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ABSTRACT 

 

 For this study, we revisited whether the common iron Fe mineral, magnetite Fe3O4 (s), can 

reduce tetrachloroethylene (PCE) and trichloroethylene (TCE) as discrepancies exist in the 

literature regarding rates and extent of reduction. We measured PCE and TCE reduction in batch 

reactors as a function of magnetite stoichiometry (x = Fe2+/Fe3+ ratio), solids loading, pH, and 

Fe(II) concentration. Our results show that magnetite reacts only slowly with TCE (t1/2 = 7.6 years) 

and is not reactive with PCE over 150 days. The addition of aqueous Fe(II) to magnetite 

suspensions, however, results in slow, but measurable PCE and TCE reduction under some 

conditions. The solubility of ferrous hydroxide, Fe(OH)2(s), appears to play an important role in 

whether magnetite reduces PCE and TCE. In addition, we found that Fe(OH)2(s) reduces PCE and 

TCE at high Fe(II) concentrations as well. At certain conditions degradation of the PCE and TCE 

is enhanced by an unexplored synergistic response from magnetite and ferrous hydroxide iron 

phases.  Our work suggests that measuring dissolved Fe(II) concentration and pH may be used as 

indicators to predict whether PCE and TCE will be abiotically degraded by groundwater aquifer 

solids containing magnetite. 
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PUBLIC ABSTRACT 

 

Groundwater aquifers with toxic chlorinated solvents is an old problem. But today the most 

frequently detected volatile organic compounds (VOC) in aquifers are tetrachloroethylene (PCE) 

and trichloroethylene (TCE), also known as chlorinated ethenes (CE).  Conventional remediation 

like pump and treat has a high carbon footprint, and is unlikely to meet regulated standards.  To 

reduce the environmental impact for treating contaminated groundwater, we explored alternatives 

with ferrous iron [Fe(II)] bearing minerals, like magnetite to catalyze CE removal. Active research 

on Fe(II)-bearing minerals, have advanced our understanding for groundwater remedies for natural 

attenuation and engineered systems. Knowledge gaps exist towards the predictability of mineral-

specific processes, and how they contribute to removal of CEs. The first field based evidence for 

natural non-biological degradation of a CEs with Fe(II)-bearing minerals, was from sediments 

containing magnetite.  Magnetite with Fe2+/Fe3+ ratio (x) of 0.5 has greatest potential to reduce 

PCE and TCE, however, few studies report the solid-state ratio when performing experiments with 

magnetite. In this study, we measured PCE/TCE removal in batch reactors as a function of the 

Fe2+/Fe3+ ratio, solids loading, pH, and aqueous Fe(II) concentration. Our results indicate that 

magnetite at the most favorable ratio (x = Fe2+/Fe3+ = 0.5) are unreactive with PCE and TCE over 

150 days. At pH values and Fe(II) concentrations where Fe(OH)2 precipitation is expected, 

however, transformation of PCE and TCE is observed. Thus, our findings imply that magnetite 

may not be reactive enough to be a major contributor to abiotic natural attenuation of PCE and 

TCE alone, unless it is in the presence of Fe(OH)2. 
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CHAPTER I 
 

INTRODUCTION AND LITERATURE REVIEW 
 

Humans have altered biogeochemistry by releasing millions of tons of synthetic organic 

compounds into the environment (Taniguchi 2011; Barnes et al. 2008). As a result, tens of 

thousands of land masses and water bodies, are polluted with toxic substances from decades of 

human activities (Kueper et al. 2014; Gupta, Van Houtven, and Cropper 1996; Zogorski et al. 

2006; Squillace et al. 1999; Cassman, Dobermann, and Walters 2002). World population growth 

continues to influence these changes in land-use and management that are shown to impact 

subsurface soils, sediments and groundwater environments (Taniguchi 2011). Investigating the 

geochemistry of altered subsurface environments and using our understanding of natural 

phenomena will assist in determining chemical pathways for element and nutrient cycling, assist 

with the development of predictive tools, and strategies for subsurface contaminant remediation 

(Borch et al. 2009; He et al. 2015). 

