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CHAPTER 36
IRON AND MANGANESE REDUCTION/OXIDATION

Martin Pentrak, Linda Pentrakova, and Joseph W. Stucki
University of Illinois

INTRODUCTION

Many materials, including soils, sediments, and clay minerals, can exist in a reduced or
partially reduced state, through either natural or laboratory processes. To accurately characterize
such materials, they must be sampled, handled, and analyzed under conditions which prevent or
minimize reoxidation. Nowhere is this phenomenon more prevalent than in wetlands.
Submersion of the soil greatly impedes the diffusion of atmospheric oxygen into its pores,
causing oxygen to become depleted rapidly in that environment due to microbial respiration.
Once the oxygen is gone, heterotrophic microorganisms look for other electron acceptors as they
continue to respire. Iron (Fe) and manganese (Mn) in constituent soil minerals, being transition
metals, are readily enticed into participating in such reduction and reoxidation (redox) processes
(Munch and Ottow, 1977, 1980, 1982; Munch et al., 1978; Lovley and Phillips, 1986a, b; Stucki
and Getty, 1986; Lovley, 1991, 1993, 1995; Lovley et al., 1993; Genin et al., 2006; Stucki and
Kostka, 2006; Dong et al., 2009; Pentrakova et al., 2013) and, thus, assume the role as electron
acceptors in place of oxygen. When the soil is drained or sampled, oxygen rapidly reenters the
pore space and invokes reoxidation. Such redox cycles create an environment where the
chemical and physical properties of the wetland soils can change dynamically over space and
time with fluctuations in weather, climate, and anthropogenic activity.

In this Chapter, methods for handling and analyzing samples for the different oxidation
states of Fe and Mn will be described. Sampling methods for wetlands are described in other

parts of this volume and in the literature, and many are suitable for or can be adapted to exclude
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atmospheric oxygen. One simple method is described here. Once a sample is acquired,
specialized handling is required for its storage and preparation for analysis. Depending on the
type of analysis, further adaptations of normal sample holders may also be required. Techniques
and apparatus used in the author’s laboratory for these purposes will be presented.

In mixed-valent or reduced Fe-bearing minerals, considerable attention is paid to the need
for protecting samples from the atmosphere. Studies of Mn, on the other hand, rarely mention
any such efforts. The authors suggest that failure to do so could present a serious impediment to
the accurate delineation of Mn oxidation states in wetlands.

SAMPLING

A simple method for obtaining a soil sample from a wetland uses an air-tight syringe
(such as an AirTite™ All-plastic Norm-Ject™ syringe, Thermo-Fisher catalog no. 14-817-35)
and a rubber stopper to fit the inside of the syringe barrel. The needle end of the syringe is cut
off, leaving the full diameter of the barrel exposed (Figure 1). The plunger is then inserted into
the barrel and pushed in until it is flush with the exposed, cut-off end.

At the sampling site, the syringe is pushed vertically downward, cut-off end first, to the
depth of the top of the sediment column to be sampled. The plunger is then held firmly in that
position while the barrel is pressed deeper into the sediment, creating a suction that pulls the
desired amount of sample into the barrel. The rubber stopper is then inserted into the bottom
(cut-off) end of the submerged barrel. The syringe assembly with sample inside is then removed
from the sampling position, the outside cleaned and dried, and the plunger and stopper taped
with duct tape to prevent them from moving. This assembly is then taken to the lab for sample

processing.
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INERT-ATMOSPHERE SAMPLE HANDLING

Apparatus for storing and processing samples under an inert atmosphere have been
described by Stucki et al. (1984, 2013) and Wu et al. (1989). Samples must be stored in an
atmosphere purged with oxygen-free gas (N2, Ar, or N,-H, mixture). A variety of glove boxes
are commercially available for this purpose (such as Vacuum Atmospheres, Hawthorne,
California; Coy Laboratory Products, Grass Lake, Michigan). Glove bags can also be used, but
are recommended only for very brief, temporary storage due to their propensity to leak and the
difficulty of establishing working space within them. Glove boxes are constructed with an ante-
chamber where samples can be introduced without oxygen contamination, and a regenerable
oxygen scrubber through which the inside atmosphere is continuously circulated to preserve its
oxygen-free condition. Other important capabilities to have inside the box are electrical power,
room to place an analytical balance, bulk-head fittings through which cold-water can be
circulated from the outside (for a thermo-electric cold plate used in freeze drying), a vacuum
port, and shelves on which samples can be stored conveniently within reach of the gloves.

