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ABSTRACT

This report.summarizes significant fiﬁdinés for the perioa June 1, 1975 -
February 29, 1976. 1In addition an estimate of activities to be performed for
the period Mérch 1, 1976 -~ May 31, 1976 is also given.. |

Major emphasis thus far has been placed on laboratory evaluations of heavy
metal associations with fly ash. Data are presented showing that most fly-ésheé,
contain considerable amounts of As, Ca, Cd; Cr, Cu, Fe, Hg, Pb, and Zn.
Desorption studies.suggest thaf pH and. the presence cf various heavy metal
sinks on the ash.particlé surface (notably hydrous irﬁn oxides) play significapt
roles in the release of these metals into solution. Adéorpcion studies using
natural ash 1eaqhate/soil systems and vertical soil'célumns give quantitative
..estimates (through the use of adsorption isotherms) of the degree of attenuation
of the heavy ﬁetals. Results thus far verify the importance of solution pH
and iron oxide concentration.. In general the element cadmium shOWS'the least
tendency toward sorbing onto loéal‘solid phases while lead is sorbed to the
greatest extent. 'Amﬁng soil types, organic peat was the most effective in
removing metals while silica sand was least effective,

Future plans call for a gradual shifting of emphasis to field studies and
groundwater quality model evaluation, Immediate laboratory plans call for

continued investigation of various metal sinks surrounding the heavy metal/fly

ash system.
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INTRODUCTION

Progress to date is best viewed in light of the original proposal
objectives, which were.threefold:
1. to gather data from both the laboratory and field for purposes
-of assessing the impact of heavy metal leachates of fly ash on

local water quality;

2, to investigate the mechanism of heavy metal attenuation in
different soil systems; and

3. to evaluate a groundwater quality model for heavy metals to be
used for managerial and predictive purposes,

The suggested time for conducting this re;earch was two (2) years.
Roughly speaking, the first year‘was‘to be devoted priﬁarily to laboratory
research, while the second year was to iﬁvolve the majority of the field
research. Those metals investigated in whole or part are As, Ca, Cd} Cr,

Cu, Fe, Hg, Pb and Zn.

LABORATORY RESEARCH

Much of the information contained in this section has already:beén
submitted in the form of proéress reports and pubiications. These AOcuments
are referred to in the text and listed in the bibliography. Not all of the
information contained in them is reproduced in this repbrt.
A. Fly Ash'Characterization

Various properties of fly ash which are important relative to

its traditional uses have been reported in the literature (1) (2). These
include use as a pozzolanic additive to cement, brick manufacturing, road
bed stabilizer, aggregate, etc. In general those parameters ofbgreatest
importance are size fraction distribution and lime content. In the United
States, however, little more than 10% of the total ash produced (1975
estimate - 36 million tons) is used in this manner. The rest must be

disposed of or temporarily stored for later use.
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Relafively little information exists on those properties of

fly ash which are of importance in an environmental sense. An initial

v_‘phase of this investigation involved gathering several different fly ashes

and subjecting them to a micro-~elemental analysis. Results are given in

Table 1, along with average natural crustal abundances of the elements in

w&@hestiqg, _ghe trace element compositions of fly ash can be seen to be

"”*'ﬁighly variéﬁle but in general greater than background levels. Because

of the large specie-dependence of most transition metals with pH, a further
.characteristic of significance was found to be pH. Figure 1 gives concen-
tration vs. pH information for two fly ashes, one a basic ash (#2 in Table

1), the other an acidic ash (#10in Table 1). The major factors which

- control the pH properties of fly ash are leachable lime and iron contents.

In general those fly ashes generated from "western'" coals have large amountsA
of lime and low iron levels (thereby producing an alkaline reaction in water),
while the opposite is true of mid-western and eastern coals (which tend to
generate low ﬁH environmenfs in water). For most of the laboratory work,

the two ashes in Figure 1 were chosen for in—dépth,studies described later

in this report.

Previous investigators (4)(5) have presented information showing

“ higher concentrations of trace metals associated with smaller size fractions

of fly ash. Thus those characteristics of fly ash which are important
relative to trace metal contamination of water resources are initial trace
metal concentrations, acid-base characteristics (lime and iron contents),

4

vknnmeu;matignﬁnf the fly ash in the aquatic system, and size fraction

of the ash.




