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ABSTRACT

THE IMPACT OF ABIOTIC AND BIOGENIC MN OXIDE COATINGS ON
CONTAMINANT MOBILITY, BIOAVAILABILITY, AND ATTENUATION

by
Thipnakarin Boonfueng

Abiotic and biogenic manganese oxide coatings significantly impact the mobility and
bioavailability of metals in soils and sediments. While sorption to discrete Mn oxides has
been investigated in a number of studies, coatings have not received as much attention.
Abiotic nanocrystalline (hydrous manganese oxide (HMO)) and crystalline Mn oxides
(birnessite and pyrolusite) coated on montmorillonite were studied for formation,
structure, stability, and surface properties. Coatings dominated the clay surface
characteristics where the surface charge behaved similar to that of the discrete oxide and
the local structure was consistent with the pure oxide phase. Furthermore, in sorption
studies, Zn and Pb ions formed inner-sphere complexes as tridentate and bidentate
corner-sharing structures, respectively. On the other hand, vacancy sites along the oxide
surface were occupied by Ni. In biomineralization, a nano-particulate Mn oxide coated
the sheathed Leptothrix discophora SP-6 forming a dendritic biofilm structure. The
surface charge and the local structure were consistent with that of abiotic HMO where the
oxide potentially forms a polymer-like precursor to birnessite consistent with the
phyllomanganate family. Surface properties of the coated bacteria are dominated by the
oxide as Zn formed inner-sphere complexes resulting in octahedral structures. On the
other hand, sorption to the sheathed L. discophora SP-6 involved complexation with
phosphoryl (84%) and carboxyl (16%) groups. The slow sorption process, intraparticle
surface diffusion, was observed in abiotic and biogenic oxide systems, indicating that Mn

oxide present as coatings or discrete particles acts as a sink for metal contaminants.
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CHAPTER 1

INTRODUCTION

In the environment, Manganese oxides are ubiquitous in soils and sediments, occur as
discrete particles and coatings and originate via abiotic and biogenic processes. This
oxide is present in various forms, ranging from amorphous to crystalline in structure. In
this research, several types of Mn oxides are investigated including hydrous Mn oxide
(HMO), bimessite, pyrolusite, as well as biogenic Mn oxide, produced from Mn
oxidizing bacteria, Leptothrix discophora SP-6. HMO, exhibiting no long-range
structure, is prevalent in nature and has a very large surface area, microporous structure,
and a high affinity for metal ions. Crystalline oxides, birnessite and pyrolusite, are
common in soils and sediments too playing a role in metal distribution and mobility.
Although abiotic Mn oxides often serve as a model system in studies, biogenic processes
dominate. Therefore, the surface properties and structure of biogenic Mn oxide is
compared to the abiotic oxide.

Mn oxides form via a number of different mechanisms in the transition from
reducing to oxidizing conditions. They have been observed to associate with clay
minerals, sand, and organic matter, occurring in, for example, sediments from marine
environments, streams, lakes, and hot springs (Manceau et al. 2003; Dong et al. 2000;
Manderneck et al. 1995; Tani et al. 2003; Nelson et al. 1995). Clay is a common substrate
that plays a vital role in sorption of metal ions in aqueous environments. Understanding
the occurrence and forms of Mn oxides associated with clay minerals is important for

assessing heavy metal interactions with these surfaces. The effect of Mn oxide coatings



on heavy metal distribution is evaluated to better understand mobility, bioavailability,
and attenuation.

This dissertation includes a literature review on Mn oxide occurrence and
behavior. Hypotheses and objectives are presented and experimental procedures to test
hypotheses are described. Results are presented on surface properties of abiotic Mn
oxides, both amorphous and crystalline, as well as clay minerals kaolinite and
montmorillonite. These two clays were selected as potential substrates for the Mn oxide
coatings because they are prevalent in soil and sediment environments, possess large
specific surface areas, and exhibit structural charge. Studies on abiotic and biogenic Mn
oxides coatings are also discussed with respect to their impact on metal distribution for
zinc, nickel, and lead. The dissertation concludes with a summary of the findings and

potential work for future studies.



CHAPTER 2

ABIOTIC AND BIOGENIC MANGANESE OXIDE COATINGS AND THEIR
IMPACT ON METAL DISTRIBUTION

Manganese oxides have been exploited since the ancient times; today they are among the
most important minerals in the environment. Mn oxides are found in a wide variety of
geological environments and are nearly ubiquitous in soils and sediments, existing as
discrete particles and coatings, originating via chemical and biological processes. Mn
oxide coatings are often associated with clay minerals which occur widely in such
sedimentary rocks as mudstones and shales, in marine sediments, and in soils. Although
clays and Mn oxides have been studied extensively as discrete systems, their behavior in
heterogeneous systems has not been investigated to the same extent. Furthermore, Mn
oxides produced from biologically mediated reactions are observed with organic matter
or extracellular polymeric substances excreted by organisms. In this chapter, the
following is reviewed from the perspective of their occurrence and significance in the
environment: abiotic Mn oxides, biogenic Mn oxide, Mn oxide coatings, and the impact

of oxide coatings on metal contaminant distribution.

2.1 Abiotic Mn Oxides
Hydrous manganese oxide (HMO), vernadite (3-MnQ,), and birnessite minerals are
poorly crystalline oxides that are commonly found in soils and sediments (Jenne, 1977,
Lion et al. 1982, Balistrieri and Murray, 1982, Wenfeng et al. 2000; Exon et al. 2002,
Hochella et al. 2005, Manceau et al. 2005). HMO, the most amorphous structure, has a

very large surface area, microporous structure, and high affinity for metal ions, providing



an efficient scavenging pathway for heavy metals in oxic systems (Balistrieri and
Murray, 1982). In this study, the term amorphous is used in referring to a poorly
crystalline mineral that does not exhibit long-range order. Although a number of
researchers (Axe et al. 2000; Manceau et al. 1987; Manceau and Combes, 1988; Pasten,
2002) have studied HMO morphology and mineralogy as well as its impact on metal
mobility, the actual long-range structure still remains unclear as diffraction data fail to
provide a unique solution (Manceau et al. 1987; Pasten, 2002). However, based on
vernadite and asbolane ((Co, Ni);.,(Mn0O,),.x(OH),-2y2x'nH,0), Manceau and coworkers
(e.g., Manceau et al. 1987, Manceau et al. 1988) proposed that the structure appears to
have a random framework of edge- and corner-sharing MnQOg octahedra, not strictly
related to well-crystallized Mn minerals; this observation is consistent with other studies
(Axe et al. 2000; Pasten, 2002; Friedl et al. 1997). Vernadite is a hydrous slightly
crystalline mineral which shows only two lines at 1.4 and 2.1 A and may represent a
disordered bimessite (Silvester et al. 1997). The more crystalline forms of Mn oxide,
birnessite and pyrolusite, exist in soils and sediments also playing a role in the
distribution of metal contaminants.

Generally, the building block for most Mn oxides is octahedral MnQOg, which
exhibits either a tunneled or layered structure (McKenzie, 1989; Morgan and Stumm,
1964) (Figure 2.1). Layered (7.2 A apart) octahedral bimessite is the most common
crystalline, Mn mineral identified in soils (McKenzie, 1989; Chukhrov and Gorshkov,
1981; Giovanoli, 1980) belonging to the phyllomanganate family. One out of six
octahedral sites is unoccupied, and vacancies are balanced by counter ions such as Na',

+ 2+ . . . . .
K’, or Mg"". Birnessite has been used as a model manganese oxide in environmental






studies (Manceau and Charlet, 1992; Manceau et al. 2003) as it has unique surface
charge properties, a high affinity for cations, and a redox active surface (Chukhrov et al.
1987, Healey and Herring, 1966; Scott and Morgan, 1995). However, because it is
metastable, birnessite may transform to pyrolusite (B-MnO;), which exhibits a tunneled
structure and commonly occurs in low temperature hydrothermal deposits (McKeown
and Post, 2001). The single chains of edge-sharing MnQOs octahedra apportion corners
with neighboring chains to form a framework structure, creating tunnels with square
cross sections (McKeown and Post, 2001). Mn oxides play an important role in
adsorption as well as oxidation; for example, birnessite and pyrolusite have been
observed to oxidize Cr(III) to Cr(VI) (Banerjee and Nesbit, 1999; Kim et al. 2002; Chung
and Zasoski, 2002), As(III) to As(V) (Manning et al. 2002; Tournassat et al. 2002), and
Se(IV) to Se(VI) (Scott and Morgan, 1996).

Studies simulating natural coatings include Al and Fe oxyhydroxide-coated
montmorillonite (Celis et al. 1997; Green-Pederson and Pind, 2000; Helmy et al. 1994);
Mn, Fe, and Al-coated silica (Stahl and James, 1991, b; Tsadilas et al. 1998; Zachara et
al. 1995); and biogenic Mn and Fe oxide films or coatings (Nelson et al. 2003, Tani et al.
2003, Dong et al. 2003, Vilalobos et al. 2005). In simulating abiotic coatings, oxides have
been coated or deposited by various methods that include for example precipitation,
adsorption, wet or dry oxidation, and calcinations (Stahl and James, 1991; Al-Degs et al.
2001; Fan, 1996; Zaki et al. 1995). The effect of pH, temperature, and oxide loading has
been studied to some extent, for example, Green-Pederson and Pind (2000) found
ferrihydrite- and lepidocrocite-coated montmorillonite resulted in a significant amount of

Fe on the surface that increased surface area and dominated the particle size distribution.



The pHiep of the coatings was close to that of the pure oxide. Sorption of Ni was greatest
on the ferrihydrite-coated surface although lepidocrocite also improved the sorption
characteristics as compared to montmorillonite. Stahl and James (1991) produced Mn
oxide-coated sand as a function of temperature and obtained a birnessite coating at room
temperature and a pyrolusite one at 105 °C. Both coatings increased Zn affinity for the
surface as compared to the uncoéted sand.

While Al and Fe oxides deposited on minerals such as clay have been studied to
some degree, the formation and properties of Mn oxide-coated clay have not been
investigated. The enrichment of clay minerals may be an important factor in controlling
manganese oxide mineralogy. Understanding the occurrence and forms of Mn oxide in
the presence of montmorillonite is important for assessing heavy metal interactions with
these surfaces and therefore metal mobility and bioavailability. Furthermore, although
abiotic oxides are used as model systems in studying contaminant distribution,
biomineralization is the dominant pathway for Mn oxide occurrence in the environment

and therefore, it formation and properties are discussed in the next section.

2.2 Biogenic Mn Oxides
For microorganisms, plants, and animals, manganese is an essential trace element. Mn
serves as an activator by enzymes, as a terminal electron acceptor in respiration, and as
an energy source or electron donor to some autotrophic and mixotrophic bacteria,
resulting in oxidation and reduction reactions of Mn(II) and Mn(IV). In general, Mn(II)
oxidation is mediated by microorganisms found in aquatic, soil-sediment, and marine

environments (Bromfield, 1979; Villalobos et al. 2003; Barger et al. 2000); its oxidation



is characterized as an enzymatic reaction of aquatic bacteria involving multicopper
oxidase (Brouwers et al. 1999, 2000). Leptothrix discophora SP-6 is one such organism
that is sheath forming, gram negative, and is found in freshwater habitats including lakes,
ponds, swamps, or springs (Ghiorse, 1984). Although the oxidation kinetics for L.
discophora SS1 and SP-6 strains were studied in the well-defined minimum salt-
vitamins-pyruvate medium (MSVP) (Zhang et al. 2002, Pasten, 2002), oxidation in a
system more representative of substrate available in the subsurface environment has not
be studied. For example, a complex medium of peptone and yeast extract (PY) is
comprised of protein from milk and autolyzed yeast which is rich in carbon, nitrogen,
vitamins, and amino acids that serve as a growth factor stimulating the synthesis of
proteins (Madigan et al. 2000). On the other hand, in MSVP, bacteria convert pyruvate to
amino acids during respiration. Interestingly, Emerson and Ghiorse (1993) observed a
significant amount of uronic acid and amino sugar in the extracellular polysaccharide
sheath produced in the MSVP medium, while Romano and Peloquin (1963) found neutral
sugar (glucose) in the extracellular polysaccharide sheath using peptone, yeast extract,
and glucose (PYG). This sheath can buffer the microenvironment around cells against
changes in pH, salinity, and the harmful effects of toxins (e.g., heavy metals).

Because Mn oxide formation in the subsurface is dominated by biogenic
processes and because this surface is an important one for metal contaminants due to its
high affinity for cations, its large surface area, and its microporous structure, an
understanding of its formation, surface properties, and characteristics is critical in
assessing contaminant behavior. Several studies have focused on the mineralogy and

molecular structure of biogenic Mn oxides using synchrotron x-ray diffraction (SR-XRD)



and x-ray absorption spectroscopy (XAS) on Bacillus sp strain SG-1 (Barger et al. 2000),
Pseudomonas putida MnB1 (Villalobos et al. 2003), and L. discophora SP-6 (Jiirgensen
et al. 2004). Jiirgensen et al. used PYG media and proposed a mixture of Mn(III) and
Mn(IV) in a birnessite-like layer on the polysaccharide sheath; Pasten (2002) too found
the biogenic oxide to be consistent with the phyllomaganate layered structure. In contrast,
based on Raman spectroscopy (Kim et al. 2004), oxide produced from L. discophora SP-
6 in MSVP resulted in a 3 x 3-tunneled todorokite. Interestingly, however, Mn oxide
isolated from P. putida MnB1 was also observed to be consistent with acid-birnessite
(Villalobos et al. 2003). A marine microorganism, Bacillus sp strain SG-1 produced
biogenic Mn oxide similar to vernadite (6-MnQO;) where the average oxidation state was
3.7; others have found similar results (Friedl et al. 1997, Kalhorn and Emerson, 1984).
Mandemack et al. (1995) observed that once 8-MnQO, was produced, additional Mn?*
greater than 0.5 mM resulted in transformation to feitknechtite (3-MnOOH, a layered
structure), while at concentrations less than 0.5 mM, a 10 A Na-buserite formed
(NagMn; 4027 - 9H,0, a layered structure).

These biogenic oxides often deposit on other surfaces including biofilms, clays,
and silica. Because the oxides are metastable, understanding their formation, structure,
morphology, and stability is critical to studying contaminant interactions, both short- and

long- term, with these surfaces.
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2.3 Mn Oxide Coatings
Oxides of manganese are important components in soils and sediments and major sinks
for metals released into the environment from various sources (Carroll et al. 1998; Gadde
and Laitinen, 1974; Green-Pederson et al. 1997; Jenne, 1977; Kraepiel et al. 1999; Lion
et al. 1982; McKenzie, 1989; Meng and Letterman, 1993; Nelson et al. 2002; Pam and
Liss, 1998; Sigg et al. 1999; Trivedi and Axe, 2000). Mn oxides present as coatings have
been studied spectroscopically, crystallographically, and compositionally (Stahl and
James. 1991; Manderneck et al. 1995; Tsadilas et al. 1998; Knocke et al. 1988). In rock
varnish and dendrites, the mineralogy of the Mn oxide coating was characterized using
X-ray absorption spectroscopy (XAS) (McKeown and Post, 2001), where its valance
state was observed to be closer to four and the structure ranged from tunneled (todorokite
and romanechite) to layered (birnessite-family). In the marine environment, Mn oxides
observed with silica, carbonates, and clay have been attributed as manganite (y-MnOOH),
birnessite, todorokite, or vernadite when formed at the oxic-anoxic boundary (Fried] et al.
1997; Post, 1999; Chukhrov et al. 1979). Natural surface coatings found in streams and
lakes reveal that both Mn-oxidizing bacteria and fungi can oxidize Mn®* to a Mn oxide
(Manceau et al. 2003; Dong et al. 2000; Manderneck et al. 1995; Tani et al. 2003; Nelson
et al. 1995). Biogenic Mn oxide coatings on streambeds may serve as an indicator of soil
acidification and metal leaching from soils of the corresponding watershed (Dong et al.
2003; Li et al. 2003). Moreover, Mn oxide coatings found on silica, clay, and anthracite
filter media in treatment plants act as Mn greensand with the ability to adsorb soluble Mn
and other heavy metals (Fan, 1996; Knocke et al. 1988). The oxide coating changes the

substrate surface area, porosity, particle size, and surface charge characteristics which
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influence sorption properties (Stahl and James, 1991; Tsadilas et al. 1998; Zachara et al.
1995; Al-degs et al. 2001; Green-Pederson and Pind, 2000). Numerous studies have
demonstrated that surface area increases and the surface charge behavior are similar to
the discrete oxide, depending on the degree of coating (Green-Pederson and Pind, 2000;
Green-Pederson et al. 1997; Nachtegaal and Sparks, 2004). Furthermore, a number of
researchers (Axe et al. 2000; Trivedi and Axe, 1999; 2000; Trivedi et al. 2001) have
observed that metals may be effectively sequestered by discrete amorphous Mn oxide,
therefore these oxide coatings are potentially important surfaces in controlling the

distribution of metals in the subsurface environment (Jenne, 1977; Post, 1999).

2.4 Impact of Mn Oxide on Metal Distribution

2.4.1 Discrete Mn Oxide

Generally, metal ions such as Zn, Ni, and Pb have been observed to be strongly
associated with Mn/Fe (oxyhydr)oxides and phyllosilicates in, for example, the fine-
grained fraction of dredged sediment which controlled its behavior in the environment
(Isaure et al. 2002). Consequently, a number of studies have focused on Zn, Ni, and Pb
speciation and sorption complexes on discrete oxides (Bochatay and Persson, 2000; Li et
al. 2004; Trivedi and Axe, 2000; Trivedi et al. 2001) and to a lesser extent in
heterogeneous systems representative of soils and sediments (Roberts et al. 2002;
Robinson, 1981; Scheinost et al. 2002; Manceau et al. 2005). X-ray absorption
spectroscopic (XAS) techniques have been employed extensively to elucidate sorption
mechanisms and obtain molecular-level information. Trivedi and coworkers (2000, 2001)

observed outer-sphere complexation of Zn on HMO with octahedral coordination, while
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Manceau et al. (2002) used polarized extended X-ray absorption fined structure
spectroscopy (EXAFS) and found substitution of Zn in the interlayer of crystalline
birnessite, resulting in a tridentate comner-sharing interlayer complex. Pan et al. (2004)
reported inner-sphere complexation with edge-sharing linkages between ZnOsg
polyhedron and MnQOg octahedra in manganite (y-MnOOH). Bochatay and Persson (2000)
observed the transformation of a mixture of tetrahedral and octahedral complexes on -
MnOOH to a tetrahedral structure exclusively as pH increased. Zn sorption on Mn oxides
has been reported as both outer-sphere to inner-sphere, forming either tetrahedral or
octahedral complexes. On other surfaces such as montmorillonite, Lee et al. (2004)
initially observed a polynuclear complex that transformed to a Zn-Si precipitate as a
function of aging.

While a number of investigators have studied Pb and Ni sorption to manganese
oxides, most work has focused on contact times less than 7 d. For example, Villalobos et
al (2005) found for Pb sorption onto biogenic Mn oxide produced from Pseudomonas
putida strain MnB1 resulted in two bonding mechanisms: a triple-corner sharing complex
in the interlayer above and below cationic sheet vacancies and a double-corner sharing
complex on particle edges at exposed singly coordinated —O(H) bonds. On the other
hand, in probing bimessite surfaces, only one type of bond was observed by Manceau et
al. (2002) and Matocha et al. (2001), where Pb formed tridentate edge-sharing interlayer
complexes and coordinated to vacant sites in the Mn oxide structure; Matocha et al.
observed concurrent release of Mn as Pb sorbed. Similarly, Ni substituted for Mn(III) in
lithiophorite soil nodules (Manceau et al. 1987). Divalent ions potentially substitute for

the Mn(II) ion or occupy vacancy sites in the oxide structure (Manceau et al. 2002). On
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the other hand, with manganite (y-MnOOH), Pb formed inner-sphere mononuclear
corner-sharing complexes with two Mn sub-shells (Matocha et al. 2001).

In addition, Sparks and co-workers (e.g., Scheidegger et al. 1997; Roberts et al.
1999) have studied the clay fraction in soil and especially Al bearing minerals and
observed a slow sorption process due to formation of a mixed Ni-Al layered double
hydroxide (LDH) phase. On the other hand, for Ni concentrations less than 10* M and
pH less than 8, Ni formed a mononuclear inner-sphere bidentate complex with surface
aluminol groups on boehmite (y-AIOOH) (Strathmann et al. 2005). Because this complex
was observed as a function of time, the slow sorption process was attributed to potentially
intraparticle diffusion. Others (Trivedi and Axe, 1999, 2000, 2001; Papelis, 1995; Strawn
et al. 1998; Fan et al. 2005) also working with porous Al oxides observed intraparticle
diffusion as the rate limiting step in the sorption process. Additional studies (Axe and
Anderson 1997; Trivedi and Axe, 1999, 2000, 2001; Trivedi et al. 2001; Scheinost et al.
2001) with microporous Mn and Fe oxides have further demonstrated that intraparticle
surface diffusion is a rate-limiting mechanism that results in substantial sorption to

internal surface sites.

2.4.2 Heterogeneous Biogenic Systems

Interactions between microorganisms and trace metals have been observed to include
complexation onto the microbe surface or extracellular polymers (Fein et al. 1997,
Daughney et al. 1998), mineral formation and dissolution (Toner et al. 2005; Glasauer et
al. 2003), and redox reactions with the metal ions acting as electron donors and acceptors
(Kemner et al. 2004; Francis et al. 2000; Liu et al. 2002). Investigating sorption

mechanisms requires an understanding of surface functional groups on, for example, the



14

cell wall which can be quantified through isolating functional groups (Beveridge and
Murray, 1980) and evaluating the coordination environment (Kelly et al. 2002);
subsequently, mechanisms can be modeled (Fein et al. 1997). Microbial cell walls
possess functional groups, which include carboxyl (-COOH), aldehyde (—~COH),
hydroxyl (-~CHOH), sulthydryl (-SH), phosphoryl (-PO4sH3), and amine (-NH;) (Sarret
et al. 1998; Madigan et al. 2000; Kelly et al. 2002). Na*, Mg?*, Mn®**, Fe**, and Cu*"
preferentially bind to carboxyl sites (Fein et al. 1997, Ngwenya et al. 2003), while
Cd**and Pb** most often bind to phosphate sites (Fein et al. 2001; Yee and Fein, 2001).
Sheath forming bacteria (e.g. Leptothrix discophora SP-6, Psudomonas putida
MnB1) excrete extracellular polymeric substances (EPS), ranging from tightly structured
capsules to a matrix of microbial biofilms. The functions of EPS include buffering the
microenvironment around cells against changes in pH, salinity, and the harmful effects of
toxins (e.g., heavy metals); protection against UV radiation; and, adhesion to other
surfaces (Decho, 1990). For Leptothrix discophora SP-6, more than 90% of the EPS by
mass consists of water (Emerson and Ghiorse, 1993) located in pores. The remaining
portion of the biomass consists of polysaccharides (reducing sugar: uronic acid, amino
sugar, and glucose), proteins, lipids, and inorganic matters (Emerson and Ghiorse, 1993).
The polysaccharides possess abundant (anionic) carboxyl and hydroxyl groups that
provide potential binding sites for metals. Of special importance are the carboxyl groups
of uronic acids (carboxylated polysaccharides) that correlate strongly with the metal
binding capacity of EPS (Kaplan et al. 1987) as observed with Pb, Zn, Cd, Co, and Ni

(Toner et al. 2005; Decho 1990; Konhauser et al. 1994).
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Although zinc is considered a micronutrient for microorganisms and plants, at
high concentrations (i.e., > 5x10™* M) toxicity effects are observed. Fein and coworker
(1997-2001) proposed that Zn sorbed onto Bacillus subtilis was best fit as sorption to a
combination of carboxyl and phosphoryl groups; Zn-carboxyl species were dominant at
low pH, but the contribution from phosphoryl species increased as the pH approached
circumneutral values. In addition, Ngwenya et al. (2003) studied Zn sorption to bacterial
cells (Enterobacteriaceae family) as a function of pH and found that a two-site model
(Zn-phosphoryl and Zn-carboxyl species) greatly improved the fit to their experimental
data over a one-site model (Zn carboxyl). Zn sorption by the P. putida biofilm is
attributed to approximately 23 (z 10) mol% carboxyl and 85 (£ 10) mol% phosphoryl
complexes using XAS (Toner et al. 2005). Toner et al. reported that at pH 6.9, the outer
membrane of gram-negative cells is an important surface for sorption due to the presence
of lipopolysaccharides and phosphoryl groups on phospholipidbilayer cell wall.
Moreover, Guine et al. (2006) studied Zn sorption on three gram negative bacteria
(Cupriavidus metallidurans CH34, P. putida, and Escherichia coli K12DH5a) and found
Zn binding sites consisted of carboxyl, phosphomonoester, and unexpectedly sulfhydryl
ligands. Moreover, extracellular polymeric substances, which consist of nucleic acids,
proteins, polysaccharides, and lipids, played a dominant role in Zn retention processes
because of their greater site capacity and affinity as compared to other membrane cell
components (Guine et al. 2006).

Sheath forming microorganisms such as L. discophora reduce the potential impact
of contaminants (Widmeyer et al. 2004) through Mn(II) and Fe(II) oxidation (Nelson and

Lion, 2003; Villalobos et al. 2003; Tebo et al. 2005; Bromfield, 1956), precipitation
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(Chen and Cutright, 2003), coating (Chan et al. 2004; Templeton et al. 2001), and
sequestration of the contaminant. A number of these biogenic Mn oxides have been
characterized using XAS and diffraction techniques where amorphous to poorly
crystalline minerals form (Manderneck et al. 1995; Villalobos et al. 2003; Jiirgensen et al.
2004) that are consistent with the abiotic layered Mn oxide (e.g. c-disorder birnessite).
Furthermore, interactions between metal ions and biogenic Mn oxides have been studied
for Pb and Zn sorption to oxide produced from P. putida MnB-1 (Villalobos et al. 2005;
Toner et al. 2006). The greater site capacity and affinity of biogenic Mn oxide was
observed as compared with 8-MnO,, birnessite, and pyrolusite (Nelson et al. 1999,
Villalobos et al. 2005). Zn and Pb occupied Mn vacancy sites, forming inner-sphere
complexes (Villalobos et al. 2005; Toner et al. 2006). Similarly, biogenic Mn oxides in
biofilms controlled the distribution of Ni, Co, and Cr in shallow seepage streams (Haack
and Warren, 2003) and Pb in Cayuga Lake, NY (Wilson et al. 2001). Although Zn
sorption on P. putida biofilm has been studied (Toner et al. 2005), other sheath forming
bacteria (e.g., L. discophora SP-6) play an important role in freshwater environments. In
this research, Zn interactions with sheathed L. discophora SP-6 and the impact of
biogenic Mn oxide coatings are investigated.

In the next chapter, the objectives and hypotheses for this research are presented

and followed by experimental methods designed to test the hypotheses.



CHAPTER 3

OBJECTIVES AND HYPOTHESES

Manganese oxides are ubiquitous in soils and sediments; they can sorb and accumulate
heavy metal contaminants, potentially controlling metal mobility and distribution.
Typically, Mn oxides occur as discrete particles and coatings in the subsurface
environment. These oxides are present in various forms ranging from amorphous to
crystalline in structure. Understanding the occurrence and forms of abiotic and biogenic
Mn oxide coatings are important for assessing heavy metal interactions with these
surfaces. The impact of Mn oxide coatings on heavy metal distribution needs to be
evaluated to better understand metal mobility, bioavailability, and attenuation. Objectives
for this research include the following:
1. Investigate the surface properties of the heterogeneous system of Mn oxide and
montmorillonite using several techniques including XAS in studying the local

coordination environment of Mn.

2. Better understand the potential impact of Mn oxide-coated clay on heavy metal
distribution.

3. Evaluate the Mn oxidizing ability of Leptothrix discophora SP-6 as a function of
Mn concentration as well as growth media.

4. Assess the surface properties and molecular structure of biogenic Mn oxide by
comparing it with abiotic Mn oxide.

5. Elucidate the sorption mechanisms of zinc onto the cell wall of L. discophora SP-

6 as well as the effect of biogenic Mn oxide on zinc distribution in a
heterogeneous system.
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Because of the importance of Mn oxides, several hypotheses have been proposed in this
research. The hypotheses include
1. Mn oxide coatings may exhibit a similar mineralogy and morphology to that of
discrete Mn oxides, depending on the degree of crystallinity. The presence of a
substrate may inhibit transformation to a crystalline form.
2. Heavy metal distribution and its mobility in the coated system may be dominated
by the Mn oxide phase of both abiotic and biogenic origin, resulting from the

greater affinity and site capacity of the Mn oxide.

3. Based on the structure and stability of abiotic HMO, biogenic Mn oxide is
expected to belong to the phyllomanganate family.

To test the proposed hypotheses, experimental methods are presented in the next chapter.



CHAPTER 4

EXPERIMENTAL METHODS AND ANALYSES

This chapter reviews all experimental procedures following quality assurance and quality
control guidelines (Appendix A) based on standard methods (Greenberg et al. 1998).
Research-grade chemicals and Millipore-Q Type I deionized water (DI) were employed
in the studies. Initially, abiotic Mn oxides and clay were prepared and then characterized
to better understand their surface properties. Subsequently, Mn oxide coatings were
evaluated for their structure and surface properties. Moreover, biogenic Mn oxide was
produced from L. discophora SP-6 and then characterized. Adsorption studies were then

performed to investigate the impact of the coating on contaminant distribution.

4.1 Synthesis and Preparation of Mn Oxides and Clays

To prepare HMO, a molar ratio of 2:1 sodium hydroxide to sodium permanganate was
used. One g L' batches of HMO were prepared by slowly adding manganese nitrate
(Mn(NO:s3),) to the alkaline NaMnQO, with a final molar ratio of 3:2. The solution was
mixed under a turbulent regime (Re> 10*) for 3 hours and purged with nitrogen gas to
remove carbon dioxide from the solution. The suspension was then centrifuged and
rinsed with DI water, upon which the oxide was redispersed in a 1.5x102 M sodium
nitrate solution for 16 hours prior to use.

Birnessite can be synthesized by a variety of oxidation and reduction methods;
two methods were employed in this research. For the oxidation method (Method 1),

Wadsley (1950) and Buser et al. (1954) prepared birnessite by bubbling air through
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a mixture of a 5.5 x 10" M NaOH with 8.38 x 102 M of Mn(NO3), for 5 hours. The dark
brown precipitate was washed with DI water several times by decantation, filtration, and
repeated rinsing. The oxide was then dried at 30 °C and pulverized with a mortar and
pestle. In the second method, Wadsely and Walkey (1947) employed the reduction of
permanganate to synthesize birnessite (Method 2). An 8 x 10" M of concentrated
hydrochloric acid was added dropwise to a boiling solution of 4x10" M of NaMnO,
under a turbulent hydraulic regime. After boiling the solution for an additional 10
minutes, the precipitate was filtered, washed, and dried at 30 °C. Pyrolusite was obtained
from Merck Chemical with the purity of 99.999% and was characterized as received.
Clay minerals, Na-kaolinite (KG-1) and Na-montmorillonite (SWy-2), were
obtained from the Source Clay Repository of the Clay Minerals Society at the University
of Missouri (Columbia, MO) and pretreated in accordance with Kunze and Dixon (1986)
and O’Day et al. (1994) to remove of organic matter and other impurities prior to receipt

(see Table 5.4).

4.2 Synthesis of Mn Oxides Coatings
HMO was coated on the montmorillonite surface through a redox process (Gadde and
Laitinen, 1974). To investigate coating as a natural process, an ambient condition was
selected (circum neutral pH). The coatings were produced as a function of Mn
concentration, typical (and in the high end of the range) of those in natural systems
between 6.1 x 10° to 2.50 x 10’ g Mn - g (Manceau et al. 2003; Tani et al. 2003;
Mortimer and Rae, 2000). Prior to the precipitation, a 6.9 x 10° M Mn(NO;), solution

was prepared in carbonate free deionized (DI) water (by purging with high purity
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nitrogen gas [1 L - min™ at 20 psi]) in the presence on montmorillonite and mixed for 24
hours. The montmorillonite (0.21-3.15 g - L") and Mn(NO3), solution was slowly added
to another solution of 1:2 (molar ratio) permanganate to sodium hydroxide and aged for 3
hours before centrifuging and rinsing the resulting suspension with DI water. The oxide-
coated clay was then redispersed in DI water at 1.5 x 10 M ionic strength (NaNO;) and
mixed for 16 h in a Lab-Line shaker.

Bimessite-coated montmorillonite was prepared using a reduction-oxidation
method as well (Stahl and James, 1991; Manderneck et al. 1995; Buser et al. 1954,
Wadsley, 1950). An 8.38 x 10 M Mn(NOs), solution was prepared in carbonate free DI
water again in the presence of montmorillonite (0.61-9.14 g - L™). The solution was
slowly added to 5.5 x 102 M NaOH under a well-mixed condition that was purged with
oxygen gas for 5 hours. The suspension was then centrifuged and rinsed with DI water.
The birnessite-coated clay was dried in an oven at 30°C for 3 days. For the crystalline
coating, pyrolusite-coated montmorillonite was prepared by wet oxidation at high
temperature (Stahl and James, 1991; Tsadilas et al. 1998). The mixture of Mn(NO;), and
montmorillonite was first dried in the oven at 30 °C and then heated at 120-125 °C for 52
hours until solidification was achieved. The sample was rinsed with DI water, filtered
through a 0.45 um membrane, stored at 110 °C for 1 day, and subsequently ground and

reheated at 150 °C for 4 days further.

4.3 Preparation of Mn Oxyhydroxide with Leptothrix Discophora SP-6
Biogenic Mn(II/IV) (hydr)oxide was produced through enzymatic oxidation by the

freshwater sheath-forming bacterium L. discophora SP-6, which was purchased from the
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American Type Culture Collection (ATCC #51168) and cultured in modified MSVP
(ATCC culture media 1917) and PY (ATCC culture media 1503) media, both of which
were autoclaved at 121°C and 15 psi for 20 minutes. MSVP solution was added to
achieve the following composition in the growth study: 0.240 g - L™ (NH4);SO4; 0.06 g -
L' MgS047H,0; 0.060 g - L' CaCl,-2H,0; 0.020 g - L' KH,PO4; 0.030 g - L™
Na,HPOy; 2.383 g - L' HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid);
and, 1.00 g - L' Na-Pyruvate (CH;COCOONa). Vitamin solution was filtered with a
sterilized 0.2 um polyvinylidene fluoride membrane and added to solution with a final
concentration of 20 ug - L biotin; 20 pg - L folic acid; 50 pg - L' thiamine HCL; 50 pg
. L! D-(+)-calcium pantothenate; 1 pug - L™ vitamin B12; 50 pg - L™ riboflavin; 50 pg - L’
' nicotinic acid (vitamin B3); 100 pg - L' puridoxine HCI; and, 50 pg - L p-
aminobenzoic acid. The PY medium in the growth studies consisted of 0.5 g - L
peptone; 0.5 g - L! yeast extract; 0.60 g - L! MgS04-7H;0; 0.07 g - L! CaCl,-2H,0; and,
3.73 g - L' HEPES. The ratio by volume of L. discophora SP-6 to medium was
approximately 1 to 20 for inoculation, resulting in a cell concentration of less than 4 mg
cell - L',

To assess and confirm the optimum pH for achieving the maximum growth rate, a
series of experiments were conducted between pH 6.5 and 8 (6.5, 7.0, 7.3, 7.5, and 8.0)
under turbulent conditions at 25°C with a saturated oxygen concentration maintained
with sterilized air. The optical density of biomass in liquid cultures was measured at 600

nm (Aggo) using a UV spectrophotometer (Emerson and Ghiorse, 1993). Two ml of the

culture collected with a sterilized syringe needle were passed through the syringe
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multiple times (at least five) to disrupt cell aggregates which were subsequently loaded in

a polystyrene cuvette for absorbance.

4.3.1 Mn Ocxidation Study

After the optimum pH was identified, a series of cultures from the stationary phase were
exposed to Mn** concentrations of 0.1, 0.3, 0.5, 0.7, and 1.0 mM based on those
commonly found in Mn-rich mine drainage (Doerr et al. 2005) and potentially non-toxic
to the cells (Pasten, 2002). Upon addition, Mn®* concentration in the aqueous was
assessed up to 168 hrs where samples were collected, filtered through a 0.2 pm glass
membrane, and measured with flame and graphite furnace atomic absorption (AA)
spectrometry. The Mn oxidation studies were conducted with three different media:
MSVP, PY, and deionized water with HEPES buffer all at pH 7.3. The biogenic Mn
oxide-coated bacteria was characterized with a suite of analyses used for abiotic coatings

as well as, and discussed in Section 4.4.

4.3.2 Lysozyme-EDTA Sheathed Isolation

The isolated (cell-free) sheath protocol was based on the lysis procedure described by
Romano and Peloquin (1963) and further developed by Emerson and Ghiorse (1993). L.
discophora SP-6 was harvested by centrifugation (at 8000 rpm, 8 min, 10 °C) and
resuspended in DI water to a density 20 times more concentrated than the original. The
suspension was homogenized by passing it repeatly through a 25-gauge needle to disrupt
large clumps of filament that formed in the culture. Lysozyme and EDTA were then

added to the suspension to final concentrations of 150 pg - L and 2.5 mM, respectively.

This mixture was incubated at 37 °C for 30 min for inducing lysis of the bacterial cells. A
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detergent (sodium dodecyl sulfate (SDS)) was added to the suspension to achieve a final
concentration of 10 g - L' to detach the cell wall. This solution was incubated at room
temperature for 20 min. The resulting extracellular polymeric sheath was washed four
times with DI water and for sorption studies, the extracellular polymeric sheath was
resuspended in 102 M NaNO; at pH 6.6. Emerson and Ghiorse (1993) reported the
chemical composition of sheath as 34% polysaccharides (reducing sugar: uronic acid and
amino sugar), 24% proteins, 8% lipids, and 4 % inorganic ash when L. discophora SP-6
was grown in MSVP media. A similar chemical composition was also observed for the
sheath of Sphaerotilus natans grown in complex media but with the polysaccharide
primarily composed of a neutral sugar (glucose), with less glucosamine and no uronic
acid. Therefore, the growth condition and organisms can affect the composition of the
polysaccharide. In this study, L. discophora SP-6 is grown in complex media that may be

dominated by the neutral sugar (Romano and Peloquin, 1963).

