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ABSTRACT
The processes that control the reductive dissolution of Mn02 by Fe(11) under con-

ditions simulating the effects of acid mine drainage on subsurface environments and the

subsequent precipitation of Fe(III) has been investigated. Results from real-time, in situ

X-ray absorption spectroscopy (XAS) flow-through reaction cell studies indicate that a

mixed Fe/Mn solid phase with the local structure of the spinel mineral jacobsite

(MnFe204) is formed after the Mn02 surfaces are coated with ferric precipitates. In the

absence of previously precipitated Fe(BI), no reduced manganese solid is formed. The

ferric precipitates do not incorporate significant quantities of Mn(111) down gradient from

the reactive Fe(11) front. The maximum amount of the original Mn02 incorporated into

this jacobsite-like solid is 5%. Results from batch experiments showed similar results

compared to the flow-through experiments, with an initially fast rate of Mn(II) release,

followed by a much slower release after 5-10 min had elapsed. The reaction products,

Fe(I11)(aq) and Fe(111)(s) were found to decrease the initial reaction rate. A simple model

was developed to describe the temporal concentrations of Mn(I1)(aq), Fe(11)(aq), and

Fe(III)(aq) that include a Langmurian blocking function to describe the effects of the fer-

ric reaction products on the reaction rate. The model also allowed for a second order

process to occur at long time that was dependent solely on the aqueous concentrations of

Fe(II) and Mn0 2. The forniation of the ferric reaction products were found to transform

from aqueous sulfate complexes to (presumable) ternary surface complexes with sulfate.

Within 10 h, these precipitates may have foilned chains of edge-sharing octahedra on the

order of 60 À. The precipitates have large amount of sulfate associated with them, which
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may preclude the formation of ferrihydrite, and may indicate the formation of schwert-

mannite. The average Fe:Sat ratio was 4.4 ± 1.0, a value similar to that reported for

schwertmannite. The presence of goethite was identified by X-ray diffraction as early as

50 d, indicating that sulfate is being excluded from the precipitates. The release of

Mn(II), FeT, and sulfate was controlled by diffusion, which may also be the process that

controls the rate of transformation.



25

1	 INTRODUCTION

We have all benefited from the mining of metal-containing ores. I would most

likely never have done a dissertation without the benefits of the copper in my computer.

Nor could I have been in as close of contact with my parents over the last twenty years

without the convenience of the telephone ("No, I'm not done yet."). When I want, I can

get in my car, or on a plane, and easily travel to distant places. I could certainly go on,

but this is a "science dissertation," and therefore, I should probably not be editorializing.

But these points must be made. Our mining of metals has allowed our societies (those

that have the resources) to create technological advances unimaginable to the previous

generations. As with most technological advances, we are quick to implement the bene-

fits before we really think about the possible consequences. Generally, we just do not

have the required knowledge to fully understand what the future repercussions may be.

The metal mining industry was no different. Consequently, many aqueous systems, both

surface and subsurface, have been contaminated by acidic wastes from historic mining

practices. The acid contamination is generally of two sources: 1) the oxidation of sulfidic

ores, or 2) the processing of the mineral ores.

Many of the ore bodies that were mined in the Western United States were sul-

fidic ores. These ore bodies formed under reducing conditions, such that sulfur is in the

—1 or —2 valence state. The sulfur minerals in these ore bodies are unstable under the

standard atmospheric conditions. The result of bringing these minerals to the earth's sur-

face is to initiate a series of redox reactions. For example, the overall mechanism by
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which pyrite is oxidized in natural acidic systems can be represented by a two-step proc-

ess, the oxidation of pyrite by ferric iron:

FeS 2 + 14Fe 3+ + 8H20 = 15Fe2+ + 2SO42- +16ft	 (1-1)

and the (re)generation of ferric iron by microbial oxidation of ferrous iron:

4Fe2+ + 02 + 41-1+ = 4Fe3+ + 2H20	 (1-2)

(Dreyer, 1997). The overall stoichiometry results in the release of one proton for each

Fe(II) oxidized. The other source of acidity is the industrial processing of the ore. As

metals ions are generally highly soluble in acidic solutions, the refining process requires

large quantities of sulfuric acid. Prior to environmental regulations, the wastes from

these industries were often disposed of in a manner that lacked proper containment.

Along with the acidity, the contaminant plumes are usually characterized by high

sulfate concentrations and elevated concentrations of heavy metals and metalloids (for

reviews on this subject, see (Alpers et al., 1994b) and (Blowes et al., 1994) and for the

geochemistry of mine pit lakes, see (Eary, 1999). Once in the environment, the fate and

transport of these pollutants are controlled in large part by the oxides, oxyhydroxides, and

oxyhydroxysulfates of manganese and iron (Jenne, 1968). Dzombak and Morel (1990)

reviewed the metal sorption onto hydrous ferric oxide. Other studies have investigated

the sorption of metals onto other iron oxides and hydroxides (e.g., Grossl et al., 1994;

Crawford et al., 1993a; Crawford et al., 1993b; Nowack and Sigg, 1996; Kanungo,

1994a; Kanungo, 1994b). Metal sorption onto manganese oxides is also well docu-

mented (Loganathan and Burau, 1973; Loganathan et al., 1977; Taylor and McKenzie,

1966; McKenzie, 1967; McKenzie, 1972; McKenzie, 1979; McKenzie, 1980; Murray,
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1975; Kanungo and Panda, 1984; Trivedi and Axe, 1999; Trivedi and Axe, 2000; Tamura

and Furuichi, 1997; Jeffries and Stumm, 1976; Nicholson and Eley, 1997; Gadde and La-

itinen, 1974; Lienemann et al., 1980; Tessier et al., 1996). In addition, both manganese

and iron oxides and oxyhydroxides are known to oxidize many environmentally relevant

species (Crowther et al., 1983; Murray and Dillard, 1979; McKenzie, 1970; Nesbitt et al.,

1998; Banerjee and Nesbitt, 1999b; Banerjee and Nesbitt, 1999a; Sajwan et al., 1994;

Stone and Morgan, 1984; Stone, 1987; Stone and Ulrich, 1989; Oscarson et al., 1981;

Oscarson et al., 1983; Moore et al., 1990; Postma, 1985; Postma and Appelo, 2000; Stol-

lenwerk, 1994; Golden et al., 1986; Golden et al., 1988; Krishnamurti and Huang, 1987;

Krishnamurti and Huang, 1988; Jardine and Taylor, 1995; Waite and Morel, 1984; Waite

et al., 1986; Waite and Torikov, 1987; Waite et al., 1988; Peterson et al., 1996; Peterson

et al., 1997a; Peterson et al., 1997c; White and Peterson, 1999; Eary and Rai, 1987).

The present study was motivated by the contamination of an alluvial aquifer, the

Pinal Creek Basin near Globe, Arizona, by wastes principally from copper mining

(Figure 1-1). This contamination has produced a series of complex geochemical interac-

tions, which are controlled by pH, mineral solubility, oxidation-reduction reactions, and

sorption reactions (Eychaner, 1991). The geology and hydrology of the basin has been

previously described in detail (Eychaner, 1991). Briefly, the basin is composed of un-

consolidated alluvium up to 50 m thick; overlaying a consolidated basin fill that is 100 to

1200m thick. The unconsolidated alluvial aquifer conveys a large majority of the flow in

the basin, and mainly occurs along Miami Wash, Pinal Creek, and tributary streams. The
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northern end of the basin is truncated by low permeable rocks, which results in perennial

flow in Pinal Creek (Eychaner, 1991).

The occurrence of contaminated groundwater has long been recognized in the

area, but was first quantified in 1983 (Envirologic Systems, 1983), and the United States

Geological Survey (USGS) began work on the transformation processes and contamina-

tion transport began in 1984 (Eychaner, 1989). The cleanup of contaminated

groundwater began in 1987 under the supervision of the Environmental Protection

Agency (Arthur, 1987; Tolle and Arthur, 1991). One possible source of contamination

was identified as Webster Lake (Figure 1-1); however, many other tailings piles and

ponds are present in the area, and the linkage of the contamination plume to Webster

Lake is not proven. Webster Lake was formed in the 1940s due to the slumping of

tailings into Webster Gulch, effectively damming the wash. The mining company then

used Webster Lake as a place to dump the acidic wastes from the processing of copper

ores; this went on until 1987 when the EPA ordered Webster Lake to be drained (Arthur,

1987). The lake waters had a pH of about 2.7 and contained 6,000 mg L-1 Fe and

200,000 mg L-1 SO42- (Eychaner, 1991). Obviously, any tailings pond constructed on

coarse alluvial material such as found in the Pinal Creek Basin will result in the seepage

of contaminated water into the subsurface. The chemistry of the contamination plume in

1994, when this study was started, is presented in Table 1-1 (Stollenwerk, 1994)

The geology of the alluvial material has resulted in an interesting contamination

problem in the basin. The alluvial material contains approximately 0.34% carbonate by

weight (Eychaner and Stollenwerk, 1985), which provides some pH buffering, retarding



Table 1-1 Chemical composition
of Contaminated Groundwater
from Pinal Creek and Solutions
Used in Batch Experiments. All
Values in mM Except for pH
(Standard Units) and Tempera-
ture (°C).
Constituent	 Contaminated

Groundwater'
pH	 3.30
Temperature	 17
Dissolved 02	 <0.006
Ca	 11.6
Mg	 15.8
Na	 9.4
K	 0.2
Fe(II)	 52.4
FM)	 <2
Mn	 1.34
Al	 10.5
Cu	 2.4
Co	 0.20
Ni	 0.06
Zn	 0.33
SO42- 	100
Cl - 	9.5
F
Ionic Strength	 232
i Contaminated groundwater,
values from Stollenwerk (1994)

30
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the movement of the acid front. The alluvial material also contains approximately 0.07%

manganese(III, IV) oxides and oxyhydroxides by weight (Stollenwerk 1994). The man-

ganese minerals are unstable with respect to Fe(ll), and are reductively dissolved, and

Mn(H) is released to the aqueous phase and transported down gradient while Fe(11) is

oxidized to Fe(LIT) and precipitates. The MOT) then comes in contact with oxygen in the

perennial stream, and is subsequently oxidized, forming asphalt-like concretions within

the streambed. Recent research has indicated that the oxidation/precipitation of manga-

nese within the perennial reach of Pinal Creek is controlled mainly by microbial activity

(Marble, 1998; Marble et al., 1999). Significant amounts of zinc and cobalt are known to

be incorporated into the precipitates (Lind and Anderson, 1992; Flinchbaugh, 1996; Kay,

2000; Fuller and Harvey, 1997; Fuller and Harvey, 1999).

Stollenwerk (1994) perfoimed column experiments using alluvial material and

contaminated groundwater to investigate the geochemical reactions that occur in the allu-

vial aquifer. Using a mass balance approach, Stollenwerk (1994) found that the amount

of Mn(II) released from the column was approximately 40% of what would have been

predicted by the stoichiometry of the following reaction:

Mn02(s) + 2 Fe 2+ + 4H20(1) ---> Mn2+ + 2 Fe(OH)3(s) + 2 Er	 (1-3)

and the amount of iron retained within the column. The redox half reactions that drive 1-

3 are:

Mn02(s) + 41-1+ +2e = Mn2+ + 2 H20
	

(EH° = +1.29 V)	 (1-4)

Fe3+ + e = Fe2+
	

(EH° = +0.77 V)	 (1-5)

where EH ° is the standard redox potential at 25 °C, and e is an electron. Summing these
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two potentials, the redox potential of the reaction is +0.52 V. We can determine whether

this reaction is spontaneous through the relationship:

AG° = —nF	 (1-6)

where AG° is the Gibbs free energy of the reaction, n is the number of electrons trans-

ferred, and F is Faraday's constant. Since the redox potential is positive, AG° is negative,

indicating that the reaction is thermodynamically favorable, and the reaction will proceed

to the right as written in reaction 1-3). The only manganese mineral positively identified

in the alluvial material was pyrolusite, and no manganese minerals were identified in the

reacted alluvial material using X-ray diffraction (XRD) (Lind and Stollenwerk, 1996).

Stollenwerk (1994) proposed that the unaccounted for manganese was either incom-

pletely reduced or incorporated into ferric precipitates. In addition, the manganese that

was initially released to the aqueous phase as a sharp spike and then slowly tailed to-

wards influent conditions (Stollenwerk 1994). Recent research on the site indicates that

Mn(II) is still being released from the supposedly reacted portion of the aquifer (Brown et

al., 1998). This type of behavior, an initially fast rate of reduction followed by a much

slower rate as time progresses, has been noted during the reductive dissolution of various

forms of Mn02 by COI) (Eary and Rai, 1987; Fendorf and Zasoski, 1992), Asap

(Moore et al., 1990), Co(f1)-EDTA (Jardine and Taylor, 1995), and Fe(11) (Postma,

1985).

As stated earlier, manganese and iron oxides and oxyhydroxides exert consider-

able control on the fate and transport of the trace and heavy metals found in the contami-

nation plume at Pinal Creek. The inadequacies of the present state of the knowledge of
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the redox processes that control the speciation of manganese and iron impede our ability

to accurately model the transport of metals within the Pinal Creek Basin, most notably

manganese (Stollenwerk, 1994; Brown et al., 1998). The general overview of the proc-

esses occurring in the basin is presented in Figure 1-2. One of the problems encountered

during the investigation of AMID-impacted systems is that many of the solid phases pre-

sent are of low concentration and/or of an amorphous nature making the identification of

these solids by X-ray diffraction impossible. Synchrotron X-ray absorption spectroscopy

(XAS), on the other hand, is not limited to crystalline materials; in fact, amorphous or

poorly-crystalline solid phases, as well as aqueous species are detectable using XAS

(Brown et al., 1988; O'Day, 1999). Due to the high flux of the synchrotron sources, the

target element concentration can be as low as parts per million (Brown et al., 1988;

O'Day, 1999). The synchrotron light also spans a wide energy range, and specific wave-

lengths of light can be selected using crystal monochromators. Therefore, the local envi-

ronment around a specific element can be studied.

This study was designed to increase our knowledge of the mechanisms that con-

trol the reductive dissolution of Mn02 by Fe(11) under conditions that simulate the effects

of acid mine drainage. One goal was to take advantage of the unique properties of syn-

chrotron XAS through the design of a flow-through reaction cell that could be used with

a fluorescence detector at the Stanford Synchrotron Radiation Laboratory (SSRL),
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Figure 1-2 Cartoon cross-section of the Pinal Creek Basin with an overview of some of
the geochemical processes that are thought to occur.
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thereby allowing for the collection of data in situ and in real time. This tool was designed

with the goal of determining if a reduced manganese solid phase (such as one of the

Mn0OH polymorphs, Mn203, or Mn 304) is formed that may account for the stoichiomet-

ric imbalance between the amounts of iron retained in the column (or aquifer) and the

amount of manganese that is released to the aqueous phase. Using the flow-through cell,

and techniques that are more conventional, the effects of reaction products, of both man-

ganese and iron, are investigated as they pertain to the reaction rates. Finally, the forma-

tion and transformation of the ferric precipitates is investigated.

This dissertation is divided into four sections. The first section investigates the

ability to couple bulk chemical analyses and spectroscopic data collected with a specially

designed flow-through reaction cell for use with synchrotron X-ray absorption spectros-

copy (XAS) to gain knowledge regarding the species that control reaction rates during

complex geochemical processes. Specifically, Mn K-edge X-ray absorption near-edge

structure (XANES) spectra were collected at the Stanford Synchrotron Radiation Labora-

tory (SSRL) during the reductive dissolution of Mn02 by Fe(II) under conditions simulat-

ing acid mine drainage. XANES spectra contain information regarding the valence state

and the molecular environment around the target element. The features of the K-edges of

first-row transition elements arise primarily from ionization of thels electrons, and there-

fore, the spectra are rich in structural infoimation regarding the geometry of the shells

surrounding the target element (Combes et al., 1989). This property gives rise to a spec-

tral fingerprint for each distinct manganese mineral as well as aqueous manganese spe-

cies. Thus, the identification of unknown constituents during the geochemical reaction
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can be determined using the principle of superposition (i.e., a spectrum that contains

multiple molecular environments can be decomposed into individual components through

linear combinations of appropriate reference spectra). The focus of this chapter is the

possibility of the formation of an intermediate solid manganese during the transformation

of a Mn(IV) solid to aqueous Mn(11). The spectral data is fit with Mn reference spectra,

and compared to the bulk chemical analyses of the effluent solution.

The second section explores the effects of the reaction products of the reductive

dissolution of Mn02 by Fe(II) by spectroscopically probing the Mn02-coated silica gel at

different points along the flow path. The same techniques developed in the previous sec-

tion are used to analyze the data. The analysis of experimental Mn K-edge XANES spec-

tra performed using linear combinations of reference spectra. The reaction was probed to

determine identity of the aqueous manganese products and the possible association of

these products with the ferric precipitates by focusing the X-ray beam down gradient

from the Fe(ll) reaction front, without dissolution of the Mn02 probed by the X-ray

beam. The second experiment investigated the Fe(H) chemical front in the absence of

previous contact with reaction products. This was accomplished by focusing the X-ray

beam at the inlet of the flow-through reaction cell. The third experiment probed the ef-

fects of the reaction products on the reaction by again focusing the X-ray beam down

gradient from the inlet, and collecting spectra during the reductive dissolution of the

Mn02. The fourth experiment investigated the effect of the ferric precipitates on the re-

action by reacting only the lower portion of the sample bed, allowing the ferric precipi-
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tates to age, and then probing the ferric-coated Mn0 2 during dissolution. When applica-

ble, the results of the spectral analyses were compared to bulk chemical analyses.

The third section of this dissertation investigates the kinetics of the reductive dis-

solution of P-Mn02 (pyrolusite) by Fe(11) utilizing batch experiments. In addition, the

effects of the reaction products, Fe(111)(aq), adsorbed Fe(11), and precipitated Fe(1111), on

the reaction were investigated by added Fe(I11)(aq) to the vessel prior to the introduction

of the reactive Fe(ll). The effect of aqueous and adsorbed Fe(M) was investigated by

adding the Fe(II1) at a concentration that did not result in the Fe(1111) precipitation. The

effect of previously precipitated Fe(11) was investigated by adding Fe(III) to the vessel

and allowing precipitation to occur for 30 minutes prior to the introduction of Fe(ll). The

data were modeled with a simple set of equations that describe the reductive dissolution

of pyrolusite by Fe(ll), the precipitation of Fe(111), and the effects of the reaction products

on the reaction rate.

The final section investigates the formation and transformation of the ferric pre-

cipitates from 15 minutes to 5 months, using batch, flow-through, and field experiments.

Precipitates from the hatch experiments were analyzed using XAS and powder X-ray dif-

fraction. Subsequently, the release of cations and anions from the precipitates was ana-

lyzed via dialysis, and then the precipitates were digested to determine their composi-

tions. Two flow-through experiments were run at SSRL. The first utilized XANES spec-

tra to investigate the nature of the ferric precipitates formed within the first hour of reac-

tion. The second used extended X-ray absorption fine-structure (EXAFS) spectra to in-

vestigate to the transformation of the ferric precipitates over the next two days. Samples
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from batch experiments, those that had been dialyzed, and a sample that had been reacted

in the field for 5 mo using EXAFS.
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2	 PRESENT STUDY

The results of this dissertation are presented in appendices 1-4. These appendices

are developed as separate papers that have been or will be submitted to peer-reviewed

journals. As such, the methods used in the research are presented in the methods sections

of each paper. All the work presented here has been done by the author, with the excep-

tion of the collection of some of the reference XAS spectra (performed by either Dr. Bar-

gar of Stanford Synchrotron Radiation Laboratory or Dr. O'Day of Arizona State Univer-

sity). In addition, the matlab code used to model the kinetics of the batch experiments

was written by Dr. Saiers of Yale University.

2.1	 Conclusions

The results of the above research investigating the geochemical reactions that

comprise the reductive dissolution of Mn02 by Fe(11) under conditions that simulate the

interaction of acid mine drainage with alluvial aquifer sediments indicate that a series of

complex reactions occur. The time scale of the release of Mn(11) to the aqueous phase

initially is sufficiently fast that with respect to hydrological time scales, the reaction hap-

pens instantaneously. However, the rate of release of Mn(11) to the aqueous phase de-

creases by three orders of magnitude within minutes. Bulk chemical analyses during the

flow-through experiments performed at SSRL also indicate that the reaction is initially

fast enough that the Mn(11) break-through curve mimics the break through of a conserva-

tive salt tracer. However, after approximately 33% of the Mn(IV) had been reduced, the

release of Mn(II) deviates from an instantaneous reaction mechanism. Analyses of the

Mn K-edge XANES spectra recorded during the experiment indicate the formation of a

mixed Mn/Fe solid phase forms at the same time as the effluent data indicates that the



40

reaction is no longer instantaneous with respect to the influx of Fe(ll) to the reaction cell.

Results of fitting the reaction spectra with linear combinations of Mn reference spectra

suggest that this intermediate solid phase has a local structure similar to the spinel min-

eral jacobsite (MnFe204). An estimate of the percent of the original Mn02 converted into

the jacobsite-like solid was no more than 5%.

Investigation of the sample bed down gradient of the reactive Fe(II) front indicate

that Mn(11)(aq) is the only aqueous manganese reaction product, and that Mn(n) is not

incorporated into the ferric precipitate at this time. Nor is the jacobsite-like phase folined

at the inlet of the flow-through reaction cell when the reactive Fe(II) chemical front inter-

acts with Mn02 surfaces that have not been previously exposed to ferric reaction prod-

ucts. The only condition under which the jacobsite-like solid was detected was down

gradient from the inlet, during the reductive dissolution of Mn02 that had been previously

exposed to Fe(111). This implies that the foil	 iation of the jacobsite-like solid only foi ins

at the interface between reacting Mn02 surfaces and the ferric precipitates that coat those

Mn(IV) surfaces.

Results from batch experiments were similar to those from the flow-through ex-

periments. The initial release of Mn(11) to the aqueous fast was extremely fast. How-

ever, the rate of release decreased by significantly within 5-10 min, at the same time

Fe(111) precipitates. The initial rate of release was reduced in the presence of aqueous

Fe(III). When FOE) was added to the batch reactor and allowed to precipitate prior to

the addition of Fe(ll), the rate was decreased even more. The maximum Mn imbalance

was approximately 10% of the original Mn02 concentration. The modeling results of the
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batch experiments indicate that the reaction rate is initially first-order with respect to the

Fe(II)(aq) concentration and the Mna? loading. This rate is then controlled by the pres-

ence of aqueous and precipitated Fe(BI), and this mechanism can be modeled with the

use of a Langmurian blocking function (Adamson, 1990; Saiers et al., 2000). Once the

precipitate reached a certain solid concentration, the reaction can once again be modeled

as a reaction that is first-order with respect to the Fe(II)(aq) concentration and the Mn02

loading. However, the rate of reaction has decreased by three orders of magnitude by this

point. While this model accounts for the precipitation of Fe(111) and its effects on the re-

action rate, this model does not include the formation of the jacobsite-like solid.

Analyses indicate that the Fe(III) as it is produced from the reductive dissolution

of Mn02 is associated with sulfate, most likely as aqueous complexes. As these com-

plexes are transported down gradient, ternary surface complexes are most likely formed.

Based on estimates from EXAFS analyses, the precipitates may form 60 i°6i long chains of

edge-sharing octahedra within 10 h. However, the rate at which the precipitates trans-

form into goethite slows considerable, with complete transformation taking on the order

of 100's of days. The ferric precipitates have significant quantities of sulfate associated

with them, even after 45 d of dialysis. The Fe:SO4 mole ratio averaged 4.4 ± 1.0, similar

to numbers reported for the mineral schwertmannite that is found in high sulfate AMID-

contaminated systems. The release of sulfate, protons, iron, and manganese to the aque-

ous phase during dialysis followed a parabolic rate, indicating the release of ions are con-

trolled by diffusion, most likely through the pores of the precipitates.

2.2	 Environmental implications
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These results indicate that the processes that control the fate and transport of

manganese and iron with in the alluvial aquifer at Pinal Creek are complex in nature.

The use of a simple reaction to describe the reductive dissolution of Mn02 by Fe(II) and

consequent precipitation of Fe(III) is not adequate to properly model the system. It is

clear that the fonnation of secondary manganese solids will result in the continued re-

lease of manganese to the aqueous phase for years to come. This inability to model the

fate and transport of manganese in the system has profound consequences in tenus of the

remediation of the system. The Mn(11) released by the reductive dissolution of

Mn(ll,IV) oxides in the alluvial aquifer is transported down gradient, and is reoxidized

within the perennial reach of the system (Eychaner, 1991). This oxidation of the manga-

nese within the stream and the hyporheic zone is believed to be microbially mediated

(Marble et al., 1999). Significant quantities of other trace metals are sorbed on and in-

corporated into the Mn(111,IV) oxides and hydroxides, including Co, Zn and Ni (Lind and

Anderson, 1992; Kay, 2000). Without knowledge of the rate of long-term release of

Mn(II) to the system, the fate of these other metals cannot be predicted. Thus, knowledge

of the foi in the reduced manganese in the alluvial aquifer is needed to detennine how

stable the constituent is and, ultimately, the fate of metals in the system.

Knowledge of the transformation of schwertmannite and/or a sulfate-rich amor-

phous ferric precipitate to goethite is equally as important as the transfonnation process

will release both sulfate and acidity to the system over the period of months to years. In

general, 2 mol of 1-1± will be released for every mol of structural SO42- in schwertmannite

via the following reaction:
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Fe808(SO4)x(OH)2-x + 2x H20 <=> 8 Fe0OH + x SO42- + 2x H+

Much of the previous modeling of AMID-contaminated sites has assumed ferrihydrite as

the precipitate controlling ferric iron solubility (Stollenwerk, 1994; Brown et al., 1998).

The transformation of ferrihydrite into goethite, unlike schwertmannite, releases no H+

(from H20) to the aqueous phase. Both ferric precipitates will release sorbed 50 4
2- and

Er to solution, and therefore, the capacities of the two minerals for these species needs to

be quantified. While proton adsorption to hydrous ferric oxides has been extensively

studied (Dzombak and Morel, 1990), and references contained within), fewer studies

have investigated the sorption of sulfate to ferrihydrite (Swedlund and Webster, 2001).

In addition, both H+ and SO42- affect the adsorption of other aqueous species. Sulfate can

increase the adsorption of heavy metals on iron oxides through the formation of ternary

complexes (Hoins charlet, 1993, (Ali and Dzombak, 1996a; Webster et al., 1998; Wees-

ner and Bleam, 1998; Ostergren et al., 2000; Swedlund and Webster, 2001), or decrease

the sorption of oxyanions or organic acids (Ali and Dzombak, 1996b; Wilkie and Hering,

1996). The research presented here confirms complex nature of the evolution of ferric

precipitates formed during the reductive dissolution of Mn02 by Fe(1) under conditions

simulating the effects of ANID on aquifer sediments. Thus, our ability to predict the fate

and transport of environmentally important aqueous species hinges on our ability to not

only identify the initial fo in of precipitated species, but also on our knowledge of the

rates of transformation of these metastable forms into more crystalline minerals.

2.3	 Future work
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While the research presented here has added to the general body of information of

the geochemistry of acid mine drainage, the areas where our understanding of the manga-

nese and iron are certainly evident. The formation of the mixed Mn/Fe solid jacobsite

during the reductive dissolution appears to occur after the manganese surfaces have been

coated with ferric precipitates. However, the formation of a spinel mineral has not been

detected in this type of situation with the possible exception of the formation of gahnite

(ZnAl204) and hydrohetaerolite (Zn2Mn408.H20) (Hochella et al., 1999). Therefore,

more information regarding the theimodynamics of this spinel mineral needs to be more

fully understood, as does the manner under which this mineral is formed. The stability of

this reduced manganese solid is needed to be able to predict the long-term release of

Mn(II) to the aqueous phase.

The transfer of charge from the FWD to the Mn02 surfaces covered by the ferric

precipitates also needs to be investigated. Possible mechanisms for the charge transfer

may include the diffusion of Fe(11) through the ferric precipitates and/or the transfer of

electrons through the precipitates via a semiconductor model. These types of transfers

are not only important in areas impacted by AMID, but also for emerging technologies

such as the use of zero valent metals for subsurface contaminant removal, and in the field

of corrosion science.

The model proposed to describe the reductive dissolution of Mn02 by Fe(II) un-

der conditions simulating AMD, while simple and able to for the main part to describe

the bulk manganese and iron aqueous chemistry, does not include the foimation of the

mineral jacobsite. In addition, the model presumes the formation of ferrihydrite. As seen
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in Appendix D, significant quantities of sulfate are incorporated into ferric precipitate and

the precipitate formed is not ferrihydrite. Therefore, the model needs to be improved to

include these facts as well as the proton balance and sorption reactions. The mechanisms

that control the precipitation of ferric iron and the inclusion of sulfate into those precipi-

tates are not well known at this point. Therefore, more information regarding the identity

of the ferric precipitates and the thermodynamics are necessary to improve the model.

The transformation of the metastable ferric precipitates into goethite also requires

further investigation. The present study and the study by Bigham et al., (1996) are the

only studies known to date that have investigated this phenomenon. The study by

Bigharn et al., (1996) was performed in the mother solution (pH < 4), and this study in-

vestigated a similar pH range. Therefore, more information is needed to understand the

fate of ferric oxyhydroxysulfate minerals under conditions that simulate the effects of

remediation, i.e., if the site is cleaned up, how is the transformation rate affected.
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APPENDIX A. IN SITU SPECTROSCOPIC AND SOLUTION ANALYSES OF
THE REDUCTIVE DISSOLUTION OF MNO2 BY FE(II)

A.1	 Abstract
The reductive dissolution of Mn0 2 by Fe(11) under conditions simulating acid

mine drainage (pH 3, 100 mM SO 42-) was investigated by utilizing a flow-through reac-

tion cell and synchrotron X-ray absorption spectroscopy. This configuration allows col-

lection of in situ, real-time X-ray absorption near-edge structure (XANES) spectra and

bulk solution samples. Analysis of the solution chemistry suggests that the reaction

mechanism changed (decreased reaction rate) as Mn02 was reduced and Fe(III) precipi-

tated, primarily as ferrihydrite. Simultaneously, we observed an additional phase, with

the local structure of jacobsite (MnFe204), in the Mn XANES spectra of reactants and

products. The X-ray absorbance of this intermediate phase increased during the experi-

ment, implying an increase in concentration. The presence of this phase, which probably

foimed as a surface coating, helps to explain the reduced rate of dissolution of manga-

nese(IV) oxide. In natural environments affected by acid mine drainage, the formation of

complex inte	 mediate solid phases on mineral surfaces undergoing reductive dissolution

may likewise influence the rate of release of metals to solution.

Reproduced with permission from Villinski, J.E., O'Day, P.A., Corley, T.L., and Conk-

lin, M.H., In Situ Spectroscopic and Solution Analyses of the Reductive Dissolution of

Mn02 by Fe(ll), Environmental Science and Technology, V35, no. 6, pp. 1157-1163,

2001. Copyright 2001, American Chemical Society.



A.2 Introduction

One of the current challenges in geochemistry is to identify solid phases that in-

fluence the rates of environmentally important dissolution/precipitation reactions. These

solids, which are often low in concentration, persist for seconds to hours or longer, and

are typically amorphous, poorly crystalline, or present as surface coatings. While it has

been shown that reduced-Mn solid phases are formed during the reductive dissolution of

Mn02 by As(111) (Nesbitt et al., 1998), Cr(111) (Banerjee and Nesbitt, 1999b), oxalate

(Banerjee and Nesbitt, 1999a), and Co(11)—EDTA (Fendorf et al., 1999), little is known

about the reductive dissolution of Mn02 by Fen. The formation of Mn0OH during the

reductive dissolution of birnessite by Fe(11) was discounted based on solution chemistry

(Postma, 1985). However, a nonstoichiometric release of Mn(II) to solution has been ob-

served during the reductive dissolution of manganese oxide-coated alluvial materials by

Fe(II) (Stollenwerk, 1994), with reduced manganese presumably incorporated into an

amorphous solid undetectable by X-ray diffraction (XRD) (Lind and Stollenwerk, 1996).

In this study, we use a spectroscopic method to examine the formation of an intermediate

phase during the reductive dissolution of Mn02 by Fe(ll).

Synchrotron X-ray absorption spectroscopy (XAS) is a powerful in situ technique

for probing geochemical or environmentally relevant samples that contain parts per mil-

lion concentrations of the target element in a complex matrix, often in contact with an

aqueous phase (O'Day, 1999; Brown et al., 1995). X-ray absorption near-edge structure

(XANES) spectra can be obtained on the order of min, sufficiently fast to monitor
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changes in the oxidation state and local molecular structure of aqueous species and solid

phases in many dissolution and precipitation reactions, but not fast enough to identify

very short-lived (<minutes) kinetic intermediates. A flow-through reaction cell used with

XANES can provide elemental speciation information in real time without the need to

quench the reaction and possibly alter the species present. Few real-time XAS environ-

mental or geochemical studies have been performed, including the biogenic oxidation of

Mn(II) (Bargar et al., 2000), the reductive dissolution of 13-Mn02 by Co(H)—EDTA

(Fendorf et al., 1999), and the dissolution of oligoclase feldspar (Farquhar et al., 1999).

The processes that control the reductive dissolution of Mn02 by Fe(II) were ex-

amined under conditions simulating the acid mine drainage (AMID) of the Pinal Creek

Basin near Globe, AZ. The overall reaction, assuming ferrihydrite controls ferric iron

solubility, can be defined as:

Mn0 2(s) + 2 Fe2+(aq) + 4 H20(1) => Mn2+(aq) + 2 Fe(OH)3(s) + 2 H+(aq) (A-1).

Manganese/iron redox couples are important because the oxides and hydroxides of both

metals exert considerable influence on the transport of toxic trace metals in aquatic envi-

ronments through sorption and/or dissolution/precipitation processes (Jenne, 1968). We

combined analysis of changes in solution chemistry during reaction with in situ examina-

tion of the reactant and product manganese species by deconvolution of bulk XANES

spectra. Analyses of conservative and reactive tracers were used to quantify changes in

the rate of Mn(II) release to solution during reductive dissolution, and results were com-

pared to the changes in the Mn-XANES spectra with time. These data allow a more
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complete formulation of reactions that control metal release in AMD-affected environ-

ments.

A.3 Experimental Procedures

A.3.1 Materials
All chemicals used were reagent grade. Deionized water (Milli-RO 6 plus/Milli-

Q plus reagent water system, Millipore Corp., resistivity = 18.2 MQ cm) with less than

10 ggr l dissolved oxygen was used for all solutions. Solution compositions are listed in

Table A-1, along with a comparison to the composition of the contaminated groundwater

at Pinal Creek.

High-surface area silica gel was coated with Mn02 using a modification of the dry

oxidation of Mn(NO 3)2 (Covington et al., 1962; Stahl and James, 1991) to produce a

Mn02 coating with a large surface area. This procedure ensured that fluorescence self-

adsorption is minimized (see below), and that any new constituents would be more easily

detected. The silica gel was SiLCRON G-604 with a nominal grain size of 13.5 gm, and

a specific surface area of 320 m2 g-1 (SCM Corporation technical data sheet). Fine parti-

cles (<3 tm Stoke's diameter) were removed via gravity settling. Predete	 mined propor-

tions of silica gel, Mn(NO3)2 (50% w/w in HNO3), and deionized water were combined to

yield a desired Mn02 concentration, and dried at 105 °C for 24 h, with stirring every 10

min for the first 3 h to ensure even coating. The dried solids were baked at 160 °C for 72

h and then washed of residual NO3- . The average Mn valence was determined to be 4.01

± 0.02 by the oxalate method (Hem, 1980).



Table A -1 Chemical composition of solutions used in flow-

through experiments.

Constituent Contaminated Inert Reactive

Groundwaterb electrolyte solution

pHa 3.30 3.00 3.00

Temperature 17 25 ± 1 25 ± 1

Dissolved 02 <0.006 <0.0004 <0.0004

Ca 11.6 6.3 6.3

Mg 15.8 93.7 83.7

Na 9.4 9.5 9.5

Fe 52.4 0 9.93-10.6

SO42- 100 102 102

cr (or Br-) 9.5 9.5 9.5

Ionic Strength 232 210 220

aAll values are in mM except for pH (standard units) and
temperature (°C).
bContaminated groundwater, values from ref (Stollenwerk,
1994) other species include the following (mM): K (0.2),
Fe(III) (<2), Mn (1.34), Al (10.5), Cu(2.4), Co (0.2), Ni
(0.06), and Zn (0.33). Other metals were replaced with Mg
in our system to focus on the Fe/Mn redox couples. Ca was
decreased due to solubility considerations.
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The homogeneous dry oxidation of Mn(NO3)2 yields pyrolusite (13-Mn02)

(Covington et al., 1962). The oxide coating on sand (Stahl and James, 1991) and quartz

(Jardine and Taylor, 1995) was reported to be pyrolusite. The Mn02 concentrations of

our Mn02-coated silica gels (9.1 and 16.9 mg of Mn(IV) g-1 ) were too low for definitive

identification by XRD. No distinct grains of Mn02 were viewed on the surface of the

silica gel with a scanning electron microscope (SEM). However, the XANES and ex-

tended X-ray absorption fine-structure (EXAFS) spectra of our Mn02 indicate that our

coating was similar to nsutite, a natural mineral composed of intergrowths of Mn02

polymorphs pyrolusite and ramsdellite (see Appendix B). The Mn(IV) loadings on the

silica surfaces used for this study were approximately 0.52 and 0.96 !moles n1-2 , (0.31

and 0.58 molecules nm-2 , less than monolayer coverage). Fendorf et al. (Fendorf et al.,

1999), using the same procedure, also found no evidence of well-defined Mn02 crystals

at low Mn loading on quartz (<44 1..tm). Therefore, we conclude that the Mn02 on our

silica gel surface is present as thin layers or patches, rather than as distinct crystals, and

refer to our material as Mn02,, c (for surface coating).

A.3.2 Flow Cell and Experimental Design

The experimental setup is shown in Figure A-la. The flow cell (Figure A- l b)

was designed to take advantage of the physical dimensions of the incoming X-ray beam

at the Stanford Synchrotron Radiation Laboratory (SSRL), (10-20 mm wide, and slit

down to 1 mm high). The bed support was porous ultrahigh molecular weight polypro-

pylene
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Figure A-1 a) Plan view of experimental setup for in situ measurements of
solid/aqueous species during settled-bed reactor experiments. b) Side view of the flow
cell, constructed of 3 mm thick polycarbonate. The bed support was constructed from a
porous sheet of 1/16 in. thick UHMVV polypropylene. The inlet, outlet and side ports
were all tapped to accept a 1-72 thread size. Influent was either inert electrolyte or Fe(II)
reactive solution (Table A-1). Kapton® windows were placed over the clear section of
the cell and acted as two sides of the cell.
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(X-4920, 10-20 !Am pore size, Porex Technologies). The windows were 0.001 in. thick

Kapton® tape, and served as sides of the reaction cell. Tubing connections were made

with threaded 1/16 in. 0.D. polyetheretherketone tubing. The ports enabled removal of

air bubbles during operation. The experiments were run as a settled-bed reactor. Tubing

for solution flow was either Teflon ® (0.020 in. ID.) or Tygon (0.030 in. I.D.). To ex-

clude 02, the solutions and the sample chamber were purged with ultrahigh purity He gas.

Experimental conditions are presented in Table A-2. Experiments Cl and C2 are

the conservative tracer experiments run after the reactive experiments Li (laboratory) and

Si (SSRL), respectively. Experiments L2 and L3 were reactive experiments (laboratory)

employing simultaneous reactive and conservative tracers. Micro-pH and -reference

electrodes (MicroElectrodes, Inc.) were used to monitor effluent pH, and were calibrated

using standard pH buffers at the experimental flow rate. During the experiment, some

Fe (ffl) precipitated within the pH flow-through cell, causing the measured pH to drift

upward. This behavior limits the accuracy of the pH measurement; however, the overall

trends in pH change are assumed correct. We estimated the magnitude of this drift based

on an expected pH of 3 at the end of the experiment. The pH reached a plateau of 3.08

after 180 min, and no Fe or Mn was detectable in the effluent (detection limits of 0.5 and

0.2 mM, respectively); this implies that the maximum drift was 0.08 pH units. The efflu-

ent was collected in set fraction sizes (300-10001.IL) and diluted gravimetrically prior to

analysis. Mn(II)(aq) and total Fe (FeT) were measured using flame atomic absorption

spectroscopy, and Cr and BC were measured using ion chromatography (detection limits

of 0.7 and 1.0 mM, respectively). Absolute errors in analyses of Mn(II)(aq), FeT, Br- and



Table A-2 Experimental conditions

Run Mn(IV) flow rate Fe (ll)

(mg g-1 ) (1AL min-1 ) (ITIM)

Li, Cl a 9.10 53 10.6

L2 16.9 75 10.2

L3 16.9 59 10.4

Si, C2 b 9.10 87 9.93

'Conservative salt tracer experiment for Li,

influent changed from 1 to 10 mM NaCl.

bConservative salt tracer experiment for Sl,

influent changed from 5 to 10 mM CaSO4.
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Cl - are ±0.03, 0.15, 0.31 and 0.24 mg L-1 , respectively, based on calibration standards, or

±0.1, 0.5, 0.7, and 0.5 mM, accounting for sample dilution, respectively.

A.3.3 Solution Data Analysis
For rigid column experiments, the pore volume is defined as the aqueous volume

within the bed of the column. The pore volume is not definable for this system because

the solid:liquid ratio can change during the settled-bed reactor experiment. Therefore, the

total aqueous volume (VT) from the valve to the fraction collector was used. V1 was cal-

culated by determining the area above the rising limb, or below the falling limb, of the

conservative-tracer breakthrough curve (BTC).

Conservative and reactive tracer BTCs were modeled using a one-dimensional

advection—dispersion equation (ADE) with equilibrium sorption, employing the computer

code CXTFIT (Tonde et al., 1995):

ac 
+—

p
 = D

a' c ac
at Oat	 ax2	 ax

(A-2)

where C is the aqueous concentration (M), t is time (s), x is distance (cm), u is the veloc-

ity (cm s-1 ), D is the dispersion coefficient (cm 2 s-1 ), S is the sorbed concentration (mol

g -1 ), p is the bulk density of the solid phase (g L-1 ), and 0 is the porosity of the settled bed

(nondimensional, modified based on the use of VT rather than the pore volume). Since

the pore volume is not definable in this system, model fits are meant for qualitative com-

parisons of dispersive properties. The standard nondimensional form of the ADE was fit

(Tonde et al., 1995), with the exception of the retention volume (R, measured in millili-

ters rather than pore volumes). The pulse (volume of reactive solution introduced) was
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fixed, and R and the Peclet number (Pe) were allowed to float. R (= VT p K* 0 -1 ) is a

measure of solute adsorption where K* is the distribution coefficient of the solute be-

tween the aqueous and sorbed phases (modified based on the use of VT rather than the

pore volume). A conservative tracer does not sorb to surfaces, and in this limit, R is a

measure of VT (i.e., K = 0). Pe (= u L D-1 ) is a measure of the dispersive properties of the

system where L is the characteristic length of the system in centimeters (assumed con-

stant for each set of experiments).

Comparisons of the BTCs between the experiment pairs Cl/L1 and C2/S1 were

problematic because (i) the Kapton® windows deformed due to pressure changes, chang-

ing VT, and (ii) the solid: liquid ratio in a settled-bed reactor was affected by changes in

solution chemistry. The first problem was evidenced by the change in VT of the conser-

vative tracers between different experiments (Table A-3). The second problem was noted

when the depth of the bed visually changed during experiment Cl when the influent was

changed from 1 to 10 mM NaC1, resulting in a significantly smaller Peclet number

(greater dispersion) for Cl than for C2 (changed from 5 to 10 mM CaSO4) (Table A-3).

This indicates that electrostatic changes at the surface/water interface caused by changes

in ionic strength resulted in changes in the dispersive characteristics of the system.

Likewise, the reactive bed became more dispersed upon initial contact with the Fe(11) so-

lution despite the similarity in ionic strength of the Fe(ll) and inert electrolyte solutions

(Table A-2 and Table A-3).
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Table A -3 Hydrodynamic results from column experiments

Retention volume (mL) Peclet Number

Run Species Solution' ADEb model ADEb model

Sorption Desorp. Sorption Desorp. Sorption Desorp.

Cl NaCI 2.20±0.11 2.40±0.12 2.19±0.02 2.40+0.01 10.6±0.6 9.7±0.4
LI Mnaqc 2.13±0.09 2.18±0.07 13.8±3.4

FeTd 2.61±0.28 2.36±0.07 10.8±2.1

C2 CaSO4 1.98±0.10 2.11±0.11 1.94±0.06 2.08±0.08 24.1±0.8 7.6±0.2
Si Mnaq 2.02±0.12 2.06±0.06 11.5±2.2

FeTe 2.37±0.25 2.12±0.19 7.5±3.9

L7 Cl . 2.47±0.26 2.38±0.08 12.8±3.3
Br- 2.48±0.28 2.54±0.05 13.0±2.0
Mn aq 2.58±0.16 2.54±0.05 12.3±1.8

L3 CI - 2.53±0.31 2.44±0.25 2.64±0.09 2.54±0.02 6.9±1.4 21.9±2.0
Br- 2.59±0.40 2.48±0.29 2.57±0.08 2.47±0.01 6.7±1.2 20.6±1.1
Mn1q 2.62±0. 2.54±0.11 2.61±0.11 2.54±0.02 5.2±1.0 17.2±1.0

15
'Errors are based on absolute errors indicated in the text for all solution analyses.

bADE = Advection dispersion equation. Errors presented are the 95% confidence limits calculated
by the program.