In the early 1900s, the United States organic chemical industry experienced steady growth 

that led to the production of different solvents (Doherty 2000a, 2000b).  The four most used 

chlorinated solvents for commercial and industrial purposes were carbon tetrachloride (CTC), 

1,1,1-trichloroethane (TCA), tetrachloroethylene (PCE) also known as PERC and 

trichloroethylene (TCE). Of those four compounds, PCE and TCE production rates were as high 

as 700 million pounds per year by 1970, not including 1,1-DCE, cis-DCE and trans-DCE as 

synthesis by-products (Figure 1).  tetrachloroethylene (PCE) and trichloroethylene (TCE), were 

used at thousands of industrial and commercial facilities as metal degreasing solvents and are 
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currently the preferred spotting agents at dry-cleaning facilities in the United States (Doherty 

2000a, 2000b). 

	

	

	

	

	

	

	

	

	

	

	

 

Figure 1. United States production of trichloroethylene (TCE) and tetrachloroethylene (PCE) 
(adapted from (Doherty 2000a, 2000b)). 

 

Extensive poor handling, storage and waste disposal of these volatile organic solvents and 

by-products steered inadvertent environmental releases where tons of toxic chemicals leached 

through soils and entered hundreds of groundwater aquifers (Pankow and Cherry 1996; Kueper et 

al. 2014). Despite extensive remediation efforts, PCE and TCE are still detected at many 

groundwater sites above regulatory standards  (Figure 2) (Kueper et al. 2014; Zogorski et al. 

2006). For decades, PCE and TCE groundwater contaminants have been, and continue to be, a 

major concern for the environment and human health exposure (Guyton et al. 2014; Chiu et al. 

2013). Today, PCE and TCE are two of the most frequently detected groundwater plume 

contaminants for both oxic and anoxic aquifers (Hawley, Deeb, and Levine 2014; Zogorski et al. 

2006).  Their carbon oxidation states range from +1 to +2.  PCE and TCE are volatile, hydrophobic 
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and denser than water which are physical and chemical properties that influence their recalcitrance 

from biotic and abiotic degradation in the environment (McCarty, Stroo, and Ward 2010; Cwiertny 

and Scherer 2010).   

 

 

	

	

	

	

	

	

	

 

Figure 2. Volatile organic contaminant VOC contamination of groundwater aquifers throughout 
United States with a large range of detected concentrations (Zogorski et al. 2006). 

 

The default groundwater treatment and plume containment approach has been pump and 

treat (Kueper et al. 2014). However, groundwater scientists have long projected that even with 

continuous pumping it would take more than several decades to reduce concentrations by a factor 

of 100 at tested superfund sites (Travis and Doty 1990).  Therefore, the Department of Defense 

(DoD) reached a similar consensus after conducting a 15-year study that confirmed pump and treat 
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was costly and ineffective at remediating chlorinated ethenes from aquifers to regulated 

concentrations, or even site specific goals (Kueper et al. 2014). 

Natural systems can be altered by microorganisms to reducing environments using 

elemental sulfur So, sulfate !"#$% and ferric iron Fe(III) as electron accepters (Weber, Achenbach, 

and Coates 2006; Madigan et al. 2010).  Therefore, dissimilatory iron or sulfate reducing bacteria 

in anoxic environments cause reduced, and mobile ions, ferrous Fe(II) and sulfide S(-II), to become 

available in groundwater and soil systems (Lovley et al. 1987; Nealson and Myers 1992; Pennisi 

2002). 

A recent review proposed the degradation trend for chlorinated solvents with iron bearing 

minerals: disordered mackinawite FeS > FeS > Fe(0) > FeS2 > sorbed Fe2+ > green rust = magnetite 

(Fe3O4) > biotite = vermiculite (He et al. 2015). From this group of iron materials, magnetite Fe3O4 

as a reduced aquifer mineral is of great interests. Several reasons for interest with magnetite are 

due to microorganisms being able to biomineralize iron-bearing minerals, such as magnetite 

Fe3O4(s) (Bazylinski et al. 1995; Bazylinski, Frankel, and Konhauser 2007; Chang et al. 1989).  