4.4 Material Characterization
The coatings were characterized using several techniques. Mineralogy was assessed with
a Philips X Pert X-ray diffractometer (XRD) and morphology was studied using a Philips
Electron 2020 environmental scanning electron microscope (ESEM) and a LEO 1530 PV
field emission scanning electron microscope (FE-SEM) with energy dispersive X-ray
analysis (EDX). Additionally, extraction analysis (hydroxylamine hydrochloride-
hydrochloric acid extraction) (Robinson, 1981; Ross and Wang, 1993) and X-ray
fluorescence (XRF) were employed to analyze the Mn concentration in the oxide-coated

clay. Characterization also included particle size analyses (PSA) and potentiometric
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titrations to evaluate the pH point of zero net proton charge (pHznpc). The specific surface
area, porosity, and pore size distribution were measured by Brunauer-Emmett-Teller
(BET) method and mercury porosimetry (GTI, 2003). Details for the analyses are

provided in the following subsections.

4.4.1 X-ray Diffraction Spectroscopy (XRD)

PW3040-MPD XRD (Philips Electronic Instrument Company) was applied to study
mineralogy. Sample preparation for XRD analysis was based on the standard procedure
(Buhrke et al, 1998). The samples were placed in the sample holder with the backing
filling technique. The instrument was operated at 45 kV and 40 mA (Cu K-a radiation).
Oxide samples were scanned from a 10° to 120° (26). For clay samples, 26 ranged from 5
to 120°. The standard powder diffraction file (PDF) (JCPDS-ICDD, 1998) was used as

reference data.

4.4.2 Environmental Scanning Electron Microscopy (ESEM), Field Emission
Scanning Electron Microscope (FE-SEM), and Energy Dispersive X-ray Analysis
(EDX)

The surface morphology was evaluated by ESEM Model 2020 (ElectronScan
Coorperation) and FE-SEM (model LEO 1530 VP). For sample preparation, the
suspension was placed on conductive carbon substrate attached to the aluminum sample
holder. For birnessite and pyrolusite, powders were fixed on conductive carbon substrate
as well. The sample preparation and SEM procedure were described by Goldstien et al.

(1992). Vapor pressure was adjusted to obtain high resolution. The EDX, Si(Li) detector

(Oxford Instrument) was operated at high energy for elemental mapping on the surface of
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the coated clay. The mapping provides Mn, Si, and Al as well as other elemental surface

species.

4.4.3 X-ray Fluorescence Spectroscopy (XRF)

X-ray florescence spectroscopy (PW2400R, Philips Electronic Instrument Company) was
performed to assess the composition of the sample. The PW2592/15 Rh tube and
goniometer detector were used and the x-ray path was measured in Helium. The Philips
SemiQ program was used to analyze the data. Sample was prepared according to the

method described by Buhrke et al. (1998).

4.4.4 Particle Size Analyses (PSA)

Particle size was analyzed with a Beckman-Coulter LS 230 analyzer as a function of
ionic strength (NaNOs) and pH. Solutions of 10? and 102 NaOH and 10" HNO; were
used to adjust pH. The particle size distribution (PSD) of oxides and clays was studied at
pH 5 and 7 and ionic strengths 107, 102, and 107. For PSD of sheath L. discophora SP-6
and biogenic Mn oxide coated bacteria, the analysis was performed as a function of Mn
oxide concentration in PY media and pH 7.3. The well-mixed condition was maintained
with a Lab-Line shaker operating at 250 rpm for 3 hours at room temperature before the
analysis. The laser diffraction technique sizes particles by utilizing the diffraction pattern
of scattered light over a range of 0.04 um to 2 mm. The background of PSA analysis was

illustrated by Allen (2003).
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4.4.5 Potentiometric Titrations

Systems were purged with high purity N, (g) (grade 5 nitrogen gas with 20 psi gauge
pressure and 1 L - min ' flowrate) to remove carbonate species before and during the
titration. Turbulence (Re > 10%) was maintained with a magnetic stirrer. Solutions were
titrated with 10° N HNO; and 102, 10", 10°, and 10' N NaOH. The pH values were
recorded after equilibrium was achieved (2 min after acid/base addition). The titration
was conducted at three different ionic strengths using NaNO; to determine the pH at zero
point of net charge (pH;pnc). The pHypne €xperiment was based on the method of Parks

(1967).

4.4.6 Extraction Method

To evaluate the Mn concentration on the clay surface, Mn oxides were extracted with
hydroxylamine hydrochloride-hydrochloric acid solution (0.25 M NH,OH - HCL, 0.25 M
HCl) (Ross and Wang, 1993). The extractant was preserved and stored following
standard methods and then measured with atomic absorption (AA) analysis (Greenberg et

al. 1998).

4.5 Adsorption Studies
Short-term adsorption studies were coﬁducted with a contact time of 4 hrs. In these
studies, the amount of adsorbate added is fixed, and equilibrium is achieved rapidly with
the external surface of the oxide (Axe and Anderson, 1997). Adsorption edges and
1sotherms were used to assess the amount of metal ion sorbed to HMO, montmorillonite,
HMO-coated clay, sheathed L. discophora SP-6, EPS, and biogenic Mn oxide-coated

bacteria as a function pH (1.0 to 6.0), ionic strength (1.5 x 107 to 1.5 x 10" M NaNOs),



28

and loading (10° to 10 mole of metal ions - g solid). Initial concentrations of Zn, Ni,
and Pb in this study were consistent with these observed naturally and in contaminanted
ones (Robinson, 1981; Dong et al. 2003) and were below the solubility limit of
smithsonite, ZnCOs(), B-Ni(OH), (Wallner and Gatterer, 2002), and hydrocerrusite
(Pb3(OH),(COs3),) based on Mineql+ (Appendix B). All adsorption experiments were
conducted in 250-mL polypropylene (Nalgene®) containers under turbulent hydraulic
conditions. One g - L and 10" g - L' of abiotic Mn oxide and coatings, respectively,
were prepared for edge and isotherm studies, while adsorbent concentrations were 17.3
mg cell - L of L. discophora SP-6, 1.3 mg of sheath - L (represents fraction of EPS
present on cells), and 8.6 mg Mn oxide - L' (0.5 mg Mn oxide mg" cells) for the
biological systems. Solutions of 10% and 10" N of NaOH and HNO; were used for
adjusting the pH, and stock solutions of Zn nitrate, Ni nitrate and Pb nitrate were tagged
with the radioactive isotope ©Zn, Ni, and *!°Pb. After 4 hours, samples were collected
and filtered using a 0.2 pm glass membrane. The activity of ®*Zn, ®*Ni, and *'°Pb in the
suspension and in the filtrate were measured with a Beckman LS6500 Multipurpose
scintillation counter.

Long-term adsorption studies were required for evaluating the slow sorption
process of intraparticle diffusion along microporous surfaces (e.g., Trivedi and Axe,
2000, Axe and Anderson, 1997). To observe this process and evaluate experimental
diffusivities in a convenient time frame, constant boundary condition (CBC) studies were
conducted with HMO, HMO-coated clay, montmorillonite, and biogenic Mn oxide-
coated bacteria (see e.g., Trivedi and Axe, 2000). The CBC studies were conducted in 1-

L high-density polypropylene (Nalgene®) containers under turbulent conditions with an
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initial volume of 1000-mL. Again, the tagged stock solutions of Zn nitrate, Ni nitrate, and
Pb nitrate were added to maintain constant bulk concentrations, which were monitored by
collecting 2.5-mL of solution, filtering with a 0.2 pm glass membrane, and measuring the
activities of ®Zn, ®*Ni, and 2'°Pb in the filtrate. The [Me]puik Was assessed after 4 hours
contact time when the sorption reached the equilibrium between the bulk aqueous
solution and the external surface of the sorbent. The metal ion concentration in the bulk
aqueous phase was maintained constant by monitoring and adding stock solution as
needed. During these experiments, the solids concentration was constant and the loss of
solution due to evaporation was negligible as the container was capped and opened only
for sampling the solution and measuring pH. The CBC experiments ran from 36 to 144

days.

4.6 XAS Studies
XAS data were acquired on Beamline X11A of the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory, where the electron beam energy was 2.8
GeV with a beam current of 260 to 280 mA. The monochromator consists of a pair of Si
(111) crystals which are adjusted over the range of energy. The wet paste samples were
loaded into acrylic sample holders and sealed with Kapton windows. Energy calibration
was conducted before measuring the spectra for each standard and sample. The data were
collected in both transmission and fluorescence modes. Harmonic rejection was achieved
by detuning 30% of I,. For the studies on structure of Mn oxide, the spectra were
collected at the Mn-K edge (6.539 keV) and over the energy range of 6.300 to 7.200 keV.

The Mn K-edge was calibrated between samples with a Mn foil. The standards and
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samples consisted of B-MnQ,, birnessite, todorokite, HMO, HMO-coated clay, birnessite-
coated clay, and biogenic Mn oxide produced from L. discophora SP-6. The incident (I,)
and transmitted (I;) ion chambers were filled with nitrogen gas. Fluorescence spectra
where samples were placed at 45° to the incident beam were collected with a Lytle
detector filled with argon gas.

For studies on Zn sorption, the spectra were collected at the Zn K-edge (9.659
keV) over the energy range of 9.509 to 10.408 keV. For Ni and Pb sorption samples, the
spectra were collected at the Ni K-edge (8.333 keV) and Pb Lij-edge (13.055 keV) over
the energy range of 8.133 to 9.802 keV for Ni and 12.855 to 13.606 keV for Pb. Energy
calibration was conducted before measuring the spectra for each standard and sample.
Standards and samples of Zn, Pb, and Ni were measured in transmission and fluorescence
modes with nitrogen gas in the ion chamber before the sample (I,), and Ar gas in the
Lytle detector. For Ni and Pb, a mixture of 50 % N, and 50 % Ar gas was filled in the ion
chamber after the sample (I;) while only N, gas was used for Zn.

XAS spectra were analyzed using WinXAS (Version 2.3) (Ressler, 1998)
following standard procedures (Bunker and Sayers, 1988). The background X-ray
absorbance was subtracted by fitting a first order polynomial through the pre-edge region.
The edge jump of a background-corrected spectrum was normalized with a zero order
polynomial over 100 to 200 eV above the edge energy. The threshold energy (E,) was
determined from the first inflection point in the edge region and was used to convert the
spectra from energy to k-space. An advanced spline function was employed to subtract
the isolated atomic absorption and to convert the data to (k) that was then weighted by

k’ to enhance the higher k-space data. A Bessel function was used in Fourier transforms
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in producing the radial structure function (RSF). The RSF of standards and samples was
fit with reference models, generated using FEFF7 (Zabinsky et al. 1995). In fitting, all
parameters were floated, but the amplitude reduction factor (SOZ), which accounts for
energy loss due to multiple electron excitations was held constant and the edge energy
was constrained to being equivalent for all shells in the fit. First, each shell was isolated
and fit, and was proceeded by multiple shell fitting.

In addition, principle component (PCA) and linear combination (LC) analyses
were applied to Zn EXAFS (x(k)xk’) spectra of samples and standards to better
understand relative contributions to zinc complexation. Target transformation analysis
was conducted to evaluate the suitability of the reference spectra using the SPOIL
function (Malinowski, 1978), which is the ratio of the real error in the target to the error
from the data matrix; a value less than 1.5 is considered an excellent fit, 1.5 to 3 good, 3
to 4.5 fair, and 4.5 to 6.0 poor (Malinowski, 1978).

Samples from adsorption studies were used where the sorbed Zn, Ni and Pb
concentrations were measured based on the activity of 857n, ®Ni, and ?'°Pb in duplicate
studies. Suspensions were centrifuged at 10,000 rpm for 20 minutes to obtain the wet
paste. Samples included ones from CBC studies with time frames up to 7 months as well
as short term samples addressing the effect of sorbent (HMO, HMO-coated clay,
montmorillonite, sheathed L. discophora SP-6, EPS, and biogenic Mn oxide-coated
bacteria), adsorbate loading from 10 to 10”2 mol of metal ions - g of sorbent™, pH 5 to 7,
and ionic strength from 107 to 10? (NaNO; based). Given the volume of the wet paste
(~1 mL) after centrifugation (and even if the entire volume consisted of water) the metal

concentration remaining in the aqueous phase would be 5 x 10® M for the greatest
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loading, two to four orders of magnitude less than the sorbed concentration and therefore
not impacting the spectra.

In Chapters 5 through 10, results are presented on characterization of the Mn
oxide-coated clay and the associated substrates, sorption to the abiotic coating,
assessment and production of the biogenic Mn oxide, and sorption to its surface. The
dissertation concludes with a chapter on a summary of the findings and potential work in

future studies.



CHAPTER 5

INVESTIGATION OF MN OXIDES AND CLAY

This chapter presents results on characterization of discrete minerals of Mn oxides and
clay reviewing morphology, mineralogy, particle size, composition, and surface charge

(pHzpnc)- These results were used then in synthesizing and characterizing coated systems.

5.1 Characteristics of Mn Oxides: HMO, Birnessite, and Pyrolusite

The morphology of HMO reveals an irregular topography; particles appear aggregated
forming spheres (Figure 5.1 (A)). The XRD diffractogram (Figure 5.2) is broad and flat
indicative of an amorphous structure. Based on the ESEM, the average HMO particle size
is approximately 15 um and is in agreement with the particle size distribution (Figure
5.3). Moreover, the PSD is monomodal with a particle diameter ranging from 1 to 600
um, and although it appears to be dependent on ionic strength when increased to 10", the
distribution is invariant of pH. Potassium and sodium from the sodium permanganate
used in oxide synthesis (Table 5.1) appear to be impurities in the precipitates.

For crystalline Mn oxides, birnessite was prepared with two methods. Using the
first method resulted in a morphology consistent with that of birnessite, a needle shaped
crystal (Figure 5.1 (B)) that aggregates into a spheres (Wadsley, 1950; Buser et al. 1954),
while surfaces of aggregated birnessite using Method 2 (Figure 5.1 (C)) are similar to a
sponge. Moreover, the XRD pattern of birnessite (Method 1) represents a more

crystalline oxide than that from Method 2. The four major peaks of birnessite
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Figure 5.2 The X-ray pattern of HMO, bimnessite (Method 1), birnessite (Method 2),
birnessite (NagsMn;40,79H,0) and pyrolusite (MnQO5).
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Table 5.1 The X-ray Fluorescence Analysis on the Percent Composition of HMO,
Birnessite (Method 1 and 2), and Pyrolusite
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Oxide HMO Birnessite Birnessite Pyrolusite
(Method 1) (Method 2)
MnO, 96.528 96.403 97.356 100
Na,O 3.314 3.596 1.754 -
K>,O 0.158 - 0.890 -

(Method 1) are consistent with those in the powder diffraction file (Giovanoli et al.
1970). The half height width for birnessite using Method 1 represents a well-crystallized
mineral compared to that of Method 2.

From the XRD pattern of the oxide (Method 2), the structure appears to be a
disordered version of the Method 1 oxide and is mostly amorphous. Overall, the XRD
pattern confirms the lack of crystallinity of birnessite using Method 2 or particle size
could be very small and is consistent with that observed by ESEM. The PSDs of
birnessite using Method 1 (quasi-bimodal) are quite different from that of HMO;
however, the particle size is independent of pH and ionic strength. Birnessite produced
from Method 1 ranges from 0.1 to 500 um (Figure 5.4). For bimessite using Method 2
(Figure 5.5), the distribution is similar to bimodal and independent of pH and ionic
strength; particles range from 0.5 to 1000 um. Because the birnessite produced by
Method 2 is not consistent with others (Wadsel and Walkey, 1947), Method 1 is selected

for this study due to the resulting crystallinity, morphology, and fine particle size.
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For pyrolusite, the ESEM images show a cubic shape crystal with a rough surface
(Figure 5.1). The cubic shape may occur under stress conditions during production (by
pulverizing and heating rate). At high magnification, the surface of pyrolusite also
appears sponge-like with a dimension of 30 um. The diffraction pattern of pyrolusite is in
agreement with that expected from the powder diffraction file (Hartcourt, 1942). Even
though all peaks match, preferred orientation still has an effect because of the size and
tensor properties of the crystalline mineral (Jenkins and Snyder, 1996). The purity of
pyrolusite purchased from Merck is approximates 99.999% and was confirmed with XRF
analysis. The particle size distribution of pyrolusite (Figure 5.6) is monomodal with a
diameter ranging from 0.1 to 1000 um. There is no effect of pH and ionic strength on the
distribution. Most particles are approximate 85-96 pum. The particle size distribution
follows order of birnessite Method 2 > birnessite Method 1 > HMO > pyrolusite.

From potentiometric titrations at ionic strengths, 1.5 x 10", 1.5 x 102 and 1.5 x
107 (Figures 5.7), the pHpne of HMO is approximately 2.4 £ 0.5, falling in the range of
pH 1.5-3 reported by others (Morgan and Stumm, 1964; Stumm, 1992). Pyrolusite pHzpnc
was observed to be 5.5 + 0.5; this pH values is in agreement with that observed by others
(Healy et al. 1966; Kanungo and Parida, 1983; Kanungo and Mahapatra, 1988). The
PHzpne of binessite was 2.6 = 0.5 and is in the range of 2-4 reported by others as well
(Morgan and Stumm, 1964; Healy et al. 1966; Kanungo and Parida, 1983; Kanungo and

Mahapatra, 1988; Scott and Morgan, 1995).
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5.2. Characteristics of Clay: Kaolinite and Montmorillonite

Kaolinite particles are hexagonal flat plates that represent the gibbsite plane attached to a
silica plane and appear to aggregate and form a stack which is approximately 5-10 um in
depth. The average size of kaolinite is less than 1 pm and approximately 0.05-0.15 pm in
thickness. The morphology of montmorillonite is different from that of kaolinite where
individual particles less than 1 pum aggregate into a honeycomb structure (Borchardt,
1989). The creeping structure (Figure 5.8) with irregular shape is approximately 2-5 pm.
As revealed in Figure 5.8, the surface area of montmorillonite is greater than that of the
flat plane structure characteristic of kaolinite. XRD analysis reveals that both kaolinite
and montmorillonite are crystalline structures. However the XRD pattern of
montmorillonite is different from the PDF file (Favejee, 1939) (Figure 5.9 and Table 5.3),
which may be due to sample preparation including relative humidity, particle size, and
temperature. In addition, peak shifts also occurred because of preferred orientation. The
width at half height demonstrates the crystallinity of clay (in Table 5.3) and is smaller for
kaolinite than for montmorillonite. For kaolinite, XRD pattern is consistent with the PDF
file (Nedar et al. 1999) (Figure 5.9).

XRF analyses of the clays are consistent with their structure (Table 5.4 and Figure
5.10). Impurities in montmorillonite are greater than that for kaolinite. Manganese and
iron are commonly found with montmorillonite. Although this analysis revealed a purity
of approximately 96% for kaolinite, the data sheet reported approximately 87%. As
described earlier, both clays were pretreated where surficial carbonate, iron, and organic

matter were removed.
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Table 5.4 XRF Analysis of Kaolinite and Montmorillonite

Percent of composition
Element
Kaolinite Montmorillonite
Sodium (Na,O) - 0.427
Magnesium (MgO) - 1.061
Aluminum (AL,Os) 58.765 34.075
Silica (Si0O») 37.305 48.970
Sulfur (SOs) - 0.281
Potassium (K,O) - 1.469
Calcium (CaO) - 3.027
Titanium (TiO;) 3.401 0.316
Manganese (MnO) - 0.094
Iron (Fe,03) 0.529 10.185
Strontium (SrO) - 0.094
Total 100 100

The particle size of kaolinite is greater than that of montmorillonite in the dry
phase; however, for these studies, the particle size in the aqueous phase is of interest. The
kaolinite and montmorillonite PSDs range from 0.5 to 100 um (Figures 5.11 and 5.12):
the distributions are independent of pH and ionic strength. The average particle size of
kaolinite and montmorillonite are 11 and 8 um, respectively. However, most particles fall
in the range of 4-5 um. The PSDs observed for these clays is in agreement with others

(Adeleye and Clay, 1994; Erzan and Giingor, 1995).
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The pHzpne of kaolinite and montmorillonite is difficult to assess because of the
potential dissolution of Al (at pH 3-4) and permanent charge that cannot be neutralized
by H" (Green-Pederson and Pind, 2000). Generally, the charge on kaolinite and
montmorillonite surfaces can be described as negative for the pH range of natural
systems. In this study, the pHzyne of kaolinite is approximately 2.7 + 0.5 (Figure 5.13)
which is close to that observed by Schroth and Sposito (1997) and Arias et al. (1995). In
the case of montmorillonite the pHpn is approximately 4.2 + 0.5 (Figure 5.12), which is
greater than that reported by Stumm (1992) a value of 2.5.

Characterization of kaolinite and montmorillonite reveals differences in
morphology, surface charge, and particle size distribution. Montmorillonite exhibits
greater surface area (smaller particles) than kaolinite and may promote greater interaction
with the Mn oxides. The smaller particle size or greater surface area is expected to
promote greater loadings (Specht et al. 2000). Therefore, montmorillonite is selected for
coating studies because of surface area (more irregular shape), surface charge, and

particle size.

5.3 Summary
Mineralogy of the Mn oxides showed the amorphous structure of HMO, poorly to well
crystalline birnessite, and well crystalline pyrolusite. Morphology of birnessite suggested
aggregated needle-shaped crystals while HMO revealed an irregular structure. Overall,

the particle size of these Mn oxides ranged from 1 to 600 um with the average diameter

varying from 15 to 30 um for HMO and pyrolusite. Surface charge analysis resulted in a
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pHznpe of HMO, bimessite (Method 1 and 2), and pyrolusite of 2.4, 2.55, 3.4, and 5.5,
respectively.

Birnessite (Method 1) appeared to be more crystalline than that of Method 2;
therefore, birnessite from Method 1 is selected for the coating experiment. Both clay
minerals are well crystalline as seen from XRD. Morphology showed stacking for
kaolinite and a creeping structure for montmorillonite. In addition, the particle size of
kaolinite is greater than that of montmorillonite, therefore the surface area of
montmorillonite is greater than that of kaolinite. The pHgp of kaolinite and
montmorillonite are approximately 2.7 and 4.2, respectively. Based on the surface area,
particle size, and surface charge, montmorillonite is preferred for the coating study.
Coating by adsorption is expected to be difficult because the surface charge and pHpyc of
oxide and clay are similar. Therefore, coating through precipitation will be applied for
these studies. The optimum loading and characteristics of the coatings will be
investigated with the same methods used in assessing oxides and clays. Subsequent to the

coating study, sorption studies follow.



CHAPTER 6

PROPERTIES AND STRUCTURE OF MANGANESE OXIDE-COATED CLAY

The enrichment of clay minerals may be an important factor in controlling manganese
oxide mineralogy. Understanding the occurrence and forms of Mn oxide in the presence
of montmorillonite is important for assessing heavy metal interactions with these surfaces

and therefore metal mobility and bioavailability.

6.1 Characteristics of Manganese Oxide-coated Clay
The degree of coating was evaluated from the Mn concentration extracted using
hydroxylamine hydrochloride-hydrochloric acid (NH,OH-HCI) (Stahl and James, 1991,
Robinson, 1980; Ross and Wang, 1993) and in situ analysis with XRF; results were
consistent given the error. Because of the surface charge and large surface area of
montmorillonite, Mn oxide loadings for HMO and birnessite ranged between 3.9 x 10"
and 5.4 x 10" g Mn - g clay and were greater than that observed for silica, which was
2.5 x 107 t0 2.7 x 107 g Mn - g sand based on pyrolusite coatings (Stahl and James,
1991; Guha et al. 2001). However, pyrolusite is significantly different than HMO and
birnessite. The Mn oxide loadings were also in agreement with that observed for Fe and
Al oxide coatings, where approximately 3.2 x 10" g Fe - g clay was reported for
ferrihydrite- and lepidocrocite-coated montmorillonite (Green-Pederson and Pind, 2000)
and 1.30 x 107 to 1.35 x 10" g Al - g clay for hydrous aluminum oxide (Turner et al.
1996; Arias et al. 1995; Naidja et al. 1997). Between an application of 0.50 and 1.5 g Mn

- g clay, the degree of coating for HMO and birnessite was relatively constant because
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of potentially site saturation on the montmorillonite surface (Figure 6.1a). This effect was
also observed with the birnessite-coated clay (Figure 6.1b). Interestingly, a site saturation
effect can be observed using the Langmuir model (Figure 6.1), where both coated
systems resulted in a maximum capacity of approximately 0.5 g Mn - g clay.

The morphology of the Mn oxide coatings was also studied to observe the degree
of coating. Birnessite has a needle shaped crystal, discrete HMO has an irregular
topography comprised of nanoparticle aggregates, and montmorillonite usually
aggregates into a honeycomb structure (Figure 6.2a, b, and c). For the HMO and
bimessite coatings at 1.0 x 10" g Mn - g clay, little to no oxide was observed using FE-
SEM; however, at loadings greater than or equal to 2.5 x 10" g Mn - g clay, coatings
were observed. At 5.0 x 10! g Mn - g clay, discrete oxide was present (Figure 6.2d and
¢) and both birnessite as well as HMO uniformly deposited along the clay (110) planes
(Figure 6.2d, e and f). These morphological observations are in agreement with XRD
analysis. For example, at the lowest loading (1.0 x 10" g Mn - g clay), the sample was
relatively similar to that of montmorillonite based on d-spacings and intensity (Figure 6.3
and Table 6.1), except for the 001 reflection. This reflection appears to have shifted to a
larger d-spacing, indicating an expansion of the interlayers, which may be attributed to

hydration (Brindley and Brown, 1980) as well as Mn oxide precipitation.
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Figure 6.1 HMO (a) and birnessite (b) loadings on montmorillonite as a function of
application and analyzed by extraction (empty symbols) and XRF (filled symbols).
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However, as the loading increased to 2.5 x 10" g Mn - g clay or greater, the pattern was
consistent with discrete HMO. The diffractogram of birnessite coatings was broader and
less intense as compared to birnessite produced in the lab (Wadsley, 1950), suggesting a
poorly crystalline structure (Figure 6.4 and Table 6.1).

Again, at greater than 5.0 x 10" g Mn - g clay, HMO and bimessite appear to
form aggregates of discrete oxides, demonstrating a limiting capacity for the Mn oxide.
With greater loading, electrostatic forces between like particles potentially prevent
further coating. However, for pyrolusite-coated clay (Figure 6.4), the XRD pattern
appears to be similar to that of clay, suggesting inhibition of oxide crystallization or that
the oxide nucleated as nanometer particles and was not detected by XRD. This
observation is also consistent with the poorly crystalline lepidocrocite-coated
montmorillonite observed by Green-Pederson and Pind (2000). Inhibition of
crystallization has been found not only in the presence of substrates but also when other
impurities such as metal ions (Cr, Cu, Mg, Ni, and Zn) (Dalpi et al. 1993; Grases et al.
1989; Karim, 1984), organic ligands (cysteine, lysine, EDTA, and humic acid) (Dalpi et
al. 1993; Koutsopoulos and Dalas, 2000), and inorganic ligands (sulfate, phosphate, and
ammonium) (Couling and Mann, 1985; House, 1987; Rees et al. 2002; Storr et al. 2004)
are present. Given the limiting capacity of montmorillonite for Mn oxide and the need to
better understand the structure and surface properties, 5.0 x 10" g Mn - g! clay was

selected for elemental mapping and the further analysis.
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Montmorillonite is composed of 45% O, 19% Al, 23% Si, 7% Fe, and 2% Ca
(Figure 6.5). For the lower atomic numbers, O, Si, and Al, the detection limit ranges from
0.2 to 1%. Interestingly, for both types of coatings (HMO and birnessite), Mn, O, Si, and
Al concentrations were approximately equivalent (32%, 63%, 4%, and 1%, respectively).
Si and Al present in the coatings were significantly smaller compared with the almost
41% total present in the original clay.

These results are consistent with the permanent charge located on silica plane,
comprising ~90% of clay surface as opposed to the variable positive charge along the
intraplanar area (~10%) which potentially repels the Mn oxide nucleation. The
intraplanar area of montmorillonite is attributed to the edges of the octahedral sheet
(gibbsite plane) where broken bonds occur (Choppin et al. 2002); Si and Al are observed
along these edge areas. As seen in Figure 6.2, the intraplanar area was even observed at
higher loadings suggesting as HMO increased, the affinity for oxide-oxide aggregates
was greater than that for the edge area.

Moreover the effect of coatings was also observed from the particle size
distribution (PSD). For the HMO-coated system at 5.0 x 10" g Mn - g clay, the particle
size distribution is consistent with that for HMO (Figure 6.6a), as montmorillonite
particles range from 0.1 to 20 um. The PSD of birnessite was bimodal (3.8 and 25 pm),
while the PSD of birnessite-coated clay became a monodal distribution (Figure 6.6a).
Green-Pedersen (2000) observed that the PSD of lepidocrocite-coated montmorillonite
appeared much like that of pure lepidocrocite. Al, Fe, and Mn oxide-coated silica, on the
other hand, have been observed to have little to no effect on the particle size distribution

because generally silica is much larger (Meng and Latterman, 1993; Stenkamp and
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Benjamin, 1994; Szecsody et al. 1999). Interestingly, the ionic strength and pH have no
observable effect on the particle size distribution over the range of 10 to 107 ionic
strength and pH 5 and 6 (Figure 6.6b)

The oxide coatings affected not only morphology, but also surface area, porosity,
and pore size distribution. The surface area of the HMO coating was 95 m® - g, and is
between that of HMO (359 m” - g'') and montmorillonite (with an external area of 28 m’ -
g'l). HMO potentially introduces more surface area to the montmorillonite substrate,
where the pore size distribution of the HMO coating resulted in an average size of
approximately 8.6 nm and is close to that of discrete HMO (bimodal 2.1 and 6.1 nm). The
porosity of the HMO-coated surface (81%) increased substantially as compared to HMO
(35%) and montmorillonite (51%). The increase in porosity may be due to oxide
aggregation. On the other hand, the surface area of the birnessite coating was 26 m’ - g'1
which is consistent with that of montmorillonite (external surface) and is slightly less
than that of discrete birnessite (32 m? - g"). The porosity of the bimessite coating was
similar to that of birnessite (3%), and was much less than that of montmorillonite. The
pore size distribution of the birnessite coating was consistent with discrete birnessite (6
nm), suggesting a smaller pore size as compared to montmorillonite (mono-modal
distribution 12.3 nm). However, in using the BET method and Hg porosimetry for Mn
oxides, measurements are collected on anhydrous samples, the hydrated samples are
expected to be much greater in area than the measured value because the oxide swells in
the aqueous phase. In addition, when mesopores are hydrated, layers of water are sorbed
along surfaces resulting in potentially smaller, micro-sized pores (Kérger and Ruthven,

1992). On the other hand, in using the BET method for montmorillonite, it accounts for
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only the external surface area (~ 5%) and does not include internal surfaces (Sposito,
1984; Quirk and Murray, 1999). Theoretically, montmorillonite possesses a surface area
of approximately 751 m” - g”! (Sposito, 1984), which is based on crystallographic data.

To better understand surface properties, potentiometric titrations were conducted. The
HMO-coated clay behaved similarly to HMO where the pHznpe of HMO-coated clay (2.8
* 0.5) was approximately equivalent to that of HMO (2.4 £ 0.5) (Morgan and Stumm,
1964; Quirk and Murray, 1999) (Figure 6.7). However, the pHzp. of montmorillonite has
been observed to range from 2.0 to 10.0 (Hatch, 1952; Mitchill, 1963; Coppin et al.
2002), and in these studies, it was approximately 4.6 + 0.5. In addition, the pHnpe of
birnessite-coated clay was approximately 3.1 = 0.5 and falls between the two minerals.
The results suggest that HMO, birnessite, and montmorillonite play important roles in
surface charge behavior and metal distribution.

Further assessment of the surface properties included studying the local structure
of Mn using XAS. Initially in comparing the X-ray absorption near edge structure
(XANES) region of the discrete Mn oxides to that of their coated clay counterparts, each
is equivalent to their discrete form. The amplitude reduction factors (S¢?), which accounts
for energy loss due to multiple electron excitations were fixed at 0.97 based on fitting the
experimental 3-MnO, spectra, with its known coordination numbers in Table 6.2. For X-
ray absorption fine structure (XAFS) on HMO and HMO-coated clay, all parameters
were floated and the edge energy was constrained to being equivalent for all shells in the
fit. First, each shell was isolated and fit, and was proceeded by multiple shells fitting over

a radial window of 0.50 to 3.08 A.
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Figure 6.7 Potentiometric titrations of 107 g - L' HMO, birnessite, HMO-coated clay,
bimessite-coated clay, and montmorillonite using NaNO; to adjust the ionic strength and
purged with N at 25 °C.
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For HMO and HMO-coated clay (Figure 6.8), in the first shell, 3.1 atoms of
oxygen were observed at a distance of 1.89 + 0.02 A, while 2.7 manganese atoms were
found at an average radial distance of 2.85 + 0.02 A (Table 6.2). Furthermore, after aging
HMO-coated clay for 1 month, the XAFS spectra showed that the local structure of
HMO, HMO-coated clay, and 1-month old HMO-coated clay was equivalent.

In agreement with a number of studies (Axe et al. 2000; Manceau et al. 1987,
Manceau and Combes, 1988; Pasten, 2002), the ratio of coordination numbers for these
two shells is close to 1:1. Moreover, the Mn oxide structure has been reported to have a
random framework of edge- and corner-sharing MnQO; octahedra (Manceau et al. 1987,
Manceau and Combes, 1988), which is similar to vernadite (Manceau et al. 1992).
Interestingly, vernadite synthesis is relatively similar to HMO in considering
stoichiometry; therefore HMO may potentially be equivalent to vernadite. Giovanoli et al
(1980) reported that vernadite has a random stacked birnessite structure based on XRD
patterns, on the other hand, Chukhrov et al. (1980) and Chukhrov and Gorshkov (1980)
found that vernadite is distinct from birnessite because of disordering in the ¢ parameter
and the lack of basal plane reflections (001). Moreover, Friedl et al. (1997) characterized
vernadite as a c-disordered H'-birnessite using XAFS. In addition, Manceau and
coworkers (1992, 1987) conducted XAS on several types of Mn oxides, where
lithiophorite (Al, Li)MnO,(OH), and asbolane from New Caledonia both exhibited 3.0-

3.6 atoms of oxygen in the first shell and 3.0-3.6 Mn atoms in the second shell.
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Figure 6.8 Mn K-edge y(k) - k® spectra collected in transmission and fluorescence
modes at 25 °C, and Fourier transformed x(k) - k> spectra over 2.20 to 11.88 A" and
fitted over 0.50 to 3.10 A.
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Interestingly, the biogenic MnO, produced from Leptothrix discophora SP-6 was
observed to be amorphous consisting of 4.1 O atoms at 1.90 A and 4.3 Mn atoms at 2.88
A, consistent with HMO (Jiirgensen et al. 2005). However, Kim et al. (2003) reported
that its structure was similar to that of both chalcophanite and todorokite based on Raman
spectra and XANES.

For bimessite and birnessite-coated clay, the coordination numbers in the first two
shells were constrained given the monoclinic structure. The XAFS spectra (Figure 6.8)
reveal that in the first shell 6 atoms of oxygen were observed at a distance 1.91 + 0.02 A,
while in the second shell 6 atoms of manganese were located at 2.99 + 0.02 A (Table
6.2). These results are consistent with other studies (Friedl et al. 1997; McKeown and
Post, 2001; Foster et al. 2003; Post and Bish, 1988) (Table 6.3). For example, Foster et al.
(2003) fixed the coordination number for the first shell of 6 O atoms (resulting in an
average distance of 1.91 A) and found 5 Mn atoms at 2.87 A. McKeown and Post (2001)
constrained their fit with a Mn-Mn distance at 2.90 and 3.44 A for second and third
shells. As seen in Figure 6.8, the RSFs are potentially in agreement with edge-sharing Mn
octahedral described by others (McKeown and Post, 2001; Pasten, 2002; Foster et al.
2003). On the other hand, Friedl et al. (1997) studied H'-birnessite and observed 4.9
atoms of O in the first shell and 4.6 atoms of Mn in the second shell; parameters were
neither fixed nor constrained, yet the ratio of first and second shell coordination numbers
is equivalent to that for the actual structure. Furthermore, the ratio of coordination
numbers of 1:1 for HMO is consistent with that for bimessite; therefore HMO may

potentially be a precursor to bimessite.
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6.2 Summary
The birnessite-coated clay resulted in a poorly crystalline oxide, where the clay substrate
potentially inhibited crystallization of pyrolusite-coated clay. The short-range structure
however for birnessite-coated clay was equivalent to that of the discrete birnessite. For
both HMO- and birnessite-coated montmorillonite, the overall surface properties of the
systems studied were consistent with their discrete oxides. Moreover, the XAS studies
also suggest that the local structure of Mn in the HMO coating is similar to that in the
discrete phase. Overall, results demonstrate that Mn oxides are important coatings that
dominate the clay surface characteristics potentially having significant impact on metal

sequestration.



CHAPTER 7

IMPACT OF MN OXIDE COATINGS ON ZN DISTRIBUTION

Macroscopic, spectroscopic, and kinetic experiments were employed to investigate the
sorption behavior of Zn and the effect of montmorillonite as a substrate for the Mn oxide
coating. Adsorption edges and isotherms were conducted to investigate the effect of pH,
ionic strength, and surface loading. Concurrently, XAS studies were performed to
evaluate the effect of these conditions along with contact time. Moreover, to better
understand the slow sorption process, constant boundary condition (CBC) experiments
were employed for HMO, HMO-coated clay, and montmorillonite at pH 7 to simulate the
subsurface environment. Results from these studies provide a better understanding of zinc

speciation and attenuation in the presence of Mn oxide and montmorillonite.