Most ante-chambers use a repetitive evacuation/inert-gas refill procedure to purge their
atmospheres of oxygen. Users must recognize this and prepare their sample containers to
withstand the pressure gradient between the sample vessel and the ante-chamber vacuum during
this procedure. Any container with contents that will be adversely affected by exposure to
vacuum must be closed with a positive seal, such as a crimp, clamp, tape, or screw cap, before
being placed in the ante-chamber. For example, the plunger and rubber stopper in the syringe
assembly described above will be forced out of the barrel during the ante-chamber evacuation
step unless they are taped closed. Once opened inside the glove box, the atmosphere will be

contaminated with the atmosphere inside the container, the extent of which depends on the
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number of samples and size of container. This usually is not a large concern because the
continuous purging through the oxygen scrubber will rapidly remove the contaminating oxygen.

Glove-box users must also recognize that oxygen scrubbers usually also remove H,0, so
the contents of containers left open inside the box will dehydrate. Keeping all samples inside
closed containers when not in use is, therefore, highly recommended. Samples can also be freeze
dried inside the glove box, using a thermo-electric cold plate as described by Stucki et al. (2013).

In order to manipulate aqueous dispersions of sediment samples, two key pieces of
apparatus or their equivalent are absolutely necessary. The first is an inert-atmosphere reaction
tube (IRT) (Figure 2); the second is a controlled atmosphere liquid exchanger (CALE) (Figure
3). These types of apparatus have been used for decades in the junior author’s laboratory (Stucki
et al., 1984), and the current versions are described in detail by Stucki et al. (2013). Briefly, the
reaction vessel is a 50-mL, Oak Ridge type, polycarbonate centrifuge tube with a septum-sealed
cap. Access to the sample and sample solution is accomplished by inserting 22 gauge, 6-inch,
deflected-point septum-penetration needles through the septum. These reaction tubes fit well into
a Sorvall centrifuge SS-34 rotor or similar, so they can be centrifuged at forces up to about
35,000 x g to separate solids from liquids.

The CALE consists of an assembly of distillation flasks containing aqueous solutions of
the user’s choice which can be readily deoxygenated by heating to boiling while purging with an
oxygen-free gas. This apparatus is plumbed so that the supernatant in the centrifuged IRT can be
removed and discarded or saved, as necessary, and replaced with a selected deoxygenated
solution. This ability to exchange fluids within the sample without exposure to the atmosphere
make such an apparatus invaluable for a myriad of purposes, including the determination of

cation exchange capacity, cation fixation capacity, swellability, chemical composition, oxidation



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

state, crystal structure, specific surface area, clay-organic interactions, and any other purpose
requiring control over the composition of the liquid phase in the air-sensitive sample.

Asserted efforts to exclude oxygen, as described above, are an effective, although not
complete, means for retarding reoxidation. For example, Stucki et al. (2013) kept reoxidation to
as little as about 10 to 15% of the initial Fe(Il) content of the extreme case of fully reduced
ferrugninous smectite during five centrifuge-washing steps. Without use of the CALE and IRT,
more than 60% of the reduced Fe was reoxidized by the same number of washings. The
reversibility of redox reactions or reoxidation also depends on other factors (Shen and Stucki,
1994; Komadel et al., 1995), such as changes in expandability of the smectite, surface hydration
energy, and extent of initial reduction (Stucki et al., 2000; Ribeiro et al., 2009).

While the apparatus and procedures described above were developed for Fe-bearing
systems, they should be useful for Mn-containing samples as well, although the authors have no
personal experience with this. Mn is more complex than Fe due to having more oxidation states

and large differences in solubilities depending on the oxidation state.