The formation of magnetite also occurs through different abiotic processes (Gorski et al. 2010; 

Gorski and Scherer 2011a; Gorski and Fantle 2017) and magnetite is a mixed valent state iron 

oxide with different particle stoichiometries (x = Fe2+/Fe3+ structural ratio) that range from 

oxidized x = 0 to stoichiometric x = 0.5, its fully reduced state. Other studies have shown 

stoichiometric magnetite drastically influenced the extent of contaminant reduction up to five-

orders of magnitude (Gorski and Scherer 2009a; Latta et al. 2012). But the solid-state mineral 

stoichiometry of magnetite has not been monitored for experiments involving the reduction of 

chlorinated ethenes (Lee and Batchelor 2002a; Liang, Philp, and Butler 2009a; Sivavec 1998). 
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Like other iron oxides magnetite is ubiquitous and we know that it can form because of 

uniquely different chemical processes, for instance as aqueous Fe2+ catalyzed mineral 

recrystallization of ferrihydrite, lepidocrocite and goethite (Gorski et al. 2010; Gorski and Scherer 

2011a; Hansel et al. 2003; Hansel, Benner, and Fendorf 2005).  Available iron oxides with 

reducing Fe2+ and reduced free ions interact chemically via redox mechanisms (Gorski and Scherer 

2011a).  Some redox processes that happen as either a single step or a series of steps are (i) sorption 

(Fe2+ cation surface complexes to the mineral) (ii) electron transfer (Sorption, proceeded by an 

oxidation and electron transfer from the attached Fe2+ to an Fe(III) atom in the oxide) (iii) atom 

exchange (After step (ii) the electron can escape the solid phase Fe(III) bearing oxide as aqueous 

Fe2+).  Reviews explaining these novel redox processes more explicitly are available (Gorski and 

Fantle 2017; Gorski and Scherer 2011b).While biological degradation of PCE and TCE has been 

studied in some detail (Bradley and Chapelle 1997; Lee, Odom, and Buchanan Jr 1998), there is 

still significant knowledge gaps in our understanding of how abiotic processes with iron minerals 

such as magnetite (Fe3O4) might contribute to the degradation of chlorinated ethenes, such as PCE 

and TCE (He et al. 2015; He et al. 2009). 

Magnetite is a common solid phase iron bearing mineral found within iron-reducing 

aquifers, and has been proposed as an important catalyst to support reductive transformation of 

chlorinated ethenes (Wiedemeier et al. 2017; Ferrey et al. 2004b; Lee and Batchelor 2002a). In 

recent years, the implications of various iron oxides for reductive dechlorination has advanced 

through ongoing investigations with several natural and fortuitously formed minerals with the 

potential to be implemented in iron-based groundwater remediation technologies like monitored 

natural attenuation (He et al. 2015; Cundy, Hopkinson, and Whitby 2008; Zhang 2003). Although 

it has been long recognized that iron minerals play an important role in redox dechlorination of 
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chlorinated ethenes, performance has not always been predictable or reproducible at the field scale, 

or even at the more controlled laboratory scale. 

Magnetite was identified in sediment samples of the Twin Cities Army Ammunition Plant 

(TCAAP) where biological reductive dechlorination did not remove cis-DCE and 1,1-DCE 

dichloroethenes from a groundwater plume (Ferrey et al. 2004a).  Despite the known tendency of 

reductive dechlorination of chlorinated ethenes in the order of decreasing numbers of chlorides 

PCE > TCE > cis-DCE > VC (Vogel, Criddle, and McCarty 1987) (Figure 3), only a few 

laboratory studies attempted to provide some evidence for the higher chlorinated PCE and TCE 

degradation by magnetite (Table 1) (Sivavec 1998; Lee and Batchelor 2002a; Liang, Philp, and 

Butler 2009b). Although non-sequential degradation has been suggested due to experiments 

involving lessor chlorinated solvents i.e., cis-DCE reacted with magnetite, PCE and TCE plus 

magnetite experiments with results that confirm a non-sequential degradation pathway, and 

specific transformation products at varied geochemical conditions such as greater than 

circumneutral pH is lacking. The only transformation product identified from Lee and Batchelor 

(2002a) magnetite reactions with PCE and TCE was chloride (Cl-).  

