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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

Background 

 

Clay minerals are the most abundant and chemically active parts of the surface 

mineral world of Earth (Velde, B., 1995). Many types of clay minerals are ubiquitous in 

the environment and often contain iron in their structure. Structural Fe(II) resulting from 

chemical and microbial reduction of iron-bearing clay minerals has been shown to reduce 

a variety of contaminants (Buerge et al, 1999; Neumann et al., 2009; Hofstetter et al, 

2006). Understanding how reduced clay minerals could impact environmental 

contaminants may lead to improved methods regarding contaminant monitoring and 

remediation.  

Clay minerals are classified as clays. However not all clays are clay minerals. The 

term “clay” is generally referring to the small fine grained particles of some type of earth 

material. However the term “clay mineral” is more specific in that it refers to a clay that 

originated from the weathering of rocks. Most clay minerals are found near the surface of 

the Earth such as in river beds, soils, and ocean floors. There are several types of clay 

minerals that exist. Among the most common groups classified as clay minerals are 

kaolinite, illite, and smectite. Kaolinite group includes the clay mineral kaolin which is a 

major component used in pottery. Illite group is generally found amongst marine 

environments. The smectite group includes the classes of clay mineral such as bentonite, 

nontronite, and montmorillonite. These classes of the smectite group are known for their 

expansion in volume due to sorption of water (sometimes referred to “swelling”). Many 

water bodies that are made artificially are lined with clay such as bentonite to expand and 

seal the liners more efficiently.  
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Clay Mineral Chemistry 

 

The clay mineral class of nontronite in the smectite group is the clay mineral 

focused on within this research. Nontronite is a ferric mineral with minor substitutions of 

either aluminum or magnesium cations within the clay mineral structure (Velde, B., 

2005). Like all smectite clay minerals, nontronite has an overall low charge which allows 

polar ions (including hydrated) to be absorbed between different sheets of clay mineral 

structures (Velde, B., 2005). This characteristic is observable as the clay mineral can 

“swell” in size when hydrated with water. In the smectite group, it should be noted that 

there are two types of structural form. The two types of structural form are 1:1 and 2:1 

layer types as illustrated in Figure 1-1. The 1:1 layer type consists of one tetrahedral 

plane adjacent to an octahedral plane. A 2:1 layer type consists of an octahedral plane 

between two tetrahedral planes. In the tetrahedral plane, the majority of the layer is built 

of interlinked tetrahedral units of a central silicon ion with bonded oxygen atoms with 

minor presence of a metal ion in place of the silicon ion (Velde, B., 1995). The octahedral 

layer is mostly made of octahedral units of a central metal ion bonded to either oxygen 

atoms or hydroxyl groups (Velde, B., 1995).  

Contaminate Removal Mechanism by Structural Iron 

 

The metal cation within the octahedral layer of the smectite group can be an iron 

cation. This iron can either exist as Fe(III) or Fe(II) where the Fe(II) form is considered 

the reduced form of the complexed iron and the Fe(III) is the oxidized form. It has been 

shown in previous studies that reduced clay (containing structural Fe(II)) can reduce 

environmental contaminants (Buerge et al, 1999; Neumann et al., 2009; Hofstetter et al, 

2006). In the environment an oxidized clay mineral (containing structural Fe(III) can be 

reduced by microbial action. (Stucki et al, 1987). Once the clay mineral is reduced it has 
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2:1 Layer Type 

1:1 Layer Type 

   Layer Classification                      Structural Form                     Representative Figure 

Smectite Layer Types 

    Adapted from Sposito, Garrison (2008) 

the capacity to reduce an environmental contaminant. Thus, the iron can then be reduced 

again and continue to reduce other environmental contaminants. The iron has the ability 

to be considered a renewable electron donor for a variety of contaminants. As a 

theoretical example, shown in Figure 1-2, some forms of microbial respiration can reduce 

clay minerals in which the clay mineral can reduce a variety of environmental 

contaminants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Smectite group layer types with respect to its “ball and stick” molecular form. 

      The small hollow circles represent oxygen atoms, the large filled circles  

      represent the hydroxyl groups, the small filled circles are indicating central  

      tetrahedral ion, and the medium sized filled in circles indicate the octahedral 

      central metal ion. The representative figures are simple illustrations used to  

      symbolize either a 1:1 or 2:1 layer type.  
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Figure 1-2. Iron reduction and oxidation cycle with biological reduction of the clay 

                   mineral and reduction of a contaminant (nitroaromatic compound presented 

                   for an example) 
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However, growing microorganisms in the laboratory may not be a good 

experimental model as microbes could grow and respire at different rates within a testing 

time frame. Therefore, many studies utilize chemical reducing agents such as sodium 

dithionite to reduce clays to maintain a consistent testing environment (Hofstetter et al, 

2008; Stucki et al. 2006, Neumann et al. 2008). Using chemical reducing agents can 

result in a more controlled reduction of the clay minerals.  

