection, a short table
presents the leachability of the elements of interest in the waste. (Table
15 {s an example.) The column labeled Initial Concentration refers to the
concentration in the first extract. Next, the point in the series of extrac-
tions when the concentration in the extract levels off is identified. The
equivzlent leaching time is taken from Table 12 and is offered as a compara-
tive index of the rate of leaching. The next column in Table 15 gives the
total Weight of the Element Extracted per gram of waste. This is calculated
up through the extraction prior to the one in which the lower detection limit
(LDL) was reached or up through the seventh extraction if samples remained
above the LDL. The last column in the table gives the percentage this weight

represents of the total weight of an element in the waste (as reported in
Section 4).
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The bottom portion of these waste leachability tables gives the conduct-
ance and pH in the first and the seventh waste extracts. The specific con-
ductance was measured for each sample hecause it is a convenient indicator of
the solubflization of m» erials from a waste or soil. Multiplying the
specific conductance by J.01 yields an estimate of the number of microequi-
valents of dissolved solids per milliliter for many waters (25). Multiplying
the microequivalents/milliliter by the sample volume gives the total micro-
equivalents of dissolved fonic spacies present in the extract. The figure
xivtn fn the table is the cumulative sum calculated from all seven extracts.

1though 1ts accuracy will vary depending upon the eguivalent conductances
of the mixture of ions present in the solution, this figure provides an
estimyte of the amount of waste that dissolved.

For each elameiit of interest a graph was prepared showing its leach-
abiiity from the waste. (See for example Figure 24.) The y-axis gives the
concentration, micrograms/milliliter, of the element found in the extract (be
sure to note whether an exponent is given). The cumulative volume scale on
the x-axis is accompanied by a sca’e giving the calculated correlation with
time, showing the equivalent number of years of exposure to a source of water
which 1s moving through the waste into the underlying soil at a pore water
velocity of 1 x 10°5 cm/sec. The lower detection 1imit for the assay is
indfcated to the far right for guidance in evaluating the significance of the
his ‘am bar height. Above the histogram bar 1s printed the total weight of
the elewent 1iberated by that extraction. This is expressed as micrograms
par gram of waste, which is equivalent to grams per metric ton of 2204.6
pounds. If and when the lower detection 1imit is reached, no weight is given

because the results in this region are undefined: they can be anywhere in the
- range from zero to the weight calculated from the detection limit.

) ~ Each waste characterization histogram is followed by a set of histograms
L (one for each extraction) which compares the fraction of that element retained
£ from the waste leachate by the three soils for three different soil-to-waste
Lo rattos (1:1, 2:1, and 3:1). The height of the histogram bar and the value

A printed on it show the fraction retained from the cumulative total challenge
up ty the point represented by that extraction (calculated as in column I,
Table 13). If the soil gives up that element, then the negative value is
printed under the space corresponding to the appropriate layer of soil. The
sofls are designated by the letters C for Chalmers, D for Davidson, and N for
Nicholson soil.

T T T #
P L 20
’ BV

; For example, the results of taking the leachate from the sixth extraction
; of waste zinc-carbon batteries and challenging the soil batches that had
already been subjected to five previous extractions of waste leachate are
given in the following portion of Figure 25:
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The first bar in the first histogram shows that 75 perceat of the cadmium
;o present in the six extracts had been retained by Chalmers soil at a 1:1 sofl-
= to-waste ratio. (Table 16 shows that the fraction retained from this sixth
: extraction was -0.22, meaning that the soil was starting to lose previously
held cadmium, although the cumulative net fraction retained was still 0.75.)
The solution exiting this first batch of soil can be different from the
- solution that entered it in many ways, and the cadmium concentration was 0.80
" #9/g instead of 0.65 ug/g, a difference of 0.15 ug/g. When this resulting

S solution was placed on the second batch of soil, a total of 71 percent of the
= cadmiym was removed by passage through what 1s now a 2:1 soil-to-waste ratio.
. This means that the different sample matrix caused a loss of even more of the

cadmium already on the soil. (Table 16 shows that the fraction retained from
the total challenge to soil batch IT up througk extraction 6 is -0.15, a loss

- of 1.42 ug/g cadggum.) Be aware that the fractions found in these experi-
ments strictly apply only for the wastes studied and for the concentration
level and total quantity of that element present in these tests. Extra-
polation could lead to erroneous conclusions.

Following the above-mentioned waste characterizatior curves and the
summarizing soil-retention histogram is a series of tables and graphs that
detail, for each kind of soil, the results obtained for each element extracted
from a waste. A table of values caiculated from the batch extraction data in
the manner shown in Tabla 13, page 42, is presented for each soil. On each
page facing a table is a set of histograms that give the weight, micrograms
- per gram waste or soil, of element obsarved in the extracts from the waste
o (designated by histogram bar W) and from each batch of soil (I, II, IIT) for |
) each of the seven extractions. This latter histogram thus shows the amount
of element penetrating or released from the soil as discussed in Section 5.
(Refer to Figure 13, page 44, for the significance of the histogram bars.)
The analytical detection 1imits are indicated to the right of the histogram, i
but here they are expressed in terms of micrograms per gram of waste or soil
2 -to be consistent with the units on the histogram. (The liquid-to-solid ratio
3 was kept the same for W, I, II, and III so that results could be expressed as
' wicrograms per gram of either waste or soil.) Because the detection limits
are expressed as a weight of element per weight of waste or soil, they
increase with each succeeding extraction because increasing volumes of
solution are used to extract a fixed weight of waste or soil. For this same
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'frnasau the histogram bar height will increase as the extraction proceeds,

for the casa when the output concentration becomes constant, because a given
concentration in a larger volume represents a greater weight. So take note
that these soil histograms are expressed in terms of weight of element per
unit weight of waste or sofl. The corresponding concentrations in micrograms
per mill{liter can be obtained from the accompanying tables.

To show the source of the numerical vaiues on this kind of histogram, a
portion of Figure 27 1is given as an example:

g NG/G
-
rnu.
EXTR. 8
5 -
8
° iDL

W I T I

The histo?rum identified as EXTR. 5 in Figure 27 shows that the 5th time the
same sample of zinc-carbon battery was extracted, the solution from W contained
6.44 wicrogramrs cadmium per gram of waste. This solution was mixed with the
first batch (I) of Davidson soil. (A flowchart of the serial batch extrac-
tion procedure is shown in Figure 2 for the first two extractions.) When the
solution was filtered, it contained 4.52 micrograms cadmium per gram of soil
contacted by the solution; the difference between W and I had been retained
by the soil. The solution filtered from soil batch I was mixed with soil
batch 1I for a predetermined length of time. After filtering II, analysis of
the filtrate showed that soil batch II had reduced the solution concentration
to 0.98 micrograms cadmium per soil contacted. This corresponds to the
corcentration penetrating a seccnd layer of soil. The difference, 4.52 minus
0.98, or 3.54 micrograns cadmium per gram, was retained by the soil. The
solution from II was mixed with soil batch III and the solution concentraticn
Jf the resulting filtrate was 0.35 micrograms cadmium per gram, only slight.y
above the lower detection 1imit («LDL) of the analytical method. Of the
initfal 6.44 micrograms cadmium per gram in the fifth extract, only 0.35
micrograms cadmium per gram penetrated (i.e., was not retained by) the three
soil batches. The weights of waste and soil were chosen so that this corres-
pends to the penetration thvough the amount of soil equivalent to a 3:1 soil-
to-waste ratio.

Although analytical variations will be responsible for some of the
differences within sequences, as explained in Sections 1 and 5 the progress-
ing waste extraction and the passage of the resulting solution through the
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i';stjl continually changes the solution environment and the soil. Thus, what
‘happens in one batch is not necessarily an indication of what to expect in

thl~n|xt This unpredictability is expressed by the plot of isotherm seaments

shown in Figure 14. In many cases a chromographic type "peak" can be clearly

saen to move through soil batches I, II, and III. In other cases the peak
remains “submerged” and is discernable only as a wave of lowered retention

_pragressing through the soil as the extractions are continued. To simplify

the precsantation of information, mainly the results from the 3:1 soil-to-
waste ratio will be discussed. This uses the concentrations exiting soil
bétch 111 and the fraction retained of the total challenge which was calcu-
lated for the row designated as I + II + III.

The descriptive terms used in the following discussion will adhere to
thc guidelines presented in Table 14. Multiples of the proposed safe drink-
n; water standards (SOWS) (26) or the safe irrigating water standard (SIWS)
(27) are used as a point of reference to facilitate describing the magnitude
of the concentrations -uf an e¢lement found in a sample.

TABLE 14. TERMS USED TO DESCRIBE THE MAGNITUDE OF ELEMENT CONCENTRATION IN

LEACHATES.
Jerm Very Low Low Moderate High
Level | sows 10X SOWS 100 X SOWS 1000 X SDWS
Element Concentration, ug/ml
Be 0.1* 1. 10. 100.
8 0.75* 7.5 75. 750.
cd 0.01 0.1 1. 10.
Cr 0.05 0.5 5. 50.
Cu 1.00 10. 100. 1000.
F 1.8 18. 180. 1800.
Pb 0.05 0.5 5. 50.
Hg 0.002 0.02 0.2 2.
N 0.2* 2. 20. 200.
In 5.00 5G. 500. 5000.
SIS

ZINC-CARBON BATTERY WASTE

The batteries used for these tests were reject, heavy-duty size D cells
which had been passed between rollers before disposal to crack them open and
expose the interior. Entire cracked batteries were used so as not to further
increase the surface area but this meant that only four batteries were included
in the sampling. These batteries could have been rejected by the manufacturer
because they contained the wrong proportions of soime component and therefore
may not be representative of this type of battery. The batteries tested were
moderately corroded. A more advanced state of corrosion could be expected to
increase the solubility of the affected materials.
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~ Table 15 summarizas the leachability of the waste heavy-duty zinc-carbon
batteries. The percentage extracted was not caiculated for any of the elements
except zinc because the proportions given in Table 10 were an industry-wide
average and can differ greatly in individual proprietary formulations (28).

TABLE 15. LEACHABILITY OF ZINC-CARBON BATTERY WASTE.

Element Initial _ When Concentration Levels Off Total Weight Percentage
Conc. Conc. Extr. Extr.Vol. Equiv. Extracted Extracted

{ug/ml) (ug/ml) Nr. (ml/q) Days (ua/q waste)

cd 3.8 0.08 7 190 620 29. --
Pb 0.27 0.1(L0OL) 2 5 16 0.54 --
Hg 0.96 0.01(LDL) 3 R 36 2.1 --
In 170. 1.3 7 190 620 820. 22.
Measure- Infitial  Final Estim.Tot.Extr.
ment (u equiv/q)
Conduct. (u mho) 32,800 77. 1350.

pH 7.8 6.5 -

The effect of the three soils orn the specific conductance of the extract
was nearly identical, as can be seen from Figures 18 to 23. The conductance
histograms show that a high proportion of the soluble materials penetrated
the sofls at first, but the output from both the waste and the soils soon
dropped to a low level.

The pH of the waste extract dropped from 7.6 to 6.5 during the course of
the sevea extractions, which means that the nydrogen ion concentration
increased 1.1 oirders of magnitude, a factor of: antilog 1.1 = 12.6. The
Chalmers and Davidson soil reduced the pH of the first extract to an average
of 6.4, but the extract from the second and third batches of Nicholson soil

averaged 4.6. By the seventh waste extract, none of the soils changed the pH
much.

Cadmium

Figure 24 and the data in Tables 16, 17, and 18 show that Cadmium
leached from these batteries to give z soiution of moderately high (3.8
ug/ml) initial concentration. Tre concentration dropped exnonentially to
0.08 ug/ml by the seventh extraction. The first extraction removed 7.7 ug
cadmium/gram of batteries; a total of 28.7 nug cadmium/gram was leached out by
the end of the series of seven extractions. The data in these tables, and
the histograms of Figures 26, 27, and 28 show that the cadmium was well
attenuated at first by Chalmers and Davidson soil but that all three soils
later reieased some of the cadmium (sigrified by the minus signs in the
tables) so that by the seventh extraction only 69 percent ot the total chal-

. lenge was retained by Chalmers, 62 percent by Davidson, and 49 percent by

Nicholson at a 3:1 soil-to-waste ratio. This is evident in Figure 25, which

also gives a comparison of the three soils for all seven extractions at three
different soil-to-waste ratios.
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Lead was present in the battery leachate only in low concentrations:
0.27 ug/ml in the first extraction and it dropped to the detection 1imit by
the second extraction. The cumulative weight extracted was 0.54 ug/g. (See
Figures 29 to 33 and Tables 19, 20, and 21) The waste extract did not flush
sfonificant amounts of lead off the sofls; the extracts were in the region of
the detection limit so the data cannot be used for further calculations.