IRON

Three methods for the quantitative analysis of soils and clay minerals for Fe oxidation
state were compared by Amonette et al. (1994, 1997), namely, vanadate titration (Amonette and
Scott, 1991), chromophoric absorption with 1,10-phenanthroline (Komadel and Stucki, 1988;
Amonette and Templeton, 1998), and Mdssbauer spectroscopy. For Fe in (oxyhydr)oxides and
solutions, the method by Stookey (1970) using ferrozine is often used, but this method is

unreliable for silicates due to inadequate dissolution (Anastacio et al., 2008). Mossbauer
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spectroscopy gives semi-quantitative Fe(l1):Fe(l1l) ratios, but is not as well suited for
quantitative analysis as are the chemical methods.

The recommended method for Fe oxidation state analysis was described by Komadel and
Stucki (1988) with refinements by Amonette and Templeton (1998). This method relies on the
color of the tris(1-10 phenanthroline)iron(11) complex, which has an absorbance maximum at
510 nm, for determination of Fe(ll). It also relies on this complex being stable against
reoxidation at low pH (Schilt, 1967), so, upon dissolution in H,SO,4-HF solution in the presence
of this chelate, the ferrous iron in the sample is immediately captured and stabilized with no
further need to be protected from the atmosphere. Finally, the method relies on and takes into
account the phenomenon that the reaction of ferric iron in solution with 1-10 phenanthroline is
different from ferrous iron. Rather than forming tris(1,10-phenanthroline)iron(l11) in solution,
analogous to ferrous iron, ferric iron forms the tetrakis(l,10-phenanthroline)-p-oxodiiron(l11)
complex (Wehry and Ward, 1971; David et al., 1972; Stucki, 1981), which is colorless. This
dinuclear ferric complex is photochemically active and can be quantitatively reduced to tris(1,10-
phenanthroline)iron(ll) by exposure to light in the presence of excess 1,10-phenanthroline. The
active wavelength range for this reaction is < 365 nm. Because visible light intensity extends
somewhat into this region, the initial solution obtained by this method must be kept in amber
bottles or under red lamps to prevent any Fe(l11) initially in the sample from being
photochemically reduced to ferrous iron until the Fe(ll) content has been determined. This
phenomenon is then exploited in the determination of total Fe (see below).

If the Fe(l1) content is desired on the absolute basis of mass of sample, the best approach
is to freeze dry the sample first inside the glove box (Stucki et al., 2013). A mass of about 30 mg

can then be measured on the analytical balance inside the glove box, closed in the digestion
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vessel, removed from the glove box, and opened to immediately receive the acid-digestion and
1,10-phenanthroline solutions. After digestion in a boiling water bath, appropriate dilutions are
made and the solution is analyzed for color intensity at 510 nm. Because of the photoactivity of
the tetrakis(l,10-phenanthroline)-u-oxodiiron(I11) complex, if ferric iron is also present this
method has the great advantage of being able to determine total Fe (and, thus, ferric iron by
difference) on the same diluted solution used to measure Fe(l1), which saves duplication of all
dilution steps. Subsequent to the Fe(ll) analysis, complete photochemical reduction of any
Fe(I11) present in the sample is accomplished by exposing the sample solution to an ultraviolet
light (Figure 4) where the photochemical reduction reaction occurs and is complete after about
90 min. While normal room light invokes some photochemical reduction, its wavelengths are not
the optimum for achieving a quantitative conversion. Hence, the ultraviolet lamps are employed
for this purpose. Absorbance values are then converted to concentration using the Beer-Lambert
Law.

If a measure of only the Fe(ll):total Fe ratio is desired, freeze drying is unnecessary and
the sample may be submitted to the 1,10-phenanthroline method in the gel state. The
concentration (c) ratio is obtained directly from the absorbance values (A) for Fe(Il) and total Fe,
adjusted for their absorptivities (g) (0.1861 + 0.0088 L/ug and 0.2015 + 0.0029 L/ug,
respectively) using the Beer-Lambert Law, viz.