Previous research has shown that using aqueous Fe(II) (dissolved iron in the 

Fe(II) form) which sorbes to a nontronite clay mineral, can reduce the iron within the clay 

mineral structure (Neumann, 2013; Schaefer et al, 2011). In this study, the reductant 

aqueous Fe(II) is used to reduce the clay mineral at different pH values. It was 

determined was that at pH values between 4.0 and 6.0 the aqueous Fe(II) sorbed to the 

basal planes of the clay mineral NAu-1 (basal planes are the outer surface layer of the 

clay mineral structure, predominately adjacent to the tetrahedral layers). At higher pH 

values such as 7.5 the aquous Fe(II) sorbes to both the OH-edge hydroxyl groups and 

basal planes (See Appendix A for figures and more details). With more Fe(II) sorbed to 

the clay mineral at higher pH values, the clay mineral was reduced more than compared 

to the same clay mineral at lower pH values (Appedix A).  
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Hypotheses 

 

It has been reported that clay minerals can be reduced at different pH values and 

can exhibit different extent of reduction (Neumann, 2013). It has also been shown that pH 

effects the efficiency of contaminant reduction by reduced clay minerals (Grundl et al., 

2000). However, it is unclear if a nontronite NAu-1 could be reduced by Fe(II) sorbed to 

the clay mineral could affect the reduction of nitroaromatic compounds. Furthermore, 

does the aging of the reduced clay mineral (aging refers to the length of time a reduced 

clay mineral has to equilibrate with its surrounding) affect the reduction rate of the 

nitroaromatic compound? To address this knowledge gap, several hypotheses are 

formulated to investigate: 

 

Hypothesis 1: An Fe(II)-reduced clay mineral is capable of reducing nitroaromatic 

                       compounds (Figure 1-3). 

 

Hypothesis 2: The rate of reduction of nitroaromatic compounds by Fe(II)-reduced clay  

                       minerals is pH dependent.  

 

Hypothesis 3: Extent of time a clay mineral is “aged” in an Fe(II)-free solution will  

                       impact the rate of nitroaromatic compound reduction by Fe(II)-reduced  

                       clay mineral. 
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Figure 1-3: Theoretical depiction of the reduction of the structural Fe(III) in the clay  

                    mineral by aqueous Fe(II) (Phase 1). The partially reduced clay mineral can  

                    then reduce the nitroaromatic compound by a 6:1 (Fe(II) : nitroaromatic  

                    compound) ration based off of electron equivalence.  
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CHAPTER II  

MATERIALS AND METHODS 

Materials 

 

Chemicals  

 

Buffer solutions of 25 mM are made from buffer salts obtained from RPI 

Corporation. For the each pH buffer of 4.0 and 7.5 the buffer salts used were PIPPS and 

HEPES respectively. For the pH 6.0 buffer a buffer salt of MES is utilized. Buffered 

solutions are adjusted with either 1 M HCl or 1 M NaOH where HCl is a qualified trace 

metal grade provided by Fisher Scientific and the NaOH salt provided by Sigma Aldrich. 

The nitroaromatic compounds of 3-chloronitrobenzene and 3-chloroaniline are provided 

from Acros Organics. Aqueous Fe(II)  natural abundance and aqueous 56Fe(II) 

isotopically fractionated are created with iron power certified by Isoflex. All other 

chemicals are either provided by RPI, Sigma Aldrich, and Fisher Scientific. All glassware 

is cleaned prior to use by soaking in 2M HCl for at least 18 hours and rinsed with de-

ionized water. HDPE 30 mL tubes are also cleaned prior to use by soaking in 2M HCl for 

at least 18 hours and rinsed with de-ionized water with the added step of soaking the 

tubes in a dilute Contrad detergent solution for at least 24 hours in which followed a 

rising of de-ionized water.  