Mgroury

Mercury was observed in the first extraction (Figure 34, Tables 22, 23,
and 28) in a moderately high concentration (0.96 ug/ml) compared to SWDS, but
it rapidly dropped to the detection l1imit. A total of 2.1 ug mercury/gram
was extracted in the first two extractions. Figure 3% shows that Chaimers
was the best of these soils for retaining mercur, for this extract. Figures
36, 37, and 38 give results for the individual batches (layers) of soil.

inc

Zinc was present &t a moderately low concentration (170 ug/ml) compared
to SOWS in the initfal extraction, as seen from Figure 39 and Tables 25, 26,
and 27. The concentration dropped rapidly and reached very low levels by the
fourth extraction. The total weight ¢/ zinc extracted in the seven extraction
was 820 ug/g, which is 22 percent of the total available. Figures 41, 42,
and 43 show the performance of the soils. The cumulative fraction retained
graphed in Figure 40 show Chalmers and Davidson soils retained about twice as
much z2inc from this solution as did Nichoison soil.

Summary

In the leachate obtained by extracting broken zinc-carbon batteries with
water, the inftial concentrations of cadmium, lead, mercury, and zinc were
Tow to moderately high compared to the safe drinking water standards. Their
concentrations decreased as the leaching progressed and the effluent from the
soils contai.ed very low concentrations, although Nicholson soil retained
less of each than did Chalmers and Davidson soil.
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TABLE 16. CADMIUM FROM ZINC-CARBON BATTERY WASTE ON CHALMERS SOIL.
ANT.PENETR. ANT.RSTR. CUN.TOT. CUN.TOT. FRACTION 2ETC.

DISTRIBUTION COEFFICIENTS

&1, THIS EXT. CHALLE.  RETD. THIS TOTAL  PEMETR. INL SOIL SOLN ONLY

M. LB WA KE W/ us/e Us/6 EXTR. CHALLG. FACTOR  RATI0 DEC. RATIO CEE.
1} v .8 7.4

1 &g .8 11 7.67 7.42 8 2 S X B V) 13.94 85,90 13.03 85,61

n '“ ‘o" -0‘5 oss '.OS 'i-‘. -1.18 2010 -.42 '7«.. ‘.54'39.45

144 & 03 1.1¢ 45 54 S M 2.2 4. 70 1.20 S0.08

I RN .8 3.4 M B4 L4 7.10 01.99 5.3 79.%

1e114111 Ry 2.5% rRy) 8 2 5 2 BN ¥/ 21.39 87.32  13.11 85.04
2 ' '“ z.“

1 B e 85 " .77 A2 R .9 7.47 .4 6.75 81,57

u -0 ‘0” .o" l-n ’.75 “ -4 ‘n” '-2"“." ‘.9’3..23

44 ¢ 0 a e .8 1.24 8 { BN 11.27 .93 1.5 83.4

1 57 4.6 3.4 37 Y L BN ¢ 747 R. 6 5.2 7.

Ie[lel1 o 1.3 8 4] N 2 67.82 89.46 45.1588.73
I R LR

I RIS R ] 22 9.8 75 8 .8 16.42 86,45 15,34 86.27

u ) I | .2 % -3 SN U RS JITES -1,48-55,91

144 ¢ (8 O Y A? . {9 T (B 40.07 88.57 31,74 88.20

Il 1.18 b.44 4“7 N 1 BN | S4.48 98.87 41,08 88.43

IeI1+111 2 407 18 N FI R US.IS .78 190,35 89.70
L v A .M

I (U ci2 L8 18 1. 8 82 07 100,37 89,43 96.29 89.44

u 8 n -0. .9 -{.14 -+.M -4 7.8 -89, 66 ‘1.23'5.99

1444 A0 48§ -, 1.8 1.67 -8 4 1. 1.89 R2.140 1.45 55.48

I+l A5 7. 5. N, J4 8K 13.47 8.75 11,30 4.

IeIe111 2 468 403 36 R V] 14,4 86,83 10.49 84,5
) ] T b

l M8 20 e .47 5.7 N ) T 1 8.19 83.03 7.94 82.82

i (i (M Lm 4.5 83 R d4 12 473 78,06 2.65 9.0

1 % [ S « BN | 3.0 1.59 -3 M L3 6.38 64.09 4.95 78.3%

I+l 340 1. LN 96 R R 7] 77.51 3%.26  49.18 89.17

I+11+111 2.u 6.8 6.06 99 R SN 1 69.34 89.47  $5.59 88.97
[} ] M8

I d42 N -5 A4 15,92 -2 S L2 20.40 67,19 $9.78 67.14

11 A5 23 1.4 s.3 -8 -4 .45 2m -3 -7.54 - 36-19.82

94 ¢ 3 1.2 5 610 .93 N ] L .9 2.36 2.0 1.97 83,14

11 -n 16.5% 181 2.4 JE L4 7.04 .54 &.74 84.%

1e11111 -4 7.4 5.8% -.% 43 1.9 17.47 86.687  11.47 85.82
? L] 48 7.4

1 N LI W B ¥ BN 19,7 .51 AN 5.48 79.53 5.8 9.7

1 R’ 2u 1 9.04 9 A4S a8 69 34.54 44 23,88

1 M S u 8.13 =Pt -89 -1 2.9 -.07 -4.28 ~.47 -9.43

I+l . 4.3 1.5 .73 B2 11.18 84.85  10.12 64.20

I+11+111 4 9.58 6.5 28 N3 S 7 4.2 77.24 3.59 74,45
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TABLE 17. CADMIUM FROM ZINC-CARBON BATTERY WASTE ON DAVIDSON SOIL.

MT.POETR, ANT.AETD. CUN.TOT. CUN.TOT. FRACTION RETD. DISTRIBUTION COEFFICIENTS
&xt, THIS EXT. OMALLG.  RETD. THIS  TOTAL  PEMETR, IML SOIL SOLN oMLY
R, TR w/m WS /e e/ /e EXTR. CHALLG. FACTOR  RATIO DEC. RASI0  DEG.

1 v N 2w

1 100 208 5.4 7.7 S.4 i ZR TR 34723 .82 7.8
Il M L M 1.2 N RN BT 79 1.455.93
m N N TSN K] A4S M8 1Y LT 44 742
12 3.4 8 14 B SR M3 8.4 83.2
L+11e111 2.5 2.5% 2.5 M 2 13048 99.50  47.45 86.09
2 8 2K
I 1.2 48 2.8 1N 28 4D . D .00 44,34 .58 30,18
un % TN R &8 5.8 M Y R4 S.47 80.0 d
m Y TRt I .72 1.3 B2 8 %R 829892
iell 56 “.5 1w S RS 1516823 07K
1eI1el01 o2 .3 143 M7 N BN 5.7 8.9
S K2 %
1 KUNEEN WY 2.2 4.5 YRR, + B 7 .20 SN}
1 n @ n A I X AT S5 1497 .18 11.86 §5.18
I 3 218 -.n 21 - 1M -5 4 SRADE  -.A5 -8.45
el 1.03 648 S.R MR [R5 8.3
lotlelll A4 a0 32 AT 9 nenws a7
. N 48 1.8t
1 .0 .12 1.4 14.3 519 A3 M4 7 3N ente Si.e2 89.99
n 0 1Lu .90 T8 LR T .5 B.ed SBe #.31 AMT.L |
11 " a .5 .2 A 2 Y B 6.59 01.37 1.5 S6.28
I+I1 § ) 7.2 S AT 0 163 A3 10.43 54.53
IeLI+l11 .S1 THUREEE N B4 4 §5.28 89.33  39.4¢ 88.55
S 2 WM
1 19 4R 1.9 0.4 a4 3 a N 2.41 64,69 1.79 60.86
I H N 1N 12.%  8.46 M e 2 9.79 84.47 8.3t 83.14
11 M 5 a3 42 .0 NS T 743 82.02 3.01 71,44
111 .7 1.4 8.43 8 T 4S5 2488745  16.5 85.55
IeLIel11 .83 R sm A5 85 A0S 8642 80.34  49.29 88.84
¢ ¥ MW
l (o 8 . .43 9.28 27 I T .28.48 1726 86.68 '
1l O TR BT 2.4 .46 A L 20028744 17,89 86.83 !
m M 2.4 1.5 A8 -5 -3 -t a2 A7 8.3 -.25-i3.78 ,
111 0 10.5% .2 22 M8 T MM . 88.33 '
I+114111 -4 7M S 241 75 341 (4.2485.98  7.83 8.7 i
7 08 7. |
1 435 A.74 .85 .57 “ 4 LML 3.89 75.60 ‘
Il A2 1.8 145 T R 54 1 .49 7.04 81,91 6.13 80.73 ‘
ut NTR X B 08 AT 247 -7 187 -.87-29.47  -.81-39.49 !
Iell N w4 T 72 17668676 14.03 85 02 ‘
I*IIe111 ' .58 9.9 5.9 3 2 .7 S.24 79.20 3.02 71.65
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TABLE 18. CADMIUM FROM ZINC-CARBON BATTERY WASTE ON NICHOLSON SOIL.

AHT.PENETR. ANT.RETD. CUM.TOT. QWN.TOT. FRACTION RETD. DISTRIBUTION COEFFICIENTS

exr

. THIS EXT. OWLLE.  RETD. THIS  TOTAL  PENETR, INCL SOIL SOLN OMLY
R, LR W/ 168 GG /e /e EXTR, CMALLG. FACTOR  RATIO DEG. RATID DEC.
i v 3.3 7.
I 93 1. S 7.687 5.8¢ 76 76 2 3,38 73.54 3.12 72,24
1l &N AN 2.1 1.6 <244 -5 -1.45 2.8 - 41-22.26 -.53-28.12
1444 1.9 In 29 4N 27 N Y A7 .9 28 12,07 A8 4,92
i1l 1.8 3.8 1.83 48 48 .S 1.42 54,78 2 42,54
I+1I+111 1.2 2.5 1.3 S S .48 2.28 5.34 1.07 46,89
2 8 .M
¢ 2.0 N ] ] 7 5.8 N N W [ 3.0 72,43 2.8 70N
11 .4 4R -2n 3N AR A -2 2.3 - 724,55  -1.02-45,84
194 1.0 I 1.5 9.82 1.8% 3 & .68 72 35,85 57 29.64
I} -1.39 4.8 " -3 ) % ) 60 30,91 18 18,44
[+11+111 -4 3.23 84 -6 - B WY 2.2 5.7 84 40,05
I KR 2R
I A8 1.8 145 12.22 1.8 57 S .3 7.21 R. 11 6.74 81.56
Ix ] 203’ -1031 ‘n" ."23 'i.a ‘1.29 2-22 -21".67c‘1 —2'61.69|“
Il R 1N A4S 1.2 2.3 42 2 .8 .45 55.42 1.19 S0t
I+11 » £.44 St A5 8% 1.27 54,72 A3 23.12
[e1De 111 2 LR Y 1.44 3 &7 m 4.0S 76,12 1.72 59.83
4 | A5 18
I & 34 4R 1.3 S.93 - K L7 2.5 M. 02 1.89 42,46
il 80 2.8 .59 8.1 5.4 A - Bt 2 02-83.67  -2,22-65.72
1 N R .3 13.75 "3 .88 33 12 15.98 86.42 14,39 84.03
111 -3 7.2 44 -4 Qe M 90 4,95 A1 6.4
[+[111] S 4.68 1.84 8 W7 29.58 88.86 15,30 86.28
S | N/ R
[ M L2 A.47 1243 96 B AN 7] S2.61 88.91  S4.53 38.87
11 M 1S -1 8.34 -7.38 -7.3 -8 8.43 “3.54-74.80 -3, 77-7S.44
1 MR 5.70 6.2¢ 86 A 14 .06 87,62 22,27 87.43
I+l 2.4 2 2.3 N 23 .0 3.47 3.93 2,45 67,76
[+11+111 2.5 .82 3.66 .96 S4 4 5.53 88.97  39.39 88.55
} ] A8
I 238 13.38 -12.73 .13 =60 <94 -03 2044 - -4 -.04 -2,57
11 B2 LN 2. 2.7 498 .52 23 .08 5.26 79.24 4.78 78.19
1 A 2.8 -1.28 16,74 AR 1.3 Q2.3 2.33 86.77 2,12 84.71
I+ -1y 10.56 2.19 -.59 28 1,59 643 80,73 4.28 76,863
1114111 -.56 7.84 30 -2.% 44 1.9 5.93 84.43 4.00 75,
7 ] B 7.4
I A 2% S.u 28.74 444 . bb 4S5 34 1.92 62,
11 N3 2.0 40 429 S.18 4 2L .9 2.26 8,
I M 2H - 19.24 449 -8 23 118 1.4 99,
I+]] 34 14.37 4.76 .68 R R 4.66 77,
[+{I+111 1.97 9.58 4,67 62 A9 .38 4,34 81,
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TABLE 19. LEAD FROM ZINC-CARBON BATTERY WASTE ON CHALMERS SOIL..
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TABLE 20. LEAD FROM ZINC-CARBON BATTERY WASTE ON DAVIDSON SOIL.
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TABLE 21. LEAD FROM ZINC-CARDO{ BATTERY WASTE ON NICHOLSON SOIL.
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TABLE 22. MERCURY FROM ZINC-CARBON BATTERY WASTE ON CHALMERS SOIL.
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TABLE 23. MERCURY FROM ZINC-CARBON BATTERY WASTE ON DAVIDSON SOIL.
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TABLE 24. MERCURY FROM ZINC-CARBON BATTERY WASTE ON NICHOLSON SOIL.
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YAGLE 26. ZINC F04 70AC-CARBON BATTERY MASTE ON DAVIDSO: SOIL.
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TABLE 27. ZINC FROMN IINC-CARSON BATTERY WASTE ON NICHOLSON SOIL.
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2 in Table 28. The penetration of the individual elements through soil is
E discussed in the following subsections.