'The concentration of Mn in the effluent only reached a normalized concentration of 0.95.

dFeT was normalized to the influent [Fe(II)] (10.6 mM).

Tel- was normalized to the maximum effluent [Fe-r] (8.7 mM) in order to fit desorption limb with
the ADE model, as complete breakthrough of Fe(II) was not realized.
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To alleviate these two problems, a simultaneous conservative tracer was em-

ployed in subsequent reactive experiments. Cl- concentration in the contaminated

groundwater is 9.5 mM, an order of magnitude less than SO42- (100 mM) (Table A-1).

Br- was therefore substituted for CF in the reactive solution to characterize nonreactive

flow. Experimental and statistical evidence indicates that the substitution of Br- for C1

did not significantly change the chemistry of our system (Table A-3).

A.3.4 XAS Data Collection and Analyses

XANES spectra were collected at SSRL on wiggler beam lines 4-1 and 4-3.

Beam current ranged from 50 to 99 mA at 3 GeV, and the magnetic field of the wiggler

was 18 kG. Either a Si(111) or a Si(220) monochromator was used with an unfocused

beam, and was detuned such that the incoming beam flux was reduced by 30-50% of

maximum intensity to reject higher-order harmonic reflections. Binding energy for the

Mn K-edge was calibrated by assigning the first inflection of the absorption K-edge of

Mn metallic foil to 6539 eV. Fluorescence spectra were collected with the sample at a

45° angle to the incident beam using a Stern—Heald-type detector (Lytle et al., 1984) with

Soller slits and a Cr filter to reduce background scattering and fluorescence. Transmis-

sion spectra of reference compounds were collected with two gas-filled ion chambers.

After beam alignment and energy calibration, the reaction cell was placed in the

path of the beam under dynamic conditions, and a background spectrum (Mn02,sc) was

recorded. The flow was switched to the reactive Fe(1) solution and spectra were col-

lected as the reaction progressed (2.25 h). The scan rate (6520-6650 eV) was 0.125 min-

. Background absorbance was estimated by a linear fit of the pre-edge region (6520—
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6533 eV) that was extrapolated through the EXAFS region, and subtracted from the total

spectrum. Absorbance edge heights of reference spectra were nolinalized to one using

the computer program EXAFSPAK (George, 1995).

Collection of X-ray fluorescence spectra, which is proportional to element ab-

sorbance, can be affected by self-absorption, i.e., reabsorption of emitted fluorescence

due to high concentration of the target element (Brown et al., 1988). K-edge spectra of

unreacted Mn02, sc (in inert electrolyte) from 0.02 to 0.2 mass % Mn (range of experi-

ments) showed no systematic change in the amplitude of the fine-structure oscillations,

indicating no significant spectral distortions due to self-absorption.

The XANES spectra from the kinetic experiments were fit with linear combina-

tions of reference spectra using a nonlinear, least-squares fitting routine that minimized

the residual sum of squared errors (George, 1995). Reference spectra included the two

manganese end members, unreacted Mn02, sc and Mn(III)(aq), and a series of six well-

characterized natural and synthetic minerals (Table A-4). The detection limit in fitting

the XANES spectra was estimated to be 2% of the total Mn mass absorption (see Section

2.6). For complete details of the spectroscopic data analysis, see Appendix B.

A.4 Results and Discussion

A.4.1 Solution Data and Interpretation

A.4.1.1	 Comparison of conservative and reactive tracers

No i ialized data from experiment Si (run at SSRL) and conservative-tracer ex-

periment C2 (run in the laboratory post Si) are presented in Figure A-2. FeT was normal-



Table A-4 Simplified chemical foimula, mineral name, va-

lence, structure, and source of minerals used in this study.

Chemical Mineral name Mn Structure type Sample

Formula valency type

Mn(II)(aq) 2+ aqueous synthetic

Mn2SiO4 tephroite 2+ olivine synthetic'

MnFe204 jacobsite 2+ spinel synthetic'

a-Mn304 hausmannite 2+,3+ distorted spine! natural 2

(Mn,Fe) 20 3 bixbyite 3+ fluorite natural3

I3-Mn0OH feitknechtite 3+ brucite synthetic4

y-Mn0OH manganite 3+ distorted rutile synthetic s

3-Mn0 2 pyrolusite 4+ rutile synthetic6

Reference materials sources: 'Dr. L. Garvie (LG), 2N'Chwaing
Mine, South Africa, Dr. J. Gutzmer, 3Thomas Mountain, Utah,
USA, LG, 4Dr. S. Fendorf, 5Dr. A. Stone, 6Dr. B. Tebo
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Figure A-2 Noimalized breakthrough curves for flow-through reaction Si conducted at
SSRL and the tracer experiment C2 conducted in the laboratory. (—•): tracer, (•):
Mn(LT)(aq), (A): FeT , (.••): pH. The FeT was normalized to the influent Fe(L1) concentra-
tion (9.93 mM), and the Mn(11)(aq) was normalized stoichiometrically to the influent
Fe(11) concentration (4.96 mM). The Fe(n) pulse started at time zero and the vertical
dashed line represents the end of the reactive Fe(II) pulse at 11.7 mL. The dashed lines
labeled 1 and 2 are explained in the text.
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ized to the influent Fe(II) concentration (9.93 mM), and the Mn(H)(aq) was normalized to

4.96 mM (eq A-1). While the conservative tracer falling limb appears to match that of

FeT, Mn(I1)(aq) appeared in the effluent more quickly than the conservative tracer, with a

concomitant rise in the pH (Figure A-2). This was probably due to the disruption of the

sample bed during the introduction of the Fe(171) solution. The initial rapid reduction of

the manganese(IV) oxide surface and subsequent release of Mn(H) to solution is expected

to result in electrostatic changes at the surface/water interface. This created greater dis-

persion for the Mn(H)(aq) rising limb of experiment Si as compared to the conservative

tracer rising limb of experiment C2 (Table A-3). The equivalence of the retention vol-

umes of the rising limbs of Mn(11)(aq) and conservative tracer suggested that VT did not

change between the two experiments. To verify this, laboratory experiments L2 and L3

(simultaneous conservative and reactive tracers) were run. Mn(II)(aq) and Br appeared

in the effluent simultaneously (Appendix E). and R and Pe for the Mn(II)(aq) and Br- ris-

ing limbs are statistically equivalent (Table A-3). At this point in experiments L2 and L3,

28% and 34% of the Mn02,,c was reduced, respectively. On the basis of these results, we

conclude that the reductive dissolution of the Mn02,„ by Fe(H) is limited only by the flux

of Fe(H) for the first 55 min of experiment Si (33% Mn0 2,„ reduced), and thus can be

described as an instantaneous reaction (i.e., the release of Mn(H) behaves like a conserva-

tive tracer). The Pec let numbers of the conservative-tracer and the Mn(H)(aq) falling

limbs for experiment L3 are significantly different (Table A-3), indicating that the release

of Mn(H) no longer behaved conservatively after —34% of the Mn02,,, was reduced.
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Minimal sorption of Mn(II) has been observed in similar systems. No sorption of

Mn(11) on silica gel with a similar specific surface area was seen below pH 6, within ex-

perimental error (Benyahya and Gamier, 1999). On the basis of an analogy with Cu(ll),

the sorption of Mn(11) on pyrolusite is below detection limits below pH 4.4 (Tamura and

Furuichi, 1997; Kanungo and Mahapatra, 1989). No sorption, within experimental error

(±5%), of Mn(II) on the unreacted oxides was observed in batch experiments performed

under similar conditions (see Appendix B). These results, with the statistical equivalence

of the Br- and Mn(II)(aq) rising limbs for experiments L2 and L3, support the assumption

that the sorption of Mn(11) was insignificant. With the result that the reductive dissolu-

tion of the first —33% of the Mn02,„ was fast as compared to the influx of Fe(I1) to the

reaction cell now established, we then examined the solution chemistry as it pertained to

different portions of the reaction.

A.4.1.2	 0-20 min
During the first 20 min of the reaction, the pH increased sharply with a concomi-

tant, conservative release of Mn(II). The system was dominated by a proton-consuming

reaction that releases Mn(11). The overall reaction (ignoring surface stoichiometry) can

be written as:

Mn02,„ + 2 Fe 2+(aq) + 4H+(aq) Mn 2+(aq) + 2 Fe 3+(aq) + 2 H20(1)	 (A-3)

On the surface, we might expect that this proceeds via one-electron transfer steps that in-

volve a Mn(III) intei	 mediate constituent (of some undetermined nature):

Mn02,,c + Fe2+(aq) + 2H+(aq)	 [Mn3+-0] * + Fe3+(aq) + H20(1)	 (A-4)
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where 1Mn3+-01 t is the surface Mn(111) species. This would be followed by a subsequent

reduction of [Mn 3+-0] * :

[Mn3+-0] * + Fe2+(aq) + 2H+(aq) Mn 2+(aq) + Fe3+(aq) + H20(1)	 (A-5)

However, reactions A-4 and A-5 must be fast with respect to the advection within the cell

or we would expect a nonconservative release of Mn(11).

A.4.1.3	 20-55 min

During this period of the reaction, Mn(11) was still released conservatively, but the

pH decreased steadily and FeT increased steadily. During this portion of the experiment,

proton-producing reactions predominated and occurred in addition to reaction A-3. Vis-

ual inspection of the solid materials after the conclusion of the experiment indicated that

the black Mn02, so was replaced by an orange color characteristic of a ferric precipitate.

X-ray analysis of ferric precipitates from batch experiments conducted under similar

conditions indicated the presence of 2-line ferrihydrite or schwertmannite (see Appendix

D). Therefore, we inferred the following proton-producing reaction:

Fe3+(aq) + 3 H20(1) <=> Fe(OH)3(s) + 3 H±(aq)	 (A-6)

The solubility of Fe(OH) 3 is 0.33-33 mM at pH 3 based on a pKso range of —3 to —5

(Nordstrom et al., 1990), corresponding to a normalized Fe(E11)(aq) concentration range

of 0.033-3.3. The precipitation of ferrihydrite is most likely preceded by the adsorption

of Fe (ffl) to surface sites at concentrations below the solubility of ferrihydrite, which also

produces protons. The progression from adsorption to precipitation of metal cations has

been observed spectroscopically in other systems (O'Day et al., 1994a; O'Day et al.,

1996).
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Since the release of Mn(II) to solution behaved conservatively up to 55 min, the

Fe(ll) introduced to the system up to this point must have all been oxidized to Fe(1111).

The presence of iron in the effluent prior to 55 min indicates that Fe(111) was being ad-

vected through the column. The pH decreased after 25 min, indicating proton-producing

reactions such as reaction A-6 and Fe( El) sorption dominate. This indicates that the pre-

cipitation of Fe(III) is kinetically limited with respect to the residence time within the bed

(-10-12 min). Ferric precipitates likely coated both Mn02, sc and Si02 surfaces. Fe(11)

sorbs strongly to amorphous silica at pH 3 (Schindler et al., 1976; Anderson et al., 1984).

No known data exists for the sorption of Fe(I11) on f3-Mn02. However, batch experi-

ments have suggested that the precipitation of Fe(11) inhibits the reductive dissolution of

pyrolusite by Fe(II) (see Appendix C).

A.4.1.4	 55-95 min and 95 min to end

During these two portions of the reaction, the release of Mn(I1) to solution was

kinetically limited (Figure A-2). The rate of release of Mn(l1) decreased from 55 to 95

min at a gradual rate and then at a much steeper rate after 95 min. Conversely, the FeT in

the influent increased gradually until 95 min, and then at a much faster rate until the reac-

tive Fe(11) pulse was stopped, at which time FeT mimicked the conservative tracer (Table

A-3). The pH decreased until 85 min as proton-producing reactions such as reaction 6

and Fe(II1) sorption dominated. After 85 min, the pH gradually increased, near the same

time as the sharp decrease in Mn(II)(aq) and the increase in FeT. This increase indicated

that the pH tended toward the influent condition of pH 3 (accounting for the upward drift

in the pH calibration due to Fe(11) precipitation, discussed above). The deviation from
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the instantaneous-reaction mechanism, evidenced by the deviation of the Mn(II)(aq) BTC

from the conservative tracer BTC, can be divided into two separate, approximately linear,

portions, from 55 to 95 min and from 95 to 155 min (Figure A-2, labeled 1 and 2, respec-

tively). The rate at which the release of Mn(l1)(aq) to solution decreased was estimated

to be —3.4 ± 0.2 . le and —9.4 ± 0.6 x 10 -7 M Mn(II)(aq) s-I , respectively.

Three possibilities may explain the reduced reaction rate after 55 min, (i) the ac-

tive surface area of the remaining Mn02,,, had decreased sufficiently to limit the reaction,

(ii) a less reactive and/or reduced manganese inteimediate solid phase had formed on the

surface, and/or (iii) a ferric surface precipitate had formed that limited diffusion of

ions/electrons to and/or from the Mn02,„ surface. Without knowing the precise geometry

of the Mn02.se, we cannot make any definite statements regarding the effect of surface

area on the reaction rate. Mass transfer limitations are ruled out based on analysis of the

effect of flow rate on the effluent chemistry (see Section 2.6). However, XANES spectra

can be used to constrain the speciation of manganese in the system and to detect the for-

mation of new manganese species.

A.4.2 XANES Data
Manganese K-edge XANES spectra as a function of time for experiment Si are

presented in Figure A-3 (noinialized to a height of 1 and offset vertically for clarity, and

compared to the two manganese end members, Mn(11)(aq) and Mn02,„). To compare the

spectra with the solution data, the average time (midpoint) of the scan has been shifted to
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account for the fact that the solution exited the system —15 min after passing through the

X-ray beam. A shoulder at —6554 eV increased as the reaction progressed, consistent

with the production of Mn(II)(aq). The energy of maximum absorption shifted from ap-

proximately 6561.5 to 6560.0 eV, a feature that is generally attributed to a lower average

valence for a given ligand environment (Croft et al., 1997; Qi-wu and Wong, 1984). In

addition, the pre-edge feature near 6540-6545 eV shifted to lower energy, and grew in

height relative to the edge (inset, Figure A-3). This feature has been attributed to dipole-

forbidden is-3d transitions that become allowed when symmetry is broken by either tet-

rahedral coordination of manganese or octahedral site distortion (Manceau et al., 1992).

Finally, a second shoulder appeared near 6549 eV that does not appear to be related to

either of the two manganese end members.

Figure A-4 shows normalized XANES spectra and first-derivative spectra from

two scans (55 and 135 min). The spectra were fit with linear combinations of reference

spectra (Table A-4). The spectrum at 55 min was fit with the two end-member manga-

nese species, and the addition of a third component did not improve the fit. Therefore, if

an additional manganese constituent was present, its concentration was below our detec-

tion limit (-2 atom % Mn), corroborating the conservative release of Mn(11)(aq) to solu-

tion.

The spectrum taken at 135 min could not be fit with the two end-member compo-

nents, and the only acceptable fit for this spectrum was obtained with the addition of the

reference compound jacobsite (MnFe20 4). The nonstoichiometric release of Mn(1)(aq)
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(Figure A-2) and the spectroscopic evidence for an additional Mn-bearing phase indicate

that another reaction is needed in addition to reactions A-3 — A-5 for the reduction of

Mn02,,c by Fe(ll). Ignoring actual surface stoichiometries and simply writing an overall

reaction, we can add another (proton-producing) reaction:

Mn0 2 ,, + 2 Fe 2+(aq) + 2 H20(1) MnFe204(s) + 4H+(aq)	 (A-7)

In the fitting routine, a synthetic stoichiometric MnFe204 sample (Allen et al., 1988) was

used (Table A-4). It is likely that the secondary, manganese solid phase formed in the

flow-through system is not stoichiometric MnFe204 because partial solid solutions occur

among Mn-Fe spinel minerals (Mason, 1947). Nonstoichiometric manganese and iron,

and the presence of Mn(lB), may account for the slight misfit between the fit and the data

(Figure A-4). XAS studies have suggested that up to 35-40% of the Mn in manganese

ferrites (MR,Fe3,04) may be present as Mn(I11) (Kulkarni et al., 1994; Denecke et al.,

1992) and both Mn(III) and Fe(11) have been found in a natural jacobsite (Lucchesi et al.,

1997). However, other studies indicate the absence of MOH) in MnFe204 (Bonsdorf et

al., 1997; Mackrodt and Simson, 1996; Sawatzky et al., 1969). Further research needs to

be performed to verify the presence of MOB) in the secondary solid phase.

Jacobsite was determined to be present in all of the spectra after 55 min had

elapsed, as the absorbance values generally increased from 2-40% of the total Mn atomic

absorbance between 55 and 135 min. As a first approximation, the absorbance of each

species has been shown to be proportional to the concentration (see Appendix B), there-

fore, the concentration of jacobsite increased as the reaction progressed. Jacobsite may

have been present prior to 55 min, but the signal would have been below our detection
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limit (-2 atom % Mn). The relative proportions of ferrihydrite and jacobsite formed dur-

ing reductive dissolution of Mn02,, c was estimated from the amount of iron retained dur-

ing the flow-through experiment and the proportion of jacobsite present in the XANES

spectra. On the basis of the initial absorbance of Mn0 2 ,„, an assumed fonllula of

MnFe204, and assuming a constant jacobsite concentration throughout the reaction cell,

—4 p,moles of the precipitated FOIE) would be present in the jacobsite at the 135 min.

This is compared to 53 ltmoles of iron retained in the column. Therefore, fen-ihydrite is

the dominant ferric phase, assuming that the remainder of the Fe(III) is present as ferri-

hydrite. The jacobsite phase then would contain 2 wrioles of Mn after 135 min. This

value is approximately 5% of the initial Mn(IV) in the reaction cell.

While jacobsite appeared in the XAS spectra at the same time as the rate of re-

lease of Mn(II) to solution begins to decreases (55 min), we cannot assume that this phase

is solely responsible for the observed decrease. Ferrihydrite has been shown to act as a

passivating layer and to reduce the dissolution rate of minerals (Schott and Berner, 1983;

Postma, 1985). The reason for the second break in the rate of rate of release of Mn(II) to

solution at 95 min is also unknown. However, since manganese is incorporated in jacob-

site, this solid must be, in part, responsible for the reduced rate of release of Mn(II) to

solution. It is likely that both ferric solids coat the remaining Mna),,, surfaces, and in-

hibit transfer of reactants to and products from the Mn(IV) surface.

A.5 Environmental Implications
A flow-through reaction cell for use at a synchrotron facility has the ability to

yield molecular-level infounation regarding the reactions that control complex geo-
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chemical dissolution/precipitation reactions. Under conditions simulating AMID, spectro-

scopic evidence indicates the formation of a manganese—iron phase, probably as a surface

coating, with a local structure similar to the spinel mineral jacobsite, during the reductive

dissolution of Mn02 by Fe(ll). Spinel minerals are common in high-temperature, high-

pressure igneous and metamorphic rocks. While spinel minerals have been synthesized

at low temperatures under laboratory settings (Bricker, 1965; Hem and Lind, 1983; Hem

et al., 1987; Mann et al., 1988; Cornell and Giovanoli, 1987; Bujoreanu et al., 1996; Ta-

kada, 1982; Robbins, 1982; Kiyama and Takada, 1982), only one instance could be found

where naturally formed spinel minerals formed under low-temperature, low-pressure

conditions (Hochella et al., 1999). These spinel minerals, hydrohetaerolite and gahnite,

were presumably formed in streamwaters affected by AMID at pH 6, but were only de-

tected using transmission electron microscopy (Hochella et al., 1999).

The maximum imbalance in the release of Mn(II) to solution in our system was

5% based on spectroscopic data, a value much lower than the >50% imbalance seen in

column experiments performed with natural sediments (Stollenwerk, 1994). This may be

due to the variety of surfaces and solid phases present in the natural sediments and to the

increased complexity of the influent solution (Table A-1) as compared to our system.

These conditions may produce other reduced-Mn solid phases that are as of yet unidenti-

fied, or precipitate more jacobsite, which would explain the observed imbalance. The

foil	 iation of jacobsite during the reductive dissolution of Mn02 by Fe(11) and changes in

mineral dissolution rates point out the influence of complex surface phases in natural en-
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vironments affected by AMD. These types of processes should be examined when for-

mulating models representing the fate and transport of metals.

A.6 Supplemental Information

A.6.1 Analysis of Mass—Transfer Limitations
The presence of the internal pores of the silica gel could theoretically result in

mass transfer limitations to the rate of reaction. During the first 5 mL of solution eluted,

the release of Mn(l1) to the solution was shown to behave conservatively with respect to

the hydrodynamic properties of the system. Attempts to fit the conservative and

Mn(1I)(aq) BTCs with an advection-dispersion equation that included mobile and immo-

bile regions (Wierenga and Von Genucheten, 1989) resulted in no improvement to the

fits, indicating that mass transport through the pores is insignificant with respect to the

bulk solution.

Mass transfer limitations on reaction rates can be investigated by performing flow

experiments at different flow rates (Figure A-5). The flow rates were 53 pL min-1 and 87

pL min-1 for experiments Li and Si, respectively. Both Mn(1)(aq) BTCs deviated from

an instantaneous reaction rate after approximately 5.5 mL of solution have been eluted.

However, the release of Mn(1) to the aqueous phase decreased much more rapidly in ex-

periment Ll than in experiment Si, despite similar loading of Mn(IV). If the mass trans-

fer of Fe(11) to uncoated Mn(IV) surfaces was kinetically limited, the rate of Mn(n) re-

lease to solution would depend on two things: residence time within the sample bed, and

the Fe(H) concentration gradient across the boundary layer separating the Mn02,„ surface

and the bulk aqueous phase. The residence time is a factor of both the flow rate and the
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solid:liquid ratio. Due to the uncertainty in the solid:liquid ratio, we cannot determine the

residence times for the two experiments. However, the residence time for the experiment

Li (lower flow rate) was not shorter than for experiment Si. The amount of FOIE) re-

tained within the column, based on the FeT BTCs, is greater for experiment Li than for

experiment Si (Figure A-5). After five min, when the reaction became kinetically lim-

ited, the amounts of Fe(111) retained in the two experiments were 25 and 20 wnoles for

experiments Li and Si, respectively. This suggests that the residence time for experi-

ment Li was longer than experiment Si.

The effect of a higher flow rate on a mass-transfer-limited reaction rate is mani-

fested by a decrease in the thickness of the stagnant layer around the mineral grains

across which the Fe(II) chemical gradient occurs. The difference in mass transfer rates

across the boundary layers is proportional to the square root of the ratio of the two flow

rates (Bird et al., 1960). So at most, experiment Si should have an increase of 25% in the

rate of release of Mn(II) due to the higher flow rate. The rate of release of Mn(II) should

be proportional to the amount of Mn(I1)(aq) in the effluent. We see greater than 25% dif-

ference in the rate of release of Mn(II) in experiment Si compared to experiment Li (at 8

mL of solution eluted, Mn(11)(aq) for experiment Si was 4 mM, compared to a concen-

tration of 2 mM for experiment Li, or 100% difference). Thus, the rate of release of

Mn(II) to solution appears to be a function of the amount of Fe(III) precipitated rather

than mass transfer limitations of Fe(1) to Mn(IV) surfaces within pores of the silica gel.
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A.6.2 Effect of X-ray Beam on Reaction

In some cases, the high intensity of synchrotron X-rays has changed the oxidation

state of elements. The X-ray beam affected the oxidation state of Mn in manganese-

bound proteins (Bargar, 2000). While Mn02 has been reduced by the X-ray beam at the

Advanced Photon Source (APS) on the time scale of our reaction (2-3 h), the X-ray beam

at SSRL is not expected to have the same affect. The photon flux at APS is approxi-

mately 2 x 10 13 photons s 	 over three orders of magnitude greater than the photon

flux at SSRL, estimated to be 6.3 x 109 photons s-1 mm-2 (Bargar, 2000). No beam-

induced oxidation state changes were noted for either the Mn02,,, and Mn(II)(aq) in the

absence of Fe(II) at SSRL. Fendorf et al. (Fendorf et al., 1999) obtained similar results

during the reductive dissolution of 13-Mn02 by Co(III)-EDTA whether the experiment was

conducted in or out of the X-ray beam. We have no evidence that the X-ray beam af-

fected the chemistry of our system.

A.6.3 Detection Limits in Fitting XANES Spectra

The level of noise in the reference spectra is defined as the root-mean-square av-

erage of the fluctuations in the absorbance. The absorbance is measured in total number

of counts per energy point. The noise was determined by using the data from the pre-

edge region that was used in determining the background absorbance (6350-6530 eV for

jacobsite and Mn(II)(aq), and 6520-6533 eV for Mn02,,c and the reaction spectra). The

noise is then defined as:

Al2
	

(A-8)
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where N is the noise, A, is the absorbance value of the ill' energy point in the pre-edge re-

gion (after background subtraction), and n is the number of energy points. The noise was

then divided by the signal to determine the fractional value of the noise. The signal was

defined as the absorbance value of the edge jump in total counts per energy point. The

percent noise compared to the signal for the various reference spectra are 0.05%, 0.2%

and 0.1% for Mn02,sc, Mn(I1)(aq) and jacobsite, respectively, and ranged from 0.05% at

time zero to 0.5% at 135 min for the reaction spectra. Thus, the level of noise is never

more than 0.5% of the signal in any of the spectra. The total noise in fitting the reaction

spectra is not expected to exceed 0.6% of the signal, based on propagation of errors due

to the noise.

From a statistical standpoint, any constituent with an absorbance greater than

0.6% of the absorbance of the reaction spectra should be detectable. However, other ex-

perimental errors are expected to contribute to the detection limit besides counting statis-

tics. In reference mixtures of Mn(11)(aq) and Mn0 2 ,,c , Mn(II)(aq) was detectable at 4

atom %; however, no mixtures were made with a lower percentage of Mn(I1)(aq). The

lowest value at which a third component was detectable in the reaction spectra was 2% of

the edge jump. While this value is lower than our lowest reference mixture percentage,

this value most likely is closer to the true detection limit of the system. The residual sum

of squared error of the fit with third component was 10% smaller than the fit without this

component (adjusted for degrees of freedom). Only one of the six reference spectra was

able to reduce the error of the fit. Based on these observations, we conclude that our de-

tection limit is —2% in terms of percent absorbance relative to the edge jump.
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APPENDIX B. THE EFFECT OF CHEMICAL GRADIENTS ON THE REDUC-
TIVE DISSOLUTION OF MNO2 BY FE(II)

B.1	 Abstract

Chemical gradients that result from the transport of reaction products can result in

changes in the reaction mechanisms down gradient. Real-time, in situ synchrotron X-ray

absorption spectroscopy (XAS) data were collected during the reductive dissolution of

MnO? by Fe(II) at pH 3 using a spectroscopic flow-through reaction cell for use at the

Stanford Synchrotron Radiation Laboratory (SSRL), Stanford, CA. This configuration

allowed us to detect the changes in elemental speciation of manganese by collecting Mn

K-edge X-ray absorption near-edge structure (XANES) spectra, and fitting the resulting

spectra with linear combinations of reference Mn spectra. Aqueous samples for bulk

chemical analyses were collected at the same time. Several experiments were performed

to assess the effects of chemical fronts on the reaction by positioning the X-ray beam at

different distances along the flow path. Although the flow path was only on the order of

7-10 mm, different results were obtained depending on the section of the sample bed

probed (on the order of 1 mm high by 10-20 mm wide). With the X-ray beam was posi-

tioned at the inlet (up gradient bed portion) the Mn02-coated silica was in contact with

the reactive Fe(II) solution prior to formation of any reaction products. Greater than 99%

of the resulting spectra could be fit with Mn(II)(aq) and Mn0 2(s). However, when the X-

ray beam was positioned 3-4 mm down gradient along the flow path, the portion of the

bed probed by the X-ray beam was in contact with the chemical front containing the reac-

tion products, Fe(III)(aq) and Mn(11)(aq), prior to coming in contact with Fe(II)(aq). The
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best fits for these spectra were obtained by including jacobsite, a spinel mineral

(MnFe204), with Mn(II)(aq) and Mn02(s). Similar results were obtained when the

Mn02(s) was only partially reduced, and the ferric precipitate was allowed to age for >2 h

prior to a second pulse of Fe(ll). The dominant ferric phase has been identified as an

amorphous oxyhydroxysulfate phase, probably similar to the mineral known as schwert-

mannite, and is known to form a passivating layer on Mn02 surfaces. In the system down

gradient prior to the appearance of Fe(11)(aq), analysis of Mn XANES in the presence of

precipitating Fe(111) but in the absence of Mn02 reduction indicates that little or no

Mn(l1) is incorporated in the ferric precipitate. Therefore, the prior presence of the ferric

phase appears to be necessary for the formation of the spinel phase. We propose that the

formation of this jacobsite-like phase occurs at the interface between the ferric precipitate

and the Mn02 surface that is undergoing reductive dissolution.

B.2	 Introduction

Trace metal transport is influenced greatly by the presence of the oxides and hy-

dro ides of iron and manganese through sorption reactions or by incorporation into solid

phases through precipitation or co-precipitation, which may be accompanied by oxida-

tion/reduction. Manganese and iron are often found together in mineral assemblages

such as deep-sea nodules (Burns, 1976; Dillard et al., 1988) and in soils (McKenzie,

1975; Krishnamurti and Huang, 1989). Manganese minerals are important oxidant of

many environmentally important species such as As (ffl) (Oscarson et al., 1981; Oscarson

et al., 1983; Moore et al., 1990), Cr(LLI) (Eary and Rai, 1987; Fendorf et al., 1993; John-

son and Xyla, 1991), Co(II) (Crowther et al., 1983; Dillard et al., 1988), Co(1)-EDTA
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(Jardine and Taylor, 1995; Fendorf et al., 1999), various organic molecules (Stone and

Morgan, 1984; Stone, 1987; Xyla et al., 1992), and Fe(111) (Postma, 1985; Golden et al.,

1986; Golden et al., 1988).

In this paper, we investigate the reductive dissolution of Mn02 by Fe(I) under

conditions similar to that found in systems affected by acid mine drainage. Previous

spectroscopic studies have suggested the formation of a solid Mn(111) intermediate phase,

possibly an Mn0OH polymorph, during the reductive dissolution of Mn02 (bimessite) by

As(III) (Nesbitt et al., 1998) and COI) (Banerjee and Nesbitt, 1999b) and oxalate

(Banerjee and Nesbitt, 1999a). Other X-ray absorption spectroscopy (XAS) work on (3 -

Mn0 2 (pyrolusite) reduction by Co(II)-EDTA indicated the foil	 iation of cc-Mn203

(Fendorf et al., 1999). The intermediate phases formed during these reactions, even if

non-reactive, can form a physical barrier to the more reactive species, resulting in slower

reaction rates.

Little is known regarding the reaction mechanisms controlling Mn/Fe redox cou-

ples. The results of the above studies imply that the reduction of Mn(IV) to Mn(11) oc-

curs as a series of two one-electron transfer steps. As Fe(I1) loses one electron when oxi-

dized to Fe(T11), one would expect a similar process during the reductive dissolution of

Mn02 by Fe(ll). Postma (Postma, 1985) argued against the fou	 nation of Mn0OH during

the reductive dissolution of bimessite by Fe(11) based on reaction stoichiometries. An-

other study using sediments coated with Mn(II1,IV) oxides (Stollenwerk, 1994) found

that when these sediments were in contact with acid mine drainage containing 50 mM

Fe(ll), the release of Mn was less than 40% of the value predicted based on the reaction
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Mn02(s) + 2Fe 2+(aq) + 2H20 Mn2+(aq) + 2Fe(OH)3(s) + 2H+(aq)	 (B-1)

The only manganese oxide positively identified in the unreacted sediments was py-

rolusite, however, no evidence for a reduced Mn phase was found in the reacted alluvial

sediments using X-ray Diffraction (XRD) (Lind and Stollenwerk, 1996). The presence of

a manganese intermediate may have gone undetected if it was present at a low concentra-

tion or was of an amorphous nature.

The two studies appear to conflict in their results; however, this may be simply

due to differences in mineralogy. These results have implications for reactive transport

models as chemical fronts produced by reactions such as B-1 can have profound effects

on reactions that occur down gradient. Changes in pH result in changes in the absorption

capacities of mineral surfaces, and in the mineral phases present through precipitation

and dissolution reactions. Postma and Appelo (Postma and Appelo, 2000) were success-

ful modeling the reactive transport of an Fe(ll)-bearing solution through a column of Mn-

oxide coated aquifer materials without the need for production of a reduced-Mn solid, in

agreement with Postma (Postma, 1985). In contrast, neither Stollenwerk (Stollenwerk,

1994) nor Brown et al. (Brown et al., 1998) were able to successfully model the Fe/Mn

redox reactions that control the fate and transport of Mn through the Pinal Creek Basin

near Globe, Arizona.

We have investigated the reductive dissolution of Mn02 by Fe(I1) under condi-

tions simulating that of an acidic plume resulting from mine wastes in real time by using

an X-ray absorption spectroscopy (XAS) flow-through cell (see Villinski et al., 2001).

Our goal was to determine if Mn intermediate solid phases form during reaction, and if
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so, to determine structural information regarding the intermediate phases. We propose

that the reduced Mn is incorporated into an intermediate solid phase and therefore the re-

action (unbalanced) should be written:

Mn0 2 (s) + 2Fe 2+ (aq)	 Mn(11,III)Fe(III)(s)	 Mn2+ (aq) + 2Fe(III)(s)	 (B-2)

The incorporation of Mn in ferric precipitates has been noted by various researchers

(Stiers and Schwertmann, 1985; Cornell and Giovanoli, 1987; Cornell, 1988; Ebinger and

Schulze, 1989). While the precipitates contained up to 35 atom % manganese, these

studies are usually done at high pH or by adding a strong base to a solution of metal ions.

Manganese X-ray absorption near-edge structure (XANES) spectra yield information re-

garding oxidation state, local molecular structure, and host-phase identity. Analysis of

the pre-edge features also provides information regarding Mn oxidation state as well as

Mn coordination state. XAS has been proven effective for probing systems containing

parts per million concentrations of the target element in complex matrices containing

aqueous and amorphous phases (Brown et al., 1988; O'Day, 1999). In this study, we use

solution chemistry and XAS spectra to detennine important reaction products. In particu-

lar, we use the design of the flow-through cell (Villinski et al., 2001) to probe the reac-

tion at different points along the flow path to help elucidate controlling processes.

B.3 Experimental methods

B.3.1 Materials

All chemicals used were reagent grade. All solutions were made with reagent-

grade de-ionized water (Milli-RO 6 plus/Milli-Q plus reagent water system, Millipore

Corp., with a resistivity of 18.2 Mf1 cm, referred to herein as DI water). All solutions
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were made in an anaerobic glove box (Coy Laboratory Products, Inc.) with a 97% N2-3%

H2 atmosphere, and monitored with a combination 02—H2 meter. 02 was removed from

the system by forcing the air through palladium-coated catalysts. Oxygen was removed

from the DI water by boiling it under a N2 atmosphere, and storing it in the glove box for

at least three days. Prior to use, the dissolved oxygen (DO) was measured to ensure that

the DO was less than 10 i.tg/1 (Hach DR 100 spectrophotometer with low-range DO Ac-

cuVac vials, detection limit: 10 lAg/1, Hach Co.). Solution compositions are presented in

Table B-1, with a comparison to the contaminated ground water at Pinal Creek. The

trace metals and aluminum were excluded from the solutions in order to focus on the

Mn/Fe redox couple. The Fe(II) concentration was reduced to decrease the overall reac-

tion rate. Finally, the calcium concentration was reduced to prevent precipitation of car-

bonates. The charge balance was maintained by increasing the magnesium concentration.



Table B-1 Chemical Composition of Contaminated
Groundwater from Pinal Creek and Solutions Used in Batch
Experiments. All Values in mM Except for pH (Standard
Units) and Temperature (°C).
Constituent Contaminated Inert Reactive

Groundwater' electrolyte solution

pH 3.30 3.00 3.00

Temperature 17 25 25

Dissolved 02 <0.006 <0.0004 <0.0004

Ca 11.6 6.3 6.3

Mg 15.8 93.7 82.7-85.7

Na 9.4 9.5 9.5

K 0.2 0 0

Fe(II) 52.4 0 8.0-11.0

Fe(fil) <2 0 0.0-3.8

Mn 1.34 0 0

Al 10.5 0 0

Cu 2.4 0 0

Co 0.20 0 0

Ni 0.06 0 0

Zn 0.33 0 0
5042- 100 102 102

Cl - 9.5 9.5 9.5

Ionic Strength 232 210 220

'Contaminated groundwater, values from Stollenwerk (1994)
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B.3.2	 Synthesis of Mn02-coated silica gels

The solid material used for the flow experiments conducted at the SSRL was an

Mn02-coated silica gel. The silica gel, SiLCRON G-604 (SCM Corporation), has a

nominal grain size of 13.5 lam, a specific surface area of 320 m2 g-1 , a specific gravity of

2.1 g cm-3 , and a dry bulk density of 0.18 g cm-3 (SCM Corp. technical data sheet). Fine

particles (<3 pin) were removed by suspending the material in DI water in a 0.4 m high

cylinder, and allowing it to settle for 24 h and discarding the supernatant. This process

was continued until the supernatant was free of fine particles. The silica gel was refluxed

with 2 M HNO3 (trace metal grade, Fisher Scientific) for 2 h to remove surface

contamination, rinsed with DI water until the conductivity of the supernatant was equal to

that of DI water and finally, and finally, dried at 105 °C.

The silica gel was then coated with Mn02 using a modification of the dry oxida-

tion of Mn(NO3)2 (Stahl and James, 1991). The original procedure was a homogeneous

precipitation that produces pyrolusite, 13-Mn02, (Covington et al., 1962). A mass of silica

gel was placed in a Teflon® vessel. A combination of DI water and 50% w/w Mn(NO3)2

in HNO3 (J. T. Baker, Inc.) was added to result in a liquid mass 7% of the mass of the

solids. The amount of Mn(NO3)2 added was predetermined to result in a desired Mn02

concentration accounting for the fact that approximately 20% of the precipitated Mn02

will slough off during the cleaning process. The mixture was placed in the oven at 105

°C, and dried, stirring the mixture every 10 min to prevent wicking of the salts. After 24

h, the solids were baked at 160 °C for 72 h. After cooling, the Mn02-coated silica was

placed in 250 ml polyethylene bottles and filled with DI water. The bottles were placed
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on their sides, and placed on a shaker table over night. The supernatant was decanted,

and the procedure was repeated until the supernatant was visually free of Mn02. This

allowed for the removal of the easily sloughed-off Mn02 as well as removal of residual

NO3.

The average valence of the Mn in the Mn02-coated silica in three replicates was

determined to be 4.01 ± 0.02 by the oxalate method (Hem, 1980). The Mn concentration

of the Mn0 2-coated silica gel (Mn02., c) in three replicates was 9.10 ± 0.03 mg of Mn g--1

total, or 1.44% Mn02 by weight.

B.3.3 Flow-through reactor X-ray absorption experiments

B.3.3.1	 Flow-through reaction experimental set-up
The experimental set-up is shown in Figure A-1 (Villinski et al., 2001). All tub-

ing other than the PEEK tubing that was directly connected to the cell was either Teflon

(0.020" I.D.) or Tygon (0.030" I.D.). The solution was delivered with an Ismatec LPN

peristalic pump (Ismatec SA) at flow rates from 20 to 87 [tIL min -I . Micro-pH and -

reference electrodes, with three I.AL cell volumes, connected to a computer, were used to

monitor effluent pH (Microelectrodes, Inc.). The effluent was then collected in set frac-

tion sizes using a Frac 100 fraction collector (Phatmacia). The fractions were then ana-

lyzed for Mn(II) and total Fe (FeT) by Flame Atomic Absorption Spectroscopy (FAAS).

The solutions as well as the sample chamber of the fluorescence detector were purged

continually with ultra-high purity He gas to prevent oxygen from entering into solution

during the experiment.
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B.3.3.2	 Flow-through reaction cell design

The incoming X-ray beam at the SSRL has a horizontal profile that is 10-20 mm

wide and is usually slit down to 1-2 mm high. The design of the cell was made to take

advantage of this profile (see Villinski et al., 2001, Figure A-la). The flow cell was con-

structed of polycarbonate to withstand pH 3 solutions. The bed support was made from a

porous sheet of ultra-high molecular weight (UEEVIW) polypropylene with pore size rang-

ing from 10-20 lam (X-4920, Porex Technologies). The bed support was treated with

concentrated H2SO4 to make the surfaces hydrophilic and then rinsed with DI water. The

windows consisted of Kapton® tape with an acrylic adhesive. The tubing connections to

the cell were made by threading 1/16" O.D. PEEK tubing with a 1-72 die, and tapping

the cell inlet, outlet, and ports. The ports were included for ease in removing air bubbles.

The final cell design was packed using a gravity-settling technique. The cell was

filled with DI water. A 10 ml polypropylene syringe with a squared-off, threaded 16-

gauge stainless steel needle was attached to the outlet port. The mass of the syringe and

needle was recorded prior to attaching to the cell. DI water was then pumped into the

syringe. A measured mass of Mn02,se slurry paste was added to the syringe. The reac-

tion cell was then packed by suspending the Mn02,„ in the syringe and allowing the par-

ticles to fall into the cell via gravity. The syringe and remaining Mn02, s, were dried and

weighed to determine the amount of Mn02, sc in the cell. Previous versions of the cell

were packed by adding a slurry paste to the cell prior to sealing the windows with Kap-

ton® tape. This presented more problems with removing air bubbles while filling the cell

with water, sealing the cell, and measuring the mass of the Mn02,,, that was added (due

to evaporative losses).
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B.3.3.3 Flow-through experiment conditions

Four experiments were performed to assess the effects of chemical gradients and

reaction products on the overall reaction. This was done by positioning the X-ray beam

at different distances along the cell flow path and by varying the flow regimes. The ex-

periments were: 1) To assess the manganese reaction products in the absence of the re-

ductive dissolution of Mn02,sc, experiment MIDI was performed with the X-ray beam

positioned approximately half-way down the 7 mm flow path, and a flow rate of 25 vt,

min-I . This allowed the determination of aqueous species released during the reductive

dissolution of Mn02,,c by Fe(II) as well as determine if Mn(11) was incorporated into the

ferric precipitate. 2) The effect of the Fe(II) chemical front on the reaction was assessed

by positioning the X-ray beam at the inlet side of the reaction cell in experiment BOT1.

To assess the effect of a series of chemical fronts on the reaction, experiments MID2 and

MID3 were performed. 3) In experiment MID2, the beam was positioned about 2.5 mm

down the flow path, and the flow rate was 87 1.IL min-I . This allowed for the Fe(111) and

Mn(II) chemical front produced by the reaction that occurred up gradient to reach the sur-

faces probed prior to the reactive Fe(II) chemical front. 4) In experiment MID3, the X-

ray beam was again positioned halfway down the flow path, but the pH of the solutions

was 5.2. For the first 210.5 min, the flow rate was 20 tL min-I . Analysis of the effluent

samples indicated that Mn(II)(aq) was present, but that greater than 95% of the Fe(fid)

produced was retained in the column. The reactive pulse was turned off, and the column

was flushed of the Mn(II) (confirmed by analysis of XANES spectra). The flow rate was

then increased to 87 jaL min-I , and the reactive Fe(I1) solution was introduced again.
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This allowed to probe the system that was previously coated by Fe(II1) iron precipitates

aged for >2 h.

B.3.4 XAS Data collection
All spectra were collected at the SSRL (Stanford, CA) on wiggler beam lines 4-1

and 4-3 (BL4-1 and BL4-3, respectively). Beam current ranged from 50-99 mA at 3 GeV

and the magnetic field of the wiggler was 18 kG. Either Si(111) or Si(220) monochroma-

tors were used with an unfocused beam and one mm slits placed before and after the

monochromator. The monochromators were detuned such that the incoming beam flux

was reduced by 30-50% to reject higher-order harmonic reflections. Binding energy of

the Mn K-edge was calibrated by assigning the first inflection of the absorption edge of

Mn metallic foil to 6539 eV. Fluorescence spectra of the reaction spectra were collected

with the sample at a 45° angle to the incident beam using a Stern—Heald-type detector

(Lytle et al., 1984) with So ller slits and a Cr filter to reduce background scattering and

fluorescence. Spectra of the reference compounds were collected in transmission mode

using two gas-filled ion chambers as well as in fluorescence mode as described above.

After beam alignment and energy calibration, the sample in the flow cell with an

inert electrolyte solution flowing at a predetermined rate was placed in the path of the

beam. For Mn K-edge experiments, a background Mn02,,c spectrum was then recorded.

Next, the flow was switched to the reactive Fe(11) solution and spectra were collected as

the reaction progressed, generally for 2 to 4 h. Scans rates ranged from 0.1 to 0.5 min-1 .

Energy calibration was rechecked at the end of the experiment. Experimental conditions

are presented in Table B-2.
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Table B-2 Experimental conditions for the flow-through XAS experiments presented.

Exp.	 BL 1 Crystal	 Scan rate 3 Beam position Flow rate	 Pulse length	 Conc
name	 mono ,	 from bottom	 Fe(II)

cut2 	(min-1)	 (mm)	 (jAL min -1) (min)	 (mM)

MIDI. 4-3 Si(111) 0.5 —3-4 25 52 8.00

MID2 4-3 Si(111) 0.125 —3-4 87 120 9.93

MID3 4-3 Si(111) 0.125 2.5 20,87 210.5, 86 10.0

BOT1 4-1 Si(220) 0.1 0 64 160 11.0

'Beam line at Stanford Synchrotron Radiation Laboratory at which the experiment was per-
formed.

2Crystal monochromator cut used to _ energy.