 There are different inconsistencies regarding the rates and extent of reduction from 

laboratory experiments with TCE and PCE by magnetite. For TCE reacted with magnetite reported 

rates of degradation that differ by three orders of magnitude (Lee and Batchelor 2002b; Liang, 

Philp, and Butler 2009a; Sivavec 1998) (Table 1).  Ferrous iron Fe(II) can surface complex with 

magnetite and reduce it (Gorski and Scherer 2009a), but to our understanding there is only a single 

experiment with TCE reacting with aqueous Fe(II) reduced magnetite reported in the literature 

(Sivavec 1998). For their study, a half-life of approximately 14 days was reported, but the authors 

fail to provide a transformation product distribution.  
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 Assessing product distribution is crucial for a sustainable technology to be evaluated for 

field implementation, since partial reductive dechlorination of PCE or TCE may lead to significant 

accumulation of more toxic compounds like, cis–dichloroethene (cis-DCE) or vinyl chloride (VC) 

(He et al. 2015).  The suggested degradation pathway and products for chlorinated ethenes 

observed by abiotic degradation of reactive iron bearing minerals is provided (Figure 3).  Here 

reductive elimination and hydrogenolysis to a much lesser extent tends to be preferred degradation 

pathways for chlorinated ethenes by reactive iron minerals (He et al. 2015). 

 The overall objectives of this research were to determine whether magnetite reduces PCE 

and TCE, and provide insight as to what geochemical conditions are necessary for predicting when 

magnetite may be a viable alternative treatment at groundwater aquifers.  We measured the 

reduction for both organic solvents, PCE and TCE, with magnetite over a range of geochemical 

conditions. To date, it is unknown what affects the variability of the reported rates of reactions. 

Therefore, we varied the following factors for a range of experiments: (i) particle stoichiometry, 

(ii) freeze-dried versus non-freeze dried mineral, (iii) pH, (ii) mineral mass loading, (iii) 

concentration of aqueous iron(II). We found that magnetite alone only slowly transforms TCE, 

and does not react with PCE. When amended with aqueous Fe(II), only at conditions where ferrous 

hydroxide Fe(OH)2 (s) is present with magnetite this dictates whether both PCE and TCE would 

degrade.  To our knowledge, this is the first study to show that precipitated Fe(OH)2 (S) plus 

magnetite activates a novel mechanism for dechlorination for both PCE and TCE. 
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Figure 3. Summary of reaction degradation pathway for chlorinated ethenes during abiotic 
reduction by iron bearing minerals (Arnold and Roberts 2000; He et al. 2015). 
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Table 1. Literature Summary of Magnetite with TCE/PCE Kinetic Studies 
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CHAPTER II 

 
MATERIALS AND METHODS 

 

Chemicals 
 

 The target chlorinated analytes for this study were purchased from Sigma-Aldrich. The 

chemical grade of the Tetrachloroethylene (PCE) was anhydrous (≥ 99%) and Trichloroethylene 

(TCE) was reagent grade, ≥ 99%.  The C2 expected daughter product gases were custom ordered 

from Praxair: as a 2.0% ethane, 1.97% ethylene and 1.9% acetylene mixture in nitrogen.  Hexanes 

and methanol was also procured from Sigma-Aldrich and were pesticide residue grade and ACS 

reagent grade ≥ 99.8%, respectively.  PCE and TCE (24, 250 & 500) mM stock solutions were 

gravimetrically prepared in N2-sparged methanol, sealed with Viton septa and stored in a glovebox. 

All deionized water was deoxygenated via nitrogen purging and allowed to sit for at least 

24 hours within the glovebox before being used in any experiments.  Either a 10 mM, 3-(N- 

Morpholino) propanesulfonic acid, 4 Morpholinepropanesulfoni acid MOPs titration grade (≥ 

99.5%, Sigma) buffer solution or 10 mM Piperazine-N,N” – bis (3-propanesulfonic acid) PIPPs 

with a 10 mM sodium chloride NaCl background electrolyte was prepared as the aqueous phase 

for buffered controls and reactors (≤ pH 8.0 or ≥ 8.5), respectively.  All pH adjustments were set 

with either degassed 5M hydrochloric acid (HCl) or (10 or 2.5M) sodium hydroxide (NaOH) ACS 

reagent grade (≥ 97.0%, Sigma). 
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Synthesis and Characterization of Minerals 
 

Magnetite was synthesized using iron chloride salts following a method used as previously 

described (Gorski and Scherer 2010a). Briefly, 0.1 M Ferrous chloride (FeCl2) and 0.2 M Ferric 

chloride (FeCl3) solutions were prepared by dissolving the salts in deoxygenated deionized water 

in separate containers within the glovebox. Both solutions were combined then mixed with a 

magnetic stirrer. The mixture was vigorously stirred and titrated using 10M NaOH to set the pH 

within (10–11.5). The magnetite suspension was sealed and left stirring overnight before filtering. 