1 TABLE 28. LEACHABILITY OF TITANIUM DIOXIDE PIGMENT PRODUCTION WASTE

f Element Initfal _ When gggg!nigagigg Lg;g‘; Off  Total Weight Percentage

; . Conc. onc. xtr. FExtr.Vol. Equiv. Extracted Extracted
(ug/ml) (ug/m}) Nr. (m1/g) Days (uq/g waste)

Cr 0.08 0.02 5 47 150 0.91 0.03

Pb 0.48 0.9 3 N 36 3.0 0.01

T4 0.41 0.14 4

23 75 4.3 0.01

Measure- Initial Final Estim.Tot.Extr.
.t (p equiv/g)

Conduct. (4 mho) 3,922 74 458.
pH 7.3 7.3 -

| : . As cen be seen from Figures 44 to 49, the three soils had similar effects
on the pH and conductivity, except that in the first extraction, one to three
batches of Chalmers and Davidson soils increased the average hydrogen ion
concentration by a factor of 3.6 (calculated from antilog ?;.3 - 6.8) = antilog
0.5 = 3.6) while Nicholson soil increased it by a factor of 7.9 (which is

pH 7.3 - pH 6.4 = 0.9 orders of magnitude).

Chromium

Figure 50 and Table 28 show that chromium leached out ¢f this waste at
very low concentration levels (0.04 ug/ml), giving a total of only 0.91 ug/g
waste before the detection 1imit was reached. This corresponds to ¢ 0.03
percent recovery of the chromium percent in the waste. Tables 29 to 31 and -
Figures 51 to 54 show that about 40 percent of the chromium was retained by
.Chalmers soil, 20 percent by Davidson and over 70 percent by Nicholson soil.

Lead

B TITANIUM DIOXIDE PIGMENT PRODUCTION WASTE
% The waste resulting from producing titanium dioxide pigment by the
P chlorine process wis 3 brown mud. Its leachability by water is summarized
Lead leached out at Tow levels (0.48 ug/ml inftially) and only 3.0 ug
lead was solubilized pcrsgram of waste, a recovery of 0.01 percent. (Table 28
and Figure 55.) Tables to 34 and Figures 56 to 59 show that although
about 30 percent of the lead was retained from the first extraction, the soil
sections started to give up lead. By the third extraction Davidson and
Nicholson sotils had retained a net of only 16 percent while Chalmers soil had
given up an additional amount of its own lead, equivalent to 39 percent of
the challenge. (This is shown by the minus sign under the histogram in f
Figure 56 and in the Fraction Retained Total Challenge column for extraction !
three of Table 32.
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Titaniye

d Titanium {1s solubilized from titanium dioxide pigment production waste at
very 1ow levels (0.41 ug/ml initially), as shown in Figure 60 and Tahle 28,
such that 0.01 percent ?4.3 19/g) was removed in the seven extractiorns. The

| soils were about equally effective in removing titanium from the first extract,

: but the soils start to give up titanium and by the fourth extraction
z:cholzgn)ms superior to the other two sofls. (Tables 35 to 37 and Figures

to 64.

Summery

! The concentrations of chromium, lead, and titanium in the first water-
extract of titanium-dioxide pigment production waste were low to very low.
The compounds containing these metals apparently were very insoluble, as only
a few hundreths of a percent dissolved during the entire series of seven
extractions. The concentrations in the later extracts dropped to very low
and the soils reduced it even further: Nicholson soil being the most effici-
ent and Chalmers soil the least.
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TABLE 2-. CHROMIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON CHALMERS SOIL.

DISTRINUTION COEFFICIENTS

&t THIS €XT. CHALLS.,  RETY. THIS TOTM POET, INQL 891U SOLN ONLY
. LR W/t U/ W uc/s wse EXTR. CHALLC. FACTOR  RATID  DEC. RATIO  DEG.
H v N LN |
1 3 .8 3 48 483 37 J7 83 555.06 89.00 50 0.9
. u N8 W - ¥ -i -2 -2 1,20 41.88 89.88 =47 -9.4
N lu ..2 o“ -.3 I“ u“ us. .S. .s. ’ZS." .’o" t:.' ‘5.“
111 4t N M 3 B TS 180,52 8.7 3 18.43
a PN 02 B N /] 63 S 38 8318.50 9.9 £.67 59.4
8
] 2 Mo
1 R 5 A 9 g e 2.0 8.8
ke i 2 N N ] 18 - M0 -t 100 A15.84 999 - 2-12.93
3 14 2 W -8 N i 68 -8 J4 LR 42.38 80.68 & 4
3 111 -3 R - 7 AT 2466.02 17.96 1.8 (0.4
- Iellel12 N 4 N N 4 RIS YT TR X ) 1.99 7.7
I N - B
4 2 .M 3 B ¢ 12 §.3 R AN R B T KT 1.33 243
u < W 03 49 N 4 33 A1 67 RN 3 18.43
¥ m n“ I" -o“_ ug1 '..2 -uﬂ .-.’ ‘15' m-“ "-“ "tl? -’l“
- lﬂl ln -‘s n” 05. -“ u“ l.S.-SZ "-” 203 66.00
2 FEAIL3 004 N /i 418 N 1 AR e N 1,39 KR8
4 N -
| I L2 0 % S M X - ISR s
F 14 .0 <.12
- in .98 <.2
L L2194
I+II+111
| 42 % .
1 0t <. H
1l G0 .
It <0 <.
I+11
T+11+111
b <M .8 The remainder of the table
1 G 8 was not calculated because
{4 2 .1 of the prevalence of values
It £ 7 below the detection jimit.
el
IeIleIIT
7 ] (. w
I ‘o.i {'097
Il (.08 (.7
I (88 (7
Il '
I1+114111

114




| S et e e

e ue/o ' 8 UG/G
:7 -~
EXTR. § EXTR. 8
1. @& 5. &l
o= WL
M g |
R ot )
g g
- .
EXTRO 8 EXTRo 8 v
z. é‘ 6‘ o.- PRt | I
Et‘l--,--:.‘--a..u 8] 1
8 &
3. 64 7. Q'* '
r‘.ft'.j{' A 8 |
f is -ln ok L _lu—_Jk—~
] W 1 O I '
EXTR. g
4. &l !
Al ——_
}
W I I II
FIGURE 52. WEIGHT OF CHROMIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON CHALMERS

SOIL.
115

i




TABLE 30. CHROMIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON DAVIDSON SOIL.
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TABLE 31. CHROMIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON NICHOLSON SOIL.
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(R - THIS EXT. OWLLC. PETD. THIS TOTAL  PEdETR, INCL SOIL SOLN OWLY
M. U WA WE Wt /e UW/C  EXTR. CMALLG. FACTOR  RATIO DES. RA(I0  DEC.
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TABLE 32. LEAD FROM TITANIUM-DIOXIDE PIGMENT WASTE ON CHALMERS SOIL.

TED LR

MAT.PENETR. AWT.RETD. CUM.TOT. CUN.TOT, FRACTION RETD.
Ext. THIS EXT. ChALIS.  REDD. THIS TOTAL PENETR.
M. LYER W/ W6 e ue/e U/ EXTR. CHALLC, FACTOR
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TABLE 32. LEAD FROM TITANIUM-DIOXIDE FIGMENT WASTE ON CAVIDSON SOIL.
MT.PENETR, ANT.RETD. CUN.TOT. CUM.TOT. FRACTION RETD. DISTRIRUTION COEFFICIENTS

&t. THIS EXT. CAMLLC, 3ETD.  THIS TOTAL PEMETR.  IQL SOIL SOLM ONLY
R UBR M XS e e U/ EXTR. CHALLG. FACTOR  RATIO DEC. RATIC  DEE.
:,\‘~ i ¥ N 56
- 1 SO g 6~ -l e L 1478900 -.40 5,54
SO Il % I A 1.87 29 T e .38 20.63
m JJ 8 43 7 A3 A7 47 8 WS 89.7 20 11,24
& 10014 N . ] 48 0 49 A9 BL 796,22 19.93 4 13,52
% I+l111 44 32 A0 BB 8 0.8 8.9 A9 5.9
2 3 o _
l .37 toa‘ 'si’ 1v“ "29 . ‘.21 -016 1!21 n‘:“oi? ”.5’ '.25'“.“
u 3 8B » 2.18 53 26 2 74 186,74 89.49 7 3.8
m D 8 -5 .60 A8 -0 S 106 175.30 89.87 49 5,02
531 05 94 44 A0 S 9 724450 90,92 34 18,78
L4001 4 L0 &3 A2 A5 49 S 157731 99.9% 4 2.2
3 ¥ X B T I
1 G LS -8 X - - -E L 9.9 89.40 -.47-%.03
i 2 LN .2 .7 A -7 2 L7 N 2 1.9
m RN W : BT iR 76 M T N 1.04 8982 74 3,63
111 -3 151 44 S0 -8 10 TP B -.17 -9.54
eIl e .04 48 A0 46 90 1349.50 89.9% 46 20.85
4 N <48 <Ly -
1 4 2.
11 RO
m A 2.4
1411 -
) 040 ¢§¢
S N < Q.M
I 2 8.8
1 2 48
44 48 438
11
Lelielll
6 ¥ <40 <49
1 <40 €4.88
i 4 689
11 46 49
I+I3
IelIe11]

I 44 13,89
11 20 18.74
I <48 <9.8%
13094

I+1I+I11

!
70 < <9 |
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TABLE 34. LEAD FROM TITANIUM-DIOXIDE PIGMENT WASTE ON NICHOLSON SOIL.
NN .POETR. ANT.RETD. QUN.TOT. CUN.TOT. FRACTION RETD. DISTRIBUTION COEFFICIENTS