Cre() _ Areq) . ETotal Fe [1]

CTotal Fe ATotal Fe €Fe(lD)

MANGANESE
Manganese (Mn) is a common metal in the earth’s crust (~ 0.1 wt.%). It occurs in rocks

and soils and is dispersed in water and air, but it is not found naturally in its pure metal state
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(zero oxidation state). Manganese is a first-row transition metal (e.g. Fe, Cr, V) with similar
properties and many analogous characteristics as the other metals in that row. Its properties and
behavior in minerals, soils, sediments, and wetlands have been studied extensively (see, for
example, Ebinger and Schulze, 1989, 1990; Rhoton et al., 1993; Schulze et al., 19953, b;
Scheinost et al., 2001; Guest et al., 2002; Li et al., 2003; Kirk, 2004; Marcus et al., 2004;
Marques et al., 2004; Thompson et al., 2005, 2006; Sima et al., 2007; Bargar et al., 2009;).

The common oxidation states of Mn in soils and sediments are I, 111, and IV. Among the
minerals in which it is found are birnessite (6-MnO,), todorokite
(Na,Ca,K,Ba,Sr(Mn**,Mn** Mg,Al)sO1.-3H,0), manganite (MnO(OH)), hollandite
(Ba(Mn?*Mn*");016), pyrolusite (MnO,), braunite (Mn*Mns**(Si04)Os), and psilomelane
(Ba(Mn*")(Mn*")gO16). In solution, its permanganate (V1) oxidation state is a strong oxidant.
Mn in its Il oxidation state is often found in drainage water from acid-mine (AMD) and coal-
mine (CMD) drainage areas and is naturally mobile. It is carried by the drainage water into
ditches, streams, and rivers, and thus reaches wetlands in ample quantities where it becomes
immobilized or precipitated in its higher oxidation states (I111 and 1V) by oxidation through active
(chemically) or passive (biologically by bacteria) processes (Nealson and Ford, 1980; Chapnick
et al., 1982; Greene and Madgwick, 1988; Bargar et al., 2000; Webb et al., 2005; Villalobos et
al. 2006; Feng et al., 2010; Grangeon et al., 2010; Tan et al., 2010). Mn is sometimes found, but

rather uncommonly, as a constituent cation in phyllosilicates.

Total Mn Analysis
Determination of total Mn requires an acid extraction/digestion step before analysis. The

details vary with the specific characteristics of the sample, but treatment usually includes heating
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in nitric acid, oxidation with hydrogen peroxide, and filtration and/or centrifugation to remove
insoluble matter (Gambrell and Patrick, 1982). The three most widely used detection methods for
total Mn in soil minerals and biological and environmental samples are (1) atomic absorption
spectrophotometry (AAS) (Gauthreaux et al., 2001), (2) fluorometric analysis (Biddle and
Wehry, 1978), and (3) colorimetric analysis (Beyer and Fridovich, 1988; Kostka et al., 1995).
Mekonnen et al. (2013) used laser-induced breakdown spectroscopy (LIBS). This method and
AAS were able to determine exchangeable Mn and Mn bound in carbonates, Mn/Fe oxides, and
Mn in organic matter. Mn can also be determined by the multi-elemental methods of neutron
activation analysis, plasma atomic emission, inductively coupled plasma (ICP) atomic emission
spectroscopy (Pandey et al., 1998; Meneses et al., 1999; Brewer and Belzer, 2001; Chen and Ma,
2001; Espinosa et al., 2001; Llobet et al., 2002; Vaughan et al., 2012; El-Taher et al., 2013), and
X-ray absorption spectroscopy (XAS) (Mackle et al., 1993; Boonfueng et al., 2005; Arai, 2011).
Detection limits vary among these methods so the user should be careful to select the right one
for the intended purposes (Kucera et al., 1986; Abbasi, 1988; Lavi et al., 1989; Mori et al., 1989;
Zeiner et al., 2013). Llobet et al. (2002) used ICP mass spectrometry with a 0.02 mg/Kg
detection limit to measure Mn in soils and plants, while Pandey et al. (1998) analyzed
atmospheric particulates using ICP optical emission spectrometry with a Mn detection limit of
0.001 pg/L.

