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Whole coal contains significant amounts of iron
pyrite which is oxidized ultimately to ferric acid sul-
fate. As a result, trace elements are released from the

coal and other minerals in potentially hazardous concen-
trations.

The purpose of this research was to: 1) study the
release and mobility of selected trace elements during
the weathering of coal; 2) seek to understand factors
controlling solubility of trace elements in a synthetic,
acidic leachate undergoing gradual neutralization; and
3) develop a chemical thermodynamic computer model to
predict the effects of dilution and neutralization of
leachate on trace element mobility and speciation.

Samples collected periodically from a slurry of
whole ground coal in water were filtered and analyzed for
dissolved sulfate (by ion chromatrography), iron (by
flame atomic absorption spectrophotometry), and Al, Zn,
Cd, cu, Cr, Pb, As, and Se (by graphite furnace AAS).

Iron, copper, and probably arsenic tracked the production



of sulfate, while aluminum, zinc, chromium, and cadmium
concentrations were stable or rose slightly.

A synthetic leachate of ferric sulfate and sulfuric
acid was doped with trace levels of Al, 2Zn, Cu, cd, Cr,
Pb, As, and Se. Slow injection of sodium bicarbonate
solution neutralized the stirred system, though hydroly-
sis of iron buffered the pH near 2.5.

Computer modeling of the sample analyses indicated
that sulfate cc¢ lexes domi; :d the siation of iron
and the trace elements. The other findings were used to
develop a thermodynamic equilibrium model based on the
aqueous geochemistry computer model PHREEQE. Iron and
sulfate removal were best modeled by the precipitation of
Fe,40,,(OH);,(S0;) ;- Aluminum solubility was modeled by
precipitation of jurbanite below pH 4, of bayerite and
basaluminite for pH 4 - 5, and of gibbsite at L. above 5.
Chromium, copper, and lead removal was modeled by solid
solution formation with the ferric oxyhydroxysulfate
precipitates.

Program convergence failures above pH 5 precluded
the modeling of zinc and cadmium, but it is hypothesized
that their ions are adsorbed onto suspended particles of
hydrous ferric oxyhydroxides. ...e model was tested with
our laboratory data, and field data from a creek system

contaminated with acid sulfate mine drainage.
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Table 1.1° Elements commonly associated with the principal minerals in coal.

Mineral Phases

Sulfides

Pyrite, marcasite

Sphalerite

Galena
Sulfates

Barite

Gypsum
Carbonates

Calcite

Siderite

Ankerite

Dolomite
Phosphates

Apatite
Silicates

Quartz

Zircon

Tourmaline

Plagioclase feldspar

Major Constituents

Fe, S
Zn, S
Pb, S

Ba, S
Ca, S

Ca
Fe
Ca, Fe
Ca, Mg

ca, P, F

si

si, zr

Ca, Mg, Fe, B, Al, Si
Cca, Na, Aal, si

Trace Constituents

As, Cd, Hg, Ag, Pb,
Fe, Zn, Cu, Co, Sn,
Ni, Mo, Se, Ga

Sr, Pb, Ca

Ba, Sr, Pb, Mn, Ca
Fe, Mg

Rare earths, and
U, Ce, Mn, Cl, Mg

Hf, Th, P
Li, F
Ba, Sr, Mn, Ti, Fe, Mg

Alkali feldspar K, Al, si Rb, Ba, Sr, Fe, Mg, Ti, Li
Muscovite K, Al, si F, Rb, Cs, Ba, Mg, Fe
Clay Minerals

Kaolinite Al, Si Ti, Mg, Fe, and others
Illite Al, si, K Fe, Mg, Ca, Na, K, Ti, Li,
Montmorillonite Al, si, Mg, Fe V, B, Mn, Cr, Cu, Ni, Rb,
Mixed layer clays Al, Si, K, Mg, Fe Cs, Ga, Be, Zn, Se, F, la,
Chlorite Al, Si, Fe, Mn, Mg Ba, Sr, Co, and others

* From Kuhn et al. 1980
* This listing does not rule out the existence of additional associations.



and calcite i
» PYrlte, and quartz are almost ubiquitous in

coals of the United states. Eastern coals are more

likely t in i
y to contain iron carbonates; and any iron sulfates

are primarily due to the oxidation of pyritic material
during storage, (Kuhn et a]l. 1980).

Among coal solid wastes from I1linois and Montana,
Griffin et al. (1980), identified quartz, calcite,
kaolinite, and feldspar as common nonferro minerals. The
principal iron containing mineral was pyrite, with illite
and some ferrous sulfate found to a lesser extent.

Heaton et al. (1982), did a factor analysis on high
sulfur coal wastes from two Appalachian coal preparation
plants to find what elements and minerals correlate well
with each other. The most heavily weighted factor (43%)
was a clay factor that included kaolinite, illite,
guartz, and the elements: Na, Mg, Al, Si, K, Sc, Ti, V,
cr, %r, Cs, La, Ce, Eu, Dy, Lu, Hf, and Th. The second
most important factor (15.9%) was also primarily a clay
fraction representing kaolinite and (non-clay) marcasite
and the elements: Al, Co, Ni, Rb, Cs, La, Ce, Eu, Dy,
Pb, Th, and U. A third factor represented quartz,
illite, and the elements: Mg, Si, K, 2r, Hf. A fourth
calcite factor also represented Mg, Ca, Mn, 2r, and Sb.
A mixed clay factor included the elements: Sc, V, Co,
Ni, zZn, Cs, Ba, and Eu. A pyrite factor included Li, Fe,

Cu, As, and cd. They found the gypsum factor to not



correlate with other elements. Three other factors did

not correlate with any particular minerals but did group

the elements as follows: Li, se, Sr, Sb, and V; Na, Mg,

MR, Fe, As, Cd' La' and Lu; an Hl DY, and Eu.

The Illinois State Geological Survey undertook a
huge survey of coals from the United States, (Gluskoter

et al. 1977). They analyzed 23 whole coal samples from

the appalachian coal field of the eastern U.S., 114

samples from the Illinois Basin, and 28 from the western
U.S. for the presence of 58 elements. They also
determined such parameters of each coal as: moisture
content, fixed carbon, heat content (as a fuel), ash
content, total sulfur, organic sulfur, pyritic sulfur,
and sulfate sulfur. Table 1.2 summarizes their findings
for the whole coal samples from the eastern United
States. They conclude that As, Cd, Pb, and Zn are among
the elements having relatively large concentration rang-
es; that elemental concentrations tend to be highest in
coals from eastern United States and lowest in coals from
the west; and that arsenic, chlorine, and selenium are
enriched in eastern coals.

Griffin et al. (1980), determined over 60 con-
stituents in coal solid wastes. They found the major
elements (concentrations greater than 1000 mg/kg)
were Al, Ca, Fe, K, Mg, Na, S, Si, and Ti. The minor

elements (concentrations generally between 100 mg/kg and



Table 1.2 Mean analytical values® for 23 whole coal samples from the
eastern United States (Appalachian coal fields).

Arithmetic Geometric Standard Number
Element Mean Mean Minimum Maximum Deviation Samples
Al 1.7 % 1.6 % 1.1 3.1 0.56 23
C 72. % 72. % 63. 80. 5.3 22
Ca 0.47 % 0.34 % 0.09 2.6 0.51 23
Cl 0.17 % 0.10 % 0.01 0.80 0.21 23
Fe 1.5 % 1.3 % 0.50 2.6 0.69 23
H 4.9 % 4.9 % 4.0 6.0 0.44 22
K 0.25 % 0.21 % 0.06 0.68 0.14 23
Mg 0.06 % 0.05 % 0.02 0.15 0.03 23
N 1.3 % 1.3 % 0.94 1.8 0.27 22
Na 0.04 % 0.03 % 0.01 0.08 0.02 23
(o} 8.0 % 7.0 % 2.5 18. 4.3 22
Si 2.8 % 2.6 % 1.0 6.3 1.1 23
Ti 0.09 % 0.09 % 0.05 0.16 0.04 23
Or.S 0.92 % 0.82 % 0.35 2.5 0.48 23
Py.S 1.3 % 0.81 % 0.04 2.6 0.91 23
SO, 0.10 % 0.06 % 0.01 0.42 0.10 22
Tot.S 2.3 % 1.9 % 0.55 5.0 1.3 23

* Notes: Data from Gluskoter et al. 1977.

Or.S is organic sulfur
Py.S is pyritic sulfur



Table 1.2 (continued) Mean Analytical values® for 23 whole coal samples
from the eastern United States (Appalachian coal fields).

Arithmetic Geometric Standard Number
Element Mean Mean Minimum Maximum Deviation Samples
Ag 0.02 0.02 0.01 0.06 0.01 13
As 25. 15. 1.8 100 27. 23
B 42. 28. 5.0 120 32. 23
Ba 200 170 72. 420 110 14
Be 1.3 1.1 0.23 2.6 0.56 23
Br 12. 8.9 0.71 26 7.6 23
cd 0.24 0.19 0.10 0.60 0.18 23
Ce 25. 23. 11. 42. 9.1 14
Co 9.8 7.6 1.5 33. 7.8 23
Cr 20. 18. 10. 90. l16. 23
Cs 2.0 l.6 0.40 6.2 1.6 14
Ccu 18. 16. 5.1 30. 7.3 23
Dy 2.3 2.0 0.74 3.5 0.94 14
Eu 0.52 0.47 0.16 0.92 0.22 14
F 89. 84. 50. 150 31. 23
Ga 5.7 5.2 2.9 11. 2.6 23
Ge 1.6 0.87 0.10 6.0 1.7 23
Hf 1.2 1.1 0.58 2.2 0.45 14
Hg 0.20 0.17 0.05 0.47 0.12 23
I 1.7 1.4 0.33 4.9 1.1 14
In 0.23 0.22 0.13 0.37 0.08 14
La 15. 14. 6.1 23. 5.3 14

* Notes: Data from Gl ikoter et al. 1977.
All quantities are in ug/g.



Table 1.2 (continued) Mean Analytical values® for 23 whole coal samples
from the eastern United States (Appalachian coal fields).

Arithmetic Geometric Standard Number
Element Mean Mean Minimum Maximum Deviation Samples
Lu 0.22 0.18 0.04 0.40 0.12 14
Mn 18. 12. 2.4 61. 16. 23
Mo 4.6 1.8 0.10 22. 6.3 23
Ni 15. 14. 6.3 28. 5.7 23
P 150 81. 15. 1500 300 23
Pb 5.9 4.7 1.0 18. 4.0 23
Rb 22. 19. 9.0 63. 15. 14
Sb 1.6 1.1 0.25 7.7 1.7 23
Sc 5.1 4.5 1.6 9.3 2.4 14
Se 4.0 3.4 1.1 8.1 2.0 23
Sm 2.6 2.4 0.87 4.3 1.0 14
Sn 2.0 0.97 0.20 8.0 2.4 19
Sr 130 100 28. 550 130 14
Ta 0.33 0.26 0.12 1.1 0.28 14
Tb 0.34 0.28 0.06 0.63 0.17 14
Th 4.5 4.0 1.8 9.0 2.1 14
U 1.5 1.3 0.40 2.9 0.73 14
v 38. 35. 14. 73. 14. 23
W 0.69 0.62 0.22 1.2 0.31 14
Yb 0.83 0.73 0.18 1.4 0.35 14
Zn 25. 19. 2.0 120 24. 23
ir 45. 41. 8.0 88. 18. 19
* Notes: Data from Gluskoter et al. 1977.

All quantities are in ug/g.



Zn, and

1000 mg/kg) were B, Ba, Ce, Cl, Cr, F, Mn, Sr,
Zr. Twenty other elements were reported in concentra-
tions less than 100 mg/kg.

Table 1.3 summarizes the data of Kuhn et al. (1980),
for the mean concentrations of 45 elements found in raw

coals of the eastern United States.

All values
Less than values were not included in the

in pg/g unless otherwise noted;

calculation of mean values.

Data from Kuhn et al.

1980.

Table 1.3 Mean Elemental Concentrations in Raw Coals
from the Eastern United States’

Element Concentration Element Concentration
Al 1.94 £ 0.6% Mo 6 5
As 10 = 8 Na 481 * 248
B 53 + 42 Ni 12 £+ 3
Ba 146 £ 61 P 85 = 57
Be 0.70 £ 0.2 Pb 8.9 = 9
Br 11 + 9 Rb 14 = 4
Ca 0.62 * 0.5% S 2.0 =+ 1.7%
cd 0rg.S 1.0 £ 0.74%
Ce 21 = 8 Sb 2.3 * 2
co 6.8 * 6 Sc 4.9 2
Cr 20 £ 7 Se 3.1 £ 2
Cs 1.4 + 0.6 Si 2.41 £ 0.4%
Cu 22 = 8 Sm 2.2 +* 0.8
Dy 1.7 £ 0.7 Sr 121 £ 5
Eu 0.4 £ 0.2 Ta 0.37 +* 0.3
Fe 1.0 £+ 0.5% Tb 0.02 * 0.09
Ga 4.7 * 2 Th 4.1 = 2
Hf 1.3 £ 0.4 Ti 0.10 = 0.04%
K 0.19 + 0.09% U 1.2 £ 1
La 13 * 6 v 48 + 22
Lu 0.13 + 0.08 %) 0.57 £ 0.4
Mg 0.06 * 0.05% Yb 0.58 = 0.2
Mn 20 = 10 Zn 29 * 45



1.2 WEATHERING OF PYRITE

When exposed to oxygen and moisture, pyrite is
oxidized ultimately to ferric iron and sulfuric acid,
(Temple and Delchamps 1953, Garrels and Thompson 1960,
Kuznetsov et al. 1962, Wangen and Jones 1984). Goldhaber
(1983), found rapid oxidation of pyrite to sulfate at the
pyrite/water interface, and predicted eventual complete
oxidation to ¢ " fate (the thermodynamically stable spe-
cic  in acid solution in e__ilibrium with excess oxygen).
Taylor et al. (1984), used the concentration of sulfate
produced in mines as a measure of the amount of pyrite
oxidized, commenting that this provides a minimum
estimate.

Singer and Stumm (1970), developed a model (Figure

1.1) that summarizes the oxidation of pyrite under

Figure 1.1 Model for the natural weathering (oxidation)
of pyrite (from Singer and Stumm, 1970).

Fe(II) + S,

(a)
FeS,(s) + O, — SO + Fe(II)

Fast
+ 0, | (b) (c) |} + Fes, (s)
Slow
Fe (III) —  Fe(OH),(s)
(d)



natural weathering conditions. Reaction "a" is the

oxidation of FeS, to sulfate which releases dissolved

Fe(II) and acidity according to the reaction: Egn.1.1
FeS, + 3.5(0,) + H,0 = Fe¥ + 280, + 2H".

Reaction "b" is the oxidation of dissolved Fe(II) to

Fe(III) according to the reaction: Egn.1.2
Fe?* + 0.25(0,) + H* = Fe’* + 0.5H0
This step is very slow as a purely chemical process in

sterile acidic solutions, (Singer and Stumm 1970).

(Bacterial catalysis will be discussed below.)
The resulting Fe(III) hydrolyses (reaction "d") re-

leasing more acidity according to the reaction:

Fe** + 3H,0 = Fe(OH)j, + 3H Egn.1.3

The initial solid precipitate is usually amorphous, but
with time is converted to stable FeOOH (goethite), or

K'Fe;(S0O,),(OH), (jarosite) where sulfate concentration is

high.
Reaction "c" shows the attack on pyrite by Fe* ions

that oxidize the sulfide and release acidity (as the Fe?

is itself reduced to Fe?') according to the reaction:

2+ = +
FeS, + 14Fe™ + 8H,0 = 15Fe” + 250, + 16H Eqn.1.4

The balanced net reaction for the oxidation of pyrite is:

- 2Fe™ + 4S50 + 2H' Eqn.1.5

2FeS, + 7.5(0;) + H0

Thus, each mole of pyrite that undergoes oxidation yields
14

1 mole of Fe(III), 2 moles of sulfate, and 1 mole of H'.
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Also, at pH greater than 2.5, where Fe(III) hydrolyzes,

three more moles of hydrogen ions are produced, resulting
in lowered solution pH,

Goldhaber (1983) has elucidated a mechanism of
pyrite oxidation (which covers steps a,b, and d of the

Singer and Stumm model just discussed). Lowson (1982)

reviewed proposed mechanisms of ferrous iron oxidation by

oxygen to ferric iron.

At pH less than 4.5 the rate of chemical (abiotic)
oxidation of Fe®* to Fe* becomes insignificant, its half
life being about 300 days for 5 ppm Fe(II) solution,
(Kleinmann et al. 1981). Rather, it is biologically
mediated by the bacterium Thiobacillus ferrooxidans.
(There have been many studies of the role of T.
ferrooxidans in the catalysis of the oxidation of Fe(II)
and pyrite: e.g. Temple and Delchamps 1953, Kuznetsov et
al. 1962, Silverman 1967, Kleinmann and Crerar 1979,
Myerson 1981, Hoffmann et al. 1981, Paciorek et al. 1981,
Lazaroff et al. 1982, Taylor et al. 1984). The presence
of these microbes, whose optimum activity is between pH 4
and 2 but ceases below pH 1.5, can increase the rate of
oxidation of Fe® by as much as 5 or 6 orders of magni-
tude.

At pH less than 3.0, Fe* is the only important

oxidizer of pyrite. Garrels and Thompson found that the
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rate is limited by adsorption of Fe* and Fe? on the
pyrite surface.

Taylor et al. (1984) measured the stable isotope
ratios for '®o/'0 and *s/%s in acid mine drainage and
estimated the percent contribution of chemical and
microbial pathways to pyrite oxidation at pH 2. Their
estimates indicate that in aerobic submerged systems, 65%
of the pyrite is oxidized by Fe® and 35% by T. ferro-
oxidans. However, in alternating wet and dry systems,
(such as exist in coal piles exposed to the weather),
only 23% of the oxidation of pyrite is by Fe* while 77%
is by the microbes. Since the bacteria that catalyze the
acidity-producing reactions thrive under acid conditions,
once acidity is initiated acid production becomes rapid,
(Drever 1982).

It should be recognized, however, that the iron-
oxidizing bacteria are aerobic, so that gaseous oxygen
concentrations of less than 2% by volume are potentially
limiting to pyrite oxidation, (Erickson et al. 1984). 1In
mine tailings (and by extension other wastes from coal
cleaning and use), the availability of gaseous oxygen and
the rate of diffusion of oxygen are the critical factors
controlling the rate of acid generation, (Nicholson et
al. 1989).

Survey of the literature has revealed the following

factors which may affect the rate of oxidation of pyrite:
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Bacteria (population, growth factors, and activity)
Catalysts (such as Ni%®*, co%, cu®, ce(IV), Mno,’)
Depletion of mineral phases
Diffusion (of Fe¥, 0,, and reaction products)
Ferrous and ferric ion concentrations
Fe3*/Fe? ratio (in solution and on active surfaces)
Galvanic protection (by more active sulfides)
Inorganic anion complexes (e.g. of Fe by SO,7)
Media (dry, moist, submerged, alternating)
Organic compounds (bactericidal and complexing)
Other oxidizing agents (e.g. Ce(S0,), )
Ooxygen (exchange, partial pressure, and diffusion)
pH (concentrations of both H*' and OH  ions)
Surface area (and particle size)
Surface coatings (by organics or precipitates)
Temperature
Gottschlich et al. (1987) summarized the key variables in
the rate of oxidation of pyrite to include temperature,

particle size, speciation, and 0,/CO, profile.

1.3 LEACHING OF TRACE ELEMENTS

There is quite a body of literature on leachates
derived from coal, coal storage piles, coal mine tail-
ings, coal cleaning wastes, and end products from the use
of coal as fuel (e.g. fly ash and slag). The rei “2r is

referred particularly to Anderson et al. 1976, Wachter
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and Blackwood 1978, Davis and Boegly, Jr. 1978, 1981a,

and 1981b; Griffin et al. 1980, and Heaton et al. 1982,
As a result of the oxidative weathering of coal and

the release of acidity, trace elements are released from:

a) the pyrite during dissolution, b) the coal itself by
leaching, and c) any associated minerals susceptible to

acid dissolution or ion exchange, (Kuznetsov et al. 1962,

Nordstrom 1982, Heaton et al. 1982). Most trace and

minor constituents are found in such minerals as

sulfides, sulfates, carbonates, and clays; (see Table

1.1). Some occur as isomorphic replacements or as

exchangeable cations on clays, (Kuhn et al. 1980).

Pyrite has been reported to serve as a reservoir of s,

Fe, As, Se, Br, cd, and Sb; while the very leachable co,

Ni, cu, and Zn were associated with mixed-layer clays or

dispersed throughout coal wastes, (Heaton et al. 1982).

Griffin et al. (1980), identified important factors

controlling the solubility of mineral phases including:
PH, redox environment, oxidation states, concentration
and speciation of individual inorganic and organic ions
and complexes in solution, and total ionic strength.

Coward and Horton (1980), identified pH, particle size,

flow rate, contact time, and Oy/N, as the important

variables in the agqueous leaching of heavy metals from

soft coal. Davis and Boegly, Jr. (198l1a) investigated

coal particle size, coal type (eastern or western), and

14



storage conditions (wet or wet and dry), and found them
all to be significant in determining the drainage
quality. Griffin et al. (1980), singled out pH as the
most important factor affecting the solubility of
accessory elements in coal solid wastes; and ranked redox
potential as the second most important solubility factor.
(See also Garrels and Christ 1965).

Thermochemical so™ %ility modeling has indicated
that similar mineral phases control the aqueous solubil-
ity of many major, minor, and trace ionic species for
solid wastes, (Griffin et al. 1980). Heaton et al.
(1982), concluded that important determinants of coal
waste leaching behavior are pyrite (which determines the
acid generating potential of the waste), calcite (which
determines the capacity of the waste to self-neutralize
the acids released by oxidation of pyrite), and the clay
minerals (which serve as reservoirs for many of the
leachable trace elements).

Generalizations regarding component concentrations
in coal waste leachates include: a) the highest concen-
trations of metals are found in the most acidic solu-
tions, with Al, Fe, Mn, and Zn typically the most concen-
trated; b) sulfate is the dominant anion, and along with
cl, K, and Na, showed no pH dependency in their solubili-
ty; and d) Ca, Mn, Pb, and SO,” show up repeatedly at

concentrations greater than water quality standards over
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the entire pH range of 3 - 10; (Griffin et al. 1980).
Summarizing the results of a major study of the Leviathan
Mine Drainage Basin (California/Nevada), Ball and Nord-
strom (1985), stated that the water issuing from the mine
area contained mg/L concentrations of As, Cr, Co, Cu, Mn,
Ni, T1, V, and Zn; and from hundreds to thousands of mg/L
concentrations of Al, Fe, and SO,, at pH values as low as
1.8.

Wewerka et al. (1982), tabulated 73 elements
released during the continuous leaching of Illinois Basin
coal refuse. Griffin et al. (1980) list the
concentrations of 57 elements measured in the leachates
from coal solid wastes. Their tables include samples
collected in the general pH range of 2.5 to 11. Stahl,
Jr. and Davis (1984) tested four coals from Illinois,
Kentucky, Montana, and Texas in controlled laboratory
reactors that simulated rainfall events over a 120 day
period. They reported the following ranges for the
average value of the runoffs: pH = 2.2 to 7.1, redox
potential = -3 to 284 mV, conductivity = 200 to 5833
umhos/cm, turbidity = 5 to 98 (no. of transfer units),

0.2 to 1.0 mg/L, nitrate = 0.3 to 27.0 mg/L,

ammonia
organic nitrogen = 9 to 50 mg/L, sulfate = 65 to 7211
mg/L, total organic carbon = 6 to 70 mg/L, inorganic
carbon = 2.6 to 21 mg/L, biochemical oxygen demand <5 to

20 mg/L, chemical oxygen demand 65 to 744 mg/L, and
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suspended solids (nonfilterable residue) = 54 to 596
mg/L.

Davis and Boegly, Jr. (198la) published a table
comparing the ranges of data reported in four different
studies by other researchers. Table 1.4 (from Wachter
and Blackwood 1978), shows the average effluent
concentrations for water pollutants from coal storage

areas for each major coal region of the United States.

1.4 TI™""AGE DILUTION AND “"ECIPITATION

The first precipitates from acidic mine drainage and
coal leachates are dominated by Fe(III). Both jarosite
and ferric hydroxide have been observed as precipitates
in acid mine drainage, forming in surface streams and
ponds after discharge; but they are not stable for more
than a season due to weathering which decomposes them to
goethite, (Nordstrom 1982, Nordstrom et al. 1979,
Karathanasis et al. 1988). Brady et al. (1986), found
that laboratory precipitates of natrojarosite transformed
to Fe-oxides upon aging for 30 days at pH 6.0; and that
only ferrihydrite-like materials were produced in
solutions with SO,/Fe ratios greater than 1.5. 1In the
field, they noted that a stream receiving acid-sulfate
mine drainage had precipitates consisting primarily of
goethite and lesser amounts of ferrihydrite-like

materials.
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Table 1.4

Effluent parameter Appalach'n

Suspended solids 1,521
Dissolved solids 259
Sulfate 66
Iron 3.1
Manganese 0.03
Free silica 12.3
Cyanide <0.001
BOD; <5.0
COoD 1,407
Nitrate 0.12
Phosphate <DL
Antimony 2.1
Arsenic 23
Beryllium <DL
Cadmium <DL
Chromium <DL
Copper 0.02
Lead 0.05
Nickel 0.06
Selenium 23.8
Zinc 0.008
Mercury <0.001
Chloride 0.33
Organic Carbon 251.7
PH 6.28

* from Wachter and Blackwood,

Great

Plains

1,282
430
1,598
1.5
0.14
<DL
<DL
<7.5
1,324
0.14
<DL
<DL
1.8
<DL
<DL
<DL
<DL
0.05
0.02
<DL
0.17
0.003
<DL
373.2
6.93

1978;

Interior Interior

Average effluent concentrations from coal storage areas.”

Eastern Western Western
1,264 1,853 2,486
1,136 5,539 1,900

648 4,860 240
9.1 1,131 8.2
0.44 17.9 0.4
0.8 86.3 <DL
0.002 <DL <DL

<DL <1l.2 <2.5

1,556 1,053 1,826

0.33 0.09 1.8
<DL <DL <DL
7.5 10.3 14.0
4.1 10.1 5.6
<DL <DL <DL
<DL 0.05 0.005
<DL 0.03 0.04
<DL 2.2 <DL
0.06 0.33 0.07
0.09 10.2 0.05
12.5 25.2 15.0
0.14 25.0 0.15
<DL 0.004 0.005
<DL 2.3 <DL

380.1 90.5 318.4

7.62 2.81 7.24

concentrations are g/m’.

South-

_western

1,538
356
190

5.5
0.04
<DL
<DL
<7.5
769
0.16
<DL
6.5
4.1
<DL
<DL
<DL
0.02
0.05
0.03
21.5
0.04
0.002
<DL
158.7
6.60






Adsorption and coprecipitation have long been
thought to control the accumulation and distribution of
many trace elements in natural waters and soils, (Jenne

1977, Wangen et al. 1982, Wangen and Jones 1984). It has

been observed that Fe?*, Mn®, Mg®*, and zn® are lost from
solutions at pH values below their OH solubility limits,
indicating that they are being scavenged from solution by
adsorption, (Jenke et al. 1983). Adsorption of metal
ions on oxide surfaces is pH dependent. (See Davis and
Leckie 1978, Benjamin and Leckie 1981, Buffle 1988, and
Dzombak and Morel 1990.)

Griffin et al. (1980), hypothesized that removal of
trace metals such as Cd, co, Cr, cu, Ni, Pb, and Zn from
slurry pond leachates may be controlled by adsorption on
or coprecipitation with iron, manganese, and aluminum
oxides and hydroxides. They commented that this could
continue as long as the solid phase was continually
replenished by formation of new metal oxides. The
chemical nature and generally high specific surface area
of iron oxides in particles and as coatings on other
particles make them efficient sinks for anions such as
phosphate, molybdate, and silicate, as well as trace
elements like Cu, Pb, V, Zn, Co, Cr, and Ni, (Schwertmann
and Taylor 1977). Iron from mine waters was found to be
transported predominantly in the particulate phase in

carnon River waters (south west England), and virtually

20



all of the dissolved iron precipitated in estuarine
waters. Dissolved concentrations of Cu, Zn, and As
appeared to be regulated by sorptive processes
pParticularly with Fe oxyhydroxides in both fresh and

saline waters, (Johnson and Thornton 1987).

Fillipek et al. (1987), investigated the interaction
of acid mine drainage with creek waters and sediments.

They found that acid mine drainage had acidified large

volumes of water and added I 3jh co ‘entratic . of

dissolved heavy metals to a creek draining rocks of ow

acid-neutralizing capacity. During mixing of the acid

sulfate stream waters with an almost equal volume of
dilute uncontaminated water, Cu, Zn, Mn, and Al remained
in solution rather than precipitating or adsorbing onto

solid phases. They found that arsenic was almost co

pletely scavenged from solution within a short distance

from the sulfide sources; and that relative sorpt._a of

cations decreased with decreasing water pH.

In a report on recent work investigating the neu-

tralization of synthetic acid leachates from coal using

solutions of NaHCOs, Valette-Silver and Helz (1989)

found: no losses of Al, Cu, Cr, and Be below pH 2.5;

filterable iron disappeared rapidly between pH 2.5 and

3.5; filterable Al and Cr were remc 1 above pH 4; and

Cu and Be were not quantitatively removed until higher pH

values were reached. They concluded that the contamina-
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tion of surface water near coal piles would be confined
to the near-field unless the leachate overcomes the
neutralizing capacity of the receiving waters. In exper-
iments diluting the synthetic leachates with river water
or estuarine water, they found dilutions of approximately
500:1 necessary to reach pH's that brought about the
removal of the toxic metals. They noted that precipita-
tion of the iron contained in the leachate facilitated
removal of the metals by adsorption onto the oxyhydrox-

ide. Reduced acidity in solution affects surface charge,
and thus trace element adsorption onto solid surfaces.

(See Davis et al. 1978.)

1.5 ENVIRONMENTAL HAZARDS OF COAL DRAIN2™T

The thermodynamic activity of the uncomplexed ion is

probably the single most important factor affecting the

biological availability of solute trace elements. The

biological importance of solid forms of trace elements
may be mainly due to their regulation of equilibrium

solute concentrations in the water by sorption-desorption

and dissolution-precipitation reactions, (Jenne and Luoma

1977). cCertainly accumulation in the aquatic food chain

of toxic substances from coal drainage can pose serious

environmental hazards. Forstner and Wittmann (1979)

Summarized catastrophic episodes of metal poisonings by

Hg, cd, pb, Cu, and Cr. Table 1.5, from their book,
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shows a classification of elements according to toxicity

and availability in the environment

Table 1.5 Toxicity and availability of elements.

Cy s Toxic but v.in- Very toxic and

Noncritical Soluble or v.rare relatively accessible
Na ¢ F Ti Ga Be As Au
K P L1 HE La Co Se Hg
Mg  Fe Rb Zr Os Ni Te T1
ca S Sr W Rh Ccu pd Pb
H Cl Al Nb Ir Zn Ag Sb
O Br S1 Ta Ru Sn cd Bi
N Re Ba Pt

Trace concentration of metals such as Pb, As, Cu, or
Al, when leached from coal and its associated mineral
matter, may be toxic to plants, fish, wildlife, and
aquatic insects, (Davis and Boegly, Jr. 1981b). Arsenic,
cadmium, and selenium from coal pile and coal waste
effluents could cause potential biological p__b. . in
the aquatic environment, (Hall, Jr. and Burton 1982).
Wewerka, et al. (1982), identified Al, As, Be, Cd, Co,
Cu, Fe, Mn, Ni, Pb, Se, and Zn as trace elements being
released from Illinois Basin coal cleaning wastes in
potentially hazardous concentrations. Bioassay studies
with leachates from Illinois coal solid wastes led to the
conclusions: a) approximately one-half of the leachates
were acutely toxic to young fathead minnow fry; b) the
degree of a leachate's toxicity and the amount of

dilution necessary to ensure survival of the minnows
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during a 96-hour bioassay was largely a function of the

pPH and total ion concentration of the leachate, (Griffin

et al. 1980).

Table 1.6, (from Wachter and Blackwood, 1978),

compares runoff concentration from coal storage areas to
hazardous concentration for twelve elements that have

been considered inorganic pollutants.

Table 1.6 Coal storage runoff concentrations
compared to hazardous concentrations.”

Effluent Runoff', g/m* Hazardous*, g/m® Ci/C, ratio

Arsenic 0.001 0.05 0.02
Beryllium <DL 0.011 -
cadmium 2x1077 0.01 0.00002
Chromium 4x1077 0.05 0.000008
copper <7x10° 1.0 0.000007
Cyagides 7x101 0.005 0.00014
Lea 6x10° 0.05 0.00012
Mercury 1x1077 0.002 0.00005
Nickel 4x107° 0.0013 0.031
Selenium 0.002 0.01 0.2
Silver <DL 0.05 —-_——
Zinc 7x%10°7 5.0 0.000014

* From Wachter and Blackwood 1978.

* The runoff concentration was calculated from the source
concentrations of their "representative" (105,000 ton)
coal stockpile, diluted by the average __..off volume
from the storage facility drainage basin (610 m’/hr) .

* Also note that the hazardous concentrations were taken
from the USEPA water quality criteria published July,
1976. They were estimated from LDy, oral/rat values,
and (supposedly) represent the maximum concentration
that would have no effect on human health.
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Torrey (1978) summarized the results of about 200
bioassays on the toxicity of As, Ba, cd, c1, Cr, Cu, Fe,
Pb, Mn, Hg, Ni, Se, and Zn to aquatic biota. Portions of
that work are included in Table 1.7.

An early article on stxr 1 quality in Appalachia
reported that nearly 200 of 318 sites assessed did not
meet drinking-water standards, due mainly to excessive
concentrations of solutes commonly associated with coal
mine waters, (Biesecker and George 1966). More recently,
swift (1982), studied the effects of coal '~e runoff on
a stream in Allegany County, Maryland. Coal pile leach-
ate had high concentrations of Fe, S0,, Mn, Al, and Zn,
and pH's from 1.4 to 3.1. The author cites dilution as
the reason the creek waters had much lower concentrations
of sulfate and metals, and a pH of about 7. He also

found much lower macroinvertebrat lati_.. densities

- —

at all sites downstream from coal storage areas than were

found upstreamn.
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Table 1.7

to aquatic biota.”

Organism
Arsenic
Gen'l Aquatic
organisms
Dap. 1 ma' 1a

Oncorhynchus
gorbuscha
0. keta
Trout
Trout
Alburnus
alburnus
Cyprinus
carpio
Minnows

Lucioperca sp.

Barium
Daphnia magna

Stickleback
cadmium
Ephemerella
subvaria
Daphnia magna

Eurypanopeus
depressus
Pimephales
promelas
Fish (general)
Lepomis
macrochirus
L. cyanellus
Carassius
auratus

* from Torrey 1978.

Dosage, mg/L

Toxicity of selected trace elements

Remarks

1.1 - 45
2.85
0.52

. . [] . [] [ .
i
=
.
o))

EFNWRNON0 U
L]
ONMHEHENOGMSO

400

2.0
0.005
0.0017

4.9
11.0

0.029

0.029-73.5
80

1.94

2.84

2.34

26

Lethal, arsenite

Lethal, 10 days
LCsy = 48 hr
Tolerated 30 days
Tolerated 24 hr
Lethal, 72 hr
Tolerated 11 days
Lethal, 4 - 6 days
Tolerated 13 days
Lethal, 36 hr
Lethal, 16 hr
LCsy = 48 hr
Tolerated 96 hr
Lethal, 48 hr
Tolerated 11 days

LC;, = 48 hr

LCsy 3 wk

LCsy, 50% reproduc-
tive impairment

LCsy, -v& reprodi
tive impairment

Lethal concen. limit
LCsy = 96 hr
LCsy = 3 wk

product. impairmt.
LCsy = 72 hr
LC00
LCsq = 30 days
LCsy = 96 hr
LC;, = 11 mo, adults
LC;y = 96 hr, fry
LCsy = 96 hr, fry
LCsy = 96 hr, fry



Table 1.7 continued: Toxicity of selected trace elements
to aquatic biota.”

Organism Dosage, mg/L Remarks

Cadmium, cont.

Poecilia

reticulata 1.27 LCsq = 96 hr, fry

Lepomis gibbosus 1.5 LCsy = 96 hr, fry

Cyprinus carpio 0.24 LCsq = 96 hr, fry

Anguilla rostrata 0.82 LCsg = 96 hr, fry

Roccus americanus 8.4 LCsg = 96 hr, fry

R. saxatilis 1.1 LCsy = 96 hr, fry

Fundulus diaphanus 0.11 LC;, = 96 hr, fry
Chlorine

White sucker 1.0 Lethal 30 to 60 min,

residual chlorine

Rainbow trout 0.014-0.029 TLsy = 96 hr
Fathead minnow 0.05 - 0.16 TLsy = 96 hr

Brook trout 0.02 Lethal
Brown trout 0.02 Lethal
Daphnia magna 0.014 Lethal
Gammarus
pseudolimnaeus 0.014 Lethal
Crayfish 0.78 TLs, = 7 days
Snails 0.78 TLs, = 7 days
Chromium
Daphnia magna <1.2 Threshold immobil-
ization, 64 hr
0.33 16% reproductive
impairment, 3 wk
0.60 50% reproductive
impairment, 3 wk
Acroneuria
lycorias 32 LCsy = 7 days
Ephemerella
subvaria 16 LCsy = 96 hr
Hydropsyche
betteri 32 LGy, = 7 days
Hexagenia (nymphs) 8.6 Mortality, 96 hr
Lepomis
macrochirus 71.9 LCsy = 96 hr, cr***
Fathead minnow 64.7 LC;y = 96 hr, cr**

2.0 Reproductive im-
pairment, 10 mo.

Carassius auratus 37.5 I , =96 hr

Lebistes
reticulatus 30.0 LCsy = 96 hr
Brook trout 0.40 Reproductive im-
pairment, 2 yr
50.0 TLm = 96 hr

" from Tc_rey 1978.
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Table 1.7 continued: Toxicity of sglected trace elements
to aquatic biota.

Organism Dosage, mg/L Remarks
Chromium, cont.
Rainbow trout 0.40 Reproductive im-
pairment, 2 yr
69.0 TLm = 96 hr
Largemouth bass 195 TLm = 48 hr
94 TLm = 80 hr
Copper
Daphnia magna 0.022 LCs, 16% repro. im-
pairment, 3 wk
0.035 LCgy. 50% repro. im-
pairment, 3 wk
Acroneuria lycorias 8.3 LCsqp = 96 hr
Ephemerella
subvaria 0.32 LCsy = 48 hr
Hydropsyche
betteri 32 LCsp = 14 days
Orconectes rusticus 3 LCsy = 96 hr
Campeloma decisum 1.7 LCs, 96 hr
Physa integra 0.039 LCsy = 96 hr
Gammarus
pseudolimnaeus 0.020 LC;y = 96 hr
Pimephales promelas 0.023 LCsp = 96 hr
0.018 Reproductive im-
pairment, 10 mo.
0.075 LCs, = 96 hr
Lepomis macrochirus 0.66 LCsy = 96 hr
Carassium auratus 0.036 LCsy = 96 hr
Lebistes
reticulatus 0.036 ILCsy = 96 hr
Salvelinus
fontinalis 0.10 LCsy = 96 hr
0.03 43% survival of
adults, 8 months
Ictalurus nebulosus 0.18 LCsq = 96 hr
Sockeye and pink
salmon 0.025 Mortality, retard-
ed development
Rainbow trout 0.037 Reduced egg and
fry survival
Steelhead 0.03 Fry mortality, 96 hr
Lake trout 0.111 Reduced egg and
fry survival
Brown trout 0.037 Reduced egg and

fry survival

* from Torrey 1978.
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Table 1.7 continued: Toxicity of selected trace elements
to aquatic biota."*

Organism osa
Iron D ge, mqa/L Remarks
Daphnia magna 5.2 Reproductive im-
pairment, 3 wk
5.9 LC;, = 3 Wk
4.4 16% reproductive im-
i pairment, 3 wk
Gammarids 3.0 Reproductive im-
, , pairment, 4 months
Caddisflies 25.0 Reduced emergence,
) 2 months
Acroneuria lycorias 16.0 LGy = 9 days
Ephemerella subvaria 0.32 LCsy = 96 hr
Hydropsyche betteri 16.0 ch = 9 days
gathiai minnow 50.0 Mortality, 5 months
rook trout 12.0 Reduced growth 37 wk
Lead
Daphnia magna 0.45 LCs, = 48 hr
Acroneuria ly i ca 0 B0 Z 3.8
corias 64.0 = ays
Ephemerella s 14 ey
subvaria 16.0 LCsy = 7 days
Hydropsyche betteri 32.0 LCs, = 7 days
leeppales promelas 5.6 LCsy = 96 hr
Lepomis macrohirus 23.8 LCsq = 96 hr
Carasslus auratus 31.4 LGy, = 96 hr
Lebistes >0
reticulatus 20.6 LCsy = 96 hr
Coho salmon 0.3 Fry mortality, 96 hr
chinook salmon 1.0 Fry mortality, 96 hr
Steelhead 0.6 Fry mortality, 96 hr
Brook trout 0.5 Fry mortality, 3 wk
Fathead minnow 5.58 LCsy = 96 hr
Manganese
Daphnia magna 5.20 Reproductive im-
pairment, 3 wk
5.7 LCs = 3 wk
4.1 16% reproductive im-
' ' pairment, 3 wk
Anguilla japonica 4.1 Lethal
Mercury
Macrocystis
pyrifera 50 50% photosynthesis
reduction, 4 days
Phytoplankton 100 Complete inactiva-
tion, 4 days
. P18,
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Table 1.7 continued: Toxicity of selected trace elements
to aquatic biota.

Organism Dosage, mg/L

Mercury, cont.
Nitzschia
delicatissima

Daphnia magna

Nickel
Daphnia magna

Acroneuria lycorias
Ephemerella subvaria
Hydropsyche betteri
Pimephales promelas
Lepomis macrochirus
Carassius auratus
Lebistes reticulatus
Rainbow trout

Daphnia magna

Acroneuria lycorias
Ephemerella
subvaria
Hydropsyche betteri
Pimephales promelas
Lepomis macrochirus
Carassius
reticulatus
Coho salmon
Chinook salmon
Steelhead
Rainbow trout

Remarks

33.5

64.0
4.58
5.18
9.82
4.45

32

0.10
0.158
0.07

0.102
32

16

32
0.96
6.44

1.27
0.14
0.30
0.30
4.6

Reduced growth and

photosynthesis

LCsp = 3 wk

50% reproductive im-
pairment, 3 wk

10% reproductive im-
pairment, 3 wk

LCs, = 48 hr

LC;, = 48 hr

50% reproductive im-
pairment, 3 wk

16% reproductive im-
pairment, 3 wk

LCsy > 14 days

LCsy = 96 hr

LC;, = 96 hr

LCsy = 96 hr

LG, = 96 hr

LCs, = 48 hr

LCs, = 48 hr
50 = 3 WK

16% reproductive im-
pairment, 3 wk

50% reproductive im-
pairment, 3 wk

LCsq = 14 days

LG, = 10 days

LGy = 96 hr

LCsp = 96 hr

Fry mortality, 96 hr

Fry mortality, 96 hr

Fry mortality, 96 hr

LGy

= 5 days

Note: LCg, is the lethal concen. to 50% of a population.
erance limit for 50% of population.

TL,, is the tol

TLm is the median tolerance

" from Torrey 1978.

30

limit.



C_______.2 METL. )OS

2.1 BATCH OXIDATION OF SIURRY OF WHOLE COAL

~ ~ ° Introduc**--

A study of the release of selected elements during
the oxidation of whole coal was undertaken. A sample of
whole « ~ was ground and slurried in water in contact
with air. Samples were withdrawn ; ilod:_illy ai_ fil-
tered. The pH of each filtrate was measured before its
acidification and storage. The solids were washed with a
magnesium chloric ion-exchange solution, which was also
filtered and acidified and stored. Analyses for dissol-~
ved sulfate, iron, aluminum, zinc, cadmium, copper, chro-

mium, lead, arsenic, and selenium were performed later.

2.1.2 Coal Sample

Several kilograms of coal from the Leslie Mine in
Osceola Mills, Centre County, Pennsylvania, were obtained
from the Potomac Electric Power Company, Chalk Pol..:
Generating Station, (Aquasco, Maryland) by N. J. Fen-
dinger, (then a University of Maryland graduate student
engaged in research on coal at the Center for Environmen-
tal and Estuarine Studies, Chesapeake Biological Labora-
tory, Solomons, Md). After being mined, the coal was

crushed, washed to reduce sulfur and ash content, and
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(Baltimore, Maryland), determined sulfur using ASTM
method D-4239-C, and the ash content using ASTM method D-
3174-B2. The trace organic materials were operationally
defined and determined in duplicate 2 g samples of the
coal by extraction during sonication in dichloromethane,

fractionation on silica gel, and characterization by gas

chromatography and GC/MS. (See Fendinger et al. 1989),

Table 2.1 cChemical characterization of coal sample.”

Concentration, ‘w/w)

Substance
Major Components, %
c 69.0
H 4.76
N 1.16
S 3.38
Ash 14.8
Al 2.42
Fe 1.87
Minor Components, mg/g
K 2.8
Na 2.3
Ca 1.19
Mg 1.09
Trace Components, ug/g
Cu 39.7
Zn 35.3
Mn 28.5
cd 4.2
Be 2.9
organic Material, ug/g
Total Aliphatic Hydrocarbons 29.85
Total Aromatic Hydrocarbons 62.40
3.34

Polynuclear Aromatic Hydrocarbons

* Adapted from Helz et al. 1987,
and Fendinger et al. 1989.

Comparison of Table 2.1 with Tables 1.2 and 1.3

reveals that the concentration of most of the elements
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determine

d in this coal are within 3 range of about +/
oné

Standard deviation of averages Previously reported
for whol

e coals from the eastern Uniteg States

The
eptions include copper, beryllium,
exC

sodium, and cadmi-
qne total sulfur content of this coal,
um-

apP

3.38%, is
coximately one standard deviation above the means

orted bY Gluskoter et al. 1977,
rep

but well Within the
e of values they reported, (0.55 through 5 0%)
r L] -

ong the other major components,
AM

aluminum (2.42%) and
iyon (1.87%) are also approximately one standard devia-

cion apove the mean values for Eastern coals.

For fur-
ther comparison, Table 2.2 shows the mean concentrations

of sulfur, aluminum, and iron reported for Tllinois Basin

and western coals by Gluskoter et al. 1977, and Kuhn et
al' 1980~

Table

2.2 Mean §, Al,_and Fe concentrations in
Illinois Basin and Western coals.

Sul fur Aluninum Iron
11inois Basin
I 3.5 + 1.1% 1.2 + 0.4% 2.0 + 0.6% "
3.9 + 1.4% 1.3 + 0.3% 2.0 + 0.9% *
Western
0.73%0.33% 0.94+0.56% 0.51+0.24% *
0.73+0.2 % 1.06%0.4 % 0.43+0.1 % *
* Gluskoter et al. 1977
* Xxuhn et al. 1980

Note that this sample of an Eastern coal contains sulfur

and iron concentrations only a little below the averages
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for Illinois Basin coals, but its aluminum content is
about twice their typical concentration.

The copper concentration in this coal is about twice
the reported averages, but could easily be attributed to
a localized enrichment of CuFeS,, (chalcopyrite, a miner-
al commonly found in Eastern coals) in the sample of coal
analyzed. The concentration of cadmium in this coal
appe s to be about seven times the average for 23 East-
ern coals reported by Gluskoter et al. 1977, (see Table
1.2). This may also be due to a localized enrichment of
sulfide minerals, since cadmium is typically found in
association with zinc, and sphalerite (2ZnS) is commonly
found among the sulfide minerals associated with coal,
(see Table 1.1).

Beryllium is listed in Table 1.1 as a trace constit-
uent of the clay mir L. Its <
coal is two to four times the average concentrations
shown in Tables 1.2 and 1.3. However, Wachter and Black-
wood (1978) reported Be in Appalachian coals to average
0.0025 percent, which is ten times the level found in
this sample.

The sodium concentration in this coal is five to six
times the averages presented in Tables 1.2 and 1.3 for
Eastern coals. Sodium is a major constituent of -“%ite
(NaAlSi;Og5) and other minerals in the alkali feldspar

series, (Phillips and Griffen 1981). The very high
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concentration of sodium found in this coal could be
attributed to a non-representative sample having a sig-
nificant amount of a sodium-substituted silicate mineral;
or it could be due to contamination of the sample with
sodium.

X-ray diffraction was used to analyze a sample of
the coal for mineral components that might be present in
significant quantities. A few grams of ** - previously
ground coal were ground again under acetone with an agate
mortar and pestle. A few drops of the resultant slurry
were applied to a clean glass slide and air dried. The
slide was mounted in a Philips X-ray Diffractometer with
XRG 3100 X-ray Generator and APD 3720 Diffractometer
Ccontroller. A program was employed which used CuKa
radiation (lambda = 1.5418 angstroms) and scanned the
range 15° - 55° at 2° per minute. The uncertainty in the
angle measurement is less than 0.5° and typically +/-
0.01°. The instrument provided signal processing and a
digital printout of the peak location (2 theta), the
calculated interplanar distance (d), and peak intensity
in arbitrary units.

Table 2.3 shows the results obtained from the X-ray
diffraction analysis and tentative peak assignments (as
discussed below). The entries without values for peak

intensity are additional peaks that were visually identi-
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fied as appearing to rise to approximately two times the

average background noise or higher.

Table 2.3 X-ray diffraction peaks of coal sample."
Interplanar Relative Tentative
Distance Peak Peak
(angstroms) Intensity Assignment
5.89
4.8853 84
4.4759 107 Tllite
4.3500 116
4.2535 122 Qu "z
3.7665 133
3.5823 150 Kaolinite
3.53
3.3434 160 Quartz & Illite(?)
3.18
3.0680 121
3.0009 130 Alunite
2.8981 115 Alunite
2.8628 86
2.84
2.69 Pyrite(?)
2.68
2.6497 93
2.5852 84
2.57
2.50 Kaolinite(?)
2.46 Quartz (?)
2.42 Pyrite(?) &
Illite(?)
2.34
2.30 Alunite
1.96
1.90
1.7755 80
1.76 Alunite

* Entries with no listed Relative Peak Intensity
were visually identified as rising abou@ two
times the average background noise or higher.

It should be noted that components comprising less

than 5% of a sample typically do not provide adequate
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signal strength to produce definite peaks. 1In addition,
components with reduced crystallinity give rise to peaks
that are poorly resolved or indistinguishable from the
background noise.

Table 2.4 lists the five major X-ray diffraction
peaks in the approximate range of the analysis (and in
order of relative peak intensity) for minerals suspected
of being present in the coal. Comparison of Table 2.3
with Table 2.4 shows that the single strongest peak
(d=3.3434) matches the principal peak used to identify
quartz. The second most important quartz peak is also
prominent in the analysis. The remaining major quartz
peaks are relatively weak and were identifiable in our
analysis barely if at all. The second strongest peak
identified (d=3.5823) corresponds closely to the princi-
pal kaolinite peak within the range analyzed. However
the second kaolinite peak is off scale, the third matches
the experimental data poorly, and the remaining two peaks
were weak or unidentifiable. The principal illite peak
(d=4.48) can be paired with the fairly strong peak at
d=4.4759. The second most important illite peak, if
present, is probably masked by the principal quartz peak.
The third illite peak was unidentifiable in these re-
sults, the fourth was off scale, and the fifth was very

small, at best.
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Table 2.4

Quartz
(#5-490)*
3.343 (100)
4.26 (35)
1.182 (17)
2.458 (12)

2.282 (12)

* Expressed as interplanar distance (d),

* American Society for Testing and Materials (ASTM)

X-ray diffraction peaks for selected minerals.”

Alunite Kaolinite Illite Pyrite Calcite

{(#14-136) (#14-164) (#9-343) (#6-710) (#24-27)

2.99 (100) 3.579 (80) 4.48 (90) 1.633 (100) 3.030 (100)
2.89 (100) 1.620 (70) 3.33 (90) 2.71  (85) 1.8726 (34)
1.757 (88) 4.366 (60) 2.61 (60) 2.423 (65) 3.852 (29)
2.293 (80) 4.186 (45) 1.53 (60) 2.2118 (50) 2.094 (27)
1.926 (70) 2.495 (45) 2.42 (40) 1.9155 (40) 2.284 (18)

in angstroms.

Powder Diffraction File reference number.

Note: Numbers in parentheses indicate relative peak intensity.



Thus, among the major silicate minerals commonly
found with eastern U.S. coals, quartz was rather strongly
indicated by its two principal peaks, and kaolinite and
illite were suggested, but their presence could not be
confirmed in the whole coal.

Comparison of the principal pyrite peaks with the
data reveals that the most important peak was off scale,
the next two were very weak, and the last two could not
be recognized. For calcite, none of the major peaks were
identifiable. These results are due in part to the coal
being washed to reduce its mineral and ash content prior
to being used as a fuel. Also, the bulk of the coal
itself dilutes any mineral phases still present, and
weakens the signals obtained by X-ray diffraction.

The presence of alunite is strongly suggested by the
occurrence of its four strongest peaks. It is considered
likely that this phase is the result of the initial
oxidation of pyritic sulfur to sulfate ions, which then
crystallize with aluminum ions from any soluble alumino-
silicate phases.

A careful and systematic Hanawalt search of the
ASTM Powder Diffraction File data failed to reveal any
other mineral phases as being present in the sample of
whole coal analyzed. However, other researchers (Means

et al. 1987) investigating another sample of coal from
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the same shipment, prepared a low temperature ash in
microwave-excited oxygen. (Removal of the bulk carbon
phase effectively concentrates the mineral phases and
results in stronger signals.) The X-ray diffraction
pattern they obtained is shown in Figure 2.1, along with
the peak assignments that they made. The evidence for
the presence of quartz, kaolinite, and pyrite is stron-
ger, and the presence of illite is again suggested. How-

ever, there is not support for the presence of alunite.

2." * _Set-up for Bat— x**-*'-1

A five liter boiling flask was cleaned and soaked in
one percent nitric acid and thoroughly rinsed with dis-
tilled water that had been deionized by a Millipore
Milli-Q water purification system, (subsequently referred
to as Milli-Q water). A 4.00 liter volume of Milli~-Q
water was added to the flask and aerated with breathing
grade compressed air whil being stirred by a direct-
drive mechanical stirrer using a polyethylene-coated pro-
peller and shaft.

Three hours later, the pH of the initial water sys-
tem was determined to be 5.66, using an Orion Research
model 701A digital pH meter with glass combination elec-
trode calibrated with standard commercial buffer solu-

tions of pH 4.00 and 7.00. About 55 mL of water was
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wi ‘n for the " . ("blank") sample and handled as

described later under “samp]_ing routine"

Ground coal was removed from its desiccator in small
quantities, and reground with mortar and pestle to obtain
a fir ‘flowing Cconsistency. A 1038 gram r s of
this powdered, whole coal was added to the vigorously
stirred reaction flask. a 205 mL volume of Milli-Q water
was added to the system to bring the initial ratio of
coal to water to be 1:4 (mass:volume) .

Aeration of the slurry was discontinued after the
first night with the assumption that constant contact of

the atmosphere with the vigorously stirred system would

maintain air-saturation of the slurry.

2.1.5 Sampling Routine

Periodically, a 50-60 mL sample was withdrawn from
the actively stirred slurry through a glass tube by a
large plastic syringe, (Becton-Dickinson 60 cc Luer-Lok
tip). To remove bulk solids, each sample was vacuum fil-
tered through an 11.0 cm disc of Whatman Qualitative Fil-
ter Paper #1, using a Buchner filtration apparatus. The
filtrate was caught directly in a large test tube and
transferred to a 50 mL beaker.

In order to remove fine particles and colloids from
the filtrate, a second large syringe was used to force

the suspension through a Millipore Swinex 47 mm filter
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having a 0.45 um pore size filter disc. The final fil-

trate was caught in a clean, glass container that would
be used for storage.

The pH of each sample was determined using the Orion
pH system calibrated with commercial pH buffer solution

standards (pH values 7.00, 4.00, and 2.00) shortly before

each sample solution was measured.

An ior :xchange wash consisting of 50. mL of 1.00

molar magnesium chloride was passed repeatedly through
the solids retained in the Buchner funnel in order to
facilitate equilibration of the solution with the solids
and surfaces. This wash solution was passed through the
same steps (using the same glassware, second syringe, and
Millipore filter) as the original sample solution, in
order that it might gather up any ions that may have been
adsorbed onto the equipment surfaces.

Both final solutions (sample and wash) were acidi-
fied to 0.2% (vol/vol) nitric acid using the concentrated
reagent. They were each stored in a dry, acid-prewashed
glass container that was sealed using a Parafilm mem-—

brane.
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Table 2.5 Composition of synthetic coal leachate

0.05 molar iron(III) sulfate
0.018 molar sulfuric acid
0.0016 molar hydrochloric acid
0.001 molar nitric acid

7.2 ppm aluminum

3.5 ppm potassium

2.0 ppm zinc

1.0 ppm in each of Cu, ¢4, cr, Pb, As, and Se.
0.2 ppm sodium

g
|

Sodium bicarbonate was chosen to be the base titrant
for gradual neutralization, because a fairly concentrated
solution could be used (to minimize dilution volume) and
its pH would be nearly neutral (8.3). In contrast, a one
molar solution of sodium hydroxide should have pH nearly
14, and would be expected to precipitate amorphous ferric
hydroxide when injected into the acidic solution of
ferric iron.

A 2.00 liter volume of 1.20 molar base titrant was

prepared by dissolving 201.6 grams of sodium bicarbonate

in Milli-Q water.

2.2.4 Apparatus

A Masterflex Peristaltic Pump with head number
7013.20 was used to pump the base titrant through Tygon
tubing at flow rates ranging from 1.86 mL/min down to
0.65 mL/min. The flow rate was checked before and after

each titration segment, and the volume dispensed was
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estimated by the product of average flow rate and elapsed
time. 1In addition, the volume of titrant removed from
its reservoir during each titration interval was noted.
The average of these two values was taken to be the total
volume of sodium bicarbonate solution injected into the
The data

reaction vessel during each titration episode.

is summarized in Table 2.6.

Table 2.6 Estimated, observed, and average volumes
of dispensed sodium bicarbonate titrant.

~-timated” Observed' Average
140.9 mL 140.9 mL
138.4 138.4
81.1 82.5 nmL 81.8
l116.4 120. 118.2
100.3 97. 98.7
123.0 120. 121.5
104.0 101.3 102.7
25.2 23.5 24 .4
18.3 17.7 18.0
18.5 18.0 18.2
19.5 19.0 19.3
20.7 20.0 20.4

* Product of average flow rate and elapsed time.
* Difference of initial and final reservoir volumes.

The titrant was delivered into the region of appar-
ently maximum turbulence of the vigorously stirred syn-
thetic solution through a Teflon capillary tube jacketed
in a glass tube (for structural rigidity). Highly turbu-
lent stirring was achieved by using two direct-drive

mechanical stirrers with polyethylene-coated propellers

and shafts, (see Figure 2.2). The solution was restrain-
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ed from "boiling" out of the four liter reaction vessel
by a Plexiglas 1id, (see Figure 2.3). Fixed vanes that
extendéd approximately one quarter of the way down into
the solution thwarted the creation of a central vortex
and allowed much higher stirrer speeds to be used.

The solution, though covered to minimize fall-in of

contaminants and splash-out of contents, was always open

to the air. During periods of titration the stirring

Speed was turned up so high that air was drawn into the
solution by small vortexes, and instantly dispersed

throughout the vessel. Thus the system was kept aerated

and the carbon dioxide neutralization product was allowed

to escape readily from solution.

49



Figure 2.2 Reaction vessel for neutralization titration.

: Motor

- Plexiglass lid
with vanes
(see fig. 2.3)

Figure 2.3 Lid for reaction vessel.

Capillary hole

vVanes
(extend into solution)

~#——————5haft notches

pH electrode
hole
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2.2.5 pH Monitoring and Sy *em Equilibration

The pH response of the system during and after each
titration period was monitored as follows. An Orion
Research model 701A digital pH meter with glass combina-
tion electrode was calibrated using commercial buffer
solution standards of pH 7.00, 4.00, and 2.00. The
electrode was rinsed, suspended in the stirred reaction
solution, and the initial pH of the system 1 e L.

In order to avoid pushing the neutralization reac-
tion too far during any one segment, the pH was noted
every one to ten minutes throughout each injection peri-
od. The titration was stopped by removing the capillary
injector if the pH of the system had risen more than one
pH unit from its initial value.

Following each titration segment, the pH was moni-
tored for an additional fifteen to thirty minutes while
the system was still being vigorously stirred. This
allowed the observation of pH drift or relaxation as the
system began to equilibrate.

Within an hour after each titration segment, the
rate of stirring was reduced below the point where air
was drawn into the mixture. The pH electrode was removed
and the reaction vessel covered to minimize evaporation
and contamination.

At least twenty hours were allowed for the moderate-

ly stirred system to equilibrate internally and with the
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atmosphere before being sampled, (with the exception of
sample number 2 which was collected at pH 2 while the

system still appeared to be a true solution).

2.2.6 “~-pling Routine and Storage

Samples were Withdrawn from deep within the continu-
ously well-stirred system using a glass tube and large
plastic syringe, (Becton-Dickinson 60 cc Luer-Lok). The
sample suspension was forced through a Millipore Swinex
47 mm filter having a 0.45 um pore size filter disc. The
filtrate was caught in an acid prewashed, Milli-Q water
rinsed, and dried, glass sample bottle that would be used
for storage.

The pH of each sample was determined using the same
orion Research pH meter and glass combination electrode
that would be used to monitor reaction pH during the
subsequent titration period. The system was calibrated
just before use with commercial pH buffer solution stan-
dards of pH 7.00, 4.00, and 2.00.

Shortly after the pH of each filtered sample was
measured, it was acidified to 0.2% (vol/vol) nitric acid
using the concentrated reagent. The sample bottles were

sealed using a Parafilm membrane.
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2.3 ANALYSIS OF SAMPLES

2.3.1 Introduction

The sample solutions from the Batch Oxidation exper-
iment were analyzed by flame atomic absorption spectros-
copy for iron, and by ion chromatography for sulfate.
Graphite furnace atomic absorption spectroscopy was used
to determine aluminum, cadmium, chromium, copper, lead,
and zinc in the solution samples from both the Batch
Oxidation and the Titration experiments. Cation Exchange
was used to remove interfering cations from these same

sample solutions prior to determination of arsenic and

selenium, also by graphite furnace atomic absorption

spectroscopy.

2.3.2 JTon Chromatography

A Dionex QIC ion chromatograph was used for the
separation, detection, and measurement of sulfate in
diluted sample solutions from the Batch Oxidation experi-
ment. Our system was configured with adjustable pump-—
stoke capacity, heavy-walled Teflon-tube pulse damper, 3-
passage injection valve with replaceable sample-loops of

various capacity, guard and separator columns, 1lon Sup-

pressor, and conductivity cell detector.
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The pump stroke was set to provide a flow rate of

about 2 mL/min and a 50 uL sample loop was used on the

injection valve. The Dionex-recommended HPIC-AG1 ION PAC

column was used as guard column. It was found that a

second, newer AGl column gave adequate separation of
sulfate from the other anions in our samples, and halved
the retention time of the usual DIONEX TON PAC HPIC-S1
Anion Separator analytical column.
The fiber-type counter-flowing ion suppressor used
0.25 normal sulfuric acid as suppressor regenerant. The
conductivity cell output was internally amplified and
transformed into a 0-1 volt signal which we used to drive
the pen of a Bioanalytical Systems RYT strip chart re-
corder.
The ion suppressor was bypassed and the system was
flushed to rejuvenate the columns as follows:
10-15 min with Milli-Q water,
10-15 min with 0.1 molar sodium hydroxide,
about 10 min with Milli-Q water,
about 10 min with 0.1 molar sodium carbonate,
finally, about 2 min with Milli-Q water.
The ion suppressor column was hooked up again and the
normal sodium bicarbonate/sodium carbonate eluent (mobile
phase used to elute the analytes from a chromatographic

column) was pumped through for over an hour to re-equili-
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acid diluent. Working standards (0.10, 0.20, 0.50, 0.80,
and 1.0 ppm) were prepared by serial dilution of the
stock standard such that each final solution was 0.02%
(vol/vol) hydrochloric acid (to avoid swamping the col-
umns and detector with chloride ions).

The original samples (acidified to 0.2% HNO; for
storage) were diluted 100-fold with 0.2% (vol/vol) hydro-
chloric acid, then 100-fold with 0.02% (vol/vol) hydro-
chloric acid, and if necessary, 2-5 fold with 0.02%
(vol/vol) hydrochloric acid in order to avoid swamping

the system with either chloride or nitrate anions.

Injection Routine

After the baseline stabilized, 4 mL of sample or
standard were pushed through the sample loop using a 5 mL
plastic syringe (Becton-Dickinson). Immediately the
injection valve was used to load a reproducible volume
onto the columns. Within a few seconds the water band
reached the detector. When the recorder traced the con-
ductivity dip the injection valve was returned to the
"load" position. The sample loop was then rinsed with
2.5 mL of Milli-Q water, and again at the emergence of
the sulfate peak (about 12 minutes) with 1.5 mL of
Milli-Q water. The baseline was re-established in about

two more minutes.
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Analysis of Standards and Interpretation of Sar—'r Nata

The standards were run before and after each set of

ten to fifteen samples. Signal amplification and record-

er range were selected so as to use 1 - 95% of the chart
paper width, and thus minimize the uncertainty of measur-
ing peak heights.

The data for all the standards measured during a
given "on v e plotted as peak I ight versus sulfate

concentration (see Figure 2.4). The least-squares fit

regression line was calculated and used to interpret the

sample peak height data in terms of sulfate concentra-

tion.
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Figure 2.4 Calibration curve for the determination

Peak Height, cm

Notes:

10

of sulfate in the Batch Oxidation filtrates
by ion chromatography.

y = 7.0758e-2 + 0.96755x R"2 = 0.997

10

S04, micromolar

The standards were run before, during, and after
the analysis of samples. Each point represents
the average of the 2 - 4 separate analyses of a
given standard solution. The vertical bars in-
dicate the range of values obtained for that
standard. The uncertainty of the concentration
of each standard is not greater than the width
of the symbols used to plot the data.

The line is the least-squares regression line fit
to all the data points. The equation of the

line was used to interpret the peak height of
each sample in terms of sulfate concentration.
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2.3.4 Interference avoidance and minimizatic- *n GFAAs

analys*- -f arsenic and selenium.

Arsenic and selenium analyses by graphite furnace
atomic absorption spectroscopy (GFAAS) suffer from severe

background absorption and interferences by accompanying

ions in solution. Welz and Schlemmer (1986) attributed

the excessive background absorption to large amounts of
IL.trix metals being volatilized during analyte atomiza-

tion. Riley (1982) noted spectral interferences of iron

for selenium and of aluminum for arsenic. Bauslaugh et

al. (1984) noted interferences due to molecular absorp-

tion by phosphorous dimers formed during the decomposi-

tion of phosphates. (See also Fernandez and Giddings

1982.)
Interferences with arsenic signals by many matrix

. ) ) 3 - - -
species including Na*, K, Mg?*, ca?, Fe**, cl1-, 5042 ’ PO,,3 ,

and Mo0,>" have been noted. At least thirty-eight metals

have been found to interfere with selenium signals (Henn

1975, 1977) as well as matrix acids including hydrochlo-

ric, sulfuric, and nitric (Tsalev 1984). Cation exchange

has been used to remove metals from solutions of arsenic

and selenium (Henn 1975).
In acidic, oxygenated waters, arsenic exists as

HAs0,”, and below pH 2 as H3AsO,. Similarly, selenium

should exist as Se0,2 at pH greater than 2, and as HSeQ,"

at pH less than 1.75. Thus, cation-exchange was used to
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remove many interferents before graphite furnace atomic
absorption spectroscopy of arsenic and selenium. Matrix
modifiers and pre-coating the graphite tubes and L'Vov

platforms were used to minimize anion effects, (see Henn

1975, 1977).

BIO-RAD cation exchange resin AG50W-X16, H' form,
200-400 mesh, with resin capacity 2.4 meq/mL, was soaked
overnight in Milli-Q water and used to pack small col-
umns. The slurried resin was poured into each Kontes
Flex-Column a few milliliters at a time, and allowed to
settle while the excess water drained down to the top of
the resin bed. Subsequent additions of slurry were used
to create a packed 7-8 cm resin bed in the 10 cm columns.

Smaller 0.7 cm diameter columns had a dead volume of
about one milliliter and a calculated capacity of about
6.5 milliequivalents. The total cationic load in our
filtrates was estimated to be 0.11 - 0.12 meq/mL; and
that of our maghesium chloride wash solutions diluted
ten-fold was estimated to be 0.18 - 0.20 meq/mL. Thus, a
maximum of 54 mL of filtrate, or 32 mL of 1:10 diluted
wash sample solutions could be cation exchanged.

Larger 1.0 cm diameter columns had a dead volume of
about two milliliters and a calculated capacity of about

13 milliequivalents. Thus a maximum of 110 mL of fil-
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2) Interpret the data using a calibration curve
based on 4-6 simple standards in 0.2% (vol/vol) Ultrex

nitric acid and spread over the range of reasonable

linearity obtained by our method. This revealed the

range, trends, and approximate concentration of each
analyte in our samples.

3) Re-analyze approximately every third sample by
the method of standard additions of known analyte to four

or five aliquots of each sample. These data were inter-

preted by extrapolation back to zero absorbance (baseline
corrected) to establish the concentration of each analyte
in a subset of our samples which spanned the ranges of

sample collection time and analyte concentration in our

experiments.

Analysis Routine

The typical routine followed for the analysis of a
set of samples started with instrument warm-up while
working-standard solutions were made by serial dilution
with 0.2% (vol/vol) Ultrex nitric acid of a 1000. ppm
stock standard solution of the appropriate element.
Final tune-up of the instrument for optimal performance
was followed by "analyzing" the diluent (0.2% Ultrex
nitric acid) plus matrix modifier solution to establish

the baseline absorbance level.
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For small sample-sets, the standards were run first,

followed by the samples, and often ending with one or two

check-standards. For the average set of samples, the

standards were run before and after, in order to estab-
lish instrument response over the duration of the analy-
ses. For large sample sets, the standards were run about
mid-day, as well as before and after the samples, for the
same 1.

During each set of analyses, the reagent blank (0.2%
Ultrex nitric acid plus matrix modifier solution) was run

after every few samples or standards, in order to monitor

the baseline absorbance signal.

calibration Curves, Uncertaint Limits of ~-tection, and
_'m'L,A of- i_rll LI -.m

On the following pages are presented the calibration
curves of the elements analyzed by atomic absorption
methods. The absolute uncertainty associated with each
point is plotted using error bars. The uncertainty of
the concentrations of the calibration standards (abscis-
sa) was derived using propagation of errors analysis, as
follows.

The uncertainty of each weighing and dilution proce-
dure used in the preparation of one of the higher concen-
tration working standards, and the uncertainty of its

introduction into the graphite furnace, were estimated
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and included in the calculation of overall uncertainty

for that standard solution. For example, to estimate the

uncertainty of concentration of a 100 ppm working stan-

dard:
Weighing and dissolving 1.0000 g
of pure, dry metal: 10.02%
Diluting to 1000.0 mL
for the stock standard: +0.06%
Diluting 5.00 mL to 500.0 mL
to reach 10 ppm solution: +0.5%
Diluting 5.00 mL to 500.0 mL
to obtain 100 ppb standard: 10.5%
Autopipetting 20 uL into the
+1.0%

graphite furnace:

The overall relative uncertainty of these combined opera-

tions is the square root of the sum of the squares of the

individual relative uncertainties, (Harris 1991), which

is #1.23% in this case.
The absolute uncertainty associated with a given

standard is the product of its nominal concentration

times its relative uncertainty. For the above example

this gives +1.23 ppb, and results in the expression 100.¢

+ The

1.2 ppb for the concentration of that standard.
calculated uncertainty was applied to each standard ang
Plotted using horizontal error bars.

The uncertainty of the magnitude of the signal for
each standard is indicated by the vertical error bars,

They show the range of values obtained from the same

standard as measured at different times. The central

pPoint plotted is the average of the separate measure-

ments, and was used in the least squares fit of a regres-
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Table 2.7 Limits of detection and quantitation for the analyses of
trace elements by Flame AAS and Graphite Furnace AAS.

Slavin ASTM Dilute Solutions? original Samples'
(1984) (1985) Dilution
Element LOD (uM) LOD (uM) LOD (uM) LOQO (uM) Factors LOD (uM) LOQ (uM)
Al 0.0074 0.11
BO/F3 0.04 0.2 1000 40 200
BO/W* 0.04 0.2 1000 40 200
Titn?® 0.04 0.2 100 4 20
As 0.0134 0.013
BO/F 0.1 0.5 10 1 5
BO/W 0.1 0.6 10 1 6
Titn 0.06 0.3 10 0.6 3
cd 0.00013 0.0009
BO/F 0.0005 0.0025 10 0.005 0.025
BO/W 0.0005 0.0025 10 0.005 0.025
Titn 0.001 0.005 10 0.01 0.05
Ccr 0.00096 0.019
BO/F 0.04 0.2 10 0.4 2
BO/W 0.08 0.4 10 0.8 4
Titn 0.06 0.3 10 0.6 3

Notes:
1. Original Samples were undiluted, but too concentrated for analysis.
2. Dilute Solutions were analyzed after serial dilution from
the Original Samples by the Dilution Factor tabulated.
3. BO/F represents the Batch Oxidation filtrate samples.
BO/W represents the Batch Oxidation MgCL, wash samples.

5. Titn represents the neutralization Titration samples.

(continued on next page)
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Table 2.7 (continued) Limits of detection and quantitation.

Slavin ASTM Dilute Solutions?® Original Samples'
(1984) (1985) Dilution
Element LOD (uM) LOD M IOD (puM) I10Q (uM) Factors L1LOD (uM) LOQ (uM)
Cu 0.0008 0.016
BO/F3 0.016 0.08 100 1.6 8
BO/W* 0.008 0.04 100 0.8 4
Titn® 0.008 0.04 100 0.8 4
Fe (FAAS) 2
BO/F 10 50 100 1000 5000
BO/W 10 50 10 100 500
(GFAAS) 0.0018 0.018
Titn 0.018 0.09 100,000 1800 9000
Pb 0.0012 0.0048
BO/F 0.003 0.015 10 0.03 0.15
BO/W 0.003 0.015 10 0.03 0.15
Titn 0.006 0.03 10 0.06 0.3
Se 0.019 0.025
BO/F 0.2 0.9 10 2 9
BO/W 0.08 0.4 10 0.8 4
Titn 0.05 0.25 10 0.5 2.5
Zn 0.00008 0.0008
BO/F 0.0016 0.008 1000 1.6 8
BO/W 0.016 0.08 100 1.6 8
Titn 0.02 0.1 100 2. 10
Notes:

1. Original Samples were undiluted, but too concentrated for analysis.
2. Dilute Solutions were analyzed after serial dilution from

the
3. BO/F
4. BO/W
5. Titn

Original Samples by the Dilution Factor tabulated.
represents the Batch Oxidation filtrate samples.
represents the Batch Oxidation MgCL, wash samples.
represents the neutralization Titration samples.



Figure 2.6 Calibration curve for the determination of
aluminum in the batch oxidation filtrates
by graphite furnace AAS,

0.5

y = 3.5970e-3 + 0.13165x R*"2 = 0.999

Absorbance Seconds

Al, micromolar
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Y 2.4007e-2 + 0.17169x R*2 = 0.996

0.4

Al, micromolar
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Figure 2.9 Calib?ation curve for the determination of
arsenic in the bat

. Ch oxidation filtrates
by graphite furnace aas,

0.5

Yy = - 3.703%-3 + 0.20886x RA2 = 0.998

0.4}

03 F

Absorbance Seconds

0.1

0.0 1 -
0.0 0.4 0.8 1.2 1.6 2.0

As, micromolar
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Figure 2.10
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Figure 2.11

Absorbance Seconds

0.4

calibration curve for the determination of
arsenic in the neutralization titration

by graphite furnace AAS.

- 1.23618-2 + 0.26986x RA2 = 0.998

y:

0.0 0.2 0.4

u.o

As, micromolar
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Figure 2.12 calibration curve for the determination of
cadmium in the batch oxidation filtrates
by graphite furnace AAS.

S y = 1.3823e-2 + 14.659x R*2 = 1.000

0.8

(o]

0.4

Absorbance Seconds

0.2

0.0 —_ — Ll
0.00 0.02 0.04 0.06 0.08 0.10

Cd, micromolar

Note: The regression line was fit to only the
first thre points to avoid the curvature
apparent at the higher concentrations.
The sample concentrations fell within the
apparently linear range.
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Figure 2,13

Absorbance Seconds

Note:

Calibration curve for the determination of
cadmium in the batch oxidation washes
by graphite furnace AAS.

1.0

y = 1.8975e-4 + 11.313x R*2 = 1.000

0.6 |

04

02}

T T -1t .
0.00 0.02 0.04 0.06 0.08 0.10

Cd, micromolar

The regression line was fit to only the
first and third points, ignoring the errone-
ous second point, and to avoid the curvature
apparent at the higher concentrations.
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Figure 2.14 Calibration curve for the determination of
cadmium in the neutralization titration
by graphite furnace AAS.

1.0

- y = 4.1252e-3 + 7.6513x R”*2 = 0.999

0.8 -

06

Absorbance Seconds

0.2 |
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'0.00 0.02 0.04 0.06 0.08 0.10

Cd, micromolar
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Calibration curve for the determination of
chromium in the batch oxidation filtrates
by graphite furnace AAS.

Figure 2.15

0.8

y = - 1.9087e-2 + 0.98077x R"2 = 1.000

0.6

Absorbance Seconds

1 A | e

.0 0.2 0.4 0.6 0.8 1.0

Cr, micromolar
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Figure 2.16 Calibration curve for the determination of
chromium in the batch oxidation washes
by graphite furnace AAS.

1.0

y = - 4.8206e-3 + 0.95833x R*2 = 1.000

Absorbance Seco

Cr, micromolar
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Figure 2.17 Calibration curve for the determination of

chromium.in the neutralization titration
by graphite furnace AAS,

0.9

Yy = - 1.9555e-2 + 0.91079x R*2 = 1.000

Absorbance Secon

-0.1 . 1 s 1 2 I 2 1 .
0.0 0.2 0.4 0.6 0.8 1.0

Cr, micromolar
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Figure 2.18 Calibration curve for the determination of
copper in the batch oxidation filltrates

by graphite furnace AAS.
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Figure 2.19 Calibration curve for the determination of

COopr r ip the batch oxidation washes
by graphite furnace AAS,

0.5

Yy = -7.3840e-4 + 0.74628x R*2 = 1.000

e Seconds

Absorbal

0.0 — 1 1 N 1 2 1

0.0 0.2 0.4 0.6 0.8 1.0

Cu, micromolar
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Figure 2.20 Calibration curve f

Absorbance Secon

copper in the neutra
by graphite furnace AAS.

1.0
y = 7.2511e-3 + 0.60739x R"2 = 0.999

0.0 — ' '
) 0.4 0.8 0.8

Cu, micromolar
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urve for the determination of

Figure 2.21 Calibration ¢
n filtrates

iron in the batch oxidatio
by graphite furnace AAS.

1.0

y = 2.4857e-2 + 0.42583x R"2 = 0.999

Absorbance Seconds

0.0 . N 1 S -
_ 0.8 1.2

Fe, millimolar

1.6 2.0
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Figure 2.22 Calibration curve for the determination of
iron in the batch oxidation washes
by graphite furnace AAS,

100

- y = 0.75757 + 44.191x R?*2 = 1.000

Absorbance Secon: ;

0 A 1 1 P Bt ) 1

e pu—

0.0 0.2 0.4 0.6 0.8 10 1.2 1.4 1.8 1.8 2.0
Fe, millimolar
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Figure 2.23 Qalib;ation curve for the determination of
iron in Fhe neutralization titration
by graphite furnace aas,

1.0

y = 9.0020e-3 + 0.51298x RA2 = 0.997

Absorbance Secol

0.0 A L 4 1 " . 1 —
0.0 0.4 0.8 1.2 1.6 2.0

Fe, micromolar

89



Figure 2.24 cCalibration curve for the determination of

lead in the batch oxidation filtrates
by graphite furnace AAS.

0.09

y = -9.9309e-4 + 1.6132x R"2 = 1.000

0.07

0.05

0.03 -

Absorba ce Seconds

0.01 |

-0.01 _ — —_
0.00 0.01 0.02 0.03 0.04 0.05

Pb, micromolar

Note: The 0.005 uM standard was not included in

the regression line fit. It appears to be
erroneous.

90



Figure 2.25 Calibration curve for the determination of
lead in tt batch oxidation washes

by graphite furnace AAS.,

0.30
y = 4.068%-3 + 1.4965x RA2 = 0.997
0.25
0.20

0.15

0.10

Absorbance Seconds
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Figure 2.26 Calibration curve for the determination of

1 in the neutralization titration
by graphite furnace AAS.

0.5

L y = 3.5512e-3 + 0.71637x R"2 = 0.999
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Figure 2.27 Calibration curve for the determination of
selenium in the batch oxidation filtrates
by graphite furnace AAS.

0.05
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Figure 2.28 Calibration curve for the determination of
selenium in the batch oxidation washes
by graphite furnace AAS.

0.05

s y = 4.1618e-3 + 0.13793x R*2 = 1.000

0.04
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Figur . .
gure 2.29 Callb?atlon curve for the determination of
selenium in the neutralization titration

by graphite furnace AAS.
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Figure 2.30 Calibration curve for the determination of
zinc in the batch oxidation filtrates
by graphite furnace AAS.

1.0
- y = 2.4664e-3 + 5.2558x R*2 = 0.999
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Zn, micromolar

Note: The regressic 1lir was fit to only the
first three points to avoid the curvatur
apparent at the higher concentrations.
The sample concentrations fell within the
apparently linear range.
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Figure 2.31 Calibration curve for the determination of
zinc in the batch oxidation washes
by graphite furnace AAS.

0.8

y = - 6.15687e-2 + 4.1966x R*2 = 0.991

is

Absorbance Secol

_02 " 1 F— 1 " | desas——r
0.00 0.05 0.10 0.15 0.20 0.25

Zn, micromolar

Note: The regression line was fit to only the
first 5 points to avoid the curvature that
is apparent at the highest concentration.
The sample concentrations fell within the
apparently linear range.
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Figure 2.32 cCalibration curve for the determination of
zinc in the neutralization titration
by graphite furnace AAS.

y = 2.9591e-2 + 2.6835x R*2 = 0.991

Absorbance Seconds

0.0 0.1 0.2 0.3 0.4 0.5
Zn, micromolar

Note: The regression line was fit to only the sec-
ond, third, and fourth points to avoid the
curvature apparent at the higher concentra-
tions. The sample concentrations fell within
the linear range.
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CHAPTER 3 RESULTS

RESULTS OF BATCH OXIDATION OF SLURRY OF WHOLE COAL

3.1
During this experiment, samples were withdrawn from

the slurry every day during the first week, then every

two or three days through the second month, and then
The

every three or four days during the third month.

final sample was taken seventy days after the slurry

oxidation was initiated.
Table 3.1 lists the data obtained from the filtrate

samples for the major dissolved inorganic constituents

measured: hydrogen ions as pH, sulfate, iron, and alumi-

num.
Table 3.2 lists the data obtained from the magnesium

chloride wash samples for the major dissolved inorganic
The

constituents measured: sulfate, iron, and aluminum.

pH of each wash sample was not determined; however, the

pH of the 1.0 molar wash solution measured 4.56 after

being processed through the sampling routine.
Table 3.3 lists the data obtained from the filtrate

samples analyzed for the dissolved minor and trace 1nor-
ganic constituents: arsenic, cadmium, chromium, copper,

and zinc. All these data are reported in

lead, selenium,
micromolar units, which show zinc and copper to be nota-

bly more abundant in these slurry filtrate samples than

are the other trace elements.

99



Table 3.1 Major dissolved inorganics measured
in Batch Oxidation filtrates.

Date Day pPH Tot.soO, Tot.Fe Tot.Al
-— - (wy  _(mM) @ _(mM)
Jan 20 0 *5,.66 <0.001 0.01%x.01 <0.004
#4.26
Jan 21 1 2.50 12. 9. 3.5
Jan 22 2 2.56 15. 10.
Jan 23 3 2.48 18.5 11.
Jan 24 4 2.57 16.5 11. 3.3
Jan 27 7 2.54 18.5 12. 4.1
Jan 29 9 2.595 19. 11.
Jan 31 11 2.535 20. 12. 2.6
Feb 3 14 2.32 22.5 12. 2.7
Feb 5 16 2.195 30. 16. 2.8
Feb 7 18 2.20 36. 21. 2.5
Feb 10 21 2.13 44, 26. 2.5
Feb 12 23 2.11 47. 29.
Feb 14 25 2.12 51.5 31.
Feb 17 28 2.095 58.5 34. 2.5
Feb 20 31 2.04 71. 39.
Feb 24 35 2.04 73. 44. 2.9
Feb 28 39 2.04 73.5 45.
Mar 3 42 1.99 79. 51. 3.1
Mar 7 46 2.00 85. 54.
Mar 10 49 1.975 91. 58. 4.7
Mar 14 53 1.96 93.5 62.
Mar 17 56 1.93 98. 63. 3.4
Mar 21 60 1.94 100+2 68.
Mar 31 70 1.89%+.02 115+5 751 3.6

* pH of milli-Q water measured in reaction vessel. _
# pH of water after processing through sampling routine.
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Table 3.3 Minor and trace dissolved inorganics
in Batch Oxidation filtrates.

Day As cd Cr Cu Pb Se Zn
(uM) (uM) {uM) (uM) (uM) (uM) (uM)
0 0.6 <0.002 0.1* <0.07 <0.03 <1.7 <0.8
1 1.5* 0.18 1.0* 19.8 0.1* <1.7 80.
2
3
4 1.: 0.19 <0.4 20.5 0.19 <1.7 68.
7 1. 0.20 1.1 20.7 <0.03 <1.7 81.
9
11 1.7 0.22 1.2 23.2 0.03" <1.7 71.
14 2.* 0.22 1.2 28.1 0.03" <1.7 20
16 3.* 0.23 1.2 31.9 0.08* <1.7 82.
18 3.* 0.24 1.7 36.1 0.04" <1.7 82.
21 4.5* 0.24 1.8 36.9 0.04" <1.7 85.
23
25
28 7.7 0.26 2.0 43.9 0.03" <1.7 88.
31
35 1.5 0.28 2.1 55.5 0.03" <1.7 92.
39
42 7.0 0.28 2.1 50.6 0.04" <1.7 89.
46
49 5.9 0.30 2.7 55.2 0.07" <1.7 86.
53
56 1.5 0.32 2.3 57.7 0.14 <1.7 91.
60
70 1.5 0.36 2.6 63.0 0.17 <1.7 101.

* Approximately equal to the limit of detection for this
analysis. (See Table 2.7 for LOD and LOQ.)

+ Less than the limit of quantitation, but greater than
the limit of detection for this analysis.

Table 3.4 lists the data obtained from the magnesium
chloride wash samples analyzed for the same dissolved
minor and trace inorganic constituents: arsenic, cadmi-
um, chromium, copper, lead, selenium, and zinc. All

these data are also reported in micromolar units. Again,
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zinc and to a lesser extent copper, are seen to be nota-
bly more abundant in these magnesium chloride wash sam-

ples than are the other trace elements.

Table 3.4 Minor and trace dissolved inorganics
in Batch Oxidation washes.

pay As cd Cr Cu Pb sef Zn

— (uM) (uM)  (uM)  (uM)  (uM) (uM) (uM’
0 14-15 <0.001 1.7t 1.1 <0.01 0.7 3.
1 1. 0.03 l1.6* 3.* 0.2 <0.76 19.
7 <1. 0.01* 1.8 3.5 0.1* <0.76 19.
9

11 <1.* <0.76*

14 1. 0.01* 2.6% 5.4 0.1* <0.76 22.
16

18 1.5 o0.02*% 6.3 0.1* <0.76 21.
21 0.01*% 2.4 7.3 0.1" 24.
23 2.5*% <0.76

25

28 3.* 0.02* 2.2 8.3 0.1* <o0.76 21.
31

35 5.% 0.02" 2.5 8.6 <0.03 <0.76 21.
39

42 5.% 0.02" 2.5 10.5 0.9 1.0 24.
56 7.2 0.02" 2.4 12.9 1.8 1.0" 26.
60

70 8.8 0.02* 2.3 14.0 1.8 o0.8" 26.

# Not corrected by standard additions since the signals
were near the detection limit.

* Approximately equal to the limit of detection for this
analysis. (See Table 2.7 for LOD and LOQ.)

+ Less than the limit of quantitation, but greater than
the limit of detection for this analysis.

Note: The concentrations are micromoles of analyte per
liter of 1.0 M MgCl, wash solution; but, by exper-
imental design, they also represent micromoles of
analyte per liter of slurry.
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3.2 RESULTS OF NaHCO; TITRATION OF SYNTHETIC SOLUTIONS

During the titration of the synthetic acid - sulfate

- ferric iron solution doped with selected trace ele-
ments, samples were withdrawn only after an equilibration

period of approximately twenty hours or longer following

each titration segment. Table 3.5 lists the data ob-

tained from these samples for the major dissolved con-

stituents measured: hydrogen ions as pH, iron, and

aluminum.

Table 3. j i d constituents measured
5 Major dissolve riltrates.

in Titration experimen

Sample H Tot.Fe Tot.Al
Number P M M
1 1.575 100. g-?g
2 1.97 99. 0 37
3 2.44 96. 0 38
4 2.295 71. 0.38
> 2.36 55. 0.40
6 2.305 37. 0 48
7 2.475 13. 0 59
8 2.875 1.1 0.24
9 3.515 <0.1 0'14
10 3.90 <0.01 0'13
11 4.83 <0.01 0'12
12 5.745 <0.01 0:13
13 5.55 <0.01

of detection for

. imit
* APProxlmately equal to ;?2 ;?glfor LoD and LOQ.)

1s analysis. (See Ta
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Table 3.6 lists the data obtained from the titration
sam ,
Ples for the dissolved minor and trace constituents:

arsen 3 ’ .
1c, cadmium, chromium, copper, lead, selenium, and

Zin , .
C. All these data are reported in micromolar units.

Ta .
ble 3.6 Minor and trace dissolved constituents
in Titration filtrates.

S
nggie As cd cr cu Pb Se Zn
ToReD (uM)  (uM)  (uM)  (uM)  (uM)  (uM)  (uM)
; 1.2 9.2 22. 15.1 4.7 2.7 28.
3 1-+ 8.5 21. 14.6 2.6 2. 24.
p 1-+ 7.9 21. 14.1 3.9 2.6 24,
5 1. . 7.8 17. 13.5 4.0 1" 26.
. 0.9+ 8.0 18. 14.0 3.6 0.8 31.
7 0.9 8.3 17. 15.0 0.5 <0.5 36.
8 0-7+ 7.7 14. 13.7 0.1 <0.5 32,
5 0-9+ 7.5 10. 13.7 0.1" <0.5 33,
10 0.8" 8.4 2.9* 9.7 <0.06  <0.5 28,
11 0.7 8.5 1.4’ 2.9 <0.06 <0.5 25,
12 0.6 8.5 <0.6° <0.8 0.1" <0.5 17.
13 0.7 6.3 <0.6 <0.8 0.1* <0.5 4.*
0.7 5.0 <0.6 <0.8 0.07" <0.5 3.*

*
ApprOXimately equal to the limit of detection for this

+ gn31YSis. (See Table 2.7 for LoD and LOQ.)
€Ss than the limit of quantitation, but greater than

the limit of detection for this analysis.

105



CHAPTER 4 DISCUSSION

4.’ “T"TOHATION OF WHOLE COAL

The primary objective of this first experiment was
reconnaissance of a natural oxidation of a slurry of
ground whole Eastern (U.S.A.) coal in water saturated
with air. We wanted to observe the time of release and
build-up of selected inorganic components in the fil-
trates, as well as determine their total concentration in

this most mobile fraction of the system.

4.1.1 Reaction Progress

The filtrates from this experiment were found to be
oxidized and acidic from the beginning. The first sam-
ple, taken one day after the coal was slurried, had a pH
of 2.50 and iron and sulfate concentrations of 9 and 12
mM, respectively. The immediate rel. se of these oxida-
tion products indicates that the coal had weathered to
some extent before being used in this experiment.

Figure 4.1 shows that the system pH hovered around
2.5 for at least the first 11 days. Comparison with
Figure 4.2 shows that during this same period the filter-
able iron concentration plateaued, but the sulfate con-
centration rose gradually. This indicates that oxidation
of presumably pyritic material was proceeding slowly and

releasing sulfate. The cogenerated acidity must have
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Figure 4.1 pH of the batch oxidation samples as a
function of time.
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Figure 4.2 Accumulation of total filterable sulfate ?nd
iron in the batch filtrates, and gf iron in
the magnesium chloride wash solutions.
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been neutralized by alkaline substances present initially

1n the coal. The presence of alkalinity in general, and

solid carbonates in particular, has peen cited as impor-

tant in controlling the buildup and release of acidity in

mine materials associated with pyrite (Kleinmann et al.

1981, Olem 1982, Wangen & Jones 1984) . Carbonate miner-

als such as calcite and siderite are found associated

with coals from the Eastern United States, (Kuhn et al.

1980). fThe extreme dependence of jron solubility on pH

accounts for the constant concentration of iron in solu-

tion during this period of puffered pH.

After day 11 the pH of the samples dropped rapidly
signalling the exhaustion of the alkaline components of
the system. Highly insoluble ferric hydroxides become

ttemore 1971, McAn-

Soluble below pH 3 (Langmuir and Whi
drew et al. 1975, Dousma and de Bruyn 1976, Kleinmann

1981). Further, the resultant aqueous ferric iron oxi-
dizes iron pyrite directly according to the overall
Egn. 4.1

Teaction:
+ 16H"

FeS, + 14Fe® + 8H,0 = 15Fe? + 250,

This catalytic cycle of pyrite 0xidation is Completed by
the regeneration of Fe* from Fe?* by the autotrophic
Pacteria Thiobacillus ferrooxidans. Thus, the rate of

ed by the fall of
(See Temple and

; . H below
OXldation is greatly accelerat P

2:5 in the presence of T. ferrooxidans.
Delchamps 1953, Garrels and Thompson 1960, Kuznetsov et
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al. 1962, silverman 1967, Kleinman et al. 1981, and

Nordstron 1982.)

On day 14 a slight jump in sulfate concentration was
Seen, ang by day 16 both sulfate and iron concentrations
had increaseqd significantly. Thereafter, they built up
TaPidly in the filtrates in a ratio that approaches the
stoichiometry of Fe,(SO,);. The molar ratio of sulfate to
iron in the filtrates is shown in Figure 4.3. From early
in the exXperiment the ratio was less than 2, the theoret-
ical ratijo of SO, to Fe(III) that should result from the
©Xidation of pyrite according to equation 1.5.

Weathering of the coal would have commenced as soon
4s it was mineq and exposed to air and moisture. The
initia) oxidation products would be sulfate and, at pH's

9T¥eater than 3, highly insoluble ferric hydroxides; (see

Figure 1.1). Prior to our receipt of the coal, it had

been Processed to reduce sulfur and ash content, then
shipped in open coal cars and stored outside. Thus, it
is Probable that a reservoir of insoluble iron accumulat-

®d While the soluble sulfate and cogenerated acidity were

flushed from the system.
During our experiment, the oxidation of pyrite would

have 9enerated so, and Fe(III) in a 2:1 ratio; but as
Soon a5 the pH fell to 2.5 and below, the gradual disso-

lutjon of the reservoir of ferric hydroxides apparently
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tive time of release and rate of build-up in the filter-

able portion of the samples. Figure 4.5 is a similar

logarithmic plot of the total micromolar concentration of
each analyte measured in the 1.0 molar magnesium chloride

wash of the filter cake of each sample. (Recall that

each wash solution was poured repeatedly through the
still-wet solids and otherwise undisturbed apparatus that

had just been used to handle the filtrate, in an effort
to collect species that may have sorbed onto surfaces of

the apparatus.)

Clearly sulfate and iron are dominant in the fil-

trates, with iron closely tracking the release and build-

up of sulfate. 1Iron is presented as being the major

dissolved inorganic substance in the washes; though the
wash solution was 1.0 molar magnesium chloride, and
sulfate was not measured in the washes because the high

concentration of chloride swamped the ion chromatograph.

In both media aluminum is a minor constituent whose

concentration is from 0.5 to 1.5 orders of magnitude

below that of iron. The concentrations of the trace

elements are orders of magnitude lower, but their rela-

tive order is substantially the same in both media.
Although the arsenic and chromium curves cross, in both

plots arsenic is dominant in most of the samples. Cadmi-
um and lead clearly exchange positions as the analyte of
lowest concentration measured.

(However, in both the
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Logarithmic plot of the total micromolar
concentration of each analyte in the 1.0

molar magnesium chloride wash (of the filter
cake of each sample from the batch oxidation)

4s a function of time in days.

Figure 4.5
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analysis of the filtrates and the analysis of the wash-

es,

most of the lead values were below the limit of

quantitation; see Tables 3.3 and 3.4.)

4.1.2 Trace Elements

Figures 4.6 through 4.12 are individual plots for

each analyte of their total concentration as found in
both filtrate and wash samples. These minor and trace
constituents will be discussed in the order of their

average concentration in the filtrates.

The results for aluminum are plotted in Figure 4.6.
Aluminum in the filtrates ranged from 2.5 to 3.6 mM and

averaged about 3 mM,

ignoring the values from days 7 and

49 which appear to be erroneous.

Significant aluminum
contamination can be introduced into the samples as dust.

(This is particularly likely here since the sample tray

of the AS-40 autosampler was of aluminum that had oxi-

dized to some extent.) The apparently lower concentra-

tions in the samples collected between days 10 and 30 are
unexplained except as perhaps experimental, sampling,

handling, and analytical variation; although they appear
to be systematic rather than random. Aluminum in the
washes ranged from 0.61 through 0.78 mM and averaged
almost 0.70 mM. The value from day 21 is too low because
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Figure 4.6 Aluminum in filtrates
oxldation as a functio
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of a r
procedural error that rer—-*ted in little or no

er of the filtrate liquid into the wash sample.

Nei i :
ther aluminum in the filtrates or the washes

track
ed iron; i minum
n; but rather 1n poth cases alu inum concen-

:ratlons were relatively constant throughout the experi-
fi:t- The ratio of aluminum in the washes to that in the
thetzites was 0.17 for days 1 through & which matches
o .erage ratio of iron in the washes to that found in
the filtrates. Throughout the rest of the experiment,
) e aluminum ratio varies from 0.26 to 0.21, which is
uauSed by the systematic variation of the filtrate val- ’
es. These observations suggest that the solubility of |

s not controlled significant-

alumi "
num in coal leachates i

oal, by pH changes

ly b
Y the extent of oxidation of the ¢
Yy jon-exchange with

um and chloride

in the
range 2.6 to 1.9, or b rela-

y high concentrations of magnesi

e of the aluminum is the

ions,
The most likely sourc
kaoli :
nite and illite and any alunite in the coal.

s are commonly found asso-

Silicate and clay mineral
r constituent of

ciat .
ed with coals. Aluminum is a majo
Heaton et al. 1982, reported a

o .
f these minerals.
luminum in Eastern

Stron vy s
g positive correlation petween a
te, illite, and

1987, postulated

Coal waste samples and kaolini quartz
Components of those wastes:. Helz et al.
a trace aluminum phase that was highly soluble in acid
der of the aluminum

andg .
quickly depleted, with the remain
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in the system relatively resistant to acid leaching. A

system including some alunite as well as kaolinite and

jl1lite could account for observations like those.

zinc does not appear to track iron build-up in the

filtrates, (Compare Figure 4.7 with Figure 4.2). The

range of zinc concentration in the filtrates was from 68

to 101 micromolar, with an average of about 84 uM. Its

range in the washes was from 19 to 26 uM with an average

of about 22 pM. 1In both sets of data the variation is

rather random. The ratio of zinc in the washes to that

in the filtrates varies rather systematically from 0.235
to 0.27, which shows the magnesium chloride washes to be
s1ightly enriched in zinc compared to the filtrates

(relative to the 0.17 ratio of iron in the washes to that

in the filtrates). An important source of zinc could be

sphalerite, ZnS. Also, zinc may be rather steadily
jeaching from some clay mineral. Kuhn et al. 1980,
reported zinc to be a trace constituent of mixed layer
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Figure 4.8 shows the plots of copper in the fil-

trates ang washes. The shape of the upper curve strongly

SU99ests that copper tracks the release of iron in this
SYstem, The initial plateau before day 10, the steep
Tise ip Concentration after day 10, and the gradual
decline in slope as the oxidation progresses, all closely
Fesemble those of iron and sulfate in these samples. The
Fange of Copper concentrations in the filtrates was from
about 29 to 63 micromolar, with an average of almost 39
Am.  The unusually high value for day 35 is thought to be

®Ironeoys, Copper concentrations in the washes also

track the iron concentrations in the washes. The range
°f copper in these samples was from 1 to 14 micromolar,
With AN average of almost 7.5 uM. The ratio of copper in
the Washes to that in the filtrates varies rather steadi-
ly fron 0.164 to 0.223, which is not significantly dif-
ferent from the average of 0.17 found for iron. These

Observations strongly suggest that copper is found as a

Sulfide sycp as chalcopyrite associated with the pyritic
"aterial of the coal, and that it is released as the

Sulfigjc material is oxidized. This relationship has

also been Proposed by Helz et al. 1987.
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Figure 4.8
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Figure i
4.9 is a plot of the arsenic data for both

filtrat
es
and washes. In both cases, the values below

o
molar were below the limit of detection for

these
anal
e yses. The appearance of trends in the data are
ributed i
to averaging the results of repetitive mea-

Surements
of the samples and to the reproducibility of

-40 Autosampler into the

ali in
quots injected by the AS

graphite
" furnace. The range of values obtained for
Senic i .
in the filtrates was from about 1 to 8 micro-

t 3 uM. The data for the

molar :
, with an average of abou
first
hal i
f of the experiment vaguely resemples that of
then rose quickly

iron whi
, which started with a 1low plateau,

in conc
e )
ntration after day 10, and tended toward leveling

off aft
e »
r the first half of the experiment. The plot of

arsenic i
in the washes also vaguely resembles that of

iron whi .
o , which didn't start to rise until after day 10, and
en ro
se rather steadily throughout the rest of the
in these

exPe .
rime . .
nt. The range of arsenic concentrations
ion .
s was from 1 to almost 9 nicromolar, and averaged
senic in the washes to

just o
ver 3 uM. The ratio of ar

near 0.5 through day 28, after

that j
in the filtrates is
a value of almost 6 as

Which i .

it rises rapidly reaching
senic decline.
o of 0.17 for jron in

the s
£
iltrate levels of ar A comparison of

the
se r s

atios to the average rati
at arsenic i
it is concentra

thes

e . .
samples indicates th s always relatively

and that

ted

enrji .
ched in the washes,
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Figure 4.9 Arsenic in filtrates and washes of the batch
oxidation as a function of elapsed time.

Concentration, (M)

8o

Elapsed Time (days)

Notes: Concentrations are micromolar, with the
limit of detection about 1 pM. Both curves
are "eyeball" fits drawn to reflect the data
points except for the values obtained on day
35, which appear to be erroneous.
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The ch 3
romium data are plotted in Figure 4.10. Both

e
second order polynomial least-squares fits to

the da
ta poi .
points. Chromium in the filtrates ranged from

1.0 to
2.6 mi
micromolar and averaged 1.7 uM, while chromium

in the w
ashes ranged from 1.6 to 2.6 uM and averaged

almost
2.3
uM. Throughout most of the samples, chromium

was foun
d
to be more concentrated in the washes. But the

curves ¢
r
o oss when the pH was measured to pe 1.93, and at
e lowver
pH of the last sample the concentration of

ch :

Ch‘r-”°mlum in the filtrates was higher. The ratio of

frO:m:z:uin the washes to that in the filtrates declined

o 1.7 to 0.9 over the course of the experiment.

o rerne, o the average value of 0.17 for jron, chromium
ively enriched in the wash solutions, although

less
so

as the pH of the system decreases.
In thi :

his system with large amounts of iron and organ-

is assumed that all of the

;c materjal available, it
J::::elchromium exists as chromium(III) - partlett and
e 988, compared the speciation and mobility of
scr?mlum(III) in soils and found its behavior best de-

ribed by analogy with aluminum. kxuhn et al. 1980, list
nt of clay minerals

chrom;
Omlum N

as being a trace constitue
found in coals.
tern coal waste samples

principal minerals Heaton et

al
L] 19

82, reported chromium in Eas
ith jllite,
r extent with mixed

to
co
rrelate most strongly ¥ followed bY

Quart
2 -
and kaolinite, and t© lesse
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c¢lay and gypsum. The results of this experiment do not

show chromium tracking aluminum closely; however, like
aluminum, the chromium concentrations in the first sam-
Ples were not much different from the highest concentra-

tions found, nor did they change much over the course of

the eéXperiment. Therefore it seems likely that the

Source of chromium in this system was silicate and clay
Minerals with chromium as a trace constituent that was
leachable and exchangeable to a limited extent.
Figure 4.11 is a plot of the cadmium data. Its
concentration in the filtrates increased steadily from
8bout o.13 to 0.36 micromolar, and averaged 0.25 uM.
Cadmium concentrations in the washes were very close to
the average 0.02 uM throughout, though it should be noted
that jp a13 these samples the signals obtained were
between the limit of detection and the limit of quantita-
tion for the analyses. The ratio of cadmium in the
Washes to that in the filtrates varied from 0.04 to 0.06,

With the exception of day 2 when the questionable value
°f 0.15 wag found. Thus cadmium is found significantly

®Nnricheq in the filtrates, compared to the average ratio

0 i -
f iron in these samples.
i on-
Kuhn et al. 1980, listed cadmium as a trace c

Stituent of the sulfide mineral phase, and Heaton et al.

. ium with
19gy, reported positive correlations for cadmium
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Figure 4.11 cadmium in filtratt and v "“es of the batch
oxidation as a function ot elapsed time.
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Figure 4.12
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fit of a third order polynomial to the data.
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filtrates of pH less than 2, (which is observed in the
gashes as well, despite the doubt as to its source).

guhn et al. 1980, listed lead as being a trace constitu-

ent of sulfides, sulfates, and carbonate minerals found

in coals. Heaton et al. 1982, reported lead in Eastern

coal wastes to correlate best with kaolinite and marca-

site, less well with illite, quartz, and gypsum, and

. <ly with m re.
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4.2 COMPUTER MODEL DEVELOPMENT

4.2.1 PHREEOE Aqueous Geochemical Model

e S

Computer modeling is an important tool for obtaining
a thorough picture of the Chemistry of this system and

the interaction of its components. Among the more impor-

tant computer models of aqueous systems that have seen
continued development and use, WATEQ was first developed
in the early seventies by Truesdell and Jones, (1973).
It is designed for modeling major and trace element
species activities in natural waters (rain, ground,
river, lake, and even ocean and low temperature hydro-
thermal waters). It uses temperature, pH, total concen-
trations of analytes, alkalinity, and redox potential
(Eh) . It calculates chemical speciation and reports
individual ion activities, equilibrium pressures of
certain gases, and the degree of saturation of the solu-
tion with respect to many solid phases.

The ion-interaction models have been developed
principally by Pitzer, Harvie, and Reardon to model
brines and electrolytes at high concentrations. They use
empirical data to account for complexing and ion-pair
formation, but they have not been designed to model redox
reactions.

Plummer and Parkhurst first developed PHF™"QE about

1980. It models geochemical reactions based on an ion-

133






19
89 and 1982, Bard, et al. (IUPAC, 1985), Wagman et al.

N L) 3 L]
(NBS, 1982), Turner et al. 1981. Some individual species

w . .

€re found in the literature and incorporated into the
d .

atabase (see Appendix B). Woods and Garrels 1985, was
£

°Und useful for cross-checking that thermodynamic data

Useqd j . . . .
d in a calculation in the literature was in reasonable

a ,
greement with the major compilations of selected values.

The only major additions to the PHREEQE database

wWer . . .
€ the elements arsenic and chromium and their redox,

s . . » N »
Peciation, and mineral phase equilibria. The sources of

the data for these and other individual additions and

Modifications to the database are given in Appendix B.

Input that was required by PHREEQE in order to model
a given sample, and the source of the values used, in-

Cludeq;

PH = as measured in each filtered sample.
Temperature = 25°C
PE = an estimate of solution redox potential,

we used the equation used by the program:
PE = {log(Py,) - 4pH + 83.1}/4 Eqn. 4.2

Density of solution = 1.0175 for first sample,

1.01825 as the average density of the

partially titrated samples.
= total millimolar concen-

Dissolved elements
ed or measured.

tration of each one add
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Gases (identity and partia] pPressure of each

gas with which the solution was equili-

brated): air O, = 0.21 atm.

air co, = 3.3x10°% atm.
Solids (identity of each solig phase with which
the solution was to pe equilibrated)
Charge-balance method and species if desired,
(see later discussion).
Also included as part of the database was a list of

selected non-aqueous phases to be monitored by the calcu-

lation of saturation indices.

The computer outputs included: reiteration of the

input data and parameters, mass transfer to or from non-

aqueous phases during the equilibration step, total

molality of each element being modeled, a summary of

solution descriptors (including pH, pE, activity of

water, ionic strength, temperature, net electrical imbal-
ance, and total alkalinity), a table of the calculated

distribution of the major and important species of each
element modeled (listing their molality, activity, and

activity coefficient), and a list of saturation indices

for non-aqueous phases being modeled.
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4.2
4.2.2 General Problems

The P - :
HRI —JE chemical model discussed above ignores

kineti
c f
actors. It assumes that there are no kinetic

ce (o] i \¥4 1

Complete :
systemic equllibration at each step of a simula-

tion
. Thi :
is assumption works acceptably well for many

n result in profound

applicati
plications of the program, but ca
ing modeled is not in fact at

err
ors when the system be

equilibrium.

N Iron in unoxidized coal exists primarily in the form

brii::lte and marcasite. Exposure to air and moisture

N about oxidation of the FeS, and release of ferric

A on and sulfate. The complete oxidation of the pyritic
aterial may take months or years, depending on environ-=

Helz et al. 1987, noted

ment
al and chemical factors.
1fate in laborato

jon in a 60 -~ 90 day

t#at the production of su ry experiments
With coal did not approach complet
ystem of whole €O
nificant concentrations

Period
. Thus, a natural s al eXposed to

Weatherj .
ering is expected to have sig

1imited of course by the

of b

oth .
ferrous and ferrlC iron,

heir microenvironment.

Solubiili
bility of each at the pH of ©
e redoX distribu

al of solution, which

PHREEQE calculates th tion of iron in
equilibri .

ibrium with the redoX potenti
partial pressu

solutions of low pH,

iS det ]
ermined by pH and the re of dissolved

Oxyge i
gen. 1In air-saturated agueous

anging from 15 to 19 in our

the
calculated pE is high (¥
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simulations). The resultant ratieg of ferric to ferrous

iron was predicted to be on the order of 1g at pH 1.8,

'
10° at pH 2.5, 10" at pH 3.9, ang 1p2 at pH 5.6. Thus,

PHREEQE would not be expected to accurately model the

iron redox state in a coal suspension undergoing oxida-

tion. (However, it should stil] give a reasonable pic-

ture of the species distribution within a specific oxida-

tion state. That is, even though the Fe(II)/Fe(III)

ratio is unreliable, the Fe®/FeOH? ratio should be

realistic.)

our synthetic coal leachate wag intended to repre-

sent a fully oxidized effluent from some well-exposed and

weathered coal. Sulfuric acid and iron(III) sulfate were

the sources for the iron and sulfur in the synthetic
solution; and it was left exposed to air and kept well

stirred throughout the experiment so that air saturation

would be maintained. Thus, PHREEQE is expected to pres-

ent a good model of the iron redox state and speciation

in samples from this neutralization reaction.

Net imbalance between total positive and total
negative charges in solution can be used as a gross
jndicator of the adequacy of the solution analysis. That
is, a charge imbalance of greater than 20% should be
investigated as to its source(s). It may indicate omis-

sion of some important substance in the analysis, or
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significant errors in the analysis, or large systematic
€rrors in the concentrations of components that are
©Stimated. It could also arise from typographical errors
during data entry, or from inclusion of non-charge bal-
anced reaction equations in the chemical model.

PHREEQE has options that allow the user to:

1) calculate and report the charge imbalance and hold it

°onstant throughout the calculations; 2) adjust solution

PH to obtain electroneutrality (which allows the program
to calculate PH changes of solution due to hydrolysis or
Other proton producing/consuming processes); and 3)
8djust the total concentration of some specified anion
and/or cation to balance the net charge, and then hold
that balance throughout subsequent calculations (e.g.
adjust Na* or c1- in a seawater simulation).

Most of the samples from the neutralization experi-
ment exhibited significant charge imbalance. The early
Samples had excessive positive charge, and the amount in
©XCess tended to decrease as the neutralization progres-

Sed and iron was removed from solution by hydrolysis and

Precipitation. This can be explained by the incomplete
Temoval of fully hydrolyzed iron from solution during
filtratjon. During hydrolysis, each Fe’ ion is replaced

by three pr ions according to the net reaction:

L] 4.3
Fe3* 4+ 3H,0 = 3H' + Fe(OH)j3 Eqn
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Thus ey s
, the total positive charge in solution is conserved,

and t .
he other product, being neutral, has a net charge

per i
iron atom of zero. Removal of this neutral entity

from . .
solution by precipitation and filtration does not

affect the charge balance.

Spiro et al. 1966, reported that hydrolysis of

ferri : . .

ic nitrate with bicarbonate produces solutions that

cont 1 : . N s
ain a discrete high polymeric component having an

ave . .
rage molecular weight of approximately 1.4x10°.
Pol .

ymer size and composition were found to be nearly

ind
ependent of degree of hydrolysis petween 1.0 and 2.0

£ iron(III). Electron micros-

y of about 70 ang-

ba i
se equivalents per mole ©O

co .
PY revealed isolated spheres mostl
st .

roms diameter and ranging up to about 90 angstromns.
Th ,

e authors further reported that formation of these

ution was very slow. 1In

art:
particles was rapid, but dissol
f .

act, they were stable indefinitely if isolated, other-
wi . .
1se ferric hydroxide precipitated in a few days. Brady

formation of 70 an
(II1). Dousma and

et
al. 1968, also reported gstrom

s
Pheres during the hydrolysis of iron

d .
eBruyn 1976, outlined four Steps in the hydrolysis=

Precipitation of iron(III):
mers and dimers;

1) Hydrolysis to mono
small polymers

2) Reversible rapid growth to

(approximately 40 angstroms)
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3) Formation of slowly reacting large polymers

(200 to 500 angstroms);
4) Precipitation of a solid phase.
Nominally 0.45 um millipore filters should catch

Most particles that are greater than 500 nm; but that is
at least ten times the size of even the largest particles
Citeq above, Thus, significant amounts of fully hydro-
lyzeq, uncharged, precipitated iron can be collected in
filtrates as colloidal particles. These filtrates are

thSically constrained to be charge balanced. In our

experiments, the pH of each filtrate was measured at this

Point, before the sample was acidified and stored. But
the addeq acid would be expected to dissolve any colloi-
dal jiron during the storage period. Thus, at the time of
analysis there could be significantly more dissolved iron
in Solution than there was when the sample was collected.
(Even colloidal iron reaching the atomic absorption

atomizer could be decomposed and contribute positive

STror to the analysis.) This excess iron is believed to

be the source of the excess positive charge in acidic

filtrates containing appreciable iron.

Later samples, collected after the bulk of iron had

been removed from solution by precipitation, tended to
®Xhibjt small excesses of negative charge. This was

thought to pe due to the assumption, built into the
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°Tiginal PHREEQE chemical model by default, that sulfate

was conserved in solution during the precipitation of

iron, which left solution as pure Fe(OH);. Lazaroff et -

al, 1982, in a study of amorphous sediments produced by
bacterjal oxidation of ferrous ions in acid solution,

Obtained infrared spectral evidence for outer-sphere

Coordination of Fe(III) by sulfate ions. Khoe and Robins

1989, investigated the hydrolysis and polymerization of
iron(III) in the presence of sulfate. They suggested
that sulfate is incorporated in the structure of the
Polymer formed; and they gave the empirical formula for
the Polymer as Fe(OH), ,(50,)¢.3 - Bigham et al. 1990,
identified a poorly crystallized oxyhydroxysulfate of
iron ag the primary component of precipitates from sul-

fate-rich mine waters having pH values in the range of

both surface and tunnel sites; and they gave the formula

as Fewo“(OH)ﬁ(Sonz but ranging to Fewow(OH)w(SOQS'

The data for three of the samples were examined to

®Stimate the contribution of the major substances to
cted at pH 1.97

Charge uncertainty. Sample 2 was colle
The

before visibie precipitates had formed in solution.

] ] L] . n
"ajor contributors of charge 1n solution were 1ron,
ium ions (in that order of

sulfate, hydrogen, and sod
nty of each component

lmport"mce). The estimated uncertal
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concentration in terms of equivalentg per liter, summed
over the above major components, totaled about 7x10-2

equivalents per liter. PHREEQE calculated the net charge

imbalance of the sample to be +5x107? gq/L. Sample 7 was

the middle one collected; its pH was 2.47, and only about

14 percent of the original iron remained in solution.

The major contributors of charge in this solution were

sulfate, sodium, iron, and hydrogen ions (in that order).

The sum of their estimated uncertainties was approximate-
1y 8x10°2 equivalents per liter; ang PHREEQE calculated
the net charge imbalance to be +3.gx103 EqQ/L.

Sample 12 was collected at pH 5.74, after the iron

concentration in the filtrate had dropped below the limit

of quantitation. The major contributors of charge in

this solution were sulfate and sodium ions (in that

order) with iron and hydrogen ions about five orders of

magnitude lower. The total estimated uncertainty was not

more than 12x10°2 Eq/L; and PHREEQE calculated the net
charge imbalance to be approximately +2x102 Eq/L. Thus
the computer calculated charge imbalance of the solutions
was less than the estimated limit of uncertainty in the

data being used by the program.

An effort was made to adjust the input data for each

sample to compensate for the systematic errors discussed
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above and render the data a more realistic description of
the true solution conditions.

It was assumed that all the precipitated iron had
taken some sulfate out of solution with it, either incor-
porated into the structure or adsorbed onto the surface
of the solid. Estimation of the amount of sulfate re-
moved by formation of an iron precipitat having the
formula Fe(OH), ,(SO,)y3, 9iven by Khoe and Robins 1989,
resulted in overcorrection of the excess negative charge
in the later samples by a factor of about 2. But use of
Fe, 044 (OH) 1,(S0,),, the first formula given (and preferred)
by Bigham et al. 1990, brought the later solution compo-
sitions nearly into charge balance.

Final charge balance in samples 8 through 13 was
achieved by slight adjustments in total sodium and total
sulfate simultaneously. These components had been intro-
duced into solution separately (sulfate at the outset as
ferric sulfate and sulfuric acid, sodium in the sodium
bicarbonate titrant), and their total concentration in
each sample had been estimated separately. No indication
was found that either sodium or sulfate concentrations
were more likely to be in error. It was realized that
adjustment of just one or the other would affect the
total dissolved solids and the ionic strength of solu-
tion, as well as impact on the speciation of all compo-

nents involving that ion.
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Thus, equal equivalents of sodium and sulfate were
added ang removed simultaneously in a series of succes-
Sive approximations that led to essential charge balance
for each of the samples. The resulting average change of
Sodium was 0.4% of total Na, and the average change of
Sulfate was 0.4% of total SO,. These were well within
the Uncertainty of the estimated total concentrations of
these Components; and the small changes involved produced

Negligible effects on the calculated speciation of the

Solutions affected.

In the earily samples where excess positive charge
¥as judged to stem from colloidal iron in the filtrates
bei"g redissolved during storage, the total iron input
Was reduced manually until charge balance was obtained at

The

the measyreq pH. (See Figures 4.30 and 4.31).

Teductijons necessary ranged from about 7.25% to 26.7% of
the measyreq filterable iron. The larger adjustments
¥ere required for samples 3 through 6. Presumably the
first tye samples had not hydrolyzed sufficiently to form
Significant amounts of larger iron polycations and col-
loigay pPolymers. By the time sample 7 was collected,
Most of the iron had been removed from solution by hydro-

lysis‘PI:'ecipitation and flocculation to particles large

€Nough to be caught by the filters. Thus it is supposed
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that little colloidal iron existed to pass into the
filtrate.

An average iron reduction of 19.7% was necessary to
achieve charge balance in samples 1 through 7. This can
be interpreted to mean that approximately one fifth of

the filterable iron had in effect a net charge per iron

atom of zero.

The Saturation Index of each non-aqueous phase being
monitored by PHREEQE is calculated using the formula:

SI = log(Ion Activity Product / K) Egn. 4.4
Thus, the Saturation Index for a mineral expresses the
extent to which the solution is over- or under-saturated
with respect to the equilibrium constant for the solubil-
ity of that mineral.

Some fluctuation was noted in the SI values reported
by PHREEQE. A correlation analysis was made between SI
and the variables involved in its calculation for miner-
als of interest which appeared to be near saturation in
multiple solutions. Of the iron(III) hydroxides, only
Fe (OH);(soil) was ever reported within one log unit of
saturation; and its SI fluctuated about zero by as much
as one log unit. The correlation analysis revealed that
the variations of pH from sample to sample were the major
cause of variation in the Ion Activity Product, and

therefore accounted for the fluctuations in SI. Similar-
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ly for jurbanite, Al (OH)SO,, correlation analysis reveal-~-
®d that variations of pH from sample to sample were the
Major cause of variation in the Ion Activity Product.
The secong most important contributor to fluctuation in

the Saturation Index for jurbanite was changes in the

activity of Al*; and of least impact were changes in the

activity of so,".

iA2——'--3-_..“"ative;}g Inert Components

The components of solution during the neutralization
Teaction that were present in concentrations well above

those of the trace elements being analyzed were:

sulfate from ferric sulfate and sulfuric acid,
initially 0.170 molar;

sodium from the sodium bicarbonate titrant,
increased from 0.0 to 0.326 molar;

chloride and nitrate that were matrix ions of

the trace element spikes, averaged 1.5 mM

and 0.9 mM, respectively.
These were judged to be relatively inert, as compared to

the Chemistry of iron during neutralization reactions.

The matrix composition of the first sample was estimated
For the rest

Trom the initial formulation of the system.

°f the Samples, running total concentrations of the ma-

trix Components were estimated assuming their conserva-
tion ip solution, and taking into account sample removal,
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titrant addition, and evaporative losses from the system
during the three weeks duration of this experiment. Of
course, the total sulfate and total sodium concentrations
were eventually adjusted slightly to obtain charge bal-

ance, as has been discussed.

£ 24 ~ 773 P-nblens

Because of the results indicating a large imbalance
of positive and negative charge in the modeled solutions,
thermodynamic data was sought for larger iron polycat-
ions. (These have been assumed or postulated in numerous
articles; i.e. Schneider and Schwyn 1987, Hong-Xiao and
Stumm 1987, Dousma et al. 1979, Dousma and de Bruyn 1976,
1978, and 1979, Buffle and Nembrini 1977, and Rengasamy
and Oades 1977.) Computer assisted search of the litera-
ture enabled me to find only one iron polycation beyond
Fes(OH),”* that had been characterized to the extent of an
equilibrium value. Ciavatta and Grimaldi (1975) reported
log(B) = -46.1 for:

12Fe® + 34H,0 = Fe,,(0H)5% + 34H Egn. 4.5

In the absence of a literature value for Fe (OH)/®,
the (log K) vs (No. of iron atoms) for the series: Fe3*,
Fe, (OH),**, Fe (OH)/* was extrapolated (Figure 4.13) to
obtain an estimate for the log(K) of formation for the

next member of the series, Fe (OH),*. The value obtained
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Figure 4.13 Extrapolation of Fe(III)-hydroxy species
log K's to obtain an estimate of the log(K)

for Fe, (OH)S*.

0= -
N = 3.2167 - 16.170x RA2  1.000
® Fe+3
-20
= } ®  Fe2(OH)2+4
@
Xl
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was -61.46 for the reaction:

4Fe?* + 6H,0 = Fe,(OH), + 6H' + 4e’ Egn. 4.6
which was incorporated into the PHREEQE database. Further
extrapolation of the series led to an asymptotic approach
to a value of -16.17 for the (log K)/(Fe atom) of forma-
tion of a polycation having one million Fe atoms. This
value lies between the corresponding log(K) of formation
for goethite (-14.02) and amorphous ferric hydroxide (-

17.91) according to the following reactions:

Fe® + 2H,0 = FeO(OH) goetnitey + 3H' + 1€ Eqn. 4.7
Fe?* + 3H,0 = Fe(OH)jzqm, + 3H + le’ Eqn. 4.8
Subsequent computer modeling of samples from the

neutralization titration never revealed either Fe,(OH)*

or Fen(OH)ua'to be of importance among the iron species

considered in our calculations.

Jarosit-3

Special attention was given to the selection of
equilibrium constants to be used to model the ji__sites.
Numerous authors have commented on the apparent contra-
dictions that jarosite forms readily in the environment,
yet many solutions are found to be supersaturated with
respect to jarosite by orders of magnitude, which implies
failure to equilibrate. (See for example: Nordstrom et.
al. 1979, Bladh 1982, Chapman et al. 1983, Helz et al.

1987, Karathanasis et al. 1988, and Alpers and Brimhall
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1989.) 1In addition, there is a wide range of data re-
ported for the Gibbs free energy of formation and/or
solubility of jarosite. Brown 1970, determined the Gibbs
free energy of K-jarosite to lie between -3276 +/- 84
kJ/mol and =-3192 +/- 25 kJ/mol. Zotov et al. 1973,
reported -790.1 +/- 1.0 kcal/mole, which corresponds to -
3306 kJ/mole. Vlek et al. 1974, determined a value of -
791.2 kcal/mole, which corresponds to -3310 kJ/mole.
Kashkay et al. 1975, determined a value of -788.64 +/-
1.0 kcal/mole, which corresponds to -3300. kJ/mole.

Bladh 1982, reported ambiguities in earlier calcula-
tions as a result of the wide range of published values
of thermodynamic data, and recalculated the log(K) for
jarosite to be -7.12 for the reaction: Egn. 4.9

KFe;(OH),(SO,), + 6H" = K" + 3Fe™ + 250, + 6H,0
which corresponds to a Gibbs free energy value for K-
jarosite of -3275 kJ/mole (Alpers et al. 1989). This
value would make jarosite more than five orders of magni-
tude more soluble than the widely used log(K) value of -
12, (as in Lindsay 1979). However, Alpers et al. 1989,
found Bladh's value to be inconsistent with their re-
sults, and recommended the use of the values of Kashkay
et al. 1975, as the best available internally consistent
set of data for the three end-member jarosites (XK', }go*,

and Na' - jarosites).
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Thus, the vé ues ad in I""F )E for the log(K) of
the pure jarosites (for r« ctic of ation
4.9) were: jarosite, -9.21; carphosiderite (hydronium-
jarosite), -5.39; and natrojarosite, -5.28. 1In addition,
the work of Alpers et al. 1989, recommended a Gibbs free
energy of -3293.5 +/- 2.1 kJ/mol for a jarosite solid
solution of composition K ,Na g;(H;0) ,Fes(OH)4(SO,),. This
value was not used because of the absence of potassium in
the solutions to be modeled. However, their work did
allow the estimation of a Gibbs free energy value of
-3239 kJ/mole for a pseudo-binary H;0'-Na‘'-jarosite with
formula (H;0) xNa ,sFe3(OH),(SO,),, and this value was

incorporated into the PHREEQE database.

Lindsay 1979, noted that soils generally maintain an
iron(III) activity slightly below that of amorphous
ferric hydroxide. He defined Fe(OH)js,;, or soil-Fe to
be an amorphous phase having a greater degree of struc-
tural order than freshly precipitated am-Fe(OH);. Log(K)
= 2.70 was assigned to the reaction:

Fe (OH) 311, + 3H' = Fe™* + 3H0 Egn. 4.10
This value was incorporated into the ....EEQE database and
wil] be seen to be of significance in the modeling of our

solutions.
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Silica

similarly, the Pyrex glass of the reaction vessel is
intermediate in solubility between amorphous and crystal-
line Si0,. Equilibrium with silica glass was defined by
adding the following reaction:

S10,°H0(gassy + H0 = H,S10,° Eqn. 4.11
for which log(K) = -3.018, (based on Summer, 1990 data-

base supplied with PHREEQE, and Nordstrom, 1989).

Aluminum

Baes and Mesmer 1976, summarized the aluminum hydro-
lysis products and recommended that a value of -98.73 be
used for the log(K) of formation of Al,;0,(OH),/*. Based
on work by Brown with Sylva, Batley, and Ellis, 1985,
log(B) = =107.41 for the reaction:

13A1% + 32H,0 = Al;;(OH)j3, " + 32H' Eqn. 4.12
This was also incorporated into the database for PHREEQE,
and was shown to be of importance in the speciation of
aluminum in the two least acidic samples modeled, those

of pH 5.55 and 5.75.

Jurbanite proves to be of some importance in the
calculations. 1Its log(K) of -3.8 was obtained from
Karathanasis et al. 1988 for the reaction:

= 3 2-
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-.-rdstrom 1982b, listed several pc  le sc** 7
phases that might control aluminum solubility in natural
waters, including alunogen (Al,(S0,)5"17H,0) , jurbanite
(A1OHSO,'5H,0) , basaluminite (Al,(OH),,SO,'5H,0) , alunite
(KAl3(OH)4(S0O,),), and gibbsite (Y-Al(OH);). He concluded
that jurbanite is stable at low pH up to at least pPH 4 in
the presence of 102 molar sulfate, that alunite is sta-
ble between jurbanite and gibbsite (pH 3.3 through 5.7
depending on sulfate concentration), and that gibbsite is
the most stable phase at higher pH. He noted that bas-
aluminite shows a solubility pattern similar to gibbsite
and alunite, and that it forms most readily, but is
metastable over the entire pH range. Later, studying
water from acid mine water drainage basins, Nordstrom and
Ball 1986, found aluminum to be conserved in samples at
pH less than 4.6, and non-conserved at pH greater than
4.9. The loss of aluminum correlated most closely to the
formation of amorphous or microcrystalline Al(OH)j5.

Karathanasis et al. 1988, in a study of surface
waters of acid mine watersheds, concluded that high
levels of dissolved aluminum (in solutions with pH up to
4.2 or even 5) were limited by the solubility of a jurba-
nite-like mineral. They interpreted the absence of

jurbanite X-ray diffraction peaks to suggest the presence

of an amorphous form, or of a mineral stoichiometrically

similar to jurbanite. Aluminum in samples with pH 5 or
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]
ing '’ : solubility of

The best fit to our data was obtained using the

fol] :
o . . .
Wing Yeactions to model aluminum concentrations as

bej
N9 controlled by jurbanite (log(K) = ~3.8) up to pH

3.9
r then py bayerite (log(K) = +8.41) up to

+22.4) up to pH 5.0, and there-

- 4'81 then

b .
y basalumlnite (log(K) =

after by micro-crystalline gibbsite (log(K) = +9.35).
AlOHso‘(cr) + 1H* = 1a1% + 1S0,° + 1H,0 Egqn. 4.14
@~Al(OH); + 3H* = 1A1% + 3H,0 Egn. 4.15
Eqn. 4.16

AIA(OH) 1080’0((:!‘) + 10H+ =
4A1% + 1S0,° + 10H;0
Y-aAl (OH)3(BCP) + 3H' = 1A1%* + 3H,0 Egn. 4.17

T - ,
(The fit may be seen in section 4.3, Figure 4.19.)

Chromjypy

KoCro, was used in the formulation of the fully
fully oxidized

oxidj
tdizeq synthetic leachate, as well as
; and the system was

£
OIMs of a13 the other components
Assuming

kept wel]l oxygenated throughout the experiment.

ST ibriun of dissolved chromium with dissolved oxygen
QE predicts that Cr(III)

M an acid-sulfate system, PHREE
and that Cr(vil) species

s .
Pecies Predominate below pH 2.5/
Predomingte above pH 2.5.
| ) is to
However, a principal objective of this work

develope a computer model that can pe used to predict the
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mobility of trace elements in a leachate that : ur
ing dilution and/or neutralization. In a coal leachate,
especially if in contact with reduced mineral and organic
material, chromium would be expected to exist only as
Cr(III).
work of R¢ ° et al. 1987, and of Sass and Rai
1987, was us 1 to model the 1 » 1 of chror “im from
solution by coprecipitation with ir 1. They derived the
following composition-dependent solubility equation which
can be used to model aqueous chromium concentrations in
equilibrium with C_,Fe,,(OH); for X less than or equal to
0.69 and for pH between 2 and 6.
log (CrOH?*) = Egqn. 4.18
~2pH + 4.18 + 0.28(1-X)2 - 1.79(1-X)> + log(X)
This equation was imbedded in the PHREEQE program code
and solved at each iteration of the program for X. The
resulting mole fraction was used to calculate the amount
of chromium coprecipitating with each mass transfer of
iron out of solution, as well as the amount of Fe(III)
replaced in ‘" e precipitating solid and therefore re-
tained in solution. This approach was used because it
linked the coprecipitation of chromium with iron after
Sass and Rai 1987, as well as preserving the coprecipita-
tion of sulfate with iron after Bigham et al. 1990.
The mc 21 thus developed was first used to simulate

the removal of chromium from our synthetic leachate
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solution during neutralization by sodium bicarbonate.
The calculated results roughly approximated our experi-
mental data. Adjustment of the constant in the sass ang
Rai equation corresponded to adjustment of the log(K) of
the solubility of amorphous Cr(OH); used in their deriva-
tion. The best simulation of our chromium data was
obtained using +3.64 for the constant in their equation,
which corresponds to a pure chromium(III) hydroxide phase
that would be 0.54 log units more stable than the amor-
phous form assumed in the Sass and Rai derivation. Rai
et al. (1987) obtained log(K) < 9.35 for the reaction:
Cr(OH) s, + 3H" = Cr* + 3H0 Eqn. 4.19
This differs by almost three orders of magnitude from the
value of 12.0 adopted by Baes and Mesmer 1976, and sup-
ported by the thermodynamic values published in the NBS
and IUPAC compilations (Wagman et al. 1982, and Bard et
al. 1985, respectively). Thus, we consider our adjust-
ment of the equilibrium constant to be within the range
of uncertainty of the appropriate stability constant for

the pure solid phase.
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Copper

The results from both the batch oxidation of coal
and the neutralization titration of synthetic coal leach-
ate suggest that the chemistry of copper is related to
that of iron in these systems. The work of Frimmel and
Geywitz 1987, suggest the removal of 3 micromolar copper
by coprecipitation with ferric hydroxide (from solutions
containing 0.1 millimolar total iron) to occur in the pH
range 5 to 7. It was decided to model the removal of
copper from solution during neutralization as the copre-
cipitation of copper with iron, similar to the above
model for chromium. The derivation that follows is

patterned after Sass and Rai 1987.

cu®* is a major species of copper in solution over
the pH range of interest (1.6 to 5.6), (see Baes and
Mesmer 1976). Cu(OH),., is the most soluble of the solid
phases likely to control copper solubility in this sys-
tem, (see Lindsay 1979). According to Bard et al. 1985,
log(K) = +8.6 for the reaction:

Cu(OH),,, + 2H' = Cu® + 2H,0 Eqn. 4.20
For this reaction the equilibrium constant expression may
be written, (using { } to denote the activity of the
enclosed substance) as: Egqn. 4.21

log(K) = log{Cu®} + 21og{H,0} - 2log(H'} - log{Cu(OH),}
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ich may be r 1 :
whic Y ewritten as: Egqn. 4.22

=

log(K) + 1og(Cu(OH),} = log{cu®} + 2log(H,0} + 2pH

where (Cu(OH),} represents the activity of Cu(OH), in the

solid solution that precipitates, and for which:

log{Cu(OH),} = log(K,) - log(K) Egqn. 4.23

where K, is composition dependent and related to the mole
fraction, X, of Cu(OH), in the Precipitate. (Note that
when Cu(OH), is pure, its standard state, its mole frac-

tion is 1.0 and its activity is 1.0, by definition for

pure solids. Thus, log{Cu(OH),} = 0.0 and the above

equation becomes: log(K,) = log(K). Also note that as

the mole fraction of Cu(OH), becomes less than 1.0, its
activity in the solid solution becomes less than 1.0; and

thus log{Cu(OH),} becomes less than zero. But since

log(K) is fixed, then log(K,) must also decrease.) Thus:

log(K,) = log(K) + log{Cu(OH),) Egn. 4.24
combining equations 4.22 and 4.24 gives:

log(K,) = log{Cu®) + 2log{H,0)} + 2pH Eqn. 4.25
Now, to evaluate log(K,) I used the values for each of
the other variables in equation 4.25 that were calculated
by PHREEQE in the original processing of sample solutions
of the neutralization titration in the pH range where
copper was thought to be coprecipitating with iron. The
results are listed in column 2 of Table 4.1. Column 3 of
the same table lists the values for log{Cu(OH),) calcu-

lated using equation 4.23.
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Table 4.1

Estimated and derived quantities in the devel-

opment of a relation for the coprecipitation of copper
with iron during neutralization of acid solution.

—PH log(K,) log{Cu(OH),} Xeucony2— lodg (Yi, cony2)
2.8743 -0.1564 -8.7564 0.000063 -4.5548
3.145 0.324 -8.276 0.000285 -4,7310
3.400 0.764 -7.836 0.04552 -6.4942
3.5146 0.9632 ~7.6368 0.088706 -6.5848
3.650 1.044 -7.556 0.21846 -6.8954
3.750 1.094 ~-7.506 0.25085 -6.9054
3.8984 1.1848 -7.4152 0.3072 -6.9026
4.400 1.849 -6.751 0.44764 -6.4019
5.643 3.54 -5.06 0.6713 -4.8869
pure
Cu(OH)2 8.6 0.0000 1.0000 0.0000

The mole fraction of Cu(OH), precipitating with iron
at each selected point in the neutralization titration
was estimated to be the increment of copper removed from
solution within +/- 0.005 pH units of that point, divided
by the sum of the increments of copper and iron removed
from solution over the same pH range. These estimates
are listed in column 4 of Table 4.1. Column 5 lists the
activity coefficient of Cu(OH), in the solid solution at

each selected point. These were ba: 1 on:

{Cu(OH),} = X"Yi,on2 Eqn. 4.26
and were calculated by:
log (Yeyony2) = log{Cu(OH),} - log(X) Egn. 4.27
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Figure 4.14 is a plot of the calculated log activity

coefficients of Cu(OH), in the solig solution precipi-

tates versus one minus the mole fraction of Cu(OH), in

the precipitates. The least Squares fit of a second

order polynomial to the data produced the relation given

: 2 _
pelow, for which R = 0.954. Eqn. 4.28

1og(Ycyeonye) = 0-1310 - 20.99(1-X) + 15.61(1-X)?
Combining equations 4.20 and 4.25 we obtain:

log(K) + log(YcU(oH)z) + log(X) = Eqn. 4.29

log(cu*} + 21og(H,0)} + 2pH
And combining equations 4.28 and 4.29 we obtain:

log(K) + 0.1310 - 20.99(1-X) + 15.61(1-X)2 + log(X)
= log(Cu®) + 210g(H,0) + 2pH EQn. 4.30
which can be rearranged to the form given below:
0 = log{Cu®) + 21og{H,0) + 2pH - log(K) - 0.1310
+ 20.99(1-X) -15.61(1-X)2 1log(X) Egn. 4.31
All except the last three terms in this equation are con-
stants, or are available from the calculations after each
iteration of the PHREEQE equation solving subroutines.
These values were summed within the program, so that
equation 4.31 collapsed into the form: Eqn. 4.32
0 = CONSTANTS + 20.99(1-X) - 15.61(1-X)2 = log(X)
This was solved at the end of each PHREEQE iteration by a

method of successive bisections between 0.0 and 1.0 that
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Figure 4.14 Logarithmic plot of the activity coefficient
of Cu(OH), in solid solution with Fe(OH); as
a function of the mole fraction of Cu(OH),

in the solid solution.

Y = - 551766-2 - 15.054x + 0.44654x"2 + 9.5911x*3 RA2 = 0.965

y = 0.13100 - 20.990x + 15.610x*2 R*2 = 0.954

logY (CuOH2)

Note: Both second and third order least-squares
polynomial fits to the data were calculated
(after Sass and Rai 1987), and are shown.
The curve plotted is from the second order
fit, which gave the best computational re-
sults, and was used in the derivation.
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solubility of solid Cu(OH), from +8.6 to +9.2 produced

the best simulation of my copper data. This corresponds
to a pure copper(II) hydroxide phase that would be 0 6
log units more soluble than the crystalljine form used in

the above derivation, which Suggests a microcrystalline

form of the solid.

Lead

Comparison of the lead data from the neutraliza-
tion titration experiment with the literature (see later
discussion in section 4.4.2) revealed no satisfactory
mechanism by which to model the possible controls and
removal mechanisms for lead. In view of the above suc-
cesses in modeling the removal of chromium and copper
from solution as coprecipitation with a ferric oxyhy-
droxysulfate, it was decided to try the same approach to
model the lead chemistry, (after the method of Sass and
Ral 1987). The derivation of a function for lead and its
implementation in PHREEQE were the same as described
above for copper. Key assumptions, relations, and calcu-

lated data are summarized below.

Pb®* is a major species of lead in solution over the
pH range of interest, (see Baes and Mesmer 1976). Pb-
(OH) 3¢cry is more soluble than anglesite, (PbSO,), in this

pH range, (see Lindsay 1979). The hydroxide was chosen
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as the most likely of the solid phases to control lead
solubility during coprecipitation with iron oxyhydroxy-
sulfate. For the reaction below, log(K) = +8.15, (based
on Lindsay 1979, and the NBS tables, Wagman et al. 1982).

Pb(OH),,, + 2H" = Pb® + 2H,0 Egn. 4.33
For this reaction the equilibrium constant expression may
be written (using { )} to denote the activity of the
enclosed substance) as: Egn. 4.34

log(K) = log{Pb®} + 2log{H,0} - 2log{H'} - log{Pb(OH),}

where {Pb(OH),)} represents the activity of Pb(OH), in the
solid solution that precipitates, and for which:

log{(Pb(OH),} = log(K,) - log(K) Egqn. 4.35
where K, is composition dependent and related to the mole
fraction, X, of Pb(OH), in the precipitate. Combining
equations 4.34 and 4.35 gives:

log(K,) = log{Pb®*} + 210g{H,0)} +2pH Egn. 4.36
Log (K,) was evaluated using this equation and results
calculated by PHREEQE in the original processing of
sample solutions of the neutralization titration in the
PH range where lead was thought to be coprecipitating
with iron. The results are listed in column 2 of Table
4.2. Column 3 of the same table lists the values for
log{Pb(OH),} calculated using equation 4.35.

The mole fraction of Pb(OH), precipitating with iron

at each selected point in the neutralization titration

165



Table 4.2

Estimated and derived quantities in the devel-
opment of a relation for the coprecipitation of lead with

iron during neutralization of acid solution.

1.575 -3.178 -11.328 0.0002596 ~-7.7422
1.973 -2.483 -10.633 0.0001974 -6.9283
2.3505 -3.283 -11.433 0.0000135 -6.5632
2.4005 =-3.2655 -11.4155 0.0000455 -7.0733
3.5146 -1.4468 -9.5968 0.0000983 -5.5894
3.8984 -0.7142 -8.8642 0.0008047 -5.7699
4.400 0.268 -7.8820 0.0057096 ~-5.6386
4.8275 1.1065 -7.0435 0.005625 -4.7936
5.6483 2.7439 -5.4061 0.06732 -4.2342
pure

Pb (OH), 8.15 0.0000 1.0000 0.0000

was estimated to be the increment of lead removed from

solution within +/- 0.005 pH units of that point, divided

by the sum of the increments of lead and iron removed

over the same pH range.
column 4 of Table 4.2.

coefficient of Pb(OH),

selected point.

Figure 4.15 is a plot of the calculated log activity

log (Yppcony2)

These estimates are listed in

Column 5 lists the activity

in the solid solution at each

= log{Pb(OH),} - log(X)

Egn.

These were calculated by the relation:

coefficients of Pb(OH), in the solid solution precipi-

tates versus the log of the mole fraction of Pb(OH), in

the precipitates.

The least squares fit of a third order

4.37

polynomial to the data produced the relation:
1°g(Y}uomz) = =0.13927 + Eqn. 4.38
3.8129[log(X)] + 0.73110[log(x)]2 + 0.046105[log(X)]3

for which R?® = 0.906.
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Combining equations 4.35, 4.36, 4.37, and substi-
tuting the pH function gives: Egn. 4.39
1log(K) + 109 (Ypuay2) = log{Pb?} + 2log{H,0} + 2pH - log(X)
And combining equations 4.38 and 4.39 gives: Egn. 4.40

log(K) -0.13927 + 3.8129[log(X)] + 0.73110[log(X)]? +
0.046105[1log(X)]® = log{Pb®} + 2log{H,0} + 2pH - log(X)
which can be rearranged to equation 4.41, below:

0 = log{Pb®} + 2l0g{H,0} + 2pH Eqn.4.41

- log(K) + 0.13927 - 4.8129[log(X)]

- 0.73110[1log(X) ]2 - 0.046105[log(X) 1>
All except the last three terms in this equation are con-
stants, or are available from the calculations after each
iteration of PHREEQE. These values were summed within
the program, so that equation 4.41 collapsed to the form:

O  CONSTANTS - 4.8129[log(X)] Eqn. 4.42

~ 0.73110{log(X) ]2 - 0.046105[log(X)]1?

The last equation was solved for X at the end of
each PHREEQE iteration by a method of successive bisec-
tions between zero and one. Thus I obtained the mole
fraction of lead that should be coprecipitated with iron
at each adjustment made by PHREEQE of the total iron in
solution. This was used to model the fractional copre-
cipitation of lead with iron. Specifically, for each
mole of Fe,,0,,(OH),,(SO,), that PHREEQE calculated should
be precipitated from solution, 16X/ (1-X/3) moles of lead

were coprecipitated and (2/3)*16X/(1-X/3) moles of iron
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were redissolved. This achieved the desired composition
of the precipitate and preserved charge balance within
the system.

Use of this model to simulate the removal of lead
from the synthetic leachate during neutralization gave
calculated results that roughly approximated the experi-
mental data. (The goodness of fit may be seen in Figure
4.22 in section 4.3) Adjustment of the value used for
the log(K) of the solubility of solid Pb(OH), from +8.15
to +9.08 produced the best simulation of my lead data.
This corresponds to a pure lead(II) hydroxide phase that
would be 0.93 log units more soluble than the crystalline
form assumed in the above derivation, which suggests a

microcrystalline form of the solid.

4.2.5 Trace Elements Not Modeled

Zinc

The data of Kinniburgh and Jackson 1982, indicate
that at pH about 5.1, hydrous ferric oxide will adsorb
50% of zinc. Frimmel and Geywitz 1987, evaluated differ-
ential pulse polarography for recording the coprecipita-
tion with ferric hydroxide of 3 micromolar metal ions
from solutions 0.1 millimolar in total iron. Their data
suggest the removal of zinc in the pH range 5.5 through

9.5. The failure of the PHREEQE equation solving sub-
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routines to converge beyond pH 5 precluded useful model-

ing of the zinc data.

Cadmium

Inspection of the cadmium data in the neutralization
titration (Table 3.6) shows that cadmium was largely
conserved in solution until after pH 4.8. This agrees
with adsorption on hydrous ferric oxide in the pH range
of 4.5 or 5 through 7 or 7.5, as in Dzombak and Morel
1990. The data of Frimmel and Geywitz suggest the remov-
al of 3 micromolar cadmium by coprecipitation with ferric
hydroxide to occur in the pH range of 6 to 9.5. As with
zinc, this also could not be modeled due to convergence

problems of the computer program PHREEQE beyond pH 5.

Arsenic

The arsenic data from the leachate neutralization
are plotted and discussed in section 4.4.2. No suitable
basis was found with which to model the removal of arsen-
ic from acidic leachates containing high levels of total

iron and sulfate during neutralization.

‘1

Se’

I
I-‘

The selenium data are unreliable, (as is clear from

Table 3.6), and no attempt was made to model selenium.
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4.3 TEST AND EVALUATION OF THE MODEL

4.3.1 Simulation of Synthetic Leachate Neutralization

The PHREEQE geochemical program, as adapted and
developed to model the loss of iron, sulfate, aluminum,
chromium, copper, and lead during the neutralization of
acidic leachates, was tested first as to its ability to
simulate the results of our neutralization titration

experiment. The initial input for the simulation was:

an option card specifying the type of problem to be

solved, (model an initial solution and simulate equili-

bration with other phases and reaction with an added
reagent); the data describing the first sample of the

titration experiment, (which was taken before any base

titrant was added); specifications for other phases with

which the system was to be equilibrated, (0, and CO, from

the air, the silica glass of the reaction vessel, and
eventually solid precipitates that should form); special
phases to be monitored with respect to saturation index,
(such as soil-Fe(OH); as defined by Lindsay 1979); and

specification of the neutralization reaction to be used,

(addition of sodium bicarbonate). The simulation was set

up to proceed in steps that would predict the concen-
trations of all elements defined to be in the system at

the pH of samples taken during the laboratory neutraliza-

tion.
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Table 4.3 summar’ es the experimental data and the
results of the computer simulation as the common loga-
rithm of the total molal concentration of each element of
interest. An overview of the results of the entire
simulation is given in Figure 4.16, which is a plot of
the log total molal concentration of each element versus
pH. This plot allows comparison of the relative concen-
trations of the elements, the tir ' g of their respective
removal processes in terms of pH, and the relative shape,
steepness, and extent of their concentration changes.

The calculations were terminated just beyond pH 5 due to
the failure of the PHREEQE equation solving subroutines
to achieve convergence to a set of simultaneous solutions
for all the equilibria involved in the expanded model

that has been developed based on the PHREEQE program

code.

Figure 4.17 shows both the observed and simulated
iron data versus pH. The fluctuations of the experimen-
tal pH data between pH 2.25 and 2.5 are due to incomplete
equilibration of the system between titration and sam-
pling events, as will be discussed in section 4.4.1 The
divel ence of the data sets after pH 4.83 is thought to
be due to the of an us iron concentra**»>n for
the last point plotted, (a value was assumed becaus the

actual solution concentration was below the detection
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ELT

Table 4.3
Sodium
_pH est sim
1.575 0.000 0.000
1.973 -1.321 -1. 535
2.077 -1.288
2.300 -0.820 -0.687
2.361 -0.807 -0.633
2.440 -1.034 -0.586
2.474 -0.639 -=0.571
2.874 -0.582 -0.508
3.019 -0.503
3.290 -0.499
3.515 -0.566 =-0.497
3.750 -0.496
3.898 -0.539 -=0.495
4.828 -0.533 -=0.495
5. 10 -0.494
* Notes:

Neutralization Titration:

Sulfate

est sim
-0.769 =0.769
-0.787 -=0.769
-0.769

-0.824 -0.786
-0.832 -=0.789
-0.802 =0.792
-0.854 -0.793
-0.869 -=0.797
-0.798

-0.798

-0.867 -=0.798
-0.798

-0.842 -0.798
-0.837 -=0.798
-0.799

Data and Simulation Results "

Iron

obs sim
-1.059 -=1.059
~-1.088 -=1.059
-1.059

-1.400 -1.468
-1.388 -=1.605
-1.149 -1.795
-1.909 -1.880
-2.963 -=2.932
-3.320

-4.039

-4.428 -=-4.611
-5.143

-5.431 -=5.413
-6.087 -6.089
-6.168

All concentrations are log(molality)

est =
sim =
obs =

estimated concentrations

s

o

inmula
erv

m results

concentrations

Aluminum

obs sim
-3.253 -=3.396
-3.413 =3.396
-3.396

-3.400 -=3.396
-3.422 -=3.396
-3.430 -=3.396
-3.317 -=3.396
-3.226 -=3.396
-3.396

-3.396

-3.627 -3.619
-3.851

-3.846 =3.997
-3.885 -=3.870



Table 4.3 (continued) Neutralization*Titration:
Data and Simulation Results

Chromium

LT

Copper Lead

pH obs si obs sim obs sim
1.575 -4.654 -4.654 -4.819 -4.819 -5.326 <=5.375
1.973 -4.680 -4.654 -4.834 -4.819 -5.576 =5.375
2.077 -4.654 -4.819 -5.375
2.300 -4.770 -4.704 -4.845 -4.833 -5.740 -5.643
2.361 -4.749 -—-4.714 -4,.853 -=4.835 -5.445 -5.687
2.440 -4.672 -4,850 -5.413
2.474 -4.856 -=-4.737 -4.861 -4.840 -7.082 =5.,785
2.874 -5.016 -=4.970 -4.862 ~-4.867 -6.875 -6.653
3.019 -5.030 -4.871 -6.733
3.290 -5.299 -4.882 -6.920
3.515 -5.539 -5.454 -5.011 -4.887 -7.267 ~-6.983
3.750

3.898 -5.852 -5.761 -5.542 -5.343 -7.404 -7.052
4.828 -6.295 -6.690 -6.168 -6.357 -7.004 -7.150
5.000 -7.101 -6.751 -7.169
* Notes:

All concentrations are log(molality)
est = estimated concentrations

sim = simulation results

obs = observed concentrations



Figure 4.16 Logarithmic plot of sulfate and trace
element concentrations from the neutral-
ization titration simulation versus pH.
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Figure 4.17 Logarithmic plot of observed and simulated
iron concentrations in the neutralization
titration as a function of pH.
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Note: The final "observed" iron value was not
measured, but was arbitrarily selected as a
value that allowed the computer simulation
to achieve convergence past pH = 5.
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limit). The simulation results past pH 5 are thought to
be a better estimate of the actual iron concentration

remaining in solution.

Sodium and sulfate data, both observed and simulat-
ed, are superimposed on the iron data in Figure 4.18. No
sodium or titrant had been added to the first sample, so
its concentration was assumed to be zero and not plotted.
Thereafter, the experimental sodium was calculated based
on the added sodium bicarbonate titrant. In the pH 2.25
to 2.5 range, the sodium fluctuations mirror those of the
iron data: when less sodium has been added, more iron is
still in solution. This indicates that the pH measured
in these solutions was inappropriate (due to incomplete
equilibration of the system) rather than that the iron
data are erroneous.

Sodium bicarbonate neutralizes acidic solutions
according to the reaction:

1NaHCO; + 1H' = 1Na' + 1CO, + 1H,0 Eqn. 4.43
PHREEQE does not keep a mass balance for hydrogen, and so
does not accept hydrogen as a reagent input. Throughout
the simulation, the addition of base was modeled as
Na(COs), s reacting with hydrogen ions as follows:

1Na(CO;z),5 + 1H' = 1Na' + 0.5CO, + 0.5H,0 Eqn. 4.44
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Figure 4.18 Logarithmic plot of observed and simulation
concentrations of sodium, sulfate, and iron
in the neutralization titration versus pH.
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178



Thus, each molecule of added base neutralized one hydro-
gen ion, which was replaced in solution by one sodium
ion, just as in equation 4.43. The carbon dioxide pro-
duced in each case was equilibrated with the atmosphere,
so that the solution concentrations were not f :ction
of the CO, produced by the reactions. The greater amou. ..
of water produced in the laboratory reaction was offset
by evaporation from the system, so that the production of
less water in the simulation was deemed to be acceptable.
Throughout the simulation, the total sodium concentration
was just that accumulated in the system during the neu-
tralization (according to equation 4.44) as necessary to
reach each tarc : pH.

No simulation was attempted for the effects of
sample removal and dilution by added titrant, which
explains those instances where the simulation results run
slightly higher than the laboratory results, such as for
sodium and sulfate. The removal of sulfate from solution
during the precipitation of Fe,0,,(OH),,(SO,), is theoreti-
cally less than 10 percent of the initial total sulfate,

and the effects are barely noticeable.
The aluminum data, both observed and simulated, are

superimposed on that of iron in Figure 4.19. The fluctu-

ations in the simulation points for aluminum relative to
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Figure 4.19
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Logarithmic plot of observed and simulation
concentrations of aluminum and iron in the
neutralization titration versus pH.
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the observed concentrations are due to the series of
different pure stable phases used to model the removal of
aluminum between pH 3.5 and 5. (See section 4.2.4).
Small adjustments of the log(K) of each compound could be
made such that the curve would be smoothed and approxi-

mate the laboratory data better.

Figure 4.20 presents the observed and simulated data
for chromium superimposed on that of iron. The smooth-
ness of the curve and the goodness of fit are due largely
to the excellent work of Sass and Rai 1987, developing
their mathematical model for the coprecipitation of
chromium with ferric iron. The middle portion of the
curve accounts for the removal of chromium from solution
before saturation with respect to pure crystalline
Cr(OH)3;. The downward turn about pH 5 cor__sponds to a
shift from formation of the chromium-and-iron hydroxide
solid solution to the precipitation of pure chromium(III)
hydroxide. Decreasing log(K) for solid Cr(OH); improves
the fit at lower pH, but accentuates the divergence of
the simulation from the experimental above pH 4. Con-
versely, increasing log(K) improves the fit above pH 4,

but worsens the fit at lower pH.
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Figure 4.20 Logarithmic plot of observed and simulation
concentrations of chromium and iron in the
neutralization titration versus pH.
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well before significant removal of copper by coprecipita-
tion with iron. However, CuFe,0,.., is not expected to

form quickly in an aqueous system at room temperature.

The lead data, both observed and simulated, are
presented in Figure 4.22, superimposed on the iron data.
The simulation data only roughly approximates that of the
experimental work, due to the noise and uncertainty of
the latter. The simulation did approximate the highest
lead concentrations of the early samples, the pH range of
significant removal of lead, and the average concentra-
tions found in the last few samples.

It should be noted that the pH range found in this
study of lead removal from synthetic coal leachate during
neutralization with sodium bicarbonate contrasts with
results obtained with lead in other systems. Baes and
Mesmer 1976, show 107° molal lead(II) to be soluble up to
PH 9.5 in a simple aqueous system with solubility limited
by PbO. The hydrous ferric oxide surface complexation
model of Dzombak and Morel 1990, predicts the removal of
lead in the pH range of 4 to 5. However, Buffle 1988,
summarizing data on the adsorption edges of metal ions on
oxide surfaces, indicates the removal of 1.25x10™% molar
lead by Fe(III) oxyhydroxide gel (where total iron was

0.093 molar) to occur between pH 2 and 4.
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Figure 4.22
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Table 4.4 West Squaw Creek: Field Data,’ after Filipek et al. 1987.

Site: 24 25 26 27 28 29 30 31
pH 2.70 5.55 2.70 5.25 2.75 2.95 6.10 3.00
Ca -3.40 -3.60 =-3.46 =3.90 -3.49 -3.52 =-3.17 =3.49
Mg -3.31 -4.02 -3.48 -4.18 ~3.47 =3.49 -3.92 -3.52
Na =3.70 =3.70 -3.69 -4.08 -3.70 -3.68 -3.51 -3.67
K -5.14 -5.69 -5.31 =5.42 -5.29 =5.07 -5.99 -5.23
Fe -2.89 =7.0 -3.13 -6.8 ~3.24 -3.67 -6.47 =3.71
‘ -4.78 <=6.7 =5.00 <=6.7 -5.00 -5.06 <-6.7 -5.09
< -3.25 -6.5 -3.48 -5.97 -3.48 =3.43 -6.25 ~3.47
Si -3.16 -3.50 -3.35 =-3.70 -3.33 -3.33 =3.40 -3.32
Cl ~4.19 -4.8 -4.47 -5.1 -4.9 -4.8 -4.32 -4.9
C <-4.8 -3.53 <-4.8 <-=4.8 <-4.8 <-4.8 -3.11 <-4.8
SO, -2.40 -3.87 =-2.52 =3.94 -2.608 =2.731 -3.25 -2.673
F -4.51 -5.4 -4.88 ~-5.8 -5.00 -4.96 -4.96 -5.13
Zn =-3.725 =7.2 =3.96 -6.81 -3.96 -4.04 =7.3 -4.08
Cu -3.742 <-6.8 -4.00 <-6.8 -3.99 -4.10 <-~6.8 -4.12

“Note: All concentrations are log(molality).



The water analysis for site 24, about one-half mile
below the site of greatest contamination, and just above
the junction of the South Fork with the North Fork, was
chosen as the starting data for a computer simulation

that would test our model's ability to predict the compo-

sition of the stream water below each confluence. Site

25 provided the data for the North Fork waters just above

the junction, and site 26 provided data on the composi-

tion soon after the waters mixed. About one-half mile

downstream, the first small, uncontaminated tributary

empties into Squaw Creek. Its composition was determined

by samples from site 27; while site 28 data described the

System just after these two had mixed.

There followed an 0.8 mile stretch of Squaw Creek
having no known tributaries before its junction with

Mary's Fork, the second known source of dilution by

uncontaminated water. Site 29 data described Squaw Creek

just above this junction, site 30 data described Mary's

Fork water, and site 31 data describes the composition of

the creek water about one-tenth of a mile below the
junction. The observed data (from Table 4.4) for pH and
the elements to be studied in this simulation are plotted

and the results of the simulation (from

in Figure 4.23;
(Note that both

Table 4.5) are plotted in Figure 4.24.

plots only show data for sites along the flow path of the

contaminated stream, and not for the tributaries.) As
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Table 4.5 West Squaw Creek: Simulation results’

Site: 26 28 29 31
PH 2.85 2.77 2.85 2.98
Ca =3.47 ~-3.47 -3.50 -3.49
Mg =-3.48 -3.48 -3.55 -3.51
Na =3.70 =-3.70 =-3.70 -3.67
K =5.29 -5.29 -5.35 -5.10
Fe =-3.13 =3.25 -3.35 -3.70
Mn ~-5.00 =-5.00 =5.10 -5.09
Al -3.48 ~-3.49 ~-3.58 -3.46
Si =3.26 =3.27 -3.31 -3.34
Cl -4.35 -4.36 ~4.42 -4.72
C -4.95 -4.95 =-4.95 -4.95
sO, -2.61 -2.62 =-2.71 -2.75
F -4.69 =-4.70 -4.77 -4.96
Zn =3.95 -3.96 -4.05 -4.08
Cu -3.96 =-3.97 -4.07 -4.13

*Note: All concentrations are log(molality).

will be seen in subsequent figures, the model closely
approximates the field data through site 28, but the
predictions for site 29 diverge from the observed data.
During the 0.8 mile stretch between sites 28 and 29,
the investigators did not find identifiable sources of
dilution or neutralization. However, they did note among
the elements thought to be conserved in the system, a
change of stream composition that could be accounted for
by a 20% dilution of the main stream by undetected base
flow or seeps of uncontaminated water (such as reported
for sites 27 and 30 that were immediately above and below

this section).
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Figure 4.23 Logarithmic plot of observed pH and con-
centrations of selected elements in West
Squaw Creek, West Shasta, california.

4 —
» o— -

2Fr

—~— oFr

>

=

=

)

E

o 2

L —

—————— ‘.\.- ——
-\‘\_ ———
>
" - ) — —

4| \ ——ﬁ I
*
-£ = — [ S S——— e —A—J

Site Number

Note: Concentrations are log(molal) except for pH,
which is plotted in te__s of pH units.

191

Fe
Na

Cu






Without quantitative data, it was impossible to
obtain a good prediction of the stream composition at
site 29, (and therefore of site 31 as well). Thus, the
simulation results for site 31 were calculated from input

of observed data from sites 29 and 30.

Figure 4.25 shows both the observed and simulation
data for pH and filterable sulfur and iron. The authors
of the study calculate that the South Fork:North Fork
mixing ratio was approximately 60:40 of waters that were
pPH 2.70 and 5.55 respectively. They explained the ab-
sence of pH increase just below the confluence (site 26
also had pH 2.70) to be the result of continued oxidation
of Fe? to Fe* and hydrolysis, and (or) the oxidation of
any remaining sulfide. In the simulation, 5.1% of the
total iron was precipitated as Fe(OH); in order to obtain
reasonably good fits of both pH and iron to the observed
data. However, the system was still supersaturated with
respect to Fe,0,,(0OH),,(S0,),, for which a saturation index
of +16.0710 was calculated, (which corresponds to +1.0044
per iron atom).

Again after the first tributary (site 27) diluted
Squaw Creek slightly, (approximately 2%), both the pre-
dicted pH and iron concentrations were significantly
higher than observed at site 28, suggesting that some

precipitation of iron had continued after site 26.
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Figure 4.25 Logarithmic o]
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This time 22.5% of the iron calculated to be still in the
system was precipitated as Fe(OH);, yet the system was
still supersaturated with respect to soil-Fe(OH); by one
order of magnitude, (and Fe,0,,(OH),,(S0,), by +0.6888 log
units per iron atom).

To approximate the prediction of the creek compos-
ition at site 29, the stream was diluted by 20% with
"base flow" like that of site 25 (chosen because these
North Fork waters were of intermediate composition be-
tween those of the other uncontaminated waters in the
region, analyzed for sites 27 and 30). The pH was pre-
dicted to be 2.85 (2.95 was observed) and the predicted
total iron was double the observed concentration of
2.15x10°* molal. The authors estimated that from 53% to
62% of the dissolved iron of site 28 precipitated before
site 29, citing evidence of iron precipitation on the
stream boulders and all along its banks in this stretch.
Since precipitation of more iron would have increased the
error in the predicted pH and thrown off subsequent
calculations for the other metals in the system, the
simulation was interrupted at this point and restarted
using the observed site 29 data as input, as mentioned
above. The resulting concentrations calc -~ :ed for site

31 were in 3 y good agreement with those observed.
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The filterable sulfur observed at site 26 was higher

that the model predicted based on simple dilution of the

site 24 sulfur concentration. The stream, with its

burden of leachates from sulfidic mines, almost certainly

was not yet in equilibrium with atmospheric oxygen by the

time the water reached site 26. Continued oxidation of

suspended sulfidic material rendering it water soluble
could explain the excess sulfur and iron found in the

filtered samples at site 26.
The sulfur concentrations predicted for subsequent

Sites fit the observations quite well, except for site 31

which is 9.5% below the measured value. The authors did

not discuss this stream junction and minerals and evi-
dence for reaction, although they did flag the data for

sodium, sulfur, and SiO, as being higher for site 31 than

for either of the contributing streams. Their data also

indicates higher ferrous iron concentration at site 31
than at site 29, despite a slight decrease in total iron.
This suggests the possibility that there was an undetect-
ed source of sulfide that was being oxidized to soluble

sulfate by ferric iron in solution, which in turn was

reduced to ferrous iron. The counter ion for the sulfide

is unknown, as it is assumed that the excess sodium was

associated with a silicate being dissolved.
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Figure 4.26 shows both the observed and simulation

data for aluminum and zinc; (pH is included for refer-

ence). The predicted concentrations show excellent

agreement with those observed, except for aluminum at

site 29. In their discussion of the data, the authors

suggest that dissolution of Al minerals, possibly clays,

may occur along this stretch. This would tend to mini-

mize the lowering of pH with the precipitation of iron,

and could produce the observed increase of aluminum

concentration even in the face of the estimated dilution

by base flow. Without quantitative data, these effects

of the suggested dissolving of Al minerals could not be

modeled, so the site 29 observed aluminum was input for

the last part of the simulation, as p__7._1sly mentioned.

The simulation results for zinc concentrations all

along West Squaw Creek show excellent agreement with the

observed concentrations, as do the simulation results for

sodium and copper, (shown in Figure 4.27). Since no zinc

removal mechanisms were incorporated in the model (which
performs simulations of dilution and neutralization of
aqueous systems between pH 1.5 and 5.0); since sodium is

generally expected to be conserved in solution (unless

significantly involved in precipitation/dissolution of
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Figure 4.26
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Figure 4.27 Logarithmic plot of Oobserv
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sodium silicates, alunite, and/or jarosites); and since
the system pH never exceeded pH 3.00 (above which the
model would be expected to simulate the coprecipitation
of copper with iron oxyhydroxysulfate): then the excel-
lent agreement of the simulation results with the ob-
served data may be understood to indicate that the creek
system is essentially undergoing dilution without signif-
icant chemical interactions of these trace elements with

pure precipitates or other solid phases.

>

ag’ e’ aknesses of the Model

The major strength of the model lies in its adapt-
ability to different chemical systems and environments.
The data base for the PHREEQE program is completely user-
defined, which allows for updating the equilibrium con-
stants for each reaction, for adding or deleting elements
and adding/modifying/deleting the reactions that define
the interactions of any element with the chemical system
being investigated. Thus, one may begin with a very
simple system and develop a geochemical model piece- =eal.
Or one may investigate the effects of varying equilibrium
constants, the reactions included in the model, or even
the addition of more components each of which may include
a set (small or large) of defining equilibria.

The versatility of PHREEQE is greatly enhanced by

its acceptance of segmented input. One may define a
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relatively simple initial problem, obtain the results,
and then redefine the problem, elaborate on the system,
add equilibration with additional phases, add reagents,
mix solutions, initiate reactions, define segmented
additions and temperature changes, or even combinations
of these factors. Furthermore, the output from each
program segment may be retained for use in the next step
of the simulation, or ignored while altering the treat-
ment given the previous output. Thus, a multistep pro-
cess combining various streams of reactants and processes
and conditions can be modeled, and adjustments of even
individual factors can be followed as to their predicted
effects on the immediate solution and the ultimate prod-
ucts.

PHREEQE solves even large sets of interactive equi-
libria within a few minutes and to a high degree of
reproducibility by invoking two methods of successive
approximations which seek to maximize convergence to an
internally consistent set of solutions for all the equi-
libria involved. However, such a large, complex, vari-
able, and interactive program has weaknesses that affect
its performance in some cases, and/or limit is applica-
tion to some problems. There follows a summary of the
assumptions, weaknesses, and limitations found to affect
the application of PHREEQE to modeling trace element

behaviour in acidic leachates from coal and sulfidic ore
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mines that undergo neutralization with bicarbonate and/or
dilution and neutralization with carbonate-bearing

streams.

Convergence problems that result in failure of the
program have sometimes been encountered: when attempting
to achieve electroneutrality within a solution by having
the program adjust the concentration of a highly interac-
tive element, (e.g. when PHREEQE attempts to adjust total
iron to obtain charge balance in 0.1 molar iron solu-
tions); when simulating the mixing of very different
solutions, (e.g. near neutral, low ionic strength, and
saturated with carbon dioxide mixed with acidic, high
ionic strength, and unequilibrated with gases); when
combining program options, (e.g. mixing solutions while
requiring equilibration of the entire system with gases
and solid phases); when polynuclear species were includ-
ed which led to large factors in their equilibrium ex-
pression, (e.g. Fe,(OH)3%); when attempting to model
solutions with high concentrations of elements with large
numbers of equilibria of interacting species, (e.g. 0.05
molar ferric sulfate solution with several trace elements
that each form 1 to 3 complexes with sulfate and bisul-
fate ions); and, when higher order and/or composite
functions which have multiple local minima and max...a are

incorporated into the PHREEQE program code, (e.g. the
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relatively accurate for the time of sampling; but the
Variation from sample to sample indicates significant
Variation in the relative stability of the system as a
whole,

The above explanation of the formation of fresh
Polymerjc material with each base injection also accounts
for the passage of excess iron into each filtrate. If
the hydrolyzing iron only built up existing particles,

then they would grow in size and soon be removed effi-

Cient1y by the filters.
By the time sample 8 was collected, the neutraliza-

tion was over 87% complete, and about 99% of the original
dissolved iron had precipitated. Thus the buffer capaci-
ty of the system was nearly exhausted, and the pH rose

dramatically with each new addition of base. To the end,
€ach titration episode was followed by PH relaxation with

time’ and the next to the last sample was apparently

taken when the system was not yet equilibrated.

Figure 4.29 shows the adjusted (for charge balance)

COncentratjon of iron in solution as a function of pH.

It Clearly shows the dramatic removal of iron from solu-
tion by pH 2.5. It also indicates that the third sample
was Supersatured with iron for the pPH that was observed.
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Figure 4.29
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Figure 4.30
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Figu
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Figure 4.34 Concentrations of Fe* and its hydroxy com-
Plexes (as modeled by the computer program
PHREEQE) in the neutralization titration
solution, as a function of reaction progress
(expressed as percent neutralized).
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Figure 4.37

Relative abundance of the most important
iron(III) complexes (as modeled by the

computer program PHREEQE) in the neutral-
ization titration solution, as a function

of pH.
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4.2 ~ ¢
r~—-~ Elements
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Table 4.6 !

mmary of concentration data from the computer program
analysis of neutralization titration sample #2.

Ionic Strength

= 0.1894 PH = 1.973 14.5% Neutralized
™ ~ment log(mc’-1) Principal f--—-ies ( 29 molality)
Al (-3.4126) Al1(SO,), (-3.776) Also,’ (-3.807) a1 (-4.209
As (=5.9700) FeHAsO," (-6.052) FeH,As0,%" (-6.767) FeAsO,° (-7.887)
C -4.9679) H,CO.° (-4.968) HCO; (-9.204) cos¥”  (-17.183)
cd -5.0715) CdsO,° (-5.464) ca® (-5.532) Cd(S0,),% (-5.771)
cl -2.8161) cY” (-2.825) FeCl?® (-4.522) CcdCl* (-6.900)
§ Cr (-4.6796) Crso,” (-4.689) cr>* (-6.423)
Cu (-4.8345) cu® (-5.165) cuso,’  (-5.222) cu(so,),’ (~5.748)
Fe (-1.0877 Feso,* (-1.239) Fe(S0,), (-1.768) FeHSO>" (-2.406)
N (-3.0249) NOy (-3.025)
Na (-1.3207) Na* (-1.349) Naso,” (-2.520)
Pb (-5.5757) PbSO,° (-5.802) Pb?* (-6.160) Pb(S0,) 2" (-6.429)
s (-0.7866) FeSO," (-1.239) s0,2" (-1.343) HSO,” (-1.728)
si (-3.0385) H,S10,° (-3.038)
Zn (-4.6102) zZn%* (-4.964) ZnSo,° (-5.000)

Zn(S0,) > (-5. 37)






Table 4.8 Summary of concentration data from the computer program
analysis of neutralization titration sample #7.
Ionic Strength = 0.3126 PH = 2.475 75% Neutralized
Element log(molal)

Principal Species (log molality)
Al (-3.3166) Al1(S0,), (-3.554) Also,* (-3.804) a1¥ (-4.340)
As (-6.1725) FeHAsO," (-6.218) FeH,As0,%' (-7.406) FeAsO,° (-7.573)
o] (-4.9801) H,CO° (-4.980) HCO; (-8.686) COs%”  (-16.110)
cd (-5.1107) cdso,’° (-5.566) Cd (S0,),% (-5.604) cd®*  (-5.803)
cl (-2.8508) cl” (~2.852) FeCl®* (-5.627)
t:)tg Cr (-4.8555) Crso,’ (-4.897) HCro,” (-5.985) cr> (-6.774)
Cu (-4.8614) CusoS (-5.237) cu? (-5.322) Cu(S0,),% (-5.495)
Fe (-1.9089) FeSO,” (-2.103) Fe(SO,), (-2.413) Fe¥* (-3.659)
N (-3.0597) NO; (-3.060)
Na (-0.6390) Na' (-0.685) NasoO,” (-1.641)
Pb (-7.0815) PbSO,° (-7.322) Pb(S0,),% (~7.680) Pb** (=7.850)
s (-0.8536) S0 (-1.042) NasO,” (-1.641) HSO,’ (-2.002)
Si (-3.0519) H,S10,° (~3.052)
Zn (-4.4881) ZnSO,° (-4.884) Zn®*  (~4.977)

Zn(S0,),% (-5.052)










zee

Table 4.11

Element

Solid Phase

Aluminum

Basaluminite(+0.0584)
Gibbsite

Bayerite

(+0.0136)
. (microcrystalline) (-0.9264)
Arsenilc

Ferric arsensate, (-4.8606)
Carbon

CuCoy, (~7.7140) PbCO5ry  (=7.2300)
Cadnium

CACO3((ry (-4.6336) CASO4(grmy, (—7.8830)
Chromium

Chromite (-30.2331)
Copper

Iron

Copper ferrit(+4.1395)

(-1.0836)

H'-Jarosite (-5.6600)
TLead

Pb(OH) 5¢cry (—6.8834)
Silicon

Kaolinite (+3.3853)
Zinc

Zinc ferrite(+4.0933)

Cr (OH) 5y (+0.4094)
Cu (OH) 5(cry (—6.1874)

Fe (OH) 3¢¢0i1y(+1.1074)
HNa-Jarosit(-4.5609)

Pb-Jarosite(-4.5533)

Quartz (+0.9654)

€-Zn(OH), (-7.8136)

Summary of Saturation Index data from the computer program
(PHREEQE) analysis of neutralization titration sample #11.

(S~*-aration Index)

Jurbanite (+0.9876)

Scorodite (-2.0217)
Malachite (-11.5014)

CASO, 'H0(, (-6.3360)

Cu, (OH) ,SO, (-4.2364)

Goethite  (+4.8104)
Na-Jarosite(-1.6754)

PbSO,)cry (-2.1794)

Silica glass(0.0000)

ZnSiOy,, (-6.4955)
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diff
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Chromi
Mlum concentrations in the _ Ll

fronm
15,1
. M
KM down to the detection limit. Figure 4.40

Shoy
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e lo ,
9 concentration of iron and chromium versus

t neu .
tralization. They appear to be removed from

Solutig
n to .
gether. Figure 4.41 is a plot of log concen-

tratiq .

the COLL::;::::O:HG chfomium versus pH. It shows that

"®Utralization S of iron and chromium converged as the

precipitated Proceeded. This suggests that as iron

ratig tha d.from solution, the solid had a higher Fe/Cr

wouly e o 1d the bulk solution. 1In this way, iron

their con moved from solution faster than chromium and

Centrations would converge.

aInorp:::: :hnd R'ai (1987) investigated the solubility of
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Fe/cr rat_ld.SOIUtion- Their work suggests that the
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tiop :: REEQE was used to calculate the redox distribu-

Ur sae Chromium(IIr) and (vI) in equilibrium with the

Urated solution of synthetic leachate for each

Ple .
©0llected during the neutralization titration.
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of copper and iron in the
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Figure 4.44
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Figure 4.45
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throughout the experiment, though there appears to have
been some loss after about 90% neutralization (pH 3.5).

The samples were all found to be undersaturated by
2 to 4 orders of magnitude with respect to scorodite,
FeAsO,'2H,0, which is the most stable arsenate in acidic
iron solutions, (Davis and Ashenberg, 1989). The pH
dependence of arsenate concentration in contact with
solid ferric hydroxide is indicated by the equation:

H,As0,X3 + Fe(OH)s, = Egn. 4.45

FeAsO,,, + XH,0 + (3-X)OH’
According to this reaction, one would expect the concen-
tration of dissolved arsenate to increase as pH increas-
es. But the opposite was observed during our neutraliza-
tion titration.

Figure 4.46, a plot of the log molal concentrations
of arsenic and iron vs pH, does not indicate t.__t a1 ‘nic
coprecipitated significantly with iron over the pH range
studied. The arsenic plots do not track those of iron,
nor do they exhibit the shape characteristics of chrom
um, copper, and lead, which were successfully modeled as
coprecipitationg with iron.

Pierce and Moore 1982, investigated the adsorption
of arsenate and arsenite on amorpl._as iron hydroxide.
They found the adsorption capacity for arsenic to be

extremely high, with arsenate adsorbing to a greater
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Figure 4.46 Logarithmic plot of arsen:
. : e .
the neutralization titral;lic and iron jip
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Figure 4.47 Logarithmic plot of arsenic and sulfate in

log (molality)

the neutralization titration solution
versus sample number.
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Figure 4.48
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for re
moval i
s of a fraction of the arsenic from solution
S hypothesis i .
esis is support¢ by work done in both fresh

and salj
ine
waters, (see Johnson and Thornton 1987)
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3:3.3  Predictive modeling of the generation of coal
lgachates and acid mine drainage

The acid generating capacity of a coal is largely

determined by its iron pyrite content, and may be moder-

ated by the presence of carbonates such as limestone. 1In

Order to predict the composition of coal leachates or
acid mine drainage, a great deal must be known about the

SYStem. Important factors would include its mineralogy

(QUalitative, quantitative, and degree of subdivision),

its Chemical composition (of soluble organic complexing

agents as well as inorganic compounds and trace element-

S), and its system dynamics (including flushing water

compOsition, frequency, and amounts, as well as particle

Sizes and porosity).
Careful construction of the chemical model would be

Necessary to obtain all of the important equilibria and
aPplicable thermodynamic equilibrium constants. Kinetic

factors would also have to be incorporated into the

Model, including: diffusion coefficients, reaction

Tates, the dynamics of microbial colony growth and activ-
itY, and the effects of temperature on all physical,

Chemical, and biological aspects of the system.

Taken together, these appear to be more than can be

adequately managed within one program. For the near

future it is expected that technicians will analyze and

monitor the drainage from coal piles and mines, and then
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use compyter models to anticipate the fate of dissolved
Solids jp the effluents. They could investigate the
effects of varjoys neutralization and clean-up treat-
Ments, predict the concentrations of dissolved solutes
30 trace contaminants in the treated effluents, and then

Predict the ultimate fate of “* sse ¢ *stances after

r , ,
€lease into a stream or river.
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APPENDIX A
Gra ]
phite Furnace Atomic Absorption spectrophotometry
used éizitrument parameters and analytical conditions
Spectro the Perkin-Elmer model 2380 Atomic Absorption
AS-40 APhotometer with HGA-300 Graphite Furnace §nd the
arSenicutosamPler for the analyses of iron, aluminum,
zinc in' cadmiun, chromium, copper; lead, selenium, and
and neutthe.flltered samples from the batch oxidation

ralization titration experiments-)

IRON in tn sati
e neutralization samples.
Inst
ru .
ment: Fe hollow cathode lamp
248.3 nm line
0.2 nm slits .
d correctlon

D,-arc backgroun

Absorbance mode .
10 sec peak area integration

Atomj
aer: Pyrolytically coated 9T
Massive pyrolytic L'Vov P

Argon purge 9as

aphite tube
1atform

Program: prying  -Chai- atopize BUESE
Temp, °C 80 120 1400 2509 2702
Ramp, sec 1 50 13 0 5
Hold, sec © 0 30 10
Gas flow stop

Solutions -
g:trix Mod: 20 uL of 2.5 g/Lzmg%lgltiex H%
. n -
ock std: 1000. ppmf i’ 5, 10, 20, 40, , 80,

Working Stds: 20 WL ©
and 100 ppb in 0.23 pltrex HNOs
gest range: 5 ~ 60 ppb 000 Sith O

amples: i d 1: :
dilute 100 L a11qu0t5
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ALUMINUM

Instru
ment: Al hollow cathode lamp
309.3 nm line (or 308.2 is less sensitive)
0.7 nm slits
D,-arc backgroun
Absorbance mode
10 sec peak area

d correction
integration

d graphite tube

AtOm :
lzer:
Pyrolytically coate
1yov platform

Massive pyrolytic L
Argon purge gas

Pro r .t
gram: Dryin charrind

Atomize EPurde

2550 2700

T
Rzﬁpr °c 90 130 400 1750
Holpr sec 1 50 26 14 0 1
i d, sec 8 10 9 20 10 5
as flow stop
Solutions:
Matrix Mod: 20 pL of 2:3 g/L Mg in 1% HNO3
T 3% ultrex HNO3
80,

Stock std: 1002. ppm Fe 11
i1, 9, 25, 40/ &%

Working Stds: 20 pL ©
g ultrex HNOs
_ g0 at 308.2 nm)

and 100 ppb in 0.2
Best range: 5 - 40 ppb (oF 3
o with 0.2% Ultrex HNO;
. quots (OT 10 upL

Samples: diluted 1:100
autopipette 20 pL alldque
if signal is beyond 1inear range) -

1jzation samples:

*
e
rences for analysis of the Neutra

Trogram: j . ,o Purde
’ _prying  Shat Atomiz
gemp, oc go 130 1750 2550 2700
Hamp' sec 1 75 17 0 1
Gold' sec O 0 25 10 5
as flow stop
L 0.2% HNOs

Sam
ples were diluted 1:100 wit
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ARSENTC

Instru

ment: As hollow cathode 1amp
193.7 nm line
0.7 nm slits
D,~arc backgroun
Absorbance mode
10 sec peak area

d correction

integration

d graphite tube

zZer:
T Pyrolytically coate
1yov platform

Massive pyrolytic L
(both pre-coated with Mo:
10 x 100 pL of 1 9/F Mo)

Argon purge gas

Pr * N
egram: Dryind charrind Atomize Eurde

Temp, oc 90 140 300 1409 ,100 2650
HamP, sec 1 50 1 0 1
old, sec 9 0 0 30 10 5
Gas flow stop
Solut
lons:
s the nitrate,

Matrix Mod: 20 kL of 1 L Nia

& 100 mg/L Mg, g/b 2" & 1 g/L 5%

in 1.3% chloride and 2-2% nitrate solution.

Stock Std: 1000. pp®m As in 1% yltrex HNOs-

Working Stds: 20 pL © 5, 10, 20, 40, 60, 80,

Be tand 100 ppb in 0.2% yltrex HNO3.

s range: - b

Samples=g diigtedgg:l;g with 0.2% pltrex H

autopipette 20 uL aliquots

NO;

*
Dr;iigce: for analysis Of T8° 150 cc
step: 30 sec. ram o p
Charring Sgep: e top1400 37 and hold 20 sec.
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CADMIUM

Instrument: cd hollow cathode lamp
228.8 nm line
0.7 nm slits
D,-arc pbackground corr
Absorbance mode
5 sec peak area in

ection

tegration

d graphite tube

Atomizer: pyrolytically coate
1vov platfornm

Massive pyrolytic L
Argon purge gas

Program:" _Dryindg charrind Atomize Purge
Temp, °C 90 140 400 700 1400 2650
Ramp, sec 1 50 26 7 0 1
Hold, sec 5 10 9 20 5 5
Gas flow stop
Solutions:
£ 10. g/L NH H,PO, and

Matrix Mod: 20 WL ©

st : _ ppm cd in
ock std 998. PP 6, 10, 15,

Working Stds: 20 pL of 1, »
and 20 ppb in 0.2% Ultrex HNO3-

Best range: 1 -~ 10 ppb
ae go with 0.2% Ultrex HNO;

Samples: diluted 1: _
autopipette 20 pL aliquots

-

* Differences for analysis of the Neutralizatlon samples:

atomize EBurge

Program: pryind char
2650
Temp, °C go 130 700 1408 ;
Ramp, sec 1 75 7 5 5
Hold, sec O 0 25 top
Gas flow
standardS-

Used 10 uL of all samples and
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CHROMIUM

Instru

ment: Cr hollow cathode lamp
357.9 nm line
0.7 nm slits
Absorbance mode

5 sec peak area integration

phite tube

zZer: .
pPyrolytically coated gra
latform

Massive pyrolytic L'Vov P
Argon purge gas

PrOgram.* . » s
: _Drying charrind Atomize Purdge
2550 2700
1

gemp, oc go 140 400 1600
HamP, sec 1 60 26 12 0
G°1d, sec O 0 9 25 5 5
as flow stop
SOlutiOns-
Matrix Modifiers (also for matrlX matching)
[ of std. plus 2 M
pm Al

For Standards:
of 0.03 M MgCl, &
in 0.5% HNO; & 0.015% HC1.

For Filtrates: 20 I of samp
of 0.03 M MgCl, & 100 ppm Fe

in 0.32% HNOs.
3 1e plus 30 ML

For Washes: 10 KL of samp
of 100 ppm Fe & 3.0 PPR A
S in 0.28% HNOs & 0.01% HC
tock Std: 1000. ppm in Milli-Q water.
g, 20, and 40 ppb

Working sStds: 20 kL of 1,
Best in 0.2% UltreX HNO3 -
S range: 5 ~ 40 ppb .
amples: diluted 1:10 Wi h 0.2%
autopipette i

ralization samples:

*
of the Neut

Dif
ferences for analysis
trix modifier-:

USe
Matrio ML each standards,
Se sT modifier = 2.5 9/b
ower drying step:
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COPPER

Instrunm

ent: Cu hollow cathode lamp
324.8 nm line
0.7 nm slits
D,-arc backgr

Absorbance mode
10 sec peak area integration

ound correction

d graphite tube

Atomi
Zer: .
Pyrolytically coate

"Vov platform

Massive pyrolytic L
Argon purge gas

tomize Purde

Pro r o
Jram: neying _Charrind Atc
zemp, °C 90 a0 400 1200 2200 2650
Hoth! Se¢ 1 50 26 10 0 1
Gold’ sec 5 10 g 20 10 5
as fiow stop
SOlutiOnS.
g/L Md in 1% HNO;3.

g:trlx Mod: 20 L of 2-5
10} ock Std: 1000. ppm CY in 1% HNOs-
orking Stds: 20 wL of 5, 10, 15, 20/ 25, 30,

B 40, and 50 ppb in 0.2% Ultre¥ HNOs.
est range: 5 - 40 ppb
o0 with 0.2% yltrex HNO3

Samples: diluted 1:10 '
autopipette 20 pbL aliquots

1ization samples:

*
Diff
erences for analysis of the Neutra

Pr .
coran: _Dryind char atomize purde
gemp, oc 8o 120 1200 2200 2652
Hamp, sec 1 60 12 0 ;
old, sec 0 0 25 10
Gas flow stop
An
d(ﬁged slower drying step for wash Smgges
igh salts): 75 second ramp t° 13 .
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Inst
ument:
t: Pb hollow cathode lamp

283.3 nm line
0.7 nm slits
D,-arc backgroun
Absorbance mode
5 sec peak area 1

d correction

ntegration

Aton;
IZer: .
Pyrolytically coated graphite tube
Massive pyrolytic L'Vov platforn
Argon purge gas
PrO * '
Jram: _Drying charrind atomize PuKde
pomp, °C 90 119 s00 900 1770 2650
Horb sec 1 50 26 10 0 !
Gold' sec 5 10 g 20 5
as flow stop
SolutiORS:

Matrix Mod: 20 pL of 10.0 g/
Sto 0.50 g/L Mg in 0.2% yltrex HNO;3-
Wo ck Std: 1000. ppm PP in 1% HNOs- 50

rking stds: 20 kL of 1, 3/ 9, 25/ '
Best oo 80 PPD 20 2% vltrex HNOS

nge: -
SamPles:g dilited42:§gbwith 0.2% yltreX HNOz
aliquots

autopipette 20 ub
hie les:
ferences for analysis of the Neutralization samp
Prograp:* [ ing_ _charrind- atomizeé purde
: 1750 2650
. e°c 90 14D a. S 0 1
' - 1 55 26 zg 5 5
? stop

Hold'
I C 0 7
Ge  flow
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SELENTUM

Inst

fument: Se hollow cathode lamp
196.0 nm line
0.7 nm slits
D,-arc background CcOr
Absorbance mode
5 sec peak area i

rection

ntegration

Atomizer:
e pyrolytically coat

Massive pyrolytic
(both pre-coated with Mo:
10 x 100 pL of 1 g/L Mo)

Argon purge gas

Program:* _Drying charrind Atomize Purge
Temp, °c 90 140 300 1000 2100 2650
Ramp, sec 1 50 1 1 1
Hold, sec 9 10 10 30 5 5
Gas flow stop
SOlutiOnS .
§ 0.2 g/L Mg,

Matrix Mod: 20 5 g/L Cu
: uL of 0. g/ ’

& 100 mg/L Mo, & 0.24% Pt g 1 g/L HS0,
St in 1.3% chloride solution.
ock std: 1020. ppm S€ in

Working stds: 20 WL Of 2/ 10, 20, 40, 60
Bacy 9 80 PEO 2o b.2% vltrex HNOs:
Samples: diluted 1:10 Wit? 0,28 Ultrex HNO;
autopipette 20 pl alique s

Neutralization samples:

*Di
fferences for analysis of the
Atomize Ppurge

Program:* Dry‘~~ ,Qngzziﬂg_ AtoR22=
,100 2650
Temp, °C 90 130 300 1002 : 1
Ramp, sec 1 30 1 20 5 5
Hold, sec 9 0 5 <top
Gas flow

Used 10 yL aliquots of matrix modif
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7zn hollow cathode lamp
213.9 nm line

0.7 nm slits

D,-arc background coOrr
Absorbance mode

5 sec peak area in

ection

tegration

d graphite tube

Pyrolytically coate
1yov platform

Massive pyrolytic L
Argon purde gas

Purge

2650
1
5

Atomize

1800
0
5

stop

_Dryindg charrind

700
3
25

400
26
9

140
50
0

90
1
9

Temp ’ OC
Ramp’ secC

HOld’ secC
Gas flow

SOIutiOns.

Matrix Mod:
Stock Std:
and 15 b in
Best range:pp
Samples:
Ultrex HNO;.
autopipe

24 pL of
1000. ppm

tte

*
Diff
erences for analysis of

PrO
r . R
g am. D

130 7
75
0

80
1
0

Temp, °C
Ramp’ secC
HOld’ secC
Gas flow

And
used 10 pL aliquots of
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20 uL ©
0.2% Ultrex HNO3.-

1 - 8 ppP
diluted 1:10

0.25 g/L M9 in 0.2% HNOs.
7zn in 1% HCl.

£ 0.2, 3, 12,

6, 9

7 7

0 or 1:1000 with 0.2%

20 pL aliquots

the Neutralization camples:

purde

2650
1
5

ar Atomizé

1800
0
5

stop

ch

00
7
25

samples and standards.



PPENDIX B

APPENDIX D

Chemical Equilibria and Constants

The following pages list the chemical equilibria
hemical computer

use
d 1 the data file for the geoc
1980, revised August,

Pro
lgggiam PQREEQE (Parkhurst et al.
, which was used for the computer modeling in this

Study.

Constgrllio listed is the logarithm of the equilibrium

designat.correspondlng to each react}on, and a number

is bos dlng the rgference(s) upon which the information

which ed. Below 1S the key_to Fhese references, for

Refe con ete }1terature citations may be found in the
rences section that follows this appendix.

and Tisaranni 1990

1. Plummer
mhall 1989

5. Alpers and Bri

3. Alpers et al. 1989
4. Davis and Ashenbergd 1989
5. Hem and Roberson 1989
6. Nordstrom et al. 1989
7. Parkhurst 1989
g. smith and Martell 1989
9. 1rathanasis et al. 1988
10. Khoe and Robins 1988
Krause and Ettel 1987
. Rai et al. 1987
13. Bard et al. 1985
14. Brown et al. 1985
15. priscoll et al. 1984
et al. 1984

16. Plummer
17. chapman et al. 1983

3. Nordstrom 1982b
smith and Martell 1982

3.

J. wagman et al. 982
21. Turner et al. 1981
2. Leckie and Davis 1979
23. LindsayY 1979

. Ma et al. 1979
2e ! 1979

25.
26. sylva and Davidso
-27. Baes and Mesmer 1976
28. smith and Marte 1976
. NaumoV et al. 9
7irino and yamamoto 1972
Notes: (4 wpased on", (+) = npdapted from"
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Al -
+ F° = AlF*
AL -
+ 2F = AlF,"
Al -
+ 3F = AlFy°
AL™ -
+ 4F = AlF;
A13+ -
+ SF° = AlF%
Al -
+ 6F = AlF,
Al}# + -
3NO;” = Al(NO;)3°
ASOl}- +2e” *
+ 4H' = H2A503- + Hy0
ASOIP' +2e” *
+ 5H = H3ASO3° + HZO

AsQ,3- +
& + H' = HAsO®

AsQ,3-
+
4 2H* HzAso,.'

AsoQ,3-
4 + 3H' = H;AsO,°

Ca?
+ H,0 = CaOH' + H'
Ca2+
+ e-
CO;%" = CaCOs°
Ca?
+ 2-
CO2" + H' = CaHCO;'
Ca2+ + -
F" = caF'
Caz*
+ 2
S0, = caso,’
Cdz"
+
H,0 = CdoH' + H'
Cd2+
+
2H,0 = cd(OH) + 2H'
Cd2+ + 3
H,0 = cd(0H)y + 3H
cq2 + 4
H,0 = cd(OH)Z + 4H
2Cd2+ +
H,0 = cd,oB* + H'
4ca® 4+ 4
H,0 = Cd,(OH)," * 4
Cd2+ +
o H,0 + Cl° = CdOHC1®
d +
+ -
Cl" = cdcl’

Cd2+ +
2Ccl” = cdcly’

276

+7.0
+12.7
+16.8
+19.4
+20.6
+20.6
+0.12
+30.805
+40.03
+11.595
+18.35
+20.60
-12.78
+3.224
+11.435
+0.94
+2.30
-10.08
-20.35
-33.3
-47.35
-9,39
-32.85
-7.40
+1.98

+2.6

6,15,23
6,15,23

6,15,23



Ca* + 3c1° = cdcCly

Cd* + co” = €dcos®

ca® + ﬁ* + €Oz = CdHCOs'
Cd* + 200, = €d(CO5);>
Cd® + No;” = cdNoOs*

Cd®* + 2No;” = CA(NOj),°
Ca®* + 50,2 = €dso,

Ca* + 250, = cd(50,);"
Ca* + 350, = Cd(S0,)s"

C +
r* + H,0 = croH + H'

cr
+ 2H,0 = Cr(OH);" + 2H"
c +
r* 4 3H,0 = Cr(OH);’ + 3H"
cr

+ 4H,0 = Cr(oH), + 4H

2 +
Cr¥* + 2H,0 = Cr,(OH),;*" + 20"
3 +
Cr¥* + 4H,0 = Cry(OH)," + 48

acr®
r™ + 6H,0 = Cr,(0H) & + 6

cr* + 50,2 = crso,’

Cr’ + H,0 + S0 = CroHsO,’
cr* + c1- = cra1?®

Cu®* + H,0 = cuoH' + H'

Cu* + 21,0 = cu(oH)® + 2H
2Cu* + 21,0 = Cu,(OH);
3Cu* + 4H,0 = Cus(OH),
Cu* + co2 = cucoy®
Cu® 4 g+ 4 co¥ = CuHCO;"

Cu?*
N ) ;
2C04%" = Cu(COs) 2

277

2+ 4 2H

++4H+

+2-4
+4.09

+12.42

7,21,23
23

23

23
23

7,19,21

21
12
12
12"
12
12
12"
12

12"



Cu2+
cu?t
cu2+
Cu?t
cu?t
Cu?t
Cu?t
Fe?*
Fe?*
Fe?*
Fe?*
Fe?l+
Fe?t
Fe?l+
Fel+
Felt
Fel+
Felt
Fel+
Fel+

Fe2+

2Fe?*
€ + 2H,0 = Fez(OH)z‘+

i

+

+

3Fe2+

+ 4H,0 = Fe;(OH)/’

Cl” = cucl*

2C1°

CucCl,’
3C1l° = CuCly

NO;" = CuNO;'

2NO;” = Cu(NOj),°

so2 = cuso,’

250, = cu(S0,);”

H,0 = FeOH' + H'

2H,0 = Fe(OH),’

CO;,. = FeCO;°

H* + CO;" = FeHCOs'

S0, = Feso,’

H" + 502 = FeHSO,'

F° = FeF*

Cl- = FeCl®

2C1° = FeCl,°

Fe** + e

H,0 = FeOH? + H' + &
2H,0 = Fe(OH); + 2H *+ €

3H20 = Fe(OH)3° + 3H" + €

Fe(OH), + 4H * €
+ 2H" + 2€

4H,0

4 oaH + 3€

& 4+ 6H * 4e’

4Fal+

Fal+ - -
e+ F = FeF2+ + e

Fadt .
e + 2F = FeF2+ + e
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40.43
+0.16

-2.29

-6.82

-2.22



Fel*
Fa?*
Fe?t
Fe?*
Fel+
Fe?t
Fe?t
3Fel+
Fa?t
Fel+
Fe?+

Fe2§

Mn2+

+ ap-
) 3F" = FeF;° + e +0.98
+ Cl” = FeCl?® + e’ 1.9
' 2C1l" = FeCl,’ + e o
3C1° =
+ 80,2 = FeCl;° + € -
+ *4 = FeSo," + € o
+ 121 + 50,2 = FeHSO/ + € 8222
so,%
+4Hj; +ZOF:(SO4)Z- N wr
+e” +As0 3_" = Fes(OH)45043+ +3¢ e
"
+3e° +2Al' :4H = FeH,AsOs" +H0 e
+ Aso3" so,> +8H' = Fe(HzASO:s); +2H20+54.58
+ B & = Feas0,’ + & o
+ 2H*+ As0 = FeHAsO, * e e
H N Asol.:"' _ FeH2A501.+2 + e +11.63
20 = KOH®° + H' e
S0,” = xso,
+- 4 +0.85
S +1.82
+ H,0 = MqoH' + H' e
+ Co% = MgCoy° -
+ H + co = MgHCO;' e
) SOI.Z- ) MgSOl.o +2.37
+ H,0 = MnoH' + H' .
+ C0;% = MnCoy° -
+ H* + Co4%" = MnHCO3' e
+ 80,2 Mnso,’ -
e +0.6
+ F = MpFt o

279



Mn?*
+ o1-
Cl® = MncCl*'
e +0.61
- = MnCl,°
e +0.25
e = MnCly
= Mn*> + e o
Na* -
o aOH® + H'
ne. -14.18
o +1.27
+ 2
. co¥ = NaHCO5° #20-075
S0,% |
o +0.70
o F° = NaF°
+
+ -0.24
Ph2* H,0 = PbOH' + H' 7
- -7.71
Pb2* ;0 = Pb(OH),” + 2H' e
+ 3H .
Ph* ,0 = Pb(OH)y + 3K o
4H,0 =
2P | 0 = Pb(OH)Z + 4H >
H,0 = Pb,oH* + H'
3pp2+ LOH + H o
+ 4H,0 =
4Pp2 [0 = Py (OH) 2 + 4 o
4H,0 =
6Ph2+ 2 Pb, (OH) " + 4 o
8H,0 =
PR | ,0 = Pby(0H)g" + 8F -
Cl =
Ph2+ | e s
2C1" =71 .,°
Ph2+ | 5 s
3C1l° =
. PbCly o
4Ccl” =
PR | PbC1,* .
2-
Ph2+ + ’ +7.2
2C0,%
Ph2+ | 3 Pb (€O3) ;" .
H' +c0,%
Ph2+ CO~" = PbHCO3’ -
S0,% =
Ph2+ " = PbSO,° .
280,%"
0,2 = Pb(S0,);" "

280

=)

6,8

7,21123
7’21,27

7’20’21

7,27
7,23,27
23,27
23,27
7,20,23
7,20
7,21,23
7,23

21130

30
21

23



o ) +1.17
Pb™ + Noy = PbNO,®

P2+ -
b* + 2NO;” = Pb(NOj),°

2+ -9.6
20 + H,0 = ZnoH* + H'
z+ -16¢9
4n™ + 2H,0 = 2zn(OH),® + 2H'
_— -28.4
D™ + 3H,0 = zn(OH);” + 3H
2+ -41.2
0 + 4H,0 = zn(OH) 2 + 4H'
272+ =90
0™ + H,0 = zn,oH* + H'
- _ -57.8
D™ + 6H,0 = zn,(OH) + 6H
an'l- -7.48
+ H,0 + c1° = ZnOHC1®
43
_— - +0.
+ C1" = znc1* 5
4
_— _ +0.
+ 2Cl = znc12° 50
_— - +0.
+ 3C1° = ZnCl3' 20
- _ +0.
t 4Ccl”  znc1? 1
an-O- . +5.
* Co* = zncoy° 3
e, -, . +11.0
H" + co;% = ZnHCO; 7
- . . +2.3
S0, = znso,° 8
Zn2+ + ) #3:2
2502 = zn(s0,) 40
e, +0.
NOy* = znNo4*
Deral b icjation Equilibrist
.Lni.L_D sociation -2.71
0 .
N 2amy + 2H,0 = H,Si0,° -3.0183
O.- .
2 Hzo(slnss) + 0= H‘Slo‘o 3.98
S - .
io

Aquaryyy + 2H,0 = H4Si04°
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Mineral Dissociation Equilibria (continued):

Al (OH) ;3. impsitey + 3H" = A1% + 3H,0
Al (OH) 35 citpsitey + 3H' = A1¥ + 3H,0
Al (OH) 3payeritey + 3H' = AL + 3H,0

Al (OH) 3., + 3H' = A% + 3H0

ALOHSO,(jyrpanitey + H® = AL%" + 502 + H,0

A1,S0, (OH) 1o(pasaluminitey + 1OH' = 4Al1% + S0, + 10H,0

NaAlz(S50,) » (OH) g(sodium alunitey TOH'

Na' + 3a1% + 250,2° +6H,0
A1,51,04(OH) 4(raotinitey + 6H' = 2A1% + 2H,;Si0, + H,0

Na (A1Si3) Ogaipitey + 8HO0 = Na' + A1 (OH), + 3H,SiO,
NaAlSi0¢ HyOanatcimey T BH0 =

Na' + Al(OH), + 2H,SiO,

A1,51,05 (OH) ((paiioysitey + 7HO = 2H' + 2A1(OH), + 2H,Sio,

A1,53,040(OH) p(pyropnytiitey + 12H0 =

2H" + 2A1 (OH), + 4H;Sio,
NaAl;S14,039(OH) g(peidetiitey +22H" +8H0

Na® +7A1% + 11H,Sio,
CACO5(ry = CA* + COZ

CASO,((ry, = €A% + 502

CASiOy., + 2H' + H,0 = cd* + H,Sio,

Log (K
+8.11
+9.35
+8.41
+10.8
-3.8
+22.4
+0.02
+7.435
-18.000
-12.7
-32.82
-42.43
+21.
-13.74
-0.10

+9.06

Ref's

6,9,15
6,9,15
5
6,15
9,15,17
9,18
17
6,9,20
1
16
16
16
16
1
20

20



£8¢C

Cr,05°FeO y omitey + 8H® = Fe?* + 2Cr’ + 4H,0 +19.89 12,13,20

Cr(OH)3(precipitate) + 3H' = cr’* + 3H,0

+9. 12"
Cu(80,) 9 5 (OH) ¢ 5cry + 1.5H" = Cu® + 0.25(S0,)% + 1.5H,0 +3.84 28
CuO'Fe,05(cipric ferritey + 8H' = Cu® + 2Fe™ + 4H,0 +5.90 20
Fe(OH) 3, + 3H' = Fe’* + 3H,0 +4.891 6
Fe (OH) 3.0, + 3H' = Fe’* + 3H,0 +2.70 23
FeO (OH) (goethitey + 3H' = Fe¥ + 2H0 -1.0 6
FeAsO, 2H,0 coroditey = F€ ' + ASO + 2H0 -24.41 11
Fe3(80,) , (OH) s(cormnosideritey + SH' = 3Fe® + 2802 + 5H,0 -5.39 17
NaFe3(S0,) (OH) g(natrojarositey + 6H = Na* + 3Fe® + 2502 + 6H,0 -5.28 17

[ (H30) msNa 51Fe3(S0,) 3(OH) guna-jarositey + 5-25H" = 0.25Na* + 3Fe® + 280, + 6.75H,0

-5.47 3*,a7
PbFeq(S0,) ,(OH) yp¢piummjaresitey +12H' = Pb¥ + 6Fe® + 4802 +12H,0 -16.28 17
PbSO,(anglesitey = PP + SOF -7.79 8,23
PbSO, PbO,, + 2H' = 2Pb*" + S0 + H,0 -0.277 20
ZnO-Fe,0x;y + 8H' = Zn® + 2Fe™ + 4H,0 +7.25 20

ZnSiOy ., + 2H' + H,0 = zZn® + H;SiO, +7.2 17%,20"



y8¢C

Mineral

Albite

Alkali feldspar
Alunite
Alunogen
Ankerite
Apatite
Barite
Basaluminite
Bayerite
Calcite
Carphosiderite
Chalcopyrite

Chlorite

GLOSSBARY OF MINERALS

Chemical Formula
NaAlSi;Og
(Na,K)AlSi;Og
KAl3(OH)4(S0,),
Al,(S0,)3"17H,0
CaFe (CO5y),
Cag (OH,F,Cl) (PO,);
Baso,
Al,(OH SO, 5H,0
a=Al (OH) 5
CaCoOy
H;0"Fe; (OH) 4(S0O,),
CuFesS,

(MgsAl) SizAl0,,(OH) 4

Mineral
Chromite
Copper ferrite
Dolomite
Ferrihydrite
Galena
Gibbsite
Goethite

Gypsum

Chemical Formula
FeO'Cr,04
a-CuFe,0,

CaMg (CO3) ;
Fe (OH)
PbS
Y-Al (OH)y
a—-FeO (OH)

Caso0, 2H,0

Hydronium jarosite (see Carphosiderite)

Illite
Jarosite
Jurbanite

Kaolinite

Ky M9g.25RA1, sSi3 5049 (0OH),
KFe3(0H)6(SOL)2
A1OHSO, 5H,0

Al1,5i,0, (OH),



g8¢

Mineral Chemical Formula

Lead jarosite see Plumbojarosite)

Malachite Cu, (OH) ,CO5

Marcasite Fes,

Mixed layer ¢ /s Mg,Al silicates

Montmorillonit

Cag, 165R 12,335 13,7010 (OH) ;
Muscovite KAl1,5i3A10,,(O0H),
Natrojarosite NaFe; (OH)((S0O,),

Plagioclase | ispar

(Nasi,CaAl) Si,Al0,

Plumbojaros PbFe (! 1)4,(S0,),

Mineral Chemical Formula

Potassium jarosite (see Jarosite)

Pyrite

Fes,
Quartz sio,
Scorodite FeAsO, 2H,0
Siderite

FeCOy

Sodium jarosite (see Natrojarosite)

Sphalerite Zns

Tourmaline

Na (Mg,Fe,Li)3Al4(OH) B;0,S1i[04g

Zircon Zrsio,
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