&xr. THIS EXT. OWLLC.  RETD, THIS TOTAL PENETR. INCL SOIL SOLN OMNLY
W WA W6 U6 U/E UG/ EXTR, CHALLG. FACTOR  RATIO DEC. RATIO  DEG.
- l!1
] % %
1 M LN - B[ -4 - - .M 99.31 89.42 -4 2.3
I I 2 S L0 % 6 K M LS308.4 L8 339
I % - SN | e {1 8. 3t I <4 S5 67 156.40 89,83 48 8.7
b 14§ N} N N} " A8 .99 420.96 80.86 A 8
eIl A4 2 A4 k¢ S 87 143,79 89,98 .56 26.70 i
i 2 i A R
‘ or 1.“ -l‘, ‘l. ,-ua ".21 '-u 1.21 3’.27 ”o“ '-21"108.
u 3 .9 A2 .42 .8 41 B9 8 NN NG 48 10,37
I 3 .08 ] 1.9 i 31 32 6 140,63 99.5¢ 90 4,87 _
) 01 -0 M -3 -7 -3 107 M3N389.86 -85 -3.00 L
'S l.mm 0. l“ o‘, -Z‘ 03. 07‘ 1312.“ "-’6 ou 3’-3.
] ) 47 1.44 :
4 2 1.8 -9 3.0 -74 ¥ -4 1.4 .95 9.4 -.45-24.08
L n n' ‘on -l“ 30" o.. '1‘1 -.. 101‘ 5‘.“ “n” -.. 15
m N 1.2 2 3.% 1.3 34 B < N 8B.43 0.3 £.02 85,55
e -3 1.5 -3 - -4 (.0 7.0 - 4-21. M
[e11e111 -8 1.4 47 =% J6 L6 7.6 00.72 M 225
4 § <. <12 o ' R
1 g LN |
nn 2 2.8 '
I A5 L
i*l
11111
] ] <.10 <2. M :
: I <t 28 | |
11 4 1A
14 45 .82
1
I+1lel1L , :
I <. 40 <480
| <.40 4.8
Il 44 5.9
Il <40 <4
Il
I+11+111
? ] <. 40 <0
S 45 1424 '
1 43 12,13
m 41 L4
I+1l : . j
[+e11+111 '
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TASLE 35. TITANIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON CHALMERS SOIL. i
AT POETR, ANT.RETD. CUW.TOT. Cum.TOT. ) \ :
RXT. THIS EXT. CwuC. REDD. THIS TOTA. PEDETR, INQL SOIL SOLN OMLY
o’ e W e K e w/e EXTR. CHALLG. FACTOR  RATI0 DEC. RATIO DEC.
13 [ a“® e .
1 % - BN A8 82 48 2 2 % 73 89.65 29 15,98
u N nu -.18 N -.10 -2 - 1.29 126." 89.58 ~.2-12.83 !
in 3 8 3 R ) N M %% 8 8.5 .80 38,66
1ol N | A N N N W | S0 89.89 A0 .0
Iellell] 42 & 42 N M S 2.2 9.7 36 38.66
2 2 B
1 SN R 1) 1.2 .0 =41 45 41 113.82 89.48 40 5.93
u % - N 32 .9 A4 34 4% 66 187,65 99.68 212,38
m ln 11.. .nn 1.“ ) ‘.5‘ -l.t ‘-‘1 .a’-‘s ‘-‘2 “n.?
1l A4 8 M 2 .7 YO 72
1114111 -85 56 €7 -8 43 149 936,31 89.94 21 11.98
I 0 3" BN 4
I s A -] .64 3 - A3 8 7 89.80 Ab 24,62
I 818 -4 20 -5 -8 -2 18 MO --20.44 |
m A 1A 48 2.8 A4 A4 45 .89 2 89.3 AL 6.
Il - .3 - -4 - L4 97 99.84 ~.42 -6.97
[+11e111 - .08 - Rt TN J R . 1 25 89.93 -0 -1.43
4 v d4 1%
I "’ z.a .‘ ‘.n -.a -'n -OQQ_ iln “.” “'76 -‘.9 -S.“ H
u d4 LKA & 4.5% A Z R .3 63.63 89.18 06 3N [ |
I 42 1.8 .18 ‘M 32 § 41 47 .89 7173 8%.21 22 12,34
I+l i M .47 -85 M -2 9 B8 7 -0 -3t
10 80014 48 £.44 ..? 44 A5 86 I M 89.94 45 8.1
s <.i0 Q.e
I 2 52
u i Q.
Il AL 2,67
I+ll
I
6 N <48 <A
1 <Al QL85
u 22 1
Il 47 LN
I¢11 '
IeI1+11]
78 <anun
l < l" (’n"
144 .18 <.
ISP !
I+l ‘
[eI1+11]
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TABLE 36. TITANIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON DAVIDSON SOIL.

MNT.PENETR.  WNT.RETD. CUX.TOT. CUM.TOT. DISTRIBUTION CORFFICIENTS
. THIS EXT. CHALLE. REN. ™IS TOTAL PENETR. INCL SOIL SOLN ONLY
M. LR UWwaL WS We e we EXTR. CMALLGC. FACTOR  RATIO DEC. RATI0 DEE.
1 ¥ 4 R
¢ R 5 A7 R -] A7 2 ¥l 79 2623.78 89.97 &7 14.88
n 8 0 A48 48 45 3 23 .7 243.2 99.98 847,02
il a2 9 -® A =17 -t -4 11 M. M 8998 -.12 <743
1+l 46 M g6 N N b0 LISTR.49 10,59 45 33.18
IelleN1l N g N | 34 3 b9 20813.74 0.0 A5 24,06 )
2 ¥ B B
1 A 8 .8 1.67 A9 42 A1 .98 1569.98 89.% 212,64
¢ 2 6 -8 1.8 q2 - 08 1.4 151482 09.96 1 2.9
m 3 8 .18 1.3 A4 2 48 9 19075 69.97 46 9.28
"1l -H 8 49 -.02 A8 1.62 MSN.017 ;099 36 19.83 :
Iellelll N S 44 2 25 B0 1727.94 0N 6t 31,98
3 ) ST /4
) ¢ 2 13 -% 2. -.48 -3 -7 1.3 999.97 9.9 -.13 <72.98
1 A .M N, e A 0 g8 .3 1S3 0095 A7 9.49
444 g2 N 8. F N b M 2N S W8NV 94 .29
1241 -.44 1.32 R " - A1 1,28 441,57 89,99 A3 183
el N, R 3 28 20 .72 16872.04 .00 K. X%,
e 9 44 4N
I 46 3.8 -, AR -3 -l -8 1L 807 89.92 ~a9-1084 ,,
9 1 43 1.9 3 4.8 R~ 46 Al B4 3L N 3 48.10
m 28 - “Me 5 - A 1,38 599,58 19.90 A2 1.3 I
1241 N .17 N N 7 AN || 53 3320.74 69.98 48 S5.67
IeLI+11L - 1.4 A? -.2? A 1.2 .43 89.99 09 S.&2 i
s ¥ <10 <R
| & 49 48
)} 48 AN
111 47 4N
111 |
[+11e111
6 N <40 .8
1 <. 48 <488
144 A3 0.0 '
804 A4 0L
I+{1
[o11+111
? v <.i8 <.
| A3 2.8
n A1 10,487
I < <nn
[+11
I+11+111
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TABLE 37. TITANIUM FROM TITANIUM-DIOXIDE PIGMENT WASTE ON NICHOLSON SOIL.

AST.PENETR.  ANT.RETD. CUM.TOT. Clm,TOT.

L

&, swweme——e—-  THIS EXT. CHALLE. EN. ™IS TOTAL PEMEIR, SOLY ONLY
R WA WM S0 /C ue/s /e EXTR. CHALLC, FACTCR  RATIO DEG. RATIO DEG.
i ¥ A 8
I 10 SN A5 8 A8 A9 Bt 177.24 89,48 23 12.80
11 29 . & .67 N ) A4 86 205.43 89.72 46 8.97
919 a 8 42 8| 42 41 Ty K989 9.7 27 1493
100 44 42 A 12 ! ] J8 820,29 89.93 A28
Ie[1el1] 42 ) A2 M 56 2337.43 89.98 8¢ 18,66
z ' .a 'B
4 . T 49 1.87 " ] A9 89 156,10 89.83 32 47,74
1§ ¢ L I - | 48 . 27 A% 2% 205.M4 39,72 A7 8.8
111 47 R N .48 R4 Jé6 B 2.3 9.5 .35 9.4
I+I1 8 1 Rt S 3 3 b8 82,77 89.93 B9 41,82
3288044 A1 5% 4 42 b1 2083.89 39.97 1.3 3.3
3 ¥ BT I /]
1 4 .8 N )/ 2.4 53 A3 B 2.7
.9 S 1.8 -4 2.3 -8 =44 1.89 -, 2-42.65
In J8 LK 42 2.4 A1 23 ¥4 57 2974
1 -2 1.3 N A 1. 4.0
132980444 - 08 . | 23 1.9 57 29.74
4 ¥ Jdé LN
I d7 2.4 -0 4.3 83 A1 148 S9.42 89.03 02 .87
It A8 1.82 .48 LN =15 -.M 91 64.82 89.12 -8 -4.76
111 Je 1.39 42 4485 1.3 23 Ny 85.40 87.33 74 36,47
I+l -8 2.1 o [ -8 LW . -.87 -3.81
1+11+111 A8 1.4 3 28 8 45 13,44
S ¥ i QR
1 <18 <2.42
1 4y 448
Il <40 (2.4
198 41
158980044
) ] <8 <88
1 42 5.8
11 46 7.5¢
ill AL 5.8
1+I1
I+1i+l11
7 ) <A <O
1 g 1406
11 A6 15,84
111 42 11,64
111
I+II+111
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HYDROFLUORIC ACID PRODUCTION WASTE

Producing hydrofluoric acid by treating fluorspar with concentrated
sulfuric acid ylelds a strongly acid waste. Normally this residue is neutra-
1ized before disposal. However, the unneutralized waste was employed in this
work so as to study the effect of a strongly acidic waste upon these soils.
The measurements 1isted in Table 38 show that some components readily dis-
solved to give a solution of quite low pH. Figures 66, 68, and 70 show that
passing this extract through the soils reduced the hydrogen ion concentration
: by about two orders of magnitude in the last several extractions. . Figures
\ 65, 67, and 69 show that the materials dissolved in the extract are removed
: - to a large extant by passage through any of the three soils.

TABLE 38. LEACHABILITY OF HYDROFLUORIC ACID PRODUCTION WASTE

Element Initial When Concentration Levels Off Total Weight Percentage
Conc. Conc.  Extr. Extr.Vol. Equiv. Extracted Extracted
(pg/ml) (pg/ml) Nr. (ml/q) Days (ng/g waste)

F 970. 2.4 7 190 620 2,760. 56.
Measure- N Initial Final , Estim.Tot.Extr.
ment (p equiv/g)
Conduct. (1 mho) . 33,300. 1786. 4480.
pH 2.2 3.7
(:;
Fluorine

The concentration of fluoride icns was high in the first extract (970
ug/ml), dropped 1.6 orders of magnitude by the second extraction, and then
leveled off to a concentration of 2.4 ug/ml in the seventh extract (Figure
71). A total of 2,760 ug fluorine was extracted per gram, which represents
56 percent of that available in the waste sample.

The data in Tables 39, 40, and 41 and presented in Figures 72 to 75 show
that all three soils are initially very good it retaining fiuoride ions from
this extract, and ailow only one to three percent to penetrate. However, the
colum of data giving the fraction retained from the solution for each extrac-
tion shows a consistent loss of fluorides from all three soils beginning with
the fourth extraction. By the seventh extraction, the cumulative retention
of Chalmers soil dropped to 59 percent and Nicholson to 54 percent, while
2;v{?son sofl was able to retain 72 percent of the total fluorine-containing

alience.
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 Summary

The uneutralized sample of hydrofluoric acid production waste yielded
highly acidic extracts containing large concentrations of fluoride ion. By
the completion of the seventh extraction, 56 percent of the available fiucrine
had been leached out of the waste. The soils were initially very efficient
in removing the fluoride ions but in the later stages of the exposure to this

leachate, the soils were giving up substantial amounts of fluoride previcusly
retained from the solution.
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s TABLE 39, FLUORINE FROM HYDROFLUORIC ACID PRODUCTION WASTE ON CHALMERS SOIL.
; MNT.POETR. WIT.RETD. CUN.TOT. Cn.TOT.
! ext. THIS EXT. OMLLS. RETD.  THIS TOTAL PENETR.  INCL SOIL SN ONLY
i R, LU WA KT wT /e w6/ EXTR. CHALLC. FACTR  RATID DEC. RATIO DEG.
k' L0 w2
1 4. 9.29 1929.94 1939.20 i929.94 100 100 0 29487 8988 20700 §9.72
1 27 8.6 %4 §.29 -3.46 -3.89 -3.89 4.89 17.03 8.5 ~.81-38.50
M 2.3 0.8 465 6$.45 485 14 AL 8 20,97 87,45 42 §.8¢
Il ".n 99.60 945,89 b4 98 .02 112,95 89.49  41.47 88.43
lellelll £2.0 M. R.® 78 98 02 226,31 89.75 74 88.77
2 vV ana
1 WS MM 20,360 200040 20062 .43 B /N 62,20 89.19 4474 83.72
u u.“ ”oa '“ou s‘l“ -Q-Q '10“ "02 2-.3 7.” uns ’-H-t‘
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TABLE 40. FLUORINE FROM HYDROFLUORIC ACID PRODUCTION WASTE ON DAVIDSON

SotL.
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t TelI+1I1 9.9 646,40 §637.53 84 M0 19271 89,70 9312 89.38
[ 2 4 MNe.2
. I .78 29.00 92.44 200840 202647 76 M A 77.54 89.26  &9.67 89.18
’ 11 1.2r 3060 1.5 BT 4% =05 -4 485 7.24 82,43 -.21-12.41
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SOIL.