Freeze dried minerals, were ground in a porcelain mortar pestle, sieved through 150-micron sieve, 

and stored in the glovebox. With this approach the (�20 nm sphere) magnetite particles has surface 

area value close to 63 ± 7 m2 g-1 using BET analysis (Gorski et al. 2009). Minerals were 

characterized with powder X-Ray diffraction (pXRD), 1,10 phenanthroline and Mössbauer 

spectroscopy (Gorski and Scherer 2010a). Post reacted minerals containing ferrous hydroxide was 

also characterized using pXRD. However, instead of mixing the material with glycerol to slow the 

rate of oxidation during characterization, we sealed the minerals with a single layer of kapton tape 

on a XRD slide. Electron microscopy was also used to confirm that the morphology and d-spacing 

of pre-reacted magnetite particles. A sample High resolution- transmission electron microscopy 

HRTEM using JEOL JEM 2100F is provided (Figure 4). To prepare a microscopy sample, 

magnetite was suspended in methanol, then 30 µl drop was added to 2 mm carbon lacey copper 

grid. The methanol doused sample on the grid was left to evaporate in the glovebox before placing 

the TEM grid into a clean grid box in a desiccator before transportation to the instrument. 
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Figure 4. Sample HR-TEM images of pre-reacted Nano-magnetite (A – D). Miller indices and d-
spacing (111) 0.46 nm/c, (311) 0.26 nm/c, (400) 0.21nm/c (A). 
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Sample Preparation and Stoichiometry Analysis  
 

Magnetite stoichiometries (x= Fe2+/Fe3+) were determined using previously established 

methods (Gorski and Scherer 2010b).  The first approach was stoichiometry from acid dissolution 

(xd), were a target of 10 mM total iron in terms of magnetite mineral was dissolved in 5 M HCL 

under glovebox atmosphere.  Using the phenanthroline method, we evaluated the Fe2+ and Total 

Fe concentrations to determine the stoichiometric ratio from a sample size of ten (n = 10).  Powder 

X-ray diffraction (xxrd) was the second approach, here we used a Rigaku MiniFlex II system 

equipped with a Co source (CoKα = 1.78899 Å). For pre-reacted magnetite, sample powders were 

mixed into two drops of glycerol to form a paste in the glovebox to avoid oxidation of the mineral 

during analysis. Samples were analyzed from 5-80o 2θ with a 0.02o step size and a 1.2 s dwell time.  

These pXRD stiochiometries (xxrd) were then derived from a linear expression, evaluated from a 

observed trend where the unit-cell length was function of mineral stoichiometry (Gorski and 

Scherer 2010b).  Transmission Mössbauer spectroscopy was performed with a variable 

temperature He-cooled system with a 57Co source.  To prepare samples and avoid oxidation, we 

sealed either powder or filtered specimens (with filter paper) between two pieces of kapton tape in 

the glovebox before mounting the sample unto the Mössbauer sample rod.  To post characterize 

minerals using XRD, we shook the reactor, pull a ~5 ml sample and filtered the solution at the 

experiment’s duration and sealed the sample with one layer of 25 µM kapton tape. 
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Reactor Design 
 

All reactors were 160 ml glass bottles sealed with Viton septas (20 mm x 8 mm depth) and 

a 1:14 gas to liquid phase ratio. Each system was covered with foil, stored and shook at (~100 rpm) 

while upside down as shown in figure 5.  The following parameters were varied within this study: 

magnetite stoichiometry (x = Fe2+/Fe3+ structural ratio), solids loading, pH, and aqueous Fe(II) 

concentration.  The desired mass of iron oxides was added to the buffer solution, followed by 

aqueous Fe(II), if needed. Then the reactor was pH adjusted and the target volume of chlorinated 

solvent spiked using a Hamilton syringe attached to a Chaney adaptor for studies requiring 

reproducibility. A PCE and TCE concentration of 50 µM (8,291 and 6,570 µg/L of PCE and TCE, 

respectively) was selected for most experiments, since it is an environmentally relevant value 

found at contaminated groundwater sites (Stroo et al. 2015; Kavanaugh, Deeb, and Hawley 2011; 

Ferrey et al. 2004b). 
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Figure 5. Schematic of the reactor design used for all experiments. Reactors was sealed in the 
glovebox, stored upside down on a shaker table at 100 rpm. Gas phase sampling was done with a 
nitrogen rinsed syringe. Liquid phase sampling was performed under glovebox atmosphere. 
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Analytical Procedures 
 