De-ionized water is processed on site with a Barnstead di-ionization system in 

which the final product has a measured resistivity of at least 18.2 MΩ-cm to define its 

purity.  
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Environment 

 

The kinetic experiments took place inside an anoxic glove box in which the 

environment within the enclosed glove box is maintained between 6% and 7% hydrogen 

gas and the remainder gas percentage was of nitrogen gas. All solutions utilized inside 

the anoxic environment are deoxygenated by purging the solutions with nitrogen gas. All 

solutions under 0.5 L are purged with nitrogen for at least one and a half hours and 

solutions between 0.5 L and 1.0 L in volume are purged for at least two hours. After 

purging, the solutions are immediately transferred to the anoxic environment without 

exposure to the atmosphere. Solid materials, such as the clay mineral, are allowed to 

equilibrate with the anoxic environment for at least 48 hours.  

Clay and Clay Mineral Size Fractionation  

 

The overall purpose for size fractionating the clay mineral is to purify the clay 

mineral, or more specifically, remove impurities such as kaolin, iron oxides, silica, and 

quartz. At smaller particle sizes, the presences of many of the impurities are removed 

during centrifuging. Centrifuging also removes particles that form less stable suspensions 

in comparison to the swelling clay minerals. The clay mineral of choice is Nontronite 

NAu-1 (a ferruginous smectite) which originated from the Uley Graphite Mine in the 

south central area of Australia. Clay mineral NAu-1 was provided by E. O’Loughlin of 

Argonne National Laboratory. The processes used to size fractionate the clay mineral was 

created by Anke Neumann of Newcastle University, UK after procedures outlined by 

Jackson, M.L., 1956. The process of clay mineral grinding is adapted from Keeling et al, 

2000.  

The raw clay mineral is first broken up with a hammer into small pieces. The 

broken up NAu-1 is then dried in an oven at 105ºC for at least 12 hours. The clay mineral 
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is then ground into a fine power by using a tungsten carbide disc mill located in room 121 

Trowbridge Hall of the University of Iowa. Grinding consists of loading 50 grams of clay 

mineral evenly into the clean grinding disk assembly. Grinding takes ten minutes to 

pulverize the clay mineral to a fine power. Cleaning of the tungsten carbide disc mill is 

done in-between clay mineral loadings to maintain cleanliness and to cool down the mill 

disks to prevent heat buildup. Cleaning consists of running the mill with a small volume 

of quartz sand to remove residual clay mineral particles in the mill, followed by wiping 

the tungsten carbide discs with de-ionized water and acetone to remove excess moisture.  

To begin the size fractionation, 15 grams of NAu-1 is suspended in 1.0 L of 1.0 M 

NaCl and left to mix with a stir bar for at least 12 hours. The sodium chloride provides an 

electrolyte background to prevent a concentration gradient with the clay mineral and de-

ionized water which otherwise may alter the clay mineral. Afterwards the clay mineral 

suspension is then centrifuged in 250 mL polypropylene Sorvall Dry-Spin centrifuge 

tubes with a Beckman J2-21M centrifuge at 10,000 rpm for 15 minutes with the 

temperature maintained at 10 ºC. The solids are then re-suspended in 1.0 L of de-ionized 

water for at least 12 hours.  

To separate the clay mineral particles by size, a Beckman GPKR centrifuge was 

utilized maintaining a constant temperature of 16 ºC.  According to equation 2-1 and 

Table 2-1 operating the centrifuge at 500 rpm for 8.5 minutes yields particle sizes less 

than 2 µm diameter particles in the supernatant. Continued centrifuging of the 

supernatant at 2000 rpm at 8.5 minutes yields a supernatant of clay mineral particles of 

less than 0.5 µm in diameter. The remaining solids are re-suspended and centrifuged 

again to recover any lost particles less than 0.5 µm in diameter.  

 

              Equation 2-1. 

 
sDN

S
Rx.

Tm ∆







= 22

10
9 ]log][1036[ η
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To homo-ionize the clay mineral, enough NaCl to yield 1 M concentration was 

added to the clay mineral suspension of particles of less than 0.5 µm in diameter and left 

to mix with a stir bar for at least 12 hours. The objective of homo-ionization is to 

substitute any cation sorbed to the basal planes of the clay mineral particles and replace 

them with sodium cations. After mixing, the suspension is centrifuged in 250 mL 

polypropylene Sorvall Dry-Spin centrifuge tubes with a Beckman J2-21M centrifuge at 

10,000 rpm for 15 minutes with the temperature maintained at 10 ºC. The solids are then 

 

 

Table 2-1. Equation 2-1 variables and definitions 

 

 

Tm Time for sedimentation 

η Viscosity (in poise) 0.01111 for 16ºC   

R Distance from axis of rotation to top of sediment 

S Distance from axis of rotation to top of suspension 

N Revolutions per minute (RPM) 

D Particle diameter desired 

Δs Difference in density between solvated particle (2.65 g/cm3) and suspension 

liquid (0.999 g/ cm3) 

 

 

re-suspended in 1.0 L of 1 M NaCl for at least 12 hours. This process is then repeated two 

more times. Finally the three times homo-ionized clay mineral is then suspended in 1 L of 

de-ionized water and centrifuged in 250 mL polypropylene Sorvall Dry-Spin centrifuge 
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tubes with a Beckman J2-21M centrifuge at 14,000 rpm for 30 minutes with the 

temperature maintained at 10 ºC. This step is repeated until the supernatant was clear in 

color.  