AKT PEMETR. ANT.RETD. CUM.TOT, CuM,TOT.

TABLE 41. FLUORINE FROM HYDROFLUOR

THIS TOTAL PEMETR.

IC ACID PRODUCTION WASTE ON NICHOLSON

- ex, THIS EXT, CWALLC.  REMD, INCL SOIL  SOLN OWLY
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I+11 8.4z 1381.38 U502 -1 54 i 19,48 47 14 178 .18
#1141 -29.§9 920 % 498 4 -3 I 49, §.47 7 91
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_ WHITE PHOSPHORUS PRODUCTION WASTE

Gases from the electric furnace production of phosphorus are collected
in a water scrubber and the resultant liquor is treated with lime. Table 42

- shows that water extracts of this waste were highly basic. Figures 76 to 81

indicate that all three soils were quite effective in reducing the content of
soluble materials in this Teachate until the sixth extraction, wher some
flushed off the soils. The ability of these soils to attenuate the pH was
exhausted by five extractions totaling 47 milliliters/gram.

TABLE 42. LEACHABILITY OF WHITE PHOSPHORUS PRODUCTION WASTE

Element Initial When Concentration Levels Off Total Weight Percentage
Conc. Conc. Extr. Extr.Vol. Equiv. Extracted Extracted
(pg/m)  (ug/mi) Nr. (ml/g) Days (ug/g waste)

F 2.9 1.9 7 190 620 358 0.16
P 10.5 0.6 4 23 75 - 45.5 0.32

Measure- , Initial Final Estim.Tot.Extr.
ment (u equiv/q)

Conduct. (u mho) 9,302. 313. 2,207.

pH - 12.3 11.0 .-
Fluorine

Fluoride ions were present in the leachate from this waste in very low
concentrations (3.5 to 1.6 ug/ml). Figure 82 and Table 42 indicate that the
fluoride concentration soon became relatively constant and that in seven
extractions a total of 358 ug/g, or 0.16 percent was extracted from that
originally in the waste. Tables 43 to 45 and Figures 84 to 86 show that an
average of 23 percent of the fluoride penetrated the soils in the first
extract and that increasing amounts of fluoride were found in the effluents
from succeeding challenges. Figure 83 displays graphically the importance of
sofl-to-waste ratio in retaining fluoride and that Nicholson soil soon began
to yield fluoride from its own fluoride-containing components.

Phosphorus

Tables 42, 46 to 48 and Figure 87 show that the concentration of phos-
phorus in the first extract was 10.5 pg/ml and dropped to the region of the
detection 1imit by the fourth extract, yielding a total of 45 ug/g, which is
0.32 percent of the phosphcrus present in the waste. Figures 88 to 91 show
that 3% perccat of the phosphorus in the firsi extract penetrated the third
layer of Davidson and Nicholson soils and 84 percent penetrated the Chalmers
sofl. By the third extraction all the soils were giving up phosphorus, with
Davidson retaining a net of 27 percent of the cumulative challenge.
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W¥hite phosphorus production waste yielded a solution of high pH although

. the concentration of fluorides and phosphorus-containing compounds were very

Lon Jow. Only a few tenths of a percent of the available fluorine and phosphorus

b tvere removed in the seven extractfons, but the waste appeared to be a long-

- term source of fluoride ion. After continued exposure to the strongly basic ‘

- leachate the soils lost their ability to reduce the pH and they also started

to release previously-retained fluoride and phosphorus.
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TAXLE 43. FLUORINE FROM WHITE PHOSPHORUS PRODUCTION WASTE ON CHALMERS SOIL.

ANT.PENETR. ANT.RETD. CUM.TOT. CUM.TOT.

: zn*'}v?:‘ur Y -
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i SR O1B -8 A =S S -5 LS 788,21 8993 -.05 -2.88

I+l .M 2N 2Mm 8 88 17 312,41 89.98 4.98 78.M4
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IeII+IIT ~2.42 &8 3 -4 45 140 88.57 89.35 42 .77
T N 1.8 1.8

1 .57 150.29 29,09 385 .7 46 47 .84 5.80 88,22 M 22,32

44 1,57 150.29 N 206.54 -28.94 A0 40 .t 5.20 M9.14 -,19-10.99

I .47 237.55 -47.24 35.48 -B.46 -58 .25 .58 JA7 95 -,34-18.88

I+11 i4, 179, 16.38 46 A9 B4 24,78 87,37 2 42.39

T+1I+111 -19.37 19,42 -16.43 - -44 1,32 30.48 88.42 -.20-11.51
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TABLE 44. FLUORINE FROM WHITE PHOSPHORUS PRODUCT ION WASTE ON DAVIDSON SOIL.
ANT.PERETR. ANT.RETD. CUM.TOT. CUM.TOT, FRACT]

8

&, THIS EXT. CWALLC,  RETD. THIS TOTM.  PEMETR. INCL SOIL SOLH ONLY

M. UVER 0 W/C w/e ue/e /6 EXTR, CHALLC. FACTOR  RATID DEC. RATI0 DEG,
H ¥ 2.93 %.66

i g 1.8 4N S.86 4,44 69 49 3 122.6389.55 2.2 45.77

44 a3 W .55 1.8 .95 S S 48 3,58 89.78 1.09 47,54

Il 2 M .87 N X A3 A7 2079 N4 27

I .49 2.9 2.4% 85 85 45 16S5.71 89,95 S.74 8842

[eIIelI1 1.67 1.95 £.67 86 86 14 2453.88 89.98 S.99 80.52
2 38 1.0

I 33 9.0 158 16.46 5.55 44 3 8 &5.49 02.77 41 311,83

44 1.4 344 S.98 0.9 6,93 b N L | B0 .28 65.97

404 S 4.8 1.9 . 1.6 11 M0 190,05 99.62 1.05 4.8

I+l k1 8.23 6.24 ¥4 J6 Y .47 99.84 4.2 76.83

3245 144 3.2 S.49 4N .86 86 a4 1350.06 89.96 9.21 83.80
K | 3.8 a.n

i LR N .46 5.8 48 42 R 3.4 87.%7 1.48 55.96

1 72 13 00 a.2 6.53 N RN | 2.80 1,49 67 31,94

Al 44 5.3 A9 i4.28 6,54 A8 Y N~ 43.48 98.43 1.2 S0.33

1) 1 4.8 i8.23 11,89 48 N} SN N.8 0.7 2.15 65.09

I+11+1L1 4.7 12.35 0.57 73 N IS 99.85 S.271%
4 _D .27

I 2.53 3'.“ ’3..3 63.73 2.2 =44 49 1.48 7.93 g22.84 N 21-’7

Il 337 a8 1.8 oi.5¢ 8.7% 86 A7 N 3.31 83.44 31 17,08

A s 1. £.7 13,77 ¥ 3278 ii. & 4.7 88 33,82

111 -.61 .87 .9 -.04 1.4 .76 8.25 4 36,37

I+II4111 2.2 .28 11,99 22 S5 . 78.37 89.42 1.64 58.64

S ¢ .67 A0 .

I 483 .00 2100 3.7 -8.38 -2 -8 1.5 3.62 74.97 -.44 -7.88

I AN B.A5 4.8 112.41 3N -.48 B 1.8 3.54 74,24 M I

1l a3 B8 N 18.2i 23.48 43 2 .8 4.5¢ 77.54 AR 2.8

1! -12.73 SL.8 -2.24 L BN T WY ) 13,87 95.94 =07 -3.92

IeI1¢111 5.8 34.58 3 -3y A8 1.3y 37.4Y 8.4 A 18,82
b ¥ 1,57 R.i4

I .31 e 1212 178.87 o 31 2% 3677079 A6 3,39

11 1.2t 0.0 2.8 175.43 6.3 M N LI [ 3.87 75.50 48 5.9

I 145 95,27 S.33 168.8¢ 28.82 A9 A7 9 4.85 77.86 52 27.%4

I+l ' 7.27 89.44 3.03 49 N TN i 15.22 86.24 A7 9.83

TeLIII 6,83 S9.62 12,9 26 2 N 37.83 88,49 J8 35.43
7 N 1.87 1038

I 1.67 157,98 10.3¢ 3%8.25 2.43 A4 A6 B9 £.57 92.54 148,23

44 1.67 157.98 N 335.12 .33 8] 42 1.0 §.46 55,68 4 2,26

I 2.47 218.46 -43.38 328.79 -19.66 -3 -k 1N 1.00 ;098 -9 5.3y

I+11 ¥ ] in42 473 A4 A8 .89 5.88 80,35 48 40,43

18283004 4N 119.42 3.26 Js A3 1.6 9.89 84.23 AS 2,69
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TABLE 45.

FLUORINE FROM WHITE PHOSPHORUS PRODUCTION WASTE ON NICHOLSON

AT T T AR A AR -

SOIL.
ANT.PENETR. ANT.RETD. CUM.TOT. CUM.TOT. FRACTION RETD. DISTRIBUTION COEFFICIENTS
&, THIS EXT, OWLLE.  RETD. THIS TOTAL PEMIIR. INCL SOIL SOLN ONLY
=, LR W e UeE we e EXTR. CHALLC. FACTOR  RATIO DEC. RATIO DeG.
1 ] 293 S.%
1 1.4 2.8 3.8 s.% 318 .52 2 .4 SR7N 1.07 4.77
n B N a r N 4 .12 ¥4 S8 2185 800,97 3.00 74.57
1l 14t 2.2 -8 M-S <244 <244 T4 76,3y R -.68-34.29
Ieil 2.9 r 8 2.9 R 88 12 N3 N 7.2y 8.18
TelEL t.2 1.5 L 2 2 R N2 0.9 1.64 58.57
2 19 .8
4 .8 15.7% -5.15 1.6 -2.12 -9 -43 1.8 78.08 99.42 =43 7,67
1 RN BEETN 1.9 16.48 8 & 4 3 N 9.4 84.04
m 'n o” n“ 2.‘. 'c” 06 -nn nss 1“‘... ”c" ‘.“‘n.“
Ienl LE .3 7.8 R A 0 NS nNm .98z
Iel1elll .n 5.9 48 " A1 00 24961.46 L0 1400 85.9%
E I 3.0 AN
l ‘Q“ una "‘l“ u'“ -‘0" ‘.2‘ 'oi, 1.24 52.5’. .’-n '.a"ls.§7
N 1.9 2.2 4.4 a6 ¥ BRI i 7.0 0.3 1.3 S3.45
i M LN 10 1N % 8 M 47 N 4,78 78.19
) {2 M 1.2 no L 42 A .8 BN 4 .17
1e114111 5N 12.1 10,43 R 3 8BS ANy LS U
« .0 2.0
1 82 IR -8 8.73 - -4 -4 11 S1.16 80,08 -.33-18.26
) $4 N 4.0 4.7% n. 13.7% - 47 1.3 3.5 B.54 34 18.58
411 1.0 2. 12, S 3.4 N 2 8 Vi 009 £.48 5455
32 H .3 u.w i.n - M6 1,47 156.41 9083 N 5.3
1348014 $.62 A4 1.5 48 55 R NN 1.7 9.9
s 1.7 0. M
‘ 2.“ “0“ -ulu “3.73 -13.83 .lg = 1.8 2‘-” .70“ -.52-27.6b
u 2.2 8.8 1494 %75 2.3 3 2 1 RS .58 .2
441 .2 %R -U.N 108.45 .18 - A 3.8 £9.82 17.14 A2 .8
1+11 4.4 A% -3 - - 1.2 128.2 B9.55 -.40 -5.57
"u’m .uln 3‘-9 -1.18 ) -3 1-’7 178.17 8%.48 - -2.%8
6 v 1. K.44
1 1.2 07.% -12.12 0.8 -45.15 - - 1.16 17.36 86.7% -.52-27.36
1 1.0 0y 2. a.snr B8 -4 412 1.8 17.48 %.76 27 16,89
m 20 13 4N 198.44 4.5¢ -4t - 144 15.64 80.13 -9 4N
I+11 -7.2 N.4u -9 =41 140 69.36 99.47 -.21-12.13
IeLXelll 4.0 N2 9.2 - -1 LR 1.9 0.5 -.28-15,62
7 v 1.0 19.%
I 1.2 155.44 2424 M5 -2 SUREEEN RN 9.92 8424 -.13 -7.48
11 1.RinN8 2N .45 is.18 -0 H4 1.6 9.56 84.63 A 5.8
It 1.07 199.9% A8 W7 -l N XN PR /) 9.73 84.43 -2 -t
{3 04 7.2 ini2 -2.% B - R 37.83 88.49 -1 -1
)0 00§44 6. 4% 119.2 -2.8¢ SRR N PN 87.71 89.35 -.05 -3.0
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TABLE 46. PHOSPHORUS FROM WHITE PHOSPHORUS PRODUCTION WASTE NN CHALMERS
Cln.TOT. FR

SOIL.