7.1 Macroscopic Adsorption Study
Adsorption edges (Figure 7.1) reveal the effect of ionic strength was clearly observed for
adsorption to montmorillonite, suggesting outer-sphere complexes. Strawn and Sparks
(1999) observed this type of complex when Pb sorbed to permanently charged ion
exchange sites of montmorillonite. For HMO, ionic strength effects were only seen at a
pH less than 4 and for a pH greater than 4, sorption may be dominated by inner-sphere
complexes. Li et al. (2004) too observed similar edges at pH greater than 4. In isotherms
at pH 5 and 6 (Figure 7.2), the linear relationship between the sorbed and bulk aqueous
concentrations suggests that adsorption can be described with one average type of site.

Given the limited solubility of Zn, the isotherm was not observed to plateau, indicating a
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Figure 7.2 Zn adsorption isotherms for HMO, HMO-coated clay, and montmorillonite at
pH 5 and 6, 1.5 x 107 ionic strength (NaNO), and 25°C. Adsorption to HMO-coated
clay has been normalized to HMO present, showing the linear relationship. Circles
identify XAS samples.
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significant site capacity as reported by others (Kennedy et al. 2004; Tamura et al. 2003;
Trivedi and Axe, 1999), ranging from 10~ to 10 mole of metal ion - g, Interestingly,
normalizing the sorbed Zn on HMO-coated clay to the amount of oxide present as coating
(~0.32 g Mn - g clay (Boonfueng et al. 2005)) reveals similar sorption affinity to that of
HMO. Nevertheless, the distribution coefficient (Kp) of coated systems increases as
compared to discrete systems, suggesting that morphological changes may result in
increased site capacity. These short-term studies suggest that Mn oxide is a dominant
surface for sorption. In following section, the sorption configuration of Zn was

investigated by using XAS.

7.2 XAS Analysis of Zn Sorption.

XAS data analysis followed standard procedures (Bunker and Sayers, 1988). An spline
function was employed over the range 1.85 to 13.97 A to convert the XAFS spectra to
(x(k)), which were weighted by k® to enhance the higher k-space data. A Bessel window
function was used in Fourier transforms to produce the radial structure function (RSF)
over 2.21 to 10.00 A for all standards and samples. RSFs were fit with the reference
model chalcophanite, ZnMn;07-3H,0 (Post and Appleman, 1988). The amplitude
reduction factor (So?) was fixed at 0.80 based on fitting the experimental ZnO spectra to
get coordination number of Zn-O equivalent to 4. First, each shell was isolated and fit,
and was proceeded by multiple shells fitting over a radial window of 0.50 to 3.70 A.

XAS spectra of Zn sorbed onto montmorillonite were relatively similar to

aqueous Zn* (Figure 7.3). The fitting revealed 4.0 to 6.0 atoms of oxygen at a distance of
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Figure 7.3 Zn K-edge y(k) - k® spectra of Zn standard and Zn sorption samples as a
function of surface loading (I'soiig = mole of Zn - g'1 solid) collected at 25 °C along with
Fourier transformed y(k) - K spectra over 2.20 to 10.00 A’ and fitted over 0.50 to 3.70
A. Solid lines represent the data and dashed lines are the fit. HCM represents HMO-
coated clay.
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2.06 = 0.02 A in the first shell (Table 7.1(A)), suggesting that upon adsorption Zn does
not loose its waters of hydration. Moreover, a second shell was not observed, again
consistent with outer-sphere complexation. In contrast to this work, Lee et al. (2004)
observed that initially Zn formed surface precipitates on montmorillonite at pH 7, which
transformed to a Zn-phyllosilicate-like phase after 20 days. Similar results were reported
by Trainor et al. (2000), where Zn formed a mixed-metal Zn(II)-Al(II) coprecipitate
with a hydrocalcite-type structure between pH 7 and 8.2. In this study, surface
precipitation was not observed for pH less than 7.

Comparing spectra for Zn sorbed on HMO-coated clay to HMO, similar
envelopes are seen (Figure 7.3). The first shell was fit well with oxygen and second shell
contributions were attempted with Si, Al, Zn, and O as well as combinations of these
through a principle component analysis, but fitting was only accomplished with Mn. The
amplitude of the second shell in lower surface loadings (10* mol of Zn - g of sorbent'l)
was greater than that of higher loadings (10 mol of Zn - g of sorbent™) (Figure 7.3) and
may be a result of a greater degree of disorder (6?) for the latter which would suppress
the amplitude of the second shell. Moreover, linear combination (LC) fitting based on
principle component analysis involved using back Fourier transformed data of Zn sorbed
to HMO and montmorillonite at the same condition and resulted in a 95 = 10 %
contribution from sorption to HMO (Figure 7.4). The montmorillonite substrate
potentially increases the site density of the system; furthermore, it may contribute to
morphological changes in the HMO coating compared to the discrete mineral form. XAS
spectra of Zn sorbed onto HMO-coated clay at pH 5 revealed that the sorption

configuration was invariant as a function of surface loading and ionic strength, 10
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Table 7.1 XAS Fitting Results of Zn Sorption Samples at Zn K-Edge

© Mn AE, %Re
Ny RA) AR) N, R@A A) (V) s

(A) Zn sorption as a function of sorbent and loading

Zn(NO3); (aq) 57 206 00136 - - - -1.64 7.3
Tepay = 107 6.0 205 00053 - - - 112 115
pH 6.6, 1S 102

Cepay = 107 40 206 00008 - - - 760 9.6
pH 5, 1S 107

Tamo = 107 69 205 00091 46 345 0.0069 -4.10 16.6
pH 6.6, IS 107

Timo = 107 66 206 00135 25 350 00099 057 8.8
pH 5,18 107

Tuem = 107 6.6 2.05 0.0093 39 345 0.0058 -3.48 16.6
pH 6.6, 1S 10

Tuem = 107 77 204 0.0147 24 345 00109 -1.83 109
pH 5, 1S 107

(B) Zn sorbed on HMO-coated clay as a function of pH, loading, and ionic strength
Them = 107 76 201 00150 1.2 340 0.0079 -322 128
pH 6, 1S 102

Chem = 107 6.8 208 00130 32 350 00111 017 8.8
pH 5,18 107

Lhem = 107 77 206 00152 26 348 0.0110 -1.19 109
pH 5,1S 10

(C) Zn sorbed on HMO-coated clay as a function of contact time

Chem = 107 75 201 00152 1.4 345 0.0025 -624 9.5
pH 7,18 102

Them = 107 55 203 00098 4.1 343 00134 -071 11.2
pH 7, IS 107

(CBC 1 month)

Them = 1.5x107 50 204 00095 45 343 00151 0.81 10.0
pH 7,1S 107

(CBC 4 month)

Zn K-Edge (k) - k¥ spectra were Fourier transformed over 2.21 to 10.00 Alin k-space and fitted over
0.50 to 3.70 A in r-space. I is surface loading (T4 = mole of Zn - g" solid). N, R, and o” represent the
coordination number, distance, and variance. The quality of fits for N, N, R, and o’ are + 20%, + 40%,
+ 0.02, and + 5%, respectively.
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and 107 (NaNO;) (Figure 7.5 and Table 7.1(B)). An average of the fitting showed a first
shell of 7.3 + 0.9 atoms of oxygen at a distance of 2.06 + 0.02 A, while in the second
shell 3.2 + 1.2 atoms of manganese were found at 3.47 + 0.02 A. Interestingly, these bond
distances are relatively similar to Zn sorbed on birnessite (Manceau et al. 2002),
suggesting octahedral coordination and tridentate cornering sharing complexes when
sorbed on HMO and HMO-coated clay (Figure 7.5). Trivedi et al. (2001) observed
approximately 7 oxygen atoms in the first shell and 8 atoms of oxygen in the second
shell, concluding that the Zn ion retained its primary hydration shell. In our study, while
the first shell structure was equivalent to that modeled by Trivedi et al. Fourier
transforms were applied over 2.21 to 10.00 A’! where Trivedi et al. used 2.4 to 9.4 A™".
Because of the increased k-space, second shell contributions have been refined.

For loadings greater than 10™* mole of Zn - g”' sorbent, as pH increased from 5 to
7, the first shell distance decreased potentially due to an increase in electrostatic
interactions between Zn ions and the surface (Figures 7.6, 7.7 and Table 7.1). The effect
of loading was not clearly observed in this study; however, Manceau et al. (2002) found
that Zn sorbed as tridentate complexes on birnessite with tetrahedral coordination at low
surface coverage (~8.0 x 10 mole of Zn - mole of Mn) and octahedral coordination at
high surface coverage (>6.9 x 10 mole of Zn - mole of Mn). Nevertheless, our work is
consistent with these results where we have seen octahedral coordination as was reported
for the higher surface coverage. In addition to evaluating adsorption mechanisms in batch

studies, CBC studies were included to evaluate the slow sorption process.
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7.3 Intraparticle Surface Diffusion of Zn
In the alternative CBC studies, slow sorption was observed for all systems (Figure 7.8).
Because the oxide, oxide-coated clay, and montmorillonite exhibit microporous
structures, the sorption process may be described as a slow intraparticle diffusion.
Initially the amount of Zn sorbed corresponds to the isotherm results for that sorbed to
the external surface. Subsequently, the amount of Zn sorbed to the oxide gradually
increased due to intraparticle surface diffusion. In modeling, the assumption that internal
sites are no different than external ones has been validated recently in spectroscopic
results for metals ions such as Sr sorbed to hydrous iron and manganese oxide (Axe et al.
1998; 2000). In this research, the local coordination of Zn sorbed to HMO-coated clay
from a 4-month CBC study (where an additional 60% of the sites became occupied as
compared to 4 hr contact time) (Figure 7.7 and Table 7.1(C)) revealed that as surface
loadings increased from 8.66x10™ to 1.48x10 mol of Zn - g of HMO-coated clay’, the
bond distances of Zn-O and Zn-Mn averaged 2.03 A and 3.43 A, which are consistent
with octahedral tridentate corner sharing complexes (Manceau et al. 2002). Specifically,
the Zn structure consisted of 7.3 £+ 1.5 atoms of oxygen in the first shell and 4.0 + 0.6
atoms of manganese in the second. Furthermore, there was no evidence of surface
precipitation or solid solution formation as only Mn provided a good fit in the second

shell.
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In modeling the slow sorption process of intraparticle surface diffusion along
micropores, the analytical solution to the mass balance (see e.g., Axe and Trivedi, 2002,
Axe and Anderson, 1995) given the CBC (as well as the initial condition that
contaminant was not present initially [t=0]) was integrated over the volume of the
particle. Minimizing the variance between experimental data and modeling results, the
only fitting parameter is surface diffusivity. Errors associated with the model from the
propagation of errors (POE) method (Ku et al. 1966) are also shown. The POE analysis
accounts for the standard deviation in the number of particles as well as the error in the
distribution coefficient describing the mass adsorbed to the surface. All data fall within
two standard deviations of the model. However, from the CBC study of Zn sorption to
montmorillonite (Figure 7.8), a potential change was observed after 25 days contact time.
The shift in the amount sorbed may reflect analytical and modeling errors or may be
indicative of a change in the sorption mechanism, as Lee et al. (2004) observed
neoformation of a Zn phyllosilicate phase at the montmorillonite surface after aging 20
days.

Studies with Zn sorption to HMO, HMO-coated montmorillonite, and
montmorillonite demonstrate that surface diffusivities (Ds) range from 108 to 107
cm?/s. The Ds of HMO-coated clay was 7 x 10'® cm?/s, which falls between that for
montmorillonite and HMO. These results indicate that the microporosity of HMO-coated
clay has contributions from both the HMO and montmorillonite surfaces. Furthermore,
even though much of the clay surface is coated with HMO (~90%) based on earlier
characterization studies (Boonfueng et al. 2005); the oxide morphology is potentially

different from discrete ones. We speculate that clay particles serve as a template for Mn
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oxide when nucleation occurred; potentially changing the porosity, pore size distribution,
and particle size of oxide coating. Therefore, the oxide-coated clay may exhibit unique

characteristics from the discrete oxide.

7.4 Summary
Macroscopic studies showed that the affinity and capacity of the HMO coating was
greater than that of montmorillonite, and when normalized to the oxide present, the
coatings behaved similarly to the discrete oxide. A linear relationship was observed for
the isotherms at pH 5 and 6. Moreover, XAS resulted in one type of sorption
configuration as a function of loading and ionic strength at pH 5. Zn ions appear to
associate with the Mn oxide phase where inner-sphere complexes dominate the sorption
process, forming tridentate corner-sharing structures. After a contact time of 4 months
where an additional 60% of the sites become occupied, the slower sorption process was
modeled as intraparticle surface diffusion. Best fit diffusivities ranged from 10" to 1077
cmz/s, where a slower process was observed for the coated surface as compared to the
discrete oxide. Interestingly, the porosity of the Mn oxide coating appears to be
influenced by the substrate during its growth, as its increase and shift to a smaller pore
size distribution resulted in a diffusivity between that observed for discrete HMO and

montmorillonite.



CHAPTER 8

NICKEL AND LEAD SEQUESTRATION IN MANGANESE OXIDE -COATED
MONTMORILLONITE

In this chapter, nickel and lead sorption mechanisms to discrete HMO and HMO-coated
montmorillonite are discussed based on macroscopic and spectroscopic studies. The
systematic sorption experiments were performed as a function of adsorbate concentration,
pH, ionic strength, and contact time. Moreover, constant boundary condition (CBC)
studies provided an approach to observe the slow sorption process of Ni and Pb to HMO,
HMO-coated montmorillonite, and montmorillonite. These studies provide insight on Ni
and Pb sequestration in a heterogeneous system representative of the subsurface, Mn

oxide-coated montmorillonite.

8.1. Effect of Coating in Macroscopic Studies
Adsorption edges (Figure 8.1) show the affinity of HMO-coated montmorillonite for Ni
and Pb was much greater than that of montmorillonite. The effect of ionic strength was
clearly observed for both Ni and Pb sorbed on montmorillonite, suggesting electrostatic
interactions between metal ions with the negatively charged surface. Similarly, Strawn
and Sparks (1999) and Abollino et al. (2003) observed that Pb sorbed on permanently
charged ion exchange sites of montmorillonite, forming an outer-sphere complex. For
HMO and HMO-coated montmorillonite, the ionic strength effects were only seen at a
pH less than 4 and became insignificant at pH greater than 4 over which inner-sphere
complexes may dominate; we observed a similar effect in the earlier work with Zn.

Matocha et al. (2001) did not observe any ionic strength effects when Pb sorbed on
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Figure 8.1 Pb and Ni adsorption edges with 10" g sorbent/L at an ionic strength (IS) 1.5
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conducted at pH 5 and 6, 1.5 x 107 IS (NaNOs), and 25°C. Adsorption to HMO-coated
montmorillonite (HCM) has been normalized to HMO present, showing the linear
relationship.
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bimessite or manganite. Adsorption isotherms were normalized to the solids
concentration instead of surface area which is measured on freeze-dried oxides and may
not accurately reflect the surface area in the aqueous phase. In isotherms, a linear
relationship between sorbed and bulk aqueous concentrations (Figure 8.1) suggests that
sorption can be potentially characterized with one average type of site. The distribution
coefficient (Kp), the ratio of the contaminant sorbed to that in the bulk aqueous phase,
was observed to be linear, as n ~ 1 in the following relationship: ¢ = K - C" forn = 1
K=Kp (Sposito, 1984). Given the limited solubility of Ni and Pb, the isotherms do not
plateau; others (Trivedi and Axe, 1999; Balistrieri and Murray, 1987; Tamura et al. 1997,
Kennedy et al. 2004) have reported the site capacity to range from 107 to 10 mole of
metal ion g’ for HMO. Interestingly, normalizing the sorbed Ni and Pb on HMO-coated
montmorillonite with the amount of oxide present in the coating (~0.32 g Mn - g'1 clay)
reveals a similar affinity to that of HMO. Because isotherm studies for Ni were
conducted from 107 to 10® M, the relationship may reflect the effect of higher affinity
sites (Dzombak and Morel, 1990), while in Pb studies concentrations ranged from 10% to
10 M, potentially reflecting the lower affinity sites for sorption. Therefore, at pH 6, the
Kp for Ni sorbed on HMO and HMO-coated montmorillonite is comparable to that for Pb
studies. To elucidate the sorption mechanisms, spectroscopic studies are discussed in the

following section.
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8.2. Spectroscopic Studies of Pb and Ni Sorbed onto Coating
The XAS spectra were analyzed using WinXAS (Version 2.3) (Ressler, 1998) following
standard procedures (Bunker and Sayers, 1988). For XANES analysis, background X-ray
absorbance was subtracted by fitting a linear polynomial through the pre-edge region, and
the edge jump of a background-corrected spectrum was normalized with a zero order
polynomial over 100 to 200 eV above the edge, E,, energy. The threshold energy (E,)
was determined from the first inflection point in the edge region. For X-ray absorption
fine structure (XAFS) analysis, an advanced spline function was employed to subtract the
isolated atomic absorption over the range 2.32 to 11.56 A™ for Pb and 2.38 to 12.00 Al
for Ni and convert the XAFS spectra to (y(k)), which were weighted by k> to enhance the
higher k-space data. A Bessel window function was used in Fourier transforms to
produce the radial structure function (RSF). The fitting results of Ni and Pb standards are
shown in Table 8.1. The radial structure functions for sorption samples were fit with the
reference model quenselite (PbMnO,OH) (Wyckoff, 1988) and Ni substituted
chalcophanite (NiMn3;07-:3H,0), generated using FEFF7 (Zabinsky et al. 1995). The
amplitude reduction factors (S”), which accounts for energy loss due to multiple electron
excitations were fixed at 0.96 and 0.72 based on fitting the experimental NiO and PbO

spectra, respectively, with their known coordination numbers in Table 8.1.

8.2.1 Pb Sorption
The comparison between the XANES spectra of Pb*" sorption samples with reference
compounds and aqueous Pb** spectra (Figure 8.2) reveals unique coordination

environments. For example, the XANES spectra for PbOs) shows a small shoulder at
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Table 8.1 XAS Fitting Results of Pb and Ni Standards at Pb Lj;-Edge and Ni K-Edge

First shell of O Second shell of Ni AE, %Res

CN R NG CN R o (eV)

NiO 6.0(6) 203 0.005 12(12) 290 0.004 -1.0 8.9

NiCO;  6.0(6) 2.03 0015 50(6) 3.54 0011 -2.0 7.5

First shell of O Second shell of Pb AE, %Res

CN R NE CN R o’ (eV)

PbO 40(4) 223 0006 15(4) 353 0005 -25 12.2

PbCO; 119 261 0013 8.0(12) 415 0.009 -10.5 15.5

N, R, and ¢’ represent the coordination number, distance, and variance. The quality of fits for N,
N,, R, and ¢ are + 20%, + 40%, + 0.05, and + 5%, respectively.

Number in parentheses correspond to parameters based on the power diffraction data, NiO
(Wyckoff, 1988), NiCO; (Pertlik, 1986), PbO (Hill, 1985), and PbCO; (Sahl, 1974).

13.055 to 13.065 keV with one broad peak at approximately 13.120 keV, while PbCOjs)
exhibits one intense peak at 13.067 keV and two broad peaks from 13.080 to 13.115 keV.
The spectra for Pb sorbed on HMO-coated montmorillonite were similar to that of HMO.
XAS spectra of Pb sorbed onto montmorillonite were similar to that of hydrated Pb**
with 7 + 1.5 atoms of O at 2.47 + 0.05 A (Figure 8.3 and Table 8.2). Adsorption is
dominated by outer-sphere complexation, again consistent with Strawn and Sparks

(1999) where Pb sorption to montmorillonite was studied at pH 5.83.
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Figure 8.3 Pb Ly-edge x(k) - k’ spectra of standards and sorption samples collected at
25 °C along with Fourier transformed y(k) - k’ spectra over 2.32 to 11.56 A" and fitted
over 0.75 to 4.60 A. Solid lines represent the data and dashed lines are the fit. HCM

represents HMO-coated montmorillonite.



Table 8.2 XAS Fitting Results of Pb Sorption Samples at Pb Ly; Edge
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6,1S 107
(CBC 1 month)

O Mn AE,  %Res
N RA c(A) N R@A) @A) (eV)

Pb(NOs)yaq = 10°M 6.2 249 0.019 - - - 79 57
pH 2
Ty =102 pH 5, 7.0 247  0.007 - - - 6.1 87
IS 107
Tumo =102, pHS5, 2.7 229 0.002 2.7 353 0007 -143 104
IS 107
Tuem =102, pHS5, 2.4 230 0.002 1.0 3.56 0.006 -17.4 105
IS 107
Them =102 pHS, 2.8 229 0.003 1.0 354 0006 -167 11.7
IS 10
Tuem =103 pH5, 2.8 229 0004 1.6 356 0.007 -168 10.2
IS 102
Thom = 4.9x10%, pH 3.0 230 0.003 1.7 356 0.007 -163 104
6,
IS 107
Them = 5.4x10% pH 2.2 229 0.004 1.6 355 0.005 -112 142

Pb Ly-edge (k) - kK’ spectra were Fourier transformed over 2.32 to 11.56 A™! in k-space and fitted over
0.75 to 4.60 A in r-space. I is surface loading (I'so;is = mole of Pb - g”* solid). N, R, and o” represent the
coordination number, distance, and variance. The quality of fits for N, N;, R, and o are + 20%, + 40%, +
0.05, and * 5%, respectively. The amplitude reduction factor (S,?) was fixed at 0.72.
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For Mn oxide surfaces, XAS spectra of Pb sorbed on HMO-coated
montmorillonite was consistent with that of discrete HMO, revealing two backscattering
envelopes. For the first shell, approximately two to three atoms of O were observed at an
average distance of 2.30 + 0.05 A and is in agreement with that reported for sorption to
biogenic Mn oxide (Villalobos et al. 2005), manganite (Matocha et al. 2001), and
birnessite (Manceau et al. 2002). The fitting results of the first shell suggest that Pb(II)
forms highly distorted trigonal pyramid coordination by hydroxide or oxygen atoms and
lone-pair electrons which occupy the pyramid, an environment first proposed by
Manceau et al. (1996) and confirmed by Bargar et al. (1997). Moreover, the redox active
Mn oxide surface does not affect Pb as there was no evidence of Pb*" based on the
XANES analysis (Figure 8.2) and the first shell distance observed as 2.30 A, which is
longer than that for Pb*"-O (~2.16 A). The second shell fitting was accomplished only
with Mn; approximately one to two atoms of Mn are located at an average distance of
3.56 £ 0.08. Second shell contributions were attempted with O, C, Pb, Si, and Al as well
as combinations of these, but none resulted in a feasible fit. The second shell radial
distance of Pb-Mn was consistent with Pb sorbed on biogenic Mn oxide (Villalobos et al.

2005).

Furthermore, a bond valance analysis was conducted to investigate the relative
stability of the bonding arrangement using Pauling’s electrostatic valence principle
(Pauling, 1960) and bond valance for metal-oxygen bonds (Brown and Altermatt, 1985)
(see Appendix C). Accordingly, feasible surface complexes of Pb on Mn oxide include
two possible configurations (e.g. Mn,-O-Pb and Mn-O-Pb). However, constrained with

the XAS analysis, Pb appears to sorb on the edges of Mn oxide and form bidentate
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corner-sharing complexes, which is consistent with results of Villalobos et al. (2005).
Interestingly, the sorption configuration of Pb sorbed on HMO-coated montmorillonite
was invariant of pH, ionic strength, and surface loading, and supported bidentate
complexation (Mn,-O-Pb) (Figure 8.4). The Mn oxide is the dominant phase for sorption
in the coated system and appears to potentially sequestrate Pb, which is further probed in

the long-term studies.

8.2.2. Ni Sorption

From the standard compounds, NiO and NiCOss), the NiOiy XANES spectra show a
significant sharp peak at 8.350 keV and a smaller peak at 8.367 keV, while the NiCOs
has a small shoulder at 8.358 keV (Figure 8.2). The XANES spectra of the HMO and
HMO-coated montmorillonite are quite similar while the montmorillonite sample is
consistent with that of Ni** in the aqueous phase. Spectra of Ni(NO3)3(aq) (102 M Ni** at
pH 2) showed one shell in octahedral coordination, 6.7 + 1.2 O atoms at 2.02 £ 0.02 A.
Spectra of Ni sorbed on montmorillonite (Figure 8.5 and Table 8.3) revealed only a first
shell of 7.3 £1.2 atoms of O at 2.04 + 0.02 A, which was consistent with that of aqueous
Ni** suggesting an outer-sphere complex. In contrast to this study, surface precipitation
or the mixed Ni-Al LDH phase has been reported from studies on Al-bearing minerals
such as kaolinite, pyrophyllite, illite, and aluminum oxides (Nachtegaal and Sparks,
2003; Scheidegger et al. 1998; Roberts et al. 1999); however, these were conducted at

higher pH (~7) and longer contact times (>1 day).
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Figure 8.5 Ni K-edge (k) - k’ spectra of standards and sorption samples collected at 25

°C along with Fourier transformed y(k) - k> spectra over 2.50 to 12.00 A and fitted over
0.50 to 3.75 A. Solid lines represent the data and dashed lines are the fit.
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For Ni sorbed on HMO and HMO-coated montmorillonite (Figure 8.5 and Table
8.3), spectra like that for Pb reveal multiple backscattering envelopes. Therefore, a matrix
of configurations were considered for the second shell fitting parameters, Ni, Mn, Si, Al,
C, and O as well as combinations of these; the only physically plausible fit resulted in
two Mn subshells. The first shell is comprised of approximately 6 atoms of O at an

average distance of 2.04 + 0.02 A with a second shell consisting of 3 to 5 atoms of Mn at

3.32 + 0.05 A and 4 to 7 atoms of Mn at 3.49 + 0.05 A. The sorption mechanism is
invariant as a function of pH, loading, and ionic strength. Conversely, Trivedi et al.
(2001) reported 5.8-6.2 (+ 0.41) O atoms at an average distance of 2.07 A in the first
shell, and 5.6-8.4 (£ 0.92) atoms of O at 3.32-3.35 A in the second shell. In this study,
XAS spectra were Fourier transformed over 2.2 to 12.0 A, providing a more refined
analysis of the second shell as compared with Trivedi et al. where transforms were
conducted over 2.45 to 9.21 A. In our study, the fitting results of two sub-shells of Mn
suggest that Ni ions potentially sorb at the vacancy sites on the Mn oxide surface (Figure
8.4), which is consistent with the observations of Manceau et al. (1987), Ni and Co
substitution in lithiophorite and asbolane. Therefore as compared to Pb, Ni affinity for the
surface could be greater due to complexation in vacancy sites, which is somewhat in
agreement with isotherm results. In addition to the effect of pH, loading, and ionic

strength, the impact of time on sorption was also investigated.

8.3 Intraparticle Surface Diffusion of Pb and Ni through Micropores.
CBC studies have been conducted to observe transient sorption. In these studies, the

metal concentration (as well as pH) in the bulk aqueous phase was monitored and
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maintained constant, providing a constant surface concentration at the micropore
entrance. By adding stock solution as needed, the [Ni]y,x Was maintained constant at 3.2
x 10° M for HMO-coated montmorillonite (Figure 8.6a), 3.2 x 10° M for HMO, and 3.7
x 10° M for montmorillonite. For Pb systems, the [Pb]ui Was maintained at 5.9 x 10" M
for HMO-coated montmorillonite, 6.6 x 107 M for HMO (Figure 8.6b), and 9.5 x 10°M
for montmorillonite. This slow sorption process may be described as intraparticle
diffusion due to the presence of micropores. Initially, the amount of metal ion sorbed
corresponded well to the isotherms, adsorption to the external surface. Subsequently, the
amount sorbed gradually increased due to intraparticle surface diffusion: from 4.9 x 10"
to 5.4 x 10 mol of Pb - g”' HMO-coated montmorillonite over 3 months, and from 6.0 x
10 to 1.2 x 10™ mol of Ni - g HMO-coated montmorillonite over 4 months. Although
the fractional increase in Pb sorbed was relatively small as compared to that for Ni, the
slower diffusion of Pb along internal surface sites of micropores (Figures 8.6 and 8.7) is
consistent with site activation theory where surface diffusion is a function of the affinity
of the ion for the surface and the mean distance between sites. As time studies
demonstrate an increase in sorption, and because the sorbent is microporous (Boonfueng,
et al. 2005) with no evidence of precipitation, solid solution formation, or reconfiguration
of the local structure of the adsorbate, the transient process is consistent with intraparticle
surface diffusion. Specifically, the local coordination environment of Pb and Ni sorbed
onto HMO-coated montmorillonite from 1 and 4-month CBC studies (where an
additional 10 to 100 % of the sites became occupied) is similar to that of short-term

studies (Figures 8.3 and 8.5 and Tables 8.2 and 8.3).



106

5
(a) 3-5 10 L T T T T T T T T T T
ja‘ooooQQO.GQQOO e 0o o0 o o L I o |
3 105;' ® ¢ S * "
i P ° ° P . . L o 1
i ° °
2510°- o . ﬁ
E 2 10-5_ “:
o .5 7
= 1510 -
4 ]
110°F -
510 6/ HMO-coated montmorillonite ]
i ° . _ -5 i
- [Ni],  =3.2x10° M ]
O— 1 i 1 ( ! | I ! It 1 L f L { 1 ]
0 2 4 6 8 10 12
Time'? (daym)
b » T T T T T T T T T T T T T T T T T T T .
(b) 7107 .
Ay A AL AAAA A A A A AA A AA A A A A A A
™ A ]
i A A b
6107 4™ ", a 1
[ A A N ]
5107 s a -
2 4107} .
= L ]
E A
£ 3107f .
A A
2107 F A, ]
A
A
1107f ™M S0 1
4 [Pb] =6.6x10'M A A
- bulk A
o ‘ T T 0
09 2 4 6 8 10
Time'? (daym')

Figure 8.6 CBC studies demonstrate the monitoring and maintaining the bulk aqueous
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coated montmorillonite and (b) Pb sorbed on HMO.
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Figure 8.7 CBC studies of Ni and Pb sorption to 107 gL HMO, HMO-coated
montmorillonite, and montmorillonite at 25°C, 1.5 x 10 IS (NaNO;). Ni systems were
maintained at pH 7 and a [NiJoui of 3.2 x 10° M for HMO-coated montmorillonite, 3.2 x
10® M for HMO, and 3.7 x 10" M for montmorillonite. Pb were maintained at pH 6 and
a [Pblpux of 5.9 x 10”7 M for HMO-coated montmorillonite, 6.6 x 107 M for HMO, and
9.5 x 10" M for montmorillonite.
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For Pb, the fits revealed 1.8 + 0.5 atoms of O at 2.29 + 0.05 A in the first shell
and 0.87 + 0.5 atoms of Mn at 3.55 + 0.08 A in the second, while for Ni ions, the analysis
showed 7.88 + 0.6 of O at 2.04 + 0.02 A in the first shell and two Mn sub-shells of 3.65 +
0.8 atoms at 2.93 + 0.05 A and 4.46 + 0.8 atoms at 3.43 + 0.05 A in the second shell. A
slight increase in the coordination number of Mn in second shell was observed after 4
months contact time which may due to the vacancy sites in Mn oxide structure. When Ni
and Pb diffuse along the micropores, complexation is similar to that on the external
surface. In modeling, the assumption that internal sites are no different than external ones
has been observed in other spectroscopic studies as well (Trivedi et al. 2001; Axe et al.
1998, 2000).

Minimizing the variance between experimental data and modeling results, the
only fitting parameter is surface diffusivity (see e.g. Axe and Anderson, 1997, Trivedi
and Axe, 1999) (Figures 8.7). Errors associated with the model from the propagation of
errors (POE) method (Ku, 1966) are also shown. The POE analysis accounts for the
standard deviation in the number of particles as well as the error in the distribution
coefficient describing the mass adsorbed to the surface. All data fall within two standard
deviations of the model. Studies with Ni and Pb sorption to HMO, HMO-coated
montmorillonite, and montmorillonite demonstrate that surface diffusivities (Ds) range
from 107" to 10 ¢cm?*/s for Pb and 1072 to 10™"* ¢cm%s for Ni. The Ds in HMO-coated
montmorillonite falls between that of montmorillonite and HMO. Based on earlier
characterization studies (Boonfueng et al. 2005), the coated oxide surface is potentially
different from the discrete oxide. We speculate that clay particles served as a template for

Mn oxide when nucleation occurred, potentially impacting its growth and porosity.
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The Dg for Pb is much smaller than that for Ni. Interestingly, the ratio of the
primary hydration number to the hydrated radius for Pb (~1.74) is much smaller than that
for Ni (~3.06), suggesting potentially a greater Coulombic energy of attraction for the
amorphous oxide surface (Richen, 1997). The theoretical surface diffusivity for Ni and
Pb are two orders of magnitude greater than the experimental ones (Table 8.4). Based on
site activation theory and correlations developed earlier (Trivedi and Axe, 2001), the
diffusivity is a function of enthalpy (standard deviation of + 20%), resulting in a range of
107% to 10 cm?s for Ni and 10 to 10" cm®/s for Pb, over which the experimental
values fall. Theoretical surface diffusivities evaluated from site activation theory
assuming a sinusoidal potential field along the pore surface (Axe and Anderson, 1997)
are a function of the mean distance between the sites (A) and the activation energy

required for a sorbed ion to jump to the neighboring site (E,):

Ds = A[Es/2m]"?exp[-Eo/(RT)]
where exp(-E./RT) is the Boltzmann factor, and m is the molecular weight of the
diffusing species. Activation energies (E,) and mean distances (A) were determined based
on the work of Trivedi and Axe (2001a, b), where the former is proportional to the
reaction enthalpy (AH): E, = aAH (Table 8.4). The polanyi relation constant (o) is
approximately 0.6 for transition metals (Trivedi and Axe, 2001a) and 0.4 for Pb as
estimated by Fan et al. (2005). Nevertheless, the activation energy for Pb is almost
double that of Ni resulting in diffusivities that are orders of magnitude different. Based
on the theoretical and experimental surface diffusivities, these small diffusivity values

suggest that HMO present as coatings and discrete particles potentially acts as a sink for



110

metal contaminants and intraparticle surface diffusion is a rate limiting mechanism in

contaminant sorption.

Table 8.4 Predicted and Experimental Sorption Parameters of Ni, Pb, and Zn Sorbed on

Hydrous Mn Oxide

Ni-HMO Pb-HMO Zn-HMO
A (cm) 2.3x10° 1.5x107 2.3x10°

m (g/mol) 58.69 207.2 65.4
K 3640 599117 155882

AH® (kcal/mol)’ 16.5 (£3.3)  43.5(+8.8)  24.9(+4.9)

o (Polanyi relation constant) 0.6 0.4 0.6

E, (kcal/mol) 10.0 17.4 15.2
Theor. Ds (cm?/s) 10710 107" 9.6x107"°

Exp. Ds (cm’/s) 10712 10" 107"

*AH value are obtained from Trivedi and Axe, 2001.

o for transition metals is 0.60 for HMO (Trivedi and Axe, 2001)

o for Pb is 0.60 for HMO (Fan et al. 2005)
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8.4. Summary
Sorption of Ni and Pb to HMO-coated montmorillonite demonstrates the dominance of
the HMO surface in terms of affinity and site capacity as compared to montmorillonite.
Moreover, XAS results revealed that Pb appears to sorb on the edges of Mn oxide and
form bidentate corner-sharing complexes while Ni sorbs to vacancy sites in the structure.
Interestingly, the Pb sorption configuration from the bond valence analysis is in
agreement with XAS. In time studies where as much as a 100% increase in sorption
occurred due to intraparticle surface diffusion, the sorption configuration was invariant,
suggesting that internal surface sites appear to be no different than external ones. Best fit
diffusivities ranged from 10 to 102 cm?s for Ni and 10?° to 1077 cm?/s for Pb and
based on site activation theory, theoretical surface diffusivities were predicted and given
the their error were in agreement with experimental results. Mn oxides are important

surfaces for sequestrating heavy metals in the environment.



CHAPTER 9

BIOGENIC MN OXIDE — NANO-PARTICLE FORMATION,
CHARACTERIZATION, AND ENCRUSTATION INTO THE SHEATHED
LEPTOTHRIX DISCOPHORA SP-6 BIOFILM

Because biogenic processes dominate in producing Mn oxide, in this chapter, the
biogenic Mn oxide produced from L. discophora SP-6 is characterized and includes an
analysis of the average oxidation state using layered- and tunneled- structure standards.
Studies include the organism growth rate in two media — MSVP and PY, assessment of
the optimum pH condition for growth, evaluation of the effect of Mn(II) concentration on
the oxidation rate, and modeling of oxidation kinetics using the Michaelis-Menten
equation. Subsequently, using 6x10”°> mole Mn mg cells, several techniques are used to
assess the mineralogy, morphology, surface charge, particle size distribution, surface
area, and local structure. Potential transformation of the metastable amorphous phase to a
more crystalline structure was evaluated based on the local structure of a 4 month aged

biogenic Mn oxide.

9.1 Mn Oxidation Study
Leptothrix discophora SP-6, is a sheath forming gram negative bacteria that oxidizes
Mn(II) as well as Fe(Il). This oxidation is enzymatically catalyzed via non-dissimilatory
pathways and usually depends on growth conditions, including pH, temperature, and
substrate concentration. Because L. discophora is a sheath-forming organism, Mn oxide
precipitates on the organism’s surface. From the growth study on L. discophora SP-6

conducted as a function of pH (Figure 9.1a) in MSVP media with initial cell
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Figure 9.1 Growth curve of L. discophora SP-6 (a) in MSVP media as a function of pH
(6.5-8) and (b) the comparison between the growth of L. discophora SP-6 in MSVP and
PY media at pH 7.3 and 22 °C.