Now with the clay mineral homo-ionized, the objective is to remove the 

impurities held within the clay mineral. The homo-ionized solids are re-suspended in 1 L 

of de-ionized water and left to mix with a stir bar for at least 12 hours. The suspension is 

then centrifuged in 250 mL polypropylene Sorvall Dry-Spin centrifuge tubes with a 

Beckman J2-21M centrifuge at 10,000 rpm for 5 minutes with the temperature 

maintained at 10ºC. The solids are re-suspended in 1 L of de-ionized water and 

centrifuged again after mixing for at least 12 hours. The supernatant suspension are 

centrifuged three times in the same manner just described. Once the removal of 

impurities step is completed the cleaned suspension of NAu-1 is then centrifuged in 250 

mL polypropylene Sorvall Dry-Spin centrifuge tubes with a Beckman J2-21M centrifuge 

at 14,000 rpm for 60 minutes with the temperature maintained at 10 ºC to completely 

remove all particles in suspension.  

The processed clay mineral solids are then freeze-dried in small polypropylene 

petri dishes. The dried particles are then pulverized in an agate mortar and sieved to a 

fine power.   

Reduction Agents 

 

Aqueous Fe(II) (natural abundance or isotopically fractionated 56Fe )is made from 

dissolving iron metal powder  (of isotope choice) in 1.0 M HCl while mixing and heating 

inside an anoxic environment for two hours. The acid is required to oxidize the iron metal 

to Fe(II) according to equation 2-2 and also stabilize the formed Fe(II) in solution. The 

resulting solution is filtered with a nylon 0.22 µm nylon filter and enough de-ionized 

water was added to yield 0.1 M HCl solution of aqueous Fe(II). 
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)(2
202 gHFeFeH +→+ ++

                        Equation 2-2 

 

Reduction of Nitroaromatic Compound Batch Experiment 

 

 All batch experiments are conducted in an anoxic environment in 20mL glass auto 

sampler vials. To reduce the clay mineral, enough aqueous Fe(II) and clay mineral NAu-

1 were added to 15 mL of buffer solution to yield 2mM Fe(II) and 2g/L of NAu-1. The 

pH was adjusted with either 1.0 M HCl or 1.0 M NaOH to obtain the desired pH value 

within ±0.05 with pH meter model AB15 manufactured by Fisher Scientific. The 

suspension is allowed to mix for at least 12 hours with no exposure to light. To remove 

the remaining aqueous Fe(II) from the clay mineral, the clay mineral suspension is 

centrifuged in 30 mL polypropylene Oakridge centrifuge tubes with a Thermo Scientific 

Heraeus Megafuge 16 centrifuge at 13,000 rpm for 15 minutes to remove all particles in 

suspension. The solids are suspended in 10 mL of de-ionized water and mixed for 30 

minutes then the suspension is centrifuged in 30 mL polypropylene Oakridge centrifuge 

tubes with a Thermo Scientific Heraeus Megafuge 16 centrifuge at 13,000 rpm for 15 

minutes to remove all particles in suspension. The solids are then suspened in 15mL of 

buffer solution and the pH is again adjusted and allowed to be continuously mixed until 

needed. 

 The batch reactor kinetic experiments begin with adding enough 3-

chloronitrobenzene to make a 33.9 µM concentration in the reactor. Sampling from the 

reactors is done with glass syringes with a sample volume of 500 µL. Samples are filtered 

with a 0.22 µm PTFE filters into 2 mL auto sampler vials. 
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Analytical Methods 

 

Clay Mineral Purity Characterization by FT-IR 

 

The quality of the clay mineral is analyzed by a non-dispersive single beam 

Fourier transform infrared spectrometer (FT-IR) model type Nicolet iS10 manufactured 

by Thermo Scientific. Wavelength numbers explored are between 650 cm-1 and 4000 cm-