ANT.PENETR. AT RETD., CUW.TOT.

ext. THIS EXT. CMALLC,  RETD. THIS TOTAL  PENETR, INCL SOIL SOLN ONLY
R, AR W/ e G/ ue/e /e EXTR. CHALLG., FACTOR  RATIO DEE. RATI0 DEC.
§ v 6.3 2.7
I .44 .8 2.M a.07 ¥ A3 A3 .8 8.3 7N A4S 8,87
Il 1.7 119 -8 8.2 -1.55 -8 -0 W 3.9 1.5 -8 -3.67
44 .88 17.7¢ (.M 1.3 1.78 A9 Ay N 26.01 87.80 A8 SR
Il n 1.8 n 87 N 7NN £ 94.28 99.39 " 448
I+l1+111 1.49 7R LA e 16 8 WIS 5 LT
2 ) 3.8 LM
1 477 4R -1 .St -1.08 - -3 17 .19 8.2 -8 4.0
1 4.67 4.0 3 2.3 -5 2 - " M9 NS -7 -1.88
m “n W7 -n 1.9 £.00 -8 NI 3.2 ;.46 47 1.8
Il -1.% 5.5 -1.i -H - 1.4 131,38 9.5 -.44 -0.23
I+1Ie111 1.4 1.5 - -2 -7 1.k MU 0N8 -.47 -3.9%
3 v 1.4 L9
l ‘on .oa 'io" ’tn '2.7. --5 -8 ila ss.‘. “q" ‘.n‘u.“
u ‘ou .-n oa “-e -17. -.3 s -" 9-“ "a.. °..’ -5-5
m 1.8 1.8 Q.7 M.5% -9 - - .0 VW R N -.18-10.43
I - 19.4 4N - -0 L2 &3NS -.43-23.83
[elleI1l -4.47 2.6 1.8 -8 -4 L&) IBNHNS - 49-20.83
‘ ' .a ’ln
I <S8 <6.06 5.9
Il 8 3
44 ¢.50 ¢ 6.0
111
I+lI¢11 ;
5 ": m'g The remainder of the table
1 A was not calculated because
n 9 of the prevalence of values
l:g (.5 (.42 below the detection 1imit.
1+110111
] ¥ (.50 (24.24
1 (.58 (2024
I (50 (.24
404 (.58 (24.2¢
Il
Lel141I]
7 ] (.50 (4.8
I ¢ (4.8
I (.50 (8.8
i (.50 (8.8
1+11
[e{ls11L
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TABLE #7. PHOSPHORUS FROM RMITE PHOSPHORUS PRODUCTION WASTE ON DAVIDSON
m.nﬁ“.t’m.lm. CUR.TOT, CM.TOT,

ERACIION RETD,
ext. THIS EXT, ChALLE.  XETD. THIS TOTAL PENETR. INCL SOIL SOLN oMLY
. R B S KA e wc EXTR. CHALLC. FACTOR  RATIO DEG. RATI0  DEC.
3 ¥ 1.9 4.9
I .08 Uit aw Aa.% " 14 A4 % .05 .80 A6 9.3
44 $.93 1.2 2.0 18.10 7.8 3 B ) S ¥ 2.9% 8.8 MR
404 “0 8L 10 $1.67 'y Y ¥ 2 14 7.8 2.00 I35 19.28
11l 5.0 1.9 S. @ /BN < R Y B R N " 2.0
Iellelll .20 R LI (3] M ¥ SIS.TT N 1.7 9.4
t I | 1.8 W&
l J-Q “-“ ’.u n-ﬂ 20“ ‘o.‘ c” t-.i “o“ .c’z -ﬂ 15.1.
n 4 u-n "n” av“ s.“ -4 Ay 1.44 ”.‘t .’S N 4.8
m Jir 5% 2.4 an .M ¥ 3 N 0.57 8.1 56 20.18
l’n 't. ‘5.8 ‘va ‘o‘S .ﬂ l-ls i“-" "8 c” kTN o
feltelll & 1.9 «“ . " N sty 1.44 55.18
3 [ 1.40 o9
l Lﬂ 70” - ’o. z.ls -.41 M L4 .72 00.44 -3. 16.48
n ‘oo .cw -‘D:U‘ 5-“ AN -.19 A2 1.18 5-13 .c" -g 26.4
m .07 .8 -, n.a in -.17 qR 117 a0.58n 39 21,38
l’u “c“ ‘,u“ .9 -ou A? 1.9 21,.2’ "N .75 ».77
Iellelll “1.44 12.69 1M - 2 1L.R 272068 W AN,
4 2 1LY
I <S8 <h.84
1l <. «%.M8
441 N .
I
ieilelll
5 v (.50 (12.12
I (.58 (12.42
44 (.58 (12,42
i (.5% (12.12
10
Iellell]
6 y (.50 (M. 24
4 (.50 (20.24
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Il (S0 (2024
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E TABLE 48. PHGSPHORUS FROM WHITE PHOSPHORUS PRODUCTION WASTE ON NICHOLSON

SOIL.
NNT.PLIETR. ANT.RETD. QUW.TOT. CUM.TOT. ERACTION RETD. RISTRIUTION COEFFICIENTS
' R LB W W/ S U/ us/e EXTR, CHALLG, FACTCR  RATIO DEG. RATIO  DEC.

t' S I UK . W )
' 1 ’LN 1.0 LW 2.0 1.0 M8 8 .92 99.2 89.35 A9 49
; I W 12,8 7 1.8 W7 JS .35 .65 135.44 89,58 53 27.95
; I 445 029 4.3 120 4B IS 3 85 206,75 89,72 .53 27.86
b 1 "2 1S .2 A4 b 542 9,89 .66 33.54
: Ieflet1l “2% 7.2 4% A 8 187, 89.97  1.54 57.02
t ') 3.8 1.4
1 11 2.8 -1.00 S -3 -0 -0 148 (30440057 -.02-1.06
u 4% UM -5 T A48 -2 43 LA 1.2 05 .28 15.78
Il 402 3.6 1.2 2% <M M A B 1B Jy 21,28
; x’u -zou ls.” 1.” -u“ 0‘3 1-‘3 “.-“ 89.88 ¥ t‘-“ -
| Ielleln -1.14 s 32 -8 N 1,33 1110.98 89.95 47 34,04
3 ¥ 1.40 .59
1 1.67 4.3 -3.48 B0 -3 -S3 -t 1S3 sMLI B0 - 37-20.46
n :0“ non ‘zcu “o” 1-' “. 0“ 1-23 13.81 9’.5’ .15 aa“
ux 20“ “c“ ‘3." ”l' ‘-‘7 “. '.‘ 1-3. 1“|S’ 8’.“ ut. 5.94
i 1l 28  0M -M - -5 1.0 5SS 8990 .15 -8.32
| 18I0 <3.44 1260 - 44 -0 24 TRATEN -1 -8
. ' C“ ,O’
‘ i «8 4.6 1.3 S8 -3 A8 -85 82 281.7989.80  -.39-21.18
: n NI X - S W+ o8 Jo-4 R 149 TN A0 5,78 !
r I B LY 4N Q.40 -89 24 -0 123 (195897 -8t -5
| o N 2.1 - M - N BT - 2-12.87
\ Isl1e111 -.83 15,46 -7 -2  -~M 1.4 (115768997  -.19-10.78
i s “ (-s. “2.!2 {
; { <S8 <12.1Z
[ i .9 <12.12
I S7 3.7
| I11
! 630 3314
{ & ¥ S <N 24
| 1 <50 <2424
| I 51 DS
I <5004
15
J O34
7 N (.50 (.48
I (.S (.48 %
I (.50 (48.48
I ¢S50 (.48
Is11
1 G140
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SECONDARY ZINC SMELTER CINDERS

The secondary smelting of zinc produced cinders that had deen deposited
ir an open dumping area. The age of 'h: sample tested was noc known, but
they may have been exposed to leaching for seversl years. Table 49 and
Fioures 92 tc 97 show tnat this sampie of cindars was not wery solubie and
the izechaie was only sligntly acidic. FHowever, the conducience histograms
{ndicate that some substances in the s0il were solubiiized by this extract.

TABLE 4G. LEACHABILITY OF SECOMDARY ZIMT SMELTER CINDERS

clement Initia? liban Copcentration Lavels OFf Total Weight Percentage

Coric. Lonc.  Latr. Eser.voi. cauiv. Extracted Extracted
fug/ml) (wofwl}) ¢, (mifgq} Days _ (us/g waste)
(W 0.3¢ 0.04 4 23 75 1.7 2.8
) Q.38 8.12 7 140 a2 =28. x0,2
¥t .18 §£.08 4 23 7% i.9 0.10
in 47, 2.1 7 1540 520 767, 1.4
TR R R R R R I IR A o A R o R P il D S - D T kS R S TR R LTEMATF,
Aeasure~ Initial Fingl Estiim.Tot.Extr.
- _mant . {3 equiv/q)
Conduct. (u mhoj 370. 1&. 58.

o 6.7 8.6 --

Cadmium

Figure 98 and Tables 49 to 52 show thet tne concentration of cadmium in
the ieachate is Tow initially and dreps rapidiy, preducing a total of only
about 1.7 ug/g which 1s 2.8 percent of the cadmium present in the cinders.
Figures 99 to 102 show that all three suils retain the cadmium well, although
precise calculations on the fraction retained cannot be made when the concen-
tration falls below the detecticn 1limit.

tead

The concentration of lead extracted is low (0.34 ug/ml) giving a total
oi approximately 28 ng/g, or 0.2 percent of the lead in the waste. (Figure
103 and Tables 49, 53 to 55.) So many of the samples were below the detection
Timis that no attempt was made to calculate and plot the fraction retained by
%g: g:iliosThe weights obtained in each extraction are dispiayed in Figures

0 .

Nickel '
Tables 49, 56 to 58 and Figure 107 show that the concentrations of

nickel in the extracts were very low, yielding a total of only 1.9 ug/g,
which is 0.10 percent of the amount in the cinders. Figures 108 to 110 show
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that the amount of nickel in the soil extracts were generaliy below the
datection 1imit. For this reason, a set of histograms was not prepared
comparing the fractions retained.

Ztnc

Zinc was present in the cinder extracts at a low concentration (41 ug/ml
decreasing to 2.1 ug/ml), as seen in Table 49 and Figure 111. A total of 707
ug 2inc was dissolved per gram of cinders, which represents 0.14 percent of
that present in this waste. Tables 55 to 61 and Figures 112 to 115 show that
only a few percent of the zinc penetrates the 3:1 soil-to-waste ratio, giving

. an average concentration of 0.14 ug/mi. A1l three soils are very similay in
performance.