114

concentration of ~ 1 mg - L', the optimum condition was observed at pH 7.0 to 7.3. The
stationary phase was attained after 60 h when L. discophora was grown in PY and MSVP
media with initial cell concentration of ~ 8.6 mg - L. The reduced acclimation period
and increased growth rate observed for the PY media over the MSVP (Figure 9.1b) are
attributed to the presence of organic nutrients and amino acids such as glycine, glutamic
acid, and alaine, which serve as growth factors (Madigan et al. 2000). Mn(II) oxidation
experiments were conducted with systems grown at pH 7.3 and in the stationary phase.
To better understand the impact of media, PY, MSVP, and HEPES solutions were
employed with initial Mn(II) concentrations ranging from 0.1 to 1 mM (Figure 9.2a) at
pH 7.3; at concentrations of 5 mM or greater, there was no evidence of oxidation,
suggesting toxicity to the organism. In the HEPES solution, Mn oxidation was not
observed, most likely due to the lack of an energy source and nutrients required in
metabolism and excretion of enzymes from its extracellular filament. On the other hand,
in MSVP and PY media with an initial cell concentration of 17.3 mg - L', almost 100%
of Mn(Il) oxidized within the first 12 h, which is in agreement with others (Adam and
Ghiorse, 1985; Zhang et al. 2002). The oxidation rate in the PY medium was much
greater than that in MSVP, as the former is comprised of amino acids a simpler substrate
form. In the PY media (Figure 9.2b), the maximum oxidation rate (Vmax) and half
saturation constant (Kn,) were approximately 0.12 pmol - (min - mg cell)! and 75 uM,
respectively, while in MSVP media, the values were 0.055 pmol - (min - mg cell)’ and

200 pM, respectively. In contrast, for L. discophora SS-1, the non-sheath forming strain

with MSVP media, a Vynex 0f 0.0059 pmol- (min - mg cell)”’ (Zhang et al. 2002) suggests
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Menten kinetics.
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that the sheath forming organism produces the Mn(II) oxidizing enzyme and stores it
between the sheath and outer membrane of cell, resulting in a significant increase in the
maximum oxidation rate. At circumneutral pH, biogenic Mn oxidation is five orders of
magnitude greater than abiotic Mn oxide (Nealson et al. 1988) and therefore may result in

differing mineralogy and morphology.

9.2 Characterization of Biogenic Mn oxide
The extracellular polymeric sheath of L. discophora SP-6 effectively links bacteria cells
through strong adhesion forces as evidenced by Tsang et al. (2006) where 0.59 pN forces
were observed between N-acetylglucosamine polysaccharide sheath of Caulobacter
crescentus and a borosilicate surface. The dendritic elongated strands of connecting cells
(Figure 9.3a) exhibit an average cell length of 1-2 um and a width of 0.5 pm that
aggregate into a biofilm matrix (Decho 1990) where the nano-particulate Mn oxide can
accumulate. With an initial Mn(II) concentration of 0.05 mM, oxide precipitation is not
visible (Figure 9.3b) as the color of the cell suspension turns from white to yellow
(Figure 9.3f). However, at slightly greater initial Mn(II) concentrations (i.e., 0.1 and 0.5
mM), a light brown cell suspension was observed and FESEM images showed
aggregated nano-particles of biogenic Mn oxide deposited on the bacteria cell walls and
associated extracellular polysaccharide sheath, forming the dendritic cell system (Figure
9.3c-d). Interestingly at initial Mn concentrations greater than 0.5 mM (as ~ 100% Mn**
oxidized), apparently the capacity of the sheathed cell system was attained and discrete

Mn oxide formed (Figure 9.3¢). The particle size distribution confirmed the presence of
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discrete oxide as a bimodal particle size distribution was observed at 150 and 200 ym
with an initial Mn** of 1 mM, while the particle size distributions of L. discophora SP-6
without Mn and at lower Mn concentrations were monomodal with an average size of
100 pm (Figure 9.4). The larger particle size observed when discrete oxide formed may
be due to a bridging effect between discrete aggregated Mn oxide and the sheathed
bacteria.

Based on BET analysis, the surface area of the freeze-dried biogenic Mn oxide
coated L. discophora SP-6 was approximately 443 m”.g”, yet that of the freeze dried
bacteria exhibited an area of 42 m®g"'. The difference between these two systems
corresponds to the increase from the biogenic Mn oxide, which when isolated from the
organism resulted in an area of 401 m”-g”. For the biogenic Mn oxide produced from L.
discophora SS-1, a surface are of ~224 m?-g" was reported (Nelson et al. 1999) and for
abiotic hydrous Mn oxide, 359 m”-g"' was measured (Boonfueng et al. 2005). Porosity for
the biogenic system (0.75) more that doubled as compared to the abiotic system (0.35)
(Boonfueng et al. 2005). Based on N, desorption, the average pore size of biogenic Mn
oxide is 2.7 nm which is similar to the abiotic Mn oxide (bimodal, 2.1 and 6.1 nm).
Because the nano-particulate Mn oxide was observed, we speculate that the actual pore
size distribution may extend to much smaller radii than that measured here, as 2 and 6 nm
are the detection limits for N, desorption and mercury porosimetry, respectively (Gregg
and Sing, 1982). Recently, Sun et al. (2005) observed pore sizes less than 0.1 nm using
positron annihilation lifetime spectroscopy, which was applied on a nanoporous Cu thin

film.



119

L o _
_ .. 92 pm —
_ & . _
. L. discophora SP6 / o .

CON0000000000000000000
L LY 4
. .... 83 um i
L S o —
. 0.05 mM Mn+L. discophora SP6 ’I |

®

SO00000000000000000000
L .. .
L ® ¢ 101 um il

o L N
g . 0.1 mM Mn+L. discophora SP6 / . .
IC Goss000000000000000000
S o
c\° B ° -
L ® 111 e
S ° Hm
- . —

L 0.5 mM Mn+L. discophora SP6 / ° .
CON00000000000000000

o
~ ®g 213 um
(]

L 1 mM Mn+L. discophora SP6 g ]

Sgsscsssssssss
L 15 _
I S, O Hm |

o’ .
i K ° ]
L .. [ J J
HMO [ )
“’f Ll ' W
1 10 100 1000

Diameter (upm)

Figure 9.4 Particle size distributions of the biogenic Mn oxide and L. discophora SP-6 at
pH 7.3 and room temperature in PY media as a function of Mn concentration (0, 0.05,
0.1, 0.5, and 1 mM) compared with abiotic Mn oxide (HMO).



120

Because of the large surface area with significant microporosity, the biogenic
oxide surface is expected to play an important role in metal sorption and sequestration.
Therefore, the surface charge density was evaluated by potentiometric titration. L.
discophora SP-6 exhibited a negative surface charge over the entire pH range of 2 to 10
(Figure 9.5), while the pH,npc of biogenic Mn oxide associated with the bacteria was 2.5 +
0.5 consistent with abiotic hydrous Mn oxide (pHzp. of HMO ~ 2.35). This observation
suggests that the surface charge of the Mn oxide associated with L. discophora SP-6 at a
Mn oxide concentration of 6 x 10> mole Mn - mg™ cells (with an initial Mn®* of 0.1 mM)
behaves similar to that of discrete abiotic Mn oxide. The negative charge on L.
discophora SP-6 surface is attributed to functional groups on the bacterial cell wall (e.g.,
carboxyl, phosphoryl and hydroxyl groups) and the polysaccharide sheath which
possesses abundant anionic carboxyl and hydroxyl groups that are potential binding sites
for the metal oxide (Kaplan et al. 1987).

The biogenic Mn oxide associated with L. discophora SP-6 exhibits a
nanocrystalline structure (Figure 9.6), which was observed with aggregated nanoparticles
of abiotic hydrous Mn oxide (HMO) as well. As compared with todorokite, birnessite,
and L. discophora SP-6, the XRD pattern of biogenic Mn oxide was broader, less intense,
and somewhat different from that of L. discophora SP-6. Similarly, in another study
(Jiirgensen et al. 2004), Mn oxide produced from L. discophora SP-6 consisted of two
asymmetric low intensity peaks at 20 = 36.73 and 65.59°, indicating the presence of 3-
MnO,, hexagonal birnessite. Jiirgensen et al. normalized the diffractogram to the highest
intensity at 19.55° (26) and removed the background from the biogenic Mn oxide-coated

bacteria pattern using that of L. discophora SP-6 to strengthen the relative intensity of the
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two peaks for the characteristic oxide. For both, the width at the half maximum was
greater than 5° (20), indicating a poorly crystalline structure. Villalobos et al. (2003)
resolved the long-range structure as acid birnessite produced via P. putida strain MnB1.
Bargar et al. (2005) found the biogenic Mn oxide produced from marine bacteria,
Bacillus strain SG-1, was amorphous and similar to -MnO, based on SR-XRD. Because
of the lack of long-range structure, further assessment of the molecular structure and
oxidation state were conducted using XAS.

The XANES spectral features of biogenic Mn oxide are similar to that of
birnessite and abiotic HMO (Figure 9.7a). The oxidation state of biogenic Mn oxide was
relatively close to that of birnessite (~3.7), while the oxidation state of todorokite and
abiotic HMO was greater than 3.8 (Figure 9.7b). For pyrolusite (B-MnO,), the average
Mn oxidation state was 4 which is consistent with others (Pasten, 2002; Jiirgensen et al.
2004). The fine structure of the biogenic Mn oxide spectra is similar to that of abiotic Mn
oxide (HMO or 8-MnQO,) and bimessite (Figure 9.8), where fitting revealed 3.3 = 1.0
atoms of O at 1.89 A in the first shell and 2.5 + 0.8 atoms of Mn at 2.85 A in the second
shell. As compared with poorly crystalline birnessite, todorokite, and pyrolusite (Table
9.1), the local environment of biogenic Mn oxide reveals the ratio of the coordination
numbers in the first to second shells was approximately 1:1 consistent with the
phyllomanganate family. Furthermore, the first and second shell distances are also in
agreement with the bimessite structure. Jiirgensen et al. (2004) too concluded that the L.
discophora structure belonged in phyllomanganate family as do Bacillus sp SG-1 (Bargar
et al., 2005) and P. putida MnB1 (Villalobos et al. 2003). Interestingly, the local structure

of the biogenic Mn oxide-coated bacteria after aging 4 months was similar to that of
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Table 9.1 XAS Fitting Results of Biogenic and Biogenic Mn Oxides at Mn K-Edge

O Mn AE, %Res

N R@A o) N R@A) oc@AH (V)

Biogenic Mn oxide 4.5 1.89  0.002 4.6 2.86 0.006 -2.5 9.2
(PY) 0.1 mM

Biogenic Mnoxide 3.2  1.89 0003 25 286 0004 -2.1 14.4
(PY) 1.0 mM

Biogenic Mn oxide 3.6 1.88 0.003 25 285 0.003 -25 14.1
(PY), 4-m 1.0 mM

Abiotic Mn oxide 3.5 1.89 0.003 2.8 2.85 0.005 -4.7 8.6
(HMO or 6-MnO,)

Birnessite 60 191 0005 60 299 0005 58 6.0

Todorokite 55 189 0001 45 288 0011 -45 9.1
6)  (1.90) @)  (2.90)

Pyrolusite 55 1.88 0002 20 287 0005 -7.7 156

(B-MnO,) 6)  (1.88) 2) (2.87)

Mn K-edge y(k) - k’ spectra were Fourier transformed over 2.20 to 11.88 A™! in k-space and fitted over 0.50
t0 3.10 A in r-space. N, R, and o” represent the coordination number, distance, and variance. The quality of
fits for N, N,, R, and o? are + 20%, + 40%, + 0.02, and + 5%, respectively.
freshly precipitated Mn oxide (Figure 9.8 and Table 9.1). This observation suggests that
the presence of the polysaccharide sheath may inhibit transformation to a more crystalline
phase even as the bacteria underwent lysis potentially creating a more reduced condition.
Overall, the biogenic Mn oxide exhibits a nano-particle, nanocrystalline structure
that is associated with the polysaccharide sheathed L. discophora SP-6. Moreover, the
surface area and surface charge were consistent with abiotic hydrous Mn oxide, while the

microporosity increased. Based on its surface properties, the results suggest that this

biogenic Mn oxide is an important surface in the environment.
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9.3 Summary
Biogenic manganese oxides are often present as coatings on mineral substrates or
associated with extracellular polymeric sheath. Because of the oxides importance in
sequestering metal contaminants, its formation, characterization, and encrustation were
studied. L. discophora is a sheath-forming organism where Mn oxide precipitates on the
organism’s surface. A nano-particulate Mn oxide coats the sheathed bacteria forming a

dendritic biofilm structure, and at a loading of 6x10™ mole Mn mg”' cell, the pH point of

zero net proton charge (pHnpc) Was 2.5 £ 0.5 consistent with abiotic Mn oxide (pHznpe of
hydrous Mn oxide (HMO) ~ 2.35). On the other hand, the polysaccharide sheathed
organism exhibited a negative surface charge for the entire pH range. The oxidation state
of biogenic Mn oxide was relatively close to that of birnessite (~3.7) and the local
structure around the Mn ion consisted of 3.3 = 1.0 atoms of O at 1.89 A in the first shell
and 2.5 + 0.8 atoms of Mn at 2.85 A in the second shell; this coordination environment is
consistent with the phyllomanganate family. These results demonstrate that the surface
properties of the coated aggregated bacteria are dominated by the nano-particulate Mn

oxide.



CHAPTER 10

ZINC SORPTION MECHANISMS ONTO SHEATHED LEPTOTHRIX
DISCOPHORA SP-6 AND THE IMPACT OF NANOPARTICULATE MN OXIDE
COATINGS

In this chapter, Zn interactions with sheathed L. discophora SP-6 and the impact of
biogenic Mn oxide coatings were investigated. Experiments were conducted by using
both macroscopic and spectroscopic techniques to assess the affinity and site capacity of
each component on the heterogeneous surface and to elucidate the sorption mechanisms
on L. discophora SP-6, isolated extracellular polymeric sheath from L. discophora SP-6,
and biogenic Mn oxide coated bacteria. Principle component (PCA) and linear
combination (LC) analyses were applied to estimate the contributions from functional
groups on the cell wall and sheath. Furthermore, Zn and Mn K-edge XAFS spectra were
collected from the L. discophora SP-6 exposed to Zn and Mn as well as from long-term

studies with up to 7 months aging.

10.1 Macroscopic Sorption Studies
Zn complexation with the bacterial cell wall and EPS was investigated as a function of
pH, ionic strength, and metal concentration. Adsorption edges (Figure 10.1a) reveal a
greater affinity for sheathed L. discophora SP-6 than the isolated extracellular polymeric
substrate. At pH greater than 6, almost 50% of Zn sorbed to the bacteria can be attributed
to the EPS sheath; Toner et al. (2005) observed similar results with EPS from the P.

putida biofilm.

128
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Not surprisingly, in the presence of the biogenic oxide coating (8.6 mg Mn oxide -
(17.3 mg cell)') sorption increased greater than approximately two times that for L.
discophora SP-6 without the oxide. Moreover, an ionic strength effect is seen (Figure
10.1b) for adsorption to sheathed L. discophora SP-6 with and without the biogenic oxide
coating, as adsorption decreased with increasing ionic strength. However, the biogenic
Mn oxide exhibits a greater affinity for Zn potentially suppressing the electrostatic effect
of the EPS sheath. Consequently, biogenic Mn oxide and the EPS sheath play important
roles in Zn sorption. Isotherms were also conducted with the EPS sheath, the sheathed L.
discophora SP-6, and the biogenic Mn oxide coated bacteria (Figure 10.2). Data from a
single substrate (sheathed extracellular polymeric substrate) were modeled with the

CK[zn],

————= where C, and K are the site capacity (mol of Zn - g’
1+K[zn],

Langmuir isotherm, q =

'Y and equilibrium constant (L - mole of Zn™), respectively. For the binary surface of the
sheathed L. discophora SP-6, the equilibrium constant (K) or relative affinity of sheathed
L. discophora SP-6 has contributions from both the bacterial cell wall and the
extracellular polymeric substrate resulting in the following equation

C.K|[zn],

1 + KL.discophora SP-6 [Zn]eq + Ksheath [Zn]eq

q= O.1)

This sheathed cell wall site capacity (2.7x10 mole of Zn - g cell) is similar to that
reported for B. subtilis (1x10™* mole of Zn - g cell) (Fein et al. 2001), Penicillium
chrysogenum (2x10™* mole of Zn - g cell) (Sarret et al. 1998), and the P. putida biofilm

(greater than 6.4x10™ mole of Zn - g cell) (Toner et al. 2005).
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Although the site capacity of bacteria was one order magnitude lower than that of
the EPS sheath, the relative affinity (Figure 10.2a) of bacterial cell wall was three orders
of magnitude greater; these two surfaces appear to provide low- and high- affinity sites
on this bacterial biofilm. The biogenic Mn oxide-coated (sheathed) L. discophora SP-6
(Figure 10.2b) shows a significant increase in Zn sorption compared to the EPS and
sheathed organism (Figure 10.2a); the system is well modeled with a single site Langmuir
isotherm. The site capacity of biogenic Mn oxide (4.5x107 mole of Zn - g’ Mn oxide)
was approximately twenty times greater than that of the sheathed L. discophora SP-6
(2.7x10™ mole of Zn - g cell), and interestingly equivalent to that of the biogenic Mn
oxide P. putida bioflim (4.1x10” mole of Zn - g MnO,) (Toner et al. 2006). Moreover,
the relative affinity of biogenic Mn oxide coated bacteria (K ~ 102,000 L - mole of Zn™)
was much greater than that of sheathed L. discophora SP-6, which is consistent with
adsorption edges.

In the previous chapter on morphological properties of this biogenic oxide-coated
organism, on the morphological properties of this biogenic oxide-coated organism, we
observed that the nano-particulate oxide exhibits microporosity suggesting long-term
sorption may be significant. Therefore, transient sorption was studied using CBC
experiments (Figure 10.3), where the amount sorbed gradually increased due to
intraparticle surface diffusion: from 1.5x10” to 4.1x10™ mole of Zn - g’ Mn oxide
(Zn:Mn molar ratio of 0.13 to 0.34) over 7 months. In modeling, we assumed that the
nano-particulate Mn oxide is spherical and that the internal sites are no different than the

external ones.
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The particle size distribution (PSD) of the biogenic Mn oxide was based on the
change in volume between oxide-coated bacteria and the sheathed L. discophora SP-6.
Assuming the oxide PSD is proportional to the initial PSD of the coated system and given
that spherical oxide particles range from 100 nm to 2 pm which deposited on ellipsoid
aggregated bacteria, a Gaussian distribution was invoked. At a given time, summation of
Zn sorbed internally for each particle size times the number of particles over the entire
particle distribution are equivalent to concentration of Zn sorbed internally. The internal
sorbed plus that sorbed to external surface provides the total Zn sorbed. Minimizing the
variance between experimental data and modeling results, the only fitting parameter is
surface diffusivity (see e.g. Axe and Anderson, 1995, Trivedi and Axe, 1999) (Figure
10.3). Errors associated with the model from the propagation of errors (POE) method
(Ku, 1966) are also shown. The POE analysis accounts for the error in the distribution
coefficient describing the mass adsorbed to the surface. Data are consistent with the
model. Sorption to biogenic Mn oxide-coated bacteria revealed a surface diffusivity (Ds)
for Zn of approximately 10™° cm?/s, which is two orders of magnitude smaller than that
for abiotic hydrous manganese oxide (HMO) (10" cm?s). The smaller Ds value may be
due to a reduced pore size distribution in the nano-particulate oxide as compared to the
abiotic system. The biogenic Mn oxide present as coatings on bacteria acts as a sink for
metal contaminants in the subsurface environment.

In modeling, the assumption that internal sites are no different than external ones
has been demonstrated recently in spectroscopic results for metals ions such as Zn, Ni,
and Pb sorbed to abiotic HMO (Boonfueng et al. 2006; Trivedi and Axe, 2001). In this 7-

month CBC study where an additional 173% of the sites became occupied as compared to
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that sorbed after a 4 hr contact time, the local structure was investigated and discussed

below.

10.2. X-ray Absorption Spectroscopic Studies: Zn-K Edge XAS

XAS spectra of Zn standards (Zn(NO3)s(aq), Zn3(POs)xs), and Zn complexed with EDTA
and citrate) reveal the zinc ion in the nitrate solution has only one backscattering
envelope of 5.6 £ 0.5 oxygen atoms at 2.06 + 0.02 A (Figure 10.4 and Table 10.1),
consistent with a fully hydrated ion in the aqueous phase (Richens, 1997). Surface
binding sites on the bacterial cell wall (e.g., carboxyl, phosphoryl, and hydroxyl groups)
can potentially be illustrated using Zn3(PO4)ys) and Zn complexed with EDTA and citrate
corresponding to the phosphoryl and carboxyl groups. Spectra for Zn3(POs)ys) (Table
10.1) is consistent with the powder diffraction file (Hille and Jones, 1976). In citrate
complexation, approximately six carboxyl groups (Zn[citrate], ™) are present based on Zn
speciation at pH 7, whereas there are four carboxyl groups in the EDTA complex. In
either case however, the first shell is consistent with octahedral coordination. PCA
analysis (Figure 10.5) reveals SPOIL functions less than 1 (an excellent fit) for Zn citrate
and Zn3(PO4)ys) (or Zn phosphate), whereas the SPOIL function of Zn EDTA was
approximately 3.4 indicating a fair fit. Therefore, Zn citrate and Zn phosphate were
applied as components for the PCA LC analysis conducted on samples.

For Zn sorbed on the EPS sheath, the best fit resulted in a 95 + 10% contribution
from Zn citrate (Figure 10.6). On the other hand for sorption to the sheathed L.
discophora SP-6, the best fit was acquired with 84 + 10% from Zn phosphate and 16 +

10% from Zn citrate (Figure 10.6), which again is consistent with results on P. putida
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Table 10.1 XAS Fitting Results for Zn Standards and Sorption on L. discophora SP-6,
Isolated Polysaccharide Sheath, Biogenic Mn Oxide-coated Bacteria, and Abiotic Mn

'=10" pH6.6, IS 10>

Oxide (HMO)

0 AE, %Res

N RA @) N R@A) oc@A) (V)

Zn(NOs)zgaq 57 206 0013 - - - -l64 73
10° M, pH 2

o) C
Zncitrate, 10°M,pH7 54 205 0004 62 287 0.012 -1.32 167
72% Zn[citrate]s,
28%Zn]citrate]
ZnEDTA, 10°M,pH7 5.4 208 0009 81 290 0.009 481 68
100% Zn[EDTAJ*

o) P
Zn3(POu); (s) 38 194 0.008 44 350 0013 721 184
Zn-L. discophoraSP-6 7.2 197 0010 2.1 349 0.001 7.10 10.8
I =10" pH 6.6, IS 107
Zn-EPS 6.1 206 0.006 - - - <119 52
I'=10" pH 6.6, IS 107

0) Mn
Zn-HMO 6.6 205 0.009 39 345 0006 -348 16.6
T'=10%pH6.6,IS 10°
Zn-Mn oxide coated 69 199 0014 63 334 0018 -3.67 125
bacteria

Zn K-edge (k) - k® spectra were Fourier transformed over 2.00 to 10.00 A and fitted over 0.50 to 3.70
A. T is surface loading (I'= mole of Zn - g solid). EPS represent sheathed extracellular polymeric
substances N, R, and o” represent the coordination number, distance, and variance. The quality of fits for
N, N2, R, and o? are + 20%, + 40%, + 0.02, and + 5%, respectively. The amplitude reduction factor (S)

was fixed at 0.81.
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bioflim (85% Zn phosphoryl and 23% Zn carboxyl) (Toner et al. 2005). The contribution
from Zn citrate (16%) may represent the EPS sheath that surrounds the bacterial cells
(~10% wt of biomass). XAS analysis for Zn sorbed on L. discophora SP-6 (Figure 10.7
and Table 10.1) revealed 7.2 atoms of O at 1.97 £ 0.02 A in the first shell and 4 atoms of
P at 3.50 + 0.02 A in the second shell; this structure suggests inner-sphere complexation
with the phosphoryl group on the bacterial cell wall. Based on potentiometric titrations,
Fein et al. (2001) applied a similar structure with the phosphoryl group (=POH) for Zn
sorbed on B. subtilis. In contrast, sorption to EPS was relatively similar to aqueous
Zn(NOs3); and Zn citrate spectra (Figures 10.4 and 10.7) revealing only one shell of 6 O
atoms at 2.06 + 0.02 A (Table 10.1), indicative of an outer-sphere complex. This EPS
sheath potentially plays an important role in the electrostatic effect observed in the
adsorption edges.

For the biogenic Mn oxide-coated bacteria, the spectra are unique (e.g., feature at
6 A™") as compared to that of Zn sorbed on L. discophora SP-6 (Figure 10.7). On the
other hand, these sorption spectra for the biogenic Mn oxide-coated bacteria (10" mole of

Zn - g Mn oxide (Zn:Mn molar ratio of 0.0083)) were relatively similar to that of Zn

sorbed on abiotic HMO (10 mole of Zn - g HMO (Zn:Mn molar ratio of 0.087));
however, a slight shift in the RSF is observed for sorption to the biogenic oxide
indicating a shorter average radial distance (Figure 10.7). The first shell was fit well with
oxygen and second shell contributions were attempted with C, P, Zn, Mn, and O as well
as combinations of these, but fitting was only accomplished with Mn. The amplitude of
the second shell for Zn sorbed on HMO was greater than that for biogenic Mn oxide and

may be due to a greater degree of disorder (c?) for the latter consistent with adsorption to
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a nano-particulate amorphous phase (Toner et al. 2006; Villalobos et al. 2005). The
fitting revealed a first shell of 6.9 + 0.9 atoms of oxygen at 1.99 + 0.02 A, while in the
second shell 6.3 + 1.2 atoms of manganese were found at 3.34 + 0.02 A. Interestingly,
these bond distances are relatively similar to Zn sorbed on the biogenic Mn oxide P.
putida biofilm (Toner et al. 2006), where sorption was attributed to tetrahedral
coordination and tridentate cornering sharing complexes. However, in our study the first
shell appears to be in octahedral coordination which is also seen in sorption to abiotic
HMO, where the local environment consisted of 6.9 + 0.9 atoms of oxygen at 2.05 = 0.02
A and 4.6 + 1.2 atoms of manganese at 3.45 + 0.02 A; this structure is in agreement with
that observed for Zn sorbed on biressite (Manceau et al. 2002).

For the 7-month CBC sample, the local coordination of Zn sorbed on biogenic Mn
oxide-coated bacteria consisted of 6.9 + 0.9 atoms of oxygen at 2.00 + 0.02 A in the first
shell and 4.9 + 1.4 atoms of manganese at 3.34 + 0.02 A in the second shell. The sorption
configuration was invariant as a function of contact time (4 hrs to 7 months) (Figure 10.8
and Table 10.2). Furthermore, there was no evidence of surface precipitation or solid
solution formation as only Mn provided a good fit in the second shell. Although surface
coverage of Zn increased from a Zn:Mn molar ratio of 0.13 to 0.34 after 7 months, the
effect of surface coverage on the coordination environment was not observed in this
study. However, others have reported this effect for Zn sorbed on birnessite (Manceau et
al. 2002) and the biogenic Mn oxide P. putida biofilm (Toner et al. 2006) as when the
Zn:Mn molar ratio increased from 0.0008 to 0.069 for the former and 0.06 to 0.37 for the
latter where the sorption configuration changed from tetrahedral to octahedral

coordination.
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Table 10.2 Fitting Results for the First (O) and Second (Mn) Shells of Zn Sorption on
Biogenic Mn Oxide-coated Bacteria at pH 6.6 and IS 107 M NaNO; (as a function of
contact times) and Zn Coprecipitation with Biogenic Mn Oxide-coated Bacteria

(@) Mn AE, %Res
N R@A) oA N R@A) o) (V)

Zn- Mn oxide coated 6.9 199 0.014 63 334 0018 -3.67 125
bacteria, 4 hr
Ir=1.5x10"

Zn- Mn oxide coated 7.3 2.00 0.013 49 334 0.015 -228 109
bacteria 14 day
I'=1.5x10"

Zn- Mn oxide coated 78 199 0.014 44 334 0.015 -3.06 11.7
bacteria 7 month
=4.1x107

Zn-coprecipitate with 7.2 2.01 0.014 29 333 0015 -153 129
MnOy coated bacteria
=2.9x10"

Zn K-edge (k) - k> spectra were Fourier transformed over 2.00 to 10.00 A in k-space and fitted over
0.50 to 3.70 A in r-space. T is surface loading (I'= mole of Zn - g MnOQ,). N, R, and o’ represent the
coordination number, distance, and variance. The quality of fits for N;, N, R, and o’ are + 20%, + 40%,
+0.02, and + 5%, respectively. The amplitude reduction factor (S,2) was fixed at 0.81.

In a coprecipitation sample (2.9 x10° mole of Zn - g Mn oxide (Zn:Mn molar
ratio of 0.24)), the spectra (Figure 10.9) were identical to those of Zn sorbed on biogenic
Mn oxide. Fitting revealed 7.0 + 0.9 atoms of oxygen at distance of 2.01 + 0.02 A in the
first shell and 2.9 + 0.6 atoms of manganese at distance of 3.33 + 0.02 A in the second

shell. Again, Zn forms inner-sphere complexes with biogenic Mn oxide.
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Furthermore, spectra collected on sorption samples at the Mn K-edge were
relatively similar to that of biogenic Mn oxide with 3.4 + 0.9 atoms of oxygen at 1.89 +
0.02 A and 3.6 + 1.0 atoms of manganese at 2.85 + 0.02 A, equivalent to the biogenic Mn
oxide (Jiirgensen et al. 2004). The results suggest that Zn is not incorporated into the Mn
oxide structure. Rather, through enzymatic oxidation by L. discophora SP-6, Mn(Il) is
oxidized and precipitated onto the biofilm providing a highly microporous surface for

contaminant sequestration.

10.3 Summary
Zinc sorption on sheathed Leptothrix discophora SP-6 involves binding with phosphoryl
groups of the bacterial cell wall and carboxyl groups on the EPS sheath, where however
inner-sphere complexes dominate. On the other hand, Zn sorbed on the EPS sheath
resulted in outer-sphere complexes consistent with the electrostatic effect observed in
adsorption edges. PCA LC analysis revealed an 84% contribution from phosphoryl
groups and 16% from carboxyl groups on the sheathed L. discophora. With nano-
particulate biogenic Mn oxide coatings, a greater affinity and site capacity were observed
as compared with sheathed L. discophora SP-6. The site capacity of biogenic Mn oxide
(4.5x107 mole of Zn - g"' Mn oxide) was approximately twenty times greater than that of
the sheathed bacteria (2.7x10™ mole of Zn - g’ cell). Zn sorption was dominated by the
Mn oxide phase where inner-sphere complexes resulted in octahedral structures of 6.9 +
0.9 atoms of oxygen at 2.00 = 0.02 A and 4.9 + 1.4 atoms of manganese at 3.34 = 0.02 A.
There was no difference in the coordination environment between sorption and

coprecipitation samples. Furthermore, the sorption configuration was invariant as a
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function of contact time (4 hrs to 7 months) where the Zn loading increased by 173%. In
this slower sorption process of intraparticle diffusion, the internal surface sites along
microporous walls appear to be no different than external ones based on XAS analysis.
The best fit diffusivity for Zn sorption in the nano-particulate Mn oxide coating was 10"
cm’ - s, which is two orders of magnitude smaller than that for the abiotic Mn oxide.
This difference may be attributed to a reduced pore size distribution in the nano-
particulate oxide as compared to the abiotic system. Overall, this work demonstrates that

Zn sorption in this heterogeneous system was dominated by nano-particle Mn oxide

because of its greater affinity and site capacity.



CHAPTER 11

CONCLUSIONS AND FUTURE RESEARCH

Mn oxides are found in a wide variety of geological environments and are nearly
ubiquitous in soils and sediments, existing as discrete particles and coatings, originating
via chemical and biological processes. Abiotic Mn oxide coatings are present in various
forms, ranging from nanocrystalline to poorly crystalline. In this research, the HMO on
the coated clay did not exhibit long-range structure, while the birnessite-coated clay
resulted in a poorly crystalline oxide. The clay substrate potentially inhibited
crystallization of pyrolusite-coated clay. The short-range structure however for birnessite-
coated clay was equivalent to that of the discrete birnessite. For both HMO- and
birnessite-coated montmorillonite, the overall surface properties of the systems studied
were consistent with their discrete oxide counterparts. Moreover, XAS studies suggest
that the local structure of Mn in the HMO coating is similar to that in the discrete phase.
Consistent with the characterization studies, Zn, Ni, and Pb sorption to HMO,
HMO-coated montmorillonite, and montmorillonite revealed that the HMO-coated
montmorillonite behaved similarly to the discrete Mn oxide, where metal ions sorbed
onto the oxide coating as inner-sphere complexes. Ni potentially coordinated to the
vacancy sites in the Mn oxide structure, while Zn and Pb formed tridentate and bidentate
corner-sharing complexes, respectively. Even though Ni and Zn belong the group of
transition metals, different sorption mechanisms were observed potentially because Ni
ions exhibit a greater eletronegativity and a slightly smaller atomic radius as compared

with Zn ions. Therefore, Ni ions may coordinate more easily into defect vacancy sites.
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For all three metals, coordination environments were invariant not only as a function of
loading, pH, and ionic strength, but also in long-term studies where sorption increased by
as much as 100%. In this slower sorption process, intraparticle diffusion, the internal
surface sites along microporous walls appear to be no different than external ones. Best
fit diffusivities (Ds) ranged from10™® to 10" cm?/s for Zn, 10" to 10™*? cm?s for Ni and
10%° to 107 cm?/s for Pb.

Furthermore, theoretical surface diffusivities were predicted based on site
activation theory and in agreement with experimental results. Interestingly, the
diffusivities for metal ions in HMO-coated clay were between that for montmorillonite
and HMO. These results indicate that the microporosity of HMO-coated clay has
contributions from both the HMO and montmorillonite surfaces. Even though much of
the clay surface is coated with HMO (~90%), the oxide morphology is potentially
different from discrete ones. We speculate that clay particles serve as a template for Mn
oxide when nucleation occurred, potentially changing the porosity, pore size distribution,
and particle size. Therefore, the oxide-coated clay may exhibit unique characteristics
from the discrete oxide.

Because biogenic processes dominate in producing Mn oxide in the oxic to
suboxic environments, biogenic manganese oxides are often present as coatings on
mineral substrates or associated with extracellular polymeric sheath. L. discophora SP-6
is a sheath forming, gram negative bacteria that oxidizes Mn(Il) as well as Fe(II). This
Mn oxidation is enzymatically catalyzed via non-dissimilatory pathways and usually
depends on growth conditions, including pH, temperature, and substrate concentration.

The excreted enzymes and proteins potentially oxidize Mn(Il) are located at the
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compartment between the sheath and outer membrane of the cell (Ghiorse and Ehrlich,
1992); therefore, the nano-particulate Mn oxide precipitates on the organism’s surface
and coats the sheathed bacteria forming a dendritic biofilm structure. The surface charge
of Mn oxide coated bacteria was similar to that of abiotic Mn oxide, suppressing the
contribution of the polysaccharide sheathed organism. Although no long-range order of
the biogenic oxide was observed, the nano-particulate oxide forms polymer-like
precursor to birnessite and is consistent with the phyllomanganate family. Overall, the
surface properties of the coated bacteria are dominated by the nano-particulate Mn oxide.
Interestingly, biogenic Mn oxides may be strong oxidants for complex organic
compounds (e.g., humic substances) whereby smaller compounds can be assimilated by
bacteria (Sunda and Kieber, 1994). In addition, the encrusted Mn oxide coating can
reduce the toxicity of contaminant (Widmeyer et al. 2004). On the other hand, the Mn
oxide may serve as a barrier by accumulating micronutrients such as Cu and Zn, which
could result in nutrient deficiency.

Typically, Zn is considered as micronutrient to microorganisms and plants. The
presence of Zn can stimulate the production of phytochelatin by eukaryotic algae in the
equatorial pacific (Ahner et al. 1998) and may potentially increase Mn oxidation as a
result of increasing biomass of bacteria. Interestingly, at greater concentrations, Zn
sorbed on sheathed L. discophora SP-6, revealing a high affinity site on the bacterial cell
wall characteristic of a phosphoryl group in addition to the low affinity one associated
with the EPS sheath. Zn sorbed on the sheathed EPS as an outer-sphere complex with
carboxylic groups. A linear combination analysis showed sorption to the sheathed L.

discophora SP-6 was consistent with an 84% contribution from Zn binding to phosphoryl
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groups and 16% contribution from carboxyl groups. With nano-particulate biogenic Mn
oxide coatings, a greater affinity and site capacity were observed as compared to the
sheathed organism. Zn sorption was dominated by the Mn oxide phase where inner-
sphere complexes resulted in an octahedral structure. Furthermore, XAS analysis
demonstrated that the coordination environment between sorption and coprecipitation
samples were consistent. Long-term sorption studies conducted up to 7 months increased
the Zn loading 170%. In this slower sorption process of intraparticle diffusion, the
internal surface sites along microporous walls appear to be no different than external ones
based on XAS analysis. The best fit diffusivity for Zn sorption in the nano-particulate Mn
oxide coating was 10™"° cm?/s which is two orders of magnitude smaller than that for the
abiotic Mn oxide. This difference may be attributed to a reduced pore size distribution in
the nano-particulate oxide as compared to the abiotic system. Biogenic Mn oxide present
as nano-particles effectively sequestrates heavy metals in the environment. In conclusion,
this research contributes to a better understanding of the role of abiotic and biogenic Mn
oxide coatings in contaminant behavior.

In addition to this research, future work should include applying surface
complexation modeling to predict the adsorption on the single and heterogeneous
substrates studied in discrete abiotic and biogenic Mn oxides as well as Mn oxide
coatings. Synchrotron-based studies applying for example, pXRD, uXRF, and pXAS can
be used to resolve the long-range structure of biogenic Mn oxide and elemental mapping
of metal ions in the heterogeneous systems. Furthermore, the nanoporosity of biogenic

Mn oxide can be investigated using the positron annihilation spectroscopy which was
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recently used on a Cu film (Sun et al. 2003; Racko et al. 2005). Moreover, exploiting the

redox active surface of these Mn oxides may prove useful in remediation.