1 which is the range of interest to identify the presence or absence of impurities. The 

absorbance between wavelengths 3700-3000 cm-1 and 1200-800 cm-1 are indicative of 

clay mineral-bound hydroxyl groups and Si-O bands (Wilson, M. J., 1994). The 

impurities such as kaolinite (located at 3700 cm-1) can be identified as well as quartz 

(located at 800 and 780 cm-1) (Wilson, M. J., 1994). The results shown in Figure 2-1 

show that the presence of the impurities has been mitigated in each of the three batches of 

cleaned clay mineral NAu-1 because the detection of the impurities show less 

prominence. 
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 Figure 2-1.Fourier transform infrared spectras of three batches of size fractionated  

       NAu-1 clay mineral (particles size <0.5 μm diameter particles). Each spectra 

       (indicated by solid, dash, and dotted lines) corresponds to a batch and date of  

       testing. Wavenumbers range from 650 to 4000 cm-1. 
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Iron Analysis 

 

For aquous ion samples, a modified 1,10 phenathroline method is utilized using 

ferrous ammonium sulfate as a standard (Schilt, A.A, 1969). Samples are measured using 

a Spectronic Genesys 5 spectrometer with a wavelength of 510 nm. Iron within the clay 

mineral is measured using a Mössbauer Spectrometer at a temperature of 13 K using a 
57Co gamma ray source. 13 K is used as it returned a clearer spectra of the Fe(II) doublet 

in contrast to spectra collected at a higher temperatures such as room temperature. Visual 

inspection of the clay mineral is done using a JEOL JEM-1230 Transmission Electron 

Microscope with 300 grid holey carbon copper TEM grid (Figure 2-2). For TEM analysis 

a 2 g/L suspension of clay mineral was diluted to 0.5 g/L with ethanol (95% pure) and 

was sonicated for five minutes to break up clay minerals particles that may have 

coagulated. From this dilution, a 500 μL sample was place on the TEM grid and the 

solvent was allowed to evaporate for a few minutes. 

 

Nitroaromatic Compound Analysis 

 

An Agilent 1100 High Pressure Liquid Chromatography (HPLC)  is used to 

measure the concentrations of 3-chloronitrobenzene and 3-chloroaniline. A Supelcosil 

LC-18 reverse phase column of 5µm particle size with dimensions 25cm x 4.6mm (length 

and interior diameter respectively) is utilized for the measuring of the concentration of 

the nitroaromatic compounds. The mobile phase was a 60:40 ratio of methanol (optima 

grade) and 5mM potassium phosphate buffer (pH adjusted to 7.0) respectively. A diode-

array detector (DAD) is utilized to detect and measure the concentrations of the 

nitroaromatic compounds from a 40 μL sample.  
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Figure 2-2: Visual inspection of clay mineral is done using a JEOL JEM-1230  

        Transmission Electron Microscope with 300 grid holey carbon copper TEM  

                   grid.  
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CHAPTER III  

RESULTS AND DISCUSSION 

Reduction of Nitroaromatic Compound by Fe(II) Reduced 

Clay Mineral 

 

The size fractionated NAu-1 clay mineral batches described in chapter 2 were 

merged into a homogenous mixture to insure that the clay mineral used for each of the 

experiments discussed in this chapter to have the same characteristics. Transmission 

Electron Microscope (TEM) imagery was conducted on the merged batches of size 

fractionated clay mineral particles to investigate the particle size (see chapter 2 for more 

on the TEM imagery study). TEM images (including Figure 2-2) suggested that the 

separated particles were of particle diameter less than or equal to that of the desired <0.5 

μm particle diameter.  All of the clay mineral suspensions used in this chapter are made 

with a clay mineral concentration of 2 g/L in 15 mL volume of the appropriate buffer and 

electrolyte solution. Each suspension of clay mineral was capped and sealed inside an 

anoxic environment to prevent re-oxidation of the clay mineral. Suspensions of clay 

mineral were kept as a batch reactor for the duration of its corresponding experiment. The 

batch reactors were wrapped in aluminum foil to prevent the possibility of oxidation by 

light.  