Sussmary

Aged cinders from a zinc secondary-refining operation yielded low or
very low concentrations of cadmfum, lead, nickel, and zinc. The sample
tested wvas quite insoluble and only a few tenths of a percent of lead,
nickel, and zinc dissolved, and less than three percent of the cadmium was
removed by the seven extractions. The effluents from the s0ils contained
very low concentrations of these metals, although previously-retained cadmium
was being released.
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! (Histogrems were not prepared comparing fraction lead retained by soils
) from zinc secondary-refiniag cinder leachate becri:3 the concentration
of load in the soil axtracts was below the detection limit.)
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TABLE 53. LEAD FROM ZINC SECONDARY-REFINING CINGERS ON CHALMERS SOIL.
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TARLE 54. LEAD FROM ZINC SECONDA Y-REFININS CINDERS ON DAVIDSON SOIL.
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TABLE 55. LEAD FROM ZINC SECCHOARY-REFINING CINCERS ON NICHOLSON SOIL.
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(Histograms were not prepared comparing “raction nickel retatined by soils
from zinc sccondary-refining cinder leachate because the concentratiun
of nickel in the soil extracts wis below ths detection 1imizt.)
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TAZLE 37. NICKEL FROM ZINC SECONDARY-REFINING CINDERS ON DAVIDSON SOIL.
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TABLE 58. NICKEL FROM ZINC SECONDARY-REFINING CINDERS ON NICHOLSON SOIL.

ANT.PENETR. AKT.RETD. CUA.TOT. rUM.TOT. FRACTION RETD.
ExT. e THIS EX7. CHALLE. RETD.  THIS TOTA. PEMETR,  INL son, SOLN ONLY
M. LWVR WM /6 U6/6 U/6  UG/6  EXTR. CHALLG. FACTOR  RATIO DEC., RATIO  DEG.

I <808 <1l
11 <15 il
)94 «iS it

]
|

I

13880181
2 »H 22

i 85 <18

n 88 IS

I <88 1S

1+11 :
I
3 N

I 15 <3¢ 7
(S - R ' I .
111 <85 3 |
[+il

If[Ie1l

4 N NN )
I N B A

11 A0 145

I <8 <t

1411
3135001
5 ¥ 5 <2
1 A 1.94 !
I <05 4.2 ,
m £ 1,33 i
I+1% :
T411+111

6 ¥ (.05 (2.2 |
I (05 (a8 |
I (05 (2R |
11 05 ca.e
1411 '
I+

7 N (5 (485
I (.85 (485
I (.05 (4.85
494 (.05 €485
I+11 :
IfIIeIl ;

206




EXTR. 8
. «

g.LL—n“u_nu_

- LOL
8

[ =

g

EXTR
20 'T

EXTR. §
3. <l

9.00 0.00

EXTR

4 3

tha et
[

W T IIII

EXTR

EXTR
8.

EXTR.
7.

‘.w "m 3'm

9.00

lﬂl-T,La.

D.00

Qlam i am 1w _.a

W I IIM

FIGURE 110. WEIGHT OF NICKEL FROM ZINC SECCNDARY-REFINING CINDERS ON NICHOLSON

SOIL.

207

—— e o




"SYIGNIJ ONINIJIY-AYVANOIIS INIZ WOMS INIZ 40 NOILOVNLIXI "TIT 3¥noid

0/ €22° 40 *A*d NO 33S/HD 9-wmOI LY'SAVO*INIL ONIHIBIT AING3
(0I*  SAHQO

oo.owF oo.cw. oc.c.~ 00° 0€ 00° 02 00°01 Ge" g
07776 0A NOILIUYLIX3I UNI

00'003 00'08} 00°09} 00'0?} 90°03} 00°00}  00°06  00°03  o00°on 00°02 00° g

L 5
T e 3
] m &

& w? b

= 1|8

& .

i

"

JGN

3

Y

o

3

k

58

- 00 8¥

208

s s M S A AT A MRS SR SV MY ML e R g SRS SMOG




- “ﬁ““”““”‘*f?“*"Tﬁy
' i

g
EXTR. -] e [
1. &l 5. o
8 8
| 5
8. 1 8 8 12 83 My 13 v 9} 8."! Gt 18 20 99 ] 21 8
- 3 2
B | o ¢
- 8 8
8;.‘! o 6 i3 M M ;ll N gl&l 0t 19 1 90 1 8y 3
2 2
| 3. o 7. &l
_ g g N
L 8. 9 81 0t 131 N M 1 S8 W) ° 113 t b 18 2 n 1} Vll t 23]
4. : C - Chalmers

D - Davidson
N - Nicholson

G.00

matm Mlbﬂ mnNm

FIGURE 112, COMPARINSG FRACTION ZINC RETAINED BY SQILS FROM ZINC SECONDARY-
REFINING CINDERS LEACHATE.

209

g
l e Ay L AR TR L AR IR LR R M TR S A AR M T A MY AN TR et Lt A % W o




"ABLE .59. ZINC FROM ZINC SECONDARY-REFINING CINDERS ON CHALMERS SOIL.

AMT.PEIETR, ANT.PETD. CUM.TOT. CuM.TOT. !
. THIS EXT. OIS,  #&TS, THIS TOTAL  PENETR. INCL SOIL SOLN OMLY
M, W WM WS W e/ WWE  EXTR. CHALLG. FACTOR  RATIO DEC. RATIO .
SR H.468 8.0
I BT B, B 0wy Ry N % (N~ 71.29 89.28  40.07 €3.57
44 L3 N i.” Ny} 3 I G | 5.4 %8.74 M 23.8¢
m 8.8 ¥} 1.3 ¥4 58 3 SN 93.77 89,39 1.06 46,68
Il ».v s Ny " 98 R L7 S8.19 89.02
[+I1+111 .0 .44 2.8 8 4 99 8 95535 5. 120,97 89.53
2 %Wy 4.8
I . LM 0.9 120,99 12%.%92 ” 97 8 1N ErSs 87.91 8935
1 % .7 8 %2 1.2 R 37 81.63 8.34 §.45 58,74
1444 % N A7 .45 7 2 H 7B 105,42 99.45 1.4 55.8
Il an ®¥% an 9 98 82 AN I3 .88 165.29 89.45
Iellell] 16.04 .31 2. R4 $7 M UNUBHS 22.328.73
I 0 0.3 Q4
1 4 2.8 NG 192,85 196,15 8 J7 M N .92 89.24
44 d6 M 1SS 5.9 LR N "N 3 60.79 89.47 NN
LI B U N, LN 9% A0 R N 73.98 9,23 1.14 48,87
11 R.5 %0 wue 8, 95 12 AAN K.Re 201.1889.72
Ioll+1l a.e “He aun 8 4 FP . MunT BoeN
4« b NN
1 A IR ALY a0 X9 .95 J6 .85 89.87 89.3%6  72.59 89.2
Il 3 LI ¥ - D % .4 5.48 b S5 $5.27 98.96 4.8 76.8
1814 3 A4S -3 4N AN 28 - .75 13.48 8.683 -.52-27,%2
Il n.n us nu 08 F8 82 4237 %986 2i8.41 BY.74
L2084 .14 "o ws 8L 98 .06 18010 89.68 57,72 89,5t
S ¥ 348 7.3
I b7 M 7 .43 7 B 2 B 24,24 87.64 25,32 87.18
It K w2 8.3 8.4 . u N 5.63 M.%2 08 34,48
ul A A5 .M 1.73 S.27 ¥} 39 13.493 85.87 1.89 42,27
I+l 38.94 172.68 164.29 04 .16 6,12 8.7 %R &2
I+1I+111 a.u 15.42 111,29 94 06 $83.99 69.69 45,86 §9.47
6 N 3.28 152.5
I 47 .M (5.5 S62.93 M. 80 R:) B 15.86 84,39  13.93 65,37
11 158 . .83 3.4 53 BN ¢ 5.50 80,22 1,69 59.44
m A S M 3.8t 14,9 .65 4 B 14.39 84.03 .81 70,38
I+ll Vs i 435.5% 9 g4 10 47.80 83.80 31,35 83.17
18810 441 T 167.64 162.03 8/ 97 .03 19SS BT 91,15 89,37
7 W .12 213.82
I S5 9241 114,50 786,55 S57.2¢ S8 YA 6.72 81.54 6.05 82,4t
191 47 168 75,83 149.34 10405 82 68 .18 7.88 84.22 6.13 BE.74
1§44 47 16.48 N 8.9 (4.9 8 ) 31 .00 4.66 77,88 9 42,23
I+l 3.5 N7 129.43 2 43 .8 54.93 88.96 39,93 88,57
I+11+111 62.38 a%.%2 2.4 52 95 .8 74.59 89.23  40.84 988,50
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TABLE 60. 7INC FROM ZINC SECONDARY-REFINING CINDERS ON DAVIDSON SOIL.

ANT.PENETR. ANT.RETR. CUA.TOT. Cum.TOT, T ENTS
er. THIS EXT, CHAMLLG. RETD.  THIS 1OTAL PEMETR. INCL SEIL SOLM ONLY
. LAYER UG/ ST e s U/C  EXTR. CHALLS. FACTOR  RATI0 DEC. RATIO  DEE.
1 ¥ WS
X 45 M .M .30 u 999 1 14995 89.82 98.44 89.35
I 1.3 2.87 -1 A L 246 <216 346 18.49 8690 -.58-34.34
u 1.2 24 & .| A% d6 48 B B 0.5 49 18.94
1344 N2 80 DX 96 % M 1B 2,35 8,91
1ellelll .1 it AN W77 3 2587 32.82 83.25
2 ¥ 5% 88
1 NI W A YW 3 19N 2.1 J6 98 4 91738938 6401 69,48
1 I N 29 -, S - S et -.97-44.28
I 8144 -8 1.8 J -1 8 1S B .28 15,44
11 a.e nyY o.M M8 Y7 82 350449984 129.04 99.55
131 04 4 15.53 an e J8 97 02 S48 89.90  115.24 §9.48
I TR XTI
{ MNOSH S%.e 192,05 113.52 S M 9 R eRsS 32,56 83.2¢
I 3 245 e LS R RN Ol N8 147 9.5
m L2 1 e 6.0 N b M MR 2.39 .29
I+l n.% % B W7 97 0 188.7489.70 06,43 89.34
IelleIll .4 M0 2.5 F7 M K 939.9289.94  250.23 99.78
4 @ 4 0.9
X B0 10.68 6036 29.01 249.88 86 3 4 BN 235 .57
n RIS, B X 1 9.43 11,83 B 60 16 .15 88.54 5.74 81,56
1414 KBTI BT 2N 8% 585 -i.i7 .Y LH TSI -71-35.24
101 na 13450 {10.66 98 97 12 283.66 69.85 15400 £9.43
OO 8.% 9.67 8.3 85 94 1S 83.96 89.10 21.44 8735
§ ¥ k¥ % )
4 40 18,20 2.2 .Y e JPN A 2.098.465  19.09 8.0 :
i A8 114 AN 5% 1.4 2B 8K 6.11 89.70  1.38 S4.04
1304 U T« 19.5% 1.0 S W 24,35 87.58 48 24,93
O R.% 172.68  1a3.02 85 9 S 4938878  28.52 87.9
I+11ag0L 24.68 115,12 199,03 .97 95 03 357.00 89.84  140.0S 89.4%
¥ 1.2 1%,
1 L4l V.1 102 $2.93 44,23 WS 32 8.80 £3.52 1.7 .58
n 2 0.8 2% #8.70  S8.94 B s WIMTT Sl 7597
I 72 T I N 2.7 8. 677 33 18.59 26,92 2.3% £2.27
141 n.s i 2.8 F3 9 47 &S0 5.i4 4542 85,70
18048394 .39 §67.54 10,42 $8 .96 .02 287.68 8508 141.87 §9.48
? .42 283,82
{ 8 9.2 1. 736,55  Sed.b04 RN B 1,75 8489 9.8 94.47 ')
I S0 5.7 ¢, (5.4 80.88 N e ¢ 2.4 04.50  1.50 47,77
H 4 A0 2.2 M08 85.03  S4.1 B 4 17 11.65865.48  S.88 80.3S
1 314 74,87 I[N OMLY T3 B8 15,23 86.2¢ 11,5 84,52 o~
TeIIsilI 6.8 a5.52 252 F5 %8S 12749 89,55 73.35 89,22
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TABLE 61. ZINC FROM ZINC SECONDARY-REFINING CINDERS ON NICHOLSON SOIL.
MT.PENETR, MMT.RETD. CUW.TOT. CuM.TOT.