Micro-Elemental Analysis.of Several Fly Ashes

TABLE 1 (modified after Theis (3))

(metal concentrations given in ug/g)

Fly Ash pH Character As Ca Cd Cr Cu Fe - Hg Pb Zn

1.) Toledo Edison Weakly Acidic 240 - 0.6 18 14 - 0.25 9. 41

2.) Gary (NIPSCO) Alkaline 370 72,800 1.5 40 24 15,000 0.12 42 50

3.) Chicago (Cbmm. Ed.) Alkaline 250 50,000 1.5 40 64 20,000 0.16 46 50

4.) Detroit (Det. Ed.) ‘Acidic 440 2,000 1.3 30 31 14,500 0.10 20 42

5.) Tanners Creek #4 Acidic 370 23,000 2.0 54 88 28,000 0.10 27 | 140

6.) Tanners Creek #3 Alkaline 480 5,800 - 23 22 | -12,000| 0.12 11 30

7.) Mishawaka (I & M) Neutral 80 8,000 | 2.8] 38| 24 | 21,000] 0.32| 11 84

8.) Bay Shore Alkaline 390 4?800 - 39 46 16,500 0.02 28 40

9.) West Olive (Cons. Power)| Acidic 470 3,500 - 34 -17 20,500 0.04 24 47

10.) Michigan City (NIPSCO) Acidic 275 17,000 11.2 64 113 41,500 0.18 625 1130
11.) Michigan City (Low Alkaline 460 22,000 1.0 33 15 17,000 - 13 125

Sulfur)

12.) Breed (I & M) Acidic 540 400 0.1] 11 18 12,500| 0.01 7 50
Avg. Crustal Abundance - 1.8 - 0.2 100 40 - 0.06 | 13 50
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B. Sorption Studies

The mechanism which most readily explains the‘behavior'of métal
leachates of fly ash in groundwater/soil environments is a sorptive one.
~In addition to being a "macréscopic" phenomenon (i.e., one which allows
for the interaction of a variety of intermolecular forcgs),vadoption of
this view facilitates mathematical treatmeﬁts of the data.

The problem of trace metal contaminétion of groundwaters and
soils can be broken‘down into two aspects. Initialiy the metal specie
must.desorb from the ash particle. Once.in the aquatic system,.it is
-subsequentiy adsorbed onto local solid phases. One aspect of the laboratory
studieé has been to investigate these phenomena separately, elucidating
'factors of importance for each step.

1. Desorption Studieé .
Natural leachates of the two fly ashes of Figure 1 (#10
and 2 of Table.l) are given in Table 2 at concentrations of 200 g/%. ‘Ihese
values were obtained by suspénding the fly ash in distilled water for one
hour, aiiowing it to settle and filtéring (.45 p) the supernatant;' Analyses
were be atomic absorption spectrophotometry'éxcept for calcium which was

done by EDTA titration.
' TABLE 2 ,
‘Heavy Metal Leachates of Fly Ash (200 g/%)

Concentration, ug/%

Metal Fly Ash #10 (acid) Fly Ash #2 (alkaline)
As 12500 ‘ 43
Ca 6.2 x 10° 1.22 x 106
cd 1300 40
Cr 1000 200
Cu 5100 |, . 50
Fe . 1.7 x 10% 2100
Pb 2000 ' 900
Zn 2.3 x 104 _ 80
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Certain features of Table 2 are obvious. The more acid

. the environment, the greater the solubilization of the heavy metals. In

addition, the high lime level of the alkaline ash and high iron level of

the acid ash are reflected in their respective values. Table 2 gives gross

values which one might anticipate in ash pond or fill enviromments. It

does not, however, suggest a mechanism of release of the metals. Previous

<investigators (5) (6) have indicated the major form of most metals on dry

ash particles are the respective oxides. Thus. the marked effect of pH
on metal release is to be expected. ‘HoweVer in view of the high iron
content of many ashes, and its tendency to strongly adsorb other metal
oxides (7)(8) it would seem imprudent to ignore the potential influence
of this factor.