All batch reactors were prepared in a 93% N2/ 7% H2 filled glovebox with an oxygen 

content maintained below 1 ppm. All reagents were degassed with nitrogen for 2 hours and left 

within the glovebox atmosphere for at least 24 hours to equilibrate. An Agilent 6890 gas 

chromatograph with electron capture (ECD) and flame ionization (FID) detectors was used to track 

parent and product analytes.  A method developed for GC-ECD allowed for complete separation 

and detection of PCE and TCE using a Supelco Equity-5 column.  All aqueous phase analytes were 

distinguished using GC-ECD Gas detector with an auto-sampler receiving 100 µl samples from 

GC vials.  The aqueous sample was prepared using liquid-liquid extractions of 0.5 or 1 ml of 

sample to 2 ml of hexanes, vortexed and the supernatant transferred and sealed in GC vials. The 

ECD column was a Supelco Equity-5 DB-5, 250 µm i.d. x 30, with a 0.5 um film thickness, 

purchased from Sigma Aldrich.  The carrier gas was nitrogen at a constant total flow velocities of 

14.6 mL/min (10:1 split ratio). The detector make-up gas was 95% Argon: 5% methane with flow 

of 30 mL/min. The oven was programmed for an initial hold of 1 min at 45 oC, then 10 oC/min 

until all peaks were eluted or a temperature of 300 oC was reached.  The ECD method detection 

limits are 0.05 µmoles/l PCE and 0.02 µmoles/l TCE for (n = 15). 

The C2 daughter products ethane, ethylene and acetylene were detected using a GC-FID 

equipped with an Agilent J&W GC column, with a GS-GASPRO stationary phase, 0.320 mm i.d. 

x 30 m, under isothermal conditions at 70 °C. The carrier gas was nitrogen at a constant total flow 

velocitie of 14.1 mL/min (7.5:1 split ratio). The detector air flow was 450 mL/min, hydrogen flow 

40 mL/min, and make-up gas type was nitrogen and a combined flow rate of 35 mL/min. The oven 

was programmed for an initial hold of 0.5 min at 70 oC, until a temperature of 260 oC was reached.	

All samples were 100 µl manual direct headspace injections into the column.  The detection limits 
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for the FID method are 1.35 µmoles/l ethane, 1.36 µmoles/l ethylene and 1.34 µmoles/l acetylene 

for (n = 10).  

To evaluate the partitioned phase for each analyte detected by the respective method, we 

used Henry’s law and the specific dimensionless coefficient Hcc from a recent Henry’s constants 

review (Sander 2015).  The averaged values for the Hcc are as follows PCE = 1.54, TCE = 2.447, 

Ethane = 0.0471, and Ethylene = 0.146 and Acetylene = 1.016 (Sander 2015) (Appendix). 

Reproducibility Experiment 

 
A single set of data within this study was prepared with a sample size of twelve experiments 

with the following experimental condition (50 uM TCE, 5 g/L magnetite, 10 mM (558.5 mg/L) 

Fe(II) and pH 8.0).  Four reactors were initially punctured, then unpunctured reactors were 

incrementally added within the sampling routine until the entire set of 12 reactors were sampled 

at the experiment duration. 

Rate Constants 

 
For each study, all observed first order rate constants (kobs) were evaluated by negative 

natural logarithm of the ratio of final analyte concentration to initial concentration divided by the 

experiment duration. 
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RESULTS AND DISCUSSION 
 

Reduction of PCE and TCE by Magnetite Alone 
 

 To evaluate the effect of magnetite stoichiometry on the reduction of TCE and PCE, we 

measured analyte concentration over time, as well as product formation in batch reactors. We first 

constrained our PCE and TCE reduction experiments over a range of environmentally relevant 

conditions including magnetite stoichiometries (x = Fe2+/Fe3+ = 0.48 – 0.5), solids loadings (5 – 

20 g/L), and pH values (7.0 – 9.4) (Table 2, Figure 6). We found no removal of both analytes 

over 140 days and detected no carbon products.  The average carbon recovery was 101 ± 10% for 

(n = 9).  Previous studies that reported TCE and PCE reduction by magnetite evaluated single 

geochemical conditions per report and when compared the results are inconsistent (Table 1). For 