3Scan rate to collect spectra over the following energy ranges: 6535-6590 eV (MIDI); 6530—
6650 eV (MlD2, MID3); 6400-6600 eV (BOT1).
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B.3.5 XAS Data analysis

B.3.5.1	 XANES spectral analysis

The background absorbance was subtracted from the spectra using a low-order

polynomial fit (linear) over the pre-absorption edge region of 6520-6533 eV for the data

collected on BL4-3, and the region of 6400-6510 for the data collected on BL4-1 using

the computer program EXAFSPAK (George, 1995). While it is generally good practice

to use data to at least 100 eV below the Mn K-edge for background subtraction, initial

experiments were run with shorter scan regions in an effort to increase the scan rate (later

found to be unnecessary). To compensate for the possibility that the shape of the spectra

was affected by improper background subtraction, the addition of a simulated background

(i.e., a positively or negatively linearly-sloped line) to the fitting routine was found able

to adequately account for any differences in the background subtraction of the various

data spectra or the reference spectra. This was verified by using different energy regions

for the background subtraction of one spectrum collected of an admixture of Mn02,,c and

Mn(II)(aq) (Figure B-1), and then fitting the data from 6535 to 6590 eV, allowing the ab-

sorbances and the binding energies of the reference spectra to float. The spectra look dis-

torted when a short energy range was used for background subtraction (Figure B-1). The

results of the fits to these spectra indicate that the background correction method used is

valid if the original background subtraction is uncertain (Table B-3). This procedure was

also useful for fitting spectra recorded towards the end of reaction sequence as the con-

centration of the Mn in these experiments decreased by up to an order of magnitude. At

this point, the signal-to-noise ratio has decreased
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Figure B-1 Comparison of the effect of different ranges used for background subtraction
on the Mn K-edge spectra.
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Table B -3 Model fits to reaction spectrum using different energy regions for the background
subtraction.

Energy range	 Mn(II) absorb- Mn(II) energy	 Mn(IV) ab-	 Mn(IV) energy Residual sum-

of background ance i	shift	 sorbancei	 shift	 of-squares

subtraction	 (eV)	 (eV)	 error

6400-6530 0.02778 —0.1250 0.04662 —0.1100 0.7478x10-7

6400-6510 0.02778 —0.1251 0.04662 —0.1100 0.7499x10-7

6520-6533 0.02778 —0.1265 0.04662 —0.1120 0.7514x10-7

6535-6538 0.02775 —0.1240 0.04660 —0.1120 0.7498x10-7

'Fitted absorbance of the components Mn(II)(aq) and Mn02,se. The unnormalized data spectra were fit-
ted with normalized Mn reference spectra.
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significantly, and as a result, slight differences in the background signal translate into

greater deviations in the higher energy region of the data spectra. In light of this, the

background-simulating spectrum was included in all fits.

The XANES spectra from the kinetic experiments were fit with linear combina-

tions of reference spectra using a nonlinear least-squares fitting routine that minimizes

the residual sum of squares (SSQ) (DATFIT, George, 1995). The errors reported in this

paper are a weighted foi in of the variance, expressed as:

I (X (i ) - X ) 2

weighted variance = 
	

(B-3)

(N—F) abs
j=1

where	 is the intensity of the experimental data at energy point i, xf is the fitted inten-

sity at energy point i, N is the total number of data points, F is the number of variables

fitted (i.e., the absorbances and/or the binding energies of each reference spectra), and

absi is the absorbance of the reference spectra j. This last term was included to allow for

the comparison of goodness of fits between the various spectra recorded during one reac-

tion by weighting each variance by the total fitted absorbance.

All reference spectra were nounalized to an edge jump height of 1 prior to being

used in the fitting routine. The spectra from the kinetics experiments were initially fit

with spectra of the two manganese end members, Mn0 2,„ and Mn(ll)(aq) (two-

component fits). In addition, series of six well-characterized manganese minerals were

included in the fitting routine (three-component fits) (Table B-4, Figure B-2). The bind-

ing energies of the reference spectra were allowed to vary during the fit.



Table B -4 Simplified chemical formula, mineral name, valence, struc-
ture, and source of minerals used in this study.

Chemical Mineral name Mn Structure type Sample
Foimula valency type

MnSO4 2+ aqueous synthetic
Mn2SiO4 tephroite 2+ olivine synthetic'

MnFe204 jacobsite 2+ spinel synthetic'

a-Mn304 hausmannite 2+,3+ distorted spinel natural 2

(Mn ,Fe)203 bixbyite 3+ fluorite natural 3

a-Mn0OH groutite 3+ diaspore natural4

13-Mn0OH feitknechtite 3+ brucite synthetic5

y-Mn0OH manganite 3+ distorted rutile synthetic 6

Mn02 ramsdellite 4+ diaspore natural'

y-Mn02 nsutite 4+ rutile/diaspore
intergrowths

natural 8

13-Mn02 pyrolusite 4+ rutile synthetic'

Reference materials sources: 'Dr. L. Garvie (LU), 2N'Chwaing Mine,
South Africa, Dr. J. Gutzmer, 3Thomas Mountain, Utah, USA, LG,
4Navajo County, AZ, LU, 5Dr. S. Fendorf, 6Dr. A. Stone, "Pirika mine,
Hokkaido, Japan, LG, 8Nsuta Mine, Nsuta, Ghana, Dr. J. Bargar, 9Dr. B.
Tebo
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Figure B-2 Mn K-edge XANES spectra and 1 st derivative spectra of manganese end
members and manganese minerals used in fitting routine.



119

Since the concentrations of the species changed significantly during the 8-10 min

it took to record a reaction spectrum (experiments MID2, MID3, and BOT 1), the absorb-

ance of each phase relative to the total absorbance changed during the scan. Therefore, a

linear combination of the reference spectra cannot truly reproduce the data. To correct

for changing concentrations, the reaction spectra were fit in chronological sequence, and

an iterative process was used to determine the percent change in absorbance of the spe-

cies from one spectrum to the next. This was accomplished by convoluting the reaction

spectra with a linear function corresponding to the percent change from the previous

spectra (assuming a linear change in the absorbance from one scan to the next). This

procedure resulted in a decreased the sum-of-squared error by up to 65%, and by an aver-

age of 30%.

The first derivative spectra were obtained by smoothing the XANES spectra with

a cubic polynomial function over a 2-3 eV range. This removed excess noise from the

data and allowed for ease of comparisons between fits and data. The derivative spectra

were not used in the fitting routine, as has been done by other researchers (Fendorf et al.,

1999), but rather to highlight the differences between the data and the various fits. A

comparison between fitting the unnormalized spectra and the first derivative spectra indi-

cates that both methods resulted in similar absorbance values of the various constituents.

The energy resolution for the various combinations of beam lines and crystal

monochromators was approximately 0.6 eV and 0.7 eV for the Si(220) monochromator

on BL4-1 and BL4-3, respectively, and 1.1 eV and 1.2 eV for the Si(111) monochromator

with BL4-1 and BL 4-3, respectively. The uncertainty in the energy due to the core hole
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lifetime of the Mn Ka electron is1.2 eV (Krause and Oliver, 1979). Therefore, the total

energy resolution due to the monochromators and the core hole lifetime is 1.3-1.4 eV and

1.6-1.7 eV for the Si(220) and the Si(111) monochromators, respectively. Since the en-

ergy resolution of the Si(111) crystal monochromator is poorer than the Si(220) crystal

monochromator, a spectrum recorded with the Si(111) monochromator will be broadened

compared to a similar spectrum recorded with the Si(220) monochromator (Figure B-3).

While it is theoretically possible to mathematically broaden the spectra taken with the

Si(220) monochromators, in practice, the simple convolution of the Si(220) spectra with a

Guassian curve did not result in an adequate representation of the Si(111) spectra, spe-

cifically in the pre-edge region (Figure B-3). Therefore, the use of reference spectra col-

lected with the same crystal monochromator as the reaction spectra is necessary in order

to obtain proper fits. In light of this, spectra of the reference compounds were recorded

with each monochromator. The spectra of the reference materials were collected in fluo-

rescence and/or transmission modes. For consistency, when possible, the fluorescence

spectra were used in the fitting routine. O'Day et al., (O'Day et al., 1994b) has shown

that similar EXAFS fit results can be obtained with spectra recorded with either mode,

barring self-absorption of fluorescent X-rays within the sample for the fluorescent mode.

Whenever possible, the model spectra collected in fluorescence modes were used for

consistency.

B.3.5.2	 Absorbance-concentration calibration
As shown by Peterson et al., (Peterson et al., 1997b) using XANES spectra, the

quantitative determination of percentages of Cr(111) and Cr(IV) in a mixture of Cr phases
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Figure B-3 Comparison of the Mn K-edge XANES spectra for Mn02,, c collected on
Si(111) and Si(220) crystal monochromators, and the effect of smoothing the Si(220)
spectra through convolution with a Gaussian curve with a width of 1.25 eV. Inset shows
that differences in the pre-edge region cannot be accounted for by smoothing spectra col-
lected with a different monochromator.
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can be detelinined as a simple superposition of reference spectra of the two Cr phases

(stated precision of ± 6%). However, care must be taken in using the absorbance as an

indicator of concentration due to effects such as non-linear detector responses, matrix ef-

fects, and the bonding environment of the absorber.

For quantitative X-ray fluorescence analysis, one must consider the effects of the

matrix and any changes within that matrix on the attenuation of x-rays. Both the primary

absorption of the incoming X-ray beam and the secondary absorption of the fluorescent

X-ray by the matrix must be considered as follows (Jenkins et al., 1995):

WMtz Z-K,Mn(E0) 61-) K,Mtz 10(E0) 

4 gsin ip (,u(E0 )csc yfo + ,u(Ee )csc II/ e )
(B-4)

where 1,(E,) is the intensity of the emitted x-rays of energy Ee (Kai, Ka2 and Km; an aver-

age energy value was used to detetinine the corresponding mass attenuation coefficients),

Wm„ is the weight percent of Mn in the sample, km„(E0) is the photoelectric mass absorp-

tion coefficient for the K shell for Mn, and is estimated to be 410 cm 2 g-1 , based on the

change in the mass absorption coefficient below and above the K-shell edge jump (6539

eV) (McMaster et al., 1969), okm„ is the fraction of the K-shell ionization events that re-

sult in the emission of characteristic K-series X-rays (approximately 0.33, Brown et al.,

1988). 10(E0) is the intensity of the incoming X-ray beam at energy E0, K and ;ye are the

angle of the incoming and the emitted X-ray beams with respect to the sample (both are

equal to 45°). Finally, 1u(E0) and gEe) are the total mass absorption coefficients for the

incoming and emitted X-ray energies, respectively. This equation assumes that the sam-
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pie is infinitely thick, a reasonable assumption for our 3 mm thick flow-through reaction

cell.

The only variables that change when the matrix composition changes are Wm,

,u(E0) and ,u(Ee). Values of the mass attenuation coefficients, as well as the percent mass

attenuation of the various components of the inert electrolyte, Fe(11) reactive solution,

and a representative effluent solution at a 1:3 mass ratio (87% porosity) with Mn02,„ are

presented in Table B-5. Greater than 98% of the attenuation of the x-ray intensity is due

to the solution and the silica gel, and H20 accounts for 94-95% of the mass attenuation

of the solution. Therefore, changes in the solution composition, i.e., addition of Fe(II) or

Mn(II), will not greatly affect the depth to which the incoming x-ray beam will penetrate,

and therefore, the fluorescence due to excitation of Mn electrons should be proportional

to the concentration, barring instrumental effects (i.e., detector response or other experi-

mental errors).

A series of calibration standards were made by physically mixing Mn(I1)(aq) and

Mn02,sc, each of varying manganese concentrations. The solid to liquid mass ratio in all

samples was 1:3. Fit results using DATFIT (George, 1995) are presented in Figure B-4.

The absorbance values of Mn(IV) and Mn(11), in the absence of the other species, are

both linearly correlated to the concentration over an order-of-magnitude range of concen-

tration (Figure B-4a and Figure B-4b). At a fixed Mn02,,, concentration, the fitted ab-

sorbance of Mn02,„ is independent of the Mn(1)(aq) concentration (0-5 mM), with a

relative standard deviation of 2.5% at 4.55 mg Mn(IV) g-1 , and 12% at 0.91 mg Mn(IV)

g-1 (Figure B-4c). At a fixed Mn(IV) concentration of 4.55 mg g-1 , the fitted absorbance
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Table B-5 Mass attenuation coefficients and percent mass attenuation for the various
species present in the flow-through reactor experiments.

Element IA(Eo) ,t,(E,) %PT %Ili' %PT
6600 eV 5894 eV Inert Elect.' Fe(II) Soin.' Rxt'd Soln. b
(cm2 g - 1) (cm2 g-1)

0 (SO42-) 20 28 0.34 0.34 0.34

Mg 69 96 0.40 0.36 0.37

Ca 289 391 0.18 0.18 0.19

Cl 182 249 0.08 0.08 0.08

S 161 220 1.33 1.33 1.36

Na 52 72 0.03 0.03 0.03

FeT 63 86 0.00 0.03 0.03

H20 18 25 45.70 45.71 46.71

Mn(I1)(aq) 454 75 0.00 0.00 0.16

Mn(IV)(s) 454 75 2.56 2.56 0.26

Si 110 162 40.78 40.79 41.68

0 (Si02) 20 28 8.61 8.61 8.80

aThe compositions of the inert electrolyte and Fe(11) solution are listed in Table B-1.
For these two computations, the Mn02 concentration was 14.4 mg g-1 .
bThe composition of the reacted solution contained no Fe(ll) and 5 mM Mn(II). The
Fe precipitated on the solids, and the Mn02 concentration was 1.44 mg g-1.
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Figure B-4 a) Comparison of the absorbance versus Mn(IV) concentration of Mn02,sc.
b) Comparison of the absorbance versus Mn(11)(aq) concentration. c) Fitted absorbance
values of Mn02, versus Mn(H)(aq) concentration at two different Mn(IV) concentra-
tions. d) Comparison of absorbance versus Mn(H)(aq) concentration at different Mn(IV) 5

concentrations.
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of Mn(II)(aq) is linearly related to concentration; however, at 0.91 mg Mn(IV) g-1 , the

relationship is no longer linear, with the absorbance dependence decreasing as the

Mn(11)(aq) concentration increases to 5 mM (Figure B-4d). A plot of the percent fitted

absorbance due to Mn(11)(aq) versus the mass percent of Mn(11)(aq) in the sample indi-

cates that the relationship is linear over up to 50 atom % Mn(11)(aq) (Figure B-5). A

quadratic fit does not decrease the error of the fit compared to the linear fit (with correla-

tion coefficients of 0.99 for each fit). The cause for the decreased dependence of percent

absorbance versus atom % of Mn(II)(aq) is not known at present. For all calibration

spectra, the beam current ranged from 70-90 mA, a similar range under which the flow-

through reactor experiments were conducted.

Our experiments were run as settled-bed reactors, and therefore the solid:liquid

ratio during the reaction was not known. In addition, local changes in the solid:liquid

ratio could have changed during the experiment due to disruption of the solid-aqueous

interface during the initial portion of the reaction (see Villinski et al., 2001). This pre-

vented us from quantitatively determining the concentrations of the various species

within the reaction. However, based on the linear relationship of the Mn02,„:Mn(11)(aq)

calibration curves, and as will be shown later, on the fact that the profiles of the fitted

Mn(III)(aq) absorbance matches that of the Mn(11)(aq) concentrations determined from the

effluent samples, we feel confident that we can use the absorbance profiles to give us

qualitative determination of the relative concentrations of the species present and the

trends of those concentrations over the course of an experiment.
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Figure B-5 Comparison of the percent absorbance due to Mn(III)(aq) determined from
fits of linear combinations of Mn(11)(aq) and Mn02,„ and the mass percent of Mn(11)(aq)
in the sample. (40) is the data and (—) is the linear fit.
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B.3.5.3	 EXAFS analysis

The EXAFS analysis was performed with EXAFSPAK (George, 1995). The

background was subtracted from the pre-edge region (6400-6510 eV) with a linear poly-

nomial. The post-edge background was simulated by fitting a cubic or a quartic spline

through the data using two or three spline regions, allowing for the EXAFS oscillations to

be isolated. The data was normalized using a Victoreen function. E0, the energy thresh-

old of the EXAFS region, was initially set as 6555 eV, and was allowed to float in the

fitting procedure. The EXAFS oscillations were fit in k-space (k is the momentum of the

photoelectron in ik-1 ) by weighting the data by k3 , and modeled using a curved-wave

formalism and a single-scattering approximation (reviewed in Teo 1986). EXAFS oscil-

lations are described by the equation (Stem, 1988)

n N F" (k,R
x(k)= S 02 1	 exp 	

kR,2 	))
exp(— 2o- k 12 )sin[2kR + (n i (k,R i )+ vc (k)]

(B-5)

where So2 is the amplitude reduction factor, Ni is the coordination number of atom i, Fi is

the effective EXAFS scattering amplitude function, Ri is the absorber-backscatterer dis-

tance, A is the photoelectron mean-free path, ai2 is the harmonic Debye-Waller factor

(describes thermal motion and disorder effects on the damping of the backscattered am-

plitude), vi and (o, are the backscatterer and central atom EXAFS phase functions, respec-

tively.

A nonlinear, least square procedure was used to fit the data. Reference phase shift

and amplitude functions were generated with the theoretical code 1-B1-1-6 (Mustre de
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Leon et al., 1991; Rehr, 1993), The EXAFS were deconvolved into frequency compo-

nents using Fourier filtering. This allowed the fitting of the one shell of backscattering

neighbors to be fit independently of other shells. The first shell of the reference Mn02

polymorphs, pyrolusite and ramsdellite, was fit independently to determine average S02

and q2 values to be used when fitting Mn02,„. The Fourier transform peaks often con-

tain overlap from neighboring shells, thus the true separation of frequency components,

and hence, the separation of single shells of backscattering neighbors, is often unachiev-

able. Therefore, the full EXAFS spectrum was then fit to account for this overlap. The

1st-shell parameters were initially fixed, and the parameters of the higher shells were

floated, with the exception of AE0 and S02 (both were treated as one variable for all

shells). For reference minerals, the coordination numbers were fixed to the published

values determined by XRD analysis. Finally, the c52 of the first shell was floated. This

procedure resulted in robust fits for pyrolusite and ramsdellite, with good agreement with

the XRD data for the first three atomic shells (one oxygen and two manganese shells)

(Table B-6). Due to frequency overlap and many multiple-scattering pathways, we were

unable to fit any atomic shells at distances greater than approximately 3.5 A.

For the EXAFS spectra of Mn02., and nsutite, a natural mineral, a similar fitting

procedure was used, with the exception that the coordination number was fit, while cY2

was fixed, based on the average values of the reference Mn02 polymorphs, except where

noted. This procedure assumes that 172 is similar for both the models and the unknowns.
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AEO

0.2)a 	 (eV)
Pyrolusite 	6	 1.86	 0.0027	 -2.4

(4 @ 1.8795)
(2 @ 1.8980)

(ave = 1.8857)
2	 2.87	 0.0019

(2.8730)
	8 	 3.43	 0.0037

(3.4259)
Ramsdellite d 	6	 1.89	 0.0020	 -2.4

(2 @ 1.8623)
(1 @ 1.8894)
(1 @ 1.9099)
(2 @ 1.9233)

(ave = 1.8951)
	4 	 2.87 0.0026

(2 @ 2.8660)
(2 @ 2.9070)

(ave = 2.8865)
	4 	 3.43	 0.0019

(3.4144)
Nsutite	 6	 1.88	 0.0029	 -3.8

	

2.96	 2.87	 0.0023
	3.85	 3.42	 0.0028

Mn02-silica	 6.98	 1.89	 0.0024	 -2.0

	

2.86	 2.87	 0.0023
	6.37	 3.44 0.0028

Table B-6 Fit values for Mn02 model polymorphs and
Mn02 sc. 	

Sample RT

(A)

aValues in italics were held fixed during fitting.

bValues in parentheses are the coordination numbers and
crystallographic distances calculated from crystal struc-
ture refinements reported in:

(B a ur , 1976)
d(Bystrbrn, 1949).
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B.4	 Results

B.4.1 Crystal identification of the Mn02 coating

The product of the heterogeneous dry oxidation of Mn(II) procedure has been re-

ported to be pyrolusite on quartz (Jardine and Taylor, 1995; Fendorf et al., 1999), and

sand (Stahl and James, 1991). The overall Mn02 concentration on our silica gel was too

low to utilize XRD to determine the Mn(IV) phase. Comparisons of XANES spectra and

first-derivative XANES spectra of our Mn02 coating (Mn02,se) and the Mn02 poly-

morphs pyrolusite, ramsdellite and nsutite, suggested that our surface coating has charac-

teristics of both pyrolusite and ramsdellite, and appeared to be most similar to nsutite

(Figure B-6). These Mn02 polymorphs all have chains of edge-sharing octahedra, which

are linked to adjacent chains through the sharing of corners with two adjacent octahedra

(double-corner sharing). Pyrolusite has a rutile structure, in which each octahedron

shares two edges and eight corners with adjacent octahedra, forming a 1 x 1 tunnel struc-

ture. The octahedra in ramsdellite share four edges and four corners with adjacent octa-

hedra, resulting in a 1 x 2 tunnel structure. Nsutite is composed of intergrowths of rams-

dellite and pyrolusite (de Wolff, 1959).

The EXAFS spectra of the Mn02,,, and the Mn02 polymorphs pyrolusite,

nsutite and ramsdellite, as well as the radial structure functions (RSF) are presented in

Figure B-7. Manceau and Charlet (Manceau and Charlet, 1992) indicated that the rela-

tive intensities of the second and third shells of the Mn EXAFS could be used to deter-

mine the phase of the MnO, tunnel-structure polymorphs. This results from the fact that
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Figure B -6 Comparison Mn K-edge XANES spectra and 1 St derivative spectra of the
MnO? coating on the silica gel (Mn0 2 ,„) with Mn02 polymorphs pyrolusite, nsutite and
ramsdellite.
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Figure B-7 a) EXAFS spectra and model fits of Mn02,,, and model Mn02 polymorphs.
b) Radial structure functions (RSF) and model fits of the EXAFS spectra, uncorrected for
phase shift.



134

the Mn-Mn distance between edge-sharing octahedra (2.80-2.95 A) tend to be signifi-

cantly shorter than the double-corner-sharing octahedron distance (3.41-3.56 A). A vis-

ual inspection of the RSFs indicates that the structure of Mn02,„ is neither pure py-

rolusite nor ramsdellite, but is composed of intergrowths of the two similar to nsutite.

Mn02, se has a greater ratio of corner-sharing octahedra to edge-sharing octahedra than the

natural mineral nsutite, and therefore contains more pyrolusite structure than the nsutite

does.

A more rigorous approach is to fit the EXAFS oscillations with Feff-generated

phase and amplitude functions (Table B-6 and Figure B-7). The EXAFS results corrobo-

rated the XANES results that our Mn02 coating is neither the pure phases pyrolusite nor

ramsdellite, rather, the structure is more disordered, and like nsutite, most likely contains

intergrowths of pyrolusite and ramsdellite. Peterson et al. (Peterson et al., 1997b) found

that the ratios of mixtures of two different chromium species could be determined by fit-

ting the EXAFS spectrum of the mixture with linear combinations of the EXAFS spectra

of the pure species (Figure B-8). Results of this procedure indicate that the Mn02,,c could

be represented by a mixture of 55% pyrolusite and 45% ramsdellite, while the nsutite

sample was best represented by 25% pyrolusite and 75% ramsdellite.

Fendorf et al. (Fendorf et al., 1999) coated high-surface area silica with 0.1% py-

rolusite in order to obtain a surface coating a few molecular-layer thick to avoid self-

absorption effects during fluorescence measurements. They confirmed the absence of

detectable crystals of pyrolusite with scanning electron microscopy (SEM). Likewise,
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Figure B-8 Fits of the EXAFS spectra of Mn02,,c and nsutite using linear combinations
of the EXAFS spectra of pyrolusite and ramsdellite. Results of this procedure indicate
that the Mn02,,, could be represented by a mixture of 55% pyrolusite and 45% ramsdel-
lite, while the nsutite sample was best represented by 25% pyrolusite and 75% ramsdel-
lite.
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our Mn02,, c contained no detectable Mn02 crystals, as determined from SEM. Similar

coating of quartz grains in our lab have also shown no evidence of well defined Mn02

crystals at a Mn loading of 821.1mol rr1-2 , but did show well defined Mn02 crystals of ap-

proximately 1-21„tm diameter at a Mn loading of 1.3 mmol m-2 . The Mn loading on the

silica surfaces used for this study was approximately 0.52 limo' 111-2 . Therefore, we con-

clude that the Mn02 coating on our silica gel surface was no more than a few molecular

layers thick.

B.4.2 XANES data and solution chemistry

B.4.2.1	 X-ray beam positioned mid-way down flow path with no reaction in
the beam: Aqueous manganese reaction products

For experiment MIDI, with the X-ray beam positioned approximately halfway

down the flow path, and a flow rate of 25 tL min-1 , the magnitude of the absorption edge

increased during the 52 min reactive Fe(II) pulse, and the energy of maximum absorption

decreased by less than 0.5 eV (Figure B-9). The pH decreased very slightly from 3.00 to

2.97. At this flow rate, the residence time within the 10 mm sample bed was approxi-

mately 31 min. Since the pH never increased, the residence time within the bed was long

enough that the Fe(ll) sorption and precipitation reactions produced more protons than

were consumed by the dissolution of Mn02.

Selected results of the data analysis of the spectra recorded during experiment

MID1 are presented in Table B-7. The X-ray beam was positioned approximately 3-4

mm up from the bottom of the 7 mm deep sample bed. The time to record a spectrum

was slightly less than 2 min, and the reaction was halted after 57 min. The relative
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Figure B-9 Series of Mn K-edge XANES spectra from experiment 1VDD1 . Spectra have
been offset vertically, and one of every four spectra has been plotted for clarity. Time
reported is the average time of the scan (i.e., the midpoint).



Table B-7 Fitted absorbances for selected spectra from ex-
periment M1D1 as determined from linear least-squares com-
bination fits. Values in parentheses are the estimated standard
deviations

Scan Time
(min.)

Mn(II)(aq)
(abs)

Mn02
(abs)

Weighted
Variance

MlD1-0 0 0.000 0.3270

M1D1-5 14 0.0027 0.1220 1.36 x 10-8

(0.0002) (0.0002)
M1D1-10 22 0.0358 0.1200 3.04 x 10-8

(0.0004) (0.0004)
M1D1-15 31 0.0737 0.1277 1.39 x 10-8

(0.0003) (0.0003)
MlD1-20 40 0.0987 0.1437 1.60 x 104

(0.0004) (.00003)
MlD1-25 48 0.1018 0.1395 1.03 x 10-8

(0.0003) (0.0003)
M1D1-30 57 0.1062 0.1334 0.95 x 104

(0.0003) (0.0002)
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absorbance due to the MnO, was constant for the course of the experiment, varying by

±10%. For all spectra, the data was adequately fit with the two manganese end members

(Mn(II)(aq) and Mn02,0, and the addition of a third component did not improve the fit.

This suggests that the Mn02,, within the X-ray beam did not undergo reduction, and that

Mn(1)(aq) was the only aqueous product of the reaction, within detection limits (— 2

atom %, see Villinski et al., 2001).

The results from the spectral analysis are consistent with our knowledge of the

rate of introduction of Fe(II)(aq). For the 57 min experiment, at a flow rate of 251AL

min' (1.42 ml), a Fe(II) concentration of 8 mM, and accounting for the 0.34 ml of dead

volume upstream of the sample bed, 8.6 lArnol of Fe(II) was introduced into the sample

bed. In this system, the reductive dissolution of Mn02,, c by Fe(II) is rapid compared to

the residence time for the first —33% of the Mn(IV) reduced (Villinski et al., 2001). The

adsorption of Fe(II) and Mn(II) to mineral surfaces was small in comparison to the aque-

ous concentrations (see Villinski et al., 2001). During this 57 min experiment, 4.3 gmol

of Mn(IV) would have been reduced, or only 20% of the 22 imiol of the loaded Mn(IV).

Thus, we infer that the Fe(II) chemical front had not reached the portion of the sample

bed that was probed by the X-ray beam.

Mn(H)(aq) was detectable in the spectra recorded at the middle of the sample bed

after 14 min, consistent with the hydrodynamic dispersion of the system. Based on the

0.34 ml dead volume upstream of the sample bed, and the flow rate of 25 tl min -I , a con-

servative species experiencing no dispersion would have reach the bottom of the reactive

bed after 13.5 min, and the portion of the bed in the path of the X-ray beam at approxi-
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mately 24 min. Due to the dispersion of the system (see Villinski et al., 2001), the con-

centration of a conservative species should be 3% of the influent concentration at any

point along the flow path that is 40% earlier than the mean arrival time. Mn(11)(aq) was

shown to mimic a conservative species break through curve until 33% of the Mn(IV) was

reduced (Villinski et al., 2001). These results point out the fact that the knowledge of

where the X-ray beam is focused along the flow path is necessary to correctly understand

what reactions (if any) are occurring.

B.4.2.2	 X-ray beam positioned at inlet: Effect of Fe(II) chemical front

For experiment BOT1, the X-ray beam was positioned at the inlet of the cell, and

was performed to assess the reaction at the beginning of the Fe(l) chemical front. In this

configuration, no Mn(II)(aq) or Fe(ll) was present prior to the introduction of Fe(ll).

The flow rate was 641.1,L min-1 . The magnitude of the absorption edge decreased steadily

during the reaction, and again, the energy of maximum absorption decreased by less than

0.5 eV (Figure B-10). The pH was not recorded during this experiment.

As with experiment MIDI, the reaction spectra were fit well with the two manga-

nese end members (Mn(H)(aq) and Mn02,0, and the addition of a third component did

not improve the fits. The relative absorbances of the reference Mn(11)(aq) and Mn(IV)

components are presented in Table B-8. At the conclusion of the experiment, it was

noted that small portions of the reactive bed at the bottom of the flow cell had not re-

acted, as evidenced by small black patches of Mn0 2 surrounded by orange ferric precipi-

tates, indicating that some preferential flow occurred. Thus, the rate of Mn(IV) reduction

could not be detell	 lined, or compared to other experiments, as a calculation based on the
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Figure B-10 Series of Mn K-edge XANES spectra from experiment BOT1. Spectra
have been offset vertically, and one of every other spectra have been plotted for clarity.



Table B-8 Fitted absorbances from experiment M1D1 as de-
teimined from linear least-squares combination fits. Values in
_parentheses are the estimated standard deviations.

Scan Time
(min)

Mn(I1)(aq)
(abs)

Mn02
(abs)

Weighted
Variance

BOT1-0 0 0.09243

BOT1-1 15 0.00645 0.08075 1.64 x 10-9

(0.00008) (0.00008)
BOT1-2 25 0.00710 0.07236 2.08 x 10-9

(0.00009) (0.00008)
BOT1-3 35 0.00637 0.06105 2.52 x 10-9

(0.00009) (0.00008)
BOT1-4 45 0.00555 0.04471 2.34 x 10-9

(0.00007) (0.00007)
BOT1-5 55 0.00494 0.03580 1.94 x 10-9

(0.00006) (0.00005)
BOT1-6 65 0.00410 0.02639 2.09 x 10-9

(0.00005) (0.00005)
BOT 1-7 75 0.00347 0.01887 2.68 x 10-9

(0.00005) (0.00005)
BOT1-8 85 0.00269 0.01253 2.43>< 10-9

(0.00004) (0.00004)
BOT1-9 95 0.00191 0.00774 4.15 x 10-9

(0.00004) (0.00004)
BOT1-10 105 0.00122 0.000521 6.38 x 10-9

(0.00004) (0.00004)
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fitted absorbance of the Mn02,, c in the reaction spectra with respect to time would be af-

fected by mass transfer limitations of Fen to unreacted Mn02,,, in the stagnant regions.

B.4.2.3	 X-ray beam positioned 2.5 mm down gradient with reaction: Effects
of Fe(III) and Mn(II)(aq) chemical fronts.

For experiment MID2, the X-ray beam was positioned approximately halfway

down the flow path, and the flow rate was 87 [AL min-1 . The magnitude of the absorption

edge decreased steadily during the 135 min the spectra were collected, the energy of

maximum absorption decreased by more than 1.5 eV, a second shoulder appeared on the

edge near 6549 eV. Instead of a steadily decreasing amplitude in the pre-edge feature, a

peak formed at 6540 eV (Figure B-11).

The results from the effluent data have been presented fully in Villinski et al.,

2001, and will be briefly summarized here (Figure B-12). The FeT break-through curve

(BTC) was normalized to the influent Fe(II) concentration of 9.93 mM, and the

Mn(H)(aq) BTC was normalized to 4.96 mM based on the stoichiometry of Eqn B-1. For

the first 55 min of the experiment, the reaction was only limited by the rate at which

Fe(II) was introduced to the sample bed. The pH started to increase at the same time

Mn(11)(aq) appeared in the effluent. This indicated that the rate of Mn(IV) reduction

(consumes protons) via the reaction

Mn02.„ + 2Fe2+(aq) + 4H+(aq) Mn 2+(aq) + 2Fe3+(aq) + 2H20	 (B-6)

was faster than the rate of Fe(III) sorption and precipitation (assuming ferrihydrite con-

trols ferric iron solubility, which produces protons)

2Fe 3+ (aq) + 6H 2 0 ---> 2Fe(OH) 3 (s) 611 + (aq)	 (B-7).
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Figure B-11 Series of Mn K-edge XANES spectra from experiment MID2. Spectra
have been offset vertically, and approximately every other spectrum has been plotted for
clarity. Times have been adjusted to approximately reflect the time the sample probed in
the X-ray beam would have reached fraction collector. Inset is a blow-up of the pre-edge
region; time series is the same.
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Figure B-12 Plot of normalized solution concentration data and pH for experiment
MID2. (•) is Mn(I1)(aq), (A) is FeT, (— —) is the conservative trace. () is Mn(II)(aq)
absorbance normalized to maximum absorbance for comparison.
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At approximately 23 min, the pH started to decrease and iron (FeT) was present in the ef-

fluent, indicating that the rate of proton production from the precipitation of Fe(III) (B-7)

was now greater than the proton consumption of the Mn(IV) reduction reaction (B-6).

After 55 min, the reaction became kinetically limited, as the Mn(11)(aq) break-

through curve (BTC) deviated from the conservative tracer BTC (Figure B-12). The FeT

continued to increase gradually up to 90 min and then started to increase more quickly up

to the end of the reactive Fe(II) pulse (i.e., at which time the influent was switched back

to the inert electrolyte), with a concurrent increase in pH and decrease in Mn(11)(aq).

Results from fitting the reaction spectra were also discussed in Villinski et al.,

2001, and will only be summarized here. Unlike the fits to experiments MIDI. and

BOT 1, not all the reaction spectra from experiment MID2 could be adequately fit with

the two manganese end members. For the spectra collected during the first 55 min, the

two manganese end members (Mn(11)(aq) and Mn02,, c) appeared sufficient to explain the

data. However, as the reaction progressed, the weighted variance increased, indicating a

decrease in the goodness of fit (Table B-9). A series of six well-characterized reference

Mn(11,111) minerals were then included in the fitting routine (Table B-4, Figure B-2). The

inclusion of these reference spectra generally resulted in slightly better fits when the

binding energy of the Mn(II,ffl) minerals were constrained to shift by no more than 0.5

eV, with a reduction of the weighted variance by 10-20%. However, when the binding

energy was allow to float freely, the binding energies of all the model Mn(11,111) miner-

als, with the
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Table B-9 Absorbances of Mn(II)(aq) and Mn02 for experiment MED2 as deter-
mined from linear least-squares combination fits. Absorbance values in parentheses
are the estimated standard deviations.

Scan Time
(min)

Two-component Fits Three-component Fits
MnSO4

(abs)
Mn02

(abs)
Weighted
Variance

MnSO4

(abs)
Mn02
(abs)

Jacob
(abs)

Weighted
Variance

0 1.825 0 1.825

2 23 0.101 1.745 9.64 x 10-8 0.101 1.745 9.64 x 104

(0.002) (0.002) (0.002) (0.002)
3 31 0.149 1.670 9.20x 104 0.149 1.670 9.20 x 104

(0.002) (0.002) (0.002) (0.002)
4 39 0.177 1.576 13.49 x 104 0.177 1.576 13.49 x 104

(0.002) (0.003) (0.002) (0.003)
5 47 0.209 1.540 27.06 x 10-8 0.209 1.540 27.06 x 104

(0.003) (0.003) (0.003) (0.003)
6 55 0.212 1.342 22.01 x 104 0.192 1.320 0.043 16.87 x 104

(0.002) (0.003) (0.004) (0.003) (0.006)
7 63 0.212 1.152 8.03 x 10-8 0.201 1.135 0.029 7.26 x 10-8

(0.001) (0.002) (0.003) (0.005) (0.007)
8 71 0.213 1.008 11.16 x 10-8 0.192 0.976 0.055 7.82 x 10-8

(0.002) (0.002) (0.003) (0.005) (0.008)
9 79 0.213 0.833 17.80 x 104 0.183 0.787 0.076 7.24 x 104

(0.002) (0.002) (0.002) (0.003) (0.005)
10 87 0.185 0.557 8.75 x 10-8 0.165 0.527 0.049 4.49 x 10-8

(0.001) (0.001) (0.002) (0.003) (0.004)
11 95 0.145 0.476 9.86 x 104 0.128 0.451 0.042 6.57 x 104

(0.001) (0.001) (0.002) (0.003) (0.005)
12 103 0.141 0.387 26.79 x 10-8 0.113 0.345 0.079 8.05 x 104

(0.002) (0.002) (0.002) (0.003) (0.005)
13 111 0.130 0.293 32.40 x 10-8 0.100 0.249 0.074 10.35 x 104

(0.001) (0.002) (0.002) (0.003) (0.004)
14 119 0.102 0.217 39.26x 104 0.068 0.163 0.088 10.56 x 104

(0.001) (0.002) (0.002) (0.003) (0.004)
15 127 0.077 0.180 30.25 x 104 0.046 0.131 0.078 8.83 x 104

(0.001) (0.001) (0.002) (0.002) (0.003)
16 135 0.077 0.159 42.01 x 104 0.041 0.103 0.093 11.20 x 10-8

(0.001) (0.002) (0.002) (0.002) (0.004)
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exception of jacobsite, shifted to unreasonably lower energies (-3 to —10 eV), indicating

that the models were not good fits for the intermediate phase. The inclusion of a syn-

thetic jacobsite (MnFe204) resulted in significantly better fits, with the weighted variance

reduced by 20-75%, and the binding energy never shifted by more than 0.5 eV (Table B-

9). XRD results for the synthetic jacobsite used in the fits are presented in Table B-10.

Fit results for two spectra (55 and 127 min) are presented in Figure B-13. Plots of the

fitted absorbance values of the three-component fits with jacobsite with respect to time

are presented in Figure B-14a, and compared to the two-component fits. The fitted

amount of the intermediate phase appeared to increase slightly as the reaction progressed.

The maximum manganese concentration of the jacobsite phase is estimated to be 0.46 mg

of Mn(l1) g-1 , or approximately 5% of the original Mn(IV) concentration. Comparisons

of the weighted variances are presented in Figure B-14b. The weighted variance for the

three-component fits with jacobsite remain fairly constant for the whole experiment, sug-

gesting that jacobsite is a good fit for the Mn intermediate solid phase present in the reac-

tion.

The fitted Mn(II)(aq) absorbance was normalized to the maximum fitted absorb-

ance, and plotted with the effluent data (Figure B-12). We can see that the Mn(II)(aq)

profile as determined from the spectroscopic data corresponds well with the Mn(II)(aq)

BTC. This confirms our hypothesis that the fluorescence detector responded linearly

over the concentration range in our experiment, and over the range of beam currents.



Table B-10 Powder XRD angles and intensities synthetic MnFe204
vs. JCPDS files for synthetic jacobsite and Iwakiite
Synthetic jacobsite Synthetic jacobsite

10-0319
Iwalciite
38-0430

20 I 20 I 20

18.0400 10.88 18.0670 20 17.9904 30
29.6388 31.09 29.7059 35 29.5901 40
34.9113 100.00 34.9808 100 34.8825 100
36.5131 8.69 36.6502 12 36.4790 6
42.4250 22.27 42.5279 25 42.3003 16

42.4002 16
52.5800 14.34 52.7420 20 52.5950 15
56.0631 40.65 56.1968 35 56.0216 30
61.5412 51.33 61.6576 40 61.3858 35

61.5169 40
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Figure B-13 Selected results comparing two-component fits (Mn(11)(aq) and Mn02,sc)
with three component fits that included jacobsite. First derivative spectra are plotted to
highlight differences between fits. Spectra have been normalized and offset vertically for
clarity.
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Figure B-14 a.) Plot of fitted absorbances for experiment M1D2. Filled symbols are
from two-component fits, open symbols are from three component fits with jacobsite.
(•,O) are Mn(11)(aq) absorbances times 10, (• ,0) are Mn02, s, and (0) is jacobsite ab-
sorbance times 10. b.) (A.,*) are the weighted variances of the two-component and
three component fits, respectively
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B.4.2.4	 X-ray beam positioned 3-4 mm down gradient with reaction and aged
precipitates

For experiment M1D3, the X-ray beam was positioned approximately 3-4 mm

down the flow path. For the first 265 min, the flow rate was 20111_, min-1 , and was 874

min -1 after that. A 10 mM solution of Fe(II) (pH 5.2) was introduced to the cell during

the first 210.5 min. After switching the influent solution back to the inert electrolyte, and

flushing the system of Mn(II), a second pulse the of Fe(II) was initiated at 337 min and

lasted for 86 min. During the first pulse of Fe(ll), the results were similar to those from

experiment MIDI, with the reaction spectra fit well with the two manganese end mem-

bers (Table B-11). However, after the Fe(111) precipitates were allowed to age for > 2 h,

and the Fe(II) solution was again introduced, the results were similar to experiment

MID2, with the energy of maximum absorption shifting to lower energy by > 1 eV

(Figure B-15).

Results from the effluent data are presented in Figure B-16. For the first 265 min

on the secondary X axis (labeled "Time"), the tick marks are in 50 min intervals. At 265

min, the flow rate was increased from 20 to 874 min-1 , and thus the time scale is dif-

ferent, with the tick marks representing 10 min intervals. The FeT concentration was

normalized to the influent Fe(111) concentration of 10.0 mM, and the Mn(II)(aq) was nor-

malized to 5.0 mM based on the stoichiometry of reaction B-1.

During the first Fe(II) pulse, which lasted 210.5 min, 43 1.11_, of Fe(II) was intro-

duced into the column, and 21 tmol of Mn(1)(aq) was recovered (-98% of the amount of
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Table B-11 Absorbances of Mn(H)(aq) and Mn02 for experiment M1D3 as deter-
mined from linear least-squares combination fits. Absorbance values in parentheses are
the estimated standard deviations.

Two-component Fits Three-component Fits
Scan' Time2 Mn(II) Mn02 Weighted Mn(II) Mn02 Jacob Weighted

(min) (abs) (abs) Variance (abs) (abs) (abs) Variance
MID3- 1-0 0 - 1.666

MID3-1-7 55 0.065 1.629 4.39 x 10-8

(0.001) (0.002)
M1D3-1-19 157 0.116 1.597 2.74 x 10-8

(0.001) (0.001)
MID3-1-28 3 283 0.038 0.962 1.74 x 10-8

(0.001) (0.001)
MID3-2-0 343 0.000 1.034 0.000 1.034

(6)
MID3-2-1 351 0.061 0.962 3.61 x 10-8 0.061 0.962 3.61 x 10-8

(14) (0.001) (0.001) (0.001) (0.001)
MID3-2-2 359 0.121 0.858 3.65 x 10-8 0.115 0.846 0.019 3.44 x 10-8

(22) (0.001) (0.001) (0.002) (0.003) (0.004)
MID3-2-3 367 0.142 0.733 4.66 x 104 0.134 0.720 0.021 3.59 x 104

(30) (0.001) (0.001) (0.002) (0.003) (0.005)
MID3-2-4 375 0.148 0.602 6.18 x 10-8 0.139 0.590 0.023 4.04 x 10-8

(38) (0.001) (0.001) (0.002) (0.002) (0.004)
MID3-2-5 383 0.136 0.484 9.08 x 104 0.120 0.458 0.043 5.21 x 10-8

(46) (0.001) (0.001) (0.002) (0.003) (0.004)
MID3-2-6 391 0.116 0.371 9.56x 10-8 0.103 0.351 0.034 5.31 x 10-8

(54) (0.001) (0.001) (0.001) (0.002) (0.003)
MID3-2-7 399 0.090 0.269 10.86 x 10 -8 0.077 0.250 0.034 4.50 x 10-8

(62) (0.001) (0.001) (0.001) (0.002) (0.002)
MID3-2-8 407 0.064 0.197 11.09 x 104 0.047 0.171 0.043 3.55 x 104

(70) (0.001) (0.001) (0.001) (0.001) (0.002)
MID3-2-9 415 0.045 0.153 8.34 x 10-8 0.032 0.135 0.031 3.03 x 10-8

(78) (0.001) (0.001) (0.001) (0.001) (0.002)

'Selected scan numbers from first Fe(II) pulse shown for comparison. Results were
similar to those from experiment MID1.
2Time in parentheses is relative to the second pulse of Fe(II) as described in the text.
'Higher flow rate started at 268 min. Mn(IV) absorbance readings are lower and Mn(II)
absorbance readings are higher due to hydrodynamic expansion of the bed.
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Figure B-15 Series of Mn K-edge XANES spectra the second Fe(n) pulse from experi-
ment MID3. Spectra have been offset vertically, and approximately every other spectra
have been plotted for clarity. Times have been adjusted to approximately reflect the time
the solution probed in the x-ray beam would have reached fraction collector.
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for comparison. The first Fe(II) pulse starts at time zero.
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manganese reduced by the Fe(ll)). Approximately 46% of the initial Mn(IV) (45.5 .tmol)

was reduced and released to solution. Approximately 94% of the Fe(II) introduced into

the column was retained within the column (Figure B-16). The pH decreased from 5.22

tobelow 3.00 within 1.3 ml of solution eluted, and continued to decrease to a pH of 2.77

at 5 mL, a value lower than the minimum pH of 2.97 seen in experiment MID2 (pH 3).