Figure 2 gives more information on this aspect. Here the
pH-of'the leaching éolutions was artificially controlled prior to and

during fly ash addition. For the acid ash,desbrption occurred at pH's

3, 4, 5, 6 and 7 while for the alkaline ash the pH's were 8, 9, 10, 11

and 12. Results are expressed as fraction of total metal desorbed (c/Cy) .
It is interesting to note the relative degree of desorption of the metals
for these two different ashes. On first appearance it‘seems that the
desorption of the metals is controlled primarily by natural solubility
considerations. However if one compares fraction desorbed vs. pH with
the natural solubility vs. pH (see Theis, Reference 3, Figure 5), it is
evident that while this mechanism may be operative for fly ash #2, for
fly ash #10 the fraction desorbed decreases long before solubility limits
are exceeded for Cd, Cu, Cr, Pb, and Zn. This strongly suggests that

desorption of trace metals is dependent upon relative degree of release
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_from an associated trace metal sink. lIn this case, amorphous iron oxide
appears to limit ﬁetal desorption since it is the least soluble of all the
metals in question (except oxides of mercury). However other sinks éannot
be ruled out, particularly surface adsorbed manganese dioxide, aluminum
oxides and various forms of silica. In addition, certain metal concentrations
given in Table 2 are presént in considerable excess of simpleAsolubility -
such as lead and iron -- raising the probability of supracolloidal phases
or the formation of soluble complexes. A large portion of the laboratory
work iﬁ the final three months of the first year will be devoted to further
investigations along these lines,

| Desorption studies such as those reported on above for
mercury have been anomalous. Further investigations are shown in Figure
3, which shows speciation of:mercufy forms released according to elemental
(vapor) or ionic character. Most of the ashes examined showed little
release of mercury for the duration of the tests (one day of continual
agitation). Several} however, did show a sizable fraction of their mercury
released In the elemental state., As such this mercury is volatile and
much of it could be expected to disappear from ash disposal sites before
entering the groundwater environment. The pH of the solution (given
in Figure 3) appeared to have little influence on either the amount or .
form of mercury released. It should also be noted that, even for ash #6,
the total amount of mercnfy released was less than 17 of the total amount

contained in the ash.
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2. Adsorption Studies

Once released info the soil/ﬁater environment, the metals
will be strongly or weakly attracted by the 56i1 matter. present., Adsorption
studies have been divided into two parts: soil column studies, and
equilibrium adsorption studies. Soil columﬁs allow for the variability
of soil systems, experimentation with a relatively simple geometry (of
use in model verification), and introductionlof a flow (time) parameter.

Equilibrium adsorption studies give greater accuracy and
flexibility of experimental mode while'ailowing a more rigofous mathematical
treatment of the data.

Four soil-types are being used in this phase of laboratory
work: a clean silica sand, a courser sand (with greater oxidic ifon level),
bentonite clay, and an acid organic peat. "These soils cover a broad
spectrum of soil p;operties and wefe selected in‘order ts give maximum range
of usable information while preserving opportunities to form viable
mechanistic inferences from the data.

a. Column Adsorption Studies

As outlined in the original proposal, several vertical

soil leaching columns have been constructed and are being used to determine
the relative degree of attenuation of the metals on different types of
soil matter. Typical results are shown in Figures 4 and 5. Such plots
are reminiscent of ion exchange breakthrough curves, They give a direct
indication of the relative effectiveness of different soil types on
adsorption of metals. By comparing graphs, the effectiveness of a given

soil on the attenuation of different metals can be seen. For instance,

an organic peat has the greatest capacity for adsorption for cadmium,
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iron, and lead. .Among these metals, however, it appears that it is mosﬁ
- effective in removing lead, thén iron, and last cadmium. Tabularized
sorption capacities based upon these studies are curreﬁtly being developed.

The basic shape of the curves obtained for these soil
.columns suggests a steady—étate approach to the adsorption/flow situation
is not unrealistic. Thig‘is of use in the model dévelopment stage
(objective #3). This aspect will be further explored later.

Other.aspects of the column studies involve the use
of variable flow rates to determine thg degree of adsorptive equilibrium
attained in these systems. As will be seen subsequently, the simplest
way té obtain quantitative information on soil-metal systems is through
. the use of the adsorption .isotherm.

b. ‘Adsorption Isotherms
. Figures 6 and 7 illustrate adsorption isotherm data

for pH = 3, fly ash #10 (of Table 1) (other plots are given in the second
progress report (10) for the period 10/1/75 - 12/31/76). Three soil types
are shown: silica sand, organic peat, and bentonite clay. Use of these
soils represents a wide range of adsorptive capacities and allows for the
separation of certain effects, e.g.,.weak surface bonding (ottawa sand)
from organic complex formation (organic peat). The isotherms are of the