The oxidation state of Mn is closely linked to its mineralogy, so studies of the mineralogy
are relevant when considering its oxidation state. Many such studies have been carried out,
including using Extended X-ray absorption fine structure spectroscopy (EXAFS) (Murray et al.,
1985; Friedl et al., 1997; Bargar et al., 2000; Negra et al., 2005; Cerrato et al., 2010; Tan et al.,

2010). Synchrotron-based X-ray diffraction and Mn K-edge EXAFS spectroscopies have also



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

been used in studies such as for Mn removal from CMD. Tan et al. (2010) performed chemical
(active) and biological (passive) treatments of CMD, which led to oxidative precipitation of Mn
oxides (MnOy). Also receiving significant attention is Mn in all sites of poorly crystalline
hexagonal and triclinic birnessite (Lanson et al., 2000; Li et al., 2012) and in todorokite (Golden

etal., 1987; Grangeon et al., 2010; Feng et al., 2010).

Mn Oxidation State Analysis

Quantitative measurement of Mn(I1), Mn(l11), and Mn(1V) in minerals, soils, and
sediments is challenging, to say the least, and only semi-quantitative results or ratios of the
various states can be expected. No consensus is yet evident as to the best method to differentiate
its oxidation states, and many reports lack sufficient detail to enable replication; but, three
general approaches are used: (1) direct spectroscopic analysis, (2) selective extraction, or (3)

colorimetric measurement of dye complexes.

Spectroscopic Methods

Direct spectroscopic differentiation of Mn(I1), Mn(111), and Mn(1V) is most easily
accomplished or deduced using a synchrotron, or less quantitatively by X-ray photoelectron
spectroscopy. In all such methods, however, only the ratios can be determined. Semi-quantitative
amounts on a mass basis must rely on calculation from total Mn values. Knowing the Mn
mineral structures is also very helpful in these determinations because a change in oxidation state
of Mn also involves a change in the structure or identity of the comprising mineral.

The most commonly used spectroscopic method is X-ray absorption near-edge

spectroscopy (XANES). The lines observed in the Mn K-edge XANES spectra are sensitive to

10



234 changes in oxidation state (peak position) and local coordination environment (peak shape).

235  XANES is the principal method to determine the average oxidation state (AOS) and coordination
236  geometry of Mn in samples maintained under natural conditions. Mn(ll) has a K XANES

237 spectrum characterized by a peak at 6553.2 eV, Mn(l11) in the mineral bixbyite (Mn,O3) is

238  characterized by a peak at 6557.0 eV, and Mn(IV) in birnessite is characterized by a peak at
239  6561.5 eV. These values often vary slightly depending on the particular mineral or phase that is
240  present; and these minerals are never purely of the stated oxidation state but contain minor

241  quantities of the others. Studies describing this technique have been published by Manceau et al.
242 (19923, b), Schulze et al. (1995), Lanson et al. (2000), Guest et al. (2002), Villalobos et al.

243 (2003, 2006), Webb et al. (2005), Feng et al., (2010), and Grangeon et al. (2010). Chalmin et al.
244 (2009) carried out a detailed calibration of XANES peak profiles for the full range (I to VII) of
245  Mn oxidation states.

246 Other spectroscopic methods have also been used, but to a much lesser extent. The

247  products of the heterogeneous oxidation of Mn(ll)aq at the surfaces of hematite, goethite, and
248  albite were studied by Junta et al. (1994). They used Scanning Force Microscopy (SFM), X-ray
249  Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Auger Electron

250  Spectroscopy (AES), Scanning Auger Microscopy (SAM), and X-ray Diffraction (XRD). Their
251  resulting precipitates consisted of Mn(l11)-bearing oxyhydroxides, predominantly feitknechtite
252 (B-MnOORH).

253 Bilinski et al. (2002) had some success using combinations of energy dispersive X-ray
254  spectroscopy (EDS), proton induced X-ray emission spectroscopy (PIXE), X-ray diffraction

255  (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),

11



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

thermogravimetry (TG), differential thermogravimetry (DTG), differential scanning calorimetry

(DSC), and infrared spectroscopy (IR).