Reduction of Clay Mineral 

 

To determine if a clay mineral could be reduced by aqueous Fe(II) with this 

experimental conditions, an iron oxidation measurement was conducted with a 

Mössbauer spectrometer where a 30 mg sample of clay mineral was partially reduced by 

aqueous 56Fe(II) at pH 7.50 (±0.05). An isotopically enriched 56Fe solution was used as 
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the reductant rather than a natural abundant iron solution (“natural abundant” refers to the 

natural isotopic fraction of each isotope present in iron metal) because the Mössbauer 

spectrometer can only detect the iron isotope 57Fe. Therefore the only source for 

detectable 57Fe is in the structure of the clay mineral itself as its iron content has naturally 

abundant iron. As shown in Figure 3-1, the Mössbauer spectra of a partially reduced 

NAu-1 clay mineral suspension in a pH 7.5 system reveals that reduction has occurred as 

a small Fe(II) doublet appears (the peak at 2.5 mm/s and the shoulder at approximately    

-0.25 mm/s) where a unreduced clay mineral would only have the Fe(III) doublet (the 

two peaks between 0 and 2 mm/s). This demonstrates that aqueous Fe(II) can partially 

reduce the clay mineral NAu-1 with the conditions described in chapter 2 which are 

consistent with the results reported by Neumann (2013) for clay mineral NAu-1 and 

Schaefer et al. (2011) for clay mineral NAu-2 (a similar clay mineral to NAu-1 used in 

this chapter). 
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Figure 3-1. NAu-1 clay mineral unreduced in no buffer solution compared to a NAu-1  

                   clay mineral partially reduced by 2 mM Fe(II) in 25 mM HEPES buffer and  

                   50 mM NaCl background solution with a pH value of 7.50 (±0.05) 
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To determine if there was enough available sorbed iron on the clay mineral to 

reduce the clay mineral’s structural iron to Fe(II) (which in turn could be then used to 

reduce the nitroaromatic compound to its corresponding aniline), the aqueous iron molar 

concentration was measured with a modified 1,10 phenathroline method before reduction 

and after reduction has took place. The difference between the molar concentration 

before reduction and after reduction identifies how much Fe(II) is sorbed to the clay 

mineral structure. Recall from chapter 2 that there is negligible iron initially sorbed to the 

clay mineral as the clay mineral itself was homo-ionized with sodium cations.  

As shown in table 3-1, the moles of sorbed Fe(II) increases as the pH increases. 

For pH 7.5, 6.0, and 4.0 the Fe(II) sorbed to the clay mineral structure is 32.7 μmol, 9.3 

μmol, and 5.4 μmol, respectively. The observation of Fe(II) sorption to the clay mineral 

was also noted in Neumann (2013) where at a higher pH, the Fe(II) has the potential to 

sorb to the edge OH-groups and the basal planes of the clay mineral structure such as at 

pH 7.5. However at lower pH values, such as 6.0 and 4.0, sorption is more likely to be 

significant at the basal planes and sorption to the edge OH-groups is minor (Neumann, 

2013). 

From the known concentration of initial nitroaromatic compound of 33.9 µM in a 

15 mL volume (for a 0.51 µmoles of nitroaromatic compound), an electron balance (R) 

can be calculated between the amount of electrons potentially available from sorbed 

Fe(II) for reducing the clay mineral to the total amount of electrons needed to fully 

reduce the nitroaromatic compound present (6 x 0.51 = 3.06 µmoles). As shown in Table 

3-1, the electron balance comparing amount of structural Fe(II) available to reduce the 

nitroaromatic compound for pH 4.0, 6.0 and 7.5 are 1.8, 3.0, and 10.7 respectively. This 

shows that at all pH values, there is enough reduced Fe(II) within the clay mineral 

structure to reduce all of the nitroaromatic compound.  
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Table 3-1. Sorbed Fe(II) to nitroaromatic compound with respect to pH 

 

 

 

pH [Fe(II)]t = 0 hrs. [Fe(II)]t = 12 hrs. [Fe(II)]sorbed R 

4.0 34.1 μmol 28.7 μmol 5.4 μmol 1.8 

6.0 32.7 μmol 23.4 μmol 9.3 μmol 3.0 

7.5 34.1 μmol 1.4 μmol 32.7 μmol 10.7 

 

Reduction of Nitroaromatic Compound and pH 

Dependence 

 

To determine whether an Fe(II)-reduced clay mineral can reduce a nitroaromatic 

compound, a comparative study was conducted with NAu-1 and 3-chloronitrobenzene 

batch reactors made with a reduced clay mineral and unreduced clay mineral. The kinetic 

experiments began with adding enough 3-chloronitrobenzene to make a 33.9 µM in each 

reactor. The reactors were then mixed on a rotating machine to insure a well-mixed 

suspension during the length of the experiment. At predetermined time intervals, a 500 

μL sample was taken via a glass syringe and needle. The glass syringe was used since the 

sample my sorb to a polypropylene syringe. 