This lower pH is expected due to the lower FeT in the effluent (0.6 mM FeT for experi-

ment MID3 as opposed to > 3 mM FeT of experiment MID2). If all the FOE) is precipi-

tated as Fe(OH)3, each mole of Mn(IV) reduced has the potential to produce two mol of

H+. Therefore, the maximum potential concentration of H+ produced by the 10 mM

Fe(II) solution is 20 mM, which will result in a pH well below 3.00.

The higher pH of the influent solution (pH 5.2 versus pH 3 in the other experi-

ments) resulted in decreased solubility of Fe(111), which resulted in most of the Fe(111)

precipitating prior to reaching the end of the reaction cell (also evidenced by the lack of

rise in the pH at the start of the reaction). Since some FeT was present in the effluent (as

Fe(111)(aq) and possibly as colloidal material), we assume that ferric precipitates were

distributed throughout the sample bed. This was confirmed by noting a Fe K-edge scan

at the same position along the flow path, and based on the energy of maximum absorption

of the Fe K-edge spectra, the valence was determined to be Fe(111) rather than Fe(11) (see

Appendix D).

At 210.5 min, the influent solution was switched back from the reactive Fe(11) to

the inert electrolyte. Starting at approximately 265 min, the Mn(11)(aq) in the effluent
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started to decrease with a concomitant increase in pH. In addition, at this time, the flow

rate was increased from 20 to 87 1AL min-1 .

The Mn(11)(aq) was flushed from the system, and at 337 min, a second pulse of

Fe(H) reactive solution was introduced into the column. This pulse lasted 86 min, with a

total of 59 [unol of Fe(11) introduced to the system. Again, the pH decreased as

Mn(H)(aq) appeared in the effluent, however, the pH decrease was not as sharp as during

the previous run, and only decreased to 2.95, as opposed to 2.77. In addition, Mn(1)(aq)

never reached a normalized concentration of one, and the falling limb had significantly

longer tailing than the falling limb of the first pulse. FeT was present in the effluent at the

same time Mn(II)(aq) reached its peak concentration, and increased to a reduced concen-

tration near one at the end of the reactive pulse. At this point, the FeT decreased rapidly

to below 0.2 mM (2% of the influent concentration). A total of 16.8 tmol of the remain-

ing 24.51.imol Mn(IV) was released during the second Fe(II) pulse, leaving 17% of the

starting Mn(IV) unreduced.

Results of the two-component fits of the reaction spectra from the second Fe(II)

pulse are presented in Table B-11. As in the results from experiment MID2, the weighted

variance increased as the reaction progressed, indicating a decrease in fit quality. Similar

results were obtained for the 3-component fits of experiment MID3 as compared to the 3-

component fits of experiment MID2 (Table B-11 and Figure B-17). Again, jacobsite was

the only reference mineral that did not shift to unreasonable energies when the binding

energy was allowed to float. The addition of the other Mn(ll,ll1) models to the fitting

routine only slightly improved the fit when the binding energy was constrained to shifts
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Figure B-17 a.) Plot of fitted absorbances for experiment MID3. Filled symbols are
from two-component fits, open symbols are from three-component fits with jacobsite.
(•,O) are Mn(II)(aq) absorbances times 10, (• ,01) are Mn02,„ and (0) is jacobsite ab-
sorbance times 10. b. ) (•,*-) are the weighted variances of the two-component and
three component fits, respectively. Volume is relative to second Fe(11) pulse
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of less than 0.5 eV, but shifted to unreasonably low binding energies (-3 to —10 eV) when

the binding energy was allowed to float unconditionally. The fitted absorbance of the

intermediate solid phase again increases slowly as the reaction progresses; however, the

intensity is not as great as that of the intermediate phase in experiment MID2. The

weighted variances are presented in Table B-11 and Figure B-17b. The normalized pro-

file of the fitted Mn(1)(aq) absorbances are presented in Figure B-16 for comparison

with the Mn(II)(aq) effluent data; again, the two profiles are closely matched.

B.4.3 Further Analyses

B.4.3.1	 Analysis of the pre-edge feature

The pre-edge features of the Mn K-edge spectra were obtained by fitting a Lor-

entzian-shaped function to the normalized edges of the reference minerals. The last four

spectra from experiment 1V[11D2 were averaged, and the Mn02, s, and Mn(1)(aq) fractions

were removed prior to extracting the pre-edge feature. The pre-edge has been attributed

to dipole-forbidden is-3d transitions that become allowed when symmetry is broken by

either tetrahedral coordination of manganese or octahedral site distortion (Manceau et al.,

1992) (Figure B-18). The intensity of the pre-edge for tetrahedrally coordinated Mn(11) is

significantly higher (4-7 times) than for octahedrally coordinated Mn(II) (Manceau et al.,

1992) (compare MnFe204 with Mn(11)(aq) and MnCO3). The amplitude and shape of the

pre-edge feature of the data matches that of MnFe204, indicating that most of the inter-

mediate solid phase manganese is tetrahedrally coordinated.
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Figure B-18 Comparison of notmalized Mn K-edge pre-edge features of the averaged
pre-edge feature of the last four reaction spectra of M1D2 (Mn02, s, and Mn010(aq) frac-
tions subtracted) and model Mn edges.



161

B.4.3.2	 Principle component analysis

Principle component analysis (PCA) is a mathematical tool that can be used to deteimine

the number of components needed to adequately fit a series of spectra (Ressler et al.,

2000; Fay et al., 1992). While a powerful technique, the fact that the concentra-tions of

the species changed during the time to record a spectrum would add to the uncertainty of

the analysis, or add to the number of components determined needed to fit the spectra. In

addition, due to the decreasing amount of manganese in the system, the signal to noise

ratio increased during the reaction. This would again add to the uncertainty of the analy-

sis. Indeed this was the case as the PCA analysis indicated that 11 components were

needed to adequately represent the reaction spectra. Most of these components appeared

to be related to the noise in the reaction spectra. The error in fitting jacobsite (1.64%)

with the principle components was of the same magnitude as for the manganese end

member Mn(II)(aq) (1.80%). All other Mn(ll,III) reference compounds had a larger error

when attempting to fit with the principle components (> 2. %). Thus, it appears that

some of the uncertainty in reproducing jacobsite with the principle components is due to

the changing concentrations of the various species from one scan to the next, and the

level of noise in the reaction spectra. The results serve to strengthen the results obtained

above.

B.5	 Discussion

B.5.1 The effects of chemical gradients on the formation of intermediate solid
phases

Our spectroscopic results indicate that the chemical gradients produced by the re-

ductive dissolution of Mn02 be Fe(E) have a profound effect on the subsequent reactions
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that occur down gradient. These results illustrate the usefulness of our technique, spe-

cifically the fact that the complete sample bed can be probed at a mm scale (using a 1 mm

high by a 10-20 mm wide beam profile). Therefore, by positioning the X-ray beam at

different points along the flow path, we have been able to observe the effects of various

chemical fronts on the reductive dissolution of Mn02 by Fe(ll), allowing us to infer

mechanisms responsible for the folination of the jacobsite solid phase.

The Mn XANES spectra from experiment MIDI, and from the first Fe(II) pulse of

experiment MID3, indicate a lack of aqueous Mn(III) products (detection limit approxi-

mately 2-atom %, Villinski et al., 2001). This result is not unexpected as Mn(III)(aq) is a

strong oxidizing agent and is unstable with respect to disproportionation to Mn(H) and

Mn(IV). Mn(BI)(aq) can be stabilized in one of three ways; 1) increased acidity, 2) in-

creased concentration of Mn(11) or 3) by the addition of a strong complexing agent

(Davies, 1969). However, our system does not satisfy any of these requirements, as these

constituents generally need to be on the order of 1 M or more (Diebler and Sutin, 1964;

Fackler and Chawla, 1964; Ibers and Davidson, 1950; Wells and Davies, 1965; Selim and

Lingane, 1959).

While Mn(II)(aq) was noted in the Mn K-edge spectra, and a ferric precipitate

similar to schwertmannite was noted in Fe K-edge spectra of experiment MID1 and the

first Fe(H) pulse of experiment M1D3 (see Appendix D), the evidence suggests that no

Mn(II) is incorporated in the ferric precipitate in either of these experiments (detection

limit approximately 2-atom %, Villinski et al., 2001). The solution data indicates that

Fe(:11) was retained and precipitated within the reaction cell (Figure B-16). For the first
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Fe(H) pulse during experiment MID3, the release of Mn(H) to solution is —98% of the

amount expected based on reaction B-1 and the amount of Fe(11) introduced in the col-

umn. No detectable Mn(11) was found in the Mn XANES spectra recorded just before the

start of the second Fe(11) pulse during experiment M1D3 (Table B-11), indicating that any

Mn(II) that may have been associated with the ferric precipitate was reversibly adsorbed.

Previous studies investigating the incorporation of manganese in ferric precipi-

tates have been performed via the introduction of a strong base to a solution of Fe(II) and

Mn(II) in the presence of oxygen (Stiers and Schwertmann, 1985; Ebinger and Schulze,

1989; Cornell and Giovanoli, 1987; Cornell, 1988). Ebinger and Schulze (Ebinger and

Schulze, 1989) investigated the incorporation of Mn into goethite at pH 4 (after precipi-

tating an unidentified phase via the addition of 2 M NRIOH). They found that up to 0.18

mole fraction of Mn was incorporated into the precipitate (initial Mn mole fraction =

0.35) after 62 days at pH 4 and 55°C. Cornell and Giovanoli (Cornell and Giovanoli,

1987) found that when ferrihydrite was precipitated in the presence of Mn(I1), congruent

uptake of both metals occurred. Again, these precipitates were formed by titrating the

solution with a strong base (1 M KOH). Thus, the pH conditions under which the Mn-

feiTic precipitates were faulted are not comparable to our system. The first hydrolysis

constant for Mn(H) is eight orders of magnitude smaller than that for Fe(III) (Morel and

Hering, 1993). Therefore, the lack of Mn(11) in ferrihydrite precipitated at pH 3 is not

unexpected, as the precipitation of hydroxides is often associated with the hydrolysis of

metal ions.
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Evidence was presented for the formation of a jacobsite-like intermediate phase

(MnFe204) during experiment M1D2 and the second Fe(ll) pulse of MID3, but not during

experiment BOT1. This is significant as the sequence of appearance of chemical species

in the region of the sample bed probed by the X-ray beam differed between experiments

M1D2 and MID3 and experiment BOT1. Since the X-ray beam was positioned at the up

gradient portion of the cell in experiment BOT1, Fe(11) reached the Mn(IV) surfaces prior

to any reaction products, including Mn(11)(aq) and Fe(I11). However, in both experiment

1V111D2 and the second Fe(II) pulse of experiment MED3, the X-ray beam was positioned

2.5-4 mm down the flow path. This allowed for the Mn(I1)(aq) and Fe(111) produced by

the reaction to be transported down gradient to unreacted Mn(IV) surfaces prior to those

surfaces being exposed to Fe(ll). Based on the pH data from experiment M1D2, we know

that the precipitation of Fe(111) was kinetically limited with respect to the hydrodynamics

of the system at pH 3. This is evidenced by the fact that the pH initially increased and

did not decrease until 20 min (approximately 10 min after the Fe(11) reached the reactive

bed), and by the fact that Fe(fll) was present in the effluent (as aqueous and/or colloidal

species) (Figure B-12). This implies that the FOIE) produced by the reaction was prefer-

entially adsorbed (and precipitated) down gradient as opposed to the site at which the ion

was produced. These results imply that the chemical gradients produced by the reaction

up gradient are responsible for the formation of the jacobsite down gradient.

Since the presence of jacobsite appears to be confined to regions down the flow

path that have been previously exposed to reaction products, three questions remain. 1)
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Why does a spinel structure foun? 2) How does the jacobsite form? 3) What can we de-

termine about the valence of manganese in the jacobsite solid phase?

B.5.2 The presence of jacobsite at pH 3
Our result is the first reported evidence of a spinel-type mineral, in this case

jacobsite, being formed during the chemical reductive dissolution of Mn02 (Villinski et

al., 2001). While evidence for the follnation of a reduced manganese phase during the

reductive dissolution of Mn02 has been increasing over the past few decades, all evi-

dence has pointed to the formation of an Mn(II1) phase. The presence of manganite, y-

MnO0H, was identified using SEM during the reductive dissolution of a synthetic vari-

ety of birnessite by cinnamyl alcohol (Giovanoli et al., 1971). Using X-ray photoelectron

spectroscopy (XPS), Mn(111) was identified when Co(11) was oxidized to Co(111) on the

surface of synthetic birnessite at pH 4-7 (Crowther et al., 1983). Most recently, XPS

studies, analyzing the Mn(2p312) spectra, have shown the presence of Mn(111) during the

reductive dissolution of birnessite by As(111) (Nesbitt et al., 1998), Can) (Banerjee and

Nesbitt, 1999b), and oxalate (Banerjee and Nesbitt, 1999a). Analysis of the 0(1s) spectra

indicates the presence of an increased concentration of OUT ions, suggesting the forma-

tion of one of the Mn0OH polymorphs, consistent with the findings of Giovanoli and

Feitknecht (Giovanoli et al., 1971). Finally, using XAFS and a flow-through reaction cell

similar to the one used in this study, (Fendorf et al., 1999) identified a a-Mn203-like in-

termediate phase during the reductive dissolution of pyrolusite-coated silica by Co(11)-

EDTA complexes. The low pH of our system is expected to inhibit the forniation of

MnO0H, as a disproportionation reaction is expected to occur (Hem, 1978).
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While spinel minerals are common in high-temperature, high-pressure igneous

and metamorphic rocks, many instances of formation of spinel minerals at low tempera-

tures have been reported. Bricker (Bricker, 1965) reported the formation of hausmannite,

Mn304, from aqueous solution, presumably at 25 ° and atmospheric pressure. Hem and

others formed hausmannite as a first oxidation product of Mn(II) in aerated aqueous solu-

tions at near-neutral pH and 25°C (Hem, 1980; Hem and Lind, 1983). In additional stud-

ies, the formation of hetaerolite (ZnMn204) (Hem et al., 1987) and Co304 (Hem et al.,

1985) were formed at pH 8.5 and 9.0 at 25 °C, respectively. Hausmannite has been cited

as an oxidation product of Mn(11) by a marine Bacillus sp. (Mann et al., 1988). Hochella

et al., (Hochella et al., 1999) reported gahnite (ZnAl204) and hydrohetaerolite

(Zn2Mn408•H20) in a stream affected by acid mine drainage (AMD) (pH 6), and believed

the spinels were formed in situ rather than being present as detrital material. Ferrihydrite,

in the presence of Mn(1) has been transformed into jacobsite (pH 8-12, 70 °C, 10 mM

Fe, 3-5 mM Mna, aged 48 hrs.) (Cornell and Giovanoli, 1987; Cornell, 1988). No ki-

netics of the transformation were calculated in these studies. Finally, the electrochemical

reduction (alkaline) of birnessite and y-Mn02 has been shown to result in the formation

of Mn304 (Donne et al., 1997) and in an indeterminate phase with reflections correspond-

ing to a spinel phase (Jean et al., 1997), respectively.

Ferrites (Me„Fe3,04) are important in the field of material sciences, and many

aqueous processes have been developed for the formation of these spinel materials (ICF

Proceedings #3 and references therein). Manganese ferrites (Mn,Fe3,04) have also been
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formed by the reductive dissolution of Mn02 by FeSO4 at pH 12 (55-90°C) (Bujoreanu et

al., 1996).

One other area of study that may be applicable to our system is the field of corro-

sion science. It is well known that a passivating-surface layer forms on many metals and

metal alloys. Cohen and others (Sewell et al., 1959; Nagayama and Cohen, 1962) con-

cluded that the oxide film present on iron electrodes consisted of a layer of y-Fe203

(maghemite) at the oxide/electrolyte interface, and Fe304 (magnetite) at the metal surface

based on electron diffraction studies. Sato and Kudo {Sato Kudo 1971}, using electro-

chemical and chemical analyses in conjunction with ellipsometry, concluded that the in-

ner portion of the film was an anhydrous ferric oxide at the metal surface, with a semi-

conducting, hydrous ferric oxide at the electrolyte interface. Recent in situ XANES stud-

ies have suggested that the passivating layer on iron at pH 8.4 in borate buffer does con-

tain tetrahedral Fe(III) (refs). Davenport and Sansone (Davenport and Sansone, 1995)

analyzed Fe K-edge XAS pre-edge peaks and suggested that the oxides in the passive

film have the structure of tetrahedrally coordinated Fe, evidenced by the presence of a

single peak rather than a double peak normally observed in spectra of oxides with octa-

hedrally coordinated Fe. Both y-Fe203 and Fe304 have a spinel structure.

Therefore, spinel phases are formed in many systems at atmospheric conditions

and low temperatures. The main difference between our bulk solution conditions and

those in the studies presented above is the pH of our system. Since our system is hetero-

geneous, the hydrogen ion activity is expected to be different at the mineral surfaces than

in the bulk solution, and we propose that the jacobsite phase fonns under circumstances
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at mineral interfaces that allow for a lower hydrogen ion activity as will be discussed be-

low.

B.5.3 The nature of the electron transfer to Mn(IV) surfaces coated by ferric pre-
cipitate

Our above discussion indicates that the presence of the ferric precipitate is neces-

sary for the formation of the jacobsite intermediate solid phase. Based on the results

from MID 1 , and the first Fe(11) pulse of experiment MID3, jacobsite did not form when

ferric ions precipitated down gradient from the site of the Mn(IV) reduction. This im-

plies that the manganese in the jacobsite comes from the reduction of the Mn(IV) that is

coated with the ferric precipitate rather than Mn(II) that was previously released to the

solution. We propose, therefore that the jacobsite forms at the interface between the fer-

ric precipitate and the reactive Mn02,,, surface.

The mechanisms that control the redox reactions at surfaces that are coated by

passivating layers are the subject of debate. We assume that the Fe(111) precipitate forms

a passivating layer in this system. Three possible mechanisms may exist for the transfer

of an electron from a Fe2+ ion to an Mn(IV) active surface site: 1) the passivating layer

that coats the Mn(IV) surface may have discontinuities that allow physical contact be-

tween the reactive solution and the Mn(IV) surface; 2) Fe2+ ions may diffuse through the

passivating layer to reach the surface;. 3) The passivating layer may act as an n-type

semiconductor and allow electrons to be transferred through the oxide (or electrons may

be transferred via direct elastic or resonance tunneling).

Diffusion coefficients for charge transfer through the ferric precipitate to the

Mn(IV) surface derived from batch experiments conducted under similar conditions are
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on the order of 10-15 cm2 s -1 (see Appendix C). These coefficients are much smaller than

one would expect for the diffusion of an ion through a liquid layer (-10-5 cm2 s-1 ), but

much larger than one would expect for solid-state diffusion (10-19-10-21 cm2 s-is .) Many

studies have investigated the diffusion of ions through pores or leached layer in solids.

Luce et al., (Luce et al., 1972) calculate diffusion coefficients on the order of 10-13-10-18

CM
2 

S
-1 for magnesium and silicon diffusing through a leached layer during dissolution of

magnesium silicates. Axe and others (Axe and Anderson, 1995; Axe and Anderson,

1997; Trivedi and Axe, 1999; Trivedi and Axe, 2000) have modeled the slow sorption of

cations to hydrous metal oxides. The theoretical and experimental surface diffusion coef-

ficients for Sr2+ , Cd2+ and Zn2+ sorption within the pores of hydrous aluminum, manga-

nese and ferric oxides ranged from 10-11-10-15 cm2 s-1 . Trivedi and Axe (Trivedi and

Axe, 2000) calculated the surface diffusivity for Zn2+ on hydrous ferric oxide to be ::--10-15

cm2 s-1 at pH 7. Our results suggest that diffusion of Fe2+ through the ferric precipitate

may be a mechanism by which an electron is transferred to the Mn(IV) surface.

Many iron(BI) oxides are semiconductors since they have bandgap energy of ap-

proximately 2 eV (Leland and Bard, 1987). A ferric (hydr)oxide must be doped with

small amounts of Fe(ll) to act as an n-type semiconductor (Schmuki et al., 1995), which

may be possible due to the presence of Fe(1) in the reactive solution. The Fe(II) must

presumably sorb onto the ferrihydrite surface for an electron to transfer to the conduction

band (or for the Fe(11) to diffuse to the Mn(IV) surface). For electron transfer to occur,

electrons must be transferred to the conduction band by an energy greater than the band

gap. The standard redox potential (En) for the Mn02/Mn2+ half reaction is 1.29 V
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(Stumm and Morgan, 1996). The estimated redox potential for the Fe3±/Fe2+ half reaction

ranges from > 1.0 to approximately -0.4 V, depending on the coordination of the ions

and whether or not the species are in a solid phase or not (Stumm and Sulzberger, 1992).

For Fe2+(aq) and am-Fe(OH)3(s), the redox potential is - -0.1 V. Thus, the total potential

(uncorrected) may be on the order of 1.2-1.3 V.

Calculated diffusion constants for electron transfer through a passive film range

from , 10-16 cm2 on carbon steel (Guo et al., 1998) to 10 -21 cm2 s-1 on nickel {Mac-

donald 1991}. Assuming a thin film on the order of 10-50 A, standard heterogeneous

s-1electron diffusion coefficients range from 10-1 2 cm2 - for akaganéite to 10-17 cm2 s-1 for

goethite (Leland and Bard, 1987); no data for ferrihydrite, schwertmannite, or other

amorphous phases has been reported. Gou et al. (Guo et al., 1998) showed that the pas-

sive film on carbon steel at - pH 0 behaved like an n-type semiconductor at potentials

ranging from 0.4 to 1.3 V. The total redox potential in our system is expected to be in the

same range (see above).

For thin films, electrons can be transferred from a Fe(1) ion sorbed on the ferric

precipitate to the Mn(IV) surface through direct elastic tunneling where the electron

transverses the barrier in one step without loss of energy. If the film is thicker, the elec-

trons may be transferred via resonance tunneling where the electron is transferred to lo-

calized electronic levels within the passive layer. These localized levels can be due to

impurities in a crystal (e.g., Fe2+ in ferric oxides) or due to local disorder in amorphous

films. On the basis of the above discussion, we cannot eliminate the possibility of trans-

fer of electrons through the ferric precipitate nor diffusion of Fe(II) through the pores of
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the amorphous ferric precipitate based on our diffusion coefficient. Indeed, both mecha-

nisms may occur in our system, and further research would need to be perfoimed to de-

termine this.

B.5.4 Conceptual model of the formation of jacobsite

Based on the previous discussion of the formation of spinel phases in aqueous

systems at atmospheric conditions, the formation of jacobsite most likely requires a lower

hydrogen ion activity than found in the bulk solution in our experiments (pH 3). As sur-

faces often display different properties than bulk solution, investigation of the various

surfaces present in the system may provide the necessary clue as to where and why

jacobsite is forming. For simplicity, and due to the fact that more research has been con-

ducted on ferrihydrite than schwertmannite, we will use ferrihydrite as the model of the

ferric precipitate in the following discussion.

The ferrihydrite surface is expected to be fully protonated at pH 3 as the pHpznpc

(point of zero net proton charge) of ferrihydrite is expected to be > 8 (Dzombak and Mo-

rel, 1990). In addition, as ferrihydrite precipitates, protons are released according to reac-

tion 4-7, producing three H+ for each Fe3+ precipitated. This may help to explain why no

jacobsite was found when ferrihydrite precipitated down gradient of the Mn(IV) reduc-

tion. However, the reduction of Mn02 in the absence of ferrihydrite precipitation con-

sumes protons according to reaction B-6. Thus, Mn(IV) surfaces, which are coated with

ferrihydrite, when reduced will result in a region of lower fr activity until protons dif-

fuse through the ferrihydrite layer, or other proton-producing reactions occur.
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The stoichiometry of the jacobsite-forming reaction at the interface between the

ferrihydrite and Mn02, se may give more information as to which mode of charge transfer

occurs. We will approach the reaction as if two electrons have been transferred to on

Mn(IV) surface site

step is the formation of the MnFe204 unit. If the charge is transferred in the form of elec-

trons (i.e., n-type semiconductor), then electrons from Fe(II) sorbed on the surface would

be transferred to the Mn(IV) surface site, and the MnFe 204 would presumably form by

reacting with ferrihydrite Fe(OH)3 units. We could approximate the reaction as:

EMn	 + 2Fe(OH) 3 (s) + 4H + (aq) —> MnFe 2 0 4 (s) + 4H 20	 (B-8)

where the EMn 11022- arises from the reduction of one EMn iv02 unit. Conversely, if the

Fe(II) diffuses through the ferric precipitate (presumably as a hydrated ion; at pH 3, Fe2+

will be either complexed with SO42- or only H20), and then transfers the electrons, we

may envision the formation of jacobsite occurring via the following reaction:

E Mn 11 0 22- + 2Fe s3:rbed + 2H 2 0 --> MnFe 2 0 4 (S) + 2H + (aq)	 (B-9)

where the Fe3+sorbed arises from the oxidation of sorbed Fe2+ ions that had diffused

through the ferric precipitate. Clearly, these reactions differ in terms of proton consump-

tion/production. If the electrons were transferred via the semiconductor model, the ten-

dency would be to decrease the hydrogen ion activity in the region of the reaction, which

may be more favorable for stabilizing a spinel mineral. However, we cannot exclude the

diffusion of Fe(n) ions to the Mn(IV) surface as a mode of charge transfer based on our

data. Indeed, both mechanisms may occur simultaneously, and thereby, balance the pro-

ton consumption/production at the interface.

(Mn 1O2),,) resulting in the formation of one Mn(ll) ion. The next
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In either model, Mn(II) will increase in activity in the interface region as the dif-

fusion of Mn(II) to the bulk solution is expected to be slower than the diffusion of Fe(ll),

Fr or electrons to the Mn(IV) surface. We assume that any Fe(II) that diffuses to the

Mn(IV) surface will be instantly oxidized, resulting in a negligible Fe(II) concentration at

the Mn(IV) surface. Therefore, a large Fe(II) concentration gradient will exist. A similar

situation is assumed to hold for electrons at the Mn(IV) surface. In contrast, Mn(II) is

present in the bulk solution due to reactions occurring up gradient, and therefore the con-

centration gradient will be less for Mn(II) than for Pe(l). This situation will result in an

excess of Mn(II) in the region of the interface, and may be in part responsible for the

formation of jacobsite.

B.5.5 Valence of Mn in intermediate phase

In the studies cited above of the reductive dissolution Mn02 by various oxidants,

Mn(IV) is first reduced to Mn(III), indicating that the reduction of Mn(IV) to Mn(11) oc-

curs as two one-electron transfer steps. This is even true in the case of Asap being oxi-

dized to As(V) (Nesbitt et al., 1998), where one could easily visualize that the two elec-

trons transfer to a single Mn(IV) metal center, resulting in Mn(11). Therefore, it would

seem likely that the formation of Mn(BI) would occur during the reductive dissolution of

Mn02 by Fe(ll). The XRD pattern of the jacobsite mineral used in this study closely

matched the JCPDS card. (Table B-10) Chemical analysis (digestion) of the jacobsite

indicates that the jacobsite model is stoichiometric MnFe2a4.

MnFe204 is a spinel mineral with approximately 15 to 20% inversion (i.e., with

15 to 20% of the Mn 2+ in the octahedral position rather than the tetrahedral position)



174

(Waychunas, 1991; Verwey and Heilmann, 1947). Based on crystal-field stabilization

theory, both Mn 2+ and Fe3+ , having a d5 configuration, have no excess octahedral stabili-

zation energy, and thus have no preference for either octahedral or tetrahedral sites in the

spinel structure (Dunitz and Orgel, 1960). On the other hand, Mn3+ , with the greatest ex-

cess octahedral stabilization energy, is always found in the octahedral site in spinel min-

erals, except when in the presence of Ni 2+ (Dunitz and Orgel, 1960), or in the random

spinel minerals CoMn204, and FeMn204 , where charge distribution between the doubly

and triply valent metal ions may account for the Mn3+ in the tetrahedral site. The amount

of Mn in the mineral jacobsite ranges from 0 < x < 1.6 (Mason, 1947; van Hook and

Keith, 1958). Due to the slight mismatch between the three-component fits with jacob-

site and the data (Figure B-13), we cannot exclude the possibility that some of the misfit

may be due to MOTO in the intermediate phase. In addition, the shoulder on the right

side of the pre-edge feature may also indicate the presence of Mn(111) (Figure B-18).

Further studies (XPS and/or PEELS) are necessary to determine the presence or absence

of Mn(III) in the intermediate phase.

B.6	 Conclusions

Based on the results presented here, the reactions that control the transport of

metals within systems affected by AMD are dependent on the reactions that occur up

gradient. While the initial rate of the reductive dissolution of Mn02 by Fe(1) at pH 3 is

fast with respect to the rate of groundwater flow in most systems, the foimation of ferric

precipitates down gradient has profound effects on subsequent rates of reactions as well

as reaction mechanisms. Not only does the ferrihydrite coat the Mn(IV) surfaces and re-
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duce the rate of release of Mn(n) by active as a passivating layer, but it also appears to

result in a mixed Mn/Fe solid phase that contains reduced manganese. The effect of these

processes is to decrease the rate of release of Mn(11) to the aqueous phase, such that the

time scale of this release is on the order of, or slower than, the time scale of the hydrody-

namic transport.

These results help, in part, to explain the inability Stollenwerk (Stollenwerk,

1994) and Brown et al. (Brown et al., 1998) to model the transport of Mn(1) in the Pinal

Creek Basin near Globe, AZ. The use of equilibrium assumptions, and the lack of the

knowledge of the identity of a reduced manganese solid phase resulted in the over-

prediction of the Mn(11) released to the system. In addition, Brown et al. (Brown et al.,

1998) indicated that manganese was still being released from the acidic zone of the plume

that, according to equilibrium modeling, should be depleted in manganese.

This inability to model the fate and transport of manganese in the system has pro-

found consequences in terms of the remediation of the system. The Mn(ll) released by

the reductive dissolution of Mn(TELIV) oxides in the alluvial aquifer is transported down

gradient, and is reoxidized within the perennial reach of the system (Eychaner, 1991).

This oxidation of the manganese within the stream and the hyporheic zone is believed to

be microbially mediated (Marble et al., 1999). Significant quantities of other trace metals

are sorbed on and incorporated into the Mn(111,1Y) oxides and hydroxides, including Co,

Zn and Ni (Lind and Anderson, 1992; Flinchbaugh, 1996; Kay, 2000; Geiger, 1999).

Without knowledge of the rate of long-tenu  release of Mn(11) to the system, the fate of

these other metals cannot be predicted. Thus, knowledge of the form the reduced manga-
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nese in the alluvial aquifer is needed to determine the stability of the Mn phases and, ul-

timately, the fate of metals in the system.
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APPENDIX C. THE EFFECTS OF AQUEOUS AND PRECIPITATED FE(III) ON
THE REDUCTIVE DISSOLUTION OF MNO2 BY FE(II): EXPERIMENTAL

RESULTS AND MODEL DEVELOPMENT

C.1	 Abstract
Batch reactor experiments were performed to investigate the reductive dissolution

of pyrolusite-coated quartz (0-Mn02) by Fe(II) under conditions simulating an acid mine

drainage subsurface plume. The solutions were characterized by a pH of 3,100 mM

SO42- and 4-9 mM Fe(ll). Results indicate that the release of Mn(II) was highly nonlin-

ear, with the rate of release decreasing by three orders of magnitude over a period of less

than 30 min. Increasing the initial Fe(11):Mn(IV) ratio had the effect of increasing the

rate of Mn(II) release, however, this rate did not appear to be first or second order with

respect to [Fe(II)(aq)]. The rate of release of Mn(II) appeared to be related to the re-

moval of Fe(III) ions from solution. The effects on the system of the competition be-

tween Fe(III)(aq) and Fe(II)(aq) for Mn(IV)(s) surface sites, and the blocking of the f3 -

Mn0 2 surfaces with the ferric precipitates on the system were investigated by adding

aqueous Fe(III) to the reactor prior to the addition of Fe(ll). The addition of Fe(111),

without precipitation, prior to the addition of Fe(II) resulted in a reduced rate of release of

Mn(1) during the initial 5-10 min of the reaction; however, the long-term rate of release

appeared to be similar to those experiments without added FOE). When the added

Fe(III) was allowed to precipitate prior to the addition of Fe(ll), the initial rate of Mn(11)

released was decreased further.

A simple model was developed to in an attempt to describe the possible mecha-

nisms that control the release of Mn(II) to solution. The reaction was modeled as second
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order rate dependent on [Fe(11)(aq)] and [13-Mn02(s)], where the P-Mn02(s) loading was

expressed as an aqueous concentration. Based on experimental results, the rate expres-

sion was modified with a Langmurian blocking function that accounts for the effect of the

reaction product Fe(OH)3(s) on the reaction rate. The strength of the blocking ability of

the Fe(OH) 3 (s) was found to be correlated to the maximum measured value of Fe(III)(aq).

This may indicate that the competition between Fe(BI)(aq) and Fe(I1)(aq) for surface sites

is as important as the ferric precipitate blocking the reactive surface sites during the ini-

tial 5-10 min of the reaction, and that a more complex function is needed to describe the

effects of reaction products on the reaction rate.

C.2	 Introduction

Interest in the mechanisms that control the reductive dissolution manganese(ll,

IV) oxides by various aqueous constituents has increased over the last three decades due

to the importance of manganese oxides as oxidants in natural systems and the ability of

manganese oxides to influence the fate and transport of heavy and trace metals through

adsorption processes (Jenne, 1968; Taylor and McKenzie, 1966) as well as incorporation

into mineral phases (Burns, 1976; Hem et al., 1985; Hem et al., 1987; Hem et al., 1989).

Manganese(BLIV) oxides and hydroxides are important oxidants of many environmen-

tally important species such as As(III) (Oscarson et al., 1981; Oscarson et al., 1983;

Moore et al., 1990), Cr(III) (Eary and Rai, 1987; Fendorf et al., 1993; Johnson and Xyla,

1991), Co(H) (Crowther et al., 1983; Burns, 1976; Traina and Doner, 1985; McKenzie,

1970; McKenzie, 1972; McKenzie, 1980), Co(11)-EDTA (Jardine and Taylor, 1995; Fen-

dorf et al., 1999), various organic compounds (Stone and Morgan, 1984; Stone, 1987;
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Xyla et al., 1992), H202 (Sajwan et al., 1994), oxalate (Nesbitt et al., 1998) and Fe(II)

(Postma, 1985; Golden et al., 1986; Golden et al., 1988; Krishnamurti and Huang, 1988;

Krishnamurti and Huang, 1987).

Derivation of rate constants for the reductive dissolution of manganese oxides and

hydroxides is often complicated by the fact that reaction products change reaction

mechanisms. Fendorf and Zasoski (Fendorf and Zasoski, 1992) found that the oxidation

of Cr(III) on 6-Mn02 was inhibited by a surface alteration induced by Crap at pH> 3.5.

Eary and Rai (Eary and Rai, 1987) found that the oxidation of Cr(BI) by pyrolusite (f3--

Mn02) in acidic solutions was highly nonlinear, and was most likely due to adsorption of

anion Cr(VI) species. Reduction of K-bimessite by As(BI) was found to be initially fast,

and then slowed (Moore et al., 1990). The decreased reaction rate was attributed to de-

pletion of interlayer Mn and the formation of Mn-As(V) complexes. The reductive disso-

lution of pyrolusite-coated quartz by Co(1)—EDTA was found to be inhibited by the for-

mation of a a-Mn203 surface layer (Fendorf et al., 1999). Postma (Postma, 1985) found

that the rate of reductive dissolution of bimessite by Fe(11) at pH 3-6 was inhibited after

17% of the bimessite was reduced. He postulated that the rate decreased after Fe(II) oxi-

dized at vacancies within the layers of linked [Mn06] octahedra and these vacancies were

then filled with FOE) (one out of seven octahedral sites are vacant in bimessite, (Bums,

1976). Stollenwerk (Stollenwerk, 1994) observed a highly nonlinear release of manga-

nese to solution from column experiments with alluvial sediments and Fe(ll) -containing

acid mine drainage waters. In addition, the release of manganese was <50% dictated by

stoichiometry. This nonstoichiometric release of manganese was suggested to be due to
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incorporation in Fe(OH)3. Ferric precipitates have also been shown to decrease the disso-

lution of mafic minerals by forming a protective coating on the mineral surfaces through

which products and reactants must diffuse (Siever and Woodford, 1979).

The above studies indicate that the reaction products formed during dissolution of

minerals can have pronounced effects on the reaction mechanisms that control the rate of

dissolution. In the first part of this study, we investigate the effect of the reaction prod-

ucts on the reductive dissolution of pyrolusite by Fe(II) under conditions simulating acid

mine drainage (AMID) contamination of an alluvial aquifer (Pinal Creek Basin near

Globe, AZ). Batch reactor experiments were performed at pH 3 and 100 mM SO42-. The

effects of the reaction products Fe(M) and Fe(OH)3 were investigated by adding Fe(l11)

to the batch reactor experiment prior to the addition of Fe(ll), resulting in competition

between Fe(111) and Fe(II) for reactive Mn(IV) surface sites and/or the formation of a sur-

face coating of Fe(OH) 3 .

Developing models that describe the mechanisms that control the rate of dissolu-

tion of minerals becomes more problematic as reaction products participate in the disso-

lution reactions. Solutions have been to model the system with a parabolic rate law (i.e.,

diffusion-controlled mechanism) (Luce et al., 1972; Siever and Woodford, 1979), or a

empirical rate law (Postma, 1985), but only after the system has passed the initial phase

of the reaction. In contrast, Eary and Rai (Eary and Rai, 1987) used an empirical expres-

sion to account for the nonlinear nature of the oxidation of Cr(III) by pyrolusite, describ-

ing the reaction rate in tenus of the fraction of Cr(IV) to the total Cr remaining in solu-

tion. Saiers et al. (Saiers et al., 2000) developed a model to couple advective-dispersive
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transport with oxidation-reduction reactions that includes a tenu that describes the build-

up of an insoluble, nonreactive Mn(lin) precipitate on the surface of the pyrolusite.

The objective of this work was to determine the rate controlling mechanisms for

Mn(II) release from Fe(ll)-reduced pyrolusite. The experiments are designed to mimic

conditions found in an acid-mine plume in an alluvial aquifer near Globe, Arizona. In the

first part of the paper we present the experimental results. In the second part of this pa-

per, we present a new model for the dissolution of redox-sensitive minerals, and test this

model against the data from our batch reactor experiments of the reductive dissolution of

pyrolusite by Fe(ll). The mathematical model describes the rate of mineral dissolution as

well as precipitation of reaction products. By formulating the rate of mineral dissolution

to account for the dependence on the amount of precipitated Fe(OH)3, with a second term

that allows for a reduced rate for long-term mineral dissolution, we are able to match the

observed concentrations of aqueous species with inverse model calculations. This work

illustrates the complexity of environmentally and geochemically relevant reactions that

occur in groundwater systems impacted by AMID, and are the first to attempt to quantify

the effects of the reaction products, Fe(OH)3 surface coatings and Fe(ll)(aq) on the dis-

solution rate of pyrolusite by Fe(ll).

C.3 Experimental Methods

C.3.1 Materials

All chemicals used were reagent grade. All solutions were made with purified

water (Milli-RO 6 plus/Milli-Q plus reagent water system, Millipore Corp., resistivity =

18.2 MQ, cm, referred to herein as DI water). Oxygen was removed from the DI water by
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boiling it under a N2 atmosphere, and storing it in the glove box for three days prior to

use. Prior to use, the dissolved oxygen (DO) was measured to ensure that the DO was

less than 10 !Ag/L (Hach DR 100 spectrophotometer with low-range DO AccuVac vials,

detection limit: 101,,i,g/L, Hach Co.).

The pH was monitored with a combination electrode (GK95330, Radiometer Inc.)

on a Fisher Accumet 900 series meter. The electrode was calibrated with standard buff-

ers made monthly (pHydrion Inc.). For all experiments, one of the standard buffers was a

pH 3 buffer as the experiments were all perfoillied at pH 3. The pH of the solutions was

adjusted with either H2SO4 or NaOH solutions (Fisher Scientific).

C.3.2 Synthesis of 13-Mn02-coated quartz

C.3.2.1	 Preparation of the quartz
Quartz (Iota Standard, Unimin Corp., Spruce Pine, NC, USA) was used as a sub-

strate for the Mn02 coating. The quartz was crushed to produce a particle size more eas-

ily suspended in solution. The quartz was crushed in a ball mill (Denver B-8505 AA

Canister/Roller Grinder, Denver Inc.) for 30 minutes. The quartz was then suspended in

water, and most of the residual steel was removed with a Teflon-coated magnet. The

fines were removed by suspending the quartz in a 4 L polypropylene beaker, allowing the

larger particles to settle for 5 minutes, and decanting the supernatant. This was repeated

until the water was visually clear. The quartz was then dried at 105 °C over night. The

quartz was sieved through a 631,1,111 sieve (W.S. Tyler Portable Sieve Shaker Model RX-

24). Approximately 200 g quartz was added to the sieve and shaken for 10 minutes.
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A rigorous cleaning process was used to ensure no contaminants were left on the

quartz from the crushing process. Any oxidized iron was removed using Rover (Hach

Co.), which contains both sulfite and bisulfite. Next, the steel that was not removed with

the magnet was removed by refluxing the quartz with 6 N HC1 for 4 hours. The quartz

was washed with DI water, refluxed with 1 N HC1 for 4 hours, washed again with DI wa-

ter, and refluxed with 1 N HNO 3 for 4 hours. Next, the quartz was cleaned with DI water

until the supernatant was the same conductivity as the DI water. Finally, the quartz was

placed in a muffle furnace at 600 °C for 24 hours.

Five point liquid N2 BET analyses were performed on the quartz indicate a spe-

cific surface area (SSA) of 0.1397 m 2 gl (Micromeritics) (BET ref). At least 10g of sol-

ids were used to ensure ample surface area was present for an accurate measurement.

The quartz is a unifo in size approximately 50-60 jam in length as determined by using a

scanning electron microscope (SEM, Hitachi S-2640N Natural Scanning Electron Micro-

scope). Uncoated samples were placed on an Al stud with a conducting carbon-based

adhesive. The SEM was used in the Nature mode, with sample chamber at 50 Pa and the

accelerating beam at 15 keV.

C.3.2.2	 Coating the quartz with 13 -Mn02

The quartz was then coated with f3-Mn02 (pyrolusite) using a modification of the

procedure for coating sand with f3-Mn02 (Stahl and James, 1991). The original proce-

dure was the homogeneous precipitation of 0-Mn02 by the dry oxidation of Mn(NO3)2

(Covington et al., 1962). Quartz was added to DI water and 50 % w/w Mn(NO3)2 (I. T.

Baker, Inc.) in HNO3 in a Teflon® vessel to result in a ratio of liquid to solid that did not
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exceed 7% w/w. The amount of Mn(NO3)2 added was predetermined to result in a de-

sired MnO? concentration accounting for the fact that approximately 20% of the precipi-

tated MnO, will slough off during the cleaning process. The mixture was placed in the

oven at 105 °C, and dried for 24 hr, stirring the mixture every 10-15 minutes to prevent

wicking of the salts. The Mn02 was fornied by baking the solids at 160 °C for 72 hours.

After cooling, the Mn02-coated silica was placed in 250 mL polyethylene bottles and

filled with DI water. The bottles were placed on their sides, and placed on a shaker table

over night. The supernatant was decanted, and the procedure was repeated until the su-

pernatant was visually free of Mn02 . This allowed for the removal of the easily

sloughed-off Mn02 as well as the residual NO3 - .

The presence of f3-Mn02 was confirmed on the material that was sloughed off

during the cleaning procedure using powder X-ray diffraction (XRD, Sintac }CDS 2000

PTS Diffractometer, Sintac Inc., USA) with Cu KŒ radiation and a solid-state germanium

detector at a scan rate of 2° min -1 . The diffractogram was compared to the standard

JCPDS card 24-0735 (Table C-1). In addition, the presence of 13-Mn02 in the Mn02-

coated quartz was also confirmed using X-ray Absorbance Near-Edge Structure spectros-

copy (XANES) (Figure C-1). Details of the XANES analysis are presented in Appendix

A. The average valence of the Mn in the 13-Mn02-coated quartz in three replicates was

determined to be 4.01 ± 0.02 by the oxalate method (Hem, 1980). The Mn concentra-

tions of the batches of P—Mn02-coated quartz ( 13-Mn02, q) in six replicates were 7.18 ±

0.09 and 6.94 + 0.12 mg of Mn02 g -1 total, or 1.14% and 0.98% Mn02 by weight, respec-



Table C-1 Powder XRD angles and intensities of Mn02
coating on quartz, and standard reference values for Mn02
polymorphs pyrolusite, nsutite and ramsdellite.

pyrolusite

24-0735 a

pyro-coated

quartz

ramsdellite

07-0222 a

nsutite

17-0510 a

20 I 20 I 20 I 20 I

28.68 100 28.78 66 19.11 20 22.21 95

37.33 55 37.42 100 21.82 100 34.60 20

41.01 8 41.08 14 27.51 20 37.12 65

42.82 16 42.80 nab 35.16 100 38.61 70

46.08 5 36.81 70 40.80 10

56.65 55 55.64 85 38.44 60 42.40 45

59.37 14 65.10 17 38.78 50 47.84 14

64.83 8 41.19 70 56.22 100

67.24 8 43.92 40 57.44 45

72.26 20 72.40 12 47.65 70 62.82 25

72.38 20 49.84 20 65.50 14

55.30 80 68.60 40

56.74 80 70.30 12

59.98 30 72.35 20

63.06 80

65.03 50

69.00 80

69.47 40

71.22 50

74.54 60
aJCPDS standard reference number.

bThis peak is part of quartz peak, which is wider at the
base than is to be expected based on the width of the other
quartz peaks.
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f3-111/1n0 2

pyrolusite
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Energy (eV)

Figure C-1 Comparison of Mn K-edge XANES spectra of the 13-Mn02 coating on the
quartz with the Mn0 2 polymorphs pyrolusite and ramsdellite.
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tively. The oxides were stored at all times in either DI water or a pH-adjusted inert elec-

trolyte.