Sequential Extraction

Using sequential extraction in combination with XANES, Guest et al. (2002) established
a method by which semi-quantitative assessment of Mn oxidation states in different phases
within a sample can be estimated. The total Mn extracted in each step was determined by AAS
and the oxidation states remaining in the solid phase were determined by XANES. Chemical and
spectroscopic results were generally well correlated. The sequential extraction steps were: (1) 1
M NHAc at pH 7, which extracts water-soluble and exchangeable Mn, assumed to be primarily
Mn(l1); (2) 1 M NHsAc at pH 3 to remove Mn from organic matter and microbial biomass,
assumed to be primarily Mn(l1); (3) 0.018 M quinol in 1 M NH;Ac at pH 7, which is a weak
reductant to dissolve readily reducible Mn (quinol is recommended over hydroxylamine
hydrochloride because it is more specific for Mn and dissolves less Fe), which may be mostly
Mn(l11); and (1V) dithionite-citrate-bicarbonate (DCB), which is a strong reductant that reduces
and solubilizes Mn in the least soluble phases, assumed to be primarily Mn(I11) and Mn(1V).
While this method does not give a quantitative measure of each oxidation state, it does reveal the
approximate levels in the various Mn phases that are present. The oxidation state can only be
inferred from the sequential extraction, but it can be determined by ratio more accurately if

XANES analysis is added.

Colorimetric Dye Complexes

12
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Colorimetric analysis can be more convenient than X-ray methods due to the more
common availability of UV-Vis spectrophotometers. The underlying procedure for these
methods is to extract Mn from the soil sample in the presence of an organic complex or dye
(Table 1). The oxidation state is then deduced from the absorbance of the complex at the
specified wavelength. The chromophoric agent may also be combined with a sequential
extraction process, such as described above, to further narrow the amount and distribution of the
various oxidation states within a sample. The method can be tailored to some degree, using the

parameters in Table 1, to be more selective for one oxidation state or another.

SAMPLE PREPARATION FOR FURTHER ANALYSES

The methods described below were originally designed for Fe-bearing samples; but,
except for Mdssbauer spectroscopy, the same principles could be applied to Mn-bearing minerals
if air sensitive. Individual adaptations would need to be made depending on sample

characteristics.

Maossbauer Spectroscopy for Fe Analysis

Maéssbauer spectroscopy (Goodman, 1980, Murad, 1988, Murad and Cashion, 2004;
Stucki et al., 2007; Jaisi et al., 2008; Ribeiro et al., 2009; Bishop et al., 2010; Gorski et al., 2011)
is capable of analyzing redox-active samples in either the wet or dry state, and the sample can be
mounted into its holder inside the glove box in either of these states. An effective sample holder
for this purpose consists of two concentric cups made of Teflon with a diameter that fits the
mounting device in the spectrometer. The smaller cup fits snuggly inside the larger cup and both

have a thin walled bottom (which serves as the window for the y-ray beam). The sample is
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placed in the bottom of the larger cup, then the smaller cup is inserted bottom first into the larger
cup and pressed gently down to fix the sample in place. The sample thus mounted is then
removed from the glove box, placed in the Mdssbauer sample holder, and transferred into the
safety of the inert atmosphere (either N, or He) of the cryostat. The smaller cup has two small
holes opposite one another in its wall into which the ears of a small extraction tool can be
inserted to pull the two cups apart to remove the sample after analysis.

Random orientation of the sample prevents relative intensity artifacts (Murad and
Cashion, 2004). This is best accomplished by avoiding much pressure when inserting the inner
cup of the sample holder. Another effective method for accomplishing this is to heat the powder
to about 50 °C with benzophenone powder, which liquefies at this temperature and suspends the
sample particles. Upon cooling, the sample particles are fixed in a random orientation. The dried
mixture can then be ground and transferred to the sample holder. Doing all of this inside the
glove box is possible, but rather tedious. A third way is to rotate the sample so it intercepts the y-
ray beam at the magic angle (54.7 °). Doing this, however, greatly decreases the cross-sectional
area of the sample that is “seen” by the beam and the sample holder must be sufficiently thin to

minimize the cross-sectional obstruction of the beam.

UV-Visible Spectroscopy

The presence of Fe in the crystal structure of clay minerals gives rise to a number of
electronic transitions which are reflected in the UV-Visible spectrum (Banin and Lahav, 1968;
Lahav and Banin, 1968; Chen et al., 1979; Sherman and Vergo, 1988; Komadel et al., 1990;
Merola and Mcguire, 2009). These include an oxygen to Fe charge transfer transition (260 nm),

intravalence crystal-field transitions (450 to 650 nm region) for Fe(ll) in octahedral or
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tetrahedral coordination, and inter-valence electron transfer transitions between Fe(l1) and Fe(ll1)
in adjacent sites (700 to 750 nm region). Reduction of the Fe produces interesting changes in
these bands, but their observance requires preservation of the oxidation state during analysis. To
accomplish this, the following protocols are recommended. (1) Samples may be analyzed either
in suspension in transmission configuration (this can also be done using the reflectance
configuration if sample settling from suspension can be taken into account), or as a powder by
reflectance configuration; (2) an integrating sphere or fiber-optic probe must be used to avoid
artifacts from loss of signal due to light scattering; and (3) sample holders must be designed to
minimize sample exposure to oxygen in the atmosphere.

The sample should normally be loaded and sealed into an appropriate holder inside the
glove box, then removed and placed in the instrument for analysis. Powdered samples reoxidize
at a slower rate than liquid samples, so an absolute seal may be unnecessary in this case if the
analysis can be performed within a few minutes of removing it from the glove box. An example
holder is one with a circular quartz window in the front, that can be loaded from the back, then
sealed by pressing an o-ring-bearing plunger into the rear opening. Liquid dispersions can be
studied dynamically by circulating the fluid from the IRT through a flow-through cuvette using a
peristaltic pump and tubing connected to inlet and outlet needles inserted through the septum of
the IRT (Figure 5).

Some UV-Vis spectrophotometers are also equipped with near-infrared (NIR)
capabilities. The powdered-sample preparations described above are also suitable for NIR

analysis on such instruments.

Infrared Spectroscopy
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Samples for middle- and near-infrared spectroscopic analysis (400 to 4000 cm™ and 4000
to 8000 cm™, respectively) (see studies by Merola et al., 2007; Neumann et al., 2008, 2011;
Bzdek and McGuire, 2009) can be prepared in much the same way as described above for UV-
Vis. Powdered samples can be placed in the cup of a DRIFT accessory to obtain diffuse
reflectance spectra. If a powdered mixture with KBr is desired, the sample and KBr can be mixed
together inside the glove box, removed from the glove box, and packed immediately into the
sample holder in the FTIR. If the instrument is continuously purged with dry N, the low oxygen
content of the purge gas, combined with the dry sample powder, allows enough time for a
spectrum to be accumulated for most purposes.

If an extended time of analysis is necessary, the sample can be prepared inside the glove
box as a deposit on a ZnSe or AgCI window then transferred into an inert-atmosphere cell similar
to the one described by Angell and Schaffer (1965) (Figure 6). This T-shaped glass cell (denoted
the “Angell & Schaffer cell”) has one leg that hangs down into the beam path and consists of two
parallel walls with a circular opening near the bottom. The position of the openings corresponds
with the beam path. The openings are covered by two ZnSe windows, one on each side, which
are glued with a high-vacuum adhesive. The window containing the sample is stapled between
two cardstock sheets that have been cut to fit the shape of the hang-down leg and with circular
openings corresponding to the beam path. The sample is then placed by gravity into the beam.
The valve on the ground-glass lid enables control of the atmosphere inside the cell by successive
evacuation and back filling cycles with the oxygen-free gas.

Attenuated total reflectance (ATR) can also be measured on air-sensitive suspensions
(Yan and Stucki, 1999, 2000) by adding a rubber gasket and flat plate seal to the top of the ATR

cell (either multiple- or single-bounce types). The transfer of reduced suspension to the cell is
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done using a gas-tight syringe to remove the desired amount of reduced suspension from the

IRT, then expressing it onto the ATR window while flushing the window area with inert gas. The
gasket and plate seal are then quickly put in place. This process minimizes the potential effects
of both reoxidation and evaporation.

Preparation of KBr pellets may also be accomplished using inert-atmosphere techniques.
Simply place the die and anvil from the KBr press inside the glove box, weigh the desired
amounts of sample and KBr on the balance inside the glove box, mix them in an agate mortar,
then transfer the proper amount into the die and insert the anvil. This assembly can be removed
from the glove box long enough to press it into a pellet. It is then reinserted into the glove box
through the ante-chamber. The vacuum/inert-gas refill cycles in the ante-chamber minimize
exposure to atmospheric oxygen and effectively keep the pellet from rehydrating. Once inside
the glove box, the die and anvil can be disassembled and the KBr pellet transferred to the Angell

& Schaffer cell.

SUMMARY

The rich, redox-active environment of wetlands is responsible for many processes which
are critical to environmental quality. The redox status of the constituent Fe- and Mn-bearing
minerals plays an important role in these processes. Methods and apparatus to characterize the
redox status of these minerals include an inert-atmosphere reaction tube (IRT) and a controlled-
atmosphere liquid exchanger (CALE) which enable the exchange of liquids in air-sensitive
samples while minimizing exposure to atmospheric oxygen. These capabilities enable the
preparation of samples in either wet or dry states and provide control over the liquid

composition. Once thus prepared, samples can be transferred to sample holders either inside a
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glove box or with a gas-tight syringe for spectroscopic or further chemical analysis. Adequate
attention to the sensitivity of wetland soils to reoxidation will greatly enhance understanding of

the contributions of redox cycles to wetland properties.
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FIGURE CAPTIONS

Figure 1. lllustration of cut-off syringe for use in sampling of saturated sediments in a wetland.

Figure 2. lllustration of the design of an inert-atmosphere reaction tube (IRT) (used with
permission from Stucki et al., 2013))

Figure 3. Photo of a controlled atmosphere liquid exchanger (CALE). For a more detailed
illustration, see Stucki et al. (2013).

Figure 4. Photo of ultra-violet light box used to photochemically reduce tetrakis(l,10-
phenanthroline)-p-oxodiiron(l11) to tris(1,10-phenanthroline)iron(ll) in order to obtain
total Fe in a sample.

Figure 5. lllustration of the circuit used to obtain UV-Vis spectra of aqueous dispersions of
reduced clay minerals (used with permission fom Stucki et al., 2013).

Figure 6. Photo of a glass vacuum cell used to obtain infrared spectra of air-sensitive samples

(patterned after Angell and Schaffer, 1965).
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Table 1. Summary of organic complexes or dyes that form with the various oxidation states of

Mn, along with the wavelength (A) of maximum absorbance.

Complex or Dye Oxidation A Reference
State (nm)
Pyrophosphate Mn(111) 480 Kostka et al. (1995)
T-(4-CP)P porphyn Mn(Il) 468 Johnson and Chiswell (1993)
Leuco Crystal Violet Mn(111) 590 Johnson and Chiswell (1993)
(LCV)*
Leuco Crystal Violet Mn(IV) 590 Johnson and Chiswell (1993); Delfino
(LCV)* and Lee (1968); Murray et al. (1984);
Ghiorse (1984),
o-Tolidine Mn(IV) 440 Johnson and Chiswell (1993)
Murray et al. (1984)
Mn(II) Kessick and Morgan (1975)
Tipping et al. (1984)
N,N-diethyl-p- Mn(IV) 552 Johnson and Chiswell (1993)
phenylenediamine (DPD)
formaldoxime Mn(Il) 450 Hallberg and Johnson (2005)
1,10 - phenanthroline Mn(11) 510 D’Amore et al. (2004)
lodate Mn(II) 540 Adams (1965); Murray et al. (1984);
Adams and Ghiorse (1988)
Oxalate (reducing agent) Mn(IV) | Excess of | Bromfield (1958); Hem and Lind
to Mn(ll) oxalate | (1983); Hem (1981); Grill (1982); Piper
determined | et al. (1984)
by MnOy4
Leuco Berbelin Blue Mn(Il) 620 Wu and Deng (2006)
Benzidine Mn(l1) spot test | Nealson and Ford (1980); Chapnick et
al. (1982); Greene and Madgwick
(1988)
Leuco Malachite Green Mn(II) 615 Morgan and Stumm (1965); Ormerod

(1966)

*With time, the absorbance for Mn(IV) becomes greater than for Mn(l11).
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