 As shown in figure 3-2, at pH 7.5 with no aging (the significance of pH and 

aging will be discussed later in this chapter), there was no observable reduction of 3-

chloronitrobenzene in the reactor that contained the unreduced clay mineral. The reduced 

product of 3-chloronitrobenzene, 3-chloronitroaniline was also not detected. In the 
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reduced clay system, a decrease was observed in the concentration of 3-

chloronitrobenzene and an increase of 3-chloroaniline was also observed. This 

demonstrates that an Fe(II)-reduced clay mineral can reduce a nitroaromatic compound. 

Similar findings were also reported in studies by Grundl et al. (2000) at pH 7.5 using 

another ferruginous nontronite clay mineral SWa-1 with 4-chloronitrobenzene. In this 

same study by Grundl et al. (2000), discussed that aqueous Fe(II) is not 

thermodynamically favorable to reduce a nitroaromatic compound without first forming 

an inner sphere complex on a surface that is capable of transferring the first electron. 

Therefore aqueous Fe(II) alone is not expected to reduce the nitroaromatic compound in 

this chapter’s study. 

In addition to the experiment at pH 7.5, pH values of 4.0 and 6.0 were also 

investigated. At both of these two pH values there was no observed reduction of the 

nitroaromatic compound as shown in Figures 3-3 and 3-4. Data in Figure 3-4 was aged 

for seven days. 
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Figure 3-2. Reduction of 3-chloronitrobenzene (squares) to 3-chloroaniline (circles) by 

                  Nau-1 clay mineral reduced by 2 mM Fe(II) in 25 mM HEPES buffer and 50 

      mM NaCl with a pH value of 7.50 (±0.05). Solid line indicates a mass balance 

      of 3-chloronitrobenzene and 3-chloroaniline. Dashed line indicates   

      concentration of 3-chloronitrobenzene in control (system with unreduced clay 

      mineral). 
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Figure 3-3. Reduction of 3-chloronitrobenzene (squares) to 3-chloroaniline (circles) by 

                  Nau-1 clay mineral reduced by 2 mM Fe(II) in 25 mM PIPPS buffer and 50 

      mM NaCl with a pH value of 4.0 (±0.05). Solid line indicates reduced clay 

      system while the dashed line indicates the unreduced clay mineral suspension. 
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Figure 3-4. Reduction of 3-chloronitrobenzene (squares) to 3-chloroaniline (circles) by 

                  Nau-1 clay mineral reduced by 2 mM Fe(II) in 25 mM MES buffer and 50 

      mM NaCl with a pH value of 6.0 (±0.05). Solid line indicates reduced clay 

      system while the dashed line indicates the unreduced clay mineral suspension. 

      Note that 3-chloroaniline concentration in both unreduced and reduced clay  

      mineral suspensions overlap. 
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Effect of Equilibration Time on Reduction of Nitroaromatic 

Compounds 

Aging Characteristics 

 

To determine if equilibrium time has an impact on the rate of reduction of a 

nitroaromatic compound, a series of reactors were left to age for a predetermined time 

span. It should be noted, that the term “aging” refers to the time in which a clay mineral 

is equilibrated in a buffered solution after which the clay mineral has been previously 

reduced and the aqueous Fe(II) has been removed by a de-ionized water rinse. As shown 

in figure 3-5, at the pH values of 4.0 and 6.0 and zero aging time there is no observable 

reduction of the 3-chloronitrobenzene while the pH 7.5 system clearly shows a reduction 

3-chloronitrobenzene.  

In contrast, a series of reduced clay mineral suspensions were left to equilibrate 

with a fresh buffer solution for 92 days after the reduction of the clay mineral had taken 

place. As shown in Figure 3-6, for a pH 7.5 system the rate of reduction decreased with 

increased equilibrium time. Furthermore, at pH 4.0 for the equilibrium time of 92 days, 

there was no observable formation of 3-chloroaniline which was similar to what was 

observed at zero day equilibrium (Figure 3-7). These findings suggest that as equilibrium 

time increases, the slower the reduction rate of 3-chloronitrobenzene by a reduced clay 

mineral would occur. 

The particles size distribution prior to clay mineral aging appeared to be not 

different from the clay mineral particles after aging. If the batch reactor ceases to mix, 

larger particles will settle to the bottom while the smaller particles remain in suspension 

for long periods of time. The settled particles did not appear visually to change in volume 

and particle size before and after aging.  
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Figure 3-5. Effect of pH on 3-chloronitrobenzene reduction by Fe(II)-reduced NAu-1for 

                   short equilibration time. Conditions for each pH system include Nau-1 clay  

        mineral reduced by 2 mM Fe(II) in 25 mM buffer solution and 50 mM NaCl. 

                   For pH systems of 7.5, 6.0, and 4.0 the buffer salts utilized are PIPPS, MES,  

                   and HEPES, respectively. Each buffered suspension of NAu-1 was adjusted 

                   to the target value within (±0.05).   
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Figure 3-6. Effect of pH on 3-chloronitrobenzene reduction by Fe(II)-reduced NAu-1for 

                   long equilibration time. Nau-1 clay mineral reduced by 2 mM Fe(II) in 25  

                   mM HEPES solution and 50 mM NaCl with pH 7.5 (±0.05). 
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Figure 3-7. Effect of pH on 3-chloronitrobenzene reduction by Fe(II)-reduced NAu-1for 

                   long equilibration time. Nau-1 clay mineral reduced by 2 mM Fe(II) in 25  

                   mM PIPPS solution and 50 mM NaCl with pH 4.0 (±0.05). 
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CHAPTER IV  

SUMMARY  

Summary 

 

Mössbauer spectra of a partially reduced NAu-1 clay mineral suspension in a pH 

7.5 system reveals that reduction has occurred as a small Fe(II) doublet appears at the 

spectra peak at 2.5 mm/s and a shoulder at approximately at -0.25 mm/s velocity in 

Figure 3-1, where as an unreduced clay mineral would only have the Fe(III) doublet 

which occurs between 0 and 2 mm/s velocity. Results from this work show aqueous 

Fe(II) can partially reduce the clay mineral NAu-1 with the conditions described in 

chapter 2 which are consistent with the results reported by Neumann (2013) for clay 

mineral NAu-1 and Schaefer et al. (2011) for clay mineral NAu-2. 

No reduction of 3-chloronitrobenzene by an unreduced clay mineral at pH values 

4.0, 6.0, and 7.5. The reduced product of 3-chloronitrobenzene, 3-chloronitroaniline was 

also not detected. At pH 7.5, Fe(II)-reduced clay mineral was able to reduce 3-

chloroanilineto 3-chloroaniline. This demonstrates that an Fe(II)-reduced clay mineral 

can reduce a nitroaromatic compound. The electron balance comparing amount of 

structural Fe(II) available to reduce the nitroaromatic compound for pH 4.0, 6.0 and 7.5 

are 1.8, 3.0, and 10.7 respectively. This shows that at all pH values, there should be 

enough reduced Fe(II) within the clay mineral structure to reduce all of the nitroaromatic 

compound. 

Kinetic experiments performed on clay mineral NAu-1 showed a pH dependence 

on the ability for the clay mineral to reduce 3-chloronitrobenzene. In suspensions of 

NAu-1 at pH 4.0 and 6.0, there is no observed reduction of 3-chloronitrobenzene and no 

observed formation of 3-chloroaniline. At pH 7.5, there is evidence for reduction of 3-
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chloronitrobenzene as a decrease was observed in the concentration of 3-

chloronitrobenzene and an increase of 3-chloroaniline was also observed.  

Kinetic experiments have shown that at pH 7.5 the rate of reduction decreased 

with increased equilibration time. The equilibration time refers to the time the clay 

mineral has equilibrated in a buffered solution after which the clay mineral has been 

previously reduced and the sorbed Fe(II) has been removed by a de-ionized water rinse 

Furthermore, at pH 4.0 for the equilibrium time of 92 days, there was no observable 

formation of 3-chloroaniline which was similar to what was observed at zero day 

equilibration. These findings suggest that as equilibrium time increases, the slower the 

reduction rate of 3-chloronitrobenzene by a reduced clay mineral. 

Significance of Clay Minerals Reduction Characteristics on 

Natural Environmental Systems 

 

Clay minerals are the most abundant and chemically active parts of the surface 

mineral world of Earth (Velde, B., 1995). As a potential natural contaminant remediation 

compound, understanding its relevance to groundwater and soil interactions may lead to 

improved means of eliminating harmful compounds in our groundwater supply. To 

understand more on how equilibration time plays a critical role in the reduction potential 

of the clay mineral to reduce a nitroaromatic compound, further studies should focus on 

the pH stability over time and also average particle size within the suspension before and 

after reduction of the nitroaromatic compound. The mechanism that effects the aging of 

the clay mineral may be valuable in determining the effectiveness of remediation at a 

contaminated site.  
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APPENDIX  

 

 

 

 

 

 

 

 

 

 

STUDY OF ELECTRON TRANSFER AT OH-EDGE GROUPS AND 

BASAL PLANE SITES OF NAU-1 CLAY MINERAL WITH VARING 

PH VALUES 
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