SEM analysis of batch B6 indicates that the 3-Mn02 coating the quartz occurs as

1-2 pm diameter crystals (Figure C-2). The crystals are found to preferentially form at

surface defects, namely at steps, fractures and edges, as was found by Junta and Hochella

(Junta and Hochella, 1994). BET analysis (Micromeritics) indicates that the SSA of the

13-Mn02, 9 was 0.3538 m 2 g -1 . The minimum SSA of the 13-Mn02 crystals, assuming that

the SSA of the quartz is not diminished by being coated with the 3-Mn02, is approxi-

mately 19m 2

C.3.3 Batch Experiments
All batch experiments were performed in a glove box (Coy Laboratory Products)

with a 97%-3% N2—H2 atmosphere. The atmosphere was circulated through a palladium

catalyst to exclude 02. The solution compositions (with a comparison to the contami-

nated groundwater composition) and initial conditions of the batch experiments are listed

in Table C-2 and Table C-3. The experiments were performed in a 250 mL polyethylene

beaker housed in a 500 mL glass jacketed beaker at 25 ± 1 °C. The reactor vessel was

fitted with a series of baffles to increase the mixing by the propeller and to help suspend

the particles (Khang and Levenspiel, 1976). The efficiency of the mixing was assessed

by increasing the stirring rate in revolutions per minute (rpm) until there was no more

increase in the rate of Mn(I1) released to the solution.
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Figure C-2 SEM micrograph of 13—Mn02-coated quartz. The sample was not coated
with a conducting material prior to introduction into the SEM, and thus some charging
occurred, resulting in the horizontal streaks.



Table C-2	 Chemical composition of contaminated
Groundwater from the Pinal Creek Basin and Solutions Used
in Batch Experiments.

Constituenta Contaminated Inert Reactive
Groundwater' electrolyte solution

pH 3.30 3.00 3.00

Temperature 17 25 25

Dissolved 02 <0.006 <0.0004 <0.0004

Ca 11.6 6.3 6.3

Mg 15.8 93.7 85.0-89.5

Na 9.4 9.5 9.5

K 0.2 0 0

Fe(II) 52.4 0 4.2-8.7

Pe ( l') <2 0 0.0-3.6

Mn 1.34 0 0

Al 10.5 0 0

Cu 2.4 0 0

Co 0.20 0 0

Ni 0.06 0 0

Zn 0.33 0 0

SO42- 100 102 102

Cl - 9.5 9.5 9.5

Ionic Strength 232 210 220

aAll values in mM except for pH (standard units) and tempera-
ture (°C).
bContaminated groundwater, values from Stollenwerk (1994).
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Table C-3 Initial conditions of the batch reactor experiments.

Exp Mn(IV)(s)
(mmol)

Fe(H)(aq)
(mM)

Fe(III)(aq)
(mM)

Initial ratio

Fe(H):Mn(I
V)

Length

(h)

1 0.7334 7.65 0 2.09 71.6

9 0.6390 7.31 0 2.29 4.0

3 0.6375 8.38 0 2.66 5.4

4 1.1905 8.38 0 1.41 6.0

5 1.2017 8.38 0 1.40 6.0

6 0.7525 8.38 0 2.23 6.0

7 0.7339 4.19 0 1.14 5.5

0.8282 7.98 0 1.96 6.1

9 0.7352 7.25 1.66 2.08 75.0

10 0.7330 7.60 3.58 2.07 21.5

11 0.7212 7.30 3.63 2.15 4.0

12 0.7433 7.10 7.20 2.03 96.5

'Pure pyrolusite was used in place of pyrolusite-coated quartz.

The Fe(111) precipitated prior to the Fe(II) spike. The estimated
Fe(III)(aq) concentration was 2.21 mM, and the Fe(111)(s) concentration
was 1.05 mmol g-1 at the time of the Fe(II) spike.
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The P-Mn02, q was stored in inert electrolyte prior to use. The 13-Mn02,q was

added to the reaction vessel as a slurry paste. The slurry was added to a 25 mL weighing

vessel, and allowed to settle. The excess liquid was removed from the top of the sample

with a Pasteur pipette, and the mass of the slurry was measured. To determine the accu-

racy of this procedure, three samples were then dried and reweighed. The percentage of

13-Mn02,q in the sample was calculated to be 0.763 ± 0.006. Using this procedure, a pre-

determined amount of13-Mn02, q was equilibrated in 180-190 mL of inert electrolyte at

pH 3 for 17 hrs. The mixture usually equilibrated within 3 hours, determined by a stable

pH reading. A 10 mL sample was taken to determine the amount of Mn in solution, and

if any proton-promoted dissolution of the pyrolusite occurred. While up to 1 mg of Mn

was detected in solution prior to the start of the reactive experiment, >95% of the Mn

in solution was determined to be Mn(IV) as determined by oxalate method (Hem, 1980).

Thus, even though the 13-Mn02, q was treated to remove the easily sloughed-off 13-Mn02,

some f3-Mn02 was dislodged during the equilibration procedure. However, this fraction

of Mn(IV) was less than 1% of the total Mn(IV) added to the system, and was not ex-

pected to affect the reaction rates significantly. In addition to the experiments conducted

with 13-Mn02,q , one experiment was conducted with homogeneously precipitated py-

rolusite for comparison to determine the effect of the quartz surfaces on the reaction.

Fe(II) solution was added with 10 mL Maxipipettors (Eppindorf, Inc) to the reac-

tor to bring the volume to 200 mL, and the time was recorded as time zero. Maxipipet-

tors were used to decrease the transfer time of the reactive solution to the batch reactor to

<2 s. The mid-point in the Fe(II) transfer was used as time zero. The Maxipipettors and
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the other digital pipettes (Eppindorf, Inc.) used in the sampling procedure were calibrated

by pipetting 10 successive volumes of DI water and recording the mass and the tempera-

ture (°C). The relative errors were dete	 mined to be ±0.5%. The calibration procedure

was repeated at regular intervals.

Three mL samples were taken from the batch reactor experiment and filtered

through a 0.22 ,trri polyacetate filters (Millipore Corp., Inc.). The first 1.5 mL was fil-

tered to waste, and the remaining was filtered into a polyethylene test tube. This process

took between 10 and 12 s, and therefore, the error in the sampling time (taken as the cen-

ter of the sampling procedure) was ± 6 s. One mL of this filtrate was diluted in 2% HC1,

with 0.1 M KF (to reduce interference from Fe(111), (Tamura et al., 1974). The Fe(II)

was measured using the phenanthroline method (Tamura et al., 1974). One mL of con-

centrated HCL, 20 mL of 1 g L-1 1,10 o-phenanthroline monohydrate (Aldrich, Inc.), and

5 mL of acetate buffer (700 mL of glacial acetic acid (Aldrich, Inc.), 250 g of ammonium

acetate (Mallinkrodt) and 150 mL of DI water) were added to the sample. The volume

was brought to 50 mL, and the absorbance of the resulting solution was measured at 510

nm (either Shimadzu PC2100 or SLM Amico 3000 Array UV/VIS spectrophotometers).

The samples were found to be stable for >6 hrs when kept in the N2-H2 atmosphere. The

instruments were calibrated with standards in concentration ranging from 0.1 to 10 ppm

Fe(11) with standards made monthly, stored at 4 °C, and allowed to warm to room tem-

perature prior to measuring. Five-point calibration curves generally resulted in a linear

response with an R2 of 0.98 or better. Mn(II) and Fe total (FeT) were measured using

flame atomic absorption spectrometry (FAAS, Perkin Elmer 3100). Again, five-point
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calibration curves generally resulted in a linear response with an R2 of 0.99 or better. The

error for both of these techniques was estimated to be ±5% or less based on calibration

standards.

The pH of the reaction was maintained by a pH-stat. Two micro-burettes (Gil-

mont, Inc.,) coupled to stepper motors (Slo-Syn Synchronous/Stepping Motor, The Supe-

rior Electric Co., Bristol, CT) were computer controlled with a program written in BASIC

(Appendix G). The burettes contained 2.5 mL of either 0.1-0.15 M NaOH or 1.0 N

H2SO4, and were capable of delivering as little as 0.251.IL at a time. The program re-

corded the pH and the amount of acid or base added at set time intervals, usually set to

six seconds. Due to the fast, initial rate of reaction, the pH-stat was not able to maintain

the pH at 3.00 for the first 1-5 min, and the pH rose to between 3.06 and 3.33 before the

system was brought back to pH 3.00. The difference in the momentary pH increase was

not noted to affect the reaction rate in any systematic manner.

Once the rate protons produced by Fe(III) sorption and precipitation was greater

than that consumed by the reduction of Mn(IV), the pH of the system began to decrease,

initiating the addition of NaOH to the system. The addition of base to a solution with

Fe3+ ions can induce (or increase the rate of) precipitation by creating areas of locally

high pH (Flynn, 1984). The size of the burette, the rate at which the base could be deliv-

ered, and dilution factors precluded the use of a base solution of less than 0.1 N. There-

fore, we cannot state with certainty that the rate of precipitation of Fe(III) was not af-

fected by the addition of base.
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Due to the addition of acid and base to the batch reactor, the experiments became

diluted during the time course. Since the reactor was well stirred, the sampling resulted

in removal of roughly proportional quantities of solution and solids. Thus, only the addi-

tion of acid and base to the system resulted in affecting the solid:solution ratio. The cal-

culated dilution ranged from 4 to 11%.

C.3.4 Aqueous Fe(III) added prior to reactive experiment
The second set of experiments was run with Fe(111) added to the reactor prior to

the addition of Fe(II) (Table C-3). A 67 mM Fe(111) solution was made (Fe2(SO4)3, Al-

drich), and no precipitation was noted over a period of 24 months. The pH and ionic

strength were adjusted so the addition of the Fe(III) solution to the inert electrolyte would

result in a mixture at pH 3 and an ionic strength of -0.22 M.

Fe(I1) was added to the 13-Mn02,q-inert electrolyte mixture in the reaction vessel

to achieve initial concentrations ranging from 1.66 to 7.60 mM. No precipitation was

noted prior to the addition of Fe(n) up to 3.63 mM as noted by the lack of a decrease in

the pH for at least 5 min. When the initial starting concentration was 7.60 mM Fe(I11),

precipitation started immediately. This precipitation was allowed to occur for 30 min

prior to the addition of Fe(ll), at which time the Fe(ll)(aq) concentration was 2.21 mM.

While the exact nature of the FOE) once it is added to the reaction vessel is diffi-

cult to determine, results from XANES spectroscopy suggested that the addition of the

Fe2(SO4)3 solution results in a Fe(111) phase similar to that initially formed during the re-

ductive dissolution of Mn02-coated silica gel by Fe(11) (see Appendix D). This method

of addition of Fe(III) was chosen over the addition of preformed ferrihydrite for several
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reasons. While the addition of ferrihydrite may result additional sites for surface corn-

plexation, this does not simulate the reactions that may occur within the aquifer. Within

the aquifer, the Fe(111) produced by the reaction is expected sorb to mineral surfaces, and

then precipitate by heterogeneous reactions and coat the mineral surfaces. Therefore, this

method of Fe(111) addition, while inherently difficult to characterize, was used to better

simulate the reactions that may occur in the aquifer.

C.4	 Results

C.4.1 Fe(II)-only experiments
Figure C-3 is representative of the results of the batch experiments with an initial

mole ratio loading of Fe(11) to Mn(IV) close to 2:1. The Fe(ll)(aq) concentration was

calculated as the difference between FeT and Fe(1)(aq) concentrations. The data have

been plotted in terms of moles account for the effect of dilution by the addition of acid

and base (complete data presented in Appendix H). Without this adjustment, the

Mn(II)(aq) concentration appeared to decrease after 5 min as the Fe(11) started to

precipitate and base was added to maintain a pH of 3. The total Mn(II) in solution

continued to increase throughout the duration of the experiment.

The initial rate of the reductive dissolution of 13-Mn02 by Fe(l) at pH 3 was ex-

tremely rapid for 5 min (Fig C-3, inset), and then decreased substantially. In order to

determine the dependence of a reaction on a particular constituent, one species is usually

added in excess of all others. This initial condition was not feasible in our system as the

limiting reactant was consumed in a short amount of time, and the sampling rate was too

slow to collect the necessary amount of data. In addition, the interesting aspect of this
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Figure C-3 Plot of representative evolution of aqueous constituents during the course of
the reductive dissolution of (3-MnO2 by Fe(II) at pH 3 and 100 mM SO42- . Initial condi-

tions were 7.65 mM Fe(11)(aq) and 3.66 moles of 13-Mn02L-I . Inset is a blow-up of the
first 1 h of the reaction.
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reaction is the change in the reaction rate as time progresses. Therefore, the initial mole

ratio of Fe(I1):Mn(IV) was kept close to the stoichiometric relationship of 2:1 defined by

the general reaction

Mn02(s) + 2Fe 2+(aq) + 4H20 Mn 2+(aq) + 2Fe(OH)3(s) + 21-1±(aq)	 (C-1)

The effect of the initial Fe(II):Mn(IV) mole ratio on the release of Mn(n) to solu-

tion during the first 350 s of the reaction is shown in Figure C-4. At first glance, the ini-

tial rate does not appear to be second order with respect to initial Mn(IV) and Fe(11)

concentrations, as one might expect if the reaction proceeded as a series of two one-

electron transfer steps. Plotting the Mn(11) release as a function of [Fe(11)(aq)] 2 also did

not result in the plots falling on one curve, suggesting that the reaction did not occur in a

one two-electron transfer step. Estimations of the initial reaction rates were determined

using a second-order Lagrangian interpolation function to determine the first derivative

of a plot of Mn(11)(aq) concentration versus time (Press et al 1986). The estimated initial

rate of reaction ranged from 2.48 to 8.44 mM-1 11-1 , with an average of 5.0 ± 2.3 mM-1 h-1

(Table C-4). No trends were noted for the variation of the estimated initial reaction rate

with Fe(11):Mn(IV) ratio, or maximum measured Fe(ffl)(aq) concentration.

For the slower phase of the reaction (t > 10 min), the reaction rate decreased by

orders of magnitude even though the concentration of the reactants had only decreased by

—77% for expl, with a initial Fe(11):Mn(IV) ratio of 2.09, after 600 s. Only an additional

8% was reduced over the next 70 h. A likely explanation for this decrease in reaction rate

would be due to ferric precipitates blocking Mn(IV) surface sites. As Mn(111) was re-

leased to solution, Fe(LII) was also released. The solubility of Fe(III) is 0.3 to 33 mM at
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Table C-4 Experimental results of the batch reactor experiments
Initial	 Estimated
	

Diffusion
Exp	 Fe(II):	 initial

	
constant 	Fe(ll):
	 Fe(Ill)(aq)	 Fe(III)(aq)

Mn(IV)	 rate'
	

Fe(II)(aq)	 Mn(r)r	 maximum	 final
ratio	 (mM--I 11 -1 )
	

(cm2 S-1 )	 ratiob
	

(mM)	 (mM)

1 2.09 5.31 7.2x 10-16 2.07 4.60 0.41

2 2.29 6.65 2.07 4.62 1.34

3 2.66 6.22 1.99 5.44 1.28

4 1.41 3.11 1.96 5.89 0.71

5 1.40 2.72 2.00 7.14 0.57

6 2.23 2.48 1.95. 3.74 0.39

7 1.14 8.44 2.01 3.78 0.82

8 c 1.96 1.72 2.00 2.29 0.50

9 2.08 2.51 1.5 x 10 -15 2.10 4.92 0.73

(3.26) d

10 2.07 1.98 1.0 x 10 -15 2.06 6.32 0.72

(3.74) d

11 2.15 1.45 2.13 6.86 0.69

(2.86) d

12 2.03 0.11 1.7 x 10 -15 2.23 2.48 0.53

(0.16) d

aEstimated initial rate constants as calculated from a 2nd-order Lagrangian interpolation
routine.
bRatio of Fe(II) consumed (Fe(ll)) to Mn(II) released (MnOle r) to solution during the
reaction.
'Pure pyrolusite was used in place of pyrolusite-coated quartz.
dRate constants adjusted by the factor y as described in the text.
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pH 3, assuming ferrihydrite is the solid controlling Fe( II) activity, based on a pl(so range

of —3 to —5 (Nordstrom et al., 1990). The maximum Fe(11:)(aq) concentration calculated

ranged from 3.74-7.14 mM. The Fe(III)(aq) concentration at the end of the experiments

ranged from 0.41-1.34 mM (4-96 hrs) (Table C-4). The Fe(lE)(aq) concentrations fall

approximately within the range of ferrihydrite solubility throughout the duration of the

experiments. The start of the precipitation was not determinable from the data. How-

ever, the time at which proton production became greater than proton consumption

ranged from 5 to 14 min, with an average of 7.2 ± 2.6 min, as evidenced by the addition

of base to the reaction vessel.

As the initial Fe(II):Mn(IV) mole ratio was varied farther away from 2:1, the

amount of the limiting reactant consumed approached 100% within the first 10 min of the

reaction. Only 7.3% of the initial Fe(1)(aq) was present after 10 min in exp7 with an ini-

tial Fe(II):Mn(IV) ratio of 1.14:1. With an initial Fe(II):Mn(IV) ratio of 2.66 (exp3), only

4.5% of the initial Mn(IV) was left after 10 min. Thus, the reaction products must

change the mechanisms by which Mn(II) is released to the aqueous phase, resulting in a

slower rate of release.

The reductive dissolution of pure pyrolusite (exp8, Fe(II):Mn(TV) = 1.96) was

similar to the other experiments, with an initial rapid release of Mn(II), or —50% after 10

min. As in the other experiments, the rate of release decreased after approximately 10

min, with only 10% more released in the next 6 h (Table C-4). The slower estimated ini-

tial rate for this experiment is attributed to a lower specific surface area.
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The stoichiometry of the amount of Fe(II)(aq) consumed versus the amount of

Mn(11)(aq) released (Fe(H)c :Mn(1), ratio) for the experiments that lasted approximately

6 h or less was 1.98 ± 0.02, indicating that no Mn(I1) was retained within the solid por-

tion of the reaction. However, for expl, which lasted 71.5 h, the Fe(11),:Mn(11), ratio was

statistically higher, with a value of 2.07. While this difference in stoichiometry is not

great, it may indicate that some reduced manganese is associated with the solid phases

present.

The evolution of Mn(II)(aq) for expl after 1 h follows a parabolic rate law,

indicating that the reductive dissolution of 13-Mn02 by Fe(ll) can be modeled as a

diffusion controlled process during this portion of the reaction. From SEM micrographs,

we know that Fe(III) precipitates on the crystal surfaces (Figure C-5). Following the

formulations provided in Luce et al., (Luce et al., 1972), diffusion coefficients were

determined for Fe(ll) with the assumption that the concentration of Fe(11) at the 13-Mn02

surface was significantly lower than at the surface of the ferric precipitates. The assump-

tion was made that the precipitate could be modeled as a hydrous ferrous oxide, and

values used to determine the diffusion coefficient were taken from Dzombak and Morel

(Dzombak and Morel, 1990). The surface concentration of Fe(11) on the ferric precipitate

was taken to be 0.005 mol mor i , which is equal to the number of strong binding sites.

The density and the gram formula weight of the precipitate were taken to be 3.5 g cm-3 ,

and 89 g mor l . The surface area was estimated to be 250 m2 g-1 based on liquid N2 BET

surface area measurements (Appendix D). The diffusion coefficients are on the order of

10-15 cm2 s-1 (Table C-4), plus or minus at least an order of magnitude. This value is in
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Figure C-5 SEM micrograph of 13—Mn02-coated quartz reacted with Fe(II) at pH 3 and
100 mM SO42- for 71 h. The sample was not coated with a conducting material prior to
introduction into the SEM, and thus some charging occurred, resulting in the horizontal
streaks. The dark surfaces are ferric precipitate precipitates while the lighter surfaces are
uncoated quartz. The hemisperically-shaped crystals are 13-Mn0 2 . Figure C-5b is close-
up of middle quartz grain in Figure  C-5 a.
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good agreement with results for surface-controlled diffusion within pores of ferrihydrite

(Axe and Anderson, 1995; Axe and Anderson, 1997; Trivedi and Axe, 2000).

C.4.2 Effects of Fe(III) on the reaction
The results of Fe(I11) added to the batch reactor prior to adding Fe(II) are shown

in Figure C-6. When the initial Fe(ll) concentration was less than 4 mM, no precipita-

tion was noted to occur based on the stability of the solution pH for >5 min. The

Mn(II)(aq) concentration profiles for exp9-11 (with Fe(111)(aq) = 1.66 to 3.63 mM) are

similar to that from expl (no initial Fe(EII)(aq)), with the difference being the amount of

Mn(II) released. The initial rate was dependent the initial concentration of Fe(Ill); esti-

mated initial rates, using the Lagrangian interpolation routine, were 2.51 mM-1 11-1 when

the initial Fe(III) concentration was 1.66 mM, and ranged from 1.45 to 1.98 mM-1 11-1

when the initial Fe(111) concentration was approximately 3.6 mM. The fraction of 13 -

Mn0 2 reduced in the first h of exp9-11 ranged from 49-52%, compared to 77% reduced

during expl. Similar to expl, after the first h, diffusion coefficients estimated for the

Fe(H) consumption for exp9 and exp10 were on the order of 10-15 cm2 s-1 (Table C-4).

For exp9-11, the initial lower reaction rate resulted in a lower amount of 13-Mn02 re-

duced (e.g., 73% for with 1.66 miVI Fe(III)(aq) versus 85% expl with no added Fe(III)).

When Fe(III) was added at a concentration of 7.20 mM (exp12), the Fe(III) began

to precipitate immediately evidenced by a rapidly decreasing pH. The precipitation was

allowed to proceed for 30 min prior to adding the Fe(l1) spike in this experiment. At this

point, the Fe(III)(aq) concentration was 2.2 mM, and the solid concentration of Fe(11)(s)

was 0.186 mmol of Fe010(s) g -1 , compared to 0.131 mmol of Mn(IV) g -1 . This concen-



11--•	 = 0.0 mM, Fe(II):Mn(IV) = 2.09
= 1.7 mM, Fe(II):Mn(IV) = 2.08
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Figure C-6 Plot of the effect of added Fe(ll) on the rate of release of Mn(II) to the
aqueous phase. 'FOE), for this experiment was 2.21 mM Fe(L0)(aq) and 0.186 mmol of
Fe(111)(s) g -1 of solid.
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tration of Fe(111)(s) was typical after 4 h in the exp1-7. The initial rate of release of

Mn(II) in expl2 appears closer to the long term rate of Mn(II) release seen in expl. The

estimated initial rate, using the Lagrangian interpolation routine, was 0.11 mM-1 h-1 , ap-

proximately 50-fold slower than the average of exp1-7.

In comparison to exp9-11, with no initial Fe(111) precipitation, only 5.6% of the

initial 13-Mn02 was released to the aqueous phase as Mn(l1) during the first hour, an order

of magnitude less. Although the Mn(II)(aq) concentration profile of exp12 appears flat in

Figure C-6, when expanded, it has a similar shape as the other experiments. The esti-

mated diffusion coefficient was again on the order of 10-15 cm2 s-1 (Table C-4). The total

percentage of the P-Mn02 released to the aqueous phase as Mn(1) during the first 70 h

was 55%, less than that observed in expl and exp9.

C.5 Theory

C.5.1 Model Description
The reductive dissolution of 13-Mn02 by Fe(II) in the absence of precipitation of

FOE) can be represented by the following reaction:

Mn0 2 (s) + 2Fe +4H  r! Mn 2+ + 2Fe 3+ +2H 20 	(C-2)

Ferric precipitates are known to coat the mineral surfaces (Figure C-5, Appendix D), but

the exact formula is not known. Therefore, precipitation reaction can be represented

simply by:

Fe 3 ----k r 2 > Fe(I1)(s)	 (C-3)
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For simplicity, we have not included complexation reactions (i.e., with SO42- , CL), or

sorption reactions. The complexation of the metal ions in solution is dominated by SO42-

(-50% complexation, MINITEQA2, (Allison et al., 1991)).

For the model development, the less important reactions were neglected. Little

sorption of divalent transition metal ions is expected on the mineral surfaces under the

conditions of the batch experiments. Batch experiments in the lab have shown no meas-

urable adsorption of Mn(l1) onto our P-Mn02-coated quartz at pH 3 under similar solu-

tion composition as our other experiments. Our data is consistent with that found by

other researchers for Mn(11) sorption. No Mn(11) sorption on colloidial silica was noted

below pH 7 (Roose et al., 1996) or below pH 6 on silica in 50 mM NaNO3 (Benyahya

and Gamier, 1999). Estimates from a surface complexation model predicts that 20% of

0.1 mM Mn(H) would be adsorbed on 80 m2 L-1 surface area of y-Mn02 in 0.1 M

NaNO3, (0.2511mol m-2) at pH 3 (Tamura and Furuichi, 1997). This estimate was ex-

trapolated from isotherms collected at pH 4 and above. Similar adsorption constants

were found for Mn(11) and Cu(ll); Cu(11) is often a good analogue for the adsorption of

Mn(1) on mineral surfaces. The plizp, of y-Mn02 is 5.6, which is significantly lower

than the plizpc of 7.3 for 0-Mn02 (Healy et al., 1966). We would therefore expect less

adsorption of Mn(11) or Cu(II) on (3 -Mn02 compared to y-Mn02. In fact, no Cu(11) sorp-

tion on f3 - M n 0 2 was noted at pH 4.4 (acetate buffer), but significant Cu(TE) sorption was

noted on y-Mn0 2 (Kanungo and Panda, 1984). Mn(11) sorption onto amor-Fe0OH has

been shown to have an adsorption edge at pH 7.3 in 0.5 M NaC1 or 0.1 M KNO3. Addi-

tion of SO4 2- shifted the adsorption edge to lower pH, but addition of Mg2+ shifts edge to
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higher pH. With approximately equal amounts of 5042-- and Mg2+ (solution composition

resembling seawater), the adsorption edge shifted to higher pH (Kanungo, 1994a). Thus,

the assumption that neglecting to include Mn(LE) sorption to the mineral surfaces present

will not affect the modeling results appears to be valid.

No reliable data exists for the sorption of Fe(II) on 13-Mn02, Si02, or Fe(OH)3 at

pH 3, or any other pH. We do expect that Fe(11) will behave similarly to Mn(11) with re-

gards to sorption to the mineral surfaces.

From our batch results, we hypothesize that Fe(III) precipitates on the surfaces of

our 3 -Mn02,, 1 (Figure C-5). Recent spectroscopic research has shown that the precipita-

tion is preceded by multinuclear sorption (O'Day et al., 1994a; O'Day et al., 1996).

Fe(111) binds strongly to am-Si02 at pH 3 (Schindler et al., 1976). Fe(111) has been found

to

adsorb (prior to precipitation) in the amount of 0.25 grnol rï1-2 on quartz at pH 2.5

(0 1Melia and Stumm, 1967), and 0.18 lmol m -2 on silica gel at pH 3.0 ± 0.2 (Anderson et

al., 1984). While no known data exists for the sorption of Fe(1111) onto pyrolusite, we in-

fer that the Fe(III) does sorb and precipitate on the 13-Mn02 coating, since similar, albeit

slower, results were obtained during the reductive dissolution of homogeneously precipi-

tated 13-Mn02 (Table C-4).

C.5.2 Model Equations

The model equations are based on reactions C-2 and C-3, and the assumption that

Fe(III) precipitates block available Mn(IV) surface sites. The addition of acid and base to

the batch experiments resulted in a 4-11 % dilution over the course of the experiments.
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1  a([Fe(III)(aq)]V) 

2V	 at = k [Mn iv 2 W ]a [Fe(ll)(41b 13
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Therefore, to correctly model the reaction, we need to account for the variable volume of

the batch reactor experiments using the following expression:

1 a(CV) 

ri 	V a(t)

where r, is the rate expression for the ith species, Vis the volume (L), C1 is the concentra-

tion (M), and t is the time (h). From reaction C-2, we can foimulate the following rate

expressions.

1 aNn w 0 2 (s)]V)
at     

1 aaFe(1-1)(aq)]V)
2V	 at

1 aNn(11)(aq)]V)

ri V	 at 
ri ri      

(C-4)

where kri is the rate constant (mM-1 h-1 ), 13 is a term that accounts for the effects of the

reaction products on the reaction rate, and a and b are the rate dependence on the concen-

trations of the reactants. In the above expression, the term [Mn iv02(s)] is expressed as an

aqueous concentration (M).

The rate dependence on [Fe2+(aq)] in eq C-5 could be either first or second order

depending on whether we expect a series of two one-electron transfers or one two-

electron transfer, respectively. Based on Nesbitt and other's work with the reductive dis-

solution of bimessite by As(111) and Cr(1111) (Nesbitt et al., 1998; Banerjee and Nesbitt,

1999b), it appears as if a single electron is transferred to a Mn metal center at a time, and

we will therefore assume a first-order dependence on [Fe(11)(aq)].

For [Mn 1v0 2 (s)], the dissolution of a simple sphere or cube, the relationship be-

tween surface area and volume, or mass, predicts a rate dependence of 2/3. Values of b
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reported for actual crystal populations have ranged from 0.6 to 3.5 (Christoffersen and

Christoffersen, 1976; Christoffersen et al., 1978; Christoffersen, 1980; Postma, 1985;

Postma and Appelo, 2000). While the P-Mn02 crystals appear roughly hemisperically

shaped, surface area measurements indicate that the surface of the crystals are not simple.

The calculated specific surface area of the 13-Mn02 crystals, with a particle diameter of

1.5-2 fAM, and assuming no internal porosity, would be approximately 1 m2 g-1 . Based on

liquid N2 BET measurements, the SSA of the f3-Mn02 crystals is at least 19 m2 	which

implies that the crystals are not simple hemispheres, and may contain fractures or micro-

pores. Therefore, we are not justified in assuming a rate dependence of 2/3 on

[MnWO2(S)J, and used a dependence of unity to minimize the number of adjustable pa-

rameters.

Based on the results of the batch experiments, we suspect that FOE) (through

competition with Fe(11) for reactive Mn(IV) surface sites) and/or Fe(ll)(s) (coating the13-

Mn07 surface) decreased the rate of reaction. Plotting the calculated [Fe(III)(aq)] and

[Fe(I11)(s)] versus the estimated instantaneous reaction rates from the second-order La-

grangian interpolations indicated that both species are highly correlated to the reaction

rate. Therefore, we can represent the affect of these species on the reaction rate by the

following founulations:

[Fe (11I )(S )] 
= 1	

41\411 iv 0 2 (s)j imt

(C-6a)
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i3 	,1  [Fe(III)(aq)]
[Fe T (aq)]

(C-6b)

where [Mniv02(s)]init is the initial loading of 13-Mn02 in M. However, the use of the sec-

ond formulation is mathematically more difficult, as 13 becomes smaller after the initia-

tion of ferric precipitate precipitation, and we know that the rate does not increase during

this portion of the reaction. In contrast, 13 is a monotonically increasing function in eq C-

6a. Therefore, we have opted to use the formulation based on the solid constituents.

The ability to predict [Fe(III)(aq)] and [Fe(III)(s)] will be critical in the model as

the rate of the reductive dissolution of 13-Mn02 will be modified by one or the other term.

The rate of formation of the ferric precipitate can be formulated based on reaction C-3:

a aFe(1:11)(aq)]V) 
y	 at

a([Fe(m)(s)ly) 

r 2 y	 at  
= k r , [Fe(111)(aq)]n

r2

(C-7)  

where n is the rate dependence on [Fe(111)(aq)], and the term [Fe(lE)(s)] is also expressed

as an aqueous concentration (M). In eq C-7, the rate of ferric precipitate precipitation is

dependent on [Fe(111)(aq)r. We have no information regarding the actual value of n, and

a literature search resulted in no values for n for the heterogeneous precipitation of ferric

precipitate at pH 3. We have therefore opted to allow n to be an adjustable parameter in

the model.

Based on equations C-(5-7) the following rate expressions to describe the reduc-

tive dissolution of 13-Mn0 2 by Fe(ll).

a [Mn iv 0 (s)]
k, [Mn iv 0 2 (s)][Fe(11)(aq)]13 [Mn 

wv0 2 (s)] ay
at	 at (C-8)



[Fe(11)(aq)] av
y	 at2kr, [Mn iv 0 2 (s)][Fe(II)(aq)]p —

= k,[Mn'y 0 2 (s)] [Fe(11)(acl)] —

2k ri [Mn ly 0 2 (s)][Fe(I1)(aq)]

a [Fe(I1)(aq)]
at

a[Mn(II)(aq)]

at

a[Fe(111)(aq )]

at (C-11)

[Mn(11)(aq)] ay
y	 at

— k r , [Fe(DI)(aq)]"

[Fe(lill)(aq)] ay
y	 at

a[Fec 	avia)(s)1 ,_- ki2e(111)(aci) 	 atat	 [F	 in [Fe011y )(s)] (C-12)

ay/at was approximated by fitting a linear regression through a plot of t/(17 — Vinh) versus

t, and differentiating the resting expression. The relative error in the calculated volume

was no more than ±1.5%. These nonlinear equations are solved numerically using a fi-

nite difference method with a predictor-corrector time-stepping scheme (Appendix J).

C.6 Modeling Results

C.6.1 Sensitivity Analysis
Prior to applying the model to the experimental data, we conducted simulations to

examine the sensitivity of the reductive dissolution of 3 -Mn02 by Fe(l1) to the parame-

ters kr 1 and T. Initial conditions were kept constant for all simulations ([Pe050(aq)] = 7.35

m_M and [Mn`v02(s)] = 3.67 mM).

The rate constant kr 1 was varied over 2 orders of magnitude in the first three simu-

lations with kr2= 0.22 mM''	 n = 2.2. was initially set to 0 to assess the release of

Mn(II) to the aqueous phase in the absence of inhibition by the reaction products

[Fe(111)(aq)] and [Fe ill(OH)3(s)]. Results are presented in Figure C-7. The simulations
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Figure C-7 Sensitivity of calculated concentration of Mn(111)(aq) and Fe(11)(aq) to varia-

tions in the rate constant kri . Parameter values: kr2 = 0.22 mM i-n h-1 ,n= 2.2, and T = 0.
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indicate that the at a rate greater than 2 m1VI -1 	>97% of the f3-Mn02 is converted to

Mn(II)(aq) within 2 h. At a rate of 0.2 mM 1 11 -1 , only 76% of the 13-Mn02 was reduced in

the first 2 h, and less than 1% remains after 70 h. This is in contrast to the data where

when the initial Fe(II):Mn(IV) mole ratio was 2.09 (expl), and only 85% of the 13-Mn02

was reduced in a time period of 71 h.

The next set of simulations assessed the sensitivity of the model to the inhibitory

effects of the reaction products [Fe(111)(aq)] and [Fe(III)(s)]. This was done by using the

same conditions outline above, with kri set at 5.26 mIVI-1 	T was varied over 2 orders

of magnitude (Figure C-8). At a value of 1, the inhibition of the reaction was slight, with

the amount of 13-Mn02 reduced in the first 2 h only decreased by approximately 1%

(Figure C-8a). As the strength of 13 is increased, the fraction of the f3-Mn02 consumed

decreases steadily to the point when 0 = 100, only 50% of the 13-Mn02 is reduced (Figure

C-8a). Thus, the

reaction is sensitive to the value of T with respect to the amount of 13-Mn02 that is re-

duced; the greater the value of T, the lesser the amount of 0-Mn02 that is reduced. How-

ever. by observing the model simulations at times greater than 2 h, we notice that the re-

action is essentially shut off (Figure C-8d—f). In fact, with value of T of 100, the reaction

is stopped after about 5 min. This fact is essentially a function of the fact that the value

of 13 becomes negative as [Fe(111)(s)] increases. It was therefore necessary to impose the

restriction that the value of 0 must always be positive.
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Figure C-8 Sensitivity of calculated concentration of Mn(11)(aq) and Fe(11)(aq) to varia-
tions in T. Parameter values: kri = 5.26 mM-1 h -1 kr2 = 0.22 mM 1 ' h -1 , n = 2.2, and K= 0.
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We do know from the experimental data that the reaction does continue to pro-

gress after the first 1-2 h. We then modified the blocking function to allow the reaction

to continue by imposing a minimum value for 13, expressed as

= max
(

1	
[Fe(III)(s)] 

2INIn Iv 0 2 (sT K,
(C-13)

where K is a fitted parameter that is related to the long-term release of Mn(n) to the

aqueous phase. The last sequence of simulations was run to assess the effect of this re-

vised blocking function on the release of Mn(ll) to the aqueous phase. Figure C-9 pre-

sents the results of varying K by 2 orders of magnitude, with T set at 7.87, and the other

conditions the same as above. The release of Mn(II) to the aqueous phase now increases

as the reaction time increases, and the amount of Mn(11) released increases as K is in-

creased from 9.1 x 10 -5 where we see almost no release of Mn(II) after the first 2h, to 9.1

x 10 -3 where the Mn(II)(aq) concentration increases from 2.87 to 3.37 mM over the final

70 h. With this modification, the reaction rate after 13 becomes a constant is just defined

as

krf kri x K
	

(C-14)

where krf is a second order rate constant, as is kri.

C.6.2 Comparisons of model calculations and experimental data

The model-data agreement was assessed both visually, and with a statistical in-

dex, referred to as the model efficiency. Three model efficiencies are reported for each
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simulation; one each for Mn(1)(aq) (Em r,2), Fe(1.)(aq) (EFe2), and Fe(M)(aq) (EFe3). The

equations for these efficiencies are identical in form, and only one will be shown:

d l

Ln 2+ (aCIAexp, — [Mn 2+ (aq)] )2 ]
	E  =1- 1=1Mn2	 dE [Nn 2+ (aci)Lp‘ [Mn 2+ (aq)

]
ve )2 1

i=1

(C-15)

where d equals the number of data points, [Mn(1)(aq)] exp and [Mn(l1)(aq)1 are the ex-

perimental and modeled concentrations of Mn(1)(aq) for the ith data point, and

[Mn(11)(aq)] ape is the mean of the Mn(l1)(aq) concentrations. A model efficiency of 1

indicates a perfect fit of the model to the data, while a model efficiency indicates that the

model fits are no better than a horizontal line through the mean of the observed concen-

trations.

C.6.2.1	 Fe(II) only experiments and experiments with added Fe(III) and
without precipitation

The model was tested first in an inverse mode by adjusting the values of kri , kr2, n,

T, and K to fit the experimental values of [Mn(11)(aq)], [Fe(II)(aq)], and [Fe(11)(aq)].

Optimal values were identified by using a Levenberg-Marquardt least squares algorithm

to minimize an objective function, defined as the squared residuals between measured

and calculated observations.

The model captures the key features of the measured aqueous concentrations over

70 h in the inverse simulations for the experiments with Fe(II) only (Figure C-10) and the

experiments with Fe(III) added without precipitation (Figure C-11). The calculated

parameter values and model efficiencies are presented in Table C-5. The calculated



Table C-5 Model results of the batch reactor experiments.

Exp #

Best Fit Parameter Values Model Efficiency

kr,
(mM -1 hr - ')

kr2
hr-') (mM- hr - I )

EFe2 EFe3 EMn2

1 5.26 0.222 2.21 7.82 4.77 x 10 0.9990 0.9914 0.9987
(0.18) (0.045) (0.16) (0.95) (1.63 x 10-3)

2 6.68 0.376 1.84 12.14 4.47 x10 -3 0.9981 0.9934 0.9981
(0.34) (0.139) (0.30) (2.02)

3 8.70 0.119 2.47 6.27 4.47 x10 -3 0.9973 0.9956 0.9984
(0.49) (0.026) (0.17) (1.07)

4 2.43 0.268 2.42 2.49 4.47 x10 3 0.9973 0.9948 0.9940
(0.14) (0.075) (0.19) (0.21)

5 3.23 0.467 1.83 3.30 4.47 x 10 -3 0.9974 0.9831 0.9970
(0.24) (0.155) (0.22) (0.67)

6 2.43 0.577 1.74 14.62 4.47x103 0.9980 0.9912 0.9925
(0.19) (0.124) (0.21) (2.28)

7 4.80 0.070 1.96 33.55 4.47 x10 -3 0.9994 0.9965 0.9895
(0.25) (0.035) (0.48) (8.54)

8 2.08 0.907 2.10 9.33 4.47 x 1 0-3 0.9991 0.9317 0.9979
(0.17) (0.096) (1.16)

9 2.15	 2.78 d 0.155 2.42 15.06 3.56 x 10 -3 0.9993 0.9917 0.9992
(0.07) (0.09) (0.034) (0.19) (1.70) (0.47 x 10-3 )

10 2.11	 4.00d 0.249 2.34 6.57 5.10 X 1.0 -3 0.9993 0.9927 0.9963
(0.16) (0.29) (0.068) (0.19) (0.82) (1.69 x 10-3 )

11 2.10	 4.14d 0.824 1.51 7.19 4.47 x 10-3 0.9992 0.9922 0.9899
(0.14) (0.27) (0.238) (0.20) (0.98)

12 0.77	 1.12d 0.00019 13.01 1.17 4.47 x10-3 0.9998 0.9992 -1.6943
(0-1 h) (0.18) (0.26) (0.00053) (3.80) (0.02)

12 e 0.088 1.92 e 2.46 x 10 -3 0.9865 0.9999 1.0000
(3-96 h) (0.018) (0.63)

-
(0.13 x 1e)

'Values calculated from inverse simulations. Values in italics were fixed. Values in pa-
rentheses represent the calculated standard error.
bRate constant krf = kri x K, as defined in the text.
cExperiment was run with pure pyrolusite instead of pyrolusite-coated quartz.
dSecond set of values are the rate constants multiplied by the factor y as defined in the
text.
'The model was insensitive to these parameters as the reaction after 3 h was defined by
krf.
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Figure C-10 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for expl with initial conditions of 7.65 mM Fe(1)(aq), 0.733 mmol
Mn(IV)(s) and an initial Fe(E):Mn(IV) mole ratio of 2.09. Values of kri, kr2, n, T, and K
estimated from the inverse simulations are shown in Table C-5.
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0.0

Figure C -11 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for exp9 with initial conditions of 7.25 mM Fe(II)(aq), 1.66 mM
Fe(I11)(aq), 0.735 mmol Mn(IV)(s) and an initial Fe(11):Mn(IV) mole ratio of 2.08. Val-

ues of kr i, k,-2, n, T, and K estimated from the inverse simulations are shown in Table C-5.
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model efficiencies exceed 0.93 in all but one case (discussed below), and most are greater

0.99. To reduce the number of fitted parameters for experiments less than 7 h, the three

long-term experiments (with the exception of experiment 11) were used to determine the

value for reaction rate at long time, or when the blocking function was at the maximum

value and the reaction rate is defined by the rate constant k,f. These values were averaged

(average krf.= 4.5 ± 0.8 x 10 -3 inM -1 h -1 ), and kd was then fixed for the other experiments

(Table C-5).

The average calculated model value for kr i is 4.8 ± 2.3 naM -1 h -1 for the Fe(II)

only experiments (Table C-5), and are very similar to those estimated using the second-

order Lagrangian interpolation routine (average is 5.0 ± 2.3 mM -1 h -1 , Table C-4). With

Fe(III) added prior to Fe(ll), but without precipitation, kr i was calculated to be 2.12 ±

0.03 mM -1 h 1 (exp9-11), and are again similar to the estimated Lagrangian values of

1.98 ± 0.53 mM-i h -1 . The average model calculated kri is statistically lower than that

calculated for the Fe(ll)-only experiments, and therefore, Fe(III) and Fe(l1) must compete

for reactive Mn(IV) surface sites However, the model as it is formulated does not ac-

count for this competition, as the blocking function (eq C-6a) is formulated in terms of

[Fe(OH)3(s)]. To account for this discrepancy in initial rates, the rate expressions were

modified by multiplying the species concentrations by another term:

y = 1- [Fe(111)(aq)] i„,1[Fe(11)(aq)] i„ it 	(C-16)

where the subscript mit represents the initial concentration. Applying this teiin results in

calculated kr i values more consistent with those of the Fe(ll)-only experiments, with an

average of 3.64 ± 0.74 mM-1 h -1 for the values calculated using the model in the inverse
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mode (Table C-5), and 3.29 ± 0.44 m1\4 -1 if' for the estimated rates (Table C-4). The fact

that these rates are still lower for the experiments with added Fe(11)(aq) as compared to

the Fe(ll) -only experiments may indicate that Fe(I11)(aq) has a higher affinity for the 3

-Mn02 surfaces than Fe(II)(aq).

The blocking function parameter, -c, exhibited more variability, with an average

value of 8.4 ± 4.6. This parameter was found to be highly inversely correlated to the

maximum calculated [Fe(III)(aq)] (significant at > 98% level). This is most likely be-

cause the blocking function is a more highly complex function of the measured

[Fe(11[1)(aq)] and [Fe(III)(s)]. As was mentioned before, the instantaneous reaction rates

determined from the second-order Lagrangian interpolations were found to be correlated

to the calculated [Fe(111)(aq)] and [Fe(BI)(s)]. Attempts were made to include both terms

in the blocking function, either as an additive or a multiplicative effect. However, these

formulations often necessitated the need for another fitted parameter and no improvement

in the models fits were realized, and therefore we have opted to use the simpler model.

The most difficult data to fit was the Fe(I11)(aq) data, as evidenced by the lower

model efficiencies, EFe3 (Table C-5). The average rate dependence of the precipitation of

Fe(LE1)(s) on [Fe(12)(aq)], n, was 2.06 ± 0.34. kr2 ranged from 0.07 to 0.91 m1V1-1 hr-1

with an average of 0.37 ± 0.24. In addition, these two parameters were always highly

correlated. As was pointed out in the methods section, this variability is most likely due

to differences in the maximum pH of the experiment, as well as the rate at which the base

was added to the system. No correlations were noted between the value of kr2 and the

maximum pH reached during the initial dissolution, the maximum Fe(III)(aq) concentra-
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tion, nor the initial Fe(II):Mn(IV) ratio. All of these factors probably have an effect on

the rate at which Fe(E11) precipitates from solution, and further experiments focusing on

the rate of precipitation of Fe(111) need to be conducted to better define the controlling

mechanisms.

The [Fe(II)(aq)] data was fit better than the [Mn(1)(aq)] data in the inverse simu-

lations. When the model predicted the [Fe(11)(aq)] at long time well, the [Mn(II)(aq)]

was over predicted. This is consistent with the observed Fe(II),:Mn(11)p ratio being

greater than 2:1 for all the long-term experiments or the experiments with added Fe(Ill)

(Table C-4). Results from in situ, real-time XANES analysis of the reductive dissolution

of Mn02-coated silica gel have indicated that a secondary mixed Mn/Fe solid phase is

formed subsequent to the coating of the Mn02 surfaces with ferric precipitate. This sec-

ondary solid phase was identified as jacobsite (MnFe204) (see Appendix A and B). We

suggest that the imbalance in the Fealec :Mnapp ratio was due to reduced manganese be-

ing incorporated into a solid phase similar to jacobsite. The reaction:

f3-Mn02(s)+ 2Fe3+(aq) + 2 H20 => MnFe204(s) + 41-1±(aq)	 (C-17)

was not included in the model because we have insufficient data regarding the exact

mechanisms that are responsible for the formation of this jacobsite-like solid phase. In

addition, we do not know the rate of dissolution of this jacobsite-like solid phase. How-

ever, based on the imbalance in the amount of Mn(II) released to solution and the amount

of Fe(II) removed from solution, and assuming no sorption to solid surfaces, the amount

of Mn(I1) incorporated into a jacobsite-like solid ranged from 1.5-5.3% of the original

Mn(IV) concentration (Table C-4).
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C.6.2.2	 Model fits for the experiment with precipitated Fe(III): First hour
Attempts to fit exp12, with Fe(111) precipitation prior to the introduction of

Fe(H)(aq) were difficult. The model was unable to fit the early data (< 1200 s) when all

the data was included in the fit. The data was therefore divided into two sections that

were then fit separately. The data from 0-1 h was fit, fixing the long term rate constant

krf.to the average value 4.5 x 10 -3 	h-1 as in the other short term experiments, with

the result that the inverse simulations of [Fe(11)(aq)] and [Feat:0(aq)] matched the data

very well (Figure C-12a—e). However, the Emn2 value was negative, indicating that the

Mn(1.1)(aq) concentration was substantially over predicted (Table C-5). The calculated

value of T is smaller than the value from any other experiment. This makes sense since

based on the initial solid phase concentrations of Fe(OH)3(s) and 13-Mn02(s), any value of

T > 1.4 results in 13 <0, thus, no change in reaction mechanism occurs, and the reaction

rate is simply defined by the rate constant k,-1. The standard error for kr2 was significantly

larger than the value of the fitted parameter, and the values for both kr2 and n were statis-

tically different from the model-derived values for all of the other experiments. How-

ever, since the model fits the [Fe(I11)(aq)] data well, we have confidence in the calculated

values of kri and T as they pertain to the [Fe(11)(aq)] data.
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Figure C-12 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for expl2 with initial conditions of 7.11 mM Fe(II)(aq), 2.21 mM
Fe(11)(aq), 1.05 mmol Fe(1111)(s), 0.743 mmol Mn(IV)(s) and an initial Fe(11):Mn(IV)
mole ratio of 2.03. Values of kr i, kr2, n, T, and K estimated from the inverse simulations
are shown in Table C-5.
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The predicted value of kr , (1.12 ± 0.26 mIV1-1 IC I ) is about a factor of four smaller

than the average rate from the other experiments, and half as small as the lowest fitted

rate, even correcting for the initial [Fe(II1)(aq)] and the coating of 13-Mn02 surfaces with

Fe(OH)3. The value of o at time zero is 0.17. Without this blocking function, the initial

rate would have been approximately 0.19 m1V1-1 h-1 , in good agreement with the esti-

mated rate determined from the 2nd-order Lagrangian interpolation routine (Table C-4).

These results strengthen the hypotheses that the formation of the ferric precipitate on the

13-Mn02 surfaces, as well as the competition between Fe(111)(aq) and Fe(11)(aq) for reac-

tive surface sites, contributes to the reduced rate of release of Mn(II) to the aqueous

phase. However, two factors indicate that these two reaction products are not solely re-

sponsible for the change in reaction mechanism: 1) the progress of the reaction from a

faster to slower rate over the first 10 min is qualitatively similar to the progress of all the

other experiments, and 2) the calculated rate constant kri is 250 times faster than long-

term rates (Icri) deteimined for the other long term experiments when the coating of the 0-

Mn02 surfaces with Fe(III)(s) is expected to dominate the reaction.

There is a large imbalance between the amount of Fe(11)(aq) consumed and the

amount of Mn(11)(aq) released. In one hour, 0.195 mmol of Fe(1)(aq) were consumed,

and 0.042 mmol of Mn(11)(aq) were released. Correcting for reaction stoichiometry, the

amount of Mn(II)(aq) produced corresponds to the oxidation of 0.084 mmol of Fe(1)(aq).

Thus, we have an imbalance of 0.111 mmol of Fe(II)(aq). We have 1.329 mmol of

Fe(II1)(s) in the system at this time. If we assume the Fe(III)(s) is a hydrous ferric oxide

(1-IF0), and that the imbalance was only due to sorption of Fe(11) to the UFO surfaces,
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then we would have 0.084 mol of Fe(II) sorbed per mole of HFO. The total number of

sorption sites for ferrihydrite is usually estimated to be 0.05-0.3 mol Fe(1)/mole EIFO at

pH 6-8 (Dzombak and Morel, 1990). However, the amount of metals sorbed at pH 3 is

usually much less (less than a few percent of the total metal in the system). The number

of strong binding sites is usually on the order of 0.001-0.01 mol/mol Fe(OH)3(s)

(Dzombak and Morel, 1990). It would seem much more likely that only the high affinity

sites would be filled by either Fe(11) at pH 3. Thus, we have more Fe(II) consumed than

stoichiometry and sorption accounts for.

Assuming that Fe(H) sorption to the mineral surfaces is limited to the strong bind-

ing sites of the Fe(OH)3 in the system and that the number of strong binding sites is the

maximum of 0.01 mol/mol Fe(OH)3, a minimum of 0.096 mmol of Fe(II) consumed dur-

ing the first hour of the reaction are unaccounted for. Assuming that the 0.096 mmol

Fe(II) have reduced the appropriate amount of Mn(IV), then we can assume that 0.048

mmol of MnFe204 has formed, or a minimum of 6.6% of the initial Mn(IV) was con-

verted to MnFe204. This value, and the maximum values calculated for the other ex-

periments (Table C-4), is consistent with the approximately 5% value estimated with the

XANES spectroscopy data (see Appendix A). Inspection of the first h of expl2 (Figure

C-12a—e) indicate that the Mn(II)(aq) imbalance (defined as the difference between the

calculated and observed [Mn(il)(aq)]), and therefore the concentration of MnFe204,

reaches an approximately steady value after approximately 15-20 minutes, at the same

time the reaction rate has decreased. Thus, it appears that the formation of MnFe204 is

also responsible for the observed decrease in the rate of release of Mn(II) to the aqueous
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phase. The inclusion of this reaction in the model could certainly improve the overall fits

to the data. However, at this point we do not feel that we have sufficient data or knowl-

edge of the foi !nation and destruction of the MnFe204-like solid phase to justify the in-

clusion of a sixth adjustable parameter.

C.6.2.3	 Model fits for the experiment with precipitated Fe(III): Long Term
Data

For the data from 3-96.5 hr, lc, ' was fixed at the value of 1.12 mM-1 h-1 as deter-

mined from the inverse model fit of the first hour (Figure C-12f—j and Table C-5). It was

determined that the data was insensitive to T, and thus the rate of release of Mn(II) to the

aqueous phase is governed by the rate constant krf. The value obtained for k,:f (2.46 ± 0.13

x 10 -3 mM-I hr-1 ) was statistically lower than the average of the experiments in which

Fe(III) did not precipitate prior to the addition of Fe(1) (4.5 ± 0.8 x i0 mm-i hr-1 ).

However, the average krf value was determined from only three experiments, and it may

be that these values are within experimental error. The order of the dependence of the

Fe(III) precipitation on [Fe(111)(aq)] was the same as the other experiments (1.92 ± 0.63)

compared to an average of 2.06 ± 0.34). However, the rate of Fe(III) precipitation was

lower than in all other experiments with the exception of exp7, which had a much lower

initial Fe(n) concentration (4.19 mM versus 7-9 mM for the other experiments). After

the first hour, the consumption of Fe(ll) and production of Mn(11) are approximately

stoichiometric ally balanced, with a slight greater amount of Mn(II) released. This would

suggest that once a layer of the MnFe204 is formed, then the reaction proceeds at the

slower long-tef iii rate.
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C.7	 Discussion

The effect of reaction products on the mechanisms that control the rate of dissolu-

tion and precipitation reactions complicate the formulation of an simple set of rate laws to

describe observations. This is especially true when one or more precipitation products

inhibit the rate of the dissolution of minerals. This phenomenon has been noted by dur-

ing the reductive dissolution of Mn02 by various environmentally important species such

as Co(II)—EDTA (Jardine and Taylor, 1995), Cr( in) (Eary and Rai, 1987; Fendorf and

Zasoski, 1992), and As(III) (Moore et al., 1990). However, the authors are unaware of

any model having been developed for the reductive dissolution of 13-Mn02 by Fe(ll).

Postma has modeled the reductive dissolution of birnessite by Fe(11) in both batch

reactor systems (Postma, 1985) and in reactive transport experiments (Postma and Ap-

pelo, 2000). However, birnessite and pyrolusite are minerals with very different crystal-

line and surface characteristics. Birnessite is a poorly crystalline material that is com-

posed of layers of linked [Mn062-] octahedra, with one of every seven octahedral posi-

tions vacant (Burns, 1976). Birnessite has a very porous structure that has a high specific

surface area (often reported to be on the order of 30-60 m2 g-1 ) (Healy et al., 1966; Burns

and Burns, 1977; Postma, 1985), a high cation exchange capability (Burns and Burns,

1977), and a plizp, near 2.0 (Healy et al., 1966). On the other hand, pyrolusite is com-

posed of chains of edge sharing [Mn0621 octahedral, linked through the sharing of cor-

ners to foi III a tunnel structure that is one octahedron long on each side. Pyrolusite is the

most crystalline foi iii of Mn02, with a low specific surface area (1-6 m2 g-1 ) (McKenzie,

1970; McKenzie, 1971; Oscarson et al., 1983; Eary and Rai, 1987)low cation exchange

capability, and a pHzp, near 7.3 (Healy et al., 1966). Due to these differences in surface
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and crystalline properties, birnessite has a higher sorption capacity for metal ions

(McKenzie, 1970) and is has faster rates of reductive dissolution (Oscarson et al., 1983;

Burdige et al., 1992) than does pyrolusite. Therefore, the rates of reductive dissolution of

the two minerals are not comparable.

Postma (Postma, 1985) did not model the initial fast portion of the reductive dis-

solution of birnessite by Fe(ll), and used a completely empirical expression to model the

dissolution after 17% of the bimessite had been dissolved. This simple functional form

has a rate constant modified by a function of the solution composition, and a function of

the ratio of the remaining mass to the initial mass (Christoffersen and Christoffersen,

1976). Postma (Postma, 1985) discounted the diffusion of Fe(ll) through a Fe(OH)3 layer

because his calculations indicate that the thickness of the layer would only be 10 A thick.

The long-tetua reductive dissolution of pyrolusite can be modeled as a diffusion-

dominated process, as mentioned above. This scheme has been used successfully to

model the diffusion of reactants and products through leached-layers and precipitates

(Luce et al., 1972; Siever and Woodford, 1979). These models are appropriate for reac-

tions that occur over geologic time scales. However, due to anthropogenic inputs, sub-

surface systems can be affected in much shorter times scales. These reactions tend to

have highly nonlinear reaction rates.

Eary and Rai (Eary and Rai, 1987) have proposed a model for the nonlinear rate

of oxidation of Cr(III) by f3-Mn0 2 that includes the tetin 1 — fer, wherefc, is the fraction

of Cr(IV) to the total aqueous Cr concentration. Saiers et al. (Saiers et al., 2000) used a

similar approach to model the oxidation of Co(1)-EDTA by pyrolusite-coated quartz.
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The reaction is inhibited by the formation of a-Mn203 on the surface of the pyrolusite.

The inclusion of the blocking function [3 1 — F[Mn203]/[MnO2]init enabled the model to

simulate the conversion of Co(II)-EDTA to Co(111)-EDTA, which is highly nonlinear.

Our model includes a similar functional form with the exception that the reaction is al-

lowed to proceed at a slower rate once the surfaces of the pyrolusite have been coated

with Fe(OH)3, consistent with the experimental results.

At this point, the model is still relatively simple as it is described by two reactions

(eqs C-2 and C-3) and the blocking function. As was pointed out previously, our expres-

sion for the blocking function, while able to describe the data well, still lacks some im-

portant aspects of the geochemical reactions that are actually occurring, and must be con-

sidered a lumped-parameter model. While both [Fe(111)(aq)] and [Fe(OH)3(s)] are corre-

lated with instantaneous reaction rates, only [Fe(OH)3(s)] has been included in the block-

ing function due to lack of sufficient data and the fact that [FOID(aq)] and [Fe(OH)3(s)]

are correlated over the same time period. We also have not included the fonnation of

MnFe204, which would add another parameter, and require more information regarding

the dependence of the [MnFe204] on [Fe(III)(s)], [Fe(11)(aq)], [Mn(II)(aq)] and [ 13 -

Mn02(s)] and the fact that it appears as if MnFe204 only forms after the surfaces of [3 -

Mn02 is coated by ferric precipitates. While more information needs to be obtained to

make the model more mechanistic, the results provided here are steps in the right direc-

tion towards a more realistic model.
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C.8 Conclusions

The implications of these results for the formulation of reactive transport models

are that the effects of reactions products on reaction rates need to be incorporated into

models that are presently available, such as HYDROGEOCHEM (Yeh and Tripathi,

1991) and PHREEQC (Parkhurst, 1995). The inhibition on reaction rates by reaction

products through the physical blocking of reaction sites are not as of yet included. Thus,

the experimental studies coupled with the development of models to describe the results

presented here, as well as and those presented by Saiers et al. (Saiers et al., 2000) and

Eary and Rai (Eary and Rai, 1987), are needed to generate the mathematical equations to

describe these reactions. These mathematical equations can then be integrated with exist-

ing codes for predictive modeling.

The more immediate and specific implication of this work relates to the fate and

transport of trace metals in the Pinal Creek Basin. Previous modeling results indicate that

the release and transport of Mn(1) cannot be adequately represented using the codes

presently available (Stollenwerk, 1994; Brown et al., 1998). While improvements to the

transport of manganese have been made by including the formation of manganese(III)

-carbonate species, Brown et al. (Brown et al., 1998) have indicated that manganese is still

being released from the center of the acidic plume. No known mechanism has been pro-

posed to account for this behavior. The results presented here, the formation of the re-

duced manganese solid phase and the inhibition of the reaction by the reaction products,

if incorporated into a reactive transport model, may bridge the gap between model calcu-

lations and field observations.
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APPENDIX D. IN SITU FORMATION AND TRANSFORMATION OF FE(III)
PRECIPITATES FROM THE REDUCTIVE DISSOLUTION OF MNO2 BY FE(II)

D.1	 Abstract
The formation and transfoimation of ferric precipitates produced during the

reductive dissolution of Mn02 coatings on silica substrates by Fe(II) under conditions

simulating the effects of acid mine drainage were investigated through batch, column,

and field (Pinal Creek Basin, Globe, AZ) experiments. Analyses included powder X-ray

diffraction (XRD), X-ray absorption spectroscopy, and bulk chemical analyses. Analysis

of the Fe K-edge X-ray absorption near-edge structure spectra during the first hour of re-

action indicates that the ferric phase resembles a mixture of Fe(EII) coordinated with sul-

fate ions, probably as a mixture of aqueous complexes and ternary complexes on mineral

surfaces. Results from extended X-ray absorption fine structure analysis indicate that the

local order increases rapidly within 10 h, and then increased much more slowly towards

goethite over the next 5 mo, but did not become fully crystalline within this period.

Peaks attributed to the presence of goethite are present in the XRD pattern of a sample

that had been dialyzed for 50 d. Analysis of the release of SO42-, Mn(11)(aq), and FeT to

solution during dialysis indicates that the process is controlled by diffusion. Digestion of

the Fe precipitates after dialysis indicate that the precipitates have an average Fe:SO42-

ratio of 4.4 ± 1.0, similar to values reported for the ferric oxyhydroxysulfate mineral

schwertmannite. This may indicate that the diffusion of sulfate out of the pores of the

poorly-ordered initial precipitate controls the rate of transformation of that precipitate

into goethite.
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D.2	 Introduction

Historic mining practices have resulted in the contamination of many aqueous

systems by acid mine drainage (AMID). These drainage waters are generally character-

ized by low pH, a high sulfate concentration, and the presence of transition and heavy

metals. A variety of hydrogeochemical models are now being used as tools for under-

standing the fate and transport of pollutants within surface and ground waters. The nu-

merous chemical, biological, and physical factors that affect these models are not always

easily quantified (McKnight and Bencala, 1989). Common uncertainties result from

problems associated with redox disequilibria, calculation of charge imbalances, measur-

ing very acid pH values, and the lack of adequate estimates of aqueous stability constants

and mineral solubilities (Nordstrom et al., 1990). The lack of knowledge regarding the

the precipitates formed from AMID waters also impacts the ability to model these systems

(Alpers et al., 1994a). This deficiency of specific mineralogical information is com-

pounded by the fact that many of the precipitates initially formed are metastable.

The types of ferric precipitates formed in AMD-impacted systems are controlled

not only by the pH and iron concentrations, but also are affected by the anions present

and their concentrations (e.g., sulfate concentration). Bigham and co-workers (Brady et

al., 1986; Bigham et al., 1990; Murad et al., 1994) analyzed the ochreous precipitates

from various locations around the world that have been impacted by AMID from coal

mining, and identified a new mineral that subsequently has been named schwertmannite

(Bigham et al., 1994). This new mineral is generally represented as Fe808(OH)2_(SO4)x,

where 1 x 1.75 (Bigham et al., 1996a). While many researchers have reported this

mineral as being present in other AMID-impacted waters (Schwertmann et al., 1995; Fitz-
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patrick et al., 1996; Childs et al., 1998; Yu et al., 1999) the crystal structure and solubility

is still under debate (Waychunas, 2001). Schwertmannite has been shown to be the

dominant ferric phase in sulfate-dominated waters between pH 2.8-4.5 (Bigham et al.,

1996b). Both schwertmannite (Bigham et al., 1996b) and ferrihydrite (Schwertmann and

Murad, 1983; Murphy et al., 1976) have been shown to transform to goethite. Proper

identification of the ferric precipitates in various aqueous systems is important in terms of

understanding the evolution and release of acidity (Cravotta, HI, 1994) as well as the fate

and transport of trace and heavy metals.

While the precipitation of Fe(111) phases has received considerable attention over

the last four decades, most of this work has focused on the homogeneous precipitation of

aqueous Fe( II) through the addition of base ions (for a review see (Flynn, 1984). Often,

AMD affects subsurface environments, where minerals may play roles as oxidants,

reductants, and/or nucleation sites. Few studies have investigated the heterogeneous pre-

cipitation of Fe(1111) phases (Krishnamurti and Huang, 1988; Krishnamurti and Huang,

1987; Golden et al., 1988). These studies have shown that the presence of various

Mn(IIII,IV) oxides and oxyhydroxides affect the form of the ferric precipitate as com-

pared to the homogeneous precipitation products. One drawback of these studies is the

lack of investigations at low pH and high sulfate concentrations associated with AMID.

Recently, considerable research has been perfoimed on the analysis of ferric hy-

drolysis and precipitation using X-ray absorption spectroscopy (XAS). XAS is a power-

ful tool in that the local molecular structure around metal centers can be ascertained for

amorphous solids or for solutions. This tool has been used to determine the structure of
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ferric polymers formed in chloride (Combes et al., 1989),(Bottero et al., 1994) nitrate

(Combes et al., 1989),(Rose et al., 1997) and phosphate (Rose et al., 1996) solutions.

The transformation of ferric gels into hematite has been studied (Combes et al., 1990).

This tool has also been used for trying to derive the structure of such amorphous ferric

precipitates as feiTihydrite and feroxyhite (Manceau and Drits, 1993; Zhao et al., 1994).

The study of ferric precipitates in sulfate solutions has not been studied as extensively,

and to date, no study utilizing XAS been performed on the transformations of ferric pre-

cipitates formed in sulfate solutions.

The focus of this study is the fointation and transformation of ferric precipitates

formed during the reductive dissolution of Mn02 by Fe(11) under conditions that simulate

the impact of AMD on the alluvial aquifer in the Pinal Creek Basin near Globe, AZ

(Figure D-1). The evolution of the precipitates was followed in situ and in real time us-

ing a flow-through reaction cell with synchrotron XAS from the onset of Fe(11) oxidation

to two days of aging. Ferric precipitates formed in batch experiments and in a well in the

acidic plume were also analyzed using XAS. These results cover a time span of 6 h to 5

mo. Samples were analyzed with powder X-ray diffraction (XRD) to confitin the identity

of the ferric precipitates. In addition, the ferric precipitates from batch experiments were

analyzed with respect to the desorption/dissolution of aqueous species and the composi-

tion of the ferric precipitates.
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D.3 Experimental procedures

D.3.1 Materials
All experiments were carried out in an anaerobic glove box (Coy Laboratory

Products, Inc.) with a 97%-3% N2—H2 atmosphere. All chemicals used were reagent

grade. All solutions were made with purified water (Milli-RO 6 plus/Milli-Q plus re-

agent water system, Millipore Corp., USA, with a resistivity of 18.2 MS2 cm, referred to

herein as DI water). Oxygen was removed from the DI water by boiling it under a N2

atmosphere, and storing it in the glove box for three days prior to use. Prior to use, the

dissolved oxygen (DO) was measured to ensure that the concentration was less than 10

gg/L (Hach DR100 spectrophotometer with low-range DO AccuVac vials, detection

limit: 10 Kg/L, Hach Co.). This procedure ensured that the oxidation of Fe(ll) resulted

solely from the reduction of Mn02.

For the batch and flow-through experiments, the pH was monitored with a combi-

nation electrode (GK95330, Radiometer Inc.) and micro-pH and —reference electrodes

(Microelectrodes, Inc.), respectively, on a Fisher Accumet 900 series meter. The elec-

trodes were calibrated with standard buffers made monthly (pHydrion Inc.). The pH was

adjusted with either H2SO4 or NaOH solutions (Fisher Scientific). Solution compositions

are presented in Table D-1.

238
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Table D-1 Chemical composition of contaminated groundwater from Pinal
Creek and solutions used in batch experiments. All values in mM except for pH
(standard units) and temperature (°C).

Constituent	 Contaminated	 Well 302
Groundwater'	 (11-06-97)

pH	 3.30	 3.91
Temperature	 17	 19.8
Dissolved 02	 <0.006	 0.17
Ca	 11.6	 6.35
Mg	 15.8	 2.69
Na	 9.4	 3.01
K	 0.2	 0.13	 o	 o
Fe(II)	 52.4	 3.03	 o	 2.9-11
Fe(III)	 <2	 o	 0.0-3.8
Mn	 1.34	 0.18	 o	 o
Al	 10.5	 0.75	 o	 o
Cu	 2.4	 0.22	 0	 o
Co	 0.20	 0	 0
Ni	 0.06	 <0.01	 0	 0
Zn	 0.33	 0.03	 0	 0
SO42 "	 100	 15.3	 102	 102
CI	 9.5	 1.70	 9.5	 9.5
F	 0.24
Ionic Strength	 232	 43	 209	 217 
'Contaminated groundwater, values from Stollenwerk (1994)

Inert
electrolyte

Reactive
solution

3.00 3.00
25 25

<0.0004 <0.0004
6.3 6.3

93.7 81.8-90.8
9.5 9.5
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D.3.2 Synthesis of Mn02-coated silica oxides

The procedures for the preparation of the13-Mn02-coated quartz used in the batch

experiments and the Mn02-coated silica gel used in the flow-through experiments are

outlined in Sections 4.3 and 2.3, respectively.

D.3.3 Iron reference materials

Our choice of iron reference materials for XAS analysis (Table D-2) was based on

the following observations regarding the formation of ferric precipitates. Initial ferric

precipitates from solutions of ferric salts have been shown to resemble minerals such as

goethite, akaganéite, and ferrihydrite, as well as schwertmannite (in low pH, high sulfate-

containing waters). However, EXAFS fits of our akaganéite spectra did not match the

published crystal structure, and since schwertmannite is purported to have the same crys-

tal structure as akaganéite, we have elected to not include these spectra in our EXAFS

analyses of unknown spectra. Ferric gels and ferrihydrite precipitates has been shown to

either transform into hematite (Combes et al., 1990) or goethite (Schwertmann and Mu-

rad, 1983) depending on environmental conditions. Jarosite is a mineral commonly

found in aqueous systems affected by AMID of low pH (usually < 3) and high sulfate

(Bigham et al., 1996b). Our previous analysis of Mn K-edge XANES spectra indicates

the formation of a solid phase similar in local structure to jacobsite (MnFe204) (Villinski

et al., 2001; Appendix B). Based on the presence of this spinel mineral in the Mn spec-

tra, and since magnetite is the Fe end member of the Fe/Mn
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Table D -2 Simplified chemical formula, mineral name, valence, structure, and source

of minerals used in this study.

Chemical Mineral Mn Structure type Sample
Formula name valency type

FeS 04 - 2+ aqueous synthetic

Fe2(SO4)3 — 3+ aqueous synthetic

Fe304 magnetite 2+,3+ spinel synthetic'

MnFe204 jacobsite 3+ spinel synthetic2

KFe3(SO4)2(01i)6 jarosite 3+ alunite synthetic'

Fe 20 3 hematite 3+ corundum synthetic4

cc-Fe0OH goethite 3+ diaspore synthetic4

13-Fe00H akaganèite 3+ hollandite synthetic5

Fe(OH)3 ferrihydrite 3+ amorphous synthetic6

Reference materials sources: 'Alpha Aesar, 99.997%, 2Dr. L. Garvie, 3K. Savage, 4Dr.
J. Bargar, 5Dr. G. Waychunas, 6Dr. P. O'Day
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spine] solid solution, it was considered in the analysis. Also included were the initial

Fe(ll)-sulfate solution, and a Fe(M)-sulfate solution.

D.3.4 Batch Experiments

The procedures for the batch experiments are presented in Section 2.3. Initial

conditions of the batch experiments are presented in Table D-3.

D.3.5 Post batch reaction solids characterization

At the conclusion of experiments B9, B11, and B12, the quartz and associated

coatings was allowed to settle (approximately 30-60 s), and the supernatant was filtered

through 0.45 Km polyacetate filters (Milli-Pore, Inc.). This separated the solids into two

fractions; a fine, easily suspended fraction (designated B9F, Bl1F, and Bl2F), and a

quartz-dominated fraction (B9Q, B11Q, and B12Q). The materials were placed in dialy-

sis membrane tubing (10000-14000 MW, Spectrum, Inc.). The materials were then dia-

lyzed for up to 46 days, with the solution renewed with DI water once or twice a day.

For experiments B2, B6, B7, and B10, all solids were dialyzed together.

Supernatant samples were collected prior to each renewal with DI water. Mn(II)

and FeT were measured with flame atomic absorption spectroscopy (FAAS, Perkin Elmer

3100). Manganese(H) and Ferr samples with concentrations below 0.1 mg L-1 were ana-

lyzed with graphite furnace AAS (GFAAS, Perkin Elmer HUA 600), employing a graph-

ite tube with a L' vov platform, and an auto-sampler (Perkin Elmer AS-60). The GFAAS

sample size was 25 KL. Sixty-five Kg of MgNO3 was added as a matrix modifier as

specified by Perkin Elmer to retain the analyte at higher temperatures. This allows a



Mn(IV)(s)
(mmol) 

0.6390
0.7525
0.7339
0.8282
0.7352
0.7330
0.7212
0.7433
0.8458
0.7413

Fe(11)(aq)
(mM)

7.31
8.38
4.19
7.98
7.25
7.60
7.30
7.10
8.14
8.14

Fe(III)(aq)
(mM) 

0
0
0
0

1.66
3.58
3.63
2.21

0
0

Fe(M)(s)
(mol) 

0
0
0
0
0
0
0

1.05
0
0

Length
(h) 

4.0
6.0
5.5
6.0

75.0
21.5
4.0

96.5
6.0

140.0

Table D-3 Initial conditions of the various batch experiments.
Exp tt a

B2
B6
B7
B8 b

B9
B10
B11
B12
B13
B14
aExperiment numbers correspond to experiment numbers from Appendix
C. No analyses presented in this paper were performed on the reaction
products from experiments Bi, B3, B4, or B5.
Pure pyolusite was used in place of pyrolusite-coated quartz.
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higher char temperature, facilitating the removal of matrix constituents. Sulfate was

measured using ion chromatography (IC, Dionex) (see Section 2.3). The pH was also

recorded; however, as to whether or not the supernatant was equilibrated with the atmos-

phere is unknown because the DI water in our laboratory is often supersaturated with re-

spect to CO 2(g) when first made (source of water is groundwater). Therefore, the pH

data is qualitative rather than quantitative. Samples B11F and B11Q were kept frozen

until analyzed using XAS. The other solids were freeze-dried (Flex Dry, FTS Systems).

To determine the composition of the coatings on the quartz, Mn and Fe oxides were di-

gested by heating a portion of the solids in 0.01 M oxalate in 1 mM HNO3 at 80 °C, and

Mn(II), FeT and SO42- were measured, as above. Measurement errors are �. 5%, based on

calibration standards.

D.3.6 Mn02 reacted in a well in the acidic plume

Samples of the material that was sloughed off the 13-Mn02-coated quartz during

the cleaning process were placed in dialysis membrane tubes and placed in well 302 in

the Final Creek Basin near Globe, AZ (maintained by the U.S. Geological Survey). The

depth of the well is 117.3 ft below land surface and is screened over a 3-foot interval.

The samples were kept at a depth of approximately 116 ft below land surface. The water

chemistry of the well is presented in Table D-1. The samples were placed in the well on

April 23, 1998, and were removed on August 21, 1998. The reacted materials were ana-

lyzed using XAS without treatment (wet, stored frozen until just prior to XAS analysis).
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D.3.7 Flow-through reactor X-ray absorption experiments

Details of the procedures for the flow-through reactor experiments are described

in Section 4.3. Two experiments were perfouned that investigated the evolution of the

iron species during the reductive dissolution of Mn02 by Fe(ll). Experimental conditions

of the flow-through experiments are presented in Table D-1 and Table D-4. To follow

the evolution of the ferric phases from the onset of Fe(II) oxidation, Fe K-edge X-ray ab-

sorption near-edge structure (XANES) spectra were collected during experiment FT1,

scanning from 7100-7160 eV at a scan rate of 0.28 min-1 . Only XANES spectra were

collected during the first h of the experiment as these spectra can provide the necessary

time resolution to follow the evolution of the Fe(111) species during this period. The X-

ray beam was positioned approximately 3-4 mm down gradient along the flow path on

the sample bed. The 11 mM Fe(II) solution was introduced to the column at a flow rate

of 871AL min-1 . The evolution of the ferric precipitates was also investigated over a 49 h

period utilizing both XANES and extended X-ray absorption fine structure (EXAFS)

spectra during experiment FT2. Information from XANES spectra is limited to qualita-

tive infoimation regarding the molecular environment surrounding the target element, as

well as information regarding the valence state of the target element. Quantitative infor-

mation regarding the molecular binding environment surrounding the target element can

be derived from EXAFS spectra, including the distance, number and type of backscat-

tering atoms, often out to > 6 A (Brown et al., 1988; O'Day et al., 1994b). Spectra from

6900 to 7755 eV were collected at a scan rate of 2.4 h-1 . The 8 mM Fe(II) solution



Table D-4 Experimental conditions of flow-through experiments.
Crystal Flow rate Fe(II)

Exp cut Scan rate Scan range OA min -1 ) Pulse length (mM)

FT I Si(220) 0.27 (min') 7100-7160 87 60 (mm) 11.0

FT2 S i(1 11) 2.4 (11- ') 6900-7755 25 16.5 (h) 8.0
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was pumped at a flow rate of 251AL min-1 , and the beam again was positioned approxi-

mately 3-4 mm down the flow path from the inlet. On the basis of our Mn K-edge XAS

analyses (Villinski et al., 2001, Appendix B), we assume that no self-absorption of the

fluorescent X-rays occurred during these experiments.

D.3.8 XAS Data collection

All spectra were collected at the SSRL (Stanford, CA) on wiggler beam lines 4-1

and 4-3 (BL4-1 and BL4-3, respectively). Beam current ranged from 50-99 mA at 3

GeV and the magnetic field of the wiggler was 18 kG. Either Si(111) or Si(220) mono-

chromators were used with an unfocused beam and 1 mm slits placed before and after the

monochromator. The monochromators were detuned such that the incoming beam flux

was reduced by 30-50% to reject higher-order harmonic reflections. Binding energy of

the Fe K-edge was calibrated by assigning the first inflection of the absorption edge of Fe

metallic foil to 7111.3 eV.

Fluorescence spectra were collected with the sample at a 450 angle to the incident

beam using a Stern-Heald-type detector (Lytle et al., 1984) with Soller slits and a Mn

filter to reduce background scattering and fluorescence. Transmission spectra of the ref-

erence compounds were collected using two gas-filled ion chambers.

D.3.9 EXAFS analysis

Details of the EXAFS analysis are described in Appendix B. EXAFS spectra

were analyzed using the computer code EXAFSPAK (George, 1995), utilizing theoretical

phase and amplitude functions calculated using the computer code 1-E,1-1- 6.03 (Mustre de

Leon et al., 1991; Rehr and Albers, 1990; Rehr et al., 1992). The energy threshold of the
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EXAFS oscillations (E0) was initially set at 7130 eV and allowed to float in the fitting

routine. For the static samples (from the batch experiments and sample), the materials

were kept wet with the mother solution and stored frozen until just prior to analysis in the

X-ray beam at which time the samples were thawed.

D.3.10 XANES analysis

The XANES spectra were analyzed qualitatively by comparing the edges and

first-derivative spectra with reference spectra. The first derivative spectra were obtained

from spectra that had been smoothed using a cubic polynomial over a 2 eV data range

(George, 1995). Because the spectra of the Fe reference materials were not all collected

with the same crystal monochromator, no quantitative fits of the experimental spectra

were made.

D.3.11 Powder X-ray diffraction

Powder X-ray diffraction was performed to confirm the identity of the ferric min-

erals in various samples using a Sintac XDS 2000 PTS Diffractometer with Cu KŒ radia-

tion and a solid-state germanium detector (Sintac Inc., USA) at a scan rate of 2° min i .

Diffractograms were compared to standard JCPDS cards. The interatomic distance (d) is

related to the angle of incidence of the radiation (0, °) and its wavelength (X, nm)

through Bragg's law:

n = 2d sin 0	 D-1

A significant amount of quartz remained in the easily suspended fraction of the batch ex-

periments, and hence, the diffractograms were dominated by quartz peaks. Due to the

small concentrations of the minerals of interest, sample Bl1F was analyzed on the syn-
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chrotron XRD line (beam line 2-1, Stanford Synchrotron Radiation Laboratory, Stanford,

CA) to confiiiii the presence of minor minerals. The detection limit for the synchrotron

XRD is much smaller than conventional XRD. The 20 values from the synchrotron data

(wavelength = 1.24 nm) were converted to the Cu Ka wavelength (1.54 nm) for compari-

son purposes.

D.4	 Results

D.4.1 XANES analysis

D.4.1.1	 Fe reference materials
The XANES and first derivative spectra of the iron reference materials are pre-

sented in Figure D-2. The K-edges of first-row transition elements arise primarily from

is --> 4p dipolar transitions, and therefore, the spectra are rich in structural information

regarding the geometry of the shells surrounding the target element (Combes et al.,

1989). However, similarity in binding ligand geometry (octahedral coordination to oxy-

gen, for instance), results in similar edge features. All of the minerals with only octahe-

drally coordinated Fe(1111), and the Fe(1111)(aq) in 100 mM 5042- solution (hereafter re-

ferred to as Fe(III)—SO4), have similar edge positions and energies of maximum absorp-

tion. The presence of tetrahedral iron coordination to oxygen (magnetite and jacobsite)

results in a broader edge (Waychunas et al., 1983). A decrease in a foimal oxidation state

from Fe3+ to Fe2+ , in a similar site geometry, results in a shift of the edge position and

energy of maximum absorption down approximately 3 eV (Waychunas et al., 1983), as is

seen for Fe(11)(aq) compared to Fe(II1)—SO4. The jarosite (KFe 3 (SO4)2(OH)6) and

Fe(111)—SO4 (average Fe(111)—sulfate coordination ratio of 1:1.1, based on MINTEQA2
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Fe(III)-SO,

goethite
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Energy (eV)

Figure D-2 Fe K-edge XANES and first derivative spectra of Fe reference materials.
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(Allison et al., 1991) calculations at pH 3 and 100 mM SO42-) spectra contain a large

post-edge-crest peak near 7138 eV. While the presence of this post-edge-crest peak may

be related to the presence the sulfate ligand in the sample, peaks of this nature have also

been noted in XANES spectra of the polymeric ferric hydrolysis products formed in chlo-

ride solutions (Combes et al., 1989) and of FeC13.6H20 (Asakura et al., 1985). Goethite,

akaganéite, and ferrihydrite all have similar edge structures, and differentiation between

these phases may be difficult. Hematite has the highest energy of maximum absorption

of any of the minerals; this may be due to calibration error, or may be real. As with the

Mn K-edge XANES spectra, the composition of an unknown mixture of Fe-containing

environments could conceivably be determined by fitting the unknown spectra with linear

combinations of the reference spectra (Appendix B). However, since the XANES spectra

were not all recorded with the same crystal monochromators, no quantitative fits to the

experimental data were performed.

D.4.1.2	 Experimental results up to one hour
Figure D-3 presents the Fe K-edge XANES spectra of experiment FT1, where the

Fe K-edge XANES spectra were recorded from the onset of the oxidation of Fe(ll). The

spectra have been normalized to a consistent edge height, and offset vertically for clarity.

Every other spectrum has been plotted, starting from the spectra at 16 min (determined as

the midpoint of the scan). Scan rate from 7000-7160 eV was 0.27 min-1 . An 11 mM

Fe(11) solution was introduced to the system at a flow rate of 87 [IL min -1 . The X-ray

beam was positioned 3-4 mm down gradient from the inlet.
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Figure D-3 Fe K-edge XANES and first derivative spectra of experiment FT1 and Fe
reference materials goethite, ferrihydrite, jarosite, and Fe(111)—SO4.
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The data show an energy of maximum absorbance near 7132 eV, near the same

energy of maximum absorbance of many of the octahedrally coordinated Fe(III) refer-

ence spectra, including goethite, ferrihydrite, and Fe(111)-SO4. No Fe(11)(aq) appears in

the sample on the basis of a comparison of the edge positions of the sample spectra and

the Fe(II) and Fe(111) reference spectra. The spectra at 16 and 23 min have a pronounced

shoulder after the energy of maximum absorbance, near 7138 eV, similar to the shoulder

seen on the spectra of Fe(111)-SO4 and jarosite. However, as the reaction progresses, the

shoulder near 7138 eV decreased in magnitude. This is effect is more readily observed in

the first derivative spectra; the peak at 7136 eV decreases in magnitude as the reaction

progresses (Figure D-3b). The presence of aqueous Fe(III)-SO4 complexes is consistent

with the evolution of Fe(1) on the mineral surfaces, which may then detach from the

surfaces and form complexes with SO42-. At 100 mM SO42-, equilibrium speciation pre-

dicts that > 90% of the aqueous Fe(111) will be complexed with SO42-. Fe(ll) most likely

forms ternary complexes with SO4
2- on the mineral surfaces as we know that sulfate is

associated with the precipitates even after 50 days of dialysis with DI water (see below).

Other researchers have found that the presence of sulfate increases the sorption of diva-

lent metals on the surfaces of minerals through the formation of ternary complexes (Ali

and Dzombak, 1996a; Weesner and Bleam, 1998; Webster et al., 1998; Ostergren et al.,

2000; Swedlund and Webster, 2001).

D.4.1.3	 Experimental results from three hours to two days

Experiment FT2 probed the evolution of the iron phases during the reductive dis-

solution of Mn02 by Fe(11) in an area of the flow cell where the flux of Fe(11) was con-
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trolled by diffusion. The flow rate of the 8 mM Fe(II) solution was 25 4 min-1 . Iron K-

edge spectra were collected during the reaction from 3.25 to 16.25 h at a scan rate of 2.4

h-1 . The reaction was halted at 16.5 h, the precipitates were allowed to age for 33 h, and

the series of spectra were recorded on the aged precipitates (labeled 49 h) (Figure D-4).

The essential features that changed with time are most evident in the first derivative spec-

tra (Figure D-4b). The peak at time 3.5 h appears to be most similar to Fe(111)-SO4, while

the spectra at 49 h most resembles goethite and/or ferrihydrite. The small peak 7136 eV

decreases as time progresses, suggesting that the Fe(111)—sulfate coordination ratio has

decreased. The peak at 7145 eV increases as time progresses, which may indicate that

the ferric precipitate is becoming more similar to the mineral ferrihydrite and/or goethite.

XRD analyses of sample B8 (pure pyrolusite) indicate that a poorly ordered ferric pre-

cipitate is present. This precipitate had a peak at approximately 2.5-2.6 A, a peak that

can be attributed to either two-line ferrihydrite or schwertmannite. This progression from

Fe(111)-SO4 aqueous and surface complexes to poorly crystalline phases to a more or-

dered goethite-like phase would indicate that the ferric precipitates are becoming more

ordered as time progresses, and therefore we should see an increase in the coordination

numbers of the Fe—Fe shells in our fits of the EXAFS spectra.

D.4.2 EXAFS analysis

D.4.2.1	 Iron reference materials and calibration of numerical fits

The numerical fits for goethite, hematite, magnetite, Fe(111)—SO4, and Fe(ll)(aq)

EXAFS spectra are presented in Table D-5 and Figure D-5. The Fourier transforms of

the EXAFS spectra results in radial structure functions (RSFs). The RSFs are uncor-
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Figure D-4 Fe K-edge XANES and first derivative spectra of experiment FT2 and Fe
reference materials goethite, ferrihydrite, Fe(11)(aq), and Fe(111)—SO4.



Table D-5 EXAFS results for the Fe reference materials. Values in
parentheses are the crystallographic distances as determined from neu-
tron or X-ray diffraction.

Sample S02 Shell N R

(A)

(52

(A2)
AEO
(eV)

Goethite a 0.81 Fe-0 3 1.95 (1.9531) 0.0050 -3.12

Fe-0 3 2.09 (2.0931) 0.0074

Fe-Fe 2 3.03 (3.0100) 0.0040

Fe-Fe 2 3.29 (3.2809) 0.0100

Fe-Fe 4 3.44 (3.4594) 0.0095

Hematite' 0.85 Fe-0 3 1.96 (1.9456) 0.0052 -2.96

Fe-0 3 2.10 (2.1162) 0.0123

Fe-Fe 4 2.97 0.0056

(1 @ 2.9004)
(3 @ 2.9709)

(ave = 2.9533)

Fe-Fe 3 3.39 (3.3641) 0.0056

Fe-Fe 6 3.71 (3.7052) 0.0091

Magnetite' 0.80 Fe-0 (t) f 1.3 1.88 (1.8866) 0.0024 -4.49

Fe-0 ( )0 4 2.04 (2.0596) 0.0072

Fe-Fe 4 2.99 (2.9681) 0.0092

Fe-Fe 8 3.50 (3.4804) 0.0075

Fe(III)-SO4d 0.80 Fe-0 6 2.00 (2.01) 0.0070 -3.72

Fe(II)(aci) e 0.77 Fe-0 6 2.11 (2.10) 0.0052 -7.48

Ferrihydrite 0.71 Fe-0 3 1.95 0.0037 2.04

Fe-0 3 2.09 0.0080

Fe-Fe 2 3.03 0.0038

Fe-Fe 2 3.27 0.0128

Fe-Fe 4 3.44 0.0086

References for the crystallographic distances are:
a(Szytula et al., 1968).
b (Blake et al., 1966).
c(Della Giusta et al., 1987).
d(Magini, 1979).
e(Ohtaki et al., 1976).
Tetrahedral site.
gOctahedral site.
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Figure D-5 Fe K-edge EXAFS spectra and radial structure functions of Fe reference ma-
terials.