Freundlich type which follow the general equation:

S K ct/m
M
where C_ = initial concentration of metal ion,
' C = equilibrium concentration of metal ion,
M = amount of soil material,

k,n = constants.
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The logarithm of this equation gives a straight line relationship. In
general, the y-axis intercept is a measure.of the sorptive capécity of é.
given soil for a certain metal,ﬁwhile the slope of the line is inversely
-proportional to the reaction "intensity" (or enthalpy). A great deal of
qualitative as well as quantitative information can be obtained fr;m
arranging the data in this fashion. For instance, a vertical line (such

as forvcadmium on ottawa sand) indicates essentially no reaction of ahy<
kind taking place while a more horizontal line. (such as fpr cadmium and
organic peat) indicates a high reaction enthalpy suggestive of a more
irréversible chemisorption effect. Quantitatively, the constants determined
caﬁ be used to rank adsorptive chafacteristics of individual metals on
'individual soils aﬂd can generate water quality data in equilibrium
éroundwater models. |

Thus far isotherms of the type indicated have been

determined for all metals on all soils, except the sand with oxidic iron
impufity, at pH = 3 and pH = 7. Further tests at other pH values and

with variable amounts of amorphous iron oxide added will be performed in
the reaminder of the first budget year.

Difficulties have been experiencéd in studies of

this type with detection limits of the atomic absorption procedure employed
in most metal ion analyses. This limitatibn yields data which is some¢times
of questionable accuracy and apﬁlicability. This is being overcome‘through:
1). the use of "spiked" solutions of ash leachates with somewhat higher
(although not unrealistic) concentrations of trace metals, and 2). the
acquisition of a graphite furnace attachment tb the AA unit used to give

greater sensitivity and detection limits.
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| 3. Médel Development ' :

Groundwater quality model development for trace metal
contaminants is now beginning. wAf present several'existing formulations
;re being reviewed to assess their suitability to the system being studied.
The model envisioned will consist of two aspects:

1). natural groundwater dispersion,

2). trace ﬁetal‘attenuaﬁion on soil matter.
These two components will be superimposéd uponvone another. The literatufe
contains several types of models which describe the hydraulics of ground-
water flow (1 above), but very few addressing the subsequent sorption of

trace constituents. Model development is further considered in the

- renewal proposal.

FIELD RESEARCH
‘Several local ash disposal sites have been examined. These are

indicated in Table 3.

TABLE 3

Potential Disposal Sites for Monitoring

Location __Type of Ash Method of Disposal
Univ. of Notre Dame Weakly Acidic Direct Fill
Twin Branch (Mishawaka, IN) Neutral Fill
Michigan City Strongly Acidic Pond
Bailey (Burns Harbor, IN) Weakly Acidic Pond
Mitchell (Gary, IN) : Strongly Alkaline Pond
Schahfer (DeMotte, IN) Alkaline Pond

During the Spring of 1976 test wells and soil borings will be made at each
of these sites. Based upon these analyses plus other geographic and hydro-
logic factors two sites will be chosen for intensive monitoring. The

nature of this monitoring program is further outlined in the renewal proposal(




IV. ANTICIPATED RESULTS FOR THE PERIOD 3/1/76 —.5/31/76
. During this period it is expected that major project emphasis will
gradually shift from labo?atoty to field wofk; although the original time-
table called for laboratory work to progress through the'summer. Those aspects
of the problem which.will be researched in the laboratory during this

period include:

1. further development of isotherm data primarily through
the use of "spiked" heavy metal leachates,

2. a more intensive examination of fly ash sinks for
heavy metals and -factors which control release into

solution,

3. initial stages of model -development for predictive
" purposes.

Major field work will include:
1, - Test well drilling at several sites, and
2. selection of two sites for intensive monitoring, and
location of well points at these sites. Establishment
of a sampling regime.
V.. TIME REQUIREMENTS

For the major fortion of the first year of this study, a breakdown

of time spent (%) by principal investigators is indicated below:

Duty Principal Investigator Co-Principal Investigator
(T.L. Theis) (J.J. Marley)
Supervision of Research : 40% 50%
Performance of Research 10% -
. Interpretation of Results 207 ' 407
Consultation with Experts 10% ' 10%
Writing Reports 207 -

These percentages represent 25% of toral time of principal investigator (release
time in contact-10%) and 107% of the total time of co-principal investigator

(release time specified-10%).
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