APPENDIX A

QA/QC PROCEDURE

General Procedures for Storage Bottles and Caps

All laboratory procedures will follow Standard Methods (Greenberg et al. 1998). All
sample containers will be pre-washed with detergent and Millipore-Q water before use.
The plastic containers and glass containers will be soaked in 10% nitric acid for 24 hours
and 48 hours, respectively, rinse with DI water and dried and stored in a particle free
environment before use. In general, containers will either be resistant boro-silicate glass
and Nalgene®. The Nalgene® containers are of low-density polyethylene (LDP). This
type of container was selected because it is not reactive with solution. For short term
storage or when storing stock solutions, depending on their shelf life, boro-silicate bottles
will be used. For long-term storage or if the sample is to be analyzed for some substance
that would be affected by prolonged storages in glass bottles due to silica leaching,
Nalgene® bottles will be used. Acids and alkalis will not be stored in plastics bottles.

The stoppers, caps, or plugs will be selected as to resist the attack of the material
contained in the vessel. Metals are avoided due to the problem of corrosion. Glass stopper
will not be used to store strong alkali due to their tendency of getting stuck. Rubber
stoppers are preferable.

During transport the hard rubber and glass bottles will be packed in wooden,
metal, plastic, or heavy fiberboard cases with a separate compartment for each bottle and
the lining will be insulted from breakage. The samples stored in plastic bottles need no

protection against breakage by impact or through freezing
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General Procedures for Reagents and Chemicals
Chemicals of the American Chemical Standard (ACS) grade will be used. Some organic
reagents are unstable upon exposure to the atmosphere. If the stability of a chemical or
reagent is unknown, then small amounts of the chemical at frequent intervals will be
purchased.

All anhydrous reagent chemicals that are required for the preparation of standard
calibration solutions and titrants will be dried in an oven at 105 °C to 110 °C for at least 1
to 2 hours and preferably overnight. After cooling to room temperature in efficient
desiccators, these chemicals will be promptly weighed and the proper amount dissolved.
In case a different temperature is necessary, this would be specified on the chemical’s
label and will be adopted.

To prepare a solution of exact normality from a chemical that is not a primary
standard, a relatively concentrated stock solution will be prepared and an exact dilution
will be accomplished with a volumetric flask. Alternatively, a solution of slightly higher
concentration can be prepared and standardized, which can be subsequently diluted. This
approach is typically adopted for solutions that require frequent change in their strength

and have to therefore be standardized.

Quality Control / Quality Assurance (QA/QC)
Sampling will be conducted accurately to assure that the analytical results are consistent
with the actual sample composition. A sample will be handled in such a way that it does
not deteriorate or become contaminated anytime prior to analysis. Representative samples

will be analyzed subsequently.
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Quality control will include adding known or standard samples to unknown
samples, and determining the percentage recovery. Recovery tests are conducted at the
same time as the sample analysis. Metal recovery indicated accuracy of the method in the
case of metals recovery is practiced to verify the absence of a matrix effect, which occurs
in the presence or absence of interfering substances. Percentage recovery should
generally fall within the range of 85% to 115%

Control samples will be prepared. DI water or samples will know additions (DI
water with one or more standard chemicals added) will be used as control samples so that
a known value can be assigned to the sample. One of the most important aspects of a
quality control program is the adequate supply of a stable control. Ideally, the control
prepared will last for as long as 6 months which is the maximum shelf life for metals.

Method blanks will be employed with each batch of samples analyzed to monitor
impurity levels. If the method blank assay indicates that the metals are present above the
instrument detection limit (IDL’s), the reagents and glassware will be checked for source
of impurities. If impurities in the method blank exceed the method detection limit
(MDL’s), analyses will be suspended until the problem has been corrected.

Duplicated samples will be collected to assess precision when the concentration
of the constituent to be determined is measurable. For every ten samples, one sample will
be prepared for duplicate analysis. For metals, the precision of the duplicates should be
between 10-25%.

All instruments will be accurately calibrated and the errors accounted for through

statistical analysis.



APPENDIX B

SOLUBILITY AND SPECIATION DIAGRAM

Solubility and speciation diagrams for Zn, Ni, and Pb were calculated based on the

thermodynamics data by MINEQL+.
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Figure B.1 Zinc speciation diagram in 10 M Zn(NOs), aqueous solution at 298 K.
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Figure B.2 Zinc solubility diagram in open system condition at 298 K.
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Figure B.3 Lead speciation diagram in 10”7 M Pb(NO;), aqueous solution at 298 K.
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APPENDIX C

BOND VALANCE ANALYSIS

The bond valance analysis of surface functional groups and sorption complexes can
contribute to our understanding of the relatively stability of the structure based on
Pauling’s electrostatic valance principle (Pauling, 1960) and the associated charge
(Brown and Altermatt, 1985). The concept of bond valence (S;) is a measure of the
strength of individual bonds in metal oxide crystal structure. Bond valence is defined as
Eq. [1]

Si = exp[(To-Tm-0)/0.37] valence unit (v.u.) (C.1)
where 1., is the length of the metal-oxygen bond, and r, is an effective radius that
depends upon the identity and formal valence of the cation. Based on XAS analysis, the
radius distance between metal and oxygen can be evaluated and the effective radius (r,) is
found in Brown and Altermatt (1985). To quantify the bond valence of the OH bond,
Ziolkowski’s equation for Soy is calculated from least squares fitting using a number of
OH bond lengths from neutron diffraction studies in which the effects of proton thermal
motion were corrected, as shown

Son = 0.241/(Ron-0.677) (C2)
the average hydroxide ion bond length in water, inorganic hydroxides, and hydrate ranges
from 0.95 to 1.03 A (Olovosson and Jonsson, 1976); therefore, Soy appears to range from
0.13 to 0.26 valance unit. The sum of the bond valances between the cation and the anion

(ZSm-) are equivalent to the oxidation state (V;) of the cation when the ion coordination

is saturated. If the given ion has XS, < Vj, it is theoretically more reactive and will tend
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toward a saturated bonding arrangement. If in contrast, an ion in solution or on the

surface is oversaturated when XS, > V;, then it should react to achieve a new local

coordination of S, = V;. The results demonstrate that the feasible surface complexes of

Pb on Mn oxide include two possible configurations (j.e. Mn;-O-Pb and Mn-O-Pb)

(Table C1).

Table C.1 Bond-Valence Analysis for Reactive Functional Groups and Pb Sorption
Complexes at the Surface of HMO

2Sm-o at Oxygen (v.u.)
Oxygen bonding Prediction
Surface No-H- With H- state
functional bonds bonds
Mn-O*™ 0.69 <0.95 Unsaturated Plausible
Mn-OH"* 1.37-1.57 <1.83 Unsaturated Plausible
Mn-OH,*** 2.25-2.45 Oversaturated Doesn’t occur
Mn,-0** 1.38 <1.64 Unsaturated Plausible
Mn,-OH'?* 2.06-2.26 Oversaturated Doesn’t occur
Mn3-OO 2.07 Saturated Stable
Pb complex
bonds

Mn-O-Pb 1.26 <1.52 Unsaturated Plausible
Mn-O-Pb; 1.82 <2.08 Unsaturated Plausible
Mn-O-Pb; 2.39 Oversaturated Doesn’t occur
Mn,-O-Pb 1.95 2.08-2.20 Saturated Stable
Mn,-OH-Pb 2.63-2.83 Oversaturated Doesn’t occur
Mn;,-O-Pb, 2.51 Oversaturated Doesn’t occur
Mn-OH-Pb 1.94-2.14 2.07-2.39 Saturated Stable
Mn-OH-Pb, 2.50-2.70 Oversaturated Doesn’t occur




APPENDIX D

ADSORPTION STUDIES ON HMO, MONTMORILLONITE, AND HMO-
COATED MONTMORILLONITE

The results from Zn, Ni, and Pb sorption on HMO, montmorillonite, and HMo-coated

montmorillonite are provided in this section.

Zn adsorption edge of HMO-coated clay, HMO, and montmorillonite at 25 °C, NaNO;
background electrolyte

pH % Zn sorbed on HMO % Zn sorbed on HMO- % Zn sorbed on

coated clay montmorillonite

IS 0.015 1S 0.15 IS 0.015 IS 0.15 IS 0.015 IS 0.15
1.5 38.272 10.343
2.0 42.460 13.353
25 78.845 28.031
3.0 94.148 59.235
35 97.834 82.197
4.0 98.765 93.254
4.5 99.021 96.738
5.0 99.139 97.590
5.0 99.236 97.558
5.5 99.192 97.697
6.0 98.801 97.219
6.5 98.397 96.577
7.0 98.775 96.524
2.0 27.394 8.0120
3.0 86.384 43.110
35 93.880 72.039
4.0 95.746 88.783
4.5 96.432 94.239
5.0 96.473 95.931
5.0 96.560 95.610
5.5 96.651 95.735
6.0 96.451 96.384
6.5 96.311 96.517
7.0 96.270 96.514
4.0 26.622 2.4090
4.5 31.875 5.7900
5.0 44.644 16.926
5.5 55.556 23.601
6.0 68.540 41.513
6.0 67.226 40.462
6.5 71.585 51.176
7.0 75.929 61.099
7.5 80.844 75.591
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pHS pH 6
[Zn],q Mole of Zn sorbed/g [Zn],q Mole of Zn sorbed/g

HMO HMO
2.9503e-11 9.9410e-8 2.4491e-11 9.9510e-8
3.4616e-11 1.5931e-7 2.4076e-11 1.5952¢-7
4.0062e-11 1.9920e-7 2.7126e-10 1.9946¢-7
6.1560e-10 1.5877e-6 5.0130e-10 1.5900e-6
6.3854¢-10 1.9872e-6 5.1156e-10 1.9898¢-6
6.1318e-10 1.9877e-6 5.5665e-10 1.9889¢-6
1.0326¢-9 5.979%4¢-6 6.7726¢-10 5.9865¢e-6
3.8323e-9 9.9233e-5 2.5646¢-8 9.9487e-5
5.5616¢-8 0.00015889 2.9583e-8 0.00015941
6.4617¢-8 0.00019871 3.2550e-8 0.00019935

pHS pH6
[Zn], Mole of Zn sorbed/ g [Zn]yq Mole of Zn sorbed/ g

HMO-coated clay HMO-coated clay
6.4500e-11 2.2800e-7 5.9143¢-11 2.2822¢-7
5.5300e-11 3.6800e-7 8.8197e-11 3.6544¢e-7
1.4800e-10 4.5600e-7 6.9430e-11 4.5869¢-6
9.0700e-10 3.6600e-6 1.4450e-9 3.6284e-6
1.3300e-9 4.5700e-6 1.3144e-9 4.5582e-6
1.2200e-9 4.5700e-6 8.8040e-10 4.5783e-6
1.6700e-9 1.3800e-5 1.0208e-9 1.3810e-5
6.0300e-8 0.00022900 2.8133e-8 0.00022965
1.2000e-7 0.00036500 3.4139¢-8 0.00036794
1.5200e-7 0.00045600 3.5181e-8 0.00046027

pHS pH 6
[Zn],q Mole of Zn sorbed/ g [Zn],q Mole of Zn sorbed/ g

clay clay
2.7481e-9 2.2519e-8 2.2258e-9 2.2300e-8
4.5349¢-9 3.4651e-8 3.4459¢-9 3.4500e-8
5.4339¢-9 4.5661e-8 4.4601e-9 4.4600e-8
3.8322¢-8 1.1678e-7 3.2361e-8 3.2400e-7
5.1275e-8 2.8725e-7 4.1959¢-8 4.2000e-7
6.0185e-8 3.9815e-7 5.0081e-8 5.0100e-7
5.8483¢-8 4.1517e-7 5.1864e-8 5.1900e-7
1.9620e-7 1.0380e-6 1.5913e-7 1.5900e-6
2.2148e-6 7.8524e-6 2.1900e-6 2.1900e-6
4.0005¢e-6 9.9955e-6 4.3248e-6 4.3200e-5
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Ni adsorption edge of HMO-coated clay, HMO, and montmorillonite at 25 °C, NaNOs

background electrolyte
pH % Ni sorbed on HMO % Ni sorbed on HMO- | % Ni sorbed on
coated clay montmorillonite
IS 0.015 IS 0.15 IS 0.015 IS 0.15 IS 0.015 IS 0.15
2.0 63.80 22.70
2.5 93.40 50.20
3.0 97.40 75.60
35 99.50 82.50
4.0 99.80 87.30
4.5 99.80 93.60
5.0 97.80 94.80
5.0 99.40 95.50
5.5 99.90 96.20
6.0 98.50 96.50
7.0 99.40 99.30
8.0 99.70 99.90
2.0 23911 15.30
3.0 92.001 67.20
35 97.335 82.30
4.0 99.155 91.40
4.5 99.714 94.60
5.0 99.837 97.20
5.5 99.844 97.60
6.0 99.812 98.10
6.5 99.885 98.10
7.0 99.815 98.20
4.0 22.026 5.884
45 23.113 6.078
5.0 23.113 5.566
5.5 26.129 6.448
6.0 26.115 6.448
6.0 27.532 4370
6.5 26.991 9.390
7.0 31.882 11.09
7.5 34.200 13.76




Ni adsorption isotherm of HMO, HMO-coated clay, montmorillonite at IS 0.01, 25 °C

pHS pH6
[Ni]sq Mole of Ni sorbed [Ni]yq Mole of Ni sorbed

/g HMO /g HMO
3.2086e-12 4.9968¢-8 9.3560e-12 4.9900e-7
2.4845e-12 6.9975¢-8 1.2758e-11 9.9900e-7
2.0302e-12 9.9980e¢-8 7.7869¢-11 5.9900e-6
2.7673e-11 9.9972e-7 2.9272e-10 2.0000e-5
2.0549¢-11 9.9980e-7 2.4178e-10 2.0000e-5
9.6169e-11 1.9990e-6 2.8394e-10 3.0000e-5
3.6337e-9 4.9964e-5 1.4305e-9 0.00012000
6.5636e-9 6.9934e-5 6.4310e-9 0.00049900
6.3508¢-9 9.9937e-5 1.8516e-8 0.00099800

pH S pH 6
[Ni], Mole of Ni sorbed/ g [Ni]aq Mole of Ni sorbed/ g

HMO-coated clay HMO-coated clay
1.3273e-10 1.3300e-7 3.6088¢e-12 1.3900e-7
1.3052e-10 2.2500e-7 3.4196¢-12 2.3100e-7
1.3991e-10 4.5600e-7 9.5288¢-12 4.6300e-7
2.4762e-9 3.1300e-6 7.9365¢-11 3.2400e-6
2.7101e-9 4.5000e-6 1.0833e-10 4.6200e-6
2.6875e-9 4.5100e-6 1.6625¢-10 4.6200e-6
1.7116e-7 0.00022400 3.8465¢-9 0.00023100
1.7309e-7 0.00033900 1.4862e-8 0.00046200
1.9160e-7 0.00045400

pH S pH 6
[Nilyg Mole of Ni sorbed [Ni]aq Mole of Ni sorbed/ g

/ g clay clay
2.1796e-9 8.2000e-9 2.0582¢-9 9.4200e-9
3.5836e-9 1.4200e-8 3.4805¢-9 1.5200e-8
7.0717e-9 2.9300e-8 6.7531e-9 3.2500e-8
5.4458e-8 1.5500e-7 5.4720e-8 1.5300e-7
7.2438e-8 2.7600e-7 7.2010e-8 2.8000e-7
7.4779¢-8 2.5200e-7 7.3509¢-8 2.6500e-7
4.6201e-6 3.8000e-6 4.4505e-6 5.5000e-6
8.9911e-6 1.0100e-5 8.7968¢-6 1.2000e-5
4.8658e-5 1.3400e-5 4.0871e-5 9.1300e-5
8.4142¢-5 0.00015900 8.5948¢-5 0.00014100
9.5919¢-6 4.0800e-5 9.4211e-5 0.00057900
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Pb adsorption edge of HMO-coated clay, HMO, and montmorillonite at 25 °C, NaNO;

background electrolyte

pH

% Pb sorbed on HMO

% Pb sorbed on HMO-

coated clay

% Pb sorbed on
montmorillonite

IS 0.015

IS0.15

IS 0.015

IS 0.15

IS 0.015

IS 0.15

1.0
1.5
2.0
2.5
3.0
3.0
3.5
4.0
4.5
5.0
2.0
3.0
35
4.0
4.5
5.0
5.5
6.0
6.5
7.0
4.0
4.5
5.0
5.5
6.0
6.5
6.5
6.7
7.0
7.5

72.394
86.438
97.376
99.533
99.939
99.922
99.997
99.996
99.998
99.997

27.606
57.239
77.992
98.687

99.756
99.995
99.985
99.995
99.998

59.842
82.237
91.786
93.084
95.215
97.826
98.304
98.504
98.496
98.455

45.845
60.743
69.257
82.346
87.800
92.686
94.872
95.428
96.583
97.390

69.957
78.704
82.083
91.337
97.901
98.926
99.348
99.361
99.542
99.674

44.300
62.900
71.400
92.400
90.800
86.100
89.100
88.000
96.200
94.000




Pb adsorption isotherm of HMO, HMO-coated clay, montmorillonite at IS 0.01, 25 °C

pH 5 pH 6
[Pb]y Mole of Pb sorbed/g [Pb]ag Mole of Pb sorbed/g
HMO HMO
4.0637e-7 0.0025936 5.3089¢-8 0.0029469
6.5396e-7 0.0043460 7.2394¢-8 0.0049276
8.2095e-6 0.11679 2.9006e-6 0.12210
1.1593e-5 0.17591 7.2321e-6 0.18027
1.4206e-5 0.23579 1.0637¢-5 0.23936
1.5287e-5 0.23471 1.1595¢-5 0.23840
1.9875¢-5 0.29263 1.3663¢-5 0.29884
2.4324e-5 0.35068 1.8395¢e-5 0.35660
2.7992e-5 0.40951 2.0314e-5 0.41719
4.1554e-5 0.45845 2.7244e-5 047276
pHS pH 6
[Pb]aq Mole of Pb sorbed/ g [Pb]aq Mole of Pb sorbed/ g
HMO-coated clay HMO-coated clay
2.0415¢-8 0.0011831 6.2867¢-8 0.0010343
5.1313¢-8 0.0016563 1.0852¢-7 0.0013996
3.9802¢-7 0.0023662 1.0921e-7 0.0021078
3.7152¢-8 0.0070986 2.2225e-7 0.0065727
3.7399¢-8 0.0070986 6.1404¢-8 0.0069533
2.9855e-7 0.011831 5.1863¢-8 0.011708
9.3793e-7 0.016563 1.1725e-7 0.016286
1.6164e-6 0.023662 4.6419e-7 0.022564
3.4633e-6 0.035493 1.0792e-6 0.032939
5.7712e-6 0.047324 2.4539e-6 0.041518
pHS pH 6
[Pb]aq Mole of Pb sorbed/ g [Pb]ag Mole of Pb sorbed/ g
clay clay
6.5975¢e-8 3.4025e-5 1.7017e-9 6.3000e-6
8.8320e-8 6.1680e-5 2.9891e-9 7.0100e-6
1.0714e-7 9.2857e-5 3.2703e-9 1.6700¢e-5
9.6525¢-8 0.00010348 5.7960e-9 2.4200e-5
1.2645¢-7 0.00012355 1.4000e-8 0.00014600
1.1728e-7 0.00018272 1.8300e-8 0.00018200
1.5734e-7 0.00024266 1.7600e-8 0.00018200
1.8436e-7 0.00031564 5.8300e-8 0.00034200
2.0849¢-7 0.00039151 7.6700e-8 0.00042300
9.3400¢e-8 0.00050700
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Microsoft Visual C++ version 6 Code for Estimating Experimental Surface Diffusivity

//INTRAPARTICLE DIFFUSION CODE (Particle #)

#include <stdlib.h>

#include <iostream.h>

#include <fstream.h>

#include <math.h>

#include <string>

#include <iomanip.h>

#define STRLEN 30

#define FIRSTDELIMITER ',

#define SECONDDELIMITER "\n'

void main ()

{

// define all variables and parameters

double pi=3.14159, Ds=1e-13, S=3¢-8, p=0.83, E=0.81, Kd=500;
double mass[310], Ki, sum, D, a, rad[100], num[100], Cs, summ([300], t[100], data[100],
suml, sum2, diff, diff2, percent,persum, var,aveer;
int n=100, i, j, k, nn=0, nnn=0, ii;

char string[2][STRLEN], string1[2][STRLEN];
//build files connections

ofstream f2("resultNi.txt");

ofstream f3("new15.txt");

ifstream f4("PSDoxidecoated.txt");

ifstream f5("NiCoated.txt");

ofstream f6("dsvarS5.txt"),

//read particle size distribution from file into code
while(!f4.getline(string[0], STRLEN, FIRSTDELIMITER).eof())
{

f4.getline(string[ 1], STRLEN, SECONDDELIMITER);
rad[nn]=atof(string[0]);

num[nn]=atof(string[1]);

nn=nn+1;

}

while(!f5.getline(string1[0], STRLEN, FIRSTDELIMITER).eof())
{

f5.getline(string1[ 1], STRLEN, SECONDDELIMITER);
t[nnn]=atof(string1[0]);

data[nnn]=atof(string1[1]);

nnn=nnn+1;

}

//check particle size distribution correct from file output



for (k=0; k<nn; k++)
{

}

//define internal distribution coefficient
Ki=E*Kd/(1-E);

//get particle external surface concentration
Cs=S*Kd;

//obtain 100 day total concentration

for (ii=1; 1i<=10; ii++)

{

//defne diffusivity

D=Ds/(1+E/(p*Ki));

sum1=0.0;

sum2=0.0;

persum=0.0;

for (j=0; j<nnn; j++)

{

summ|[j|=0;

for (k=0; k<nn; k++)

{

sum=0.0;

for (i=1; i<=n; i++)

}

f3<<rad[k]<<"\t"<<num[k]<<endl;
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a=1/pow(i,2)*exp(-D*pow(i,2)*pow(pi,2)*t[j]*86400/(pow(rad[k],2)*pow(10.0, -8)));

sum=sum-+a,

}

mass[k]=4*Cs*p*pi*pow(rad[k],3)*pow(10, -12)/3*(1-6/pow(pi,2)*sum)*num[k];

summ(j]=summ[j]+mass[k];

}

summ(j]=summ[j]+Cs;
diff=fabs(data[j]-summ[j]);
percent=(diff/summ([j])*100.0;
diff2=pow(diff,2),

sum1=sum1+diff;

sum2=sum?2+diff2;
persum=percent+persum;

f2<<t[j]<<", "<<summ[j]<<", "<<data[j]<<endl;
}

var=(sum2-(pow(sum1,2)/nnn))/(nnn-1);
aveer=persum/nnn;

fo<<Ds<<", "<<var<<", "<<aveer<<endl;
cout<<Ds<<", "<<var<<", "<<aveer<<endl;
Ds= Ds+pow(10,-13);

}

}
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CBC studies of Zn sorbed onto 10" g/L HMO-coated clay at pH 7, IS 10?2, 25 °C, Added
[Zn] =10*M

0, .
Time (hr) CPM %error Amount of % Zn Volume Mole of Zn  Modelling

Zn sorbed sorbed  added(mL)  sorbed/g Results
0 532126  4.385 0 0 0 0.00093474
0.333333  712.44 4.95 4608.82 86.61 0.000866  0.00093749
0.666667 641.6 4.99 4679.66 87.94 0.000879  0.00093862
1 3299 4.98 4991.36 93.80 0.000938  0.00093948
2 208.26 4.99 5113 96.08 0.000961  0.00094142
3 176.26 4.97 5145 96.68 0.000967  0.00094289
4 117.94 4.98 5203.32 97.78 0.000978  0.00094414
5.5 110.5 4.97 5210.76 97.92 0.0137 0.000979  0.00094573
7.5 101.69 4.98 5219.57 98.08 0.0311 0.000982  0.00094753
10 87.76 4.98 52335 98.35 0.0554 0.000988  0.00094945
233 64.67 5 5256.59 98.78 0.0976 0.000998  0.00095688
30.8 106.29 4.99 5214.97 98.00 0.02125 0.001 0.00096005
54.8 148.84 498 5172.42 97.20 0 0.000994  0.00096801
78.8 131.6 4.96 5189.66 97.52 0 0.000997  0.00097420
174.8 88.2 498 5233.06 98.34 0.05389 0.001005  0.00099178
244.8 85 4.98 5236.26 98.40 0.05955 0.000995  0.00100121
411.8 67.4 4.98 5253.86 98.73 0.09114 0.001002  0.00101860
581 75.8 4.98 5245.46 98.57 0.075867 0.00101 0.00103229
913.75 79.2 5.03 5242.06 98.51 0.069485 0.001017  0.00105335
1162.25 130 4.98 5191.26 97.55 0 0.001014  0.00106611
1540.75 82.9 5 5238.36 98.44 0.062522 0.001023  0.00108261
1951.25 92.4 5 5228.86 98.26 0.04544 0.001028  0.00109781

2238.25 82.42 5 5238.84 98.45 0.06304 0.001034  0.00110725




173

CBC studies of Zn sorbed onto 10 g/L Montmorillonite at pH 7, IS 107, 25 °C, Added
[Zn] =102 M

Amount of % Zn Volume Mole of Zn  Modelling

1 o
Time (hr) CPM voerror Zn sorbed sorbed  added (mL) sorbed/ g Results

0 5321.26 4.85 0 0 0 0.00013477
0.333333 712.44 4.95 4608.82 86.61 0.000866 0.00020106
0.666667 641.6 4.99 4679.66 87.94 0.000879  0.00021064

1 329.9 4.98 4991.36 93.80 0.000938  0.00021679

2 208.26 4.99 5113 96.08 0.000961  0.00022832

3 176.26 4.97 5145 96.68 0.000967  0.00023570

4 117.94 4.98 5203.32 97.78 0.000978 0.00024123

5.5 110.5 4.97 5210.76 97.92 0.0137 0.000979  0.00024766

7.5 101.69 4.98 5219.57 98.08 0.0311 0.000982  0.00025424

10 87.76 4.98 5233.5 98.35 0.0554 0.000988  0.00026063

233 64.67 S 5256.59 98.78 0.0976 0.000998 0.00028115
30.8 106.29 4.99 5214.97 98.00 0.02125 0.001 0.00028851
54.8 148.84 4.98 5172.42 97.20 0 0.000994 0.00030471
78.8 131.6 4.96 5189.66 97.52 0 0.000997 0.00031564
174.8 88.2 4.98 5233.06 98.34 0.05389 0.001005 0.00034172
244.8 85 4.98 5236.26 98.40 0.05955 0.000995 0.00035366
411.8 67.4 4.98 5253.86 98.73 0.09114 0.001002  0.00037322
581 75.8 4.98 5245.46 98.57 0.075867 0.00101  0.00038696
913.75 79.2 5.03 5242.06 98.51 0.069435 0.001017  0.00040607
1162.25 130 4.98 5191.26 97.55 0 0.001014 0.00041668
1540.75 82.9 S 5238.36 98.44 0.062522 0.001023  0.00042910
1951.25 924 5 5228.86 98.26 0.04544 0.001028 0.00044033

2238.25 82.42 5 5238.84 98.45 0.06304 0.001034  0.00045000
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CBC studies of Ni sorbed onto 10" g/L HMO-coated clay at pH 7, IS 107, 25 °C, Added
[Ni] =102 M

. Amount of % Ni Volume Mole of Ni  Modelling
Time (br) CPM Yoerror Ni sorbed sorbed  added (mL)  sorbed/g Results

0 2749.01 4.85 0 0 0 2.2300e-05

025  979.27 4.95 1769.74 64.37 0.000644 6.8700e-05

0.75 9443 4.99 1804.71 65.65 0.000656 0.00010664

15 955.97 498 1793.04 65.22 0.000652  0.00037969

25  835.86 4.99 1913.15 69.59 0.000696 0.00017792

4  824.02 4.97 1924.99 70.02 0.0007 0.00021783

6 836.84 4.98 1912.17 69.55 0.4746 0.000696 0.00025915

17 691.48 497 2057.53 74.84 0.4436 0.000796 0.00039927

24 700.28 4.98 2048.73 74.52 0.077 0.000837 0.00045701

44  804.62 4.98 1944.39 70.73 0.2044 0.000807  0.00057069

715  765.77  4.982 1983.24 72.14 0.3536 0.000841 0.00066990

88.5 72475 4.984 2024.26 73.63 0.223 0.000892 0.00071464

109.5  760.77  4.986 1988.24 72.32 0.4968 0.000901 0.00075940

135.5 68537  4.988 2063.64 75.06 0 0.000978  0.00080382

182 845.46 4.99 1903.55 69.24 0 0.00092 0.00086385

207 87294 4992 1876.07 68.24 0.08728 0.00091 0.00088922

264 79796  4.994 1951.05 70.97 0.02981 0.000946  0.00093530

286.5 81376  4.996 1935.25 70.39 0.01915 0.000943  0.00095017

361 816.69  4.998 1932.32 70.29 0.227514 0.000944 0.00099019
430.3 75941 5 1989.6 72.37 0.02093 0.000987 0.0010184
504.3 816.2 5.002 1932.81 70.30 0.164109 0.000969 0.0010422
620  776.84 5.004 1972.17 71.74 0.24778 0.001 0.0010705
980.5 75384  4.996 1995.17 72.57 0.374 0.001033 0.0011222
11245  776.22 5.006 1972.79 71.76 0.334 0.001062 0.0011347
12945  736.38 5.006 2012.63 73.21 0.2493 0.00111 0.0011463

1578.5 833.86 5.006 1915.15 69.66 0.16637 0.001099 0.0011603
1866  724.33 4.988 2024.68 73.65 0.31129 0.001156 0.0011703

2256 735.51 4.98 2013.5 73.24 0 0.001183 0.0011797
2540  783.35 4.982 1965.66 71.50 0.35512 0.001165 0.0011847
3069.5 748.35 4.984 2000.66 72.77 0.31445 0.001214 0.0011914

3642.5 750 4.986 1999.01 72.71 0.1041 0.001245 0.0011963
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CBC studies of Ni sorbed onto 10 g/L Montmorillonite at pH 7, IS 102, 25 °C, Added

[Ni]=102M

Amount of % Ni Volume Mole of Ni  Modelling

Time (hr) CPM %error  Ni sorbed sorbed  added (mL)  sorbed/ g Results
0 1807 4.85 0 0 0 2.0768e-08
0.5 1353.6 4.95 4534 25.09 2.509E-07 4.6822¢-07
1 1380.77 4.99 426.23 23.58 2.358E-07 5.2628e-07
2.5 132567 4.98 481.33 26.63 2.663E-07 6.0686e-07
425 1253.18 4.99 553.82 30.64 3.064E-07 6.5436¢-07
6  949.86 497 857.14 47.43 02309  4.743E-07 6.8508e-07
21 1036.8 498 770.2 42.62 0.1606  6.571E-07 7.9160e-07
27 1090.41 4.97 716.59 39.65 0.1188  7.881E-07 8.1135e-07
47.75 1124.53 498 682.47 37.76 0.09012  8.879E-07 8.5334e-07
72.5  1231.34 4.98 575.66 31.85 0.0146  9.189E-07 8.8135e-07
98.5 121343 5 593.57 32.84 0.027  9.435E-07 9.0033e-07
1235 1246.14 4.99 560.86 31.03 0.004  9.524E-07 9.1347e-07
167.75 1263 498 544 30.10 0  9471E-07 9.3008e-07
287.75 1138.6 4.96 668.4 36.98 0.0723 1.016E-06 9.5623e-07
357.75 123948 4.98 567.52 31.40 0.0079  1.032E-06 9.6573e-07
502.75 1249.86 4.88 557.14 30.83 0  1.035E-06 9.7946e-07
693 1318.86 4.83 488.14 27.01 0  9.964E-07 9.9129¢-07
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CBC studies of Pb sorbed onto 10! g/L HMO at pH 6, IS 102,25 °C, Added [Pb] = 5x

10° M

Amount of % Pb Volume Mole of Pb  Modelling
Time (hr) CPM %error  Pb sorbed sorbed added (mL)  sorbed/ g Results
0 3131.13 4.85 0 0 0 0.00049433
0.25 39.31 9.51 3091.82 98.74 0.000494 0.00049539
0.75 39.16 9.52 3091.97 98.75 0.000494 0.00049614
1 37.61 9.8 3093.52 98.79 0.000494 0.00049641
2 38.11 9.71 3093.02 98.78 0.000494 0.00049724
3 37.86 9.77 3093.27 98.79 0.000494 0.00049786
4 37.11 9.94 3094.02 98.81 0.000494 0.00049838
5 41.5 9.19 3089.63 98.67 0.000493 0.00049883
7.25 38.6 9.69 3092.53 98.76 0.009 0.000494 0.00049970
9 34.56 10.67 3096.57 98.89 0.0198 0.000495 0.00050028
10.75 38.16 9.86 3092.97 98.78 0.009 0.000495 0.00050080
22.5 38.76 9.65 3092.37 98.76 0.0085 0.000496 0.00050347
27.5 34.96 10.37 3096.17 98.88 0.0202 0.000497 0.00050436
32 36.76 10.09 3094.37 98.82 0.0145 0.000497 0.00050509
46.5 39.06 10 3092.07 98.75 0.0076 0.000498 0.00050712
54 30.96 11.46 3100.17 99.01 0.0323 0.000499 0.00050803
76 37.5 9.86 3093.63 98.80 0.0123 0.0005 0.00051034
98 30.91 11.34 3100.22 99.01 0.0323 0.000502 0.00051230
122.5 33.96 10 3097.17 98.91 0.0229 0.000503 0.00051420
151 15.66 19.59 311547 99.49 0.0782 0.000507 0.00051616
193.25 14.51 20.76 3116.62 99.53 0.081 0.000511 0.00051870
24425 12.91 22.98 3118.22 99.58 0.086 0.000515 0.00052136
318.75 21.96 14.77 3109.17 99.29 0.0586 0.000518 0.00052472
385 12.16 21.98 3118.97 99.61 0.0883 0.000523 0.00052733
508.5 9.56 29.72 3121.57 99.69 0.0954 0.000527 0.00053156
648 6.26 43.26 3124.87 99.80 0.1049 0.000533 0.00053564
704 7.86 35.66 3123.27 99.74 0.0999 0.000538 0.00053712
822 7.79 41.04 312334 99.75 0.0999 0.000543 0.00054004
1015 4.39 69 3126.74 99.85 0.10963 0.000549 0.00054429
1082 493 62.21 3126.2 99.84 0.10774 0.000554 0.00054564
1183 5.13 59.96 3126 99.83 0.10686 0.00056 0.00054759
1278 7.53 422 3123.6 99.75 0.09955 0.000564 0.00054933
1492.5 1.79 163.31 3129.34 99.94 0.11604 0.000571 0.00055299
1734 6.39 48.97 3124.74 99.79 0.10232 0.000575 0.00055672
1921.5 4.19 50.74 3126.94 99.86 0.10843 0.000581 0.00055940
2090.5 1.16 337 3129.97 99.96 0.1276 0.000588 0.00056167
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CBC studies of Pb sorbed onto 10™ g/L Montmorillonite at pH 6, IS 102, 25 °C, Added
[Pb] = 5x10° M

Amount of % Pb Volume Mole of Pb Modelling
Time (hr) CPM %error  Pb sorbed sorbed  added (mL) sorbed/ g Results

0 3018.04 4.85 0 0 0 0.00040034

0.25 611.65 4.95 2406.39 79.73 0.000399  0.00040148
0.5 582.27 4.99 2435.77 80.70 0.000404 0.00040195

0.75 566.53 4.98 2451.51 81.22 0.000406 0.00040231

1 591.97 4.99 2426.07 80.38 0.000402 0.00040261

1.5 596.53 4.97 2421.51 80.23 0.000401 0.00040311
2.17 595.53 4.98 2422.51 80.26 0.000401 0.00040365
2.5 578.67 4.97 2439.37 80.82 0.000404 0.00040389

3 576.3 4.98 2441.74 80.90 0.000405 0.00040422

3.5 587.67 4.98 2430.37 80.52 0.000403  0.00040452

4 573.25 5 2444.79 81.00 0.000405 0.00040480

5 585.72 4.99 2432.32 80.59 0.000403  0.00040531

6 544.46 4.98 2473.58 81.95 0.093 0.00041 0.00040576

7 612 4.96 2406.04 79.72 0 0.000403 0.00040618

8 619.31 4.98 2398.73 79.47 0 0.000402 0.00040657

9 568.86 4.98 2449.18 81.15 0.014 0.00041 0.00040693

10 573.19 4.96 244485 81.00 0 0.00041 0.00040726

11 595.47 4.99 2422.57 80.26 0 0.000407 0.00040758

12 579.01 4.97 2439.03 80.81 0 0.000409 0.00040789

24 579.01 4.99 2439.03 80.81 0 0.000409 0.00041079

28 564.19 4.99 2453.85 81.30 0.029 0.000412  0.00041157

30.5 593.37 4.99 2424.67 80.33 0 0.000408 0.00041202

33 600.93 5 2417.11 80.08 0 0.000407 0.00041245
48.45 593.02 4.99 2425.02 80.35 0 0.000409 0.00041479
52 600.57 5 2417.47 80.10 0 0.000407 0.00041526

57 584.34 4.98 24337 80.63 0 0.00041 0.00041590
75.75 573.59 4.99 2444.45 80.99 0 0.000412  0.00041803
80  589.17 4.96 2428.87 80.47 0 0.000409 0.00041847

105 596.82 4.98 2421.22 80.22 0 0.000408 0.00042082

124 584 4.98 2434.04 80.64 0 0.00041 0.00042239
149.5 540.34 4.98 24777 82.09 0.1 0.000417  0.00042429
174 540.97 4.98 2477.07 82.07 0.09 0.000422  0.00042594

198 573.9 4.98 2444.14 80.98 0 0.000422  0.00042742

245 551.5 4.98 2466.54 81.72 0.065 0.000425 0.00043005
294.67 560.68 4.97 2457.36 81.42 0.038 0.000427 0.00043251
335 603.78 4.98 2414.26 79.99 0 0.000422 0.00043432
478.5 585.38 4.98 2432.66 80.60 0 0.000425 0.00043987
533 601.36 4.98 2416.68 80.07 0 0.000422 0.00044171
601.5 609.46 4.96 2408.58 79.80 0 0.000421 0.00044386
720 457.1 5 2560.94 84.85 0.35 0.000446 0.00044724
770.6667 637.8 4.99 2380.24 78.86 0 0.000434  0.00044858
868 554.1 5 2463.94 81.64 0.057 0.000448 0.00045100
1340.75 562.52 5 2455.52 81.36 0.032 0.000449  0.00046083
1395.25 503.39 4.98 2514.65 83.32 0.2056 0.000446 0.00046181
1610.25 601.79 4.95 2416.25 80.06 0 0.00044  0.00046545
1922.75 541.61 4.98 2476.43 82.05 0.094 0.00045 0.00047023
2060.59 592 5 2426.04 80.38 0.000446 0.00047218

2127.34 507.47 4.99 2510.57 83.18
2203.49 509.86 4.98 2508.18 83.10
2298.99 586.41 4.99 2431.63 80.56

0.00046  0.00047309
0.00046 0.00047411
0.000447 0.00047535
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2489.74  386.08 4.98 2631.96 87.20 0.5395 0.000481 0.00047774
274924  673.46 4.98 2344.58 77.68 0.00046  0.00048081
2918.99 598.63 4.97 2419.41 80.16 0.000472 0.00048271
3251.24 629.12 4.97 2388.92 79.15 0.000467 0.00048624
3449.74  618.95 4.97 2399.09 79.49 0.000469 0.00048824

[ =R e ]

CBC studies of Pb sorbed onto 10" g/L HMO-coated clay at pH 6, IS 107, 25 °C, Added
[Pb] = 5x10° M

Amount of % Pb Volume Mole of Pb Modelling
Time (hr) CPM %error  Pb sorbed sorbed  added (mL)  sorbed/g Results

0 3131.13 4.85 0 0 0 0.00048072

0.25 13.56 9.51 3117.57 99.56 0.000498 0.00048113
0.5 23.66 9.52 3107.47 99.24 0.000496  0.00048130
0.75 21.66 9.8 3109.47 99.30 0.000497 0.00048143

1 19.06 9.71 3112.07 99.39 0.000497  0.00048154

1.75 16.76 9.77 311437 99.46 0.000497 0.00048181

2.5 14.66 9.94 3116.47 99.53 0.000498  0.00048201

3 16.71 9.19 3114.42 99.46 0.000497 0.00048214

4 17.41 9.69 3113.72 99.44 0.003 0.000497 0.00048236

5 16.41 10.67 3114.72 99.47 0 0.000498  0.00048255

7 24.36 9.86 3106.77 99.22 0 0.000496  0.00048288

9 14.51 9.65 3116.62 99.53 0.009 0.000498 0.00048316

24 14.31 10.37 3116.82 99.54 0.009607 0.000498  0.00048468
57.75 12.21 10.09 3118.92 99.61 0.0161 0.000499 0.00048682
79.16667 13.46 10 3117.67 99.57 0.0122 0.0005 0.00048783
108.0833 10.46 11.46 3120.67 99.66 0.02136 0.000501 0.00048899
170.25 10.53 9.86 3120.6 99.66 0.02109 0.000502  0.00049102
320 7.79 40.97 3123.34 99.75 0.02942 0.000503  0.00049466
387 6.28 49.88 3124.85 99.79 0.03394 0.000505 0.00049598
487.25 6.19 50.37 3124.94 99.80 0.03413 0.000507 0.00049774
582.75 6.33 494 3124.8 99.79 0.03361 0.000508 0.00049924
797.5 099 290.83 3130.14 99.96 0.04968 0.000511 0.00050216
990.75 5.79 53.55 3125.34 99.81 0.03452 0.000513  0.00050444
1227.25 5.86 53.09 3125.27 99.81 0.03476 0.000514  0.00050690
1396.25 3.66 82.71 3127.47 99.88 0.041276 0.000517 0.00050850
1565.25 2.69 90.61 3128.44 99.91 0.04407 0.000519  0.00050999

1898.25 0 1000 3131.13 100.00 0.053669 0.000522  0.00051268




APPENDIX E

ADSORPTION STUDIES ON L. DISCOPHORA SP-6, EXTRACELLULAR
POLYMERIC SUBSTANCES, AND BIOGENIC MN OXIDE-COATED
BACTERIA

The results of Zn sorption studies on L. discophora SP-6, extracellular polymeric

substances, and biogenic Mn oxide-coated bacteria are presented in this section.