258

rected for phase shift. The scale factor, S02 , which is related to shake-up and shake-off

processes, was found to average 0.81 ± 0.02; this value was fixed for the remaining

EXAFS fits. The maximum errors between EXAFS analysis for the interatomic distance,

R, between the central absorber and backscatterer based on the differences between pub-

lished values calculated from XRD or neutron diffraction and the EXAFS fits presented

here for the reference materials are: Fe-0, R± 0.03 A; Fe—Fe, R± 0.03 A. The maxi-

mum error for the Debye-Waller factor, (32 , for all absorber-backscatterer pairs is esti-

mated at ± 20-30%, and the maximum error for the coordination number, N, is estimated

to be ± 20% (O'Day et al., 1994b)

Experimental EXAFS oscillations appear to resemble goethite and ferrihydrite, as

opposed to hematite, magnetite, or jarosite (Figure D-6). Since the structure of ferrihy-

drite is still the subject of debate (Eggleton and Fitzpatrick, 1988; Eggleton and Fitz-

patrick, 1990; Manceau et al., 1990; Drits et al., 1993; Manceau and Drits, 1993; Zhao et

al., 1994; Manceau and Gates, 1997), the EXAFS spectrum of ferrihydrite will be fitted

as an unknown, and these results will be presented below. Based on these considerations,

the goethite spectra will be used to calibrate the numerical fitting scheme. Since Nand

a2 are highly, inversely correlated, it is often advisable to fix one of these two parameters

when fitting experimental spectra. Therefore, appropriate values for c72 for each shell

will be determined from the goethite spectra by fixing N and allowing cr2 to float. The (72

values determined for goethite will be fixed during the fits of the experimental spectra,

while allowing N to float.



goethite

ferrihydrite

49.0 h
G)

-a
16.0 h

Cr)

14.3 h

12.7	 0h

11.0 h

9.3 h

7.7 h

6.0 h

259

2	 4	 6	 8	10
	

0 1 2 3 4 5 6
k (angstroms -1 )

	

131-A (angstroms)

Figure D-6 Fe K-edge EXAFS spectra and radial structure functions of experiment 1-12
and Fe reference materials goethite and ferrihydrite (transfotmed of the k-range 2-10
A-1).
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Experimental difficulties encountered during experiment FT2 limit the usable k-

range to 9.8 A -1 ; the upper k-limit for the other samples ranged up to 12.8 A-1 . The lower

limit in the k-range limits the expected numerical resolution of differences in the intera-

tomic distances between the absorbing atom and backscattering atomic shells to about 0.2

A according to

7Z"
Ak >

2AR
(5-1)

where Ak is the k range used in A-1 , and AR is the minimum resolution in A. This effec-

tively limits the numerical fit of the EXAFS spectra to one Fe-0 shell and two Fe—Fe

subshells, as opposed to two Fe-0 subshells at 1.95 and 2.09 A, and three Fe—Fe sub-

shells at 3.01, 3.28 and 3.46 A (Table D-5). The goethite EXAFS spectrum was fit from

2-12.8 A-1 with one Fe-0 and two Fe—Fe shells, fixing N, and allowing R and o2 to float.

Results are presented in Table D-6. For goethite, the fitted distance of 1.98 A for the Fe-

0 shell is significantly smaller than the average crystallographic distance of 2.02 A.

Likewise, the average fit distance of the second and third Fe—Fe subshells was 3.38 A,

0.02 A shorter than the average crystallographic distance of 3.40 A. The apparent misfit

between the data and the fit based on the FE141--generated reference functions in the Fe—

Fe shells of the goethite RSF (Figure D-6b) is attributed to a misfit at low k 4 A-1 ).

Transforming the data and fit over the range k = 4-12.8 A.-1



Table D-6 Results of EXAFS analyses of flow-through experiment (FT2),
batch experiments, and well sample of reductive dissolution of Mn02 by
Fe(ll).

Fe-0 Fe-Fel Fe-Fe2

Sample Time N R (À) NFei R (À) NFe2 R (À)
goethitea 6.0` 1.98 2.0e 3.02 6.0e 3.38
ferrihydrite b 6.0e 1.97 2.0e 3.02 6.0e 3.39

FT2- 1 a 6.0 h 6.3 1.99 1.6 3.02 1.4 3.36
FT2-2 a 7.7 h 6.2 1.99 1.5 3.03 2.2 3.36
FT2-3 1 9.3 h 6.4 1.98 1.9 3.02 2.7 3.32
FT2-4 a 11.0 h 6.2 1.98 1.9 3.03 2.9 3.33
FT2-5 a 12.7 h 5.9 1.98 1.7 3.02 2.2 3.34
F'T2-6 a 14.3 h 6.0 1.98 1.9 3.02 2.7 3.33
FT2-7 a 16.0 h 6.1 1.98 1.7 3.03 2.6 3.35
FT2-8 a 49.0 h 6.2 1.97 2.1 3.03 3.5 3.33

B13 a 6.0 h 7.0 2.01 1.1 3.04 1.4 3.37
B14 a 140.0 h 6.1 1.99 1.6 3.05 3.0 3.34
B11Qa 36 d 6.8 1.98 1.8 3.03 4.0 3.39
B11Fa 50 d 5.6 1.98 2.1 3.04 4.5 3.36
Well' 5 mo 3.0 1.93 2.1 3.05 4.7 3.37

3.0 2.09
ao2 factors determined for goethite over the k-range 2-12.8 A-I , 0.011 (Fe-
0), 0.004 (Fe-Fe), 0.013 (Fe-Fe) A2. Values were fixed for fits of experi-
mental spectra.
b

3
2 factors determined for ferriqdrite over the k-range 2-14 A-I , fitted val-

ues = 0.009 A 2 (Fe-0), 0.004 A- (Fe-Fe 1) and 0.012 A 2 (Fe-Fe2).
`Values in italics were fixed during the fitting procedure.
dThe Fe-0 shell could not be fit adequately with one distance. Therefore,
two Fe-0 shells were fit, with the o2 factors for the Fe-0 shells constrained
to be equal, and fit (0.002 A 2). (72 factors fixed 0.004 (Fe-Fel), 0.013 (Fe-
Fe2) A .
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removes most of the discrepancy between the fit and data of the Fe—Fe shell in the RSF.

The reason for this discrepancy at low k is not known at this time, but may be due to mul-

tiple-scattering effects. The XANES region of the spectrum is known to overlap the

EXAFS region up to 3-4 k 1 . Since similar numerical results were obtained when using

the either k range, the data from k = 2-12.8 k l was used in all fits, with the understand-

ing that the fits in the RSF for the Fe—Fe shell will appear to not fit the data well.

An alternative approach to fitting the data is to assume that the ferric precipitates

are similar to goethite and or 2-line ferrihydrite sample based on the visual similarity of

the EXAFS oscillations (Figure D-6). For this procedure, the coordination numbers (CN)

were fixed based on the goethite fits (Table D-5), and the Debye-Waller factors were al-

lowed to float. This procedure assumes then that the coordination numbers of the various

shells are known. This allows the change in the degree of local order to be followed by

the magnitude of a2 . The three Fe-Fe distances were originally fixed based on the goe-

thite fits, and only allowed to float individually. This procedure was necessary due to the

strong cancellation effects between the Fe-Fe shells.

While it was possible to fit the samples that were aged for > 36 d with three Fe-Fe

shells, difficulties were encountered using this approach. Assuming that the fitted dis-

tances from the goethite fit for the two longer Fe-Fe shells were correct (i.e., 3.27 and

3.44 A), reasonable fits were obtained. However, the fitted u2 values were smaller than

the fitted 62 values for goethite or ferrihydrite, and this would imply that the local struc-

ture of the samples is more ordered than the goethite reference material. Based on the

XRD results (see below), this result seems to be suspect.
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When fitting either goethite or ferrihydrite, it was possible to independently fit the

two longer Fe-Fe distances and still arrive at reasonable values. This was not the case

with any of the samples with the exception of the 5 mo well sample. For all other sam-

ples, when the two longer Fe-Fe distances were allowed to float in succession while fix-

ing all other distances and allowing G2 to float, G2 of the shorter Fe-Fe shell increased to a

value > 0.04 A 2 , and the fitted distance of the longer Fe-Fe shell decreased towards the

value obtained using the two Fe-Fe shell fits (see below). While this may be due in part

to a limited data range and amplitude cancellation effects, the fits for one sample would

argue against this conclusion.

For the 49 h spectrum of flow-through experiment FT2, the usable k range was 2—

12.8 The expected resolution for this sample is 0.13 A. Again, a reasonable fit was

obtained using the fitted goethite Fe-Fe distances of 3.27 and 3.44 A. However, the dif-

ference between these two distances is large enough to be separated during the fit. This

of course assumes that these two shells exist. When the distance of either of the two

longer Fe-Fe shells was allowed to float, with all other distances fixed, and all G2 values

floated, the fit collapsed to one Fe-Fe shell at the longer distance. In other words, the G2

value for the —3.28 À Fe-Fe shell increased to an unreasonably high number (G2 > 0.1

ik 2), and the distance of the longer Fe-Fe shell decreased to 3.38 A. Based on these re-

sults, we have decided not to use this fitting approach in our analysis.

D.4.2.2 Experimental results from three hours to two days (FT2)
Visual comparisons of the EXAFS spectra from experiment FT2 with the spectra

of goethite and ferrihydrite yields qualitative information regarding the local structure of
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the precipitates formed from the oxidation of Fe(II) by Mn02 (Figure D-6). The ferric

precipitates resemble both goethite and ferrihydrite. However, the magnitude of the os-

cillations at k> 6 ;V I of the experimental spectra are smaller than the goethite oscilla-

tions, and the experimental spectra lack the beat pattern evident in goethite at approxi-

mately 5 A'. These two facts indicate that the experimental precipitates during this pe-

riod (up to 49 h) are less ordered than goethite.

The EXAFS spectra from experimental samples were fit using the procedure.

While N and (32 are normally highly correlated, N, a2 , and R were highly correlated

within each Fe—Fe subshell. In addition, there was found to be a high degree correlation

between the parameters of the two Fe—Fe subshells. Therefore, the Debye-Waller factors,

a2
, were fixed based on the goethite fit (see Table D-6). The possible consequences of

this procedure on the EXAFS analysis will be discussed below. This procedure reduced

the number of adjustable parameters to seven, and included N and R of the three fitted

shells and AE0. This approach appears to be robust as the fitted value of N for the Fe-0

shell is close to six for most of the unknown samples (indicative of octahedral coordina-

tion).

The fits of the EXAFS spectra from experiment FT2 and ferrihydrite are pre-

sented in Figure D-6, and fit results are presented in Table D-6. The fitted Fe-0 dis-

tances of the experimental precipitates range from 1.97-1.99, similar to both goethite and

ferrihydrite. The fitted N ranges from 5.3-7.0 for all the unknowns, within the accepted

range of error for fitting spectra with 1-L1-14-generated amplitude and phase functions (±

20%) (O'Day et al., 1994b). The fitted distances of the Fe—Fe subshells of the experi-
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mental precipitates (3.02-3.03 A and 3.32-3.36 A) are similar to the fitted distances for

goethite and ferrihydrite (3.02 A and 3.38-3.39 A).

The fitted values of R and N for the Fe—Fe shells of ferrihydrite are not consistent

with those found by other researchers (Manceau and Combes, 1988; Combes et al., 1989;

Combes et al., 1990; Waychunas et al., 1993; Bottero et al., 1994). The average longer

Fe-Fe distance found by these researchers is 3.44 À, and the values are summarized in

Manceau and Gates (Manceau and Gates, 1997). While there is no consensus on the

structural model ferrihydrite, and while significant amplitude cancellation can occur be-

tween the various Fe—Fe subshells, the ferrihydrite spectra appears to be different than

that collected by other researchers. This may be due to differences in precipitation tech-

niques or data collection.

The length of the Fe—Fe shells is related to the type of linkages between the octa-

hedra. The distance of 3.02-3.05 A is indicative of edge-sharing octahedra along a chain.

Edge-sharing octahedral distances between Fe centers can range from 3.28 A in goethite

to 3.31 A in akaganéite; these distances are indicative of edge sharing octahedral between

adjacent chains of edge-sharing octahedral. The Fe—Fe distances between octahedra shar-

ing double corners range from 3.46 A. for goethite and 3.52 A. for akaganéite (Table D-7).

Obviously, since the second two Fe—Fe subshells have been fit as one, the distances of

the two subshells, the edge-sharing and corner-sharing links between octahedral chains, a

will be averaged in the fits.

Two trends can be noted during the first 2 d: 1) The coordination number of the

shorter Fe—Fe subshell (NFei ) increases from approximately 1.5 to approximately 2.0



Table D-7 Crystallographic distances for the minerals goethite, akaganéite,
hollandite, and ramsdellite as determined from X-ray or neutron diffraction.
Distances have been calculated with ATOMS (Ravel 1994).
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Tunnel
Structure'

Fe-0 Fe—Fe Fe—Fe

N R (A) 	N
Edge

R (A) 	N
Comer

R (A)
T(1,2) 3 1.95 2 3.01 4 3.46

3 2.09 2 3.28
1(2,2) 1 1.86 2 3.01 4 3.52

2 1.89 2 3.31
1 2.12
2 2.26

T(1,2) 2 1.86 2 2.87 4 3.41
1 1.89 2 2.91
1 1.91
2 1.92

T(2,2) 2 1.88 2 2.85 4 3.45
1 1.89 2 2.89
3 1.90

Sample
goethite b

akagaitelle

ramsdellite d

hollanditee

'Tunnel structure designation: T(1,2) = 1 x 2 tunnel and T(2,2) = 2 x 2 tunnel.
b(Szytula et al., 1968).
e (Szytula et al., 1970), (Post and Buchwald, 1991).
d(Bystr6m, 1949).
e(Kondrasev and Zaslavskij, 1951), (Post et al., 1982).
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iihin the first 10 h, suggesting the formation of chains of edge-linked octahedra. 2) The

coordination number of the longer Fe—Fe subshell (NF,2) increases from 1.4 to 3.5, indi-

cating a greater than two-fold increase in the total number of corner-sharing and

edge-sharing octahedra between chains. The average distance of 3.33 A for the longer

Fe—Fe subshell of the ferric precipitate is significantly shorter than the average crystallo-

graphic distance for goethite of 3.40 A. This may indicate that the octahedra between

chains are linked through more edge-sharing linkages than through double-corner link-

ages.

D.4.2.3	 Experimental results from 6 h to 5 mo

EXAFS analysis of the samples from the batch experiments and the well sample

are presented in Table D-7 and Figure D-7. The 6 and 49 h spectra from the flow-

through experiment FT2 are included for comparison purposes. A similar trend can be

noted in the batch experiments and well sample spectra as was found for the spectra from

the flow-through experiment. At 6 h, the number of Fe neighbors at 3.04 and 3.37 A are

only 1.1 and 1.4 Fe neighbors, respectively, similar to the flow-through experiment, with

1.6 and 1.4 Fe neighbors. As the ferric precipitates aged, the same trends were noted,

with NFe i and NFe2 increasing to 2.0 and 4.7, respectively. This suggests that the precipi-

tates continue to become more ordered at the local level.

The average Fe-0 distance did not vary much, and shells were adequately fit with

one distance for all but the pyrolusite sample reacted in the well. For this sample, the

spectrum was fit with two Fe-0 distances, with approximately 3.0 oxygen atoms at 1.93

and 2.09 A. These values are similar to the crystallographic interatomic distances and
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Figure D-7 Fe K-edge EXAFS spectra and radial structure functions of batch experi-
ment materials and the well sample as well as selected spectra from experiment FT2 and
Fe reference materials goethite and ferrihydrite. 'Quartz fraction. bEasily suspended
fraction.
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fitted distances for the goethite spectrum when fit with two Fe-0 shells (Table D-5). The

fitted values of R for the Fe—Fe shells showed no trend at the shorter, edge-sharing dis-

tance (3.02-3.05 iSs.), while the longer distance went through a minimum between 2 and 7

d and then increased towards the average fitted value of 3.38 A for goethite. Results of

the synchrotron XRD for easily suspended fraction of experiment B11 (50 d) shows small

but definite goethite peaks (Figure D-8). At this point, minute crystallites of goethite (^

80 A) must present to be detected by XRD.

D.4.3 Dialysis of post-reaction solids
Results of the dialysis of the post-reaction solids are presented in Table D-8. Sul-

fate and H+ , and to a lesser extent, Mn(11) and FeT, were continually released over the

course of the dialysis. The ions released within the first approximately 24 h are presumed

to be from the electrolyte present with the solids after filtration or adsorbed to the outer

surfaces of the solids. The ranges of Ferr, Mn(1)(aq), and SO42- released per mol of Fe(s)

dialyzed after the initial 24 h period are 0.3-1.3, 0.3-2.3, and 100-315 mmol, respec-

tively. Also included in Table D-8 are the total values of quantities released during the

dialysis, which includes amounts released during the first 24 h.

Ratios of Fe:SO42- in the Fe/Mn fraction of the solids are presented in Table D-8,

with an average Fe:SO42- ratio of 4.4 ± 1.0. The SO42- in the Fe/Mn fraction of the solids

is expected to be incorporated in or associated with the iron precipitates. While SO42-

may be sorbed to Mn02 surfaces, no correlation between the amount of Mn02 remaining

and SO42- in the Fe/Mn fraction was noted. Ferric iron precipitated at low pH (2.8-4.5)

in sulfate-rich waters is known to incorporate significant quantities of SO42- . The
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Figure D-8 Synchrotron X-ray diffraction pattern of experiment B11F. Data has been
converted from synchrotron wavelength of 1.24 nm to Cu Ko wavelength of 1.54 nm.
q = quartz, g = goethite, g* = goethite that overlaps quartz peak.



Table D - 8 Results from dialysis/digestion of solid materials post-experiment.
Quantity of species released Digestion results

Dialysis	 during dialysis (mol mol-1 )
Time (mmol (mol Fe)-1 )a

Exp # (d) Fe Mn SO42- Fe:SO42

B2 41 1.26 (2.80) 2.33 (3.78) 315 (448) 5.38
B6 26 0.83 (1.26) 1.68 (4.49) 285 (385) 3.39
B7 24 0.74 (1.78) 2.08 (4.52) 231 (454) 4.87
B10 34 0.64 (1.64) 1.53 (2.39) 268 (312) 4.87
B9Q b 17 0.54 (1.39) 2.31 (10.96) 139 (381) 3.36
B9Fc 23 0.36 (0.81) 0.32 (1.24) 98 (214) 5.68
B12Qb 5 0.97 (6.45) 1.50 (12.33) 235 (515) 4.59
B 12Fc 28 0.29 (0.57) 0.55 (1.24) 169 (279) 3.14

aQuantites of species released are represented per mol of Fe present in the solids
after dialysis. Values in parentheses represent the amount of species released
after the first 24 h.
bThese are the results for the fraction of the post-experiment solids that were as-
sociated with the quartz fraction (see text).
'These are the results for the fraction of the post-experiment solids that were eas-
ily suspended (see text).
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Fe:SO42- ratio of schwertmannite precipitates from AMD-impacted waters range from

4.6-8 (Bigham et al., 1996b) and 4.3-4.6 (Yu et al., 1999).

D.5 Discussion

Comparisons of the XAS spectra of the Fe(11) products of the reaction of Fe(ll)

with Mn02 with the reference spectra of goethite, ferrihydrite and Fe(111)-SO4 indicate

that the initial product is similar to aqueous complexes of Fe(111) and sulfate. Over the

course of the first hour, the post-edge-crest XANES resonance peak at 7138 eV decreases

in magnitude, and this may indicate that the sulfate is being excluded or desorbed from

the structure. However, since post-edge-crest XANES resonance peaks have also been

noted for aqueous Fe(III) in chloride solutions (Combes et al., 1989; Asakura et al.,

1985), this conclusion cannot be proven.

The fitted values of N for both Fe—Fe subshells increase during the aging of the

ferric precipitates. The coordination number of the shorter Fe—Fe subshell (NFei) in-

creases from approximately 1.5 to approximately 2.0 within the first 10 h, and is a con-

stant value through 5 mos. The coordination number of the longer Fe—Fe subshell (NF,2)

increases from 1.4 to 4.7, indicating a greater than three-fold increase in the total number

of corner-sharing and edge-sharing octahedra between chains.

While the general trend in the EXAFS fits for all the experimental spectra is an

increase in N for both Fe—Fe distances, there appear to be possible discrepancies, with N

= 2.1 and 3.5 at 49 h (3.03 :k and 3.33 A, respectively, FT2) and N= 1.6 and 3.0 at 140 h

(3.05 A and 3.34 ;k, respectively, B14). These values are statistically equal given the

large error in determining N (± 20%), and the apparent difference may be due to experi-
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mental errors. To assess this possibility, the ratio of NF,2 to NFei was plotted versus time

(Figure D-9). This ratio reflects the local order between chains of edge sharing octahe-

dral compared to order along a chain of edge sharing octahedral. As the precipitates be-

come more ordered, this ratio should tend towards a value of 3 (i.e., the ratio of NFe2 to

NFe i for goethite). From Figure D-9 (inset), it is apparent that the precipitates become

fairly well ordered by approximately 10 h, with an average NFe2 to NFei ratio of 1.5. This

occurs at the same time when the average value of NFei reached a value of approximately

2 during experiment FT2. After the first 16 h, the rate at which NFe2 to NFe i ratio in-

creased, and hence the rate which NFe2 increased, decreased exponentially. As the value

of R of the longer Fe—Fe subshell tended to increase from 2 d to 5 mo, this may indicate

that the linking of octahedral chains through edge-linkages may occur first, followed by

the linking of octahedra through the sharing of corners.

Figure D-10 details the release of aqueous species over time for a typical sample.

Included is the release of Er during the course of dialysis. As mentioned previously, no

carbonate data was collected, so these Fr values are for illustrative purposes only. The

data have been plotted versus t 112 , and the release of SO42- , Mn(ll)(aq), and FeT (as well

as H+) plot as a straight line. This behavior suggests that the release of sulfate to the

aqueous phase is a diffusion-controlled process. The rates of release of the various spe-

cies have been calculated (Table D-9). The most notable trend in the data is the fact that
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Figure D-9 Plot of ratio of the fitted coordination numbers of the two Fe-Fe subshells
from fits of EXAFS spectra of all samples (NFe i and NFe2 are the coordination numbers
for the Fe-Fe distances of -3.03 À and 3.35 A, respectively).
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Figure D-10 Release of ions to the aqueous phase during the dialysis of the easily-
suspended fraction from experiment B12. Solid lines represent linear fits to the data.



Table D-9 Rate of release of species during dialysis.

Exp	 FeT
dialyzed

(mol) 

Rate of release during dialysis	 Dialysis
(mol (mol Fe) - 1 s-1/2)4

time

Mn(11)	 SO42-	 (d)FeT

B2 0.70 9.2 ± 0.4 x le 7.0 ± 0.1 x le 2.2 ± 0.1 x 10-4 41

B6 0.89 3.3 ± 0.3 x 10-7 14.0 ± 0.1 x le 2.1 ± 0.1 x 10 -4 26

B7 0.55 6.3 ± 0.3 x 10-7 16.0 ± 0.1 x le 1.9 ± 0.1 x 10-4 24

B 10 1.07 3.1 ± 0.1 x 10-7 6.0 ± 0.2 x 10-7 1.9 ± 0.1 x 10-4 34

B9Qb 0.16 9.3 ± 1.5 x 10-7 32.3 ± 6.0 x le 2.3 ± 0.3 x 10 -4 17

B9Fc 0.86 3.3 ± 0.3 x le 3.4 ± 0.2 x le 1.2 ± 0.1 x 10-4 23

B12Qb 0.12 22.3 ± 1.2 x 10-7 35.0 ± 4.1 x 10-7 6.1 ± 0.5 x 10 -4 5

B12Fc 1.45 1.8 ± 0.1 x 10-7 4.9 ± 0.4 x 10 -7 1.4 ± 0.1 x 10-4 28

aRates of species released are represented per mol of Fe present in the solids af-
ter dialysis.
bThese are the results for the fraction of the post-experiment solids that were
associated with the quartz fraction (see text).

eThese are the results for the fraction of the post-experiment solids that were
easily suspended (see text).
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the diffusion rates of all species are much higher for the quartz fraction of the post-

reaction solids as opposed to the easily suspended fraction. Diffusion coefficients cannot

be estimated for the release of SO42- without knowledge of the size of the precipitates.

The difference in the rates of release between the easily suspended and the quartz frac-

tions, while only an order of magnitude different at the most, may indicate that the ferric

precipitates on that precipitated on the surfaces of the Mn02 and quartz have a signifi-

cantly different morphology/particle size. High-resolution TEM images are necessary to

determine the size and morphology of the ferric precipitates.

Over the course of the first few hours, the precipitates do not appear to be able to

be fully explained by any of the reference Fe materials. The amplitude of the EXAFS

oscillations indicates that the precipitates are not as well ordered as two-line ferrihydrite

or goehtite (Figure D-5). In addition, the beat patterns present in the goethite EXAFS

spectra are not present in the sample spectra, and do not even occur in the well sample

spectra after 5 mos. Schwertmannite is approved mineral (Bigham et al., 1994); how-

ever, the crystal structure and the role of SO42- in the structure may not be correct as pub-

lished (Waychunas, 2001). Certain results indicate that the precipitates that formed in

these experiments are similar to the ochreous precipitates found in many of these other

AMID-impacted sites (Brady et al., 1986; Bigham et al., 1990; Murad et al., 1994;

Bigham et al., 1994; Bigham et al., 1996b; Childs et al., 1998; Fitzpatrick et al., 1996; Yu

et al., 1999). Most notably is the similarity in the Fe:SO4 ratio in the ferric precipitates

after dialysis 4.4 ± 1.0) and that found by other researchers (4.4-8) (Brady et al., 1986;
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Bizham et al., 1996a; Bigham et al., 1996b; Yu et al., 1999). The XRD spectra of sample

B8 could be attributed to either ferrihydrite or schwertmannite.

For the sake of argument, let us assume that schwertmannite does possess a struc-

ture akin to hollandite, and therefore contains 2 x 2 tunnels. These tunnels would be

large enough to accommodate sulfate ions. Unfortunately, the distance between Fe and

the S of the SO4 2- tetrahedra is approximately 3.3 À in aqueous complexes (Magini,

1979), and therefore, since S is a lighter element than Fe, detection of any sulphur at this

distance in the EXAFS spectra would be masked by the presence of Fe—Fe linkages

(3.33-3.38 .,k). If sulfate were contained within the tunnels of this schwertmannite pre-

cipitate, then for goethite to form from this mineral, the sulfate would have to diffuse out

of the tunnels prior to transformation of the 2 x 2 tunnel structure to the 1 x 2 tunnel

structure of goethite. As was pointed out above, the release of sulfate to the aqueous

phase is linearly related to t 1/2 , which implies that SO42- diffusing out of the precipitates

is the rate controlling mechanism.

Over the first 16 h, the ratio of NFe2 to NFei quickly reached an average value of

1.5, and NFei reached an average value of approximately 2. The ratio of NFe2 to NFei con-

tinued to slowly increase over the next 5 mos. By 50 d, small, broad peaks attributed to

goethite were noted in the XRD pattern. This rate of transformation appears consistent

with that reported by other researchers. Schwertmann and Murad (Schwertmann and

Murad, 1983) found that the conversion of ferrihydrite to goethite and hematite occurred

as a pseudo-first-order transformation over the course of hundreds of days. The trans-

forniation of ferrihydrite to goethite was preferential over that to hematite at pH �. 5 and
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pH 10. At pH 3, the time for half of the ferrihydrite to be converted was 250 d

(Schwertmann and Murad, 1983). Similarly, schwertmannite was found to completely

transform to goethite over a period of 543 d, with traces of goethite noted in the XRD

pattern at 72 d (Bigham et al., 1996b). The extent of conversion of sample Bi 1F to goe-

thite is not known. While no peaks appear in the diffractogram other than those for goe-

thite or quartz, the widths of the goethite peaks suggest that the precipitates are not fully

ordered. In addition, the analysis of the EXAFS spectra also suggests that the precipitates

are less ordered than goethite based on the ratio of NFe2 to NFe (2.2 for Bl1F compared to

3 for goethite).

D.6	 Conclusions
The results of this research have profound implications for modeling the fate and

transport of environmentally important species in systems impacted by AMD. The trans-

formation of schwertmannite and/or a sulfate-rich amorphous ferric precipitate to goethite

will release both sulfate and acidity to the system over the period of months to years. In

general, 2 mol of H+ will be released for every mol of structural 5042- in schwertmannite

via the following reaction:

Fe808(SO4)(OH)2_, + 2x H20 <=> 8 Fe0OH + x SO42- + 2x H+ 	(D-2)

Much of the previous modeling of AMID-contaminated sites has assumed ferrihydrite as

the precipitate controlling ferric iron solubility (Stollenwerk, 1994; Brown et al., 1998).

The transfoimation of ferrihydrite into goethite, unlike schwertmannite, releases no H+

(from H70) to the aqueous phase. Both ferric precipitates will release sorbed SO42- and

H± to solution, and therefore, the capacities of the two minerals for these species needs to
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be quantified. While proton adsorption to hydrous ferric oxides has been extensively

studied (Dzombak and Morel, 1990) and references contained within), fewer studies have

investigated the sorption of sulfate to ferrihydrite (Swedlund and Webster, 2001). In ad-

dition, both Ft and SO42- affect the adsorption of other aqueous species. Sulfate can in-

crease the adsorption of heavy metals on iron oxides through the formation of ternary

complexes (Hoins et al., 1993; Ali and Dzombak, 1996a; Webster et al., 1998; Weesner

and Bleam, 1998; Ostergren et al., 2000; Swedlund and Webster, 2001), or decrease the

sorption of oxyanions or organic acids (Ali and Dzombak, 1996b; Wilkie and Hering,

1996). The research presented here confirms complex nature of the evolution of ferric

precipitates formed during the reductive dissolution of Mn02 by Fe(11) under conditions

simulating the effects of AMID on aquifer sediments. Thus, our ability to predict the fate

and transport of environmentally important aqueous species hinges on our ability to not

only identify the initial form of precipitated species, but also on our knowledge of the

rates of transformation of these metastable forms into more crystalline minerals.
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APPENDIX E. BREAKTHROUGH CURVES FOR EXPERIMENTS L2 AND L3
WITH SIMULTANEOUS CONSERVATIVE AND REACTIVE TRACERS
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Figure E-1 Experimental results for experiment L2 (see Appendix A) in which simulta-
neous reactive and conservative tracers were introduced to the SSRL flow-through reac-
tion cell packed with 16.9 mg Mn(IV) g-1 of Mn02,. Fe(11)(aq) and Br- concentrations
were 10.2 mM and 9.5 mM, respectively. Flow rate was 75 1.AL min-1.
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Figure F-1 Experimental results (solid lines) and two component (Mn(1)(aq) and
Mn0)) spectral fits (dashed lines) for experiment MIDI with influent conditions of 8.0

mM Fe(II)(aq), and a flow rate of 251AL min-1 . Fitted absorbance values shown in Table

3-7.
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Figure F-2 Experimental results (solid lines) and two component (Mn(1)(aq) and
Mn02) spectral fits (dashed lines) for experiment BOT1 with influent conditions of
11.0 mM Fe(11)(aq), and a flow rate of 64 [it, min-1 . Fitted absorbance values shown in
Table 3-8.
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Figure F-3 Experimental results (solid lines) and two component (Mn(E)(aq) and

Mn02,sc) spectral fits (dashed lines) for experiment MOD2 (or Si) with influent condi-
tions of 9.93 mM Fe0:0(aq), and a flow rate of 87 [1,1_, min-1 . Fitted absorbance values
shown in Table 3-9. Fit results shown for 23-47 min are two-component fits.
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Figure F-4 Experimental results (solid lines) and three component (Mn(11)(aq), jacob-
site, and Mn02,, c) spectral fits (dashed lines) for experiment MOD2 (or Si) with influent
conditions of 9.93 mM Fe(11)(aq), and a flow rate of 87 JAL min-1 . Fitted absorbance val-
ues shown in Table 3-9.
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Figure F-5 Experimental results (solid lines) and two component (Mn(II)(aq) and
Mn0 2 ,„) spectral fits (dashed lines) for the first Fe(11) pulse of experiment MOD3 with
influent conditions of 10.0 mM Fe(II)(aq), and a flow rate of 20 1.11_, min -1 . Fitted absorb-
ance values shown in Table 3-11.
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Figure F-6 Experimental results (solid lines) and two component (Mn(11)(aq) and
Mn02,„) spectral fits (dashed lines) for the second Fe(1I) pulse of experiment MOD3
with influent conditions of 10.0 mM Fe(11)(aq), and a flow rate of 87 pt min-1 . Fitted
absorbance values shown in Table 3-11.
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Figure F-7 Experimental results (solid lines) and three component (Mn(II)(aq), Jacob-
site, and Mn0 2 ,„) spectral fits (dashed lines) for the second Fe(n) pulse of experiment
MOD3 with influent conditions of 10.0 mM Fe(ll)(aq), and a flow rate of 87 IAL
Fitted absorbance values shown in Table 3-11
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APPENDIX G. BASIC PROGRAM TO CONTROL PH OF BATCH EXPERI-
MENTS



This program was run on a IBM PC-clone with a 286 processor. Two Slo-Syn steeper
motors were controlled with	 cards.

1	 DEF SEG = 0: CLS : : Fl = 0: F3 = 0: DAY = 0
2	 M = 4: Z9 = -16384
3 DDRB = 547: BAC1 =0: BAC2 =0
4	 PB = 544: = 0
5	 PH = 0: bacx3 =0: bacy3 =0
15 INPUT "OUTPUT FILE NAME (****.dat) =>"; FILE$
20 INPUT "ENTER EXPERIMENT ID =>"; ID$
21 INPUT "ENTER pH SET POINT =>"; sph
29 INPUT "ENTER PRINT INTERVAL IN MINUTES.>"; PI
23 INPUT "STRENGTH OF BASE IN (M) =>"; Cx
24 INPUT "STRENGTH OF ACID IN (M)=>"; Cy
25 INPUT "pH TOLERANCE =>"; TL
26 INPUT "REACTION VOLUME =>"; VL
30 D$ = CHR$(4)
35 W$ = CHR$(23)
40 PRINT D$: OPEN "Iptl:" FOR OUTPUT AS #1
41 PRINT #1, : PRINT #I,
42 PRINT #1, "EXPERIMENT ID,FILE and DATE ="; 1D$, FILE$, DATE$
43 PRINT #1, "MOLARITY OF BASE ="; Cx
44 PRINT #1, "MOLARITY OF ACID ="; Cy
45 PRINT #1, "pH TOLERANCE ="; TL
46 PRINT #1, "REACTION VOLUME ="; VL
47 PRINT #1, "SET POINT pH ="; sph
48 PRINT #1, : PRINT #1,
49 PRINT #1, "TIME ELPSD T(S) #ACID #BASE #pH TEMP"
50 PRINT #1, " 	
51 PRINT D$: CLOSE #1
60 OPEN F1LE$ FOR OUTPUT AS #2
62 PRINT #2, "EXPERIMENT ID and FILE ==> "; 1D$, FILE$
63 PRINT #2, "DATE OF EXPERIMENT ==> "; DATE$
64 PRINT #2, "MOLARITY OF BASE ==> "; Cx
65 PRINT #2, "MOLARITY OF ACID ==> "; Cy
66 PRINT #2, "pH SET POINT ==> "; sph
67 PRINT #2, "pH TOLERANCE ==> "; TL
68 PRINT #2, "REACTION VOLUME ==> "; VL
78 PRINT #2, "time", "elpsd t(s)", VACID", "#BASE", "pH", "TEMP"
79 CLOSE #2
140 GOSUB 2000
150 GOSUB 3000
160 TO = MIN + SEC / 60 + 	 * 60
170 GOSUB 6000
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180 CLS
190 GOSUB 5000
192 K = PEEK(1048) AND 128
193 IF K = 128 THEN GOSUB 8000
195 PRINT FRE(0)
196 EF Fl = 0 GOTO 140
197 GOSUB 2000
198 K = PEEK(1048) AND 128
199 IF K = 128 THEN GOSUB 8000
70 7 11- ABS(PH - sph) <= TL GOTO 197
210 IF (sph - PH) >= (TL - .001) THEN GOSUB 4000
215 IF (PH - sph) >= (TL - .001) THEN GOSUB 10000
220 GOSUB 3000
235 TIME = MIN + SEC / 60 + HR * 60
240 IF (TIME - TO) <PI GOTO 280
260 GOSUB 6000
270 TO = TIME
280 GOSUB 5000
290 GOTO 192
2000 PH1 = PH
2020 PRINT D$
2021 PRINT D$: OPEN "com1:600,s,7,2,cs,ds,cd" FOR INPUT AS #2
2022 LOCATE 24, 1
2023 INPUT #2, PH$: CLOSE #2
2024 CLS
2030 PH = VAL(LEFT$(PH$, 7))
2035 PH = INT(PH * 1000 + .5) / 1000
2039 PH2 = PH
2040 TMP = VAL(MIDS(PHS, 15, 8))
2045 TMP = INT(TMP * 1000 + .5) / 1000
2060 RETURN
3000 T$ = TIMES
3045 HR = VAL(MEDS(TS, 1, 2))
3060 MIN = VAL(MIDS(T$, 4, 2))
3070 SEC = VAL(MIDS(TS, 7, 2))
3072 IF Fl <> 0 GOTO 3078
3074 IHR = HR: IMIN =
3075 ISEC = SEC
3076 F1 = 1
3078 IF SEC >= ISEC GOTO 3082
3080 MIN = MIN - 1: SEC = 60 + SEC - ISEC
3081 GOTO 3084
3082 SEC = SEC - ISEC
3084 IF MIN >= IMIN GOTO 3088
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3086 HR = HR - 1: MIN = 60 + MIN - IMIN
3087 GOTO 3090
3088 MIN = MIN - IMIN
3090 GOSUB 9100
3095 0$ = RIGHTS(TS, 8): D7$ =  T EFTS(T$, 11)
3100 RETURN
4000 X = 1
4005 bacx2 = 1 * INT((10 ^ -PH - 10 ^ -sph) * VL / Cx / .00025 * X)
4020 bacx = bacx + bacx2
4025 IF bacx <= 10000 + bacx3 THEN 4040
4026 bacx = bacx - bacx2
4027 GOTO 4080
4040 OUT DDRB, 136
4045 FOR I = 1 TO bacx2
4050 OUT PB, 2 * 4
4055 JJ = 0
4060 OUT PB, 0
4065 NEXT I
4070 RETURN
4080 bacx3 = bacx
4090 GOSUB 8000
4100 RETURN
5000 CLS
5005 PRINT D7$
5010 LOCATE 10, 1
5020 PRINT" pH ELAPSED TIME TIME #ADD 'C"
5030 PRINT
5035 TS = TIME * 60! + ISEC
5040 PRINT PH; TAB(13); HR; ":"; MIN; ":"; SEC; TAB(26); 0$
5050 LOCATE 12, 36: PRINT bacy; "/"; bacx; TAB(50); TMP; TAB(60);
5055 LOCATE 20, 1
5056 PRINT "TO INTERRUPT THE PROGRAM: PRESS 'Ins' key (num lock light
must be off!) RELEASE KEY ONLY AFTER MENU APPEARS"
5060 RETURN
6000 PRINT D$: OPEN "lptl:" FOR RANDOM AS #1
6003 IF Fl <> 0 GOTO 6010
6004 PRINT #1, : PRINT #1, D$: PRINT #1, : PRINT #1,
6005 PRINT #1, "pH	 ELPSD T TIME	 #ADD 'C"
6007 F1 = 1: PRINT #1,
6010 PRINT #1, 0$; TAB(15); TS; TAB(25); bacy; TAB(32); bacx; TAB(40); PH;
TAB(50) ; TMP;
6020 PRINT #1, D$: CLOSE #1
6025 OPEN F1LE$ FOR APPEND AS #2
6026 PRINT #2, 0$, TS, bacy, bacx, PH, TMP
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6027 CLOSE #2
6030 RETURN
7000 PRINT D$: OPEN "Iptl:" FOR RANDOM AS #1
7010 PRINT #1, : PRINT #1,
7020 PRINT #1, D7$
7030 PRINT #1, : PRINT #1, : PRINT #1, D$: CLOSE #1
7040 RETURN
8000 K . 0: CLS : COLOR 0, 7
8010 PRINT "PARAMETER CHANGE MENU":  PRINT: PRINT
8015 PRINT "1) FILL/EMPTY SYRINGE-X"
8020 PRINT "2) SET POINT pH"
8030 PRINT "3) SET PRINT INTERVAL"
8060 PRINT "6) RETURN TO PROGRAM"
8070 PRINT "7) EXIT"
8075 PRINT "8) SET TOLERANCE"
8076 PRINT "9) 1-ILL/EMPTY SYRINGE-Y"
8080 PRINT: INPUT "ENTER THE NUMBER OF YOUR CHOICE =>"; K9
8081 OPEN FILES FOR APPEND AS #2
8082 PRINT #2, "CHANGE #"; K9
8083 CLOSE #2
8084 CLS : COLOR 7, 0
8085 IF K9 =6 THEN RETURN
8090 ON K9 GOSUB 8300, 8130, 8150, 8170, 8180, 8120, 8200, 8220, 8500
8100 GOTO 8000
8120 RETURN
8130 INPUT "ENTER pH SET POINT =>"; sph
8140 RETURN
8150 INPUT "ENTER PRINT INTERVAL IN MINUTES =>"; PI
8160 RETURN
8170 INPUT "ENTER NUMBER OF ELAPSED DAYS =>"; DAY
8172 INPUT "ENTER INITIAL HOUR =>"; IHR
8173 INPUT "ENTER INITIAL MINUTES =>"; MIN
8174 INPUT "ENTER INITIAL SECONDS =>"; ISEC
8175 RETURN
8180 INPUT "ENTER ALIQUOT SIZE FOR ACID"; M1
8190 RETURN
8200 COLOR 7, 0: END
8220 INPUT "ENTER TOLERANCE IN pH UNITS =>"; TL
8230 RETURN
8300 OUT DDRB, 136
8325 PRINT "NUMBER OF BYTES?"
8326 INPUT M
8330 PRINT "ElVIIPTY(1) FILL(2) RETURN(3)"
8340 INPUT N
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8341 IF N = 2 THEN GOTO 8345
8342 IF N = 1 THEN GOTO 8445
8343 RETURN
8345 FOR I 1 TO M
8350 OUT PB, 24
8360 J=O
8370 OUT PB, 16
8380 NEXT I
8390 GOTO 8330
8445 FOR I = 1 TO M
8450 OLTT PB, 8
8460 J = 0
8470 OUT PB, 0
8480 NEXT I
8490 GOTO 8330
8500 OUT DDRB, 136
8525 PRINT "NUMBER OF BYTES?"
8526 INPUT M
8530 PRINT "EMPTY(1) FILL(2) RETURN(3)"
8540 INPUT N
8541 IF N = 2 THEN GOTO 8545
8542 IF N = 1 THEN GOTO 8645
8543 RETURN
8545 FOR I 1 TO M
8550 OUT PB, 3
8560 J = 0
8570 OUT PB, 2
8580 NEXT I
8590 GOTO 8530
8645 FOR I = 1 TO M
8650 OUT PB, 1
8660 J = 0
8670 OUT PB, 0
8680 NEXT I
8690 GOTO 8530
9100 IF FIR IHR GOTO 9160
9110 IF F3 = 1 GOTO 9170
9120 DAY = DAY + 1
9140 F3 = 1
9150 GOTO 9170
9160 F3 = 0
9170 BR = HR + DAY * 24 - IHR
9180 RETURN
10000 Y = 1
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10002 bacy2 = 1 * INT((10 A -sph - 10 A -PH) * VL / Cy / .00025 * Y)
10005 bacy = bacy + bacy2
10007 IF bacy <= 10000 + bacy3 THEN 10015
10008 bacy = bacy - bacy2
10009 GOTO 10060
10015 OUT DDRB, 136
10016 FOR I = 1 TO bacy2
10020 OUT PB, 1
10030 J = 0
10040 OUT PB, 0
10050 NEXT I
10055 RETURN
10060 bacy3 = bacy
10070 GOSUB 8000
10080 RETURN
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APPENDIX H. RESULTS OF THE BATCH EXPERIMENTS PRESENTED
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The following data files include the data from the batch experiments presented in

Appendices C and D. The columns labeled acid and base are the amounts of acid or base

added to the batch reactor in order to keep the pH at 3. The values are in "bytes," and

each byte is equal to 0.25 1.1L. The first line is the amount of acid or base added prior to

the introduction of the Fe(II) spike. The values after that are the total number of bytes

added after the Fe(II) spike. The original volume of the experiments was 0.200 L plus

the acid or base added to the reactor prior to the Fe(11) spike, unless otherwise noted.



Batch Experiment 1

Time

(s)

Mn(II)

(P1m)

Fe(II)

(P1m)

Fe(III)

(P1m)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.0000 427.3000 427.4286 3 112 0 .01
20 39.4286 361.3500 427.4286 3.057 999 0 .003
60 82.7000 256.0188 421.6000 3.033 2998 0 .003
105 103.5000 211.1743 424.2500 3.017 4139 0 .003
145 121.7000 169.9537 415.9000 3.01 4683 0 .003
180 134.6667 137.6083 424.0000 3.008 5010 0 .003
300 142.7143 124.2321 402.4286 3.005 5435 0 .003
450 147.8000 109.7845 403.5000 3.005 5435 0 .003
600 152.0000 104.8665 397.8000 3 5435 924 .003
975 151.6000 103.6370 359.6000 3 5435 5979 .006
1800 149.4000 98.3133 270.4000 2.983 5435 18326 .003
2700 151.1000 98.7190 214.8000 3 5435 24435 .003
3720 147.9000 97.4895 191.3000 3 5435 27765 .006
7200 149.1000 93.3953 162.0000 3 5435 31878 .003
14400 150.2000 91.3420 143.8000 3 5435 34468 .003
27000 147.8000 88.8830 130.4000 3 5435 36133 .003
41400 148.5000 87.2478 122.6000 3 5435 36725 .006
88500 155.1000 83.9650 110.7000 3 5435 38057 .003
177600 156.7000 73.3052 97.9000 3 5435 39167 .003
257700 160.9000 62.6578 85.8000 3 5435 39759 .003

Batch Experiment 2

Time

(s)

Mn(II)

(P1m)

Fe(II)

(10Pm)

Fe(III)

(P1m)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.4100 420.1925 420.1930 3 163 0 .01
15 32.8014 342.9306 418.3333 3.09 748 0 .003
80 101.3000 212.9725 418.0000 3.014 3233 0 .006
150 116.2000 180.4345 407.7000 3.007 4360 0 .003
210 118.3000 153.5377 381.1000 3.006 4712 0 .003
300 136.1000 151.8715 408.1000 3.005 4904 0 .003
600 140.3429 137.1090 396.6857 3 4904 1772 .003
1200 138.9714 134.0531 329.9429 3 4904 11142 .003
2400 138.5000 130.1325 252.5000 3 4904 21996 .004
7200 142.0000 116.2378 190.9500 3 4904 25811 .004
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Batch Experiment3

Time

(s)

Mn(II)

(PPm)

Fe(II)

(PPm)

Fe(III)

(PPm)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 1.0610 468.0000 468.0000 3.019 1806 0 0.010
60 127.3000 241.2179 456.9000 3.058 6060 0 0.003
300 166.5000 153.9421 457.6000 3 9554 0 0.003
600 163	 8000 139.9702 422.8000 3 9554 4488 0.003
1320 167.1000 135.2097 367.6000 3 9554 19297 0.003
2730 160.0000 135.2097 278.6000 2.955 10388 36667 0.006
7410 153.1000 128.0690 207.7000 3.009 10388 59107 0.003
11100 160.5000 127.5900 202.6000 3 10388 62154 0.004
14400 157.3000 120.3505 191.2000 3 10388 63616 0.003
19590 156.5000 112.7801 184.1000 3 10388 64724 0.003

Batch Experiment 4

Time

(s)

Mn(II)

(PPm)

Fe(II)

(PPm)

Fe(III)

(PIpm)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.9720 468.0000 468.0000 3.004 128 0 0.010
45 95.9000 354.5683 467.6000 3.179 2027 0 .003
345 203.8000 111.1430 440.2000 2.994 6160 111 .006
600 209.4000 50.9768 348.5000 2.984 6160 9840 .003
990 206.3000 36.2195 269.7000 2.983 6160 23757 .003
1800 202.6000 36.2195 184.6000 2.993 6160 42095 .003
3600 204.5000 30.1720 124.7000 2.995 6160 55752 .003
7200 202	 0000 15.6907 85.4500 2.995 6160 63646 .004
14400 202.7000 12.0623 61.4500 3.005 6160 69235 .004
21600 207.3143 11.0209 50.7429 2.995 6160 71714 .004

Batch Experiment 5

Time

( s )

Mn (II)

(1)Pm)

Fe (II)

(PPm)

Fe(III)

( ppm)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.4910 468.0000 468.0 3.003 78 0 .01
60 107.2000 296.2117 468.5 3.044 4880 0 .003
300 176.8000 64.3865 463.4 3.005 7782 0 .003
630 184.5000 38.2220 396.1 2.983 7782 12744 .003
1200 212.8713 19.1110 252.3 2.993 7782 39336 .004
2010 211.7712 17.3024 167.6 2.995 7782 49700 .004
3690 212.6723 19.0507 116.6 2.988 7782 61013 .004
7320 202.9703 13.6851 77.1 2.995 7782 69644 .004
14400 194.1694 12.4794 53.5 2.995 7782 74413 .004
21600 202.4202 13.0823 44.7 2.995 7782 76484 .004
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Batch Experiment 6

Time

(s)

Mn(II)

(PPm)

Fe(II)

(PPm)

Fe(III)

(P1m)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.4710 468.0000 468.0000 3.007 90 0 .01
60 62.8000 386.7508 469.1000 3.117 1947 0 .003
300 129.2000 264.1387 468.4000 3.008 5010 0 .003
600 134.6000 222.3515 431.5000 3 5072 831 .003
1200 135.3000 215.0772 384.4000 3 5072 9664 .003
2400 133.9000 210.2277 315.9000 3 5072 18685 .003
3600 133.4000 202.9535 283.8000 3 5072 32433 .003
7200 130.4000 198.1040 243.7000 3 5072 41196 .003
14400 130.5000 193.2545 220.3000 3 5072 47751 .003
21600 131.0000 185.9803 207.8000 3 5072 50773 .003

Batch Experiment7

Time

(s)

Mn(II)

(PPm)

Fe(II)

(P1m)

Fe(III)

(PIpm)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.4100 234.0000 234.2180 3.019 45 0 .01
30 48.7000 178.8190 230.7000 3.058 1843 0 .003
90 79.6000 109.1175 218.8000 3 3305 0 .003
300 104.4000 34.1290 220.6000 3 4429 0 .003
600 101.2500 17.0645 205.6500 3 4487 0 .004
1200 109.3509 7.3065 217.8218 2.955 4487 1110 .003
2400 111.3311 7.0662 202.9703 3.009 4487 4588 .003
3600 108.5809 6.3451 182.1782 3 4487 8806 .003
7200 108.5809 6.5855 147.6348 3 4487 17239 .003
14400 107.5908 6.3451 114.5215 3 4487 24811 .003
19800 106.9307 5.8644 93.8394 4487 28696 .003

Batch Experiment 8

Time

(s)

Mn(II)

(P1m)

Fe(II)

(P1m)

Fe(III)

(P1m)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0 445.7 445.7 3.019 714 9205 .01
90 68.5 298.1 403.6 3.058 2372 0 .003
690 104.6 213.4 341.1 3 2748 6605 .003
1410 114.5 207.2 293 3 2748 13770 .003
3030 115.1 193.1 257.9 3 2748 21310 .003
3036 112.8 197.2 252.2 3 2748 21310 .003
3042 113.9 206.4 253.5 3.009 2748 21310 .003
6930 118.4 189.8 255.8 3 2748 24570 .003
14730 119.1 184.8 220.9 3 2760 25620 .003
21810 126.6 189.8 217.6 3 2776 26025 .003
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Batch Experiment 9

Time

(s)

Mn(II)

(P1m)

Fe(II)

(Mom)

Fe(III)

(PPm)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.0000 404.9000 497.4000 3.005 0 3626 .00
20 17.7000 367.5421 490.7000 3.036 471 123 .003
80 51.0000 305.9358 495.5000 3.025 1867 123 .003
140 73.0000 252.5438 498.0000 3.011 2611 123 .003
210 84.8000 236.1154 505.3000 3.007 3098 123 .003
300 88.9000 223.7942 485.6000 3.005 3184 123 .003
450 92.5000 215.5800 488.2000 3 3184 492 .003
600 95.4000 211.4729 486.0000 3 3184 2289 .003
750 95.7000 208.7212 451.8000 3 3184 4605 .003
900 95.8000 207.3658 440.4000 3 3184 6996 .003
1350 96.4000 200.5070 385.2000 3 3184 13404 .003
1800 95.9000 195.0446 347.1000 3 3184 17959 .003
3600 96.9000 193.6892 289.5000 3 3184 26848 .003
7200 97.1000 192.2928 259.5000 3 3499 31405 .003
14400 97.7000 186.8304 240.1000 3 3499 34259 .003
27900 98.3000 178.6163 226.3000 3 3499 36204 .003
44100 101.9000 170.4021 215.7000 3 3499 37434 .006
88200 109.8000 156.7255 194.6000 3 3589 39406 .003
172800 118.7000 133.4383 168.9000 3 3589 40022 .003
270000 127.9000 108.7958 149.5000 3 3589 41008 .003

Batch Experiment 10

Time

(s)

Mn(II)

(P1m)

Fe(II)

(P1m)

Fe(III)

(P1m)

pH acid
added
(total

base	 sample
added volume
bytes)	 (L)

0 0.0160 424.4000 624.2000 2.975 5 5883 .02
15 11.6000 390.9992 630.0000 2.992 45 2024 .003
60 35.1000 345.8488 616.8000 3.005 625 2024 .003
120 58.9000 300.6983 622.4000 3.012 1369 2024 .003
180 71.9000 274.7163 627.4000 3.006 1850 2024 .003
300 79.6000 262.4650 614.2000 3.005 1985 2024 .003
570 81.7000 240.9159 512.4000 3.005 1985 6538 .003
780 81.9000 237.8375 489.9000 3 1985 13595 .003
960 82.2000 240.9159 452.4000 3 1985 18778 .003
1380 81.2000 240.9159 390.1000 3 1985 27725 003
3060 80.5000 224.7485 319.2000 3 2030 38106 .003
6810 82.6000 219.8230 290.6000 3 2093 43031 .003
14700 84.6000 217.3603 278.9000 3 2093 45658 .003
21600 86.2000 212.4348 260.0000 3 2093 46768 .003
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Batch Experiment 11

Time

(s)

Mn(II)

(PPm)

Fe(II)

(131m)

Fe(III)

(P1m)

pH acid
added
(total

base
added
bytes)

sample
volume

(L)

0 0.0000 411.6900 605.6000 2.994 459 8830 .01
20 9.8000 378.1929 605.6000 3.012 109 0 .003
60 29.3000 339.7417 602.0000 3.015 983 0 .003
100 53.5000 290.2867 603.6000 3.011 1635 0 .003
145 67.4000 265.5592 600.4000 3.006 2097 0 .003
180 75.1000 242.1917 603.4000 3.005 2232 0 .003
245 85.2000 229.8279 602.4000 3.005 2394 0 .003
315 88.7000 220.2254 599.6000 3.005 2394 0 .003
600 90.6000 216.1042 519.9000 3 2394 8079 .003
900 91.1000 209.2217 433.2000 3 2394 19285 .003
1800 91.0667 202.0322 324.2667 3 2394 34868 .003
3600 91.6000 198.2179 268.4000 3 2394 41836 .003
7200 92.4000 192.7367 238.9000 3 2394 45224 .003
14400 97.2000 180.7495 217.2000 3 2394 47688 .003

Batch Experiment 12

Time

(s)

Mn(II)

(P1m)

Fe(II)

(P1m)

Fe(III)

(PPm)

pH acid
added
(total

base
added
bytes)

sample
volume

(L)

0 1.7520 396.9000 520.2000 2.995 2125 81436 .01
30 2.8000 373.5075 510.5000 2.991 0 5367 .003
90 3.6000 373.5075 504.4000 3 0 5367 .003
150 4.3000 365.3130 497.6000 3 0 5761 .003
270 5.2000 355.0238 493.5000 3 0 6574 .003
450 6.0000 355.0238 485.2000 3 0 7558 .003
600 6.5000 355.0238 479.2000 3 0 8494 .003
900 7.2000 355.8000 469.5000 3 0 9724 .0045
1800 8.5333 353.9133 463.3333 3 0 12184 .003
3600 10.7000 342.1220 432.3000 3 0 14254 .003
10800 14.9000 327.0475 401.0000 3 0 17379 .003
21600 19.6000 321.5845 380.6000 3 0 19249 .003
37800 26.1000 314.7250 366.5000 3 0 20258 .003
79200 40.2000 281.8650 332.8000 3 0 22080 .003
108000 51.7000 253.1125 295.7000 3 0 23212 .003
252600 97.5000 166.8550 201.3000 3 17 28597 .003
347400 109.3000 142.2100 171.9000 3 17 30319 .003
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APPENDIX I. ESTIMATED INSTANTANEOUS RATES OF MN(II) RELEASE
VERSUS FE(III)(AQ) AND FE(III)(S) CONCENTRATIONS OF THE BATCH

EXPERIMENTS



0 Fe(III)aq , cc=-0.9798
El Fe(III)ppt, cc=-0.9207

50	 100
dMn(II)/dt (mM hr. ')

0.0
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Figure I-1 Plot of the concentrations of Fe(III)(aq) and Fe(11)(s) versus instantaneous
rate of Mn(II) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for expl. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 7.65 mM Fe(II)(aq) and 0.733 mmol
Mn(IV)(s).



0 Fe(111), q , cc=-0.9907
0 Fe(III)ppt, cc=-0.6783
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Figure I-2 Plot of the concentrations of Fe(PH)(aq) and Fe(HI)(s) versus instantaneous
	rate of Mn(H) release detei	 mined from second-order Lagrangian interpolation routine

(Press, 1986) for exp2. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 7.31 mM Fe(H)(aq) and 0.639 mmol
Mn(IV)(s).
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0 Fe(111), q , cc=-0.9846
OFe(111)ppt, cc=-0.7300

50	 100
dMn(II)/dt (mM hr l )
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0 150
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Figure I-3 Plot of the concentrations of Fe(11I)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(ll) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for exp4. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 8.38 mM Fe(I1)(aq) and 1.190 mmol
Mn(IV)(s).
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Figure I-4 Plot of the concentrations of Fe(III)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(II) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for exp5. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 8.38 mM Fe(II)(aq) and 1.202 mmol
Mn(IV)(s).
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0 Fe(111), q , cc=-0.9364
0 Fe(III) ppt , cc=-0.9372
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Figure I-5 Plot of the concentrations of Fe(10)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(1) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for exp7. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 4.19 mM Fe(II)(aq) and 0.734 mmol
Mn(IV)(s).
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Figure I -6 Plot of the concentrations of Fe(111)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(II) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for exp9. Experimental results (open symbols) and linear regressions (solid
and dashed lines) with initial conditions of 7.25 mM Fe(11)(aq), 0.735 mmol Mn(IV)(s),
and 1.66 mM Fe(III)(aq).
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0 Fe(III) aq , cc=-0.9818
El Fe(III) ppt, cc=-0.6530
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Figure I-7 Plot of the concentrations of Fe(ll)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(II) release deteiniined from second-order Lagrangian interpolation routine
(Press, 1986) for explO. Experimental results (open symbols) and linear regressions
(solid and dashed lines) with initial conditions of 7.60 mM Fe(11)(aq), 0.733 mmol
Mn(IV)(s), and 3.58 mM Fe(111)(aq).
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Figure I-8 Plot of the concentrations of Fe(III)(aq) and Fe(111)(s) versus instantaneous
rate of Mn(II) release determined from second-order Lagrangian interpolation routine
(Press, 1986) for expl 1. Experimental results (open symbols) and linear regressions
(solid and dashed lines) with initial conditions of 7.30 mM Fe(II)(aq), 0.721 mmol
Mn(IV)(s), and 3.63 mM Fe(I11)(aq).
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APPENDIX J. MATLAB PROGRAM TO MODEL THE KINETICS OF BATCH
EXPERIMENTS (WRITTEN BY DR. JAMES SAIERS, YALE UNIVERSITY)
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This program was run on a UNIX platform workstation using matlab 5.3. File in.m is the
initial conditions of the experiment, and syn.dat contains the raw data. lsq.m contains the
least squares routine, ratelaw7.m contains the mathematical equations representing the
reactions, and redox7.m contains the ordinary differential equations solver. Program is
run by typing lsq at the matlab prompt. Note that the program can be adjusted to fix any
of the five parameters. Places where the parameters were fixed are in lsq.m, and re-
dox7.m. Changes are made by deleting the comment symbol "%" from the beginning of
one line, and placing it in front of the line not used.

File: in.m
Initial conditions input file for batch experiment expl.

init=[7.352 0.0 0 0.131 0 0.2002777];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3 (mM, mM, mM, mmol/g, mmol/g).
M=5.62; %mass of sand (g)
V=0.2002777; %volume of water (L)
beta=1;%%% this is the initial value of beta
a=50.91;b=75.32;%parameters describing the rate of change of volume with respect to
time
load syn.dat %data file
tdat=syn(:,1);

File Isq.m

%%% least squares routine
clear all;close;waming off;
global syn t c f
options(1)=1;options(2)=1.0e-2;options(3)=1.0e-2;
%x0=[.09 2 5.4];%% Initial guesses for parameters :[kr2,n,K]
%x0=[1.1 0.02 13 1.1];%% Initial guesses for parameters :[krl,kr2,n,tau]
%x0=[2.1 0.9 9.8];%% Initial guesses for parameters :[krl,kr2,tau]
%x0=[2.1 0.9 9.8 38.5];%% Initial guesses for parameters :[krl,kr2,tau,K]
x0=[2.83 .15 2.5 15.07 12.8];%% Initial guesses for parameters :[krl,kr2,n,tau,K]
[x,options,funval,jacob]=1eastseredox7 1 ,x0,options);
%%% Calculate efficiency, estimation errors, and correlation matrix
npar=max(size(x0));
sig2=sum(f.^2)/(3*max(size(syn)));
covmat=sig2*inv(jacob'*jacob);%%hessian=2*jacoblacob;
xl=diag(diag(covmat))*repmat(ones,npar,npar);
for i=1:3

ModE(i)=1-sum((c(:,i)-syn(:,i+1)).^2)/...
sum((syn(:,i+1)-mean(syn(i+1)))/`2);

end



xerr=sqrt(diag(covmat)) 1

coif	 mat=covmat./(sqrt(x1'.*x1))
ModE
disp('Model efficiency for Fe2+, Fe3+ and Mn2+, respectively')
subplot(3,2,1);plot(t,c(:,1),t,syn(:,2),'o');title('Fe^{2+}');
subplot(3,2,2);plot(t,c(:,2),t,syn,3),'6);tit1e(Fe^{3+} 1);
subplot(3,2,3);plot(t,c(:,3),t,syn(:,4),'o');title('IvInA{2+}');
subplot(3,2,4);plot(t,c(:,4));titleNnA { 4+}_1(s) l');
subplot(3,2,5);plot(t,c(:,5));titleffe(OH)_3');
subplot(3,2,6);plot(t,c(:,6));title(V);

File ratelaw7.m

function zdot=ratelaw7(t,c,flag,init,M,V,krl,kr2,n,tau,K,a,b)
global beta
VdM=V/M;
MdV=M/V;
%% competition between Fe3aq and Fe2aq

cfrac=1-init(2)./init(1);

%% blocking function

beta=max(1-tau*(c(5)./(2*init(4))),K);

dVdt = a/(a+b*t)^2;
zdot=[-2*kr1*c(1)*c(4)*MdV*beta*cfrac-(c(1)/V)*dVdt;...%Fe2+

2*krl*c(1)*c(4)*MdV*beta*cfrac4kr2*c(2).An-(c(2)/V)*dVdt;...%Fe3+
krl*c(1)*c(4)*MdV*beta*cfrac-(c(3)/VrdVdt;...%Mn2+
-krl*c(1)*c(4)*beta*cfrac-(c(4)/V)*dVdt;...%Mn4+(s)
VdM*kr2*c(2).An-(c(5)/V)*dVdt;...%Fe(OH)3
a/(a+b*t)^21;%V

File redox7.m

function f=redox7(x)
global syn t c f
global beta
in
x=max(x,reprnat(1.0e-10,1,size(x)));
%kr1=30;kr2=x(1);n=x(2);tau=5;K=x(3)*le-4;
Vokr1=x(1);kr2=x(2);n=x(3);tau=x(4);K=0.1233/x(1);
%kr1=x(1);kr2=x(2);n=2.1;tau=x(3);K=x(4)*le-4;
kr1=x(1);kr2=x(2);n=x(3);tau=x(4);K=x(5)*le-4;
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%kr1=5.26;kr2=0.2217;n=2.2121;tau=100.0000;K=0;
options = odeset('RelTo1 1 ,1e-2, 1 AbsTor,[1e-5 le-5 le-5 le-5 le-5 le-5]);
%options = [];
[t,c]=ode23tb(ratelaw7',tdat'init,options,init,M,V,krl,kr2,n,tau,K,a,b);
%subplot(3,2,1);plot(t,c(:,1),t,syn(:,2),V);titleffe^{2+} 1 );
%subplot(3,2,2);plot(t,c(:,2),t,syn(:,3),'0');title(TeA{3+} 1 );
%subplot(3,2,3);plot(t,c(:,3),t,syn(:,4),'o');title(Mn^{2+}');
%subplot(3,2,4);plot(t,c(:,4));title('Mn^{4+}_{(s)}');
%subplot(3,2,5);plot(t,c(:,5));title('Fe(OH)_3');
%subplot(3,2,6);plot(t,c(:,6));title('V');
%pause
f=[c(:,1)-syn(:,2);c(:,2)-syn(:,3);c(:,3)-syn(:,4)];
%zz=[t,c];
%save tau_100.out zz -ascii
%pause
%subplot(3,2,1);axis([0 1 0 8]);
%subplot(3,2,2);axis([0 1 0 6]);
%subplot(3,2,3);axis([0 1 0 4]);
%subplot(3,2,4);axis([0 1 0 .15]);
%subplot(3,2,5);axis([0 1 0 .25]);
%subplot(3,2,6);axis([0 1 0.2 .215]);

File syn.dat
Input data file for batch experiment, expl.

Time (h) Fe(II)(aq) (mM) Fe(1[1)(aq)(mM) Mn(II)(aq) (mM)

0.0000000e+00 7.3520000e+00 0.0000000e+00 0.0000000e+00
5.5555556e-03 6.4703565e+00 1.1832077e+00 7.1769267e-01
1.6666667e-02 4.5842892e+00 2.9649077e+00 1.5053333e+00
2.9166667e-02 3.7813007e+00 3.8153473e+00 1.8839419e+00
4.0277778e-02 3.0432020e+00 4.4039304e+00 2.2152244e+00
5.0000000e-02 2.4640231e+00 5.1281483e+00 2.4512487e+00
8.3333333e-02 2.2245080e+00 4.9814046e+00 2.5977338e+00
1.2500000e-01 1.9658084e+00 5.2592888e+00 2.6903054e+00
1.6666667e-01 1.8777463e+00 5.2452862e+00 2.7667553e+00
2.7083333e-01 1.8557308e+00 4.5832901e+00 2.7594743e+00
5.0000000e-01 1.7604043e+00 3.0813956e+00 2.7194292e+00
7.5000000e-01 1.7676688e+00 2.0785539e+00 2.750373 le+00
1.0333333e+00 1.7456533e+00 1.6797769e+00 2.6921257e+00
2.0000000e+00 1.6723423e+00 1.2284402e+00 2.7139685e+00
4.0000000e+00 1.6355758e+00 9.3931635e-01 2.7339910e+00
7.5000000e+00 1.5915448e+00 7.4340609e-01 2.6903054e+00
1.1500000e+01 1.5622648e+00 6.3301878e-01 2.7030471e+00
2.4583333e+01 1.5034827e+00 4.7871864e-01 2.8231825e+00
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4.9333333e+01 1.3126077e+00 4.4039608e-01 2.8523062e+00

7.1583333e+01 1.1219546e+00 4.1438573e-01 2.9287561e+00
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APPENDIX K. INITIAL CONDITION INPUT FILES FOR THE KINETIC
BATCH MODEL
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Experiment 1

init=[7.65 0.0 0 0.131 0 0.2002777];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=5.62; %mass of sand (g)
V=0.2002777; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=50.91;b=75.32;
load syn.dat %data file
tdat=syn(:,1);

Experiment 2

init=[7.52 0.0 0 0.131 0 0.2002277];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=4.8925; %mass of sand (g)
V=0.2002277; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=48.7;b=80.38;
load syn.dat %data file
tdat=syn(:,1);

Experiment 3

init=[8.38 0.0 0 0.113 0 0.2019665];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=5.649; %mass of sand (g)
V=0.2019665; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=48.75;b=43.03;
load syn.clat %data file
tdat=syn(:,1);
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Experiment 4

init=[8.38 0.0 0 0.113 0 0.2005387];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=10.577; %mass of sand (g)
V=0.2005387; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=24.97;b=44.19;
load syn.dat %data file
tdat=syn(:,1);

Experiment 5

init=[8.38 0.0 0 0.131 0 0.2012395];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=9.201; %mass of sand (g)
V=0.2012395; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=20.87;b=43.39;
load syn.dat %data file
tdat=syn(:,1);

Experiment 6

init=118.38 0.0 0 0.131 0 0.2005092];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=5.762; %mass of sand (g)
V=0.2005092; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=63.39;b=58.59;
load syn.dat %data file
tdat=syn(:,1);
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Experiment 7

init=[4.19 0.0 0 0.131 0 0.200472];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=5.6192; %mass of sand (g)
V=0.200472; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=208.08;b=80.2;
load syn.dat %data file
tdat=syn(:,1);

Experiment 8

init=[7.98 0.00 11.5020 0.20307];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=0.072; %mass of sand (g)
V=0.20307; %volume of water (L)
kr1=110.0;kr2=0.1 ;tau=4;n=3 ;
beta=1;%%% this is the initial value of beta
a=48.23;b=135.81;
load syn.dat %data file
tdat=syn(:,1);

Experiment 9

init=[7.25 1.66 00.131 0 0.201055];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3 ,initial V
M=5.6291; %mass of sand (g)
V=0.201055; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=72.04;b=80.76;
load syn.dat %data file
tdat=syn(:,1);
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Experiment 10

init=[7.60 3.58 0 0.131 0 0.2019893];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s),Mn-Fe(s), Fe(OH)3
M=5.6122; %mass of sand (g)
V=0.2019893; % initial volume of water (L)
kr1=150.0;kr2=0.5;tau=4;n=2.5;
beta=1;%%% this is the initial value of beta
a=34.53;b=66.57;
load syn.dat %data file
tdat=syn(: ,1);

Experiment 11

init=[7.37 3.47 0 0.113 0 0.2125680];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s), Fe(OH)3
M=7.4217; %mass of sand (g)
V=0.212568; %volume of water (L)
kr1=150.0;kr2=0.5;tau=4;n=2.5;
beta=1;%%% this is the initial value of beta
a=50.65;b=55.75;
load syn.dat %data file
tdat=syn(:,1);

Experiment 12 (first hour)

init=[7.10 2.21 0.00 0.124 0.175 0.212232];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s), Fe(OH)3
M=5.6915; %mass of sand (g)
V=0.212232; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=697;b=144.09;
load syn.dat %data file
tdat=syn(:,1);
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Experiment 12 (3-96 hours)

init=[5.86 1.32 0.27 0.114 0.255 0.2134];%initial conditions for Fe2+, Fe3+, Mn2+,
Mn4+(s), Fe(OH)3
M=5.6915; %mass of sand (g)
V=0.2134; %volume of water (L)
kr1=110.0;kr2=0.1;tau=4;n=3;
beta=1;%%% this is the initial value of beta
a=697;b=144.09;
load syn.dat %data file
tdat=syn(:,1);
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Experiment 1
Time (h) Fe(11)(aq) (mM) Fe(11I)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 7.6512615e+00 0.3027199e-03 0.0000000e+00
5.5555556e-03 6.4703565e+00 1.1832077e+00 7.1769267e-01
1.6666667e-02 4.5842892e+00 2.9649077e+00 1.5053333e+00
2.9166667e-02 3.7813007e+00 3.8153473e+00 1.8839419e+00
4.0277778e-02 3.0432020e+00 4.4039304e+00 2.2152244e+00
5.0000000e-02 2.4640231e+00 5.1281483e+00 2.4512487e+00
8.3333333e-02 2.2245080e+00 4.9814046e+00 2.5977338e+00
1.2500000e-01 1.9658084e+00 5.2592888e+00 2.6903054e+00
1.6666667e-01 1.8777463e+00 5.2452862e+00 2.7667553e+00
2.7083333e-01 1.8557308e+00 4.5832901e+00 2.7594743e+00
5.0000000e-01 1.7604043e+00 3.0813956e+00 2.7194292e+00
7.5000000e-01 1.7676688e+00 2.0785539e+00 2.750373 le+00
1.0333333e+00 1.7456533e+00 1.6797769e+00 2.6921257e+00
2.0000000e+00 1.6723423e+00 1.2284402e+00 2.7139685e+00
4.0000000e+00 1.6355758e+00 9.3931635e-01 2.7339910e+00
7.5000000e+00 1.5915448e+00 7.4340609e-01 2.6903054e+00
1.1500000e+0 1 1.5622648e+00 6.3301878e-01 2.7030471e+00
2.4583333e+01 1.5034827e+00 4.7871864e-01 2.8231825e+00
4.9333333e+01 1.3126077e+00 4.4039608e-01 2.8523062e+00
7.1583333e+01 1.1219546e+00 4.1438573e-01 2.9287561e+00

Experiment 2
Time (h) Fe(II)(aq) (mM) Fe(III)(aq) (mM) Mn(11)(aq) (mM)

0.0000000e+00 7.5239941e+00 8.9530324e-06 0.4629582e-03
4.1666667e-03 6.1405375e+00 1.3501656e+00 5.9706214e-01
2.77)7722e -02 3.8134994e+00 3.6712357e+00 1.8438968e+00
4.1666667e-02 3.2308718e+00 4.0694308e+00 2.1151116e+00
5.8333333e-02 2.7492560e+00 4.0747453e+00 2.1533365e+00
8.3333333e-02 2.7194209e+00 4.5880441e+00 2.477338 le+00
1.6666667e-01 2.4550826e+00 4.6479972e+00 2.5545688e+00
3.3333333e-01 2.4003635e+00 3.5076154e+00 2.5296043e+00
6.6666667e-01 2.3301610e+00 2.1911204e+00 2.5210237e+00
2.0000000e+00 2.0813616e+00 1.3378015e+00 2.5847319e+00
2.6216667e+01 1.8061901e+00 2.0410944e-01 2.5483272e+00
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Experiment 3
Time (h) Fe(II)(aq) (mM) Fe(111)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 8.3800383e+00 0.0000000e+00 1.9312680e-02
1.9444444e-02 4.3192633e+00 3.8620177e+00 2.0171575e+00
8.6111111e-02 2.7564972e+00 5.4373180e+00 3.0306891e+00
1.6944444e-01 2.5063155e+00 5.0643687e+00 2.9815428e+00
3.6944444e-01 2.4210736e+00 4.1611958e+00 3.0416105e+00
7.6111111e-01 2.4210736e+00 2.5675560e+00 2.9123739e+00
2.0611111e+00 2.2932118e+00 1.4258778e+00 2.7867778e+00
3.0861111e+00 2.2846348e+00 1.3431339e+00 2.921475 1e+00
4.0027778e+00 2.1550038e+00 1.2686357e+00 2.8632276e+00
5.4416667e+00 2.0194478e+00 1.2770587e+00 2.8486658e+00

Experiment 4
Time (h) Fe(II)(aq) (mM) Fe(III)(aq) (mM) Mn(11)(aq) (mM)

0.0000000e+00 8.3800383e+00 0.0000000e+00 1.7692672e-02
1.2500000e-02 6.3489230e+00 2.0239529e+00 1.7456041e+00
9.5833333e-02 1.9901338e+00 5.8921160e+00 3.7096363e+00
1.6666667e-01 9.1279388e-01 5.3274697e+00 3.8115694e+00
2.7500000e-01 6.4854871e-01 4.1807170e+00 3.7551422e+00
5.0000000e-01 6.4854871e-01 2.6569108e+00 3.6877935e+00
1.0000000e+00 5.4026179e-01 1.6926245e+00 3.7223780e+00
2.0000000e+00 2.8095869e-01 1.2491145e+00 3.6768721e+00
4.0000000e+00 2.1598833e-01 8.8433936e-01 3.6896137e+00
6.0000000e+00 1.9734095e-01 7.1126471e-01 3.7736048e+00

Experiment 5
Time (h) Fe(II)(aq) (mM) Fe(III)(aq) (mM) Mn(111)(aq) (mM)

0.0000000e+00 8.3800383e+00 0.0000000e+00 8.9373476e-03
1.6666667e-02 5.3039859e+00 3.0850055e+00 1.9512905e+00
8.3333333e-02 1.1529088e+00 7.1447616e+00 3.2181732e+00
1.7500000e-01 6.8440561e-01 6.4081867e+00 3.3583312e+00
3.3333333e-01 3.4220280e-01 4.1754973e+00 3.8747552e+00
5.5833333e-01 3.0981790e-01 2.6912386e+00 3.8547308e+00
1.0250000e+00 3.4112307e-01 1.7467241e+00 3.8711329e+00
2.0333333e+00 2.4504629e-01 1.1355113e+00 3.6945338e+00
4.0000000e+00 2.2345694e-01 7.3451752e-01 3.5343369e+00
6.0000000e+00 2.3425251e-01 5.6614858e-01 3.6845207e+00
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Experiment 6
Time (h) Fe(11)(aq) (mM) Fe(111)(aq) (mM) Mn (11)(aq) (mM)

0.0000000e+00 8.3800383e+00 0.0000000e+00 0.5733008e-03
1.6666667e-02 5.9251849e+00 1.4745501e+00 1.1431068e+00
8.3333333e-02 4.0296847e+00 3.6575161e+00 2.3517420e+00
1.6666667e-01 3.9814404e+00 3.7450266e+00 2.4500346e+00
3.3333333e-01 3.8511863e+00 3.0319050e+00 2.4627762e+00
6.6666667e-01 3.7643508e+00 1.8921750e+00 2.4372929e+00
1.0000000e+00 3.6340985e+00 1.4476427e+00 2.4281918e+00
2.0000000e+00 3.5472631e+00 8.1644493e-01 2.3735848e+00
4.0000000e+00 3.4604276e+00 4.8427848e-01 2.3754050e+00
6 .0000000e+00 3.3301753e+00 3.9070496e-01 2.3845062e+00
2.4000000e+01 3.0696671e+00 1.6416817e-01 2.4045287e+00

Experiment 7
Time (h) Fe(II)(aq) (mM) Fe(1:11)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 4.1900192e+00 3.9035221e-03 7.4629582e-03
8.3333333e-03 3.2019446e+00 9.2898455e-01 8.8645382e-01
2.5000000e-02 1.9538650e+00 1.9639820e+00 1.4489060e+00
8.3333333e-02 6.1111609e-01 3.3389618e+00 1.9003240e+00
1.6666667e-01 3.0555804e-01 3.3768242e+00 1.8429866e+00
3.3333333e-01 1.3083066e-01 3.7695006e+00 1.9904420e+00
6.6666667e-01 1.2652783e-01 3 .5078715e+00 2.0264862e+00
1.0000000e+00 1.1361577e-01 3.1484789e+00 1.9764262e+00
2.0000000e+00 1.1792039e-01 2.5256379e+00 1.9764262e+00
4.0000000e+00 1.1361577e-01 1.9370136e+00 1.9584040e+00
5.5000000e+00 1.0500833e-01 1.5752860e+00 1.9463887e+00
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Experiment 8
Time (h) Fe(11)(aq) (mM) Fe(III)(aq) (mM) Mn(11)(aq) (mM)

0.0000000e+00 7.9807331e+00 0.0000000e+00 0.0000000e+00
2.5000000e-02 5.3377979e+00 1.8890898e+00 1.2468601e+00
1.9166667e-01 3.8211542e+00 2.2866045e+00 1.9039645e+00
3.9166667e-01 3.7101366e+00 1.5363404e+00 2.0841676e+00
8.4166667e-01 3.4576611e+00 1.1603130e+00 2.0950890e+00
8.4333333e-01 3.5310760e+00 9.8483356e-01 2.0532236e+00
8.4500000e-01 3.6958118e+00 8.4337565e-01 2.0732462e+00
1.9250000e+00 3.3985711e+00 1.1818003e+00 2.1551567e+00
4.0916667e+00 3.3090408e+00 6.4640894e-01 2.1678984e+00
6.0583333e+00 3.3985711e+00 4.9778860e-01 2.3044159e+00

Experiment 9
Time (h) Fe(11)(aq) (mM) Fe(111)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 7.2501656e+00 1.6563110e+00 0.0000000e+00
5.5555556e-03 6.5812327e+00 2.2052733e+00 3.2218137e-01
2.2222222e-02 5.4781063e+00 3.3943488e+00 9.2831920e-01
3.8888889e-02 4.5220656e+00 4.3951546e+00 1.3287706e+00
5.8333333e-02 4.2278976e+00 4.8200369e+00 1.5435582e+00
8.3333333e-02 4.0072734e+00 4.6879116e+00 1.6181878e+00
1.2500000e-01 3.8601894e+00 4.8815514e+00 1.6837162e+00
1.6666667e-01 3.7866474e+00 4.9157000e+00 1.7365030e+00
2.0833333e-01 3.7373753e+00 4.3525847e+00 1.7419637e+00
2.5000000e-01 3.7131054e+00 4.1727255e+00 1.7437839e+00
3.7500000e-01 3.5902913e+00 3.3071248e+00 1.7547053e+00
5.0000000e-01 3.4924812e+00 2.7227138e+00 1.7456041e+00
1.0000000e+00 3.4682114e+00 1.7155944e+00 1.7638065e+00
2.0000000e+00 3.4432073e+00 1.2034165e+00 1.7674469e+00
4.0000000e+00 3.3453972e+00 9.5384891e-01 1.7783683e+00
7.7500000e+00 3.1983150e+00 8.5382742e-01 1.7892897e+00
1.2250000e+01 3.0512310e+00 8.1110713e-01 1.8548182e+00
2.4500000e+01 2.8063370e+00 6.7818325e-01 1.9986166e+00
4.8000000e+01 2.3893548e+00 6.3497950e-01 2.1606174e+00
7.5000000e+01 1.9481046e+00 7.2885204e-01 2.3280789e+00
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Experiment 10
Time (h) Fe(II)(aq) (mM) Fe(111)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 7.5993339e+00 3.5776317e+00 2.9123739e-04
4.1666667e-03 7.0012570e+00 4.2795638e+00 2.1114711e-01
1.6666667e-02 6.1927910e+00 4.8516697e+00 6.3890204e-01
3.3333333e-02 5.3843232e+00 5.7604115e+00 1.0721177e+00
5.0000000e-02 4.9190879e+00 6.3151772e+00 1.3087480e+00
8.3333333e-02 4.6997153e+00 6.2981897e+00 1.4489060e+00
1.5833333e-01 4.3138557e+00 4.8612119e+00 1.4871309e+00
2.1666667e-01 4.2587337e+00 4.5134475e+00 1.4907714e+00
2.6666667e-01 4.3138557e+00 3.7868480e+00 1.4962321e+00
3.8333333e-01 4.3138557e+00 2.6713002e+00 1.4780298e+00
8.5000000e-01 4.0243612e+00 1.6912547e+00 1.465288 1e+00
1.8916667e+00 3.9361649e+00 1.2673375e+00 1.503513 1e+00
4.0833333e+00 3.8920676e+00 1.1019339e+00 1.5399177e+00
6.0000000e+00 3.8038713e+00 8.5170555e-01 1.5690415e+00
2.1500000e+01 3.4069869e+00 7.1140795e-01 1.7874695e+00

Experiment 11
Time (h) Fe(11)(aq) (mM) Fe(III)(aq) (mM) Mn(II)(aq) (mM)

0.0000000e+00 7.3701236e+00 3.4721733e+00 0.0000000e+00
5.5555556e-03 6.7719466e+00 4.1444482e+00 1.7838290e-01
1.6666667e-02 6.0834369e+00 4.7646695e+00 5.3332848e-01
2.7777778e-02 5.1978925e+00 5.6739377e+00 9.7382504e-01
4.0277778e-02 4.7551202e+00 6.0569484e+00 1.2268375e+00
5.0000000e-02 4.3367003e+00 6.5267606e+00 1.3669955e+00
6.8055556e-02 4.1153133e+00 6.7290096e+00 1.5508391e+00
8.7500000e-02 3.9433703e+00 6.8498594e+00 1.6145473e+00
1.6666667e-01 3.8695758e+00 5.4961305e+00 1.6491317e+00
2.5000000e-01 3.7463373e+00 4.0662292e+00 1.6582329e+00
5.0000000e-01 3.6176017e+00 2.2552886e+00 1.6576268e+00
1.0000000e+00 3.5493026e+00 1.3112468e+00 1.6673341e+00
2.0000000e+00 3.4511558e+00 8.8062027e-01 1.6818960e+00
4.0000000e+00 3.2365123e+00 6.9157699e-01 1.7692672e+00
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Experiment 12 (first hour)
Time (h) Fe(II)(aq) (mM) Fe(111)(aq) (mM) Mn(11)(aq) (mM)

0.0000000e+00 7.1073605e+00 2.2073744e+00 3.1890495e-02
8.3333333e-03 6.9436478e+00 2.1973982e+00 5.0966544e-02
2.5000000e-02 6.8526725e+00 2.1791466e+00 6.5528414e-02
4.1666667e-02 6.7616989e+00 2.1483589e+00 7.8270050e-02
7.5000000e-02 6.6707254e+00 2.1659176e+00 9.4652153e-02
1.2500000e-01 6.5783086e+00 2.1097140e+00 1.0921402e-01
1.6666667e-01 6.4858900e+00 2.0946962e+00 1.1831519e-01
2.5000000e-01 6.4029402e+00 2.0039572e+00 1.3105683e-01
5.0000000e-01 6.3371945e+00 1.9592816e+00 1.5532600e-01
1.0000000e+00 6.1260587e+00 1.6147331e+00 1.9476501e-01

Experiment 12 (3-96 hours)
Time (h)	 Fe(11)(aq) (mM) Fe(III)(aq) (mM) Mn(11)(aq) (mM)

3.0000000e+00 5.8561337e+00 1.3241983e+00 2.7121482e-01
6.0000000e+00 5.7583129e+00 1.0567354e+00 3.5676581e-01
1.0500000e+01 5.5638620e+00 9.9871076e-01 4.7508100e-01
2.2000000e+01 5.0470930e+00 9.1204541e-01 7.3173395e-01
3.0000000e+01 4.7113095e+00 5.8351389e-01 9.4106083e-01
7.0166667e+01 3.1667771e+00 4.3771375e-01 1.7747279e+00
9.6500000e+01 2.5464215e+00 5.3163106e-01 1.9895155e+00
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Figure M-1 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for exp3 with initial conditions of 8.38 mM Fe(II)(aq), 0.638 mmol
Mn(IV)(s) and an initial Fe(T):Mn(IV) mole ratio of 2.66. Values of kr 1, kr2, n, and t es-
timated from the inverse simulations are shown in Table 4-5. krf was fixed at 4.47 x 10 -3

mN1 -1 hr -1 .
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Figure M-2 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for exp4 with initial conditions of 8.38 mM Fe(11)(aq), 1.190 mmol
Mn(IV)(s) and an initial Fe(1):Mn(IV) mole ratio of 1.41. Values of kr i, kr2, n, and -c es-
timated from the inverse simulations are shown in Table 4-5. kr1 was fixed at 4.47 x 10 -3

mM-1 hr-1 .
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Figure M-7 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for exp2 with initial conditions of 7.31 mM Fe(II)(aq), 0.752 mmol
Mn(IV)(s) and an initial Fe(1):Mn(IV) mole ratio of 2.29. Values of kri , k7, n, and 't es-
timated from the inverse simulations are shown in Table 4-5. kd was fixed at 4.47 x 10 -3

rnM -1 hr -t .
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Figure M-8 Experimental results (open symbols) and model-calculated fits (solid and
dashed lines) for exp9 with initial conditions of 7.60 mM Fe(II)(aq), 3.58 mM
Fe(III)(aq), 0.743 mmol Mn(IV)(s) and an initial Fe(II):Mn(IV) mole ratio of 2.07. Val-
ues of k1 1, ko, n, and T estimated from the inverse simulations are shown in Table 4-5. krf

was fixed at 4.47 x 10 -3 mM-1 h».
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Figure N-1 Release of ions to the aqueous phase during the dialysis of the post-reaction
solids from experiment B6. Solid lines represent linear fits to the data (sulfate release
rates presented in Table 5-9).
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Figure N-2 Release of ions to the aqueous phase during the dialysis of the post-reaction
solids from experiment B7. Solid lines represent linear fits to the data (sulfate release
rates presented in Table 5-9).
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Figure N-3 Release of ions to the aqueous phase during the dialysis of the post-reaction
solids from experiment B2. Solid lines represent linear fits to the data (sulfate release
rates presented in Table 5-9).
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Figure N-4 Release of ions to the aqueous phase during the dialysis of the post-reaction
solids from experiment B10. Solid lines represent linear fits to the data (sulfate release
rates presented in Table 5-9).
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Figure N-5 Release of ions to the aqueous phase during the dialysis of the post-reaction
quartz fraction from experiment B12. Solid lines represent linear fits to the data (sulfate
release rates presented in Table 5-9).
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Figure N-6 Release of ions to the aqueous phase during the dialysis of the easily-
suspended fraction from experiment B9. Solid lines represent linear fits to the data (sul-
fate release rates presented in Table 5-9).
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Figure N-7 Release of ions to the aqueous phase during the dialysis of the post-reaction
quartz fraction from experiment B9. Solid lines represent linear fits to the data (sulfate
release rates presented in Table 5-
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