TCE reactions with freeze dried magnetite, a degradation rate of k = 4.3 x 10-7 s-1 (t1/2 = 0.052 

years) was reported without experimental conditions provided (Sivavec 1997). In a later study, it 

was shown that TCE with magnetite in batch at pH 7.0 was unreactive up to 14 days (Sivavec 

1998). Recent batch experiments used ion and gas chromatography techniques on reactors with 63 

g/L magnetite loading at pH 7.0. Using a chloride mass balance they found 11% total products 

transformation over 100 days and TCE degradation rate of k = 3.0 x 10-8 s-1 (t1/2 = 0.73 years) one 

order of magnitude slower than Sivavec’s 1997 study (Lee and Batchelor 2002a).  In addition, gas 

chromatography and isotope analysis methods were used with flame sealed glass ampules and 20 

g/L magnetite loading at pH 8.0, which generated 3% transformation products over 131 days 

(Liang, Philp, and Butler 2009b). Since the collected data was relatively noisy, a degradation curve 

could not be explicitly assessed. 
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 We also observed no loss of PCE or formation of products with magnetite suspensions over 

the similar conditions as our TCE reactors (Figure 6).  These findings differed from the literature 

where it was shown that magnetite reduced 6% of the PCE added at pH 7.0 at a rate of k = 3.5 x 

10-8 s-1 (t1/2 = 0.63 years) (Lee and Batchelor 2002a). For a second study, approximately 11% 

products at pH 8.0 with 10% of the total mass was unaccounted (Lee and Batchelor 2002a; Liang, 

Philp, and Butler 2009b). 

To investigate if freeze drying the magnetite particles influenced whether magnetite can 

reduce TCE, we prepared freshly precipitated magnetite and reacted it with TCE. Slow reduction 

of TCE was observed over 150 days with production of acetylene and trace ethylene and ethane 

(6% total products) (Table 2, Figure 7). The first-order rate coefficient of k = 2.9 x 10-9 s-1 (t1/2 = 

7.6 years) was estimated based on TCE removal. Based on these results, TCE reduction by freshly 

precipitated magnetite demonstrates for the first time that freeze drying affects the reactivity for 

magnetite minerals.  Because of how slow the TCE reaction was we did not explore the reasons 

for differences in reaction for magnetite freeze dried versus nonfreeze dried. But similar results 

were found when working with freeze dried versus non-freeze dried iron sulfides (FeS) with TCE 

in batch experiments, where transformation kinetics with freeze-dried FeS was up to 20–50 times 

less reactive towards degrading TCE than non- freeze-dried FeS (He, Wilson, and Wilkin 2010).  

The authors suggest that freeze drying caused particle aggregation, decreased surface area and the 

availably of reactive sites. A second case showed that non-freeze dried suspensions are the only 

form of mackinawite that degrades cis-DCE, suggesting that this phenomena occurs with other 

iron minerals and even lesser chlorinated ethenes (Hyun and Hayes 2015).  Since PCE should be 

more susceptible to reductive dechlorination, we hypothesized that reacting freshly precipitated 

nonfreeze dried magnetite with PCE would produce faster degradation than that observed with 
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TCE, but we detected no transformation even when the estimated mass loading of magnetite or 

available reactive sites approximately were doubled for our PCE experiment (Table 2, Figure 8). 

We believe these results suggest that for minerals that were not freeze dried another factor other 

than the availability of surface sites dictates the observed increased reactivity.  
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Figure 6. PCE and TCE concentration versus time in the presence of freeze dried magnetite. 
Experimental conditions: 50 µM PCE/TCE, 10 mM MOPs/NaCl at pH ≤ 8.0 or 10 mM PIPPs/NaCl 
at pH ≥ 8.5, pH range 7.0 – 9.4, magnetite stoichiometry (xd= Fe2+/Fe3+ = 0.48 – 0.55), mass 
loading 5-20 g/L. Average carbon recoveries, TCE (107 ± 8%) for (n = 4), and PCE (98 ± 6%), 
for (n = 5). 
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Figure 7. TCE concentration versus time in the presence of fresh magnetite. Experimental 
conditions: 73 µM TCE, 10 mM MOPs/NaCl, pH 8.0, magnetite stoichiometry (xd= Fe2+/Fe3+ = 
0.48), mass loading 33 g/L. 
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Figure 8. PCE concentration versus time in the presence of fresh magnetite. Experