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ABSTRACT

Iron-Chromate Precipitates in Cr(VI)-Contaminated Sols:

Identification, Solubility, and Solid Solution/Aqueous Solution Reactions
Dirk Baron

Oregon Graduate Institute of Science & Technology, 1996

Supervising Professor: Carl D. Palmer

Chromate-containing precipitates can affect the mobility of toxic Cr(VI) in the
subsurface, control its concentration in groundwater, limirt its bioavailability, and impede
remediation of chromium contaminated sites. This dissertation focusses on two iron-
chromate precipitates, KFe,(CrO,),(OH), (the chromate analog of the sulfate mineral
jarosite) and KFe(CrO,),2H,0, that we identified in a soil contaminated by chrome
plating solutions. The precipitates were identified using scanning and transmission
clectron microscopy, as well as powder x-ray diffracuon. KFe,(CrO,),(OH), occurs as
small (2-5 um) crystals interspersed within the bulk soil. KFe(CrO,), 2H,0O forms crusts
of larger crystals (10-50 pm) in cracks and fractures of the soil.

KFe(CrO,),2H,0, KFe,(CrO,),(OH),, and jarosite were synthesized and
characterized. Thermodynamic properties of these phases were calculated from solubility
experiments. For the reaction

KFe(CrO,),2H,0 = K' + Fe™* + 2CrO,* + 2H,0
the log Ksp at 25°C is -19.34£0.13, the enthalpy of reaction, AH” o, is 18.8+1.7 kJ mol ™,

and the entropy of reaction, AS® ., is -310245 J mol' K. Over the temperature range
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of 4 to 75°C. the heat capacity of reaction, AC,, is ~460=130 J mol' K'. For the

pr
reaction
KFe,(CrO,),(OH), + 6H" = K* + 3Fe™ + 2CrO,” + 6H,0
the log K at 25°C is -18.7+0.5. The solubility does not vary significantly over the range
of 4 1o 35°C. For the reaction
KFe (SO,),(OH), + 6H" = K* + 3Fe** + 2S0,% + 6H,0

the log K at 25°C is -11.0£0.3, AH®,, is -45%5 kJ mol', and AS°® g is
-350+40 J mol’ K''. Over the range of 4 1o 35°C, AC,, 1s -2.120.2 kJ mol” K

In addition, seven KFe,(Cr,S, ,0,),(OH), solid solutions with a wide range of
Cr/S ratios were synthesized and characterized. These sohd solutions dissolve
congruently according to

KFe(Cr,S(1.,04),(OH)g + 6H* = K* + 3Fe’ + 2xCrO,* + (2-2x)SO,” + 6H,0

and reach a stoichiometric saturation state after 40-60 days. Calculated stoichiometric
saturation constants suggest that the solid solutions are close to ideal with a slightly
negative excess free energy of mixing.

The calculated thermodynamic data indicate that KFe,(CrO,),(OH); is stable over
a wide range of conditions 4and could form in large parts of a Cr(VI)-contaminated
aquifer, limiting the mobility of Ce(VI) and interfering with remediation efforts. It is also
likely that KFe,(Cr,S,,.,,0,),(OH), sohd solutions could form in many chromium
contaminated environments. KFe(CrO,),-2H,0, however, is stable only at low pH and
very high Cr(VI) concentrations, typical for the immediate vicinity of a release of acidic,

chromate-rich solutions.
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CHAPTER 1

Introduction

1.1 Background

Chromium is an important industrial metal that is widely used 1n many diverse
products and processes including metal alloys, dyes, refractories, chemicals, fungicides,
metal finishing, electroplating, wood preservation, and leather tanning (Nriagu, 1988a,b).
Due to spills, leakage, and improper storage or disposal, chromium has been released into
the environment at many sites and is one of the most common inorganic soil and
groundwater contaminants (Palmer and Wittbrodt, 1991; Calder, 1988). In the
environment chromium is primarily found the Cr(III) and Cr(VI) oxidation states which
differ markedly in their mobility and toxicity. Cr(Ill) has a relatively low toxicity ( van
Weerelt et al., 1984) and is immobile under slightly acidic to moderately alkaline
conditions. In contrast, Cr(VI), which occurs in the environment primarily jn anionic
form as CrO,* (chromate), HCrO, (bichromate), and Cr,0,” (dichromate), is quite mobile
and is acutely toxic. mutagenic (Bianchy et al,, 1983; Beyersmann et al., 1984; Bonatti et
al., 1976, Paschin et al., 1983), carcinogenic (Mancuso and Heuper, 1951; Mancuso,
1951; Waierhouse, 1975; Yassi and Nieboer, 1988; Ono, 1988), and teratogenic (Abassi
and Soni, 1984). Due to the potential health hazards associated with chromate and
because it is such a common soil and groundwater contaminant, there is a need to
understand the processes that control the mobility of chromium released into the
environment in order to assess the risk to human health and the environment associated
with such releases and to aid in the clean-up of chromium contaminated sites.

Oue of the key processes affecting chromium mobility in the environment is the

precipitation and dissolution of chromate containing solid phases. Chromate-laden
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solutions released into soils can alter the chemical environment of the soil, resulting in
the dissolution of native soil minerals and the precipitation of new phases that incorporate
Cr(VI). These precipitates can be pure phases or form solid solotions with common soil
minerals. The formation of such precipitates can affect Cr(VI) mobility, control its
concentration in subsurface waters, and may limit its bioavailability.

The overall objectives of this research project are to document the occurrence of
iron-chromate precipitates in chromium contaminated soil and to determine the conditions
under which they can form and to what extent they may control Cr(VI) mobility and
interfere with the clean-up of chromium contaminated aquifers. Two iron-chromate
precipitates, KFe,(CrO,),(OH); (the chromate analog of the common sulfate mineral
jarosite) and KFe(CrO,),-2H,0, were identified in soil from the United Chrome Products
Site, a former hard chrome plating facility where chrome plating solutions have
contaminated soil and groundwater. Although both these iron chromate phases have been
synihesized and described (Bonnin, 1970; Bonnin and Lecerf, 1966; Powers et al., 1975;
Gravereau and Hardy, 1972) they have not previously been reported to occur in the
environment and nothing was known about the solubility of these phases. Since
KFe,(CrO,),(OH), 1s the structural analog of the sulfate mineral jarosite
(KFe (SG,),(OH)), solid solutions between these two phases (KFey(Cr,S,,.,,0,),(OH))
were also investigated. Sulfate is @ common groundwater constituent and 1S present in
plating solutions. The equivalent charge, similar structure, and comparable
thermochemical radii of chromate and sulfate make it likely that such solid solutions can
also form in chromium contamijnated soils. The aqueous Cr(VI) concentrations in
solutions equilibrated with such solid solutions could be dramatically different from
concentrations in solutions equilibrated with pure KFe (CrO,),(OH). In order to
investigate the solid solution/aqueous solution reactions between jarosite and its chromate
analog, it was also necessary to determine the solubility of pure jarosite which was not
well known. Based on the measured solubilities and the observed solid solution/aqueous
solution reactions between jarosite and its chromate analog, the conditions under which
these phases are likely to form are determined and their impact on Cr(VI)-mobility and

the remediation of Cr(VI)-contaminated soil is discussed.



1.2 Overview of the Dissertation

In addition to the introducticon, this dissertation consists of five experimental
chapters and a final chapter that summarizes the research results, presents overall
conclusions, and discusses directions for future research. The experimental chapters
describe the identification of the two iron-chromate precipitates in chromium
contaminated soil from the United Chrome Products site in Corvallis, Oregon (Chapter 2),
experiments to determine the solubility of KFe,(CrO,),(OH), (Chapter 3) and jarosite
(Chapter 4), experiments to elucidate solid solution/aqueous solution reactions between
jarosite and its chromate analog (Chapter 5), and experiments to determine the solubility
of KFe(Cr0O,),2H,0 (Chapter 6).

The experimental chapters (Chapters 2-6) have been prepared as stand-alone
contributions for publication in scientific journals. Their formatting reflects the
requirements of the different journals. Although each paper can stand alone, they are
arranged in a logical order leading up to the overall conclusions of this research project.
Chapter 2 and Chapter 4 have been published in Environmental Science & Technology
(Baron et al., 1996), and Geochimica et Cosmochimica Acta (Baron and Palmer, 1996),
respectively.  Chapter 3 has been accepted for publication in Geochimica et
Cosmochimica Acta. Chapter 5 was prepared for submission to Geochimica et
Cosmochimica Acta, and Chapter 6 was prepared for submission to Environmental Science

& Technology.
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CHAPTER 2
Identification of two Iron-Chromate Precipitates

in a Cr(VI)-Contaminated Soil

Two Fe-chromate precipitates, KFe,(CrO,),(OH), (the chromate analog of the
sulfate mineral jarosite) and KFe(CrO,),2H,0, were discovered in a soil coniaminated
by chrome plating solutions. The precipitates were identified by electron microscopy and
powder x-ray diffraction. KFe,(CrQ,),(OH), was found as small crystals interspersed
within the bulk soil. KFe(CrO,),2H,0 forms crusts in cracks and fractures of the soil.
Powder x-ray diffraction of the whole soil indicates that most of the Cr(VI) in the soil is
present as KFre,(CrO,),(OH), and that the overall amount of KFe(CrO,), 2H,0 in the soil
1s relatively small. The reaction for the transformation between these t(wo phases
indicates that KFe(CrO,),2H,0 is likely to form in more acidic , K* - and HCrO, -rich
environments than KFe,(CrO,),(OH),. Although both of these chromate phases have been
synthesized and described, to our knowledge, this study is the first report of their

occurrence in the environment.



2.1 Introduction

Chromijum 1s a widely used, toxic industrial metal that has been released into the
environment at many sites (Calder, 1988; Palmer and Wittbrodt, 1991). Chromate-laden
solutions released into sous by leakage from industrial facilities or by improper wasie
disposal can alter the chemical environment of soils resulting in the dissolution of native
soil minerals and the precipitation of new phases that incorporate Cr(VI). These
precipitaies can limit the mobility of Cr(VI) in the subsurface and regulate the
bioavailability of Cr(VI). The identification of such precipitates can improve our
estimates of the potential risks to human health and the environment at contaminated sites
and can greatly contribute to the rational design of remediation systems. In this paper,
we report the discovery of two iron-chromate precipitates in the soil at a former hard-

chrome plating facility.

2.2 Experimental Section
2.2.1 Site Description

The United Chrome Products site in Corvallis, Oregon, USA, is a hard-chrome
plating facility that operated between 1956 and 1985. The site is located in the
Willamette Valley. Local soils are silt loams of the Amity and Dayton Series (fine-silty,
mixed, mesic Argiaquic Xeric Argialbolls and fine, montmorillonitic, mesic Typic
Albaqualfs, respectively). Leakage from the plating tanks resulted in the contamination
of soil and groundwater. The exact composition of the plating solutions used at this
facility is not known. However, in general, hard chrome plating solutions consist of
1.5-4.5 molar solutions CrO; with a small amount of H,SO, (Cr:S = 80-130:1) (Fernald,
1984). These solutions are highly acidic with a pH of less than zero. However, the pH
in the groundwater under the plating tanks was generally around 4, and the lowest
measured pH value was 2.3 (CH2M Hill, 1990). Reported concentrations of hexavalent
chromium in the groundwater were as great as 19,000 mg/L (19 g/L). Soils contained as
much as 60,000 mg/kg (6%) chromiuvm (McKinley et al., 1992). In 1988, the plating
tanks were removed and underlying soils which bad a purple appearance (Munsell color

SRP 2/2) were exposed. Closer examination also revealed crusts of small crystals
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precipitated in fractures in the discolored soil. When these crystals were ground, they
appeared red (Munsell color 2.5 YR 4/6). A background soil sample was taken about 100
m vpgradient of the contarminated area for comparison. The background soil sample was

chemically analyzed and found to be uncontaminated.

2.2.2 Methods

Whole soil samples for powder x-ray diffraction (XRD) analysis were air-dried and
ground in a mortar for 30 minutes and then analyzed without additional preparation with
a Nicolet 12 diffractometer. For the uncontaminated soil the stepsize was 0.05° 26 and
the sampling time 2 sec, for the chromium contaminaied soil the stepsize was 0.02° 28
and the sampling time was 5 sec. The crystalline crusts precipitated in soil fractures were
separated from the rest of the soil and crushed to obtain a fine powder and analyzed using
a Siemens D5000 diffractometer. To allow analysis of the very small amount of sample
that was available, a 'zero background plate’, consisting of a single crystal quartz plate
mounted in a supporting frame, was used as a sample holder. Stepsize was 0.025° 26 and
the sampling time was 1 sec.

The contaminated soil and the crusts were examined under a Zeiss 960 Digital
scanning electron microscope (SEM) with a Link energy dispersive x-ray spectrometer
(EDS). Samples for scanning electron microscopy were air-dried and mounted with
carbon. The samples were initially coated with carbon (~400 A). Samples of the bulk
soil were later coated with Au-Pd (~200 A) to reduce charging. EDS spectra were
obtained at a 31 mm working distance with an accelerating voltage of 20 kV with no
window.

Samples for transmission electron microscopy (TEM) were prepared by sprinkling
small amounts of sample on copper grids. The samples were examined under a Hitachi
800 TEM/STEM (scanning transmission electron microscope) with a 200 kV accelerator
voltage, fitted with a Noran EDS detector and a 5500 Noran analyzer. Selected Area
Diffraction (SAD) and Convergent Beamn Electron Diffraction (CBED) patterns of

individual crystals were obtained.



23 Results

To identify possible chromium precipitates in the Cr(VI)-contaminated soil, a
sample of the purple soil was analyzed by powder X-ray diffraction (XRD) and compared
to uncontaminated background soil (Figure 2-1). The major minerals in the
uncontaminated soil are quartz, feldspar (labradorite), and clay. In general, powder-X ray
diffraction allows identification of crystalline phases that make up more than about 5-10%
of the soil. Minor soil constituents and amorphous phases cannot be detected by XRD
of a whole soil sample. Therefore, this XRD scan does not rule out the presence of other
minor soil constituents such as iron oxides and hydroxides. The chromium contaminated
soil shows additional peaks with the greatest intensities occurring at 3.13, 3.16, and
5.17 A. These d-spacings are consistent with KFe,(CrO,),(OH),, the chromate analog of
the sulfate mineral jarosite (Bonnin, 1970; Bonnin and Lecerf, 1966; Powers et al., 1975;
Cudennec et al., 1980; Townsend et al., 1986). Comparison of the additional peaks found
in the contaminated soil with the d-spacings and corresponding intensities reported for
KFe,(CrO,),(OH), (Bonnin and Lecerf, 1966) (Table 2-1) clearly demonstrate an excellent
match.

The soil was then examined using scanning electron microscopy with energy
dispersive X-ray spectroscopy (EDS) to determine if the composition of the crystals is
consistent with KFe,(CrO,),(OH), and to ascertain if other chromium containing phases
were present. The crusts in fractures in the soil consist of 10-50 pm, well formed platy
crystals containing K, Fe, and Cr (Figure 2-2). Small (~2-5 ym) K-Fe-Cr containing
crystals were also found interspersed within the bulk soil (Figure 2-3). The Fe:Cr ratios
from the EDS spectra for the small crystals are 2.8 times greater than the ratios for the
larger crystals, indicating that these crystals contain a larger amount of Fe, relative to Cr
and K.

To determine if the K-Fe-Cr-containing crystals in the crust are structurally
different from those in the bulk soil, electron diffraction patterns from single crystals were
obtained under the transmission electron microscope. Patterns from crystals found within
the bulk soil identify these as hexagonal, space group R3m, and confirmed the

identification as the chromate analog of jarosite (Figure 2-4). The crystals found in the



10

a . Uncontaminated Soil
Q  Quarz
a | F  Feldspar
F
I ¢ Clay
It
[ o
_ o
F o @
c ¢ | -_i

Chromium Contaminated Sail
—a 515 KF85(CrO,},(0H] Peak

d-spacing (A}

— 516

—ul 1.746, 1.740
== 4,720

—a 1,621
- 1.601

—= 1,574, 1.564
< __

-
a
»
S
(&)
S
IS
=)
o
S
(23
=]

2 Theta

Figure 2-1. Powder x-ray diffraction spectra of (a) uncontaminated
background soil and of (b) chromium contaminated soil. The additional
peaks in the contaminated soil indicate the presence of a large amount of
KFe,(CrO,),(OH)s.

soil fractures are monoclinic, space group C2/m, consistent with KFe(CrO,),2H,0
(Bonnin, 1970; Gravereau and Hardy, 1972; Mellier and Gravereau, 1972) (Figure 2-5).
To assure that the individual crystals of KFe(CrO,),2H,0 identified under the TEM were
representative of the crusts and not rare occurrences in the soil, we obtained an XRD
spectrum of the surface crusts. The crusts were carefully scraped from the soil onto a
zero-background plate to try to minimize the amount of underlying soil in the subsample.
The XRD scan (Figure 2-6) yielded KFe (CrO,),(OH), peaks as well as weaker peaks
corresponding to quartz and feldspar. In addition, there are 10 peaks (Table 2-2)

matching very well with the d-spacings and corresponding intensities reported by Bonnin
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Table 2-1. Comparison of additional d-spacings found in Cr(VI) contaminated soils
with d-spacings reported by Bonnin and Lecerf (1966) for synthetic KFe,(CrO,),(OH),.

synthetic K¥e,(CrO,),(OH), Whole Soil
(Bonnin and Lecerf, 1966)
h.k,! d-spacing (A) rel. Int. d-spacing (A) rel. Int.
101} 6.04 12 6.02 14
5.82 8 5.82 12

12 5.18 33 5.16 69
110 3715 il 3.71 24
104 3.617 2
021 3.166 } (00 3.16 } 100
113 3.127 3.13
015 3.071 1
202 3.02 7 302 13
006 2.908 15 2.91 24
024 2.588 8 2.58 18
122 2.325 20 2.324 28
018 2.067 <]
033 2.013 25 2.010 23
027 1.971 3
009 1.938 4
220 1.858 24 1.852 20
208 1.805 <1
223 1.770 <)
312 1.750 5 1.746 4
217 1.741 J 1740 6
119 1.720 4 1.720 7
134 1.652 2
128 1.624 4 1.621 5
401 1.6013 5 1.601 4
315 1.5871 } 6 1.571 4
042 1.5738 1.564 9

(1970) for KFe(CrO,),-2H,0. Four of the KFe(Cr0,),-2H,0 peaks (d-spacings 5.17, 3.13,
3.02, and 2.58A) are overlain by KFe,(CrO,),(OH), peaks. The 2.75A peak from the

crusts has a greater intensily than expected from the data for the synthetic
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Figure 2-2. Scanning electron micrograph with energy dispersive X-ray
spectrum of chromium containing crystals from crusts precipitated in soil
fractures. The crystals were identified as KFe(CrO,),2H,0; Cu and Zn
peaks contributed by the sample holder.
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Figure 2-3. Scanning electron micrograph with energy dispersive X-ray
spectrum of chromium containing crystals in the bulk soil. The crystals
were identified as KFe;(CrO,),(OH),. Si and Al peaks attributed to
surrounding aluminosilicates; Au and Pd peaks are from the sample
coating.
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Figure 2-4. TEM eclectron diffraction patterns and EDS spectrum of
KFe,(CrO,),(OH), crystals found in the contaminated soil. a) - ¢) electron
diffraction patterns, circles superimposed over the electron diffraction
patterns are the theoretical patterns for KFe,(CrO,),(OH),. d) EDS
spectrum, Si peak attributed to surrounding silicates, Cu peaks are from the
brass specimen holder.

10

14



15

a) [100] C2/m b) [112] C/m

- Cr Cu

T T

Fe

A

R

0 10
C) [271] C2/m d) Energy (keV)

Figure 2-5. TEM electron diffraction patterns and EDS spectrum of
KFe(Cr0Q,),-2H,0 crystals precipitated in soil fractures. a) - ¢) electron
diffraction patterns, circles superimposed over the electron diffraction
patterns are the theoretical patterns for KFe(CrO,)-2H,0; d) EDS spectrum,
the Cu peaks are from the brass specimen holder.
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Figure 2-6. Powder x-ray diffraction spectrum of crystals precipitated in
soil fractures. Peaks associated with KFe(CrO,)-2H,O are marked with
corresponding d-spacings. Peaks corresponding to KFe,(CrO,),(OH), (J),
quartz (Q) and feldspar (F) are also marked. The KFe(CrO,),-2H,0 peaks
for the d-spacings of 3.13 and 5.6 A coincide with the main
KFe (CrQO,),(OH), peaks.

KFe(CrO,),2H,0. Although traces of the underlying bulk soil were present in the sample
for XRD analysis, the XRD scan confirms that the crusts are composed primarily of

KFe(CrO,),-2H,0.

2.4 Discussion
KFe,(CrO,),(OH), is the structural analog of jarosite (KFe,(SO,),(OH),), a mineral
that commonly occurs In acid sulfate soils (Wagner et al., 1982; Carson and Dixon; 1983)

and acid mine drainage (Chapman et al., 1983; Alpers et al., 1989). We are not aware



17

Table 2-2. Comparison of d-spacings from crusts in soil fractures with d-spacings
reported by Bonnin (1970) for synthetic KFe(CrO,),-2H,0.

synthetic KFe(CrQO,),2H,0 Crusts in Fractures
(Bonnin, 1970)

h.,k,} d-spacing (A) rel. Int. d-spacing (A) rel. Int.
201 5.17 s 5.16 88
2072 4.95 S 4.95 78
112 3.63 s 3.63 78
203 3.42 w 3.42 34
11 3.13 Vs 3.13 100
312 3.02 m 3.02 31
3173 2.83 m 2.84 44
020 2.75 m 2.75 75
31 T} 271 m 2.72 31
4073
1171 2.584 W 2.58 22

Vs strongest peak

s strong peak

m medium peak

w weak peak

of any naturally occurring sulfate analog to KFe(CrO,),2H,0. Although both of these
chromate phases have been synthesized and described, to our knowledge, this study is the
first reported identification in the environment. Although two ferric-chromate phases are
present in the contamunated soil, the absence of KFe(CrO,),-2H,O peaks in the XRD of
the whole soil indicates that most of the Cr(VI) has precipitated as the chromate analog
of jarosite. KFe(CrO,),-2H,0 is found only in fractures, the preferred flow paths within
the saturated soil.

There are no published thermodynamic data for either the chromate analog of
jarosite nor KFe(CrO,),-2H,O that we can use to constrain the conditions under which

they are likely to form. However, the occurrence of the chromate analog of jarosite in
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an acid-chromate environment is consistent with the common occurrence of jarosite in
acid-sulfate environments. Assuming that all the available Fe(II) in the soil is bound by

these chromate phases, the conversion of KFe,(CrO,),(OH), to KFe(CrO,),2H,0 by

KFe,(CrO,),(OH), + 2K* + 2H* + 4HCrO, = 3KFe(Cr0,),-2H,0 ()

indicates that KFe(CrO,),:2H,0 forms in more acidic, more Cr(VI)-enriched waters than
those in which KFe,(CrO,),(OH), is stable. As acidic plating solutions entered the
subsurface along preferred pathways, KFe(CrO,),-2H,0 was the phase initially precipitated
from the contaminated groundwater. Cr(VI) and H* were primarily from the plating
solutions. K~ was derived from both the plating solution and as an exchangeable cation
from the native soil. Fe(III) could have been derived from steel corrosion products in the
plating solutions or obtained from naturally occurring iron oxides and hydroxides within
the native soil. Although the XRD scan of the soil did not identify iron (oxy)-hydroxides
as one of the major soil constituents, ammonium oxalate and dithionate, citrate,
bicarbonate (DCB) extractions indicaie that the soil contains about 0.004 mg/g of iron as
amorphous hydroxides and about 3 mg/g of iron as crystalline oxides and hydroxides
(Palmer and Wittbrodt, 1990). As the rematining solutes in the contaminated groundwater
migrated farther into the sediments, the pH continued to increase due to dilution and the
buffer intensity of the soil. Eventuajly, Cr(VI) and H™ concentrations decreased to a level
where the chromate analog of jarosite became the stable phase. This hypothesis is
consistent with the observed spatial distribution of the phases in the soil, the increasing
pH with distance from the source, high Cr(VI) concentrations, and the low Fe
concentration observed even in the most acidic waters.

The potential impact of these iron-chromate phases on Cr(VI)-mobility and the
remediation of Cr(VI1)-contaminated sol! is difficult to assess at this time. Key parameters
that are needed include solubility data, the quantity of each phase within the soil, and the
time scales for the precipitation and dissolution of these phases. A further complicating
factor is the potential formation of solid solutions, particularly with sulfate. Sulfate is a

common groundwater constituent and s present in the plating solutions. The equivalent
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charge, similar structure, and comparable thermochemical radii of chromate and sulfate
suggest that solid solutions between these ferric-chromate phases and their sulfate
analogues could also form. The aqueous Cr(VI) copcentrations in solutions equilibrated
with such solid solutions could be dramatically different from concentrations in solutions

equilibrated with the pure chromate phases.

2.4 Summary and Conclusions

Two ferric-chromate precipitates were identified in the chromium contaminated
soil. KFe,(CrO,),(OH), was found as small crystals interspersed within the bulk soil.
KFe(Cr0O,),2H,0 forms crusts in cracks and fractures of the soil. The discovery of these
ferric-chromate phases is a key step in identifying relevant geochemical processes that
affect Cr(VI) mobility and impact proposed cleanup operations. Thermodynamic and
kinetic studies are needed to determine the potential effect of these phases on the mobility
of Cr(VD) in the subsurface. Ultimately, these results should aid in the rational design of

cost-effective remediation of chromate-contaminated soils, sediments, and groundwater.
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CHAPTER 3
Solubility of KFe,(Cr0O,),(OH), at 4 - 35°C

The solubility of KFe,(CrO,),(OH),, the chromate analog of the sulfate mineral
jarosite, was studied in a series of dissolution experiments. Experiments were conducted
at 4-35°C and pH values between 1.5 and 3.0 using synthetic KFe,(CrO,),(OH),. The
solids were kept in the reaction vessel for up to 6 months. Equilibrium was established
in the experiments after between 2 and 4 months. The log K for the dissolution reaction

of KFe,(CrO,),(OH),
KFe,(CrO,),(OH), + 6H* = K* + 3Fe™ + 2CrO,* + 6H,0

at 25°C is -18.7x0.5. Based on this measured solubility product, the free energy of
formation, AG® 5y, is -3307.422.9 kI mol”. The dissolution experiments at 25°C indicate
the formation of a FeCrO,” ion pair with a log K;.., = 8.0£0.1. This result combined
with previously published spectroscopic data between O and 25°C yields a formation
constant of the form 2.303log K. cros, = -AHYRT + ASYR. where AH’ = 19.1£2.2 kJ mol”!
and AS® = 21428 J K'! mol". The equilibrium jon activity products calculated from the
experiments at 4, 15, 25 and 35°C do not show a statistically significant trend indicating
a weak temperature dependence of the solubility product over the temperature range of
the experiments. The rate of the dissolution reaction can be described by a first order
model. The measured solubility indicates that the chromate analog of jarosite is stable
over a wide range of conditions and could form in large parts of a Cr(VI)-contaminated

aquifer.
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3.1 Introduction

Chromate-laden solutions released into soils by leakage from industrial facilities
or by improper waste disposal practices can alter the chemical environment of native soils
resulting in the dissolution of soil minerals and the precipitation of new phases that
incorporate Cr(VI). The formation of these precipitates can affect Cr(VI) mobility,
control its concentration in subsurface waters, and may limit its bioavailability.
Identifying such precipitates and determining the conditions under which they form and
remain stable can improve our estimates of the potential risks to human health and the
environment at coniaminated sites and can greatly contribute to the rational design of
remediation systems. This study focusses on one such precipitate, KFe,(CrO,),(OH),,
which has recently been identified in chromium contaminated soils (Baron et al., 1995).
We report here on a study of the solubility of KFe,(CrO,),(OH), under the acidic and low
temperature conditions typical for the environment where this solid has been observed to
form.

KFe.(CrO,),(OH), is the structural analog of jarosite (KEFe,(SO,),(OH),) (Bonnin
and Lecerf, 1966; Powers et al., 1975; Cudennnec et al., 1980), a common mineral in acid
sulfate soils (Van Breemen, 1973; Carson and Dixon, 1983) and acid mine drainage
(Chapman et al., 1983; Alpers et al, 1989). The chromate analog of jarosite is a member
of the alunite-jarosite group of isostructural minerals described by the general formula
AB,(X0,),(OH), where A sites are occupied by a large cation in 12-fold coordination,
most commonly K*, Na™ and H,O" (hydronium) (Parker, 1962; Kubisz, 1964; Brophy and
Sheridan, 1965), while B sites are occupied by a cation in octahedral coordination, most
commonly Fe** (jarosites) and AI** (alunites). A small amount of Cr'* substitution on the
B position has been observed in a natrojarosite precipitated from a Cr*-containing
solution (Saarinen, 1977) and jarosites with a complete Cr* substitution on the B position
have been synthesized (Townsend et al., 1986; Ramirez et al., 1993). The anion position
is usually occupied by SO,*, but substitution by PO, AsQ,”, CO,*, Sb0,*, CrQ,”,
SiO,* (Scott, 1987) and SeO,* (Dutrizac et al., 198]1) has also been reported. Both
natural and synthetic jarosites often have a significant amount of H,O"-substitution on the

alkali position (Brophy and Sheridan, 1965; Kubisz, 1970; Dutrizac and Kaiman, 1976).
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A deficiency in Fe with values for the Fe:SO, molar ratio significantly lower than the
ideal 3:2 stoichiometry is also common (Kubisz, 1970; Hirtig et al.,1984; Ripmeester et
al., 1986; Alpers et al., 1989; Baron and Palmer, 1995).

KFe,(CrO,),(OH), has been synthesized and described (Bonnin and Lecerf, 1966:
Powers et al., 1975; Cudennec et al., 1980; Townsend et al., 1986) and it has been
suggested that a complete solid solution series exists between jarosite and its chromate
analog (Dutrizac, 1984). Although there has been speculation about conditions under
which the chromate analog of jarosite could form (Kulp and Adler, 1950) 1t had not been
found in the environment until its recent discovery in Cr(VI)-contaminated soils (Baron
et al,, 1995). The purpose of this study is 10 measure the solubility of KFe,(CrO,),(OH),
and to determine the solubility product (Ks;) for the dissolution reaction of the chromate

analog of jarosite

KFe,(CrO,),(OH), + 6H™ = K* + 3Fe* + 2Cr0,/* + 6H,0 (1)

at the acidic conditions and low temperatures typical for the environment where this solid
has been observed to form. This information is required to determine the range of
conditions under which the chromate analog of jarosite is stable and the extent to which
it may affect the mobility of Cr(VI) in subsurface environments and interfere with the

remediation of Cr(VI)-contaminated soil and groundwater.

3.2 Experimental Methods
3.2.1  Synthesis of KFey(CrO,),(OH),

Synihetic KFe,(CrQO,),(OH), used in the experiments was prepared by dissolving
4.85 g of Aldrich 98% reagent grade K,CrO, and 10.] g of Aldrich reagent grade
Fe(NO,),"9H,0 in 100 ml H,O at 95°C, | atm. To achieve a controlled mixing, the
chromate and the nitrate were each dissolved in 45 m! of H,O. The solutions were then
slowly (approximately 30 ml/hour) added to a covered beaker on a hot plate with an

initial 10 mJ of H,O and continuously stirred. After four hours, the precipitate was

allowed 10 settle and the residual solution was decanted. The precipitate was then washed
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thoroughly with ultrapure water (18 megaohm cm) and dried at 110°C for 24 hrs.

3.2.2 Characterization of Synthetic KFe,(CrQO,),(OH),

The synthetic solid was characterized using powder x-ray diffraction (XRD),
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDX), Fourier
Transform Infrared Spectroscopy (FTIR), and thermogravimetric analysis (TGA). A small
amount of the precipitate was digested in HCl and analyzed for K and Fe using atomic

absorption spectroscopy (AAS) and Cr(VI) using the diphenylcarbazide method.

3.2.3 Dissolution Experiments

Two sets of dissolution experiments were implemented. The first set was
conducted at 25°C and the starting pH was varied between 1.5 and 3.0. In the second set
of experiments, the temperature was varied between 4 and 35°C with an initial pH of 2.0
for all experiments. For the dissolution experiments, 5 to 30 mg of the synthetic
KFe,(CrO,),(OH), were added to ultrapure water with the pH adjusted to the desired value
using reagent grade perchloric acid. To avoid the potential formation of
Fe(IlI)-hydroxides at the higher pH values, 5.0 x 10 and 2.5 x 10° M of CaCrO,
(Johnson Matthey, 99.5%) were added to the experiments with initial pH 2.6 and 3.0,
respectively. Calcium chromate was chosen because Ca®*, unlike many other cations, 1S
not expected to be incorporated in the jarosite crystal structure. The solutions were
placed in 20 ml glass vials and were stirred with a stirrbar at a moderate rate (about 100
pm) to provide good mixing. The temperatures were maintained to within 0.1°C of the
desired value using circulating water baths. The experiment with initial pH 2 and at 25°C
was conducted prior to the other experiments to establish the approximate time required
to achieve equilibnium. To allow more frequent sampling and analysis for K, Fe,,
Cr(VI),, and pH for every sample, this experiment was conducted with 100 mg of
synthetic jarosite in 500 ml of ultrapure water in polyethylene boitles. The starting
conditions for all dissolution experiments are listed in Table 3-1. All experiments were
conducted in triplicate. The experiments were sampled in regular intervals to determine

when equilibrium had been achieved. Ten samples were collected from the experiments
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in which the pH was varied and 9 samples was collected from the experiments in which
the temperature was varied. For each sample, 1 ml of the jarosite suspension was
withdrawn. The samples were filtered using a 0.1pm filter to remove suspended solids.
They were then analyzed for potassium using AAS. After the K concentration had not
changed significantly (£5 percent) for at least three consecutive samples, a 4 ml sample
was taken and analyzed for pH, Fe, and K, using AAS, and Cr(VI]), using the
diphenylcarbazide method. Since the dissolution experiments were conducted in an
oxidizing perchloric acid solution and reductants capable of reducing ferric iron were not

present in the solution, it was assumed that all the iron was present as ferric iron.

Table 3-1. Initial experimental conditions.

amount of amount ipitial Temperature [CaCrO,]

solution  of solid pH (°C) (mol/)
(ml) (mg)

KCRJAR-1.5 20 30 1.50 25 -
KCRJAR-2.0 S00 200 2.00 25 -
KCRJAR-2.3 20 5 2.30 25 -
KCRJAR-2.6 20 5 2.60 25 5.0 x 10*
KCRJAR-3.0 20 5 3.00 25 2.5 x 107
KCRJAR-4C 20 S 2.00 4 -
KCRJAR-15C 20 5 2.00 15 -
KCRJAR-35C 20 S 2.00 35

All experiments were conducted in triplicate.

3.3 Results
3.3.1 Sold Characterizarion

The red (2.5YR 4/8) precipitate produced in the synthesis was identified as the
chromate analog of jarosite by comparing powder x-ray diffraction patterns with those for

KFe,(CrO,),(OH), reported in JCPDS card 20-804 (JCPDS, 1994) (Table 3-2, Figure 3-1).
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Table 3-2. Powder X-ray diffraction peaks from synthetic KFe,(CrO,),(OH), used in
dissolution experiments.

K¥e,(CrO,),(OH), XRD-Synthetic
Bonnin and Lecerf (1966) KFe,(CrO,),(OH),
(JCPDS Card 20-894) used in this study
h.k,! d-spacing (A) telative d-spacing relative
Intensity (A) Intensity
101 6.04 12 6.09 17
003 5.82 8 5.86 17
012 5.18 33 5.19 41
110 3.715 11 3.72 25
104 3.617 2
021 3.166 } 100 3.17 96
113 3.127 3.136 100
015 3.071 1
202 3.02 7 3.034 19
006 2.908 5 2.917 20
024 2.588 8 2.593 13
122 2.325 20 2.327 28
018 2.067 <]
033 2.013 25 2.018 35
027 1.971 3
009 1.938 4
220 1.858 24 1.857 33
208 1.805 <1
223 1.770 <1
312 1.750} 5 1.75% 12
217 1.741 1.746 12
119 1.720 4 1.723 17
134 1.652 2
128 1.624 4 1.625 8
401 1.6013 5 1.603 7
315 1.5871} 6 1.587 11
042 1.5738 1.576 13

All the peaks produced by the precipitate could be identified as KFe,(CrO,),(OH), peaks.

The absence of unidentified peaks indicates that no other crystalline phases are present
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In the precipitate at detectable levels. KFe,(CrO,),(OH), has a hexagonal structure and
crystallizes in space group R3m (Bonnin and Lecerf, 1966). Using the measured d-
spacings and a least-squares procedure, the uvnit cell dimensions were calculated as
a, = 7.427+0.006 A and ¢, = 17.50=0.04 A, which is in excellent agreement with the
a,=7430 A and ¢, = 17.44 A reported in JCPDS card 20-894. Examination with
SEM/EDX showed that the precipitaie consists of uniform, K, Fe and Cr containing
multicrystalline particles, ranging in size from 20-250 pm. No secondary crystalline or

amorphous phases were observed.
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Figure 3-1. Powder =x-ray diffraction pattern of synthetic

KFe,(CrO,),(OH), used in this study. Some of the strongest peaks and the
corresponding d-spacings are indicated.

Wet chemical analysis yielded a composition of the precipitate very close that of
“ideal” endmember KFe,(CrO,),(OH), with a K:Fe:CrO, ratic of 0.95:2.98:2 compared to

the ideal 1:3:2 ratio. The deviations from the ideal formula are within the analytical crror
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of approximately 5 percent. The synthetic KFe,(CrO,),(OH), does not have a non-ideal
stoichiometry as is commonly observed in both natural and synthetic jarosites which often
show a significant amount of hydronium substitution of the alkali position (BROPHY and
Sheridan, 1965; Kubisz, 1964; Dutrizac and Kaiman, 1976) and an Fe deficiency (Kubisz,
1970; Alpers et al., 1989; Baron and Palmer, 1995).
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Figure 3-2. FTIR spectrum of the synthetic KFe;(CrO,),(OH),. The main
vibrational bands in the specirum are marked. They correspond to (Powers
et al., 1975) the O-H stretch (3373 cm''), HOH deformation (1635 cm™),
OH deformation (1007 cm™), the v, mode of CrO,* (921 and 852 cm™),
and to the vibrations of the FeQ, coordination octahedron (500 and

439 cm™).

Comparison of the FTIR spectrum of the precipitate (Figure 3-2) with a reported
scan of KFe,(CrO,),(OH), (Powers et al., 1975) confirmed the identification as the
chromate analog of jarosite and the absence of other phases in the precipitate. The only

easily identifiable peak associated with hydronium in jarosites lies in the 1535-1575 cm”™
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region as a weak peak on the shoulder of stronger peak at 1635-1640 cm™ associated with
water (Kubisz, 1972; Wilkins et al., 1974). The absence of this peak in the spectrum
confirms that there is no significant hydronium in the crystal structure of the synthetic
KFe,y(CrO,),(OH),.

Based on these analyses, the precipitate was identified as a KFe,(CrO,),(OH), with
a composition very close to the ideal stoichiometry. There is no indication of any other
phases in the precipitate.

The results of the thermogravimetric analysis of the synthetic KFe,(CrO,),(OH),
heated from 30 to 900°C at a rate of 20°C/min are shown in Figure 3-3. Curve A shows
the weight loss with increasing temperature and curve B its derivative. The total weight
Joss over the interval is 19.0 weight percent. The derivative curve shows hat weight loss
occurs in three main intervals: (1) a small loss of about 1.5 weight percent beiween 200
and 280°C, represented by a peak at 250°C, (2) the major weight loss of 10.5 % between
280 and 380°C, represented by at peak at 345°C, and (3) a final 7.0 % weight loss
between 400 and 620°C, represented by a peak at 450°C and a small peak at 600°C.

The weight loss in the interval between 200 and 280°C is analogous fo a small
weight loss commonly observed in jarosites (Kubisz. 1972; Hartig et al., 1984; Alpers et
al., 1989; Baron and Palmer, 1995). It represents the loss of small amounts of absorbed
water and "excess” water in the jarosite crystal structure. Excess water consists of small
amounts of hydronium substituting for potassivm and small amounts of water substituting
for OH" to balance the deficit of positive charges caused by Fe-deficiencies (Kubisz,
1972; Hartig et al., 1984; Baron and Palmer, 1995). Based on the thermal decomposition
of jarosite (Baron and Palmer, 1995), we suspect that the weight loss in the interval
between 280 and 380°C represents the breakdown of KFe,(CrO,),(OH), into potassium

and iron chromate, iron oxide and water according to
2 KFe,(Cr0,),(OH)s ~ K,CrO, Fe,(CrO,), + 2 Fe,0, + 6 H,0T. (2)

The observed wetght loss of 10.5 % is in good agreement with the loss of 10.0 %

expected from equation (2). The final weight losses between 400 and 620°C represent
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Figure 3-3.  Thermogravimeiric analysis of synthetic KFe.(CrO,),(OH),,
(A) percent weight loss versus temperature, and (B) derivative.

the further breakdown of K,CrO,Fe,(CrO,), into K,CrO,, Fe,0, and CrO,. The CrO,
produced by this breakdown is subsequently transformed to Cr,O; and O, (Cotton and

Wilkinson, 1988), resulting in the overall reaction

K,CrO, Fe,(Cr0,); — K,CrO, + Fe,0, + 3/2 Cr,0, + 9/4 O,T. (3)

The observed weight loss of 7.0 % is in good agreement to the 6.7 % weight loss

expected from equation (3).

3.3.2 Dissolution Experiments
In the dissolution experiments, the bulk of the reaction occurred within the first

week of the experiment with rates declining over time. For example, the evolution of the
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solution composition over time In the dissolution experiment at 25°C, initial pH 2
(KCRJAR-2.0) shows a rapid increase over the first 100 hours reaching approximately
80 % of the equilibrium value while the remaining 20 % required an additional 600 to
800 hours (Figure 3-4). Equilibnium was reached in the dissolution experiments after
between approximately 40 to 105 days (Table 3-3). The equilibrium compositions of the
solutions in the dissolution experiments are summarized in Table 3-3. The complete
analytical results for the final sample from the triplicate experiments are summarized in
Table A-1 in Appendix A. Based on the measured equilibrium pH, K, Fe, and
Cr(VI),,, equilibrium aqueous activities of K*, Fe’*, and CrO,* were calculated using the
geochemical speciation mode! MINTEQA2 (Allison et al., 1990) (Table 3-5). Activity
corrections were made using the Davies Equation. Thermodynamic data used in the
calculations are listed in Table 3-4. [f the dissolution reaction of the chromate analog of

jarosite is written as in equation (1), then the log ion activity product (IAP) is given by

log 1AP = log{K"} + 3 log{Fe™} + 2 log {CrO,”} + 6 log{H,0} + 6 pH  (4)

where { } denotes activity. At equilibrium, the IAP is equal to the solubility product,
K¢». Based on the calculated activities of H*, K*, Fe™, and CrO,*, the equilibrium LAP
was calculated using equation (4). The results of these calculations are presented in
Table 3-5.  The average charge balance error in the MINTEQA2 simulations was
3 percent. The errors associated with the log IAP values represent the standard deviation
from the triplicate experiments. The analytical error calculated from the precision of the
analytical measurements (+10%) and the precision of the pH buffer solutions (+0.02 pH
units) is =0.25 log units (assuming that the covariance beiween these parameters equals
zero). In general, the error from the tnplicate experimenis is in the same range as the
analytical error, indicating that the error from the triplicate experiments represents the
analytical error. The error reported with the log TAP values is the error from the triplicate
experiments. However, in the cases where the error from the triplicate experiments is
smaller than the analytical error, the analytical error i1s reported as the error associated

with the log IAP values.
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Table 3-3. Final concentrations in the dissolution experiments.

pH [C(VD],, (X1, [Fe],, Equilibrium  Experiment

final (mmol L)  (mmol L") (mmol L") established after Duratijon

approx. (days) (days)

KCRJAR-1.5 1.67£0.06 1.57%03  0.83240.034 2.75 £0.1 50 166
KCRJAR-2.0  2.1320.01 0.404x0.002 0.180+0.001 0.540x0.003 40 149
KCRJAR-2.3  2.40x00! 0.282x0.017 0.}17+0.008 0.260+0.014 65 166
KCRJAR-2.6  2.65+0.02 0.550+0.014 0.041x£0.005 0.111x0.006 65 166
KCRJAR-3.0 3.05x0.01 236023 0.019+£0.003 0.021£0.004 85 166
KCRJAR-4C  203+0.01 0.389+0.03 0.192+£0.008 0.555+0.026 &5 176
KCRJAR-15C 2.05+0.01 0.419+0.004 0.200+0.002 0.586%0.005 65 176
KCRJAR-35C 2.09=0.09 0.53+0.13 0.35£0.03 0.93+£0.09 105 176

" The reported concentrations represent the mean = (he standard deviation from (riplicate experiments.

To evaluate the effect of different activity correction models, ion activity products
were also calculated using the exiended Debye-Hiickel equation. At the Jow jonic
strengths of the experiments, the difference between these two methods is small. For the
experiment with the highest ionic strength (0.042 mol/]), the IAP calculated with the
extended Debye-Hiicke] equation is about 0.3 log units higher than the one calculated
using the Davies equation. For all other experiments the difference between the IAP
calculated with the two methods is less than 0.05 log units. The activity correction
models used in this study are described in detail in Appendix B.

34  Discussion

The log TAP values calculated from equilibrium activities in the experiments at
25°C and different pH values vary from -18.81 at pH 1.67 to -16.46 at pH 3.05 and show
a clear trend of Increasing values with increasing pH (Table 3-S5, Figure 3-5). This result
1s unexpected because the equilibrium JAP equals the solubility product, K¢p, and should

thus be constant. One explanation for the observed behavior and the trend is the
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Figure 3-4. Concentration of [K],, (»), [Fe],, (®), and [CrO,],, (*) in the
dissolution experiment with initial pH 2 at 25°C. Data points represent the
average of triplicate experiments.

formation of Fe(III)-CrO,” ion pairs that were not included in the speciation model.
Little is known about the formation of these ion pairs and they are not included in the
MINTEQA?2 data base (Allison et al., 1990). As an analogy, the sulfate ion with a very
similar thermochemical radius (2.30 A for sulfate and 2.40 A for chromate; Waddington.
1959) and equivalent charge is known to form several important ion pairs with Fe(IIT),
including FeSO,", FeHSO,™, and Fe(SQ,),. We therefore included in the MINTEQ
database FeCrO,", which, based on the analogy to the Fe-SO, system, appeared to be the

most likely ion pair to form. We ran a series of simulations, varying the formation

constant, K¢ s, Where

log Keocros, = log{Fe**} + log{CrO,”} - log{FeCrO,*) (5)
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Table 3-4. Thermodynamic data used for calculations.
Formula State  AG®%, AH’, log K.  Source
(kJ/mol)  (kJ/mol)

Fe’* ag -17.87%1.0 - - 2

FeCrO,* aq - - 8.0 see text for
discussion

FeOH* aq - 43.5 -2.19 1

Fe(OH)," aq - 71.6 -5.67 4

Fe,(OH),**  agq - 56.5 -2.95 1

K* aq  -282.5%0.1 - - 3

KCro,* aq - - 0.799 }

CrO,” aq -720.86 - - 2

HCO, aq - 3.8 6.5089 1

Cr,0,* aq - - 14.5571 1

H,Cr0,° aq - - 5.6513 1

OH ag - - -13.998 1

H,O | -237.1£0.04 - - 3

Sources: (1) Allison et al. (1990)

(2) Naumov et al. (1971)
(3) Cox et al. (1989)
(4) Nordstrom and Munoz (1994)

and minimized the variation in the calculated IAP values for the chromate analog of
jarosite. Including the FeCrO," ion pair eliminated the apparent trend in the TAP and
reduced the range in the calculated log IAP values from almost 2.5 log units to less than
one log unif. The best fit was achieved with a value of log Ke.rose = 8.0+0.1 which
results in a calculated log K, of -18.7+0.5 (Table 3-6, Figure 3-6). The error in our
estimate of log X, 04 1S based on the standard deviation of the analytical measurements
of the concentrations of Fe and Cr from the triplicate dissolution experiments. The error

in the log K, value represents the total standard deviation over all experiments. An
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Table 3-5. Calculated equilibrium activities; FeCrO,* not included in the speciation.
Ionic calculated
pH log {CrO} log {K'} log {Fe*} Strength  log IAP
(mol/) :
KCRJAR-LS  1.67 -7.78 -3.16 -3.37  447x10%  -18.8120.39
KCRJAR-2.0 2.13 -7.84 -3.80 -3.89  1.20x10*  -18.370.25
KCRJAR-2.3 240 -7.70 -3.97 -4.24  5.88x10° -17.69+0.25
KCRJAR-2.6 2.65 -7.16 -4.42 -4.75  4.39x10°  -17.09+0.25
KCRJAR-3.0 3.05 -6.18 -4.76 -5.88 8.79x107 -16.46x0.25
KCRJAR-4C 203 -7.92 -3.77 -3.75 1.35x107  -18.68+0.25
KCRJAR-15C 2.05 -7.88 -3.71 -3.78 1.32x107  -18.51£0.25
KCRJAR-35C 2.09 -7.78 -3.51 -3.76 1.38x107%  -17.81x0.64

F-test indicates that the variance among the log IAP values at different pH values is
significantly greater than the variances within the triplicate experiments at the 95%
confidence level (F=10.6, n,=5, n,=15, df,=4, df,=10). One reason for the remaining
vartation in the calculated fon activity products may be other Fe(1II)-Cr(VT) ion pairs that
are forming in the solution but are not included in the calculations.

Subsequent to making these calculations we became aware of several spectroscopic
studies of the interaction of Cr(VI) and Fe(III) by Esperson and King (1963), Espenson
and Helzer (1969), Burkhart and Thompson (1972), and Olazabal et al. (1994). In all four
studies, evidence for the formation of FeCrO," was found. Published data for the log K

and the stoichiometric formation constant (K,,.;) for FeCrO," for the reaction

Fe'* + CrO, = FeCrO, (6)

are summarized in Table 3-7. We applied activity corrections to reported K., values

measured at 1=0.084 mol/l and 1=0.2 mol/I using the Davies Equation as incorporated into

MINTEQA?2 (Table 3-7) and calculated log K;.co.. values. There is a clear trend of
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Figure 3-5.  Log of the i1on activity product from five dissolution
experiments at different pH values calculated without including FeCrO,”
in the speciation.

increasing log Kg. s With increasing temperature (Figure 3-7). Using weighting factors
of 1/, where @, is the standard deviation of the log Ky, at temperature T, we fitted
the values of log Ki.q4. from the three spectroscopic studies and the value determined

in the present study to a constant enthalpy and entropy model of the form
2.303 log Kecros, = -AHYRT + AS%R (7)

where AH® is the change in standard enthalpy, and AS® is the change in standard entropy
for reaction (6), and R is the gas constant (8.314 x 10° kJ mol' K') and T the
temperature in K. The regression (Figure 3-7) yields AH® = 19.1+2.2 kJ mol”' and
AS® = 21428 J K mol! (n=9, r* = 0.92, df=7). Using equation (7), 10g Kr.cross.20s 15
calculated to be 7.8£0.5. We recommend this value as the currently best estimate of log
Krecrosra0s- Recalculating the log K, of KFey(Cr0O,),(OH), using log Kecrosenos = 7.8

results in a shightly greater log K¢p of -18.4£0.8.
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Figure 3-6. Log of the ion activity product from five dissolution
experiments at different pH values calculated including the FeCrQO,” ion
pair with log K = 8.0 in the speciation. Solid line represents the average
of the five log ion activity product values (-18.7£0.5).

Based on the solubility product for the chromate analog of jarosite, the free energy
of formation of this solid can be calculated. At equilibrium, the Gibbs free energy of

reaction at 25°C, AG®, 4 is given by

AG® o5 = AG’105(KY) + 3AG% 505(Fe™) + 2AG,05(CrO,»)
+ 6AG0{.193(H20) - AGO{. 293(KF63(CFO4)2(OH)6) (8)

with the free energy of reaction related to the Ky, by

AG® L4 = - 2.303 RT log K, 9)

Solving for the free energy of formation of the chromate analog of jarosite
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Table 3-6. Equilibrium activities calculated using FeCrO," with log K = 8.0.

lonic calculated
pH log {CrO/} log {K'} log {Fe*} Strength log IAP ~
(mol/N)
KCRJAR-1.5  1.67 -7.94 -3.16 -3.44 424 x 107 -19.3420.39
KCRJAR-2.0 2.13 -7.98 379 -399 116 x 107 -18.940.25
KCRJAR-23  2.40 -7.82 -3.97 437  5.65x 107 -18.32+0.25
KCRJAR-2.6 265 -7.21 -4.42 506 424 x 107 -18.1220.25
KCRJAR-3.0 3.05 -6.18 -4.76 -6.63 875 x 107 -18.71x0.25
KCRJAR-4C  2.03 -8.03 -3.77 2382 131 x 107 -19.11x0.25
KCRJAR-15C 2.05 -8.02 -3.71 -3.87 127 x 10?7 -19.06+0.25
KCRJAR-35C 2.09 -7.99 -3.51 -3.86 131 x 107 -18.53x0.64

AG®, 255(KFey(CrO,),(OH)s) = AG®505(K") + 3AG® 155(Fe™)
+ 2AGP 154(CrO,”) + 6AG® 104(F,O) + RT In K, (10)

and using the free energies given in Table 3-4, we calculate AG® ,o4(KFey(CrO,),(OH),)
= -3307.4x2.9 kJ mol' where the varation represents the error introduced by the
uncertainty in the Kgp value only. Including the error in the free energies of the
individual ions (Table 3-4) results in an additional uncertainty of *3.3 kJ mol ™.
Considering that the error in the free energies of some of the individual ions may be
larger than reported in Table 3-4 would result in an even larger uncertainty in the estimate
of AGO; ,05(KFe;(CrO,),(OH),). For example, for AG’ ,4(Fe’*) values as high as
-4.6 kJ mol”’ have been reported (Wagman et al. (1969). Propagating an uncertainty of
13.3 kJ mol”! for AG®,4(Fe*") through equation (10) results in an overall uncertainty of
+46 kJ mol™ for AGY ,oi(KFe,(CrO,),(OH),).

The log IAP values calculated for the experiments at 4, 15, 25, and 35°C including
FeCrO,* with log K = 8.0 vary between -19.11 at 4° and -18.53 at 35°C (Table 3-6,

Figure 3-8). There is a slight apparent trend with the solubility increasing with
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Table 3-7. Summary of studies of the formation constant of FeCrO,".
Temperature I (molU/L) log K. number of  log K¢,c.0s, Reference

0 determinations

0 0.084 6.54+0.062 12 7.37x0.06 1

1 0.084 6.67+0.023 ? 7.50+0.02 2

1 0.2 6.49+0.007 5 7.5520.01 2

1 1 6.37+0.042 ? 2
93 0.2 6.61£0.012 5 7.67+0.01 2
17.2 0.2 6.71£0.005 6 7.77£0.01 2
25 0.2 6.80+0.029 6 7.86+0.03 2
25 0.084 6.96+0.031 2 7.80+0.03 2
25 | 6.62+0.037 2 - 2
25 1 6.14+0.05 ? - 3
25 variable - ? 7.77£0.02 4
25 4.2x107 - - 1 8.0£0.1 5

4.2x10*

1 Espenson and King (1963)

2 Burkhart and Thompson (1972)

3 Espenson and Helzer (1969)

4 Olazabal et al. (1994)

5 this study

temperature which would indjcate a positive enthalpy of reaction. However, when fitting
the data to a linear constant eathalpy function and a nonlinear variable enthalpy of
reaction and constant heat capacity function, the values obtained for the enthalpy of
reaction are not significantly different from zero at the 95% confidence level (1=2.3, df=2
for the linear model; t=3.5, df=1 for the nonlinear mode]). Based on these experiments,
therefore, it appears that in the range from 4 to 35°C, the solubility product depends only
weakly on temperature and the enthalpy of reaction at 25°C is approximately zero.

The solubility product of the chromate analog of jarosite of log K = -18.7+0.5

determined from our experiments is significanily lower than the value of -11.0£0.2
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Figure 3-7. Reported values for log K. Versus inverse temperature
after activity corrections. Data from Espenson and King (1963) (4),
Burkhart and Thompson (1972) (), Olazabal et al. (1994) (a), and this
study (®). The solid line represents the best fit to a constant enthalpy and
constant entropy function, equation (7).

reported for jarosite (Baron and Palmer, 1995), indicating that the chromate analog of
jarosite is stable under a wider range of pH conditions than jarosite which is stable only
under very acidic conditions. A pe-pH predominance diagram for the Fe-Cr-K-C-H,0-
system is shown in Figure 3-9. The diagram is based on an activity of dissolved Fe,, =
10° M (Fe** = 10* M and Fe™ = 10™ M), an activiiy of dissolved K = 10“ M, an
activity of dissolved Cr,, = 102 M (Cr(VI),, = CrO,* + HCrO, = 10? M and Cr* = 107
M) and a pCO, of 107 atm. Solubility products and equilibrium constants for aqueous
species were taken from Nordstrom and Munoz (1994) and Richard and Bourg (1991),
additional constants are listed in Table 3-4. The pe-pH predominance diagram illustrates

that under oxidizing conditions KFe,(CrQO,),(OH), is the thermodynamically favored solid
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Figure 3-8.  Calculated log ion activity product versus 1nverse
temperature from four dissolution experiments at 4, 15, 25, and 35°C,
inminal pH 2.

under a wide range of acidic pH values and stable up to almost neutral conditions. In
soils, Cr(VI) may persist well beyond its stability field because the reduction by soil
organic matter is slow or kinetically inhibited (e.g. Bartlett (1991). Ferrous iron, however
readily reduces Cr(VI) to Cr(Ill) (e.g. Palmer and Wittbrodt, 1991). We have therefore
also included in Figure 3-9 the extended stability field of KFe,(CrO,),(OH), if the
reduction of Cr(VI) is assumed to be kinetically inhibited until Fe(II) becomes available.

The transition between KFe,(CrO,),(OH), and hydrous ferric oxide (represented
here in an idealized way as Fe(OH),) is of particular interest because hydrous ferric
oxide himits the stability field of KFe,(CrO,),(OH), at higher pH values. The transition

between these two solids is given by

KFe,(Cr0,),(OH), + 3H,0 = 3Fe(OH),, + K* + 2 CrO> +3 H". (11)
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Figure 3-9. pe-pH predominance diagram for the K-Fe-Cr-C-H,O system.
The diagram is based on an activity of dissolved Fe_ = 10™ mol/, an
activity of K* = 107 mol/}, an activity of dissolved C(VI),, = 10”* mol/,
and a pCO, of 107 atm. The dashed line represents the extended stability
field of KFe,(CrO,),(OH); if Fe(Il) is considered the only reductant for

Cr(V).
At equilibrium, this transformation can be expressed as

log K p(KFey(CrOy),(OH),) - 3 log Ksp(Fe(OH), )
= log{K"} + 2 log{CrO}%} + 3log{H"} + 3log{H,0}. (12)

Therefore, the transition pH, pHy, is
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pH; = -¥a log K u(KFe,y(CrO,),(OH),) + log Kgp(Fe(OH),)
+ ¥ log{K*} + % log{CrO,*} + log{H,0}. (13)

Frorm equation (13), it becomes apparent that pH; is a function of the solubility products
of KFe,(CrO,),(OH); and Fe(OH),, and the activities of K* and CrO,”. In general,
higher combined activities of K* and CrO,” result in a higher pH; and a larger stability
field for the chromate analog of jarosite. The predominance regions for
KFe (CrO,),(OH), and ferrihydrite as a function of pH and the activities of K* and
Cr(VD),, are shown in Figure 3-10. Based on the above discussion and on Figures 3-9
and 3-10, it appears possible that the chromate analog of jarosite forms in large parts of

a Cr(VI)-contaminated aquifer.

10 ————— T
8 -
Fe(OH),
6 I~
=
ol KFe, (Cr0,),(OH),
[ .
2 4
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b o |

27 a2 20 8 6 4 2
log {K*} + 2 log Cr(VI),

Figure 3-10. Diagram of the predominance regions of Fe(OH);,, and
KFe,(Cr0,),(OH), in the K-Fe(III)-Cr(VI)-H,0 system as a function of pH
and log [K'] + 2 log [Cr(V])]

tot-

The dissolution experiment with initial pH 2.0 at 25°C (Figure 3-4) was used to
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Figure 3-11. Plot of log(C,-C) versus time for K, (m), Fe,(») and Cr(*)
in the dissolution experiment KCRJAR-2.0. C is the normalized
concentration in mol/l obtained by dividing the measured agueous
concentration of the ion by its stoichiometric coefficient in the chromate
analog of jarosite. C, is the normalized equilibrium concentration. The
solid line is the regression.

evaluate the general kinetics of the dissolution reaction of the chromate analog of jarosite.
This experiment was sampled most frequently and it is the only one with sufficient data
and ¥2Cr

for a reaction rate analysis. The concentrations of K, ¥aFe were plotted as

tot tot

log(C,-C) versus time, where C, is the concentration at equilibrivm and C is the
concentration at time t, to test for furst-order behavior (Figure 3-11). The concentrations
of Fe and Cr are divided by 3 and 2, respectively, to normalize the concentrations to the
number of Fe and Cr atoms in KFe,(CrO,),(OH),. The linearity of the plot indicates that

the dissolution kinetics can be described by a first-order model of the form
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dC
— < = -k(C.- 14)
dr (G0 (

where k is the apparent rate coefficient. Integration of equation (14) vields a linear
equation for log(C,-C) versus ume. The slope of the line is the apparent rate coefficient,
k, and the intercept, k,, is log C,. The data were also plotted as (C,-C)"' versus time and
C/t versus C to test for second-order behavior but deviations from second-order behavior
become obvious in both kinds of plots. The dissolution reaction at pH 2 and 25°C can
be best described by a first-order model with an apparent rate coefficient, k, of

approximately 4.9+0.5 x 107 s,

3.5 Summary

The solubility product and the free energy of formation of a synthetic
KFe,(CrO,),(OH), at 25°C were determined as Jog Kg, = -18.7£0.5 and AG® . =
-3307.4+2.9 kJ mol" in a set of dissolution experiments conducted in the temperature
range of 4 - 35°C and pH 1.5 to 3. The dissolution experiments at 25°C also suggest the
formation of a FeCrO," ion pair with a log K = 8.0+0.1. Combining this data with
previously published log K values and stoichiometric formation constants for FeCrO,*
from spectroscopic studies to which we applied activity corrections, we determined that
the enthalpy of formation of FeCrO,* is 19.1£2.2 kJ mol' and that the entropy of
formation of FeCrO," is 214x8 J K' mol'. Based on the experiments conducted at
different temperatures there appears to be little temperature dependence of the solubtlity
product and the enthalpy of reaction appears to be approximately zero under the
conditions of the experiments. The rate of the dissolution reaction can be described by
a first-order model. The solubility product of the chromate analog of jarosite is
significantly lower than that of jarosite, indicating that this solid can be stable under a
wider range of pH-conditions than jarosite. Based on the low solubility of the chromate
analog of jarosite it appears that this solid could form in large parts of a Cr(VI])

contaminated aquifer and may affect remediation of chromium contaminated soils and
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groundwaters.
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CHAPTER 4
Solubility of Jarosite at 4 - 35°C

The solubility of jarosite (KFe,(SO,),(OH),) was studied in a series of dissolution
experiments. The experiments were conducted at 4-35°C and pH values between 1.5 and
3.0 using a synthetic jarosite with a composition very close to ideal. The solids were Jeft
in the reaction vessel for up to 6 months. Equilibrium was established in the experiments

after approximately 3 to 4 months. The log K, for the jarosite dissolution reaction
KFe,(SO,),(OH), + 6H" = K* + 3Fe® + 2S0,” + 6H,0

at 25°C is determined to be -11.0+0.3. From this measured solubility product, the free
energy of formation, AGY,q, is calculated to be -3309.8+1.7 kJ mol”’. Based on the
temperature dependence of the solubility product, the enthalpy of reaction at 25°C,
AHC, g4, is ~45x5 kJ mol™!, the entropy of reaction, AS®, g, is -350£40 J mol' K™ and the

heat capacity of the reaction, AC, , over the temperature range of the experiments 18

puy
determined to be -2.1+0.2 kJ mol' K'. The rate of the dissolution reaction can be

described by a first-order model.

50
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4.1  Introduction

Jarosite (KTe,(SO,),(OH),) is a common mineral in acidic, sulfate-rich
environments formed by the oxidation of suifides, especially pyrte. Such environments
include acid sulfate soils formed from pyrite-bearing sediments (Van Breemen, 1973;
Carson and Dixon, 1983), weathening of sulfide ore deposits (Bladh, 1982), acid-
hypersaline lake sediments (Long et al., 1992; Alpers et al., 1992), acid mine drainage
(Nordstrom, 1977; Chapman et al., 1983; Alpers et al., 1989), and weathering of coal
refuse from pyrtic coal seams (Sullivan and Sobek, 1982). Jarosite has also been
reported 1n hot springs (Tkachenko and Zotow, 1974) and hydrothermal environments
(Keith et al., 1979; Stoffregen and Rye, 1992). Precipitation of jarosite is also of interest
to metallurgists because of its ability to scavenge unwanted elements from
hydrometallurgical ore processing solutions (Dutrizac, 1983).

Jarosite is a member of the jarosite-alunite group of isostructural minerals
described by the general formula AB;(SO,),(OH), where the B site is occupied by Fe™
(jarosites) and Al’* (alunites) and the A site is occupied most commonly by K*, Na”, and
H,0" (hydronium) (Parker, 1962; Kubisz, 1964; Brophy and Sheridan, 1965). Jarosite is
the potassium-iron endmember of the jarosite-alunite group. Extensive substitution by
other ions within the jarosite crystal structure has also been reported (Dutrizac and
Kaiman, 1976). Both natural and synthetic jarosites often have a significant amount of
H,0"-substitution on the alkali position (Brophy and Sheridan, 1965; Kubisz, 1970;
Dutrizac and Kaiman, 1976). Deficiency in Fe with values for the Fe:SO, molar ratio
significantly lower than the ideal 3:2 stoichiometry is also common (Kubisz, 1970; Alpers
et al., 1989). Values of the Fe:SO, molar ratio as ow as 2.33:2 (Ripmeester et al., 1986),
and 2.20:2 to 2.57:2 (Hairtig et al.,1984) are reported.

Despite the common occurrence of jarosite and its interesi to geochemists,
geologists and merallurgists, uncertainty exists regarding the solubility of jarosite with the
reported solubility product varying by more than seven orders of magnitude. To evaluate
the conditions under which jarosite may form and remain stable, more accurate
thermodynamic data are needed. Such information is also required to further establish

the thermodynamic mixing terms in the K-H,0-Na jarosite solid-solution sysiem (Alpers
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et al., 1989). The purpose of this study is to measure the solubility product of jarosite

at temperatures typical of weathering or supergene conditions.

4.2  Previous Studies

Only a few experimental studies of the solubility of jarosite have been conducted
and we are not aware of any calorimetnc studies of its free energy of formation. There
remains a large degree of uncertainty about the thermodynamic properties of jarosite.

If the dissolution of jarosite is written as

KFe,(SO,),(OH)s + 6H* = K* + 3Fe’* + 280, + 6H,0 (1)

then the log of the 1on activity product (IAP) is

log IAP = log{K"} + 3 log{Fe™*} + 2 log {SO?} + 6 log{H,0} + 6 pH  (2)

where brackets denote aqueous activity. At equilibrium, the [AP is equal to the solubility
product, Kgp. The log K, reported for reaction (1) at 25°C varies from -7.12 to -14.8 and
the reported free energy of formation, AG’ g, of jarosite varies from -3317.9 to -3192£23
kJ mol"' (Table 4-1). The reasons for the large variation include (1) inconsistent
thermodynamic data for calculation of free energies and aqueous ion activities, (2)
substitution of other 1ons, particularly hydronium, in the jarosite crystal structure, and to
a smaller degree (3) variation introduced by different experimental approaches, and (4)
analytical uncertainty.

Brown (1970) conducted a dissolution experiment jn which synthetic jarosite was
dissolved at 25°C for six months and a free-drift precipitation experiment from which
jarosite was precipitated from a supersaturated solution. In neither of the experiments was
equilibrium demonstrated. The free energy of formation AG®,, was calculated as
-3192+25 kJ mo!"' from the dissolution experiment and as -3276x84 from the precipitation

experiment. Zotov et al. (1973) noted an arithmetical error in Brown’s calculation



Table 4-1.

Summary of solubilities and AG®%,q, values reported for jarosite.

33

Reported Reported Comments Recalculated
log Ksp at 25°C AG® 3 AG® 204
(kJ mot™ (kJ mol'") "
Allison cr af. (1990) -148 -3331.4
Alpers et al. (1989) -11.14 -3300.2+£2.6 for (K, gyNag i, H,0%; o)-jarosite -3300.1£2.6
precipitated (rom acid mine
drainage water in the laboratory at
ambient lemperature
Bladh (1982) 712 - -3287.6
Brown (1970) - -3276=84 from precipitation ¢xperiment -
- -3192+25 from dissolulion experiment -
- -3302+84 recatculated by Zotov et al. (1973) -3302+84
-3300=25 who noted an arithmctic error in -3300+25
Brown's calculations and used
thermodynamic data from Naumov
et al. (1971)
- -3299 recalculated (rom the dissofution -
expertment by van Breemen (1973)
using thermodynamic data from
Robie and Waldbaum (1968)
Chapman et al. -9.21 - based on Kashkay ¢t al. (1975) and -
(1983) thermodynamic data from Naumov
et 2l (1971)
Hizdky and Slansky -9.08 - based on Kashkay et al. (1975) -
(1981)
Kashkay et al. - -3299.7+4 "free-dnft’ precipitation -3299.624
(1975) -15.8 (ar 106°C) -3184 (at 100°C)  experiments -
Stoffregen (1993) - -3416.3£1.7 at 200°C, 100 bar -
(200°C, 100 bar)
Viek et al. (1974) -14.56 -3310.4 used a ‘chelation method’ -33314
Zotov et al. (1973) - -3305.8=4 based on a jarosite precipitated -3305.7
from a natural water sample
-3317.9 estimated from 2 natral (Na.K)- -3317.8
jarosite precipitated at 45°C
present study -11.0+0 3 -3309.8+1.7 -

. AGU

1298 jarosile

recalculated using the free energies for ions used in the present study (Table 4-2).
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and recalculated AG®.y as -3300x25 kJ mol' from the dissolution experiment and
-3302+84 kJ mol" from the precipitation experiment. Vlek et al. (1974) dissolved a
natural jarosite in a solution containing the chelating agent EDTA to increase total Fe(IT)
concentrations and calculated a AG% . of -3310.4 kJ mol" and a log K, of -14.56.
Kashkay et al. (1975) conducted three precipitation experiments in which jarosite was
allowed to precipitate from supersaturated solutions for 15 months at 25+5°C and
calculated AG® a9 as -3299.7x4 kJ mol'.  From another precipitation experiment
conducted at 100°C, these researchers determined a log Kgp 5, 0f -15.83 and calculated
AG® 3, as -3184 kJ mol'. Zotov et al. (1973) present two estimates of the free energy
of formation of jarosite. Based on the synthesis of (K, Na, ,)Fe.(SO,),(OH), in a natural
thermal water at 45°C they estimate AG® ., as -3317.9 kJ mol’, and based on a
precipitate from a natural water sample, they estimate AG% o as -3305.8+4 kJ mol™.
Stoffregen (1993) measured the solubility of jarosite under hydrothermal conditions and
calculated a AG® 473 100 o O -3416.321.7 kJ mol”’. Chapman et al. (1983), Bladh (1982),
Van Breemen (1973) and Hladky and Slansky (1981) have calculated solubility or free
energy of formation based on reinterpretation of the above experimental studies.

One imporstant source of the variation in the values for the free energy of
formation of jarosite is the vse of different values for the free energies for the ions used
by different researchers. To compare the reported values better, we have recalculated the
free energies for the formation of jarosite using the free energies for the ions used in this
study and listed in Table 4-2. The results of these calculations are included in Table 4-1.
However, even after eliminating the variation due to different free energies of the 1ons,
a large variation in the reported free energies of formation of jarosite rematns.

The values for the free energy of formation and the solubility product of jarosite
that are currently considered the most reliable (e.g. Alpers et al., 1989, Nordstrom and
Munoz, 1994) are the AG® 5 = -3299.7+4 kJ mol”’ reported by Kashkay et al. (1975) and
the log K, = -9.21 calculated from this free energy by Chapman et al. (1983). These
values are considered the most reliable because they are based on actual solubility
measurements and a consistent thermodynamic database. However, Alpers et al. (1939)

noted that the free energies of formation of K-H,0-Na jarosite solid solutions are more
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Table 4-2. Thermodynamic data used in calculations.
Formula State AG’ 295 AH', log K;  Source
(kJ mol™t) (kJ mol™")
Fe* aq -17.87+1.0 - - 2
FeSO,* aq - 16.36 3.92 1
FeHSO,” aq - - 2.48 4
Fe(SO,); aq - 19.3 5.42 |
FeOH™ aq - 43.5 -2.19 l
Fe(OH)," aq - 71.6 -5.67 5
Fe,(OH),*  aq ; 56.5 -2.95 L
K* aq -282.5+0.1 - - 3
KSO," aq i 9.41 0.85 1
Soz* aq -744.0+£0.4 - - 3
HSO, aq i 224 1.98 3
OH" aq - 55.836 -13.998 1
H,0 | -237.14%0.04 : i 3
Sources: (1) Allison et al. {1990)

(2) Naumov et al. (1971)

(3) Cox et al. (1989)

(4) Ball et al. (1987)

(5) Nordstrom and Munoz (1994)

consistent with the free energy for pure jarosite reported by Viek et al. (1974) and Zotov
et al. (1973), indicating a Jower free energy of formation and lower solubility than the
Kashkay et al. (1975) value. It is not surprising, therefore, that Alpers et al. (1989) felt
that additional experimental work was needed to determine accurately the solubility and

free energy of formation of jarosite,
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4.3 Experimental Methods
4.3.1 Synthesis of Jarostte

Synthetic jarosite often has a K deficiency because of hydronium substitution in
the alkali ion position (Kubisz, 1970; Dutrizac and Kaiman, 1976). The factors that
control hydronium substitution include the K* activity and the pH. To munimize
hydronium substitution and to obtain a synthetic product with a composition close to the
ideal formula, K* was added in excess to the synthesis solution as KOH, thus,
simultaneously increasing the activity of K" and lowering the H,O" activity. Jarosite was
prepared by dissolving 5.6 g of reagent grade KOH and 17.2 g of reagent grade
Fe,(SO,);-5H,0 in 100 mi. H,0 at 95°C, | atm. The solution was placed in a covered
beaker on a hot plate and continuously stirred. After four hours, the precipitate was
allowed to settle and the residual solution decanted. The precipitate was then washed

thoroughly with ultrapure water (18 megaohm cm) and dried at 110°C for 24 hours.

4.3.2 Characterization of Synthetic Jarosite

The synthetic solid was characterized using powder x-ray diffraction (XRD),
scanoning electron microscopy with energy dispersive spectroscopy (SEM/EDX), Fourier
Transform Infrared Spectroscopy (FTIR), and thermogravimetric analysis (TGA). A small
amount of precipitate was digested in HCl and analyzed for K and Fe using atomic
absorption spectroscopy (AAS) and SO, using high performance ion chromatography

(HPIC).

4.3.3 Dissolution Experiments

Two sets of dissolution experiments were implemented. The first was conducted
at 25°C and the initial pH varied between 1.5 and 3.0. To the second set of experiments,
the temperature was varied between 4 and 35°C with an initial pH of 2.0 for all
experiments. For the dissolution experiments, 5 to 30 mg of the synthetic jarosite were
added to ultrapure water with the pH adjusted to the desired value using HCIO,. To
avoid formation of ferric oxyhydroxides at the higher pH values, 6.3 x 10 and 3.2 x 10

M of CaSO, 2H,O0 were added to the experiments with initial pH 2.6 and 3.0,



57

Table 4-3.  Initial experimental conditions.

amount of amount initial Temperature [CaSO,/2H,0] Duration of

solution of solid pH (°C) (mol L) Experiment
(ml) (mg) (days)
KJAR-1.5 20 30 1.50 25 0 166
KJAR-2.0 500 100 200 25 0 149
KJAR-23 20 5 2.30 25 0 166
KJAR-2.6 20 S 2.62 25 6.30 x 10 166
KJAR-3.0 20 5 3.02 25 3.16 x 107 166
KJAR-4C 20 5 2.00 4 0 176
KJAR-15C 20 5 2.00 15 0 176
KJAR-35C 20 5 2.00 35 0 176

All experiments were conducted in miplicate.

respectively. The solutions were placed in 20 mL glass vials and stirred with a stirrbar
at a moderate rate (about 100 rpm) to provide good mixing. The temperature was
maintained to within 0.1°C of the desired value using circulating water baths. The
experiment with initial pH 2.0 and at 25°C (KJAR-2.0) was conducted prior o the other
experiments to establish the approximate time required to achieve equilibrium. To allow
more frequent sampling and analysis for K, Fe,,, SO,”,, and pH for every sample, this
experiment was conducted with 100 mg of synthetic jarosite in 500 mL of ultrapure water
tn a polyethylene bottle. The starting conditions for all dissolution experiments are listed
in Table 4-3. All expetiments were conducted in triplicate. The experiments were
sampled over time to determine when equilibrium was achieved. Ten samples were
collected from the experiments in which the pH was varied and 9 samples were collected
from the experiments in which the temperature was varied. For each sample, 1 mL of
the jarosite suspension was withdrawn. The samples were filtered using a 0.1 pym filter

to remove suspended solids and then analyzed for potassium using AAS. After the K
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concenturation had not changed significantly (x5 percent) for at least three consecutive
samples a 4 mL sample was taken and analyzed for pH, Fe, and K using AAS and
SO~

4 1ot

using HPIC. Since the dissolution expenments were conducted in oxidizing
HCIO, solutions and no reductants capable of reducing ferric iron were present, it was

assumed that all iron was present as ferric iron.

4.4  Experimental Resnlts
4.4.1 Solid Characterization

The yellow precipitate produced in the synthesis was identified as end-member
jarosite by comparing powder x-ray diffraction patterns with those for jarosite reported
in JCPDS card 22-827 (JCPDS, 1991) (Table 4-4, Figure 4-1). All the peaks produced
by the precipitate could be identified as jarosite peaks. The absence of unidentified peaks
indicates that no other crystalline phases are present in the precipitate at detectable levels.
The unit cell dimensions were calculated as a, = 7.291x0.005 A and ¢, = 17.136+0.015 A.
These values are consistent with the those reported for pure end-member jarosite with no
hydronium substitution (Alpers et al., 1989). Hydronium-jarosite has a, in the range of
7.34 10 7.36 A and jarosites with appreciable hydronium in solid solution have an
elongated a-axis compared to pure endmember jarosite (Alpers et al., 1989). Examination
with SEM/EDX showed that the precipitate consists of multicrystalline particles with
uniform concentrations of K, Fe and S, ranging in size from 10-150 pm. No other
crystalline or amorphous phases were observed.

Wet chemical analysis yielded a composition of the precipitate very close that of
“ideal” jarosite with a K:Fe:SQ, ratio of 0.98:2.79:2 compared to the ideal 1:3:2 ratio.
The measured stoichiometry indicates that the synthetic jarosite has almost no hydronium
substitution and may bave an Fe deficiency of approximately 7 percent. This deficiency
1s slightly larger than the analytical error of approximately 5 percent.

Thermogravimetric analysis was conducied by heating the synthetic jarosite from
30 to 900°C at a rate of 20°C/min (Figure 4-2). Curve A shows the weight loss versus
temperature and curve B its derivative. The total weight loss over the interval is 38.5

percent. The curves show that the weight loss occurs in three principal temperature
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Table 4-4. Powder x-ray diffraction peaks from synihetic jarosite used in dissoluiion
experiments,

Synthetic jarosite JCPDS Card 22-827

used in this study (JCPDS, 1991) hkl
d-spacing  relative  d-spacing  relative
(A) Intensity (A) Intensity
5.94 30 5.93 45 101
5.72 15 572 25 003
5.09 58 5.09 70 012
3.66 22 365 40 110
3.55 5 3.55 4 104
311 85 3.11 75 021
3.08 100 3.08 100 113
2.969 11 2.965 15 202
2.855 16 2.861 30 006
2.542 21 2.542 30 024
2.302 10 2.302 12 122
2.282 29 2.287 40 107
1.979 37 1.977 45 033
1.935 7 1.937 10 027
1.909 6 1.909 8 009
1.828 30 1.825 45 220
1.769 6 1.776 6 208
1.740 6 1.738 6 223
1.720 5 1.717 6 312
1.690 4 1.690 2 119
1.659 5 1.656 2 1010
1.625 5 1.621 6 134
1.592 5 1.595 6 1238
1.572 5 1.572 4 401
1.560 6 1.560 6 315
1.551 7 1.552 6 042
1.534 15 1.536 20 226
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Figure 4-1.  Powder X-ray diffraction spectrum of the synthetic jarosite.
Some of the strongest peaks and the corresponding d-spacings are
indicated.

intervals: (1) a 2.5 percent weight loss between 200 and 320°C, represented by a peak at
about 260°C, (2) an 11 percent weight loss in the interval between 330 and 450°C,
represented by a peak at about 430°C, and (3) a 25 percent weight loss between 560 and
800°C, represented by a group of four peaks at about 620, 720, 760 and 785°C.

The weight loss 1n the interval from 200 to 320°C is commonly attributed to the
loss of hydromium (Brophy and Sheridan, 1965; Kubisz, 1970; Alpers et al., 1989).
However, the weight loss of 2.5 percent observed in our experiments would correspond
to about 0.66 moles of H,O" per mol of jarosite, far exceeding the 0.02 moles of
hydronivm expected from the slight K deficiency determined in the chemical analysis.
Similarly, the weight loss of around 2 to 3 percent in low-temperature, K-rich jarosites,
commonly observed and attributed to hydronium (e.g. Brophy and Sheridan, 1965; Alpers

et al., 1989), is inconsistent with the reported K* content of the jarosites. It appears that
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Figure 4-2.  Thermogravimetric analysis of the synthetic jarosite.
Curve A shows the weight loss versus temperature, curve B is its
derivative.

most of the weight loss between 200 and 320°C must be from another source. An
alternative explanation for this weight loss has been presented by Hirtig et al. (1984).
They noted that the charge deficiency caused by the Fe®* deficit is likely balanced by a
partial substitution of H,O for OH’, and argue that this water contributes 2 major portion
of the weight loss between 200 and 320°C. Similar arguments are given by Kubisz
(1972). The synthetic jarosite used in this study has an Fe deficit of 0.21 moles per mole
of jarosite or a resultant charge deficiency of 0.63 positive charges per mole of jarosite.
Thus, 0.63 moles of H,O would have to be substituted for OH™ to balance the charge
deficiency. This corresponds almost exactly to the 2.5 percent weight loss equivalent to
a loss of 0.66 moles of water. The observed weight loss in the interval from 200 to
320°C can therefore almost completely be attributed to a loss of H,0 substituting for OH

to balance the charge deficit due to the slight Fe deficiency and does not indicate a
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significant hydronium substitution. A balanced, complete formula for the synthetic
Jarosite is K o4(H;0)4.0:F €5 59(SO,)2(OH)s 1,(H,0) g 65-

The weight loss in the interval between 350 and 450°C corresponds to the deco
mposition of jarosite into KFe(SO,), and Fe,O, and the loss of the remaining water in the
crystal structure (Kulp and Adler, 1950). The 2.7 moles of water remaining in the crystal
structure would correspond to 10 percent by weight which is close to the observed
weight loss of [1.0 percent. The final weight [oss between 560 and 800°C represents the
second decomposition of the KFe(SO,), into K,SO, and Fe,0, and the release of 1.5
moles of SO, per mole of jarosite. The observed 25 percent weight loss is very close to
the expected weight loss of 24 percent.

Comparison of the FTIR scan of the precipitate (Figure 4-3) and reported scans
for jarosite (Kubisz, 1972; Wilkins et al., 1974; Powers et al., 1975) confirmed the
identification as jarosite and the absence of other phases in the precipitate. The
identification of hydronium in jarosites by FTIR 1s generally difficult and often not co
nclusive (Wilkins et al., 1974; Ripmeester et al., 1986). The only easily identifiable peak
associated with hydronium in jarosite lies in the 1535-1575 cm™’ region as a weak peak
on the shoulder of a stronger peak at 1635-1640 cm’, associated with H,0O (Kubisz, 1972:
Wilkins et al., 1974). This hydronium peak is absent in the spectrum of our precipitate.

Based on these analyses, the synthetic jarosite has a composition of very close t
o the ideal stoichiometry with a small deficit of Fe’* and some related substitution of H,0O

for OH', but it does not have appreciable hydronium substitution in the alkali position.

442 Dissolution Experiments

In the dissolution experiments, the bulk of the reaction occurred within the first
week of the experiment with rates declining with time. The evolution of the solution
composition over time in the dissolution experiment at 25°C, initial pH 2 (KJAR-2.0) 1s
shown in Figure 4-4 as an example for the dissolution process. Equilibrium was attained
in the dissolution experiments after 80 to 125 days (Table 4-3). The equilibrium

compositions of the solutions in the dissolution experiments are summarized in Table 4-5.

The complete analytical results from the final sample taken from the triplicate
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Figure 4-3. FTIR spectrum of the synthetic jarosite. = The main
vibrational bands in the spectrum are marked. They correspond to (Powers
et al., 1975) the O-H stretch (3386 cm’"), HOH deformation (1636 cm'™"),
the v, mode of SO,* (1187 and 1087 cm’"), OH deformation (1005 cm™),
the v, mode of SO, (668 and 628 cm™'), and to the vibrations of the FeOq
coordination octahedron (575, 513, and 477 cm™).

experiments are summarized in Table A-2 in Appendix A. Based on the measured
equilibrium pH and K, Fe,, and SO,*, concentrations, equilibrium aqueous activities
of K* Fe’™, and SO,” were calculated using the geochemical speciation model
MINTEQA2 (Allison et al., 1990). Activity corrections were made using the Davies
Equation. The MINTEQA2 thermodynamic database was modified to include the
FeHSO,*, ion pair. Other ion pairs included in the calculations and thermodynamic
data used are listed in Table 4-2. These data are the currently most consistent dataset for
the Fe-sulfate system (Alpers et al.,, 1989; D.K. Nordstrom, personal communication).

Based on the calculated activiiies of H*, K*, Fe**, and SO,”, the equilibrium ion activity

products (IAP) were calculated using equation (2). The results of these calculations are
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presented in Table 4-6. The average charge balance error in the MINTEQA2 calculations
was 3 percent. The error associated with the log IAP values calculated from the standard
deviation of the triplicate experiments range from 0.13 to 0.24 log units. The analytical
error calculated from the precision of the analytical measurements (+10 percent) and the
precision of the pH buffer solutions (£0.02 pH units) is 0.25 pH uvnits (assuming that the
covariance between these parameters equals zero). The error calculated from the triplicate
experiments is smaller than the analytical error. The error associated with the log IAP
values reported in Table 4-6 and used for subsequent calculations is the analytical error

of £0.25 log units.

Table 4-5. Final concentrations in the dissolution experiments.

pH SO [Kla [Fe] Equilibrium Duration of
(mmol L' (umol L'"Y" (mmol L")" established Experiment
after (days) (days)

KJAR-LS 1.60=0.03 2.57£0.06 123006 3.37=0.15 125 166
KJAR-2.0 2.10£0.02 0.332+0.04 0.178+0.004 0.434+0.005 80 149
KJAR-2.3 2.34x0.03 0.3)3+0.013 0.159+0.007 0.171+0.018 100 166
KJAR-2.6 2.60£0.03 0.632+0.06 0.111x0.004 0.051+0.004 120 166
KJAR-3.0 2.99+0.03 3.26x0.28 0.085£0.022 0.013+0.001 120 166
KJAR-4C 2.0120.02 0.339+0.016 0.217x0.004 0.519+0.016 125 176
KJAR-15C 2.03=0.02 0.347+0.015 0.225x0.004 0.530=0.012 100 176
KJAR-35C 2.01x0.03 0.528+0.032 0.318+0.019 0.464+0.005 100 176

" The reported concentrations represent the mean % the standard deviation trom triplicate experiments.

As previously discussed, the synthetic jarosite has a composition slightly different
from the ideal composition on which equation (2) is based. However, using equation (2)
with the 1deal stoichiometry is consistent with previous work on the solubility of jarosite

and appears justified since the non-ideality is only slight. If one was to use the actual

composition as determined by the chemical analysis, calculated ion activity products
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Figure 4-4.  Concentrations of X, (4), Fe,, (), and SO,*, (@) in the
dissolution experiment with initial pH 2.0, equilibrium pH 2.10. Data
points represent the average of triplicate experiments.

would be approximately 0.5 log units Jower than the ones calculated using the ideal
stoichiometry. This difference is due primarily to substitution of H,O for OH" groups.
To evaluate the effect of different activity correction models, ion activity products
were also calculated using the extended Debye-Hickel equation. At the low 1omnic
strengths of the experiments, the difference between these two methods is small. For the
experiment with the highest ionic strength (0.04 M), the TAP calculated with the extended
Debye-Hiickel equation is about 0.2 log units greater than the one calculated using the
Davies equation. For all other experiments, the difference between the IAP calculated
with the two methods is less than 0.05 log units. The activity correction models used in

this study are described in detail in Appendix B.



66

4.5 Discussion
The log IAP calculated using equilibrium activities from the experiments with
different initial pH values and at 25°C varies from -10.81 to -11.36 (Table 4-6). A plot
of log TAP versus pH (Figure 4-5) suggests that there is no trend in the data and a t-test
indicates that the slope is not significantly different from zero at the 95 percent
significance level (t = -0.014, 3 degrees of freedom). The average equilibrium log IAP
represents the log K, at 25°C and it is calculated as -11.0+0.3. The error in the log K,
value represents the total standard deviation over all experiments. An F-test indicates that
the variance among the log AP values at different pH values is not significantly different
from the variance within the triplicate experiments at the 95 percent confidence level
(F=2.6, n,;=5, n.=15, df =4, df,=10). At equilibrivm, the Gibbs freec energy of reaction
at 25°C is given by
AG" = AGC 14 (K7) + 3AG® 105(Fe™) + 2AG® ,64(S0,7)
+ 6AG° 555(H,0) - AGOf_z()&Jm_\.jIc (3)

reaction

with the free energy of reaction related to the Ky, by

AG®,... =-RT In K. (4)

TEAC1ION

Solving for the free energy of formation of jarosite

AG® = AG®,5e(K*) + 3AGY, g (Fe™) + 2AGP 154(SO.Y)

+ 6AG?, ,0(H,0) + RT In Kgy (5)

£.298 jurosite

and using the free energies given in Table 4-2, we calculate AGOLZ%JMOW =
-3309.8%1.7 kJ mol"' where the variation represents the error introduced by the uncertainty
i the K¢, value only. The error in the free energies of the individual ions (Table 4-2)
adds an additional uncertainty of 4.5 kJ mol”. The error introduced by the uncertainty

in the free energies of the individual ions is Jarge compared to the error of the solubility
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determination. The error in the free energies of some of the individual ions may be larger
than reported in Table 4-2, resulting in an even larger uncertainty in the estimate of
AG*
reported (Wagman et al., 1969). Propagating an vncertainty of 13.3 kJ mol" for

For example, for AG’;,o(Fe*) values as high as -4.6 kJ mol” have been

1.298 jarosite"

AG® ,45(Fe?) through equation (5) results in an overall uncertainty of +43 kJ mol™ for

0
AGT 298.jarosite*

Table 4-6. Calculated equilibrium activities.

pH log log log Tonic calculated
{80,717  {K'}  {Fe*}  Strength log TAP
M)

KJAR-15 160  -354 -3.00  -344 469x107  -10.8120.25
KJAR-2.0 210  -399 -3.80  -406  1.18x107  -11.36x0.25
KJAR-23 234  -384 -3.84 451 6.15%10°  -11.0320.25
KJAR-2.6 260  -345 -3.99 525 5.08x10°  -11.06+0.25
KJAR-3.0 299  -279 4.2 -6.37 1.16x107  -10.89x0.25
KJAR-4C 201 -394 -3.71 -3.85 1.34x107  -11.06£0.25
KJAR-15C 203  -3.98 2370 -3.89 1.34x107 -11.1420.25
KJAR-35C 201  -3.87 335 4.4 131107 -11.68%0.25

The log Kgp = -11.0+0.3 and the free energy of formation, AG 5 = -3309.8%1.7
kJ mol are well within the range of values reported in the literature (Table 4-1). They
are, however, significantly lower than the commonly accepted values of log K¢, = -9.21
and AG® .4 = -3299.7+4 kI mol"' (Kashkay et al.,, 1975, Chapman et al., 1983). Ina
study of the solubility of (K-Na-H,0)-jarosite solid solutions precipitated from patural
water samples, Alpers et al. (1989) calculated the free energy of formation of these solid

solutions and noted that their results were not consistent with the free energy of formation

for jarosite reported by Kashkay et al. (1975). Based on their resuits, they suggested that
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Figure 4-5.  Calculated log ion activity product from five dissolution
experiments at 25°C. The solid line represents the average log IAP from
the five experiments (-11.0+0.3).

the AG® o4 for jarosite may be closer to the value of -3310.7 kJ mol reported by Vlek
et al. (1974) or the -3305.8+4 kJ mo!"' reported by Zotov et al. (1973). Such values of
AG? ;5 imply that the Kgp may be 1 to 2 log units lower than the commonly quoted -9.21.
Our results are consistent with the results of Alpers et al. (1989). We have estimated the
jarosite free energy of formation using the free energies for K-Na-H,O jarosite solid
solutions from Alpers et al. (1989) and from Zotov et al. (1973). Assuming an ideal solid
solution in the pseudo-binary between ((H,0),,sNa,,5)-jarosite and jarosite, one can fit an

ideal solid solution model to the free energies and estimate AG®; o o0 from
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AG?® = (AG?®

£.298.(KNuH 0)-arorsite solid sohaion £.298.(H ONay=jarosite

+ X, X (AG?® - AG?® )) (6)

£.298, K ~jarosne 71.298, (H,0.Na)-jarosite

+ (X, % RTxIn(X,) + (1-X,) x RTxIn(1-X,))

where X, 1s the mole fraction of potassium in the alkali position (Figure 4-6). The
AGO(_m_jmme was estimated as -3308.4+2.2 kJ mol" which is in excellent agreement with
the value we obtained in our dissolution experiments.

Key questions that need to be addressed are the reasons for the apparent
discrepancy between the results of this study and the results of Kashkay et al. (1975) and
which results best represent the thermodynamic properties of jarosite. Possible sources
of the discrepancy include the thermodynamic data and the speciation model used in the
two studies. However, the free energies of formation of the ions used in the two studies
are consistent and recalculating the log K¢, from the equilibrium solution compositions
given by Kashkay et al. (1975) with the speciation model used in this study yields a value
of log K, = -8.4x0.7, which is even greater than the value calculated by Chapman et al.
(1983). Another possible reason for the apparent inconsistency is the substitution of
hydronium in the crystal structure. Hydronium jarosite, which has a reported log K, of
-5.39 and a AG® 44 of -3232.1 kJ mol” (Kashkay et al., 1975; Chapman et al., 1983), is
significantly more soluble than jarosite. Hydronium substitation in the jarosite crystal
structure would therefore lead to a greater overall solubility and a greater AG? 5. A 15-
30 percent hydronium substitution for K, a range commonly reported for both synthetic
and natural jarosite (e.g. Brophy and Sheridan, 1965; Kubisz, 1970), would result in a
solubility product about one to two log units greater than that of pure jarosite.

Kashkay et al. (1975) report that the compositions of their precipitates were close
to ideal jarosite and that they did not detect any significant hydronium. However, if a

hydronium-enriched jarosite was precipitated as a thin surface layer, it may not have been

detected in the analysis of the bulk precipitate. Solutions would equilibrate with this
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Figure 4-6.  Free energy of formation for (K-Na-H;O)-jarosite solid
solutions from Alpers et al. (1989) (O) and Zotov et al. (1973) (O). The
solid line represents the fit of an ideal solid solution mixing curve between
jarosite and ((H,0),,sNa,,;)-jarosite. Reported free energies energies of
formation of jarosite from Kashkay et al. (1975) (@) and Zotov et al.
(1973) (O), and calculated free energies of formation from and Allison et
al. (1990) (), Viek et al. (1974) (0), Bladh (1978) (#), and from this
study (m) are also included for comparison. For consistency, all free
energies have been recalculated using the free energies of ions given in
Table 4-2.

hydronium-enriched surface )ayer, rather than with the bulk solid and would yield greater
apparent solubility products for jarosite.

The experiments conducted by Kashkay et al. (1975) were "free-drift” precipitation
experiments in which jarosite was precipitated from supersaturated solutions. The
solution composition was not held constant during the experiments and concentrations of
K, Fe(lll) and SO,”, as well as pH, were allowed to drift freely as the precipitation

proceeded. In all three experiments, the solutions at equilibrium were depleted in K

relative to Fe and SO/ and enriched in H,0* compared to the initial solutions,
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Specifically, the K:SO, ratio at equilibrium decreased by more than an order of magnitude
and the pH decreased by 0.2 to 0.4 units compared to the beginning of the experiments.
It appears likely that the solids precipitated on the surface when the solutions were close
to equilibrium would be hydronium enriched resulting in a more soluble surface layer on
the bulk jarosite precipitate. The formation of a hydronium-enriched surface coating is
unlikely when dissolving the less soluble end member of a solid solution as in the
experiments reported in this study. We therefore believe that our values better represent
the solubtlity of pure jarosite.

The solubility product for jarosite that was obtained in this study is lower than the
commonly cited value of -9.21 (Kashkay et al., 1975; Chapman et al., 1983), which
suggests that the stability field of jarosite is larger than previously expected. The stability
of jarosite is generally limited to a relatively narrow range of acidic conditions. As pH
Increases, jarosite is transformed to ferric oxybydroxide, represented in the following

discussion as Fe(OH),,,. The reaction between these two phases is

KFe,(SO,),(OH)s + 3 H,0 = 3 Fe(OH),, + K* + 2 SO,* + 3 H". (7)

At equilibrium, this transformation can be expressed as

logK - 3logk =

SP jurosite SPFe(OH),,,
(8)
log{k *} +210g{50,) + 3logiH 7} - 3loglH,0)
Therefore, the transiuon pH, pHy, is
pH. = alogKy, o + 102K iom  * Yslog{K "}
9)

+ %loglsO; ) - log{H,0)

From equation (9), it becomes apparent that pHr is a function of the solubility preducts

of jarosite and Fe(OH),, and the activities of K" and SO,”. The newly determined log
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K¢p for jarosite of -11.0 results in a transition pH which is 0.6 pH units higher than
calculated using the value of -9.2] from Kashkay et al. (1975) and Chapman et al. (1983).
For a water (Nordstrom and Munoz, 1994) with {K*} = 10 and {SO,*} = 10 and taking
log K of Fe(OH),,, as 4.89 (Allison et al., 1990), we calculate pHy = 5.89 versus a pH;
= 5.29 calculated from Kashkay et al. (1975) and Chapman et al. (1983). The solubility
product for Fe(OH),, in the MINTEQA?2 data base (Allison et al. 1990) represents a
fresbly precipitated, poorly crystalline ferric oxyhydroxide (Langmuir and Whittemore,
1971). The solubility product of aged, more crystalline ferric oxyhydroxide 1s up to 6
orders of magnitude lower (Langmuir and Whittemore, 1971) and its stability field would
be correspondingly larger. The transition pH between jarosite and aged, more crystalline
ferric oxyhydroxide would therefore be correspondingly lower.

As previously discussed, incorporation of the non-ideal stoichiometry of jarosite
with a measured Fe-deficit of 0.2} moles of Fe per mole of jarosite in the solubility
expression leads to a calculated log K, = -11.5, about 0.5 log units lower than the one
calcolated using the ideal stoichiometry. Using the specific stoichiometry of our jarosite,

the transformation to Fe(OH),, is written as

=279 Fe(OH), ,, + K +2 SO* + 3 H". (10)

At equilibrium, the transformation is expressed as

logK - 2.7%logK

O “TSP jurusne SPFe(OH),,

(1)
= loglk "} + 21ogis0,) + 3loglH "} - 2.3710g{H,0)

angd the transition pH is
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pH. = -’/slogKSPMmm = (27913) 108K, o * ValoglK )
(12)
+ HloglSO) - (2.37/3)l0g{H,0)
Substdwuting our 1og Kgp e = -11.5 calculated for the non-ideal stoichiometry into

equation (12) and using log Ky of Fe(OH)y,,, = 4.89 (Allison et al., 1990) yields a pHy
which 1s 0.17 pH units lower than the value obtained using the ideal composition. The
transition pH determined using the log Kgp e Calculated taking the non-ideal
stoichiometry into account is 0.43 pH units higher than the value calculated using the log
Kspuoue from Kashkay et al. (1975) and Chapman et al. (1983). For our example water
({X"} = 10%, {SO,") = 10*) we calculate pH; = 5.72 using the ideal stoichiometry and
our log Kgp 0. cOmpared to a pHy = 5.89 calculated using the ideal stoichiometry and
a pHy = 5.29 calculated with the logKsp .. from Kashkay et al. (1975) and Chapman
et al. (1983).

The calculated log IAP decreases with increasing temperature, varying from -11.06
at 4°C to -11.68 at 35°C (Table 4-6, Figure 4-7), indicating a negative enthalpy of
reaction, AH®, for the dissolution of jarosite. The dependence of log IAP on the inverse
of the temperature is not linear, indicating that the enthalpy of reaction, AH®, varies over
the temperature range from 4-35°C. Therefore, a variable enthalpy and constant heat

capacity model (Nordstrom and Munoz, 1985) was used to model the temperature

dependence

o _ 0
AS AC, AH . (AC,, logT) (13)
sP R RT R

where AS°, is the entropy of reaction, AC,, is the heat capacity of reaction, R is the gas
constant (8.314 x 107 kI mol’ K", and T is the temperature in K. Fitting the
temperature-dependent data to equation (13) (Figure 4-7) yieids AH® ,o; = -45+5 kJ mol”',
AS® 455 = -350£35 T mol™ K, and AC,, = -2.1+0.2 kJ mol" K. This model gives an

excellent fit of the data (=0.999) and although only four data points were used to
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determine the three parameters (AHC, 0, AS% 0 AC,)), a t-lest indicates that all
parameters are statisiically significant at the 95 percent confidence level. Further support
for our results is provided by Kashkay et al. (1975) who report a log K444 of -15.83 for
a jarosite precipitated at 100°C. Extrapolating equation (13) with the parameters
determined from the experiments at temperatures between 4 - 35°C to 100°C we obtain
a log Kgp sy Of -15.6 that 1s in excellent agreement with the value measured by Kashkay
et al. (1975) (Figure 4-7). Unfortunately, we do not know the exact composition of the
jarosite precipitated at 100°C by Kashkay et al. (1975) and if it contained a significant
amount of hydronium. However, their result is consistent with our experiments and it
appears that the parameters we determined adequately describe the temperature
dependence of the K, of jarosite over at least the range from 4-100°C.

The dissolution experiment with initial pH 2 at 25°C (Figure 4-4) was used to
evaluate the rate of the jarosite dissolution reaction. This experiment was sampled most
frequently and the only one with sufficient data for a reaction rate analysis. The
potassium concentrations were plotted as log(C,-C) versus time, where C, is the
concentration at equilibrium and C js the concentration at time t (Figure 4-8). The
linearity of the plot indicates that the dissolution kinetics can be described by 2 first-order

mode] of the form

dc
Z— = -K(C,- (14)
= (G-0)

where k is the apparent rate coefficient. Integration of equation (14) yields a linear
equation for log(C,-C) versus time. The slope of the line is the apparent rate coefficient,
k, and the intercept, k. is the log of C,. The data were also plotted as (Cy-C)"' versus
time and C/t versus C to test for second-order behavior but deviations from second-order
behavior become obvious in both types of plots. It appears that the dissolution reaction
at pH 2 and 25°C can be best described by a first-order model with an apparent rate

coefficient, &, of approximately 7.9+0.5 x 107 s''.
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Figure 4-7.  Calculated log ion activity product versus temperature from
four dissolution experiments at 4, 15, 25 and 35°C, initial pH 2 (»). The
solid line is the best fit of the variable enthalpy and constant heat capacirty
model to the experimental data extrapolated to 125°C. The solubility
product measured by Kashkay et al. (1975) at 100°C (¢) is also included,
but it was not used to determine the model fit.

4.6 Summary

The solubility, free energy of formation, enthalpy of reaction, entropy of reaction,
heat capacity, and dissolution kinetics of a synthetic jarosite were deiermined in a set of
dissolution experiments conducted in the temperature range of 4 - 35°C and pH 1.5 to 3.
The rate of the dissolution reaction can be described by a first-order model. Equilibrium
1s attained in the dissolution experiments after 80 to 125 days. The solubility and free
energy of formation that we determined are in excellent agreement with data from Alpers
et al. (1989) who studied (K-Na-H,0)-jarosite solid solutions. The Kgp reported in the
present study is almost two log units lower than the currently accepted value from

Kashkay et al. (1975) and Chapman et al. (1983). The higher K¢, obtained by these
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Figure 4-8.  Plot of the log of the equilibrium concentration of potassium
(C,) minus the concentration of potassium at time t (C) for dissolution
experiment KJAR-2.0, to test for first order behavior. Concentrations are
in mol/l. The solid line is the regression. The last datapoint was not used
for the regression since the difference between the measured and
equilibrium concentrations is less than the analytical error.

researchers may represent the solubility product of a thin surface layer of
hydronium-enriched jarosite that could have formed in their free-drift precipitation
experiments. The significantly lower solubility product obtained in this study indicates
that jarosite is more stable and may occur at pH values higher than previously thought.

The temperature dependence of the solubility product was determined for the
temperature range from 4-35°C. Based on a solubility measurement at 100°C by Kashkay
et al. (1975) it appears that the parameters we determined for the temperature range of

our experiments can also be used to model the solubility up to 100°C.
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CHAPTER 5§
Solid Solution/Aqueous Solution

Reactions between Jarosite and its Chromate Analog

Jarosite (KFe,(SO,),(OH),), its chromate analog (KFe,(CrQ,),(OH)y), and seven
precipitates with intermediate compositions (KFey(Cr,S(,.,0,),(OH),) were synthesized.
The unit cell volume of the precipitates varies linearly as a function of composition,
suggesting a continuous solid solution. This solid solution dissolves stoichiometrically
according to

KFe (Cr,S,;.0):(0H)s + 6H = K* + 3Fe™ + 2x CrO,> + (2-2x)SO,* + 6H,0
and reaches stoichiometric saturation after approximately 40 to 60 days. Log K¢ values
calculated from samples taken after 138 days are consistently lower than a linear
interpolation between the log Kgp values of the endmembers, indicating that the solid
solution deviates slightly from ideal behavior and that the excess free energy of mixing,
G®, is negative. GF calculated from the log K¢ values can be closely modeled by the
one-parameter Guggenheim expansion
G* = X(KFe,(CrO,),(OH)) x(KFey(SO,),(OH)y) RT g,

where a, is -2.9£0.4 and y(KFe,(CrO;),(OH)) and y(KFe(SO,),(OH),) are the mole
fractions of KFe,(CrO,),(OH), and KFe,(SO,),(OH), in the solids.

80
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5.1 Introduction

Chromium is a toxic and carcinogenic metal that is widely used in many industrial
processes. It has been released into the environment at many sites and is a common $oil
and groundwater contaminant (Calder, 1988; Palmer and Wittbrodt, 1991). Because of
the potential health hazards associated with chromium, there is interest in understanding
the processes that control the mobility of chromium released into the environment in order
to assess the risks associated with such releases and design clean-up measures for
chromium contaminated sites. One of the key processes affecting chromium mobility in
the subsurface is the precipitation of chromium containing solid phases. These solids can
form as chromate-laden solutions interact with native soils, changing their chemical
environment and leading to the dissolution of native soil minerals and the subsequent
precipitation of new phases. These chromium containing solids can form as pure phases
or as solid solutions with common soil minerals. Examples for such solids include
Fe Cr,,_,,(OH), solid solutions that are thought to control the concentrations of Cr(Ill) in
soils under alkaline to slightly acidic conditions (Rai et al., 1987; Sass and Rai, 1987;
Amonette and Rai, 1990), and Ba(Cr,S,, )0, solid solutions which are thought 1o control
Cr(VI) concentrations in some soils (Rai et al., 1988).

Recently, Baron et al. (1996) identified KFe,(CrO,),(OH), in Cr(VI)-contaminated
soi). The low solubility of KFe,(CrO,),(OH), suggests that this solid can form in Jarge
parts of a Cr(VI)-contaminaied aquifer, affecting Cr(VI)-mobility and interfering with
clean-up efforts (Baron and Palmer, 1996b). KFe,(CrO,),(OH), is the structural analog
of jarosite (KFe,(S0,),(OH),), a sulfate mineral that commonly occurs in acid sulfate soils
(Van Breemen, 1973) and acid mine drainage environments (Chapman et al., 1983, Alpers
et al., 1989). The fact that these two phases have the same crystal structure, as well as
the equivalent charge, similar structure and thermochemical radii of sulfate and chromate
(2.30 A for sulfate and 2.40 A for chromate; Waddington, 1959) suggest that solid
solutions between KFe,(CrO,),(OH), and jarosite also exist. Sulfate is a common
groundwater constituent and is also present in chrome-plating solutions, one of the
primary sources of chromium contamination, making it possible that such solid solutions

could form at many chromium contaminated sites. The aqueous Cr(V1) concenirations
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in solutions equilibrated with such solutions could be dramatically different from
concentrations in solutions equilibrated with pure KFe,(CrO,),(OH),.

The purpose of this paper is to investigate solid solutions between jarosite and its
chromate analog and to evaluate the potential impact of such solid solutions on chromium
mobility. The specific objectives of are (1) to determine if a complete solid solution
series exists between jarosite and its chromate analog, (2) to measure the solubility of
solid solution phases with a range of Cr/S ratios under the acidic conditions in which
these solids are expected to form, and (3) to determine an appropriate model to describe

the solid solution/aqueous solution reactions of these phases.

5.2 Experimental Section
5.2.1 Synthesis of KFey(Cr,S,,,0,),(OH), Solid Solutions

KFe4(Cr,S,;.,04),(OH); solid solutions were synthesized by controlled mixing of
a solution of Fe(NO);-9H,0 and a solution of K,CrO, and K,SO, at 95°C. For the ferric
nitrate solution, 10.10 to 30.29 g were added to 45 mL of water, and for the potassium
chromate/sulfate solutions, 1.94 to 9.22 g of K,CrO, and 0.44 to 6.96 g of K,SO, were
added to 45 mL of water. Reagent grade chemicals and ultrapure water
(18 megaohm cm) were used for the synthesis and all experiments. The amount of
K,CrO, and K,SO, was vaned in individual syntheses to obtain synthetic solids with
different Cr/S ratios. The compositions of the starting solutions are sumrarized in
Table 5-1. The two solutions were slowly (50 mL h™') added to a covered beaker
containing an initial 10 mL of ultrapure water. The resulting solution was kept at 95°C
and stirred at a moderate rate (100 rpm) using a stirrbar. After 3 hours, the precipitates
were allowed to settle and the residual solution decanted. The precipitates were then

washed thoroughly and dried at 110°C for 24 hours.

5.2.2  Characterization of KFe(Cr,S,,0,),(OH), Solid Solutions

A small amount of the precipitates was digested in HCI and analyzed for K and
Fe using atomic absorption spectroscopy (AAS), Cr(VI) using the diphenylcarbazide
(DPC) method (APHA, 1985), and SO, using high performance ion chromatography
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Table S-1. Summary of synthesis of KFe,(Cr,S , ,0,),(OH), solid solutions.

Solution 1 Solution 2

Solid Composition Munsell

H,0 Fe(NO,) H,0 K,CrO, K,SO, ool
I

(mL) 9H,0 (g) (mL) (® (8)
JAR-05 45 3029 45 922 044 Ky,Fe,(CrywS,wO),(0H), 2.5YR 4/8
JAR-I0 45 3029 45 873 087  KyuFesu(CrysSeO00.(0H), 5YR 5/8
JAR-25 45 3029 45 728 218 Ky eFe; n(Cry1S540),(0H), SYR 5/8

JAR-30 45 3029 45 680 261 K, Fe; (CrouSuss00(OH), 7.5YR 5/8
JAR-40 45 2019 45 582 348 K, Fe, 54(CrypSy»00(OH), 7.5YR 5/8
JAR-S0 45 1010 45 485 435 K,y Fe; (CrysSy500,(OH), 7.SYR 6/8
JAR-80 45 2019 45 194 696  K,uFe,05(CrysSe0i00)(OR), 2.5Y 6/8

(HPIC). All synthetic sotids were characterized using powder x-ray diffraction (XRD).
Selected synthetic solids were also examined by scanning electron microscopy with

energy dispersive spectroscopy (SEM/EDX).

5.2.3 Dissolution Experiments

Dissolutions experiments with the synthetic KFey(Cr S, , 0,),(OH), solid solutions
was conducted at 23+1°C and with an initial pH of 2. For the dissolution experiments,
200 mg of synthetic solid was added to 200 mL of ultrapure water with the pH adjusted
to 2 using HCIO,. The solutions were placed in polyethylene bottles and placed on a
shaker running at approximately 50 rpm. The experiments were sampled over time to
monitor the evolution of the solution during the dissolution process and to determine
when a steady state was achieved. A total of 9 samples was taken. For each sample, 4
mL of the KFe,(Cr,S,_,,0.),(OH); suspension was withdrawn. The samples were filtered
using a 0. lum polysulfonate filter to remove suspended solids and then analyzed for pH,
K and Fe using AAS, Cr using the DPC method, and SO, using HPIC. Since the
experiments were conducted in oxidizing HCIO, solutions and no reductants capable of

reducing ferric iron were present, it was assumed that all Fe was present as ferric iron.
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The uncertainty associated with the analytical measurements is £10%. The precision of

the pH buffer solutions used calibrations for the pH measurements is +£0.02 pH units.

53 Results
5.3.1 Sohd Characterization

The synthesis yielded between 3.5 to 5 g of precipitates. In general, the solutions
with higher concentrations of ferric nitrate yielded a larger amount of solid. The
precipitates vary in color between the yellow of jarosite and red of KFe,(CrO,),(OH),
(Table 5-1). Wet chemical analysis of the precipitates indicates the stoichiometry of the
synthetic solids is close to that of jarosite type compounds (Table 5-1). The molar ratios
of Cr:S in the solid vary from 1.80:0.20 to 0.18:1.82. In general, the solids are enriched
in S compared to the synthesis solutions. For example, solid JAR-50 synthesized from
a solution with equimolar concentrations of Cr and S, has a Cr:S molar ratio of 0.18:1.68.
Most of the synthetic solids have a slight K and Fe deficit compared to the ’ideal’
formula. Such deficits are commonly observed in natural and synthetic jarosites (e.g.
Brophy and Sheridan, 1965; Kubisz, 1970; Hirtig et al., 1984; Baron and Palmer, 1996).
The K deficit is generally attributed to substitution of K by H,O" (hydronium). The
charge imbalance caused by the Fe deficit is generally thought to be balanced by
substitution of some H,O for the OH-groups in the crystal structure.

The synthetic solids were identified as jarosite-type compounds by comparing
powder X-ray diffraction patterns with those reported for jarosite and KFe,(CrO,),(OH),
in JCPDS cards 22-827 and 20-894 (JCPDS, 1994). The XRD peaks produced by the
synthetic compounds are listed in Table 5-2. All the peaks produced by the precipitates
are consistent with jarosite type compounds. The absence of unidentified peaks indicates
that no other crystalline phases are present in the precipitates at detectable levels.

The unit cell of KFe,(CrQO,),(OH), is larger than that of jarosite and the
corresponding XRD peaks are shifted towards slightly smaller angles, representing the

generally slightly larger d-spacings of KFe,(CrO,),(OH),. As the Cr content of the
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Table 5-2. Powder X-ray diffraction analysis of KFe,(Cr,S | ,,0,),(OH), solid solutions.

d-spacing (A)

h k 1 Jar-0s Jar-10 Jar-25 Jar-30 Jar-40 Jar-50 Jar-80
1 0 1 6.0l 6.01 5.97 5.96 5.94 5.98 5.93
0O 0 3 582 5.82 5.77 5.75 5.73 5.70 3.71
0 1 2 316 5.16 5.12 5.14 5.10 5.10 5.09
1 1 0 3.71 3.71 3.68 3.68 3.66 3.66 3.65
1 0 4 360 3.59 3.59 3.56 3.56 3.55 3.54
0 2 1 3.15 3.15 3.14 3.13 312 3.12 3.12
1 | 3 3.3 3.12 3.10 3.10 3.09 3.08 3.08
2 0 2 302 3.01 3.00 2.99 2.98 2.98 2.97
0 0 6 291 2.90 2.88 2.88 2.87 2.86 2.85
0 2 4 23585 2.581 2.565 2.562 2.555 2.548 2.544
2 I 1 2371 2.371 2.371 2.371 2.371 2.371 2.371%
| 22 2322 2.321 2.318 2.315 2.309 2.305 2.305
0 3 3 2007 1.979 1.994 1.993 1.988 1.978 1.981
0 2 7 1966 1.965 1.954 1.953 1.946 1.943 1.941
0 0 9 1940 1.938 1.931 1.922 1.916 1.900 1.902
2 2 0 1855 1.850 1.840 1.838 1.833 1.829 1.830
2 0 8 1.804 1.803 1.792 [.788 1.784 1.777 1.776
2 2 3 1772 ]1.768 1.764 1.753 1.749 1.747 1.744
3 1 2 1.746 1.746 1.732 1.731 1.728 1.723 1.721
1 1 9 1.720 1.717 1.706 1.703 1.706 1.690 1.694
1 3 4 1.646 [.641 1.636 1.636 1.630 1.626 1.627
| 2 8 1.624 1.620 1.612 1.606 1.603 1.598 1.591
4 0 Il 1.598 1.597 1.588 1.584 1.581 1.580 1.580
3 I 5 1.581 1.577 1.575 1.573 1.570 1.569 1.564
0O 4 2 1577 1.571 1.569 1.568 1.564 1.564 1.557
2 2 6 1563 1.560 1.554 1.550 1.545 1.542 1.542

Unit Cell Dimensions

a-axis (A) 7.412 7.3%91 7.370 7.357 7.340 7.333 7.322
+0.008 +0.011 =0.006 +0.004 =0.004 +0.005 +0.005

c-axis (A) 17.48 17.46 17.36 17.30 17.28 17.15 17.143
=0.03 =0.04 +0.02 +0.01 =0.02 +0.02 +0.02

Volume (A% 831.6x1.9 826.0£2.6 816.3x1.4 810.9+0.8 806.2+1.0 798.6x1.} 795.9=1.1
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Figure 5-1. Main powder x-ray diffraction peaks of
KFe (CrS,,.04),(OH), solid solutions. Peaks from jarosite (Baron and
Palmer, 1996a) and KFe,(CrO,),(OH), (Baron and Palmer, 1996b) are also
shown for comparison.

synthetic solids increases, the peaks generally shift towards lower angles and
correspondingly larger d-spacings (Table 5-2). Figure 5-1 shows the region between 27
and 30° 28 with the two strongest peaks as an example for this shift. Such a continuous
shift indicates a solid solution series rather than a mixture of two phases. In a mixiure,
distinct sets of peaks from each phase would be present. The intensity of these peaks
would vary as a function of the fraction of each separate phase in the mixture. The unit
cell volume of the KFey(Cr,S,,,,0,),(OH), solid solutions obeys Retger’s Rule and varies
between the sulfate and chromate endmembers linearly as a function of composition
(Figure 5-2, Table 5-2), also indicating a continuous solid solution series. A linear
relation between composition and unit cell size has also been interpreted as an indicator
of an jdeal solid solution (K&nigsberger et al., 1991).

Examination of selected solids (Jar-30 and Jar-25) with SEM/EDX showed that
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Figure 5-2.  Unit cell dimension of KFey(Cr,S;.,,0.),(OH)s solid
solutions as a function of composition. Unit cell dimensions of jarosite
(Baron and Palmer, 1996a; JCPDS, 1994) and KFe (CrO,),(OH), (Baron
and Palmer, 1996b; JCPDS, 1994) are also shown for comparison. The
line represents a linear interpolation between the unit cell dimensions of
jarosite and KFe;(CrO,),(OH);.

the precipitates consist of multicrystalline particles with uniform concentrations of K, Fe,
Cr, and S, ranging in size from 5 to 50 pm. No other crystalline or amorphous phases

were observed.

5.3.2 Dissolution Experiments

In the dissolution experiments, the bulk of the reaction occurred within the first
week of the experiment with rates declining with time. The evolution of the solution
composition for the dissolution of solid Jar-25, with a Cr/S ratio of close to 1/1 is shown
as an example of the dissolution process (Figure 5-3). The dissolution process for all

solids is generally stoichiometric, with the mole fractions total of Cr(VI) and total SO,”
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Table 5-3. Final concentrations in the dissolution experiments.

Sample Time pH [K] o, [Fe'*ly  [Cr(VDly (SO

(days) mol L' mol L’ mol L mol L'
Jar-05 138 207 237%10%  6.24%10%  4.56%10°  3.98%10°
Jar-10 138 206 2.28%10"  6.52%10%  3.89%10°  1.00%10*
Jar-25 138 2.05 236%10°  6.66*10°  2.49%10%  1.96*10”
Jar-30 138 205 228*107  6.24%10%  2.20%10%  2.23*%]07
Jar-40 138 2.05 2.26%10°  5.96%10%  1.69%10°  3.50*107
Jar-50 138 2.05 2.60%10"  6.37¢10%  7.50%10°  3.60*107
Jar-80 138 205 2.15%10° 582%10%  4.00%10°  3.82*107

in the solutions close to the mole fraction of Cr and S in the solids. The only exception
is solid JAR-30 with a solid Cr/S ratio of 0.42/0.58. The average of the aqueous Cr/S
ratios is 0.47/0.53. However, even in this case, the discrepancy is within the analytical
error of £10% associated with the chromium and sulfate measurements. Within the time
frame of the experiments, there is no noticeable enrichment of either Cr or S in the
solutions as the dissolution process proceeds.

A steady state was attained in the dissolution experiments after about 40-60 days.
The compositions of the solutions after 138 days are summarijzed in Table 5-3. For all
samples, aqueous activities of K*, Fe*, CrO,*, and SO,” were calculated using the
geochemical speciation model MINTEQA2 (Allison et al.,, 1990). Activity correcrions
were made using the Davies equation as incorporated into MINTEQA?2., The MINTEQA2
thermodynamic database was modified to include the FeHSO,** and FeCrO," jon pairs.
Other ion pairs included in the calculanons and thermodynamic data used are listed in
Table 5-4. The aqueous activities calculated from the sample taken after 138 days, after

a steady state was achieved, are listed in Table 5-5.



Table 5-4. Thermodynamic data used in calculations.

Formula State AG’ 508 log K,  Source
kJ mol’
Fe** aq -17.87+}.0 - 1
FeSO,* aq - 392 2
FeHSO,* aq - 2.48 3
Fe(SO,), aq - 542 2
FeCrO,* aq - 7.8 4
FeOH* ag - -2.19 2
Fe(OH),” aq - -5.67 5
Fe,(OH),* aq - -2.95 2
K* aq -282.5+0.1 - 6
KSO, aq - 0.85 2
KCrO, aq - 0.799 2
CrO,” aq -720.86 - 1
HCrO; aq - 6.5089 2
Cr,0,” aq - 14.5571 2
H,Cro,° aq - 5.6513 2
SO aq -744.00.4 - 6
HSO/ aq - 1.98 6
OH aq - -13.998 2
H,0 1 -237.14+0.04 - 6
Sources: (1) Naumov et al. (1971)

(2) Allison et al. (1990)

(3) Ball et al. (1987)

(4) Baron and Palmer (1996b)
(5) Nordstrom and Munoz (1994)
(6) Cox et al. (1989)
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Figure 5-3.  Dissolution of synthetic solid Jar-25 as an example for the
dissolution of KFe;(Cr,S; ,0,),(OH), solid solutions.

5.4 Discussion

Seven KFe;(Cr,S,,,,0,),(OH), solid solutions with a wide range of Cr/S ratios
were synthesized and characterized. All synthetic solids are enriched in S compared to
the Cr/S ratios of the synthesis solutions. In the acidic synthesis solutions, Cr(VI) is
present primarnily as HCrO,™ and the activity of CrO,*, which is incorporated into the solid
is low compared the activity of total Cr(VI). Sulfur, however, is present primarily as
SO/ Tt is therefore not surprising that the solids are enriched in S compared to the
synthesis solutions.

The dissolution process of the solid solutions is generally stoichiometric, with the
mole fractions total of Cr(VI) and total SO,* in the solutions close to the mole fractions
of Cr and S in the solids. After about 40 to 60 days, the solutions reach a steady state

with the aqueous Cr/S ratios close to the Cr/S ratios of the solids (stoichiometric
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Table 5-5. Calculated final 10n activities for the dissolution experimenis.
pH log log log log Ionic calculated
[K*) {Fe**} {802} {CrO/})} Strength log IAPg
(M)
Jar-05 207 -3.67 -3.89 -4.96 -7.97 1.01x107 -18.26
Jar-10 2.06 -3.69 -3.87 -4.57 -8.05 1.04x107 -17.61
Jar-25 2.05 -3.67 -3.85 -4.29 -8.25 1.05%x10 -15.66
Jar-30 2.05 -3.69 -3.88 -4.22 -8.3 1.05x1072 -14.90
Jar-40 2.05 -3.69 -3.92 -4.01 -8.49 1.04x107 -13.54
Jar-30 205 -3.63  -3.89 -4.01 -8.75 1.05x107 -12.54
Jar-80 205 -371 -3.92 -3.98 -9.03 1.04x107 -12.04

saturation state). Such stoichiometric dissolution and the attainment of a stoichiometric
saturation state is often observed during the dissolution of solid solutions, especially if
these are fairly insoluble (Thorstenson and Plummer, 1977). The stoichiometric saturation
state in the dissolution of a solid solution was first defined by Thorstenson and Plummer
(1977) for "situations where the composition of the solid phase remains invariant, owing
to kinetic restrictions, even though the solid is part of a continuous compositional series.”
Under such circumstances solids behave as a one component solid phase with unit
activity. Glynn (1990) further points out that the stoichiometric saturation concept may
apply to situations where the equilibration time is sufficiently short, the solid to aqueous
solution ratio js sufficiently high, and the solid is relatively insoluble.

For the stoichiometric dissolution of KFey(Cr,S,,.,,0,),(OH), solid solutions

according to
KFe,(Cr.S,, (Ou),(OH), + 6H" = K* + 3Fe* + 2x CrO,* + (2-2x)SO,” + 6H,0, (1)

a stoichiometric lon activity product, IAP¢s can be written as



[APg; = (K} (Fe¥')? (CrOf )™ (SO} (H,0)° (H')* 2)

where brackets denote activity. The log IAPg is then given by

log IAP = log {K*} + 3 log {Fe*'} + 2x log {CrO,"} +
(2-2x) log {SO,} + 6 log H,O + 6 pH (3)

When a steady state 1s reached, IAPg equals the stoichiometric saturation constant, K.
Log JAPgs values for the all samples were calculated and are shown as a function of the
aqueous mole fraction of chromium in Figure 5-4. Log [AP¢ values from the sample
taken after 138 days, after a steady state was reached, are listed in Table 5-5 and are
shown as a function of the solid mole fraction of Cr in Figure 5-5. The analytical error
associated with the log [AP values calculated from the precision of the analytical
measurements (x10%) and the precision of the pH buffer solutions (£0.02 pH units) is
0.25 log units (assumning that the covariance between these parameters equals zero). The
error associated with the aqueous concentrations of Cr and S is the analytical error of
10%. The steady state log IAPgs values, representing log K values, are close to, but
consistently lower than a linear interpolation between the solubility products of jarosite
and KFe,(CrO,),(OH), (Figure 5-5), suggesting a negative excess free energy of mixing.

Assuming that a stoichiometric saturation state was attained in the dissolution
experiments, the excess free energy of mixing, G, for a solid solution, B, ,C,A, can be

calculated from

GE = RT [In K - x (In K¢ + In x) - (1-x) (In K, + In (1-x))], (4)

where K., and Kg, are the solubility products of CA and BA, respectively (Glynn and
Reardon, 1990). Guggenheim’s (1937, 1952) expansion series for G® is a commonly used
model to represent to excess free energy of a binary solid solution as a function of

composition
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Figure 5-4.  Evolution of log IAPg, values as a function of aqueous mole
fraction of Cr during the dissolution of KFey(Cr,S ,0.),(OH)s solid
solutions.  The dashed lines represent hypothetical stoichiometric
dissolution pathways for the solid solutions. The solid line represents a
linear interpolation between the log Ksp values of jarosite (Baron and
Palmer, 1996a) and KFe,(CrO,),(OH), (Baron and Palmer, 1996b).

GF = x (1-x) RT [, + g, (x - (1-X)) + a, (x - (1-x))* ..], (5)
where a, a,, etc. are dimensionless coefficients. Combining equations (4) and (5) and

writing them out for KFe,(Cr.S,,,,0,),(OH)s while using only the first coefficient, a,,

(‘regular solution’ model) yields
In Kgs = x (1-x) @y + (1-x) In[Kyrasoszome (1-X)] + X In[Kypoaconioms X1 (6)

Fitting our K¢ values as a function of solid composition to equation (6) yields a best fit
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Figure 5-5. Log Kgs values as a function of the solid phase mole fraction

of Cr. Data is from the samples taken afier 138 days. The solid line

represents a linear interpolation between the log Kp values for jarosite

(Baron and Palmer, 1996a) and KFe(CrO,),(OH), (Baron and Palmer,

1996b). The dashed line represents the best fit of a regular solution model

(Equation 6) to the K¢ values.
with a, = -2.9+0.4 (n=7, df=6, ’=0.999). The negative value for a, suggests that the
excess free energy of mixing is negative and that mixing is energetically favored. Solid
phase activity coefficients for KFey(CrO,),(OH),) (Y(KFe,(CrO,),(OH),)) and
KFe,(SO,),(OH), (y(KFey(SO,),(OH),)) can then be calculated as a function of

composition using the relationships
In ¥(KFe,(CrO,),(OH)y) = (1-x)* a, D
In Y(KFe;(SO),(OH),) = 'S a, (8)

(Redlich and Kister, 1948). The solid phase activity coefficients as a function of
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KFe (SO,),(OH)_ KFe,(CrQ, ), (OH) .

a, = —2.9+_0.4
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Figure 5-6.  Solid phase activity coefficents of jarosite and
KFe,(CrO,),(OH); in KFe,(Cr,S,.,,0,),(OH), solid solutions calculated
using equations 7 and 8 with g, = -2.9+0.4.

composition are shown in Figure 5-6.

5.5  Summary and Conclusions

Seven KFes(Cr,S,,0,),(OH), solid solutions with a wide range of Cr:S ratios
were synthesized. Sulfate is preferentially incorporated into solids from the acidic
synthesis solutions, because Cr(VI) is present predominantly as HCrO, and the activity
of CrO,” is low. The unit cell volume of the solid solutions varies linearly as a function
of composition, indicating a continuous solid solution series. The solid solutions dissolve
stoichiometrically and reach a stoichiometric saturation state after 40-60 days. Calculated

log Kg¢ values suggest that the solid solution is close to ideal with a small negative excess
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free energy of mixing. The excess free energy of mixing can be modeled with a regular
solution mode} with g, = -2.9+0.4.

The fact that sulfate is incorporated preferentially into KFe (Cr, S, ,,0,),(OH), from
acidic synthesis solutions implies that the formation of such solids is possible even in
environments with only moderate sulfate concentrations.  KFe,(Cr,S,,,0,),(OH),
maintains lower aqueous concentrations of Cr(VI) than pure KFe,(CrO,),(OH), and
therefore could limit Cr mobility even more than pure KFe,(CrO,),(OH),.

More work 1is to required to elucidate the precipitation pathways in the
KFe (CrO,),(OH), - KFe4(SO,),(OH), - H,O system. In addition, we need to determine
the times scales for the solid solution-aqueous solution system to evolve from

stoichiometric saturation to thermodynamic equilibrium.
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CHAPTER 6
Solubility of KFe(CrO,),2H,0 at 4 - 75°C

The solubility of KFe(CrO,),-2H,0, a precipitate recently identified in a Cr(VI)-
contaminated soil, was studied in dissolution and precipitation experiments. Ten
dissolution experiments were conducted at 4-75°C and initial pH values between 0.8 and
1.2 using synthetic KFe(CrO,),-2H,0. Four precipitation experiments were conducted at

25°C with final pH values between 0.16 and 1.39. The log Kgp for the reaction
KFe(CrO,),2H,0 = K* + Fe** + 2CrO,* + 2H,0

at 25°C 1s -19.34%0.13. From this measured solubility product, the free energy of
formation, AG®, g, is -2326.7+0.7 kJ mol™". Based on the temperature dependence of the
solubility product. the enthalpy of reaction at 25°C, AH, . is 18.8£1.7 kJ mol’, the
entropy of reaction, AS® 45 is -310 J mol” K, and the heat capacity of the reaction, AC,,
over the temperature range of the experiments is determined to be -460+130 J mol™" K™
The measured solubility indicates that KFe(CrO,),-2H,0 is stable under conditions of low
pH and high Cr(VI) and K concentrations. [t appears likely that this solid would form
in the 1mmediate vicinity of a release of acidic chromate-rich solutions, or along
preferential flow paths of such solutions within a soil. This conclusion is consistent with

the observed occurrence of KFe(CrO,),-2H,0.
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6.1 Introduction

Chromium is a toxic and carcinogenic metal that it widely used in many industrial
processes. Due to spills, leakage, and improper storage, chromium has been released into
the environment at many sites and is @ common soil and groundwater contaminant
(Calder, 1988; Palmer and Witibrodt, 1991). Chromate-laden solutions released into soils
can alter the chemical environment of native soils resuliing in the dissolution of soil
minerals and the precipitation of new phases that incorporate Cr(VI). The formation of
these precipitates can affect Cr(VI) mobility, control its concentration in subsurface
waters, and may limit its bioavailability. Identifying such precipitates and determining
the conditions under which they form and remain stable can improve our estimates of the
potential risks to human health and the environment at contaminated sites and can greatly
contribute to the rational design of remediation systems. This study focusses on one such
precipitate, KFFe(CrO,),-2H,0, which was recently identified in a chromium contaminated
soil (Baron et al., 1996). We have studied the solubility of KFe(CrO,),2H,O under the
acidic and low temperature conditions typical for the environment where this solid has
been observed to form.

Although KFe(CrO,),-2H,0 has been synthesized and described (Bonnin et al.,
1968; Bonnin, 1970; Gravereau and Hardy, 1972; Mellier and Gravereau, 1972; Mellier
and Gravereau, 1973) until its recent discovery in a soil contaminated by acidic chrome
plating solutions, it has not been found in the environment. In the chromium
contaminated soil, KFe(CrQO,),-2H,0 was found together with another Fe-chromate
precipitate, KFe,(CrO,),(OH), (Baron et al., 1996). KFe(CrO,),-2H,0 was found primarily
in cracks and fractures of the soil, while KFe,(CrO,),(OH), was interspersed in the bulk
sotl. The solubility product of KFe,(CrO,),(OH), which was recently determined (Baron
and Palmer, 1996) indicates that this solid is stable over a wide range of acidic to neutral
conditions. The reaction for the conversion of these two Fe-chromate phases suggests
that, generally, KFe(CrO,),-2H,0 is stable in more acidic, more Cr(VI)-enriched waters
than those in which KFe,(CrO,),(OH), is stable (Baron and Palmer, 1996). However,
there are no published thermodynamic data for KFe(CrO,),:2H,0 that could be used to

further constrain the conditions under which it js likely to form.
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The purpose of this study is to measure the solubility of KFe(Cr0O,),-2H,0 and 1o

determine the solubility product (Ksp) for the reaction
KFe(CrO,),2H,0 = K* + Fe™* + 2CrO,* + 2H,0 (1)

ar the acidic conditions and temperatures where this solid has been observed to form.
This information is required to determine the range of conditions under which
KFe(CrO,),2H,0 1s stable and the extent to which it may affect the mobility of Cr(VI)
in subsurface environments and jnterfere with the remediation of Cr(VI)-contaminated soil

and groundwater.

6.2  Experimental Section
6.2.1 Synthesis of KFe(CrO,),-2H,0 for the Dissolution Experiments

Synthetic KkFe(CrO,),2H,0 used in the dissolution experiments was prepared using
the method of Bonnin et al. (1968). Saturated solutions of Fe(NO,), and X,Cr,0, were
prepared at 60°C. A 25 mL aliquot of the K,Cr,O, solution was then slowly (25 mL h'')
added to 25 mL of the Fe(NO,), solution. The resulting solution was continuous!ly stirred
and kept at 60°C. A precipitate started forming about two hours afier mixing of the two
solutions started. Six hours after the start of the mixing process, the precipitate was
allowed to settle and the residual solution was decanted. The precipitate was then washed

thoroughly with ultrapure water (18 megachm cm) and air dried.

6.2.2 Characterization of Synthetic KFe(CrO,),2H,0.

The synthetic solid was characterized using powder x-ray diffraction (XRD),
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDX), and
Fourier Transform Infrared Spectroscopy (FTIR). A small amount of the precipitate was
digested in HCI and analyzed for K and Fe using atomic absorption spectroscopy (AAS)
and Cr(VI) using the diphenylcarbazide method.
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Table 6-1. Initial experimental conditions.
number of amount of synthetic Fe(NO,) K,Cr,0, K,CrO, initial Temperature
replicates  solution  KFe(CrO),2H,0 9H.0 (g) ® pH o)
(mi) (mg) (g)

Dissolution Experiments

C2M-1.2 3 20 200 - - - 1.20 25
C2M-1.1 3 20 200 - - - 1.10 25
C2M-1.0 3 20 250 - - - 1.00 25
C2M-0.8 3 20 400 - - - 0.80 25
c2M-4C 3 5 60 - - - 1.00 4
C2M-15C 3 5 60 - - - 1.00 15
C2M-25C 3 5 60 - - - 1.00 25
C2M-35C 3 S 60 - - - 1.00 35
C2M-30C 3 5 80 - - - 1.00 50
C2M-73C 3 3 85 - - - 160 75

Precipitation Experiments

PRECIP-A 1 50 - 15.15 460 830 - 25
PRECIP-B 2 20 . 1.21 0.37 0.68 - 25
PRECIP-C 3 20 - 0.61 0.18 0.34 - 25
PRECIP-D 3 20 - 038 0.12 0.21 - 25

6.2.3 Dissolution Experiments

Two sets of dissolution experiments were implemented. The first set was
conducted at 25°C and the starting pH was varied between 0.8 and 1.2. In the second set
of experiments, the temperature was varied between 4 and 75°C with an initial pH of 1.0
for all experiments. For the dissolution experiments synthetic KFe(CrQO,),2H,0 was
added to ulirapure water with the pH adjusted to the desired value using reagent grade
HCIO,. The solutions were placed in 20 ml glass vials and were stirred with a surrbar
atl a moderate rate (about 100 rpm) to provide good mixing. The temperatures were

maintained to within 0.1°C of the desired value using circulating water baths. The
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starting conditions for all dissolution experiments are listed in Table 6-1. All experiments
were conducted in triplicate. The experiments with different starting pH values were
sampled in regular intervals 1o determine when equilibrium had been achieved. Nine
samples were collected from the experiments in which the iritial pH was vaned. The
experiments conducted at different temperatures were sampled once after five days. For
each sample, 1 ml of the KFe(CrO,), 2H,0 suspension was withdrawn. The samples were
filtered using a O.lum polysulfonate filter to remove suspended solids and analyzed for

pH, Fe,, and K, using AAS, and Cr(VI),, using the diphenylcarbazide method. Since

ot
the dissolution experiments were conducted in an oxidizing HCIO, solution and reductants
capable of reducing ferric iron were not present in the solution, it was assumed that all
the iron was present as ferric iron. After completion of the experiments, the remaining

solids were examined by powder x-ray diffraction for the presence of secondary solids.

6.2.4 Precipitation Experiments

Four precipitation experiments were conducted at 25°C. For the precipitation
experiments, solutions of Fe(NO,),, as well as K,Cr,0, and K,CrO, were prepared. The
ferric nitrate solutions and the potassium-chromate solutions were then mixed together.
The resulting solutions were continuously stirred with a stirbar at a moderate rate (100
rpm) and maintained at 25+0.1°C using a circulating water bath. The starting conditions
for the precipitation experiments are summarized in Table 6-1. After 266 to 270 days,
the resulting precipitates were filtered from the solutions using 2 0.1pm polysulfonate
filter. The soluiions were analyzed for pH, Fe, and K, using AAS, and Cr(V]),, using
the diphenylcarbazide method. Since the dissolution experiments were conducted in an
oxldizing perchloric acid solution and reductants capable of reducing ferric iron were not
present in the solution, it was assumed that all the iron was present as ferric iron. The
precipitates were examined by powder x-ray diffraction to confirm the formation of

KFe(Cr0,),-2H,0 and to determine if other solids are present.



Table 6-2.

the dissolution experiments.

synthetic KFe(Cr0O,),2H,0

BONNIN (1970)

synthetic KFe(CrO,),2H,0

used in the dissolution experiments

hk!  d-spacing (A) rel. Int. d-spacing (A) rel. Int.
20T 517 s 5.7 78
2072 4.95 $ 4.97 43
117 3.63 s 364 68
2073 3.42 w 343 22
i 3.3 vs 3.14 100
3173 3.02 m 3.03 30
3173 283 m 284 39
020 275 m 2.76 65
34T, 1 2.71 m 272 33
407 |
113 2.584 w 2.58 22
201 2.541 v 2.543 "
403 2.475 vw
227 2.429 vw 2434
112 2277 ™ 2278
40T 2.206 w 2210 19
220 2.198 w 2199 9
022 2.160 vw 2162 13
2273 2.145 w 2,149 20
4073 2.075 vw
119 1.943 w 1.945 23
202 1.905 w 1.908 1s
427 1.885 v 1.889 12
513 1.862 m 1.868 30
517 1.844 vw 1.853 E)
227F 1.817 m 1.818 27
137 1.807 m 1.811 16
023 1.774 w 1.776 14
004 1.740 w 1.741 12
137 1.717 w 1718 12
131 1.654 m 1.655 18
3373 1.638 v 1.638 11
51T 1.625 w 1.627 9
3373 1.604 w 1 605 9
33T 1.583 vw
222 15678 m 1.568 14

ve strongest peak w weak peak

s strong freak Y very weak peak

m medium peak
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Powder x-ray diffraction peaks from syntheiic KFe(CrO,),-2H,0 used in
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Figure 6-1. Powder x-ray diffraction pattern of synthetic KFe(CrO,), 2H,0
used in the dissolution experiments. Some of the strongest peaks and the
corresponding d-spacings are indicated.

6.3 Results

6.3.1 Characterization

The reddish yellow (Munsell Color 7.5YR 7/8) precipitate produced in the
synthesis was identified KFe(CrO,),-2H,0 by comparing powder x-ray diffraction patterns
with those reported for synthetic KFe(CrO,),-2H,0 (Bonnin, 1970) (Table 6-2, Figure
6-1). All the peaks produced by the precipitate could be identified as KFe(CrQ,),-2H,0
peaks. The absence of unidentified peaks indicates that no other crystalline phases are
present in the precipitate at detectable levels. KFe(CrO,),-2H,O has a monoclinic
structure and crystallizes in space group C2/m (Bonnin, 1970). Using the measured
d-spacings and the reported Miller indices, the unit cell parameters were calculaied by
multiple nonlinear regression as a, = 10.865£0.003 A, b, = 5.51020.001 A, ¢, =
10.384+0.003 A, and B = 137.93+0.01°, which agrees well with the values of
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Figure 6-2. FTIR spectrum of the synthetic KFe(CrOy),-2H,0 used 1in the
dissolution experiments. The main vibrational bands in the spectrum are
marked. They cormrespond to (Mellier and Gravereau, 1973) the O-H
stretch (3465 and 3240 cm™), the OH deformation (1590 c¢m'™), the v, and
vy modes of Cr-O (961, 928, 838, 712 cm™), and the v, mode of 80-Cr-O
(434 cm’). Peaks that are artifacts due to background interference are
marked with a *.

a, = 10.857 A, by = 5.505 A, ¢, = 10.374 A, and B = 137.87° reported by Bonnin (1970).
Examination with SEM/EDX showed that the precipitate consists of uniform, K, Fe and
Cr containing polycrystatline particles, ranging in size from 30 to 200 pm. No secondary
crysialline or amorphous phases were observed.

Wet chemical analysis confirmed the composition of the precipitate as
corresponding 1o KFe(CrO,),2H,0 with a K:Fe:CrO, ratio of 0.96:1.04:2 compared to the
ideal 1:1:2 ratio. The deviations from the ideal formula are within the analytical error of
approximately 5 percent.

The FTIR spectrum of the precipitate (Figure 6-2) was compared to a scan of

synthetic KFe(CrO,),-2H,0 reported by Mellier and Gravereau (1973). All the absorption
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bands in the precipitate could be assigned to K¥Fe(CrO,),2H,O, confirming the
identification as KFe(CrQ,),2H,0 and indicating the absence of other phases in the
precipitate. However, an absorption band at 798 cm’' that Mellier and Gravereau (1973)
found in their material and associate with vFe-O vibrations is absent in our precipitate.
The reason for this discrepancy is not known.

Based on these analyses, the precipitate was identified as a KFe(CrO,),-2H,0.

There 1s no indication of any other phases in the precipitate.

Table 6-3. Final concentrations in the precipitation and dissolution experiments.
final [Cr(VD],, 1K)t [Fel,, [NO,),. Experiment KFe(CrQ),(OH),
pH (mmol LY *  (mmol L")  (mmol L) (mo.I.L") Duration detected by XRD
(days)
C2M-1.2 1.39£0.03 358*1.6 21.5=09 11.9=07 - {81 yes
C2M-1.1 1.26=0.04 42.0=0.4 21202 14.3x1.6 - 181 no
C2M-1.0 1 19=00S 49 8+0.1 26903 183«]5 - 181 no
C2M-0.8 1 010.02 703=12 385+03 276+23 - 181 no
C2M-4C 1.08+0.03 41.6=05 22.420.) 17 10] - 5 no
C2M-15C 1.09=0 02 45 59=1.0 24.1x0.2 17.5=1 0 - 5 no
C2M-25C 1.13=0.04 52.0=0.2 26.8+0.7 20.4=0.1 - s no
C2M-35C 1.08=0.05 61.2=0.2 30.3=0.2 24.1=0.7 - S 00
C2M-350C 1.06+0.06 70.620.4 35.7=0.8 28.1=08 - s ne
C2M-75C 1 02=0 09 88 8-0.8 459=04 276204 - S no
PRECIP-A 0.16 149 1830 4] 2250 270 no
PRECIP-B 1.30+0.06 12120 135+5 40.0£3.0 450 266 yes
PRECIP-C 1.38=0.01 136=03 81.3=0.9 14.8+0.5 225 266 yes
PRECIP-D 1 39=0.02 209x1.4 55.7«1 6 37«02 141 266 ves

" The reported concentrations represent the mean < the standard deviation from triplicate experiments
" Caleulated from initial solutions,

6.3.2 Dissolution and Precipitation Experiments
In the dissolution experiments, the bulk of the reaction occurred within the first

30 minutes of the experiment with rates declining over time. For example, the evolution
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Figure 6-3. Concentration of [K},, (4), (Fe},, (®), and [CrO,],, (*) in the
dissolution experiment with initial pH 1 at 25°C. Data points represent the
average of triplicate experiments.

of the solution composition over time in the dissolution experiment at 25°C, initial pH 1
(C2M-1.0) shows a rapid increase over the first 30 minutes reaching approximately 80 %
of the steady state value while the remaining 20 % required an additional 30 minutes
(Figure 6-3). The compositions of the solutions at the completion of the dissolution
experiments (5-181 days) are summarized in Table 6-3. In all dissolution experiments,
the molar ratio of K and Cr correspond very well to the 1:2 ratio in the KFe(CrO,),-2H,0
formula. However, in several of the dissolution expeniments Fe concentrations are {ower
than would be expected based on the KFe(CrO;), 2H,0 formula (Table 6-3).

In all four precipitation experiments, a precipitate started forming immediately
after the mixing of the ferric nitrate and potassium-chromate solutions. The bulk of the
precipitate was produced within the first day of the experiments. After a day, the amount
of precipitate in the experiments did not change visibly. The compositions of the
solutions at the completion of the precipitation experiments (266-270 days) are

summarized in Table 6-3.
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Figure 6-4. Log of the ion activity product from dissolution (M) and
precipitation () experiments at different pH values and 25°C. Solid line
represents the average of the eight log ion activity product values
(-19.34+0.13).

Based on the measured final pH, K. Fe,, and Cr(VI),,, final aqueous activities
of K¥, Fe™, and CrQ,* were calculated for all experiments except precipitation experiment
PRECIP-A using the geochemical speciation mode] MINTEQAZ (Allison et al, 1990).
Experiment PRECIP-A was exciluded from the speciation calculation because of the high
ionic strength (~2.6 M) in this experiment makes activity corrections unreliable. Activity
corrections for the other experiments were made using the Davies Equation in the
MINTEQA?2 code. Thermodynamic data used in the calculations are listed in Table 6-4.
The results of these calculations are listed in Table 6-5.

If the dissolution reaction of KFe(Cr0O,),-2H,0 is written as in equation (1), then

the log ion activity product (IAP) is given by

log IAP = log{K"} + log{Fe™*} + 2 log {CrO,”} + 2 log{H,0} (2)
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Table 6-4. Thermodynamic data used for calculations.

Formula State AG® AH’, log K, Source

(kJ mot")  (kJ mol™)

Fe’* aq -17.87x1.0 - - Naumov et al. (1973)
FeCrQO,” aq - 19.1 7.8 Baron and Palmer (1996)
FeQH** aq - 435 -2.19  Allison et al. (1990)
Fe(OH)," aq - 71.6 -5.67 Nordstrom and Munoz (1994)
Fe,(OH),*" aq - 56.5 -2.95  Allison et al. (1990)

K* aq -282.520.1 - - Cox et al. (1989)
KCrO aq - - 0.799  Allison et al. (1990)
CrO,” aq -720.86 - - Naumov et al. (1971)
HCrO, aq - 38 6.5089 Allison et al. (1990)
Cr,0,” aq - - 14.5571 Allison et al. (1990)
H,CrO,° aq - - S.6513  Allison et al. (1990)

OH aq - - -13.998 Allison et al. (1990)

H,O b -237.120.04 - - Cox et al. (1989)

where { } denotes activity. If the solutions are equilibrated with KFe(CrOy),-2H,0, the
IAP is equal to the solubility product, Kp. Based on the calculated activities of K*, Fe™”,
and CrO,”, the final AP was calculaied using equation (2). The results of these
calcularions are presented in Table 6-5. The saturation indices for KFe,(CrO,),(OH), and
goethite are also included in Table 6-5. The average charge balance error in the
MINTEQA?2 simulations was 4 percent for the dissolution experiments and 14 percent in
the precipitation experiments (Table 6-5). The errors associated with the log IAP values
calculated from the standard deviation of the triplicate experiments range from 0.01 to

0.05 log units. The analytical error calculated from the precision of the analytical
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Table 6-5. Results of MINTEQA?2 speciation calculations.

final log log log Jonic Saturation Index Saturation Charge log IAP
pH [(CrO}} (K"} ({Fe*} Strength KFe,(Cr0O),(OH), Index Balance
oD Goethite Error
(%)

C2M-1.2 139 ~713 -7 324 0.129 07 04 5 -19.33+0.11
C2N-1.1 1.26 -7.24 .76 2317 0175 00 0.1 2 -19.44+0.11
C2M-1.0 1.19 -7 28 -1.71 310 0225 03 -01 4 -19.37£0.11
C2n-0.8 1.0) -7.38 1560 298 0.362 -1.0 05 8 -19.30=0.11
C2MAC 1.08 -747 -178 0 -3.02 0.237 29 1) 4 -19.7420.11
C2M-15C 1.09 -7 42 -1.75 -306 0.237 -1.8 -0.7 2 -19.65+0.11
C2M-25C 113 <733 -1.71 2306 0243 -06 -0.2 1 -19.43=0.11
C2M-35C 108 -7.32 166 -205 0267 -0.1 0.0 5 -19.35=0.11
C2M-30C 1 06 <729 -1.60  -3.09 0283 09 0.4 8 -1927+0.11
C2M-75C 102 -7.24 -] 50 -328 0293 1.8 038 7 -1526=0.11
PRECIP-B 1.30 -7 67 102 -2.84 0497 1.2 0.6 18 -19.17£0.15
PRECIP-C ) 38 -7 48 2123 238 0.246 0.7 04 14 -19.37=0.11
PRECIP-D 139 -7.31 -138 332 0.173 06 0.4 9 ~19 32401

measurements (£10%) is £0.11 log units (assuming that the covariance between the errors
of the individual analytical measurements equals zero). The error from the triplicate
expeaments 1s smaller than the analytcal error. The error reported with the log IAP
values reported in Table 6-5 and used for subsequent calculations is the analytical error.

Powder X-ray diffraction analysis conducted on the solids after completion of the
experiments indicate that in all experiments KFe(CrO,),-2H,O is present and that in some

experiments, significant quantities of KFe,(CrO,),(OH), have also formed (Table 6-5).

6.4 Discussion
The final solutions in many of the experiments are supersaturated with

KFe;(CrO,),(OH), and goethite (Table 6-5). Powder x-ray diffraction of the resulting
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solids indicates that KFe,(CrO,),(OH), is present in some of the experiments (Table 6-3).
Goethite, however, was not detected by XRD. It is possible that formation of
KFe,(CrO,),(OH), and possibly some ferric oxyhydroxide was still continuing at the
completion of the experimenis and the solutions were not at complete equilibrum.
However, the kinetics of KFe,(CrO,),(OH), precipitation are slow (Baron and Palmer,
1996) compared to the fast reaction observed for KFe(CrO,),-2H,0., and it is expected
that even if the solutions are not at overall equilibrium, they are equilibrated with
KFe(CrO,),2H,0. The 1AP values calculated using the final concenirations in the
experiments therefore represent the equilibrium JAP for KFe(CrO,),-2H,0. The log IAP
values calculated using the final activities from the experiments precipitation and
dissolution experiments at 25°C all fall in a very narrow range and vary from -19.44 to
-19.28 (Table 6-5). A plot of log IAP versus pH (Figure 6-4) suggests that there is no
trend In the data and a t-test indicates that the Jog IAP values calculated for the
dissolution expeniments (average = -19.37, standard deviation = 0.06) are not statistically
different from those calculated from the precipitation experiments (average = -19.29,
standard deviation = 0.10) at the 10 percent significance level (1=-1.5, df=6). It appears
that equilibrium with KFe(CrO,),:2H,0 in the experiments is approached from dissolution
and precipitation. The average of the final log TAP values represents the log Ksp at 25°C
and it is calculated as -19.34+0.13. The error in the log Ky, value represents the total
standard deviation over all experiments. An F-test indicates that the variance among the
log TAP values at different pH values is not significantly different from the variance
within the triplicate experiments at the 95 percent confidence level (F=2.1, n,;=8, n,=24,
df,=7, df,=16).

Based on the solubility product for KFe(CrO,),-2H,0, the free energy of formation
of this solid can be calculated. At equilibrium, the Gibbs free energy of reaction at 25°C,

1] . .
AGT, 94 18 given by

AG®, 155 = AG® 15(K") + AG’165(Fe™) + 2AG 145(CrO,%)
+ 2AG 355(H,0) - AGY ,45(KFe(CrO,),-2H,0) (3)
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with the free energy of reacuon related to the Kqp by
Solving for the free energy of formation of KFe(CrO,),-2H,0

AGOLZ%(KFe(CrOat)z'szO) = AGO(.29S(K+) + AGOf.zes(Fe3+)
+ 280G 15i(CrO>) + 28G%,64(H,0) + 2.303 RT log Ksp (5)

and using the free energies given in Table 6-3, we calculate AG?;.i(KFe(CrO,),2H,0)
= -2326.7+0.7 kJ mol’ where the variation represents the error introduced by the
uncertainty in the Kgp value only. Including the error in the free energies of the
individval ions (Table 6-4) results in an additional uncertainty of *1.2 kI mol".
Considering that the error in the free energies of some of the individual ions may be
larger than reported in Table 6-4 would result in an even larger uncertainty in the estimate
of AG® ,04(KFey(CrO,),(OH),). For example, for AG®,0(Fe’*) values as high as
-4.6 kJ mol™ have been reported (Wagman et al., 1969). Propagating an uncertainty of
13.3 kJ mol” for AG® ,,(Fe™) through equation (3) results in an overall uncertainty of
+14.2 kJ mol” for AG® ,54(XFe(Cr0,),2H,0).

The calculaied log TAP values increase with increasing temperature, varying from
-19.74 at 4° to -19.26 at 75°C (Table 6-5, Figure 6-5), indicating a positive enthalpy of
reaction, AH®, for the dissolution of KFe(CrO,),-2H,0. The dependence of log IAP on
the inverse of the temperature is not linear, indicating that the AH® varies over the
remperature range from 4 to 75°C. Therefore, a variable enthalpy and constant heat
capacity model (Nordstrom and Munoz, 1994) was used to model the temperature

dependence

AS® - aC AH0,+ (AC,, logD) (6)

log K., = -
& Bsr R RT R
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Figure 6-5. Calculated log ion activity product versus temperature from
four dissolution experiments at 4, 15, 25, 35, 50, and 75°C, initial pH 1.0

The solid line is the best fit of the variable enthalpy and constant heat
capacity model to the experimental data.

where AS° is the entropy of reaction, AC,, is the heat capacity of reaction, R is the gas
constant (8.314 x 10" kJ mol" K'), and T is the temperature in K. Fitting the
temperature-dependent data to equation (6) (Figure 6-5) vyields AHOL 208 =
18.8+1.7 kI mol”, AS® ... =-310£35 I mol" K, and AC,, = -460x130 J mol”" K''. This
mode) gives a good fit of the data (r’=0.97) and although only six data points were used
to determine the three parameiers (AH® o, AS 1, AC,,), a l-test indicates that all
parameters are significantly different from zero at the 95 percent confidence level.
Based on the calculated log K, the conditions under which KFe(CrO;),-2H,0O
can be evaluated. The wansition between KFe(CrO,),-2H,0 and KFe,(CrO,),(OH); 1s of
particular interest because KFe,(CrO,),(OH), limits the stability field of KFe,(CrOy),(OH),
at higher pH values. Assuming that all the available Fe(IIl) i the soil is tied up by these

Fe-chromate phases, and expressing chromate as HCrO,’, the dominant species under the
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function of pH and log [K*] + 2 log [Cr(VD)],,. The activity of dissolved
Fe,, is 10 mol L.
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acidic conditions of interest, the transition is given by

3 KFe(CrO,),2H,0 = KFe,(CrO,),(OH), + 2 K* + 2 H™ + 4 HCrO;’, (7)

At equilibrium, this trans{ormation can be expressed as

3 log K¢p(KFe(CrO,),2R,0) - log K¢p(KFe,(CrO,),(OH),) - 4 log K(HCrO,")
=2 log{K"} + 4 log{ HCrO,} + 2 log{H"} (8)

Therefore, the transition pH, pHy, 18
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pHr = - (3/2) log Kgp(KFe(CrO,),2H,0) + Y2 log Kqp(KFe,(CrO,),(OH),)
+ 2 log K(HCrO," + log{K*} + 2 log{HCrO,}. 9)

From equation (9), it becomes apparent that pHy is a function of the solubility products
of XFe(Cr0,),-2H,0 an KFe,(CrO,),(OH),, and the activities of K* and HCrO,. In
general, higher combined activities of K* and Cr(VI) result in a higher pH; and a larger
stability field for KFe(CrO,),-2H,0. The predominance regions for KFe(CrO,),(OH), and
hydrous ferric oxide, represented here as Fe(OH),, as a function of pH and the activities
of K" and Cr(VI),, are shown in Figure 6-6. Solubility products and equilibrium
constants for aqueous species were taken from (Nordstrom and Munoz, 1994) and (Baron
and Palmer, 1996), additional constants are listed in Table 6-3. Based on the above
discussion and Figure 6-6, KFe(CrO,),-2H,0 is stable in oxidyzing environments under
conditions of low pH and high Cr(VI) and K concentrations. These conditions are typical
for the immediate vicinity of a release of acidic chromate-rich solutions, or for
preferential flow paths of such solutions within a soil. The observed occurrence of
KFe(CrO,),-2H,0 in cracks and fractures, the preferential flow paths within the Cr(VI)-

contaminated soil, i1s consistent with the solubility of this phase and its stability fields.
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CHAPTER 7

Summary and Conclusions

7.1 Summary of Results

The formation of chromate-containing precipitates 1s one of the key processes
controlling the mobility of chromium in the environment. This dissertation documents
the occurrence of two Fe-chromate precipitates, KFe,(CrO,),(OH), and KFe(Cr0,),2H,0,
in a chromium contaminated soil and examines their solubility as well as solid
solution/aqueous solution reactions between the sulfate mineral jarosiie (KFe;(SO,),(OH)g)
and KFey(CrO,),{OH),. The key findings and contributions of the individual experimental
chapters of this dissertation Include the following:

Chapter 2 is the first documentation of the occurrence of KFe,(CrO,),(OH), and
KFe(CrO,),-2H,0 in chromium contaminated soils. Although both these phases had been
synthesized and described by others, they have not previously been identified in the
environment. The identification of these phases raises interesting questions about their
potential impact on Cr(VI) mobility and the remediation of Cr(VI)-contaminated sites, and
about the potential formation of solid solutions between jarosite and its chromate analog.
This study also demonstrates the practicability and usefulness of a combination of electron
microscopy and powder x-ray diffraction for the identification of heavy metal containing
precipitates in contaminated soils.

Chapter 3 1s the first study of the solubility of KFe,(CrO,),(OH),. The measured
log K, indicates that this phase can form under a wide range of conditions and be present
in large parts of a chromium contaminaied aquifer, limiting Cr(VI)-mobility and
interfering with the remediation of Cr(VI)-contaminated sites. This study also suggests

that FeCrO," 1s an important ion pair in acidic Fe(III)- and chromate-containing solutions.
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The formaiion constant calculated for this ion pair is in good agreement with other
spectroscopic studies of the Fe(IIl)-chromate system.

Reported values for the solubility and the free energy of formation of the sulfate
mineral jarosite vary widely. making it difficult to assess the conditions under which this
important mineral forms. Reliable values for the solubility and free energy of formation
of jarosite are also necessary as a basis for investigations of KFe,(Cr,S,,.,,0.),(OH)4 solid
solutions. Chapter 4 includes an extensive critical review of previous studies of the
solubility of jarosite and a discussion of the reasons for the wide range of reported values.
In additon, the results of experiments to determine the solubility of a carefully
characterized synthetic jarosite with a composition close to ideal are presented. The
solubility and free energy of formation for jarosite determuned in this study are in
excellent agreement with a recent study of K-Na-H,O jarosite solid solutions.

Chapter 5 is the first report of the existence of KFey(CrS, ,,0,),(OH), solid
solutions and the first study of their solid solution/aqueous solution reactions. Jarosite
and KFe,(CrO,),(OH), are miscible over all proportions. The unit cell volume of the
KFey(Cr,S,,,,0,),(OH), solid varies linearly between the endmembers as a function of
composition. indicating a continuous solid solution series. KFey(Cr,S,,.,,0,),(OH), solid
solutions dissolve stoichiometrically and reach a stoichiometric saturation state after about
40-60 days. Stoichiometric saturation constants calculated from a sample taken after 138
days indicate that the solid solution is close to ideal with a small negative excess free
energy of muxing. The experimental results suggest that KFe,(Cr,S,,.,,0,),(OH), solid
solutions could form in chromium contaminated aquifers. Groundwater equilibrated with
such solid solutions would maintain significantly lower Cr(VI) concentrations than
groundwater equilibrated with pure KFe,(CrO,).(OH);.

The first study of the solubility of KFe(CrO,),-2H,0 is reported in Chapter 6. The
measured high solubility suggests that this solid could form under conditions of very low
pH and high chromate concentrations, typical for the immediate vicinity of a release of
acidic chrome plating solutions. KFe(CrO,),2H,0 is unlikely to form in larger parts of
a chromium contaminated aquifer and 18 not likely to interfere with the remediation of

chromium contaminated sites. This chapter also presents an overall overview of the
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stability fields of KFe,(CrO,),(OH), and KFe(Cr0,),-2H,0 in the K-Fe(II)-Cr(VI)-H,O

system.

7.2 Overall Conclusions

This dissertation contributes important new information to our understanding of
the geochemistry of chromium. While it js conventionally thought that under most
coaditions the mobility of Cr(VI) in subsurface environments is controlled by adsorption
and redox reactions, the present findings suggest that the formation of Cr(VI)-containing
solid phases, such as the phases that are the focus of this study. can also be important
factors.

The results of this study suggest that KFe(CrO,),(OH), and
KFey(Cr,S,,..,0.4),(OH), solid solutions can form in large parts of chromium contaminated
aquifers. These precipitates could bind significant quantiies of Cr(VI), thereby
decreasing the mobility of Cr(VI) the subsurface. The presence of these precipitaies and
their slow dissolution during pump-and-treat cleanup of contaminated aquifers could be

an important factor prolonging such cleanups.

7.3 Suggestions for Future Work

While this work has contributed much to the understanding of the role of Fe-
chromate precipitates in chromium contaminated soils, some issues remain unresolved and
other interesting questions have been raised by this work. The purpose of this final
section of the dissertation 1 to summarize these questions as suggestions for future work.

Due to time restraints and the slow nature of the solid solution-aqueous solution
reactions of KFe,(CrS, .,,0.),(OH),;, much work remains to be done to elucidate these
reactions and to determine thermodynamic equilibrium conditions in the
KFe,(CrO,),(OH), - KFe;(SO,),(OH), - H,O system. It remains to be seen if and how the
dissoluton experiments evolve over the long term and it is suggested that the solutions
are sampled regularly over a period of several years. If the evolution of the solutions
suggest that secondary precipitates are forming, the solids and 1n particular the

composition of their surfaces should be examined to determine the nature and composition
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of these secondary phases. Very little is known about the precipitation of
KFe,(Cr,S,,.,04),(OH), solid solutions. Precipitation experiments from supersaturated
solutions with varying chromate to sulfate ratios are needed to evaluate the precipitation
pathways in the KFey(CrO,),(OH), - KFey(SO,),(OR), - H,0O system. The composition
of these potentially heterogeneous precipitates should be examined carefully.

The discovery of the two Fe-chromate precipitates that are the focus of this
dissertation raises the question whether other, not yet discovered, chromate containing
phases could also be forming in chromium contaminated soils. Potential candidates are
other members of the jarosite-alunite family of compounds, e.g. NaFe,(CrO,),(OH),
KAL(CrO,),(OH),, or even KCr,(SO,),(OH),, and some of the other Fe-chromate phases
synthesized and described by Bonnin (1970) such as K¥Fe(CrO,),;H,O (the chromate
analog of the sulfate mineral krausite) KFe(CrO,),, and FeOHCrO,. Little is known about
the condinons under which these phases could form. The discovery of these two
Fe-chromate precipitates underlines the need for careful examination of contaminated soils
for the presence of chromate containing solid phases. The successful use of a
combination of electron microscopy and x-ray diffraction in this study suggests that this
technique is suitable fo identify such phases in contaminated soils. Furthermore, the use
of this identificaiion technique is not limited to chromium contaminated soils but should
be suitable to identify heavy metal containing precipitates in soils contaminated with other
metals.

Finally, the overall groundwater chemistry of the United Chrome Products site
should be reexamined in the light of the results of these new results. Regions of the
contaminated aquifer that are supersaturated with respect to these Fe-chromate phases
should be delineated both before and after the implementation of the currently operating
pump-and-treat system. The presence of KFe,(CrO,),(OH), and of KFe,(Cr,S,,_,,0,),(0H)
solid solutions and in parts of the contaminated aquifer and their slow dissolution could
be one of the main reasons for the observed ’tailing’ of Cr(VI) concentrations (McKinley
et al., 1992) in the groundwater extracted by the currently operating pump-and-ireat

remedianon system.
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APPENDIX A

Supplemental Analytical Results

Table A-1.  Complete analytical results from the final sample
KFe,(CrO,),(OH), dissoluticn experiments (Chapter 3).
pH [Ce(VD],, (KJoo. (Fel
final (mmol L) (mmoal L' {mmol L)
KCRJAR-L.5 A 1.75 1.23 0.786 2.62
B 1.65 I 58 0.865 2.87
C 1.61 1.91 0.845 2.76
KCRJAR-2.0 A 2.12 0.403 0.179 0.336
B 2.12 0.407 0.180 0.542
C 2.14 0.405 0.180 0.542
KCRJAR-23 A 2.41 0.288 0.116 0.278
B 2.39 0.258 0.108 0.256
C 2.41 0.299 0128 0.246
KCRJAR-2.6 A 2.65 0.567 0.048 0.119
B 2.65 0.551 0.041 0.111
C 2.65 0.532 0.035 0.104
KCRJAR-3.0 A 3.05 233 0.020 0.026
B 3.05 2.37 0.021 0.020
C 3.04 2.39 0.015 0.017
KCRJAR-4C A 2.01 0.347 0.181 0.519
B 2.04 0.409 0.199 0.573
C 2.03 0.410 0.197 0.573
KCRJAR-15C A 2.05 0413 0.197 0.579
B 2.06 0.422 0.20! 0.550
C 2.05 0.420 0.202 0.590
KCRJAR-35C" A 2.13 0.37 0.34 0.84
B 2.09 0.53 6.35 0.93
C 2.29 0.21 0.28 0.72

Experiments KCRJAR-35 A and C were not used in further

analysis because of low Cr concentrations relative to
K and Fe. The reason for the low Cr concentrations

in these experiments is not known.
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Table A-2.  Complete analytical results from final sample in jarosite dissolution
experiments (Chapter 4).

pH [SO ot [X],.. (Fel
final (mmol L7 (mmol L) (mmol L)

KJAR-1.5 A 1.61 2.60 1.19 3.30
B 1.60 2.61 1.31 3.58

C 1.59 2.48 1.17 322

KJAR-2.0 A 2.10 0.279 0.184 0.430
B 2.11 0.362 0.175 0.440

C 2.10 0.356 0.174 0.430

KJAR-23 A 2.33 0.303 0.149 0.158
B 2.34 0.330 0.164 0.158

C 2.34 0.3053 0.164 0.196

KJAR-2.6 A 2.60 0.487 0.116 0.055
B 2.61 0.614 0.106 0.046

C 2.57 0.607 0.112 0.053

KJAR-3.0 A 2.95 2.93 0.100 0.013
B 2.99 3.2 0.104 0.014

C 3.01 3.62 0.054 0.013

KJAR-4C A 2.01 0.318 0.219 0.535
B 2.01 0.343 0.211 0.497

C 2.02 0.357 0.220 0.524
KJAR-15C A 2.03 0.35% 0.229 0.546
B 2.04 0.327 0.224 0.524

C 2.03 0.361 0.220 0.519
KJAR-35C A 2.03 0.484 0.291 0.470
B 1.97 0.543 0.331 0.464

C 2.02 0.558 0.331 0.459




Table A-3.  Complete analytical results from final sample in KFe(CrO,),2H,0
solubility experiments (Chapter 6).

final (Cr(VD],., (KJ,.. Fe
pH (mmol L)’ (mmol L) {mmol L)
C2M-12 A 136 37.9 24.0 100
B 138 339 19.4 12.8
C 1.43 35.5 215 11.9
CM-1.L A 1.23 416 223 159
B 128 - - -
C 125 424 220 127
CIM-14 A - 49.9 265 22.86
B 119 49.7 273 16.71
C 18 498 269 19.79
C2M-08 A 102 69.4 3838 27.6
B 1.0 69 1 38.4 331
C t 0t 715S 8| 299
C2M-4C A I 08 421 25 17.2
B L2 419 223 170
C 1.05 40.9 2235 -
CIM-15C A 108 469 244 185
B 1 06 450 240 162
C 112 445 240 (7.7
CIM-25C A 114 32.0 26.2 203
B 123 $22 277 205
C 113 518 26.4 204
C2M-35C A 109 611 30.0 242
B 1.07 61l 303 299
C 1.07 613 305 231
CIM-50C A 106 709 346 273
B 101 70.0 159 27.7
C 113 70.9 36S 292
C2M-75C A 092 877 46.4 379
B 105 89.5 459 279
c 103 892 455 27.0
PRECIP-A 0.16 149 1830 4]
PRECIP-B A 126 11 138 434
B 134 104 132 366
C - 14.9
PRECIP-C A 139 14.0 81.3 15t
B 1.38 134 8072 151
C 137 133 82.3 14 1
PRECIP-D A 142 204 343 3.80
B 1.4] 18.9 592 468
C 137 21.1 60 7 233




APPENDIX B
Activity Correction Models

The following activity correction models were used in this study as incorporated

into MINTEQAZ2 (Allison et al., 1990):

Davies Equation:

The Davies equation depends only on the charge of the ion and the ionic strength

of the medium:

logy, = -Az( T 0241)
1+/1

where v, 1s the activity coefficient for species i, z; is the charge of species i, and 1 is the
ionic strength. A is the limiting Debye-Hiicke! parameter given by A=1.82x10%eT)™*
where € 18 the temperature dependent dielectric constant of water and T is the temperature

in K.

Debye-Hiickel Equation:
The extended Debye-Hiickel algorithm has one extra general parameter, B, and

two ion specific parameters a, and b, e.g.,

logy, = —Az,-2 —ﬁ—— + b1
1+Ba,\,/7
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B is given by B=50.3(¢T) "%, If the Debye-Hiickel parameters a, and b, are not known for
a given ion, MINTEQA2 will revert to the Davies formulation to calculate its activity
coefficient. The Debye-Hiickel parameters included in the MINTEQA?2 database for jons

considered in this study are listed 1o Table A-4.

Table A-4.  Debye-Hiickel parameters included in the MINTEQA?2 database for ions
considered in this study.

a, b,
OH 3.5 -
Ca™ 6.0 0.165
Cro > 4.0 -
Fe'* 9.0 -
H* 9.0
K* 3.0 0.13
NO;y 3.0 -
SO/’ 4.0 -0.04
FeSO,* 5.0
Fe(OH)," 5.4 -
HSO/ 4.5 -
Reference:
Alhison J.D., Brown D.S., and Novo-Gradac K.J. (1990) MINTEQA2/PRODEFA2, a
geochemical assessment model for environmenial systems: version 3.0. U.S.

Environmental Protection Agency, Athens, GA.
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