Zn adsorption edge of L. discophora SP-6, EPS, and biogenic Mn oxide coated bacteria
at 25 °C, NaNO; background electrolyte

Zn adsorption edge of L. discophora SP-6: pH vs percent Zn sorbed with [Zn]= 5 x 10°M

pH 1S 0.001 pH IS 0.01 pH IS 0.1
4.0000 1.6800 4.0000 0.0000 3.9700 0.078300
4.3100 6.9200 4.5500 1.6300 4.3800 1.7500
4.8900 24.400 4.9900 4.8400 4.7500 4.7600
5.5100 44.100 5.4100 14.300 5.2400 5.1200
5.9800 58.800 6.0300 27.400 5.9900 16.400
6.4100 75.800 6.3100 38.200 6.5500 19.300
6.7000 79.300 6.5100 42.200 6.8900 23.100
7.1200 84.200 6.8900 43.100 7.3500 28.400
7.8000 84.400

Zn adsorption edge of biogenic Mn oxide coated bacteria: pH vs percent Zn sorbed with [Zn]=5 x 10°M
pH IS 0.001 pH 1S 0.01 pH IS 0.1
5.0900 60.600 4.8300 28.900 4.5200 9.4700
3.8000 8.9000 4.0300 6.5500 3.9900 7.8800
4.4400 44.600 4.5000 21.300 5.4600 18.100
6.1500 83.700 5.2700 41.400 6.3900 35.500
5.5900 75.400 5.6300 63.900 5.8500 25.800
6.6200 82.100 6.9000 71.300 7.2000 40.900
7.1000 89.600 6.3000 68.100 5.0000 11.400
5.0900 60.600 4.8300 28.900 4.5200 9.4700
Zn adsorption edge of sheath: pH vs percent Zn sorbed with [Zn]=5 x 10°M

pH 1S 0.01

4.0000 2.1400

4.5500 5.0800

5.0000 6.8600

5.5000 13.700

6.0000 14.700

6.5000 18.500

7.0000 25.900

7.5000 34.700
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Zn adsorption isotherm of L. discophora SP-6, EPS, and biogenic Mn oxide coated
bacteria at 25 °C, pH 6.6, and 10~ NaNO;

[Zn],q Mole of Zn [Zn],q Mole of Zn [Zn],q Mole of Zn
sorbed/g cell sorbed/g ESP sorbed/g MnO,
9.3678e-7 8.1777e-06 7.2036¢-7 2.0221e-06 4.1148¢-6  0.0010370
1.6694¢-6 1.9435e-05 8.3349¢-7 1.6221e-05 9.4190e-6  0.0019149
3.5053e-6 2.9013e-05 1.0168e-6 2.9931e-05 2.4498e-5  0.0028145
4.2701e-6 4.2567e-05 1.4367¢-6 4.1424e-05 3.3577¢-5  0.0029692
6.1065e-6 5.2335¢-05 1.6167¢-6 6.2911e-05 4.1372¢-5  0.0033573
7.9967¢-6 5.8455e-05 1.1500e-5 6.4393¢-05 5.0093e-5  0.0035661
9.3893e-6 5.7081e-05 2.6200e-5 0.00017792 6.0465¢e-5 0.0035217
2.7926e-5 0.00011906 3.8400e-5 0.00023557 6.7743e-5 0.0040836
4.7860e-5 0.00012003 4.2700e-5 0.00027966 7.6518¢-5  0.0042508
6.7882¢-5 0.00011514 5.3600e-5 0.00035138 7.8048¢-7  0.00040932
2.3188e-6  0.0014024

CBC studies of Zn sorbed onto biogenic Mn oxide coated bacteria at pH 6.6, IS 107?, 25
°C, Added [Zn] = 5x10% M

Amount of % Zn Volume Mole of Zn  Modelling

Time (hr) CPM %error  Zn sorbed sorbed added (mL)  sorbed/g Results
0 110.04 4.85 0 0 0.0000

1 97.51 4.95 12.53 11.38677 0.001313  0.0029727
3 93.9 4.99 16.14 14.66739 0.001692  0.0030153
15 95.31 4.98 14.73  13.38604 0.001544  0.0031213
21 98.7 4.99 11.34 10.30534 0.001189  0.0031531
33 88.16 4.97 21.88 19.88368 0.03  0.002293  0.0032030
69 89.44 4.98 20.6 18.72047 0.024 0.0028 0.0033054
98.5 91.23 4.97 18.81 17.09378 0.003181  0.0033655
119.25 81.54 4.98 28.5 25.89967 0.056  0.00407  0.0034010
166.25 100.63 4.98 941 8.551436 0.003529  0.0034684
238.25 102.1 5 7.94 7.215558 0.003281  0.0035502
331.75 92.01 4.99 18.03 16.38495 0.004246  0.0036339
401.75 87.2 4.98 22.84 20.75609 0.024  0.004684  0.0036861
425.75 98.83 4.96 11.21  10.1872 0.003989  0.0037025
691.75 95.07 498 1497 13.60414 0.004049  0.0038503
882.5 93.35 498 16.69 15.16721 0.003981  0.0039315
1193.75 95.48 498 14.56 13.23155 0.003602  0.0040384
1361.75 85.97 498 24.07 21.87386 0.004561  0.0040870
1730 84.94 4.98 25.1 22.80989 0.024  0.004069  0.0041781
2083 85.61 4.98 2443 2220102 0.004275  0.0042510
2393.75 84.73 498 25.31 23.00073 0.004393  0.0043067
2616 85.21 4.98 24.83 22.56452 0.004328  0.0043426
3024 79.45 4.98 30.59 27.79898 0.004292  0.0044017
3239 80.15 498 29.89 27.16285 0.00419  0.0044298
3690.25 74.29 498 35.75 32.48819 0.004465  0.0044834
4266.25 72.17 498 37.87 3441476 0.004169  0.0045429
5034.25 71.17 4.98 38.87 35.32352 0.004166  0.0046104




APPENDIX F

PARTICLE SIZE DISTRIBUTION AND TITRATION

The raw data of particle size distribution of Mn oxides, clays, and Mn oxide-coated clay
are provided in this section.

Particle distribution of HMO in aqueous phase with background electrolyte of NaNOs

Diameter pH 5 pH7
(pm) IS 0.015 IS 0.15 IS1.5 IS 0.015 IS 0.15 IS1.5
0.375 0 0 0 0 0 0.00038
0.412 0 0 0 0 0 0.00071
0.452 0 0 0 0.000039 0.000044 0.0016
0.496 0.000032 0.000027 1.30E-05 0.00047 0.00053 0.0036
0.545 0.00044 0.00042 0.00029 0.0024 0.0026 0.0073
0.598 0.0024 0.0024 0.002 0.0059 0.0065 0.013
0.656 0.0066 0.0072 0.0067 0.011 0.011 0.019
0.721 0.013 0.014 0.015 0.015 0.016 0.027
0.791 0.019 0.023 0.025 0.019 0.02 0.037
0.868 0.027 0.031 0.037 0.024 0.024 0.047
0.953 0.034 0.041 0.051 0.027 0.026 0.059
1.047 0.041 0.049 0.067 0.028 0.025 0.07
1.149 0.046 0.056 0.083 0.028 0.023 0.081
1.261 0.05 0.061 0.099 0.027 0.018 0.092
1.384 0.052 0.063 0.12 0.027 0.014 0.1
1.52 0.054 0.064 0.13 0.028 0.012 0.11
1.668 0.056 0.064 0.15 0.032 0.013 0.12
1.832 0.06 0.064 0.17 0.044 0.022 0.13
2.011 0.068 0.069 0.19 0.067 0.044 0.14
2.207 0.085 0.08 0.22 0.11 0.085 0.16
2.423 0.11 0.1 0.26 0.17 0.15 0.19
2.66 0.16 0.14 0.31 0.26 0.26 0.22
2.92 0.23 0.2 0.39 0.39 0.4 0.27
3.205 0.33 0.29 0.48 0.55 0.58 0.35
3.519 0.46 0.42 0.61 0.76 0.82 0.44
3.863 0.63 0.59 0.76 1.02 1.11 0.57
4.24 0.85 0.81 0.96 1.32 1.46 0.73
4.655 1.12 1.09 1.19 1.67 1.86 0.92
5.11 1.44 141 1.46 2.05 23 1.15
5.61 1.8 1.8 1.77 248 2.79 1.42
6.158 222 224 2.12 2.93 33 1.72
6.76 2.69 2.73 2.5 3.39 3.83 2.06
7.421 3.19 3.27 291 3.86 4.37 242
8.147 3.74 3.85 3.34 432 4.89 2.82
8.943 4.32 4.47 3.78 4.74 5.37 3.22
9.818 4.92 5.11 422 5.1 5.77 3.63
10.78 5.51 5.73 4.63 5.36 6.06 4.02
11.83 6.04 6.29 4.97 5.49 6.18 4.34
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Diameter pHS pH7
(um) IS 0.015 IS0.15 IS1.5 IS 0.015 IS 0.15 IS1.5
12.99 6.46 6.71 5.2 5.44 6.09 4.56
14.26 6.71 6.93 5.26 5.19 577 4.63
15.65 6.72 6.88 5.13 4.74 5.2 4.52
17.18 6.45 6.51 4.77 4.13 4.43 4.18
18.86 5.86 5.79 4.19 3.41 3.53 3.64
20.71 4.99 4.77 3.45 2.69 2.63 2.95
22.73 3.94 3.59 2.66 2.08 1.88 222
24.95 2.87 2.45 1.96 1.66 1.37 1.57
27.39 1.94 1.53 1.45 1.44 1.12 1.12
30.07 1.28 0.96 1.18 1.39 1.1 0.9
33.01 0.9 0.71 1.13 1.45 1.21 0.87
36.24 0.77 0.7 1.23 1.54 1.37 0.99
39.78 0.79 0.82 1.42 1.58 1.46 1.18
43.67 0.88 0.99 1.61 1.55 1.43 1.37
47.94 0.96 1.08 1.75 1.43 1.31 1.49
52.62 0.97 1.05 1.81 1.28 1.15 1.54
57.77 0.92 0.93 1.8 1.13 1.02 1.53
63.41 0.82 0.77 1.77 1.02 0.94 1.51
69.61 0.71 0.62 1.72 0.95 0.93 1.51
76.42 0.63 0.53 1.67 0.92 0.95 1.52
83.89 0.6 0.48 1.61 0.92 0.94 1.56
92.09 0.61 0.47 1.54 0.91 0.85 1.61
101.1 0.64 0.49 1.45 0.89 0.68 1.68
111 0.65 0.51 1.34 0.85 0.46 1.75
121.8 0.61 0.52 1.22 0.81 0.23 1.8
133.7 0.49 0.5 1.08 0.79 0.077 1.84
146.8 0.3 0.46 0.91 0.79 0.013 1.89
161.2 0.12 0.39 0.72 0.79 0.00083 1.96
176.9 0.024 0.29 0.5 0.73 0 2.05
194.2 0.0019 0.19 0.29 0.6 0 2.11
213.2 0 0.096 0.12 0.37 0 2.04
234 0 0.034 0.032 0.16 0 1.78
256.9 0 0.0061 0.0042 0.032 0 1.32
282.1 0 0.00044 0.00013 0.0028 0 0.75
309.6 0 0 0 0 0 0.29
339.9 0 0 0 0 0 0.055
373.1 0 0 0 0 0 0.0042

Particle distribution of Birnessite Type 1 in aqueous phase with background electrolyte of

NaNO;
Diameter pH S pH 7
(pum) IS 0.001 IS 0.01 IS 0.1 IS 0.001 1S 0.01 1S 0.1
0.375 0.014 0.016 0.03 0.033 0 0.0049
0.412 0.025 0.027 0.053 0.056 0 0.0085
0.452 0.037 0.039 0.08 0.082 0 0.013
0.496 0.056 0.057 0.095 0.12 0 0.02
0.545 0.08 0.077 0.098 0.16 0 0.028
0.598 0.11 0.1 0.093 0.21 0.00043 0.04
0.656 0.15 0.14 0.082 0.28 0.0048 0.056
0.721 0.21 0.18 0.074 0.37 0.027 0.077
0.791 0.28 0.24 0.075 0.48 0.076 0.1
0.868 0.36 0.32 0.094 0.62 0.16 0.14




0.953
1.047
1.149
1.261
1.384
1.52
1.668
1.832
2.011
2.207
2423
2.66
292
3.205
3.519
3.863
4.24
4.655
5.11
5.61
6.158
6.76
7.421
8.147
8.943
9.818
10.78
11.83
12.99
14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1
111
121.8
133.7
146.8
161.2

0.47
0.59
0.73
0.88
1.03
1.17
1.29
1.39
1.46
1.49

1.5
1.48
1.45
1.42
1.39
1.36
1.33
1.29
1.24
1.18
1.12
1.06
1.01
0.99

1.05
1.13
1.22

1.3
1.36

1.4
1.44
1.51
1.61
1.73
1.85
1.94
2.02
2.11
2.24
243
2.65
2.84
2.95
2.94
2.82
2.72
2.75
3.01
349
3.99
4.18
3.79
2.78
1.48

0.5

0.41
0.53
0.66

0.8
0.95
1.09
1.22
1.32

14
1.44
1.46
1.45
1.42
1.39
1.35
1.32
1.28
1.23
1.16
1.08

0.92
0.87
0.84
0.85

0.9
0.98
1.07
1.13
1.17
1.18
1.19
1.24
1.32
1.43
1.54
1.64
1.72

1.8
1.91
2.09
2.33
2.59
2.81
2.94
2.99
3.02
3.15
3.48
4.04
4.68
5.06
4.82
3.83
2.25
0.88

0.14
0.22
0.35

0.5
0.69
0.89
1.07
1.23
1.35
1.42
1.45
1.47
1.49
1.57
1.69
1.86
2.01
21
2.09
1.97
1.79
1.61
1.48

14
1.35
1.33
1.37

1.5
1.61
1.55

14
1.47
1.84
213
1.92
1.57

1.7
2.39
295
2.77
248
273
3.21
3.26
3.16

3.5
3.84
3.43

3.1
3.75
4.03
1.86
0.16

0.79

1.22
1.46
1.69
1.9
2.06
2.17
221
2.19
212
2.01
1.9
1.8
1.73
1.69
1.64
1.58
1.48
1.34
1.19
1.03
0.9
0.83
0.8
0.83
091
1.03
1.17
1.31
1.42
1.51
1.56
1.6
1.65
1.75
1.9
2.1
2.32
2.51
2.65
2.72
2.73
273
2.77
29
3.13
3.39
3.51
3.34
2.76
1.73
0.74
0.15
0.013

0.26
0.37

0.5
0.62
0.74
0.82
0.88
0.92
0.95
0.95
0.94
092
0.89
0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.87
0.85
0.83

0.8
0.78
0.77
0.78
0.82
0.88
0.97
1.07
1.18
1.28
1.36
1.43
1.51
1.59
1.68
1.79
1.91
2.04
2.18
2.32
2.44
2.54
2.62

2.7
2.78

2.9
3.05

3.2
3.26
3.16
2.89
2.59
242

0.18
0.23
0.29
0.36
0.43

0.5
0.57
0.63
0.68
0.73
0.77
0.79
0.81
0.82
0.82
0.82
0.81
0.78
0.75
0.71
0.67
0.63
0.59
0.57
0.56
0.56
0.59
0.64

0.7
0.76
0.83
0.89
0.95

1.06
1.13
1.23
1.35

1.5
1.67
1.85
2.03

22
2.37
2.53

2.7

29
3.13

3.4
3.67
3.88
3.98
391
3.73
3.56
3.52
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176.9
194.2
213.2

234
256.9
282.1
309.6
339.9
373.1
409.6

0.083
0.0047

COOOoO OO0

0.17
0.012

SO OO OOOQO

SO OO OO OOOCO

SO OO OO OOOO

2.53
2.86
3.19
3.22
2.75
1.85
0.89
0.26
0.039
0.0016

3.67
3.88
3.89
3.48
2.63
L5
0.58
0.11
0.0088

184

Particle distribution of Birnessite Type 2 in aqueous phase with background electrolyte of

NaNO;
Diameter pHS pH7
(um) IS 0.001 IS 0.01 IS 0.1 IS 0.001 IS 0.01 IS 0.1

0.375 0.049 0.09 0.028 0.15 0.079 0.032
0.412 0.085 0.16 0.048 0.25 0.14 0.056
0.452 0.12 0.22 0.068 0.35 0.2 0.083
0.496 0.17 0.31 0.096 0.48 0.28 0.12
0.545 0.22 0.38 0.12 0.56 0.34 0.16
0.598 0.26 0.44 0.15 0.62 0.4 0.2
0.656 0.29 0.49 0.17 0.65 0.45 0.24
0.721 0.33 0.54 0.21 0.69 0.5 0.29
0.791 0.37 0.58 0.25 0.72 0.54 0.34
0.868 0.41 0.62 0.29 0.76 0.58 0.4
0.953 0.45 0.65 0.35 0.81 0.61 0.46
1.047 0.49 0.69 0.43 0.88 0.64 0.53
1.149 0.53 0.73 0.51 0.97 0.67 0.59
1.261 0.57 0.76 0.6 1.08 0.7 0.65
1.384 0.61 0.79 0.69 1.19 0.71 0.71

1.52 0.63 0.8 0.78 1.28 0.71 0.74
1.668 0.64 0.8 0.86 1.33 0.7 0.77
1.832 0.64 0.77 0.92 1.33 0.66 0.77
2.011 0.62 0.72 0.96 1.27 0.61 0.75
2.207 0.58 0.64 0.98 1.14 0.55 0.72
2.423 0.54 0.56 0.97 0.98 0.48 0.66

2.66 0.49 0.47 0.93 0.8 0.41 0.6

292 0.44 0.4 0.88 0.65 0.35 0.54
3.205 0.41 0.36 0.82 0.56 0.31 0.48
3.519 0.4 0.35 0.75 0.54 0.29 0.43
3.863 0.39 0.35 0.69 0.57 0.29 0.4

4.24 0.4 0.37 0.63 0.62 0.3 0.37
4.655 0.4 0.39 0.57 0.66 0.31 0.35

5.11 0.39 0.39 0.51 0.65 0.31 0.33

5.61 0.38 0.37 0.45 0.59 0.3 0.31
6.158 0.36 0.34 0.4 0.51 0.29 0.29

6.76 0.34 0.31 0.37 0.43 0.27 0.28
7.421 0.33 0.29 0.35 0.38 0.26 0.28
8.147 0.32 0.28 0.36 0.38 0.26 0.29
8.943 0.33 0.28 0.38 0.42 0.27 0.32
9.818 0.36 0.31 0.43 0.49 0.3 0.36
10.78 0.4 0.36 0.5 0.57 0.34 0.41
11.83 0.45 0.42 0.59 0.65 0.39 0.47
12.99 0.49 0.49 0.67 0.72 0.44 0.52




14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1

111
121.8
133.7
146.8
161.2
176.9
194.2
213.2

234
256.9
282.1
309.6
339.9
373.1
409.6
449.7

0.54
0.59
0.65
0.72
0.8
0.87
0.93
0.99
1.05
1.12
1.24
1.4
1.59
1.8
2
2.18
2.34
2.52
2.74
3.04
3.44
3.85
4.15
4.24
4.12
3.98
4.03
44
4.95
5.31
5.06
4.04
242
0.98
0.2
0.016
0

0

0.55
0.61
0.65
0.68
0.72
0.76
0.81
0.87
0.94
1.03
1.13
1.25
1.39
1.53
1.65
1.75
1.8
1.83
1.88
2.01
2.28
2.69
3.13
3.41
3.35
3.01
2.79
2.98
3.89
5.3
6.62
6.96
592
3.7
1.54
0.31
0.027

0.75
0.82
0.88
0.93

1.09
1.21
1.36
1.52
1.69
1.86
2.01
2.15
227
24
2.52
2.64
2.78
293
3.09
3.22
3.26
3.15
293
2.79
293
3.48
431
5.02
5.09
4.24
2.61
1.08
0.22
0.018

0.78
0.83
0.88
0.94
1.02
1.1
1.18
1.27
1.36
1.45
1.53
1.62
1.72
1.82
1.92
2.04
2.17
231
2.46
2.61
2.69
2.65
245
2.24
223
2.64
3.53
4.64
5.42
5.28
4.13
2.35
0.88
0.16
0.012

0.48
0.52
0.56
0.61
0.67
0.73
0.81
0.88
0.95
1.03
1.11
1.21
1.31
143
1.53
1.61
1.67
1.71
1.78
1.92
2.18
2.57
2.96
3.12
2.84
22
1.77
1.91
3.05
5.14
7.46
8.63
7.93
5.61
2.83
0.89
0.14
0.0068

0.57
0.62
0.68
0.76
0.84
0.92
0.98
1.05
1.12
1.22
1.34
1.49
1.65
1.79
1.93
2.06
2.21
243
271
3.02
3.29
3.39
331
323
3.41
4.12
5.31
6.56
7.13
6.47
4.67
244
0.81
0.13
0.0077
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Particle distribution of Pyrolusite in aqueous phase with background electrolyte of

NaN03
Diameter pHS pH7
(pm) IS 0.001 1S 0.01 IS 0.1 IS 0.001 IS 0.01 1S 0.1
0.375 0 0 0 0 0 0
0.412 0 0 0 0 0 0
0.452 0 0 0 0 0 0
0.496 0 0 0 0 0 0
0.545 0 0.000039 0 0 0 0.000055
0.598 0 0.00065 0 0 0 0.00086
0.656 0 0.004 0 0 0 0.005
0.721 0 0.013 0 0 0.00037 0.015
0.791 0 0.028 0 0 0.0047 0.033
0.868 0 0.049 0 0 0.024 0.055
0.953 0 0.076 0.0017 0 0.064 0.084




1.047
1.149
1.261
1.384
1.52
1.668
1.832
2011
2.207
2.423
2.66
2.92
3.205
3.519
3.863
4.24
4.655
5.11
5.61
6.158
6.76
7.421
8.147
8.943
9.818
10.78
11.83
12.99
14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1
111
121.8
133.7
146.8
161.2
176.9

0.00013
0.012
0.088

0.21
0.34
0.48
0.58
0.62
0.61
0.56
0.5
0.45
0.41
0.41
0.44
0.49
0.55
0.6
0.65
0.69
0.72
0.74
0.76
0.77
0.78
0.82
0.88
0.95
1.01
1.09
1.22
1.46
1.72
1.88
1.91
1.96
2.19
2.62
3.11
3.6
4.1
4.63
5.14
5.68
6.18
6.12
5.61
6
7.5
7.05
2.84
0.23

S OO O

0.11
0.14
0.18
0.22
0.25
0.28
0.31
0.33
0.34
0.35
0.35
0.35
0.36
0.36
0.37
0.38

0.4
0.42
0.45
0.49
0.52
0.57
0.61
0.67
0.73

0.8
0.88
0.97
1.07
1.18

1.3
1.43
1.54
1.66
1.77
1.89
2.06
2.29

2.6
2.98
342
3.89
4.34
4.73
5.03

52
5.25
5.15
4.91
453
4.02
343
2.82
2.28
1.85
1.53

0.028
0.11
0.21
0.31
0.39
0.46
0.48
0.47
0.44
0.38
0.33

03
0.29
0.31
0.36
0.42
0.49
0.55

0.6
0.63
0.65
0.66
0.67
0.69
0.73

0.8
0.92
1.04
1.14
1.21
1.27
1.39
1.57

1.7
1.79
1.92
2.19
2.57
291
3.21
3.58
4.04
4.47
4.84
5.16
5.37

54
5.27
4.94
441
3.85
3.34
2.78
2.24
1.87
1.35

0.0045
0.065
0.2
0.34
0.49
0.65
0.74
0.77
0.74
0.67
0.59
0.51
0.48
0.49
0.54
0.62
0.7
0.77
0.83
0.86
0.89
0.91
0.91
0.92
0.96
1.05
1.19
1.34
1.46
1.51
1.57
1.71
1.9
1.98
1.99
2.11
244
2.84
3.09
33
373
4.29
4.67
4.9
5.18
5.3
5.04
5.06
5.86
5.99
3.77
1.01
0.059

0.12
0.18
0.25
0.31
0.37
0.41
0.45
0.48

0.5

0.5

0.5

0.5

0.5

0.5
0.51
0.53
0.56
0.59
0.63
0.68
0.72
0.78
0.83
0.88
0.94

1.07
1.14
1.23
1.34
1.48
1.62
1.75
1.85
1.93
2.03
2.19
2.44
2.79
3.22
3.66
4.06
4.36
4.6
4.85
5.19
5.62
6.03
6.14
5.69
4.56
2.96
1.41
0.42
0.064
0.003

0.12
0.16

0.2
0.23
0.26
0.29
0.31
0.33
0.34
0.34
0.34
0.34
0.35
0.36
0.37
0.39
0.42
0.45
0.49
0.53
0.57
0.62
0.66
0.71
0.76
0.81
0.88
0.95
1.03
1.12
1.21
1.31
1.39
1.47
1.56
1.66

1.8
1.99
223
2.53
2.88
3.26
3.66
4.03
4.35
4.59
4.72
4.74
4.65
4.47
4.19
3.81
3.32
2.76
2.15
1.59
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194.2
213.2

234
256.9
282.1
309.6
339.9
373.1
409.6
449.7
493.6
541.9
594.8

653
716.8

SO OO OO OO OO0 Q

1.26
0.99
0.69
0.38
0.14
0.027
0.0021

SO OCODCOOOQO

0.49
0.038

C OO OO OO OO OO OO

[=NeNeReNoloNoNolololol=NoNo N

[=NeeloNeNeNaoNoNoNao o e No e N =}

1.13
0.83
0.66
0.61
0.63
0.7
0.77
0.81
0.79
0.72
0.57
0.36
0.16
0.033
0.003
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Particle distribution of Kaolinite in aqueous phase with background electrolyte of NaNO;

Diameter pH S pH7
(pm) IS 0.001 IS 0.01 IS 0.1 1S 0.001 1S 0.01 IS 0.1

0.375 0.032 0.01 0.013 0.017 0.026 0.012
0.412 0.058 0.019 0.022 0.03 0.049 0.022
0.452 0.093 0.032 0.036 0.046 0.078 0.036
0.496 0.12 0.047 0.061 0.073 0.1 0.063
0.545 0.14 0.065 0.097 0.11 0.13 0.1
0.598 0.17 0.091 0.15 0.15 0.15 0.16
0.656 0.2 0.13 0.22 0.21 0.18 0.24
0.721 0.24 0.19 0.31 0.29 0.23 0.35
0.791 0.3 0.27 0.43 0.39 0.29 0.48
0.868 0.39 0.38 0.58 0.51 0.38 0.65
0.953 0.53 0.51 0.76 0.66 0.5 0.86
1.047 0.7 0.68 0.97 0.84 0.66 1.1
1.149 0.93 0.88 1.22 1.05 0.85 1.37
1.261 1.19 1.1 1.5 1.29 1.06 1.67
1.384 1.47 1.32 1.79 1.56 1.28 1.98

1.52 1.77 1.54 2.1 1.84 1.51 2.31
1.668 2.06 1.75 241 2.14 1.72 2.62
1.832 2.33 1.94 2.72 2.45 1.92 292
2.011 2.57 2.13 3.01 2.76 2.1 3.18
2.207 2.79 232 3.27 3.06 2.29 341
2423 2.99 2.53 3.49 3.34 2.5 3.58

2.66 3.21 2.81 3.66 3.58 2.76 37

2.92 3.48 3.15 3.78 3.78 3.09 3.75
3.205 3.8 3.57 3.82 3.92 3.49 3.74
3.519 4.15 4.01 3.8 3.99 3.93 3.67
3.863 4.47 4.42 3.71 3.99 433 3.54

4.24 4.64 4.71 3.55 3.9 4.6 3.35
4.655 4.58 4.79 3.32 3.74 4.64 3.11

5.11 425 4.61 3.05 3.51 44 2.82

5.61 3.69 42 273 3.22 393 2.51
6.158 3.04 3.65 2.41 29 3.31 22

6.76 2.45 3.07 2.09 2.57 2.67 1.91
7.421 2.03 2.56 1.81 2.25 213 1.66
8.147 1.8 2.18 1.57 1.96 1.74 1.47
8.943 1.7 1.93 1.4 1.73 1.52 1.34




9.818
10.78
11.83
12.99
14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1

111

1.7
1.79
1.96
2.04
1.82
1.47
1.47
1.94

22
1.54
0.79
0.84
1.64
2.13
1.47
0.77
0.81
1.28

1.2
0.64
0.48
0.71
0.68
0.23

0.016

1.81
1.83
1.94
2.02
1.96
1.83
1.88
2.16
223
1.74
1.19
1.21
1.77
213
1.65
0.98
0.88
1.26
1.27
0.59
0.092
0.0025

(= e e e N

1.32
1.32
1.4
1.55
1.71
1.83
1.87
1.82
1.72
1.62
1.56
1.55
1.57
1.59
1.6
1.58
1.56
1.54
1.5
1.39
1.17
0.82
0.42
0.13
0.02
0.00088
0

1.58
1.51
1.54
1.64
1.77
1.9
1.96
1.94
1.84
1.71
1.59
1.52
1.5
1.52
1.54
1.53
1.46
1.31
1.09
0.81
0.51
0.24
0.069
0.01
0.00042
0

0

1.46
1.55
1.72
1.82
1.67
1.42
1.42
1.78
2.04
1.67
1.14
1.14
1.65
2.06
1.86
1.46
1.44
1.78
1.76
1.12
0.74
0.97
1.18
0.55
0.047

1.3
1.32
1.41
1.53
1.66
1.74
1.76

1.7
1.61
1.51
145
1.44
1.47
1.51
1.52

1.5
1.46

1.4
1.34

1.3
1.23
1.12
0.91
0.58
0.25

0.054
0.0048
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Particle distribution of Montmorillonite in aqueous phase with background electrolyte of

NaNO;
Diameter pHS pH7
(um) 1S 0.001 1S 0.01 1S 0.1 1S 0.001 IS 0.01 IS 0.1

0.375 0.016 0.063 0.052 0.041 0.053 0.044
0.412 0.028 0.11 0.092 0.073 0.095 0.078
0.452 0.041 0.17 0.14 0.11 0.14 0.11
0.496 0.063 0.24 0.2 0.16 0.2 0.16
0.545 0.095 0.31 0.25 0.21 0.26 0.2
0.598 0.14 0.38 0.32 0.26 0.31 0.24
0.656 0.2 0.45 0.38 0.32 0.37 0.28
0.721 0.27 0.53 0.46 0.39 0.44 0.32
0.791 0.36 0.63 0.55 0.48 0.52 0.36
0.868 0.5 0.74 0.66 0.6 0.62 0.43
0.953 0.66 0.87 0.79 0.74 0.74 0.51
1.047 0.86 1.03 0.96 0.91 0.89 0.61
1.149 1.11 1.24 1.16 1.13 1.09 0.76
1.261 1.42 1.51 1.42 1.41 1.35 0.96
1.384 1.77 1.83 1.74 1.74 1.66 1.23

1.52 2.16 2.18 2.1 2.1 2.02 1.56
1.668 2.59 2.59 2.5 252 243 1.95
1.832 3.04 3.05 295 2.99 2.9 2.41
2.011 3.51 3.56 3.44 3.49 3.42 2.95
2.207 3.97 4.06 3.94 4 3.94 3.51
2.423 438 4.51 4.41 4.45 443 4.07

2.66 471 4.89 4.8 4.84 4.85 4.58




292
3.205
3.519
3.863

4.24
4.655

5.11

5.61
6.158

6.76
7.421
8.147
8.943
9.818
10.78
11.83
12.99
14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1

495
5.08
5.06
4.87
4.53
4.07
3.56
3.04
2.55
2.1
1.72
14
1.17
1.01
0.94
0.96
1.05
1.22
1.37
1.49
1.5
1.43
1.3
1.18
1.1
1.07
1.1
1.14
1.17
1.16
1.11
0.99
0.83
0.55
0.25
0.056
0.0054

5.18
5.36
5.35
5.15
4.74
4.21
3.61
3.02
2.47
1.99
1.6
1.3
1.09
0.95
0.91
0.95
1.06
1.2
1.3
1.33
1.26
1.12
0.97
0.85
0.79
0.77
0.8
0.81
0.82
0.8
0.75
0.7
0.62
0.52
0.39
0.22
0.086
0.016
0.0012

5.11
5.32
5.36
5.21
4.86
4.38
3.82
3.25
271
22
1.78
1.41
1.13
0.92
0.82
0.82
0.92
1.1
1.27
1.39
1.39
1.31
1.16
1.02
0.93
0.9
0.92
0.94
0.96
0.92
0.83
0.68
0.51
0.3
0.12
0.025
0.0022

5.14
5.32
533
5.15
4.78
4.28
3.7
3.14
2.61
2.12
1.73
1.41
1.18
1.02
0.96
0.99
1.1
1.26
14
1.47
1.42
13
1.14
1.01
0.93
0.89
09
0.91
0.91
0.87
0.79
0.67
0.53
0.37
0.2
0.076
0.014
0.0011