. THIS EXT. OMLLS. RETD.  THIS TOTAL PENETR.  InQL SOIL  SOLN ONLY
M. LAY M W we w/e W/E  EXTR. CHMALS. FACTOR  RATI0 DEG. RATIO  DEc.
£ M.4S 83
1 1.4 233 7.9 M A W7 8 MM 3348 88.27
I B 1L 2.1 ) Y. B B Y. X X)) 40 22,04
; 194 S 1.0 N 1.7 n AL S 75,50 99,24 9 34,88
4 l’n ”|~ “o‘s J’.“ -” n” 0.2 m;s ”07‘ “092 mon
; Iellelll a.n 2.9 a.n 0 M 7358 69,92 e0.3t 89.2y
3
2 ¥V wa ey
1 MOS8t .42 129.94 1%, IS % S M8 49.72 8.5
4 n lu o“ ‘ou ‘u” 2.9 -73 051 -27 1‘30‘1 ”n” 3-7' 7‘.“
' I 1 - RN 2 -0 12 1.0 63.54 8Y.17 28 14,78
‘ Iell a.n “ny an M 6597 0.9 187.40 B%.49
: B0 1 15.85 8.3 Qe N R TN 117,20 85.5
)
f L S TR I X1
g 1 W2 17 Ny 192.05 183.43 94 9% 06 89.29 801" 49.22 8984
| 1 M e LM 6l In B M 219 1.5 56.5
44 & L8 1,63 "N LR A% 52,34 88,08 1 42,18
el 2. %8 n» M M B 7534892
11+101 a2 MR 2. 98 1 02 572.48 8990 129.84 89.5
T o 2%
1 R e n. A9.04  26.5¢ A5 15 5 SR e.3 p6.14 89.43
I NTIEER " 29 sn SE 4 S MS1 e 2972
40 JEO3n -7 6B -M - - 0 20128745 -.iZ -6.78
3 .54 130.50  131.44 7. 3 289.51 89.80  {35.22 89.58
IelIe1lL 4.4 89.67 82.2 J5 97 5 XRIE.T7 O 7.8t 89.49
S 38 7%.3%
! NS e 5.7 247 J3 7 NS s2.4389.0
14§ 5 an -.e 18.20 -14.39 3.0 .63 44 2.7 70,24 -.54-24.55
I A AT e 2.5 7.8 J9 A 19558707 373 7498
1004 %.m 172.8  157.89 TV 2.9987.88  13.8 £5.87
1 C1O 3.9 115,42 141.13 M7 e 2296 8973 74.53 89,19
6 ¥ 3.8 157.5
I A % 133,80 $2.93 4097 85 R S L2.5587.48  19.41 87.05
14 B 1212 ti.64 4.9 5 T 2 TR 4.19 89.83 42 147
m A3 A% 6% 4.1 23.48 SES7 S 16258648 3.91 75.45
Ie11 7.7 21,46 23081 J2 92 8 82.7489.49  38.1S 83.49
110111 5.5 167.64 161,43 96 9% M 191,41 9970 8).02 89.28
’ ' 2012 m‘“ b
i Y 5672 146.89 705.55  447.67 J2 B6 B 12,04 85,25  10.72 8447
1 A5 1454 42,48 98.48 42,43 JE 8 8.0682.93  2.9271.18
i AS 1454 .n 5.25  23.68 A8 42 1,08 6.77 81,60 1.5358.4
1411 94.54 3.27  25.45 93 .92 7 65.28 89.42 44,71 88,72
] I+Us111 63.02 215,52 224,66 9395 7 92,83 89.38  46.34 83.7%
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SECONDARY QUNC BMELTEG SLULGE

A scirurher fostallsd an the stack of the zinc secondary smelter produced
a siuuge thal was disposed of ameng the cinders. This sludge was quite
solubl® 1n water, vielding a siightly acidic extract which, by the second
axgrection, moagan te fiusk some fons off the soils and increase the conduc-
tivity. (Tacie 62 and Figures 116 and 121.)

TABLE 2. LEACHARILITY OF SECONDARY ZINC SMELTER SLUDGE

-——ay

Elewsnt nitial _ When Concentration Levels Off Total Weight Percentage

gone. Conc. xtr. Extr.Vol. Equiv. Extracted Extracted
{pg/ml)  (ug/ml) Nr. (mi/g) Davs (ug/g waste)
{d 116. 0.08 7 190 620 410. 75.
o) S.5 7.5 7 190 620 1,540. 2.2
Ni 0.66 0.6 5 47 150 5. 1.4
In 605. 21. 7 190 620 11,600. 3.0
Measure- Initial Final Estim.Tot.Extr.
mngnt ~ (u equiv/qg)
Conduct. (1 mho) 9,524, 148. 586,
pH 6.4 6.0 -

Cadmium

Codmium was present in the first extract z¢ 2 very high concentration
(116 ug/ml), but this Jecraased to a low level (0.34 ug/m1) by the fifth
sxtraction. (Tables 62 te 65 and Figure 122.) O0f the cadmium present in the
sludge, 75 percent (410 ug/g) was cdissolved by the seven extractions. Figures
124 to 126 and the tabulated data show that all three soils began to yield
caunium either previousiy retained on the sail or originally present in the
sofl. Figure 123 shows that the cumulative fraction of cadmium retained by
2ach sail is very dependent upon soil-to-waste ratio. Chalmers was the best
nf the three (Davidson was the Foorest), but it also was steadily deteriora-
ting in its abiiity to retain cadmium under the conditions produced by this
eiiract.

Lead

The output of lead from this wasie was at a moderate level averaging 7.8
ug/ml. ¥ith the six extractions totaling 190 milliliters of water per gram
of waste, 1,540 micrograms of lead had been dissolved, which is 2.2 percent
of the total present in the sludge. (Figure 127 and Tables 62, 66 to 68. )
Figures 128 toc 131 show that the retention of lead from this leachate was
very irigh for 211 three soils even at a 1:1 soil-to-waste ratio. The overall
retention for the seven extractions was at least 96 percent for ail three
soils at a 3:1 soil-to-waste ratio. The concentration of lead in the seventh
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soil extract was 0.12 ug/ml for Chalmers and 0.24 ug/ml for Davidson and
Bieholagn u0ils,

Nickel

‘"he concentration of nickel in the leachate was very low (0.66 ug/ml)
and <ropped steadily to near the lawer detectinon limit by the fifth extract.
(Tabies 62, 69 19 73 and Figure 13%2.) A totel of 5 micrograms of nickel wes
extiacted par ovam of waste, which 15 1.4 pevrcent ¢f that present. The per-
forrance of the sails 1s displayed s Figures 133 to 136. Davidson retained
the least nickel from che solution: 27 percent of the total challenge by the
fourth extraction at the 3:7 soll-to-waste ratio; Chaimers and Nicholson
reiained 68 o 89 perceni, respectively, under the same conditions.

Zinc initially was present ai a moderate concentration (605 ug/mi) which
dvoppad steadily to 21 ug/mi by the seventh extraction. A total of 11,600
w9/ ¢ was dissoived, which is 3.0 percent of the amount in the waste. (See
Flaures 137 to 141 and Tables 62, 72 to 74.) Davidson soil is aiso the Yz2ast
effective in remeving this element from the leachate (50 percent) compared with
Chaimers and Nichelson which removed 77 and 82 percent, respectively, from
the curwlative challence in seven extractions at a 3:1 soil-to-wastc ratio.
Fiqure 138 shows the important effect of the ratio of soil to waste in the
retention of zinc from this leuchate.

Summary

The sludge from the zinc secondary-refining piant produced a leachate .
with a very high initial cadmium concentration which then dropped %o a iow
Tevel, The soils passed only low levels of this metal, but began tu give up
cadmium previously retained, indicating the possihility of poor perfoiwance
gpen furthe exposure to this waste. Lead was retained very weil Ly all
three soils and only low concentrations penetrated them, but the wasie
appeared to be a long-term source of lead: the concentration of lead was
moderately high in the waste extract throughout the pericd of leacning, and
although oniy 2.2 percent of the lead was extracted during these tests, the
waste is about G.8 percent lead. Nickel was present cnly in very low con-
ceatrations and after passage through soil dropped below the detsction limit.
Tha zinc salts were sufficiently solubia at first to give a solution of
mederate zinc concentration, but it dropped to a low concentraticn Ly the
seventh extraction. Although only three percent of the zinc dissolved in
this time, potentially leaving a long-term scurce (this waste was 38 percent
zinc), the concentration should be very lTow unless influenced by external
factors. The scils further reduced the zinc concentration, with Nicinoison
and Chaimers soils retaining about 80 percent, and Davidson soil 50 peicent
of the cumulative challenge.
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SOIL.
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FIGURE 120. CONDUCTANCE OF EXTRACT FROM ZINC SECONDARY-REFINING SLUDGE ON
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TABLE 63. CADMIUM FROM ZINC SECONDARY-REFINING SLUDGE ON CHALMERS SOIL.
ART.PEMETR. ANT.RETR. 19 TOT. CDUM.TOT. FRACTION REVD.

DISTRIBUTION COEFFICIENTS

£XT. THIS EXT, CaLC.  RETD. A PENETR,
A, ATEE W/ WBe IS ) 19 /e EXTR, CHALLC. FACTOR  RATI0 DEG. RATID DEC.
1 ¥ 1SN 2.
1 .00 107.36 120.83 .9 1.8 8] MM 1.16 9.3 1.46 9.2
u 6.2 B.3 MG 1.3 NG NY) AN 2.24 §5.91 2.2 §5.76
I I 4 2.0 i3 2.0 8 A1 19 LU 7. 4.32 76.97
1) 4§ »ra 1158 .3 N 86 .14 6.01 86.56 S.95 80.47
I1e11) 2 B % B4 ” g .8 36,73 86.44 35,02 83.41
2 ] 8.7 161.43
)| . BA? 17.9% .2 2N A8 A R 1.72 59.84 1.74 S%. 74
14 11.84 W99 8.0 1N 122.6 58 N2 3.57 .33 1.5 .27
1 S8 2.9 " .0 N N, N N 11 2.9 8.4 2.51 68.24
111 1.2 166,46 132.% b - B 7.73 .63 7.87 82.%7
I+lieLll 2. 110.97 143.83 83 2 Y 17.84 86.79 17.59 86.75
3 S.47 U8
I .4 . 2. 3.5 5.2 .18 N A7 445 77.87
1 § S8 uSt -n 2.8 12.% -0 BRI | 3.98 5.8 3.8 75.%
111 £.77 1.0 20.9 "7y N &4 A5 N 6.17 80.84 4.2 80.73
13194 1.8 182.4 tL.nN W7 3N 8.5 83.33 8.47 83.28
Isllelll 7.8 12.32 110.M4 49 g L3t 31.78 88.20  34.3S 88.17
4 ¥ 1.9 2.4
I 2.37 2.8 -40.9% k- N RN -6 35 1.4 4.74 78.98 4,72 78.04
I £.4 15.% 12.73 5813 (8.0 A5 0 I -] 8.41 83.37 8.9 83.3%
461 M e 7. iS4 7.2 46 N S .57 3.3 8.54 83.3¢
1411 0N ire.2 1.8 AL B BN £7.83 80,68 17.10 88.85
1+I0eI1I 3.0 2. 1IN RV 89 .48 40.81 88.60 49,28 88.98
S v I R V]
I 8 17,45 -11.3 mMn 3.9 -1.% g4 2.% 6.47 8124 b.44 81.18
44 0 4.0 4 7.8 WM . 2 .5 9.82 8419 .78 WM.16
I S K A 294 0.4 .58 NN -, 13.36 85.72  13.28 §5.49
I -3.0 196.38 131.66 =76 N W/ £8.55 84.91  18.41 B5.89
I+1I+111 49 130.92 144,59 . 88 8 S7.47 89.60  S6.73 88.99
§ ] 2 10.42
I 1.26 63.60 -58.48 349 73.24 4.8 .48 5.8 1.22 54.97 1.2¢ 58.38
I 1.