5.19
5.41
5.45
5.29
493
443
3.87
33
2.76
2.28
1.88
1.56
1.32
1.14
1.06
1.06
1.14
1.26
1.35
1.38
1.29
1.14
0.97
0.83
0.75
0.73
0.75
0.76
0.75
0.7
0.63
0.55
0.47
0.37
0.27
0.15
0.055
0.01
0.00068

5.03
5.37
5.55
5.53
5.29
4.88
438
3.85
3.34
2.85
241
2.01
1.67
1.38
1.18
1.09
1.1
1.2
1.31
1.38
1.34
1.23
1.07
0.92
0.83
0.78
0.78
0.78
0.78
0.76
0.71
0.63
0.52
0.39
0.23
0.097
0.02
0.0017
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Particle distribution of HMO-coated clay in aqueous phase with background electrolyte

ofNaN03
Diameter pH6 pH 7
(pm) IS 0.001 IS 0.01 IS 0.1 IS 0.001 IS 0.01 1S 0.1
0.375 0.017 0 0 0.011 0 0
0.412 0.029 0 0 0.02 0 0
0.452 0.042 0 0 0.029 0 0
0.496 0.057 0 0 0.039 0 0
0.545 0.065 0 0 0.044 0 0
0.598 0.069 0 0 0.047 0 0
0.656 0.069 0 0 0.047 0 0
0.721 0.067 0 0 0.046 0 0
0.791 0.06 0 0 0.044 0 0
0.868 0.052 0 0 0.043 0 0




0.953
1.047
1.149
1.261
1.384
1.52
1.668
1.832
2.011
2.207
2423
2.66
2.92
3.205
3.519
3.863
4.24
4.655
5.11
5.61
6.158
6.76
7.421
8.147
8.943
9.818
10.78
11.83
12.99
14.26
15.65
17.18
18.86
20.71
22.73
24.95
27.39
30.07
33.01
36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1
111
121.8

0.045
0.043
0.048
0.064
0.095
0.15
0.22
0.33
0.47
0.65
0.86
1.12
1.42
1.75
2.12
2.51
293
3.35
3.77
4.17
4.56
4.9
5.2
5.44
5.59
5.64
5.58
5.38
5.06
4.62
4.1
3.51
293
2.38
1.9
1.51
1.21
0.97
0.78
0.61
0.46
0.32
0.21
0.14
0.1
0.084
0.073
0.06
0.038
0.016
0.0032
0.00026
0

0
0.000036
0.0014
0.011
0.047
0.12
0.22
0.35
0.52
0.73
0.98
1.27
1.59
1.95
2.34
2.74
3.16
3.57
3.97
4.34
4.68
4.98
5.23
541
5.51
5.51
54
5.18
4.85
443
393
34
2.85
2.34
1.88
1.49
1.18
0.92
0.72
0.55
0.41
0.3
0.22
0.18
0.15
0.13
0.12
0.09
0.053
0.02
0.0038
0.00026
0

0
0.00015
0.0028
0.018
0.062
0.14
0.25
0.39
0.56
0.78
1.05
1.35
1.69
2.05
245
2.86
3.27
3.68
4.07
443
4.75
5.03
5.25
5.4
5.46
542
5.28
5.03
4.68
4.26
3.77
3.26
275
2.28
1.86
1.5
1.19
0.94
0.72
0.54
04
0.29
0.21
0.17
0.14
0.12
0.1
0.074
0.042
0.016
0.003
0.00023
0

0.044
0.052
0.069
0.1
0.15
0.21
0.31
043
0.58
0.77
0.99
1.24
1.53
1.85
2.2
2.57
2.94
333
371
4.07
441
4.72
4.99
5.2
5.34
5.39
5.35
52
4.95
4.59
4.14
3.63
3.09
2.56
2.06
1.64
1.29
1.02
0.79
0.6
0.44
0.29
0.18
0.11
0.078
0.076
0.089
0.099
0.089
0.056
0.023
0.0043
0.0003

0.00032
0.0042
0.023
0.065
0.13
0.22
033
0.48
0.65
0.87
1.11
1.39
1.7
2.04
24
2.77
3.14
3.51
3.87
4.21
4.52
4.79
5.02
5.19
53
5.32
5.25
5.08
4.82
4.46
4.02
3.53
3
247
1.98
1.54
1.18
0.9
0.68
0.52
0.39
0.29
0.22
0.17
0.14
0.12
0.095
0.067
0.036
0.012
0.0019
0.000091
0

0.000039
0.0013
0.01
0.042
0.1
0.19
0.31
0.46
0.64
0.87
1.13
1.42
1.75
2.1
2.47
2.86
3.24
3.62
3.98
432
4.62
4.88
5.09
5.23
53
5.29
5.18
4.98
4.68
43
3.86
3.37
2.86
237
1.92
1.53
1.2
0.93
0.72
0.54
0.4
0.29
0.21
0.16
0.13
0.12
0.11
0.094
0.066
0.034
0.01
0.0014
0.000048
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Particle distribution of Birnessite-coated clay in aqueous phase with background

191

electrolyte of NaNO;
Diameter pHS pH7
(um) IS 0.01 IS 0.001 IS 0.01 IS 0.1

0.375 0.0053 0.019 0.0091 0.0062
0.412 0.01 0.034 0.016 0.011
0.452 0.02 0.054 0.027 0.021
0.496 0.039 0.087 0.046 0.04
0.545 0.072 0.13 0.073 0.07
0.598 0.12 0.17 0.11 0.11
0.656 0.18 0.23 0.15 0.16
0.721 0.25 0.29 0.20 0.23
0.791 0.34 0.37 0.26 0.31
0.868 0.44 0.45 0.33 0.39
0.953 0.55 0.53 0.40 0.49
1.047 0.66 0.62 0.48 0.59
1.149 0.78 0.71 0.56 0.7
1.261 0.89 0.79 0.63 0.8
1.384 1 0.86 0.70 0.9

1.52 1.1 0.93 0.77 0.99
1.668 1.18 0.99 0.83 1.07
1.832 1.25 1.04 0.87 1.15
2.011 1.31 1.08 0.91 1.21
2.207 1.36 1.12 0.95 1.27
2423 1.4 1.15 0.98 1.33

2.66 1.44 1.19 1.01 1.38

2.92 1.49 1.24 1.04 1.44
3.205 1.54 1.30 1.08 1.50
3.519 1.61 1.38 1.14 1.57
3.863 1.69 1.47 1.20 1.65

4.24 1.79 1.58 1.29 1.74
4.655 1.91 1.71 1.39 1.84

5.11 2.04 1.86 1.52 1.96

5.61 2.19 2.04 1.66 2.09
6.158 2.36 223 1.83 2.23

6.76 2.56 2.44 2.02 2.39
7.421 2.78 2.68 2.23 2.57
8.147 3.02 2.94 247 277
8.943 3.28 3.22 2.73 3.00
9.818 3.56 3.52 3.02 3.25
10.78 3.86 3.83 3.33 3.51
11.83 4.17 4.13 3.65 3.78
12.99 4.46 441 3.97 4.06
14.26 4.66 4.65 4.25 431
15.65 4.74 4.81 4.48 4.50
17.18 4.69 4.83 4.63 4.59
18.86 4.55 4.70 4.69 4.54
20.71 438 4.44 4.64 4.38
22.73 4.19 4.10 4.49 4.17
24.95 393 3.77 4.26 3.95
27.39 3.51 3.47 3.98 3.73
30.07 2.87 3.15 3.67 3.44
33.01 2.06 2.77 3.35 3.03
36.24 1.15 2.24 3.03 243




39.78
43.67
47.94
52.62
57.77
63.41
69.61

0.45
0.088
0.0072
0

0
0
0

1.44
0.65
0.14
0.014

2.69
2.29
1.84
1.17
0.54
0.12
0.011

1.54
0.68
0.15
0.014
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Potentiometric titration of HMO with 1 g/L with NaNO; background electrolyte, purged
with high purity N, at 20 psi.

pH IS 0.015 pH IS 0.15 pH IS15 pH IS 0.15
2.00 |0.13624 1.98 0.13894 210 | 0.083050 |199 |[0.16733
2.05 |0.13536 2.03 0.13756 2.22 0.044368 | 2.04 | 0.13620
2.11 | 0.10360 2.10 | 0.10384 240 | 0.004434 | 2.11 0.10262
2.18 | 0.071781 | 2.18 0.070641 270 | -0.034920 |2.18 0.071069
228 |0.037915 | 227 0.038436 276 | -0.039437 | 2.8 0.037481
240 |0.004974 |240 |0.0047122 | 2.80 |-0.042922 |2.40 | 0.0048107
2.57 |-0.028193 | 2.58 -0.028629 2.87 0.047226 | 2.57 -0.028085
2.86 |-0.061578 | 2.91 -0.062460 2.94 -0.051183 | 2.88 -0.061817
291 |-0.065108 |296 | -0.065781 3.04 -0.055490 | 2.93 -0.065251
297 |0.068725 | 3.02 -0.069179 3.15 -0.059479 | 2.98 -0.068529
3.03 | 0072136 | 3.09 -0.072584 3.29 -0.063380 | 3.04 -0.071880
3.10 | 0.075553 | 3.19 -0.076237 3.52 -0.067437 | 3.12 -0.075414
3.19 | 0079069 | 3.29 -0.079549 4.01 -0.071428 | 3.32 -0.082214
329 | 0082424 |3.43 -0.082945 409 | -0.071788 |3.46 | -0.085533
344 | 0085951 |3.64 | -0.086352 420 |-0072165 |3.69 | -0.088958
3.65 |0.089371 |4.04 |-0.089714 436 |-0.072555 |4.16 | -0.092308
410 |0.092844 |8.17 -0.086656 456 |-0.072911 |4.24 | -0.092625
418 |0.093180 |[899 | -0.092908 4.94 -0.073267 | 4.48 -0.093269
427 10.093507 |9.27 -0.093195 642 | -0073575 |4.62 | -0.093560
4.40 |0.093848 | 9.42 -0.093471 8.56 | -0.073811 | 4.85 -0.093859
453 |0.094154 | 9.53 -0.093745 8.80 | -0.074035 |5.67 | -0.094179
474 | 0.094470 | 9.62 -0.094022 9.18 -0.074320 | 8.13 -0.094413
510 |0.094775 | 9.73 -0.094340 9.32 -0.074574 | 8.92 -0.094683
6.23 | 0.095051 | 9.84 -0.094693 9.45 -0.074844 | 9.23 -0.094970
870 | 0.095309 | 9.95 -0.095091 956 | -0.075122 |9.41 -0.095372
9.13 | 0.095596 | 10.02 | -0.095445 9.65 -0.075402 | 9.57 | -0.095668
9.37 | 0.095898 9.71 -0.075664 | 9.67 | -0.095950
9.54 | 0.096213 9.75 0.075911 | 9.74 | -0.096276
9.66 | 0.096526 9.81 -0.076190 | 9.83 -0.096613
9.76 | 0.096847 987 | -0.076482 | 9.91 -0.096955
9.84 | 0.097166 9.93 -0.076788 | 9.98 -0.097272
9.91 | 0.097489 9.98 -0.077088 | 10.03 | -0.097472
9.99 | 0.097857 10.02 | -0.077377




Potentiometric titration of Birnessite Type 1 with 1 g/L with NaNOs background
electrolyte, purged with high purity N, at 20 psi.
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pH IS 0.015 pH IS 0.15 pH IS 1.5 pH IS 0.15
2.01 0.31189 1.95 0.34702 1.92 0.33950 2.00 0.31797
2.09 0.23983 2.02 0.31386 2.03 0.24596 2.08 0.24479
2.19 0.16722 2.10 0.24226 2.16 0.15792 2.18 0.17104
232 0.094647 2.20 0.17012 2.34 0.071218 231 0.097333
251 0.021560 233 0.098007 248 0.026153 2.49 0.024562
2.57 0.0057650 2.52 0.025396 2.70 -0.02004 2.82 -0.049413
2.66 -0.016062 2.57 0.010935 2.75 -0.02836 2.87 -0.056658
2.74 -0.031250 2.66 -0.01098 2.82 -0.03762 293 -0.064092
2.89 -0.053624 2.79 -0.03413 2.90 -0.04669 3.00 -0.071542
2.97 -0.061864 2.88 -0.04809 3.00 -0.05584 3.09 -0.079236
3.04 -0.068973 295 -0.05596 3.12 -0.06465 3.18 -0.086234
3.13 -0.076304 3.02 -0.06325 3.29 -0.07354 3.32 -0.093827
3.25 -0.083798 3.10 -0.07041 3.58 -0.08251 3.50 -0.10103
341 -0.091180 3.21 -0.07791 3.62 -0.08337 3.82 -0.10828
3.66 -0.098502 3.22 -0.07858 3.72 -0.08515 3.92 -0.10969
4.27 -0.10572 3.37 -0.08605 3.84 -0.08687 4.05 -0.11111
4.40 -0.10639 3.57 -0.09314 4.00 -0.08855 4.24 -0.11253
4.58 -0.10705 3.98 -0.10038 443 -0.09100 4.52 -0.11387
4.84 -0.10768 4.13 -0.10178 4.66 -0.09171 5.06 -0.11509
5.22 -0.10825 4.36 -0.10318 4.96 -0.09232 5.50 -0.11560
5.74 -0.10872 4.74 -0.10448 5.35 -0.09285 6.00 -0.11604
6.39 -0.10915 5.46 -0.10556 5.75 -0.09330 6.58 -0.11645
7.07 -0.10955 5.96 -0.10601 6.22 -0.09373 7.22 -0.11685
7.66 -0.10996 6.45 -0.10642 6.75 -0.09413 7.68 -0.11726
8.09 -0.11037 7.03 -0.10682 7.20 -0.09454 8.07 -0.11767
8.63 -0.11082 7.53 -0.10723 7.52 -0.09494 8.40 -0.11809
9.04 -0.11135 7.91 -0.10763 7.82 -0.09535 8.67 -0.11853
9.39 -0.11201 8.24 -0.10805 8.90 -0.09589 8.94 -0.11901
9.57 -0.11266 8.55 -0.10848 8.35 -0.09617 9.18 -0.11954
9.73 -0.11338 8.77 -0.10893 8.58 -0.09661 9.38 -0.12011
9.85 -0.11411 9.07 -0.10944 8.80 -0.09705 9.55 -0.12074
9.94 -0.11483 9.33 -0.11003 9.00 -0.09753 9.68 -0.12138
10.03 -0.11562 9.56 -0.11072 9.19 -0.09803 9.79 -0.12205

9.96 -0.11221 9.35 -0.09857 9.88 -0.12273
9.79 -0.11202 9.49 -0.09914 9.96 -0.12343
9.89 -0.11273 9.60 -0.09972 10.02 -0.12410
9.96 -0.11340 9.70 -0.10032
10.01 -0.11402 9.79 -0.10095

10.02 -0.10702




Potentiometric titration of Birnessite Type 2 with 1 g/L with NaNOs background

electrolyte, purged with high purity N, at 20 psi.

pH | 1S0015 | pH IS 0.15 pH IS 1.5 pH IS 1.5
199 [0.024882 |2.03 |0.042023 | 192 |0.011216 |1.99 | 0.0047455
206 |0.018975 |2.10 |0.033214 |203 |0.010940 |2.11 | 0.0028714
2.16 | 0015146 |2.20 |0.026365 |2.15 |0.007443 |229 | 0.0021874
228 0010248 |232 |0.018608 |233 |0.005042 |259 |0.0009501
246 | 0.006159 | 249 |0.011057 |2.62 |0.001728 |265 |0.0013795
251 | 0.005499 |2.80 |0.004302 |2.68 |0.001999 |270 |0.0011655
259 | 0004138 |2.84 |0.003419 |273 |0.001666 |2.76 | 0.0010536
273 0002433 |2.89 |0.002679 |2.79 |0.001423 |2383 | 0.0009507
278 |0.002209 |296 |0.002217 |2.86 |0.001193 |292 | 0.0009801
279 |0.002327 |3.02 |0.001350 |294 |0.000892 |3.03 |0.0009523
2.84 |0.001892 |3.11 |0.000783 |3.05 |0.000775 |3.17 | 0.0008383
289 | 0.001303 |3.20 |[-0.00005 |3.18 |0.000463 |337 | 0.0006683
296 | 0.000991 |3.33 |-0.00074 |337 |0.000178 |3.75 | 0.0004928
3.04 |0000619 |3.51 |-0.00147 |3.70 |-0.000159 |3.82 | 0.0004869
3.14 | 0.000271 |3.82 |-0.00221 |3.75 |-0.000201 |3.91 | 0.0004945
326 | -0.00018 |3.94 |-0.00212 |3.80 |[-0.000259 |4.13 | 0.0006521
343 | -0.00060 |4.00 |-0.00219 |3.86 |-0.000309 |428 |[0.0006111
370 | -0.00108 |4.07 |-0.00228 |3.94 |-0.000339 |4.50 | 0.0005642
449 | -0.00159 |4.16 |[-0.00235 |4.03 |-0.000382 |4.90 | 0.0005040
471 | -000167 |426 |-0.00244 |4.13 |-0.000442 |6.13 | 0.0003916
509 | -0.00177 |4.39 |-0.00252 |4.28 |-0.000484 |8.14 | 0.0002050
6.02 | -000189 |4.57 |-0.00261 |447 |-0.000548 |8.79 | 0.0000031
7.88 | -0.00207 |4.88 |-0.00270 | 4.80 |-0.000616 |9.07 |-0.000139
873 |-0.00229 |[550 |-0.00282 |5.61 |-0.000718 |9.27 |-0.000302
9.13 | -000234 |746 |-0.00299 |7.90 |-0.000896 |9.38 | -0.000473
936 | -0.00245 |876 |-0.00316 |875 |-0.001072 |9.50 | -0.000633
9.53 |-0.00255 |9.15 |-0.00330 |9.09 |-0.001238 |9.58 | -0.000798
9.66 | -0.00265 |9.41 |-0.00342 |929 |-0.001402 |9.68 | -0.000947
9.77 | -0.00273 |9.58 |-0.00353 | 944 |-0.001561 |9.75 | -0.001102
9.87 |-0.00280 |9.70 |-0.00364 |9.56 |-0.001716 |9.80 | -0.0012656
995 |-0.00287 |9.81 |-0.00375 |9.65 |-0.001873 |9.85 |-0.0014247
10.02 | -0.00294 | 9.90 |-0.00384 |9.73 |-0.002027 |[9.90 | -0.0015789

9.97 |-0.00395 |9.80 |-0.002179 |9.94 |-0.0017381
100 |-0.00403 | 9.86 |-0.002331 |9.98 |-0.0018935
9.92 | -0.002475 | 10.02 | -0.0020447
9.97 | -0.002623
10.0 | -0.002765
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Potentiometric titration of Pyrolusite with 1 g/L with NaNO3 background electrolyte,

purged with high purity N, at 20 psi.

pH | IS0.015 pH IS 0.15 pH IS15 pH 1S 0.015
2.01 | 0.028147 2.00 | 0.037691 |2.01 | 0.0060041 2.07 | 0.013048
2.18 | 0.017683 2.17 |0.023831 |232 |0.0025426 2.17 | 0.010878
2.48 | 0.007684 247 |0.010982 | 236 |0.0016242 228 | 0.007619
2.53 | 0.006920 252 | 0.009946 | 242 | 0.0017550 243 | 0.004403
2.58 | 0.005809 2.57 | 0.008586 | 2.48 | 0.0013491 2.55 | 0.003344
2.65 | 0.005310 2.63 10007377 |2.56 | 0.0014340 2.80 | 0.001747
2.72 | 0.004296 270 | 0.006182 | 2.64 |0.00082706 | 2.91 | 0.001296
2.81 | 0.003482 279 |0.005183 | 275 |0.00058342 | 2.98 | 0.001095
292 | 0.002575 290 |0.004098 |291 |0.00060118 |3.07 | 0.000949
3.07 | 0.001702 3.04 |0.0028%4 |3.14 |0.00030754 |3.17 | 0.000712
3.32 | 0.001012 325 0001692 |3.69 |0.00012035 |3.31 | 0.000524
3.52 | 0.000582 370 |0.000604 |3.81 |8.1442e-05 |3.52 | 0.000342
3.94 | 0.000241 379 |0.000504 |3.99 |6.660le-05 |3.58 | 0.000311
4.11 |0.000171 390 |0.000395 |4.28 |3.1803e-05 |3.64 |0.000258
438 | 0.000089 405 |0.000290 |438 |3.0927e-05 |3.71 | 0.000207
4.65 | 0.000062 428 |0.000185 |4.50 |2.4664e-05 |3.81 |0.000182
4.95 | 0.000039 446 |0.000127 |4.68 |2.3316e-05 |3.92 |0.000132
5.11 | 0.000029 477 | 0.000069 | 491 |6.1759-06 | 4.00 | 0.000120
5.34 | 0.000018 4.86 | 0.000055 |5.11 |-0.0000005 |4.09 |0.000102
5.75 | 0.000003 498 |0.000042 |543 |-0.0000109 |4.20 |8.092e-05
6.56 | -0.000022 | 5.14 |0.000027 |6.11 |-0.0000295 |4.35 |6.107e-05
7.59 | -0.000057 | 536 |0.000017 |7.50 |-0.0000695 | 4.57 | 3.832¢-05
8.08 |-0.000089 |5.77 |-0.00001 798 | -0.0000994 | 5.04 | 1.575e-05
834 |-0.000121 |6.61 |[-0.00003 |823 |-0.0001358 |5.22 |9.238¢-06
8.54 |-0.000149 | 7.82 | -0.00001 8.36 |-0.0001729 |535 |6.032e-06
8.70 |-0.000176 | 824 |-0.00010 | 843 |-0.0002111 |5.52 |2347e-06
9.10 |-0.000229 | 847 |-0.00013 | 854 |-0.0002473 |576 | -2.04e-06
9.75 | -0.000256 | 8.65 |-0.00016 | 8.90 |-0.0003446 | 6.16 | -7.41e-06
10.0 | -0.000262 |8.80 |-0.00019 |9.48 |-0.0006306 |6.71 |-1.50e-05
2.00 8.93 | -0.00021 973 | -0.0009099 | 7.41 | -2.34e-05
2.17 9.03 |-0.00024 |9.90 |-0.0011777 |7.78 |-3.18¢-05
2.47 9.22 | -0.00027 10.0 | -0.0014603 | 8.06 | -3.94e-05
2.52 9.52 | -0.00036 827 | -4.63e-05
2.57 9.85 | -0.00049 8.59 | -5.768e-5
2.63 10.0 | -0.00062 871 | -6.242e-5
2.70 0.006181 8.82 | -6.617e-5
2.79 0.005183 8.90 | -7.051e-5
2.90 0.004098 9.07 | -7.445e-5
3.04 0.002884 9.18 | -8.014e-5
3.25 0.001691 938 | -9.276e-5
3.70 0.000604 9.53 | -0.000101
3.79 0.000504 9.81 | -0.000122
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Potentiometric titration of Kaolinite with 1 g/L. with NaNO; background electrolyte,

purged with high purity N, at 20 psi.

pH IS 0.001 pH IS 0.01 pH IS 0.1 pH IS 0.1
2.00 | 0.18662 1.98 0.19060 1.97 0.19411 1.97 | 0.19415
2.08 | 0.14995 2.05 0.15556 2.04 0.15860 2.05 | 0.15621
2.17 | 0.11452 2.15 0.11781 2.13 0.12197 2.14 | 0.11961
2.28 | 0.079533 2.26 0.082511 2.25 0.084533 226 | 0.082202
2.44 | 0.043504 243 0.045283 242 0.046779 243 | 0.044484
271 | 0.0068411 2.71 0.0081994 2.68 0.010100 2.72 | 0.0064689
276 | 0.0027371 2.75 0.0045401 2.73 0.0058795 2.76 | 0.0028003
2.81 | -0.001137 2.79 0.0010295 2.77 0.0022849 2.81 | -0.001081
2.86 | -0.004807 2.85 -0.003001 2.82 -0.001515 2.87 | -0.005071
292 | -0.008573 291 -0.006766 2.86 -0.004807 293 | -0.008803
299 |-0.012348 298 -0.010539 295 -0.009335 3.01 |-0.012771
3.08 | -0.016247 3.06 -0.014244 3.04 -0.013386 3.10 | -0.016592
3.19 | -0.020093 3.17 -0.018133 3.14 -0.017215 3.22 | -0.020501
3.34 | -0.023963 3.31 -0.021937 3.27 -0.021043 3.38 | -0.024349
3.43 | -0.025811 3.52 -0.025756 346 | -0.024899 3.65 | -0.028271
3.56 | -0.027765 3.55 -0.026152 3.49 | -0.025325 3.69 | -0.028667
3.59 | -0.028147 3.58 -0.026534 3.51 -0.025666 3.73 | -0.029046
3.63 | -0.028571 3.61 -0.026904 3.54 -0.026068 3.78 | -0.029447
3.66 | -0.028927 3.65 -0.027313 3.57 -0.026455 3.83 | -0.029827
3.70 | -0.029317 3.68 -0.027658 3.60 | -0.026830 3.89 | -0.030217
3.74 | -0.029692 3.73 -0.028078 3.63 -0.027194 3.96 | -0.030608
3.79 | -0.030088 3.77 -0.028437 3.67 -0.027595 4.05 |-0.031012
3.84 | -0.030463 3.82 -0.028815 371 -0.027978 4.15 | -0.031394
3.90 | -0.030848 3.88 -0.029205 376 | -0.028386 4.21 | -0.031585
3.98 | -0.031258 395 -0.029595 3.81 -0.028770 429 | -0.031789
4.06 | -0.031633 4.03 -0.029978 3.87 -0.029165 432 | -0.031863
4.17 | -0.032026 4.12 -0.030347 3.94 | -0.029561 438 | -0.031984
430 | -0.032399 4.16 -0.030472 4.02 -0.029949 442 | -0.032061
433 | -0.032472 4.20 -0.030591 4.05 -0.030072 447 | -0.032142
437 | -0.032553 4.25 -0.030737 4.08 |-0.030190 4.55 | -0.032259
441 | -0.032630 432 -0.030898 4.12 | -0.030341 4.65 |-0.032376
445 | -0.032704 4.39 -0.031047 4.17 | -0.030501 4.74 | -0.032458
4.50 | -0.032783 4.48 -0.031201 423 -0.030667 4.84 | -0.032535
4.55 | -0.032857 4.54 -0.031283 429 | -0.030821 497 | -0.032593
4.65 | -0.032974 4.60 -0.031359 437 | -0.030985 5.06 | -0.032633
4.77 | -0.033088 4.67 -0.031435 446 | -0.031143 5.16 | -0.032670
4.87 | -0.033162 4.75 -0.031510 4.51 -0.031220 529 | -0.032708
499 | -0.033235 4.86 -0.031588 4.57 -0.031299 546 | -0.032745
5.16 [ -0.033308 4.98 -0.031661 4.64 -0.031378 5.70 | -0.032779
5.36 | -0.033373 5.05 -0.031696 4.72 -0.031455 6.15 | -0.032812
5.49 | -0.033404 5.13 -0.031730 4.82 -0.031534 745 | -0.032842
5.65 | -0.033434 5.24 -0.031766 4.95 -0.031612 8.09 | -0.032871
5.85 | -0.033462 5.35 -0.031798 5.22 -0.031683 8.37 | -0.032903
6.20 | -0.033490 5.48 -0.031830 5.37 -0.031720 8.56 | -0.032935
7.09 | -0.033516 5.64 -0.031859 5.57 -0.031755 8.69 | -0.032968
8.00 | -0.033546 5.83 -0.031887 5.89 -0.031789 8.79 | -0.033001
8.40 | -0.033581 6.15 -0.031914 6.75 -0.031820 8.90 | -0.033038
8.65 | -0.033620 6.92 -0.031941 7.81 -0.031847 8.96 | -0.033070
8.77 | -0.033654 7.79 -0.031966 8.19 -0.031876 9.01 | -0.033101
8.89 | -0.033693 8.19 -0.031995 8.42 -0.031907 9.09 | -0.033162
8.98 | -0.033731 8.44 -0.032027 8.57 | -0.031937 9.19 |-0.033233

196



9.06
9.13
9.18
9.28
9.37
9.44
9.50
9.55
9.78
9.93
9.96
9.98
10.0

-0.033770
-0.033810
-0.033846
-0.033925
-0.034008
-0.034089
-0.034170
-0.034248
-0.034694
-0.035141
-0.035261
-0.035344
-0.035428

8.61
8.74
8.84
8.93
9.07
9.18
9.26
9.34
9.44
9.56
9.66
9.83
9.95
9.97
9.99

-0.032060
-0.032093
-0.032127
-0.032163
-0.032234
-0.032307
-0.032376
-0.032452
-0.032567
-0.032751
-0.032943
-0.033355
-0.033764
-0.033865
-0.033947

8.68
8.78
8.85
8.92
9.03
9.12
9.26
9.37
9.43
9.62
9.75
9.86
9.94
9.97
10.0

-0.031967
-0.032000
-0.032030
-0.032062
-0.032125
-0.032189
-0.032317
-0.032448
-0.032542
-0.032885
-0.033227
-0.033584
-0.033927
-0.034087
-0.034252

9.24
9.35
9.57
9.72
9.83
9.92
9.98

-0.033292
-0.033422
-0.033769
-0.034121
-0.034472
-0.034827
-0.035149

Potentiometric titration of Montmorillonite with 1 g/L with NaNO; background
electrolyte, purged with high purity N, at 20 psi.

197

pH IS 0.001 pH IS 0.01 pH 1S0.1 pH IS 0.1
2.01 0.010323 2.02 | 0.015472 2.99 0.0009135 2.02 0.019491
2.10 | 0.003985 2.11 0.0099493 3.08 0.0006154 2.12 | 0.015432
2.22 0.002846 2.23 0.0071410 3.21 0.0005290 224 | 0.010604
2.39 0.001409 2.40 | 0.0044308 3.38 0.0003018 242 0.0067210
2.69 0.000317 2.69 | 0.0018325 3.67 0.0001033 247 0.0061251
2.74 0.000366 2.74 | 0.0018177 3.72 0.0001099 2.55 0.0048275
2.79 0.000185 2.79 | 0.0015831 3.77 9.3731e-5 2.66 | 0.0040128
2.85 0.000108 2.84 ] 0.0011525 3.83 8.8243e-5 2.70 | 0.0035988
292 3.7053e-5 291 0.0010708 3.89 5.7267e-5 2.75 0.0033806
3.01 0.000102 2.99 | 0.0009136 397 | 4.9583e-5 2.80 0.0029732
3.12 0.000103 3.08 | 0.0006154 4.07 | 4.5171e-5 2.85 0.0023971
3.26 1.2512e-5 321 0.0005290 4.19 2.7326e-5 2.92 0.0021245
3.48 6.4408¢-6 3.38 | 0.0003018 4.36 1.2758e-5 3.00 | 0.0017874
3.96 | 2.6313e-5 3.67 | 0.0001034 4.64 -3.363e-6 3.10 | 0.0014773
4.07 5.0421e-5 3.72 | 0.0001099 4.68 -5.504¢e-6 3.22 0.0010557
4.19 3.7293e-5 377 | 9.373e-5 4.73 -5.335e-6 3.39 0.00066106
438 | 4.5890e-5 3.83 8.824e-5 4.78 -7.392¢-6 3.67 0.00025344
470 | 4.3781e-5 3.89 5.726e-5 4.83 -1.143e-5 3.76 | 0.00018228
4.80 | 4.1087e-5 3.97 | 4.958e-5 4.89 | -1.453e-5 3.87 | 0.00010205
493 3.8359¢-5 4.07 | 4.517e-5 4.97 -1.531e-5 3.94 6.7052¢-05
5.11 3.4572e-5 4.19 | 2.732e-5 5.05 -1.937e-5 4.01 8.1211e-06
5.35 2.4340e-5 4.36 1.276e-5 5.15 -2.315e-5 4.11 -2.6742¢-05
5.51 1.6697¢-5 4.64 | -3.364¢e-6 5.26 | -2.918e-5 4.23 -7.2482¢-5
5.70 6.4339¢-6 4.68 -5.504e-6 540 | -3.583e-5 440 | -0.0001155
6.05 -3.705e-6 4.73 -5.335e-6 556 | -4.507e-5 4.51 -0.0001421
6.73 -1.723e-5 4.78 -7.392¢-6 5.82 -5.416e-5 4.67 | -0.0001637
7.61 -3.298e-5 4.83 -1.143e-5 6.33 -6.491e-5 4.75 -0.0001741
7.99 -4.812e¢-5 4.89 -1.454¢-5 7.16 | -8.054e-5 4.83 -0.0001893
8.31 -5.881e-5 4.97 -1.531e-5 7.83 -9.570e-5 494 | -0.0002019
8.48 -7.033e-5 5.05 -1.937e-5 8.22 | -0.000073 5.07 | -0.0002173
8.63 -7.939¢-5 5.15 -2.315e-5 8.45 -0.000117 5.24 | -0.0002344
8.75 -8.744e-5 5.26 -2.918e-5 8.61 -0.000126 5.35 -0.0002437
8.92 -0.000103 5.40 -3.583e-5 8.73 -0.000135 5.48 -0.0002540
9.04 -0.000126 556 | -4.507e-5 8.83 -0.000143 5.66 | -0.0002646
9.18 | -0.000143 5.82 -5.416e-5 8.91 -0.000152 597 | -0.0002752




9.36
9.59
9.74
9.85
9.94
10.0

-0.000174
-0.000233
-0.000291
-0.000351
-0.000406
-0.00045

6.33
7.16
7.83
8.22
8.45
8.61
8.73
8.83
8.91
8.97
9.03
9.14
9.22
9.29
9.46
9.56
9.72
9.84
9.94
10.0

-6.491e-5

-8.054e-5

-9.571e-5

-0.000107

-0.000117

-0.0001269
-0.0001357
-0.0001438
-0.0001522
-0.0001620
-0.0001702
-0.0001838
-0.0002000
-0.0002152
-0.0002554
-0.0002916
-0.0003533
-0.0004103
-0.0004568
-0.0005268

8.97
9.03
9.14
9.22
9.29
9.46
9.56
9.72
9.84
9.94
10.0

-0.000162
-0.000170
-0.000183
-0.000200
-0.000215
-0.000255
-0.000291
-0.000353
-0.000410
-0.000456
-0.000526

6.55
7.30
7.84
8.13
8.33
8.48
8.60
8.70
8.87
8.98
9.07
9.15
9.30
9.41
9.50
9.65
9.77
9.86
9.94
10.0
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-0.0002882
-0.0003048
-0.0003205
-0.0003353
-0.0003491
-0.0003623
-0.0003749
-0.0003871
-0.0004089
-0.0004326
-0.0004559
-0.0004779
-0.0005337
-0.0005900
-0.0006452
-0.0007438
-0.0008399
-0.0009378
-0.0010278
-0.0011304

Potentiometric titration of HMO-coated clay with 1 g/L with NaNOj3 background
electrolyte, purged with high purity N at 20 psi.

pH IS 0.001 pH 1S 0.01 pH 1S 0.1 pH 1S 0.1
2.07 | 0.0049682 2.09 | 0.0061829 212 | 0.011561 2.07 0.0030139
2.25 | 0.0025285 2.28 | 0.0034587 231 | 0.0079864 2.26 0.0014993
2.34 | 0.0020902 2.64 |0.00076200 | 2.34 | 0.0069210 2.35 0.0011454
2.49 | 0.0013519 271 | 0.00056794 | 2.38 | 0.0051765 2.45 0.00069972
2.63 |0.00058118 | 2.87 | 3.2644e-05 243 | 0.0035157 2.58 0.00025255
278 |0.00022416 |2.98 |-0.0002337 247 | 0.0024487 2.64 0.00013093
3.00 |-0.0001839 | 3.13 |-0.0004938 251 | 0.0021376 2.72 4.7188e-05
3.17 | -0.0004005 | 3.34 |-0.0007930 | 2.55 | 0.0017829 2.88 -0.0002721
344 |-0.0006381 |3.40 |-0.0008492 |2.59 | 0.0013885 3.17 -0.0005465
351 | -0.0007012 | 3.50 | -0.0009451 2.65 | 0.0011322 3.40 -0.0007193
365 | -0.0007886 | 3.63 |-0.0010413 2.70 | 0.00073006 | 3.45 -0.0007641
377 |-0.0008518 | 3.74 |-0.0011092 |2.77 | 0.00041616 | 3.55 -0.0007843
391 |-0.0009281 | 3.86 |-0.0011921 2.85 | 8.3436e-05 | 3.63 -0.0008256
4.00 |-0.0009670 | 4.02 |-0.0012776 |2.95 |-0.0002415 |3.72 -0.0008699
4.09 |-0.0010137 |4.12 |-0.0013232 3.08 | -0.0005670 | 3.84 -0.0009124
420 |-0.0010613 | 4.23 |-0.0013736 311 | -0.0006363 | 3.92 -0.0009326
433 |-0.0011123 | 435 |-0.0014288 314 | -0.0007118 | 4.01 -0.0009542
447 |-0.0011694 | 449 |-0.0014874 |3.17 |-0.0007929 | 4.12 -0.0009764
4.63 |-0.0012310 | 4.64 |-0.0015511 321 | -0.0008557 | 4.20 -0.0010062
480 |-0.0012978 | 4.82 |-0.0016178 325 | -0.0009271 | 4.34 -0.0010321
4.89 |-0.0013327 | 492 |-0.0016525 330 | -0.0009871 | 4.48 -0.0010619
499 |-0.0013681 | 501 |-0.0016888 334 | -0.0010754 | 4.66 -0.0010929
509 |-0.0014045 |522 |-0.0017626 |3.40 | -0.0011390 | 4.82 -0.0011275
521 |-0.0014412 | 533 |-0.0018004 |3.46 |-0.0012152 | 4.92 -0.0011451
533 | -0.0014787 | 545 |-0.0018386 | 3.53 |-0.0012910 | 5.04 -0.0011628
544 | -0.0015171 | 556 |-0.0018774 |3.61 |-0.0013700 | 5.16 -0.0011811
5.55 |-0.0015558 | 5.68 | -0.0019165 371 | -0.0014477 | 527 -0.0011999
568 |-0.0015947 | 5.80 |-0.0019558 382 | -0.0015367 | 5.40 -0.0012189
581 |-0.0016340 | 5.93 |-0.0019953 396 |-0.0016288 | 5.51 -0.0012383
594 | -0.0016735 | 6.06 |-0.0020350 | 4.05 |-0.0016755 | 5.64 -0.0012577




6.07
6.20
6.33
6.48
6.61
6.76
6.89
7.04
7.18
7.32
7.46
7.61
7.73
7.87
8.00
8.32
8.42
8.72
9.00
9.25
9.47
9.61
9.76
9.88
9.99

-0.0017132
-0.0017530
-0.0017929
-0.0018329
-0.0018729
-0.0019130
-0.0019531
-0.0019932
-0.0020333
-0.0020734
-0.0021135
-0.0021535
-0.0021935
-0.0022333
-0.0022731
-0.0023516
-0.0023909
-0.0024667
-0.0025388
-0.0026056
-0.0026655
-0.0027262
-0.0027771
-0.0028255
-0.0028675

6.19
6.33
6.47
6.61
6.76
6.92
7.09
7.25
7.40
7.56
7.74
7.89
8.05
8.21
8.37
8.53
8.68
8.82
8.98
9.09
9.20
9.47
9.66
9.83
9.96
10.0

-0.0020748
-0.0021147
-0.0021547
-0.0021947
-0.0022348
-0.0022749
-0.0023150
-0.0023551
-0.0023951
-0.0024351
-0.0024750
-0.0025149
-0.0025545
-0.0025939
-0.0026328
-0.0026713
-0.0027091
-0.0027462
-0.0027814
-0.0028169
-0.0028511
-0.0029082
-0.0029610
-0.0030040
-0.0030442
-0.0030694

4.15
4.26
4.38
4.52
4.59
4.67
4.76
4.84
4.94
5.03
5.14
5.24
5.35
5.46
5.57
5.69
5.81
5.94
6.07
6.20
6.33
6.48
6.63
6.78
6.93
7.09
7.24
7.41
7.57
7.74
7.90
8.07
8.25
8.41
8.57
8.73
8.87
9.00
9.12
9.22
9.48
9.68
9.84
9.97
10.0

-0.0017257
-0.0017800
-0.0018386
-0.0019001
-0.0019329
-0.0019660
-0.0019997
-0.0020351
-0.0020704
-0.0021071
-0.0021439
-0.0021816
-0.0022197
-0.0022583
-0.0022973
-0.0023364
-0.0023758
-0.0024154
-0.0024551
-0.0024950
-0.0025349
-0.0025749
-0.0026150
-0.0026551
-0.0026952
-0.0027353
-0.0027754
-0.0028155
-0.0028555
-0.0028954
-0.0029353
-0.0029749
-0.0030143
-0.0030533
-0.0030918
-0.0031296
-0.0031668
-0.0032031
-0.0032386
-0.0032738
-0.0033340
-0.0033881
-0.0034368
-0.0034813
-0.0035116

5.77
591
6.06
6.20
6.37
6.53
6.69
6.85
7.03
7.18
7.35
7.52
7.68
7.84
8.03
8.25
8.42
8.60
8.75
8.89
9.00
9.27
9.50
9.66
9.81
9.94
10.0

-0.0012773
-0.0012971
-0.0013169
-0.0013368
-0.0013567
-0.0013767
-0.0013968
-0.0014168
-0.0014368
-0.0014569
-0.0014769
-0.0014970
-0.0015170
-0.0015369
-0.0015567
-0.0015763
-0.0015958
-0.0016149
-0.0016338
-0.0016523
-0.0016707
-0.0017045
-0.0017351
-0.0017648
-0.0017910
-0.0018144
-0.0018410
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Potentiometric titration of Birnessite-coated clay with 1 g/L with NaNOj; background

electrolyte, purged with high purity N, at 20 psi.

200

pH IS 0.001 pH 1S 0.01 pH 1S 0.1 pH 1S 0.01
2.00 | 0.065821 2.00 | 0.063566 2.00 | 0.070841 2.00 | 0.068505
2.10 | 0.041798 2.11 | 0.042019 2.12 | 0.050443 2.10 | 0.045020
2.25 | 0.024882 228 | 0.025603 2.29 | 0.030928 225 | 0.026698
237 | 0.017798 2.57 | 0.0090789 2.59 | 0.012160 2.53 | 0.011003
2.53 | 0.010144 2.62 | 0.0077244 2.69 | 0.0085354 | 257 | 0.009344
2.57 | 0.0085650 | 2.67 | 0.0060915 275 | 0.0067150 | 2.62 | 0.007970
262 | 00072706 | 2.74 | 0.0049494 2.82 |0.0049042 | 2.66 | 0.005881
274 | 0.0046087 | 2.81 |0.0033953 291 |0.0032437 | 272 | 0.004409
2.81 | 0.0031055 | 2.90 | 0.0020012 297 |0.0025524 | 279 |0.002945
2.90 | 0.0017633 2.92 | 0.0017106 3.03 |0.0016941 |2.88 |0.001651
3.02 | 0.00053847 |2.95 |0.0012337 3.18 | -0.0020389 | 2.98 | 7.0993e-5
3.10 | -4.9869-8 | 3.09 |4.229-10 328 |-0.0021237 |3.12 | -0.001361
3.19 | -0.0006446 | 3.18 | -0.0006393 336 |-0.0021990 | 321 | -0.002098
330 |-0.0013272 [329 |-0.0013166 | 3.42 |-0.0029311 |333 |-0.002776
342 |-0.0018268 |3.34 |-0.0016166 | 3.53 |-0.0030327 |3.45 |-0.003373
354 |-0.0021930 | 3.40 |-0.0018892 |3.62 |-0.0033770 |3.53 | -0.003644
3.65 |-0.0024083 | 3.47 |-0.0021595 3.73 |-0.0033372 | 3.63 | -0.003906
371 | -0.0025455 | 3.56 | -0.0023943 3.80 | -0.0035086 |3.76 | -0.004168
384 |-0.0028839 | 3.61 |-0.0025268 | 3.88 |-0.0036885 |3.84 | -0.004309
397 |-0.0029471 |3.66 |-0.0026873 3.98 |-0.0038648 |3.93 | -0.004469
411 |-0.0030789 |3.72 |-0.0028347 | 4.11 |-0.0040413 | 4.06 | -0.004600
426 |-0.0032704 | 3.80 |-0.0029493  |429 | -0.0040255 |4.14 | -0.004670
439 | -0.0033411 |3.89 |-0.0030844 |4.43 |-0.0039900 |4.24 |-0.004738
448 | -0.0033914 | 3.99 |-0.0032467 | 4.50 | -0.0040640 | 4.36 | -0.004815
456 | -0.0034207 | 4.14 |-0.0033800 | 4.63 |-0.0040769 | 4.48 | -0.004881
464 | -0.0034582 | 425 |-0.0034358 | 472 |-0.0041205 |4.55 |-0.004917
474 | -0.0034950 | 4.39 |-0.0034978 | 4.82 | -0.0041680 | 4.64 | -0.004951
486 | -0.0035345 | 446 |-0.0035237 | 4.94 |-0.0041780 |4.74 | -0.004989
493 | -0.0035555 | 4.54 |-0.0035516 | 5.00 |-0.0042056 |4.86 | -0.005029
499 | -0.0035812 | 4.63 |-0.0035832 5.07 |-0.0042332 |4.92 | -0.005053
507 |-0.0036051 |4.75 |-0.0036126 | 5.15 |-0.0042612 |4.98 | -0.005079
516 | -0.0036302 | 4.88 |-0.0036511 523 |-0.0042912 | 5.04 |-0.005107
527 |-0.0035778 | 4.95 |-0.0035564 | 532 |-0.0042426 |5.12 | -0.005133
537 | -0.0036071 | 5.04 |-0.0036163 5.42 | -0.0042743 | 520 | -0.005162
550 | -0.0036364 | 5.12 | -0.0036421 5.53 | -0.0043070 |5.29 | -0.005191
5.64 | -0.0036677 | 522 |-0.0036677 5.66 | -0.0043405 | 5.41 | -0.005219
5.80 | -0.0037004 | 534 |-0.0036942 5.79 | -0.0043755 | 5.53 | -0.005251
595 |-0.0037353 | 547 |-0.0037230 |5.94 |-0.0044114 |5.67 |-0.005283
6.12 | -0.0037710 | 5.62 |-0.0037535 6.10 |-0.0044481 | 582 |-0.005317
630 |-0.0038076 | 5.78 | -0.0037861 626 | -0.0044858 | 5.94 | -0.005354
649 | -0.0038449 | 595 |-0.0038204 | 6.43 |-0.0045240 |6.10 | -0.005390
6.69 |-0.0038826 | 6.14 |-0.0038559 | 6.61 |-0.0045625 |6.28 | -0.005427
6.89 | -0.0039206 | 6.33 |-0.0038926 | 6.80 | -0.0046013 | 6.46 | -0.005465
7.06 | -0.0039588 | 6.51 |-0.0039302 | 7.00 | -0.0046403 | 6.62 | -0.005503
723 | -0.0039970 | 6.69 | -0.0039681 7.17 | -0.0046793 | 6.82 | -0.005541
740 | -0.0040351 | 6.87 | -0.0040063 7.33 | -0.0047184 | 7.00 | -0.005580
751 | -0.0040733 | 7.03 |-0.0040446 | 7.45 | -0.0047574 |7.13 | -0.005619
762 | -0.0041114 | 720 |-0.0040829 | 7.55 |-0.0047965 |7.26 | -0.005658
771 | -0.0041494 | 7.31 |-0.0041214 | 7.84 |-0.0048336 |7.39 | -0.005697
778 | -0.0041875 | 7.42 |-0.0041598 | 7.97 |-0.0048715 |7.49 | -0.005736
8.02 |-0.0042226 |7.74 | -0.0041962 8.08 | -0.0049092 | 7.56 | -0.005775




8.22
8.40
8.50
8.62
9.26
9.66
9.92
10.0

-0.0042563
-0.0043269
-0.0043992
-0.0044684
-0.0044272
-0.0043493
-0.0044205
-0.0046669

7.90
8.01
8.22
8.37
8.65
8.86
9.31
9.60
9.83
10.0

-0.0042331
-0.0043091
-0.0043817
-0.0044540
-0.0045533
-0.0046472
-0.0047330
-0.0047673
-0.0049270
-0.0050487

8.31
8.44
8.64
8.85
9.17
9.34
9.53
9.77
9.96
10.1

-0.0049823
-0.0050565
-0.0051636
-0.0052627
-0.0053647
-0.0055110
-0.0057401
-0.0058340
-0.0059138
-0.0060554

7.63
7.71
7.79
7.97
8.20
8.27
8.30
8.91
9.34
9.67
9.90
9.98
10.0

-0.005813
-0.005853
-0.005891
-0.005967
-0.006041
-0.006117
-0.006195
-0.006538
-0.006818
-0.007004
-0.007126
-0.005807
-0.007467
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APPENDIX G

BIOGENIC MN OXIDE STUDIES

The Mn oxidation studies and characteriatic results of biogenic Mn oxide coated bacteria
are listed below.

Growth curve of L. discophora SP-6 in MSVP media as a function of pH (6.5-8)

Time (hrs) OD600 in PY media OD600 in MSVP media
3 0.058 0.060
6 0.058 0.061
9 0.132 0.065

24 0.305 0.079
28 0.412 0.095
36 0.697 0.213
46 0.785 0.479
54 0.795 0.660
71 0.795 0.660
120 0.797 0.655

The comparison between the growth of L. discophora SP-6 in MSVP and PY media at
pH 7.3 and 22 °C

Time (hr)

pH 6.5 pH 7.0 pH73 pH 7.5 pH 8.0
0 0 0 0 0 0
6 0 0 0 0 0
12 1.0288 1.2002 3.0863 1.3717 2.7434
24 1.5431 1.8861 4.6294 1.3717 3.4292
48 2.4004 2.9148 5.4867 2.4004 4.4580
72 3.9436 3.9436 6.1726 2.5719 8.573
96 4.2865 6.6869 6.6869 2.9148 9.0874
120 4.6294 10.459 6.6869 3.9436 10.116
144 5.3153 17.146 9.9447 5.4867 11.145
168 6.1726 26.405 10.973 6.0011 11.488
192 7.8872 30.006 15.431 7.2013 12.859
222 9.6018 45.265 61.726 11.831 9.2588
240 21.090 73.728 82.987 12.859 25.719
264 21.775 96.018 102.88 14.403 30.177
289 24.347 94.646 101.5 15.946 28.977
314 29.148 99.961 92.417 21.433 24.176
338 37.721 90.874 92.588 24.519 25.719
362 41.493 84.015 83.33 41.493 33.435
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Mn oxidation rate of L. discophora SP-6 with MSVP and PY media as a function of Mn
concentration at 22 °C

Mn( pmot) Rate of Mn oxidation Mn( pumol) Rate of Mn oxidation pmol/(min
pymol/(min mg cell) mg cell)
0 0 0 0

100 0.063078 100 0.016522

300 0.093438 300 0.037229

500 0.10199 504 0.042117

700 0.10258 1052 0.029427

900 0.10159

Mn oxidation by L. discophora SP-6 (a) comparison between three different media
(MSVP, PY, and HEPES solution) at [Mn], = 10 M, pH 7.3, and 22 °C

Time (hr) Mn(1I) ppm in Time (hr) Mn(II) ppm in Time (hr) Mn(II) ppm in
MSVP PY HEPES

0.5 4.74 0.005 4.94 2 4.96
1 4.30 0.5 4.68 4 424
2 4.12 1 441 6 4.49
3 3.99 1.5 3.38 8 427
4 3.19 25 2.36 10 4.09
5 3.13 35 0.59 12 443
6 271 4 0.17 14 4.83
7 1.90 5 0.0564 16 3.96
8 1.75 6 0.029 18 4.12
9 1.41 7 0.042

10 1.07 8 0.011

11 0.745 9 0.0298

12 0.192 10 0.0131

13 0.0705 12 0.0075

15 0.0137 17 0.0196

17 0.0163 20 0.0300

19 0.0113 24 0.0484

21 0.0792

36 0.0266

38 0.0197

41 0.0131

45 0.0094

49 0.0119

53 0.0415

61 0.0203
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Particle size distributions of the biogenic Mn oxide and L. discophora SP-6 at pH 7.3 and
room temperature in PY media as a function of Mn concentration (0, 0.05, 0.1, 0.5, and 1
mM) compared with the pure suspension of L. discophora SP-6 and abiotic Mn oxide.

Diameter
(um) L. discophora SP-6  0.05MMn’~ 0.1 MMn™ 0.5M Mn" 1.0MMn™
0.375 0.005 0.0053 0.0037 0.0015 0.005
0.412 0.011 0.011 0.0074 0.0031 0.0094
0.452 0.019 0.019 0.013 0.0059 0.016
0.496 0.028 0.028 0.021 0.0095 0.022
0.545 0.039 0.039 0.029 0.014 0.027
0.598 0.051 0.051 0.039 0.020 0.032
0.656 0.064 0.064 0.050 0.027 0.036
0.721 0.077 0.077 0.062 0.036 0.039
0.791 0.09 0.090 0.074 0.045 0.041
0.868 0.10 0.10 0.086 0.054 0.043
0.953 0.11 0.11 0.097 0.064 0.045
1.047 0.12 0.12 0.11 0.073 0.045
1.149 0.12 0.12 0.11 0.081 0.046
1.261 0.12 0.12 0.11 0.088 0.046
1.384 0.12 0.12 0.11 0.093 0.047
1.52 0.11 0.11 0.11 0.096 0.048
1.668 0.098 0.098 0.10 0.097 0.049
1.832 0.086 0.086 0.094 0.096 0.052
2.011 0.075 0.075 0.086 0.095 0.055
2.207 0.065 0.065 0.079 0.095 0.060
2.423 0.059 0.059 0.075 0.096 0.066
2.66 0.058 0.058 0.075 0.099 0.073
2.92 0.063 0.063 0.081 0.11 0.082
3.205 0.074 0.074 0.093 0.12 0.091
3.519 0.091 0.091 0.11 0.13 0.10
3.863 0.11 0.11 0.14 0.15 0.11
4.24 0.14 0.14 0.17 0.16 0.12
4.655 0.16 0.16 0.20 0.18 0.13
5.11 0.19 0.19 0.23 0.20 0.14
5.61 0.21 0.21 0.26 0.22 0.15
6.158 0.23 0.23 0.28 0.24 0.16
6.76 0.25 0.25 0.31 0.25 0.17
7.421 0.28 0.28 0.34 0.26 0.19
8.147 0.30 0.30 0.38 0.28 0.21
8.943 0.33 0.33 0.42 0.29 0.23
9.818 0.37 0.37 0.46 0.31 0.25
10.78 0.40 0.40 0.51 0.34 0.27
11.83 0.44 0.44 0.57 0.36 0.30
12.99 0.49 0.49 0.63 0.39 0.33
14.26 0.54 0.54 0.70 0.41 0.35
15.65 0.61 0.61 0.79 0.43 0.38
17.18 0.71 0.71 0.89 0.45 0.40
18.86 0.84 0.84 1.01 0.48 0.43
20.71 0.98 0.98 1.13 0.53 0.47
22.73 1.15 1.15 1.26 0.62 0.53
24.95 1.34 1.34 1.40 0.73 0.59
27.39 1.60 1.60 1.60 0.88 0.68
30.07 1.94 1.94 1.85 1.07 0.78

33.01 2.33 2.33 2.18 1.29 0.90



36.24
39.78
43.67
47.94
52.62
57.77
63.41
69.61
76.42
83.89
92.09
101.1
111
121.8
133.7
146.8
161.2
176.9
194.2
213.2
234
256.9
282.1
309.6
339.9
373.1
409.6
449.7
493.6
541.9
594.8
653
716.8

2.75
323
3.76
435
5.06
5.79
6.44
7.07
7.78
8.86
10.5
10.2
5.42
1.00
0.032
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2.75
3.23
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435
5.06
5.79
6.44
7.07
7.78
8.86
10.5
10.2
5.42
1.0
0.032

o
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2.56
2.99
3.48
4.01
4.62
5.30
5.94
6.51
7.11
7.97
9.31
10.1
7.72

1.58
1.95
2.36
2.75
3.14
3.67
448
5.46
6.32
7.12
8.19
9.6
11.1
11.1
7.0
1.87
0.11

[=NeloloeBololoNolololalaRaolel=R=]

1.04
1.20
1.39
1.63
1.91
223
2.56
2.88
3.20
3.56
4.00
4.51
4.97
5.28
5.34
5.27
5.55
6.53
7.98
9.02
7.47
2.81
0.22
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Potentiometric titration of biogenic Mn oxide-coated bacteria with ~ 70-90 g/L with

NaNOj background electrolyte, purged with high purity N; at 20 psi.

pH 1S0.001 | pH 1S 0.01 pH 1S 0.1
2.2099 0031222 | 2.2651 0.036832 | 2.2268 0.040801
2.2099 0.030686 | 2.2651 0.036143 | 2.2268 0.040092
2.2099 0.030153 | 2.2651 0.035457 | 2.2285 0.039725
2.2099 0.029092 | 2.2703 0.035011 | 2.2285 0.038323
22117 0.027246 | 2.272 0.032622 | 2.2303 0.035892
2.2345 0.026306 | 2.2877 0.030051 | 2.2513 0.034434
2.2432 0.020432 | 2.3173 0.024873 | 2.2828 0.030288
2.2957 0.014512 | 2.3747 0.019619 | 2.3283 0.023832
2.343 0.012174 | 2.4077 0.013443 | 2.3265 0.01078
2.3955 0.0099319 | 2.4512 0.006890 | 2.4280 0.010051
2.4374 0.0061093 | 2.5243 0.004268 | 2.4420 0.006069
2.4585 58le-5 | 25678 0.001471 | 2.5120 0.003074
2.5652 -0.000491 | 2.6044 -0.003959 | 2.5488 0.000208
2.5757 -0.003376 | 2.6948 -0.006146 | 2.6048 -0.00348
2.6124 -0.006826 | 2.7453 -0.007827 | 2.6398 -0.00658
2.6649 -0.009132 | 2.7697 -0.012894 | 2.6958 -0.01036
2.7507 -0.009761 | 2.8636 -0.015981 | 2.7658 -0.01268
2.7805 -0.011745 | 2.9228 -0.017398 | 2.8183 -0.01507
2.8224 -0.015292 | 3.008 -0.018924 | 2.8865 -0.01784
2.8942 -0.017954 | 3.0916 -0.020522 | 2.9460 -0.02072
2.9869 -0.01886 | 3.1977 -0.022115 | 3.0213 -0.02347
3.0307 -0.020196 | 3.3056 -0.023381 | 3.1005 -0.02555
3.1969 -0.020862 | 3.3839 -0.024964 | 3.2015 -0.02695
3.2127 -0.022141 | 3.5092 -0.026896 | 3.2295 -0.02916
3.2652 -0.024362 | 3.7475 -0.027706 | 3.3660 -0.03175
3344 -0.026224 | 3.805 -0.028282 | 3.4273 -0.03234
3.5085 -0.026276 | 3.9703 -0.029333 | 3.4308 -0.03229
3.6135 -0.025607 | 4.1008 -0.030072 | 3.4325 -0.03248
3.6135 -0.025765 | 4.2069 -0.030947 | 3.4325 -0.03268
3.6135 -0.025921 | 4.3513 -0.032316 | 3.4325 -0.03308
3.6135 -0.026234 | 4.6454 -0.033681 | 3.4780 -0.03336
3.617 -0.026835 | 4.6941 -0.033859 | 3.4798 -0.03438
3.6572 -0.027845 | 4.6889 -0.033863 | 3.5638 -0.03558
3.7902 -0.028825 | 4.6889 -0.034059 | 3.58305 | -0.03674
3.8147 -0.029628 | 4.6889 -0.034254 | 3.6793 -0.03861
3.9634 -0.030932 | 4.7376 -0.034613 | 3.8385 -0.03944
4.1034 -0.031477 | 4.7915 -0.035107 | 3.8595 -0.04023
4.1857 -0.031913 | 5.0334 -0.036049 | 3.9208 -0.04172
43152 -0.032829 | 5.0369 -0.03646 | 4.0135 -0.04353
4.4009 -0.033968 | 5.1656 -0.037245 | 4.1833 -0.04516
4.5532 -0.035553 | 5.1726 -0.037683 | 4.2638 -0.04606
4.6687 -0.036654 | 5.4145 -0.038513 | 436705 | -0.04765
4.7982 -0.037836 | 5.4893 -0.03877 | 4.58755 | -0.04942
49172 -0.039043 | 5.5745 -0.039291 | 4.5858 -0.05026
4.9925 -0.040391 | 5.7938 -0.040324 | 4.84305 | -0.05174
5.1622 -0.042187 | 5.8077 -0.040947 | 4.84305 | -0.05215
5.3425 -0.04309 | 6.1557 -0.042169 | 4.90255 | -0.05296
5.3897 -0.043554 | 6.1557 -0.042433 | 4.95855 | -0.05375
5.5262 -0.044469 | 6.2323 -0.042958 | 5.14055 | -0.05529
5.6014 -0.045166 | 6.2966 -0.04341 | 5.2543 -0.0561
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5.7554
5.8902
6.004

6.0372
6.2105
6.2892
6.3644
6.4887
6.6795
6.7354
6.7932
7.0627
7.089

7.2115
7.2744
7.4355
7.5317
7.7049
7.7924
7.8974
8.0864
8.1687
8.2982
8.4382
8.3472
8.342

8.3525
8.363

8.4032
8.4854
8.608

8.7199
8.8337
8.9282
9.0227
9.1014
9.1994
9.273

9.3429
9.4024
9.4515
9.4987
9.5267
9.5844
9.6404
9.6895
9.7262
9.7787
9.8224
9.8364
9.875

9.882

-0.046384
-0.047315
-0.048182
-0.048772
-0.049934
-0.050459
-0.051416
-0.052089
-0.053967
-0.054514
-0.055592
-0.057186
-0.057629
-0.058503
-0.059057
-0.060125
-0.060813
-0.061743
-0.062327
-0.063208
-0.064207
-0.064713
-0.065535
-0.066286
-0.066291
-0.066365
-0.066438
-0.066585
-0.066876
-0.067449
-0.068287
-0.069133
-0.070018
-0.070911
-0.071886
-0.072893
-0.073974
-0.074891
-0.075934
-0.077034
-0.078196
-0.078778
-0.07952
-0.080722
-0.081722
-0.0827
-0.083758
-0.084852
-0.085749
-0.086771
-0.087918
-0.088053

6.4898
6.6272
6.6255
6.6742
6.6916
6.6934
6.8012
6.7978
6.9265
6.9283
7.0205
7.017

7.2519
7.3493
7.3459
7.5599
7.619

7.5877
7.5842
7.579

7.5842
7.8696
7.8713
7.9757
8.0001
8.0732
8.188

8.1368
8.5151
8.6996
8.7622
8.837

9.0545
9.0876
9.2599
9.2894
9.3869
9.4739
9.6218
9.7088
9.8167
9.9559
10.017

-0.044305
-0.044839
-0.045408
-0.045407
-0.045576
-0.045745
-0.046081
-0.046309
-0.046764
-0.047023
-0.047537
-0.047919
-0.048678
-0.048912
-0.049242
-0.049894
-0.050117
-0.050117
-0.050276
-0.050435
-0.050752
-0.051376
-0.051543
-0.051874
-0.052104
-0.052563
-0.053244
-0.054157
-0.055264
-0.05596

-0.056415
-0.057323
-0.058856
-0.059574
-0.06091

-0.061548
-0.06277

-0.063806
-0.065181
-0.066191
-0.067561
-0.06886

-0.069881

5.36805
5.4818
5.66905
5.66905
5.72505
5.94905
5.9473
5.9473
6.1853
6.1853
6.1853
6.4338
6.4828
6.5265
6.6508
6.7488
7.0043
7.0761
7.2423
7.3403
7.5048
7.6063
7.7883
7.9108
8.0805
8.2328
8.2555
8.4095
8.4725
8.4673
8.7403
8.8173
8.7018
8.7018
8.7018
8.7018
8.7053
8.77005
8.9048
8.9258
8.99405
9.0623
9.1358
9.2233
9.3178
9.3755
9.4578
9.5610
9.6540
9.70805
9.7868
9.78505

-0.05703
-0.05824
-0.05967
-0.06003
-0.06074
-0.06146
-0.06173
-0.06227
-0.06332
-0.06362
-0.06421
-0.06538
-0.06569
-0.06631
-0.06754
-0.06849
-0.06978
-0.07205
-0.07119
-0.07193
-0.073

-0.07383
-0.07494
-0.07563
-0.07642
-0.07701
-0.07754
-0.07859
-0.07909
-0.08008
-0.08199
-0.08241
-0.08243
-0.08252
-0.08262
-0.08281
-0.08243
-0.08252
-0.08262
-0.08281
-0.08318
-0.08391
-0.08454
-0.08948
-0.09086
-0.09206
-0.09354
-0.09476
-0.09565
-0.09682
-0.09796
-0.09797
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Potentiometric titration of L. discophora SP-6 with ~30-60 g/L with NaNO; background
electrolyte, purged with high purity N, at 20 psi.

pH 1S0.001 | pH IS 0.01 pH 1S 0.1
9.9712 -0.2307 | 2.3861 2012191 | 2.1821 -0.0266
9.973 -0.23014 | 2.3861 -0.12196 | 2.2066 -0.02862
9.9626 022961 | 2.3861 -0.12201 | 2.2556 -0.03286
9.9609 20.22852 | 23921 -0.12212 | 2.3011 -0.03869
9.9575 -0.22636 | 2.4068 -0.12232 | 2.3554 -0.04184
9.9042 -0.22228 | 2.4431 -0.12276 | 2.4026 -0.04563
9.868 0.21814 | 2.507 -0.12353 | 2.4569 -0.04921
9.7958 -0.21027 | 2.5986 -0.12268 | 2.4901 -0.05061
9.6995 020215 | 2.685 -0.12274 | 2.5478 -0.05281
9.6255 -0.19595 | 2.761 -0.12288 | 2.6091 -0.05518
9.5361 -0.18913 | 2.8993 -0.12308 | 2.6721 -0.05784
9.4707 -0.18296 | 2.9891 -0.12318 | 2.7438 -0.05989
9.3538 -0.17638 | 3.1187 -0.12331 | 2.8086 -0.06257
9.2832 -0.1725 | 3.2518 -0.12342 | 2.8979 -0.06432
9.1904 -0.16748 | 3.3658 -0.12347 | 2.9731 -0.06617
9.0906 -0.16266 | 3.5628 -0.12354 | 3.0694 -0.06797
8.9994 -0.15842 | 3.7062 -0.12362 | 3.1621 -0.06982
8.9117 -0.15531 | 3.7909 -0.12371 | 3.2776 -0.07138
8.8034 -0.15224 | 4.0639 -0.12378 | 3.3844 -0.0729
8.7156 -0.14953 | 4.254 -0.12386 | 3.4369 -0.07359
8.5987 -0.1462 | 4.5391 -0.12392 | 3.4369 -0.07359
8.4611 -0.14321 | 4.5944 -0.12398 | 3.4386 -0.07399
8.3648 -0.14109 | 4.6083 -0.12404 | 3.4578 -0.07392
8.1859 -0.13844 | 5.353 0.1241 | 3.4806 -0.07423
8.0861 20.137 | 53617 -0.12416 | 3.5261 -0.07492
7.9399 -0.13499 | 5.3651 -0.12421 | 3.6346 -0.07626
7.8023 -0.13317 | 5.3686 -0.12423 | 3.7641 -0.07796
7.6647 20.13132 | 6.4278 -0.12423 | 3.9146 -0.07982
7.5306 -0.12947 | 6.4693 -0.12424 | 4.0581 -0.08158
7.3998 0.1276 | 6.4814 -0.12424 | 4.2069 -0.08339
7.2691 -0.12571 | 6.7855 -0.12425 | 4.3591 -0.08528
7.147 -0.12381 | 6.7976 -0.12427 | 4.5289 -0.08724
7.0438 -0.12186 | 6.8927 -0.12432 | 4.6741 -0.08901
6.9148 -0.11969 | 7.0067 -0.12437 | 4.8439 -0.09114
6.7789 -0.11787 | 7.0102 -0.12443 | 5.0328 -0.09332
6.6774 -0.11646 | 7.3627 -0.12449 | 5.1746 -0.09508
6.5932 -0.11535 | 7.361 -0.12455 | 5.3461 -0.09723
6.576 -0.11535 | 7.5061 -0.12461 | 5.5106 -0.09939
6.5725 20.1152 | 7.5009 -0.12468 | 5.6716 -0.10161
6.5742 -0.11504 | 7.4992 -0.12474 | 5.8099 -0.10392
6.5605 -0.11474 | 7.7498 -0.12481 | 5.9201 -0.10657
6.4986 -0.11414 | 7.8638 -0.12488 | 6.1073 -0.10997
6.459 -0.11335 | 7.9347 -0.12494 | 6.2403 -0.11207
6.3025 0.1118 | 7.9364 20.12501 | 63734 -0.11419
6.2302 -0.11097 | 8.2008 -0.12508 | 6.5588 -0.11671
6.0789 -0.10946 | 8.2613 -0.12515 | 6.7006 -0.11856
5.9671 -0.10827 | 8.2422 -0.12523 | 6.8406 -0.12061
5.8123 -0.10686 | 8.3114 -0.12532 | 7.0506 -0.12295
5.6988 -0.10577 | 8.3096 -0.12543 | 7.1783 -0.12435
5.5732 -0.10447 | 8.4099 -0.1255 | 7.4356 -0.12619




5.4528
5.3204
5.2258
5.1105
4.9987
4.8835
4.7923
4.6582
4.5842
4.524
4.2454
4.223
4.1542
4.0785
3.9461
3.8721
3.7552
3.6674
3.5711
3.4817
3.394
3.3183
3.2426
3.1824
3.1532
3.1635
3.1635
3.16
3.1566
3.1411
3.117
3.074
3.0173
2.9743
2.9296
2.8917
2.859
2.8264
2.7971
27713
2.761
2.7438
2.7197
2.6974
2.6767
2.6578
2.6389
2.6234
2.6062
2.5907
2.577
2.5752
2.5305

-0.10312
-0.10171
-0.1004
-0.09885
-0.09735
-0.09587
-0.09446
-0.09294
-0.09192
-0.09108
-0.08993
-0.08954
-0.08884
-0.08805
-0.0871
-0.08641
-0.08563
-0.08505
-0.08448
-0.08401
-0.08366
-0.08334
-0.08316
-0.08289
-0.083
-0.08279
-0.08272
-0.08272
-0.08265
-0.0827
-0.08268
-0.08262
-0.08282
-0.08283
-0.08307
-0.08325
-0.08337
-0.08363
-0.08387
-0.08405
-0.08416
-0.08423
-0.08455
-0.08486
-0.08517
-0.08544
-0.0858
-0.08599
-0.08637
-0.08668
-0.08693
-0.0869
-0.13499

8.4513
8.5377
8.6742
8.8246
8.9317
9.0579
9.1702
9.2739
9.3551
9.457

9.5192
9.5884
9.6454
9.6938
9.7318
9.75%4
9.7871
9.8095
9.8303
9.851

9.8666
9.8787
9.8925
9.9011
9.908

9.9184

-0.12557
-0.12565
-0.12571
-0.12578
-0.12586
-0.1259

-0.12597
-0.12599
-0.12621
-0.12622
-0.12624
-0.12625
-0.12633
-0.12641
-0.12642
-0.12643
-0.12645
-0.12653
-0.12656
-0.12661
-0.12663
-0.12667
-0.12669
-0.12673
-0.12677
-0.12682

7.4916
7.7313
7.7243
7.8136
7.8119
7.8924
7.9466
7.9309
7.9571
8.0323
8.1164
8.2511
8.5101
8.5451
8.7306
8.7586
8.8653
8.9739
9.0928
9.2241
9.3378
9.4761
9.5934
9.7123
9.8174
9.9223
10.027
10.117
10.132

-0.12704
-0.13353
-0.13391
-0.13465
-0.13494
-0.13718
-0.13979
-0.14008
-0.14036
-0.14093
-0.14325
-0.1443
-0.14567
-0.14634
-0.14762
-0.14826
-0.14949
-0.15056
-0.15193
-0.15374
-0.15581
-0.15823
-0.16055
-0.16302
-0.16552
-0.16814
-0.1707
-0.17322
-0.174
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APPENDIX H

CRYSTALLOGRAPHY DATA

The crystallography information of all minerals provides the space group, unit cell, and
XYX coordination.

Mineral name: Todorokite (Post and Bish, 1988)

Space group P 2/M
a=9.764
b=2.8416
c=9.551
B =94.06; y =90.00; o = 90.00
Atom X Y Z
Mn 0.500 0.500 0.000
Mn 0.764 0.000 0.001
Mn 0.000 0.000 0.500
Mn 0.974 0.500 0.765
0 0.178 0.500 0.119
O 0.418 0.000 0.079
0 0.665 0.500 0.090
0 0.917 0.000 0.150
O 0.913 0.500 0.407
O 0.880 0.000 0.649
O 0.363 0.000 0.353
O 0.696 0.500 0.380
O 0.500 0.500 0.500

Mineral name: Ramsdellite MnO, (Bystrom, 1949)

Space groupPbnm

a=4.533

b=9.270

c=2.866

B =90.00; y=90.00; o = 90.00

Atom X Y Z
Mn 0.022 0.136 0.250

0 0.333 0.275 0.250
0 0.211 -0.033 0.250

210



Mineral name: Birnessite (Post and Veblen, 1990)

Space group C 2/m

a=>5.174
b=2.850
c=7.336

B =103.18; y=90.00; o = 90.00

Atom X Y Z
Mn 0.000 0.000 0.000
0 0.376 0.000 0.133
Na 0.595 0.000 0.500
0 0.595 0.000 0.500
O 0.000 0.000 0.500
Mineral name: Pyrolusite (B-MnQO,) (Wyckoff, 1963)
Space group P 42/m n m
a=4.396
c=2.871
B =90.00; y=90.00; a = 90.00
Atom X Y Z
Mn 0.000 0.000 0.000
0 0.302 0.302 0.000
Mineral name: Chalcophanite (Post and Appleman, 1988)
Space group R-3
a=17.533
b=7.533
c=20.794
B =90.00; y=120.00; o = 90.00
Atom X Y Z
Zn 0.000 0.000 0.099
Mn 0.718 0.578 0.999
) 0.528 0.623 0.047
O 0.261 0.206 0.050
O 0.000 0.000 0.712
0 0.179 0.931 0.164
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Mineral name: Romanechite (Ba, H,0);MnsO;o (Turner and Post, 1988)

Space group C2/m
a=13.939
b=2.8359
c=9.678

B =92.39; y=90.00; a =90.00

Atom X Y Z
Mn 0.000 0.500 0.000
Mn 0.999 0.000 0.269
Mn 0.340 0.000 0.484
Mn 0.000 0.167 0.000
Mn 0.500 0.167 0.267
Mn 0.839 0.166 0.484

0) 0.567 0.000 0.177
0) 0.098 0.000 0.462
0) 0.766 0.000 0.392
(0] 0.426 0.000 0.337
(0] 0.925 0.000 0.068
(0] 0.067 0.166 0.177
0] 0.597 0.167 0.423
0] 0.266 0.166 0.398
O 0.924 0.166 0.334
0] 0.427 0.168 0.075
Ba 0.245 0.000 0.123
Ba 0.747 0.166 0.124
0] 0.249 0.000 0.143
0] 0.753 0.173 0.129
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Mineral name: Lithiophorite (Post and Appleman, 1994)

Space group R-3m
a=20925
c=28.169

B = 90.00; y = 90.00; 0. = 90.00

Atom X Y Z
Mn 0.000 0.000 0.000
Al 0.333 0.667 0.016
Li 0.333 0.667 0.016

(0] 0.667 0.333 0.034
0) 0.667 0.333 0.132
H 0.667 0.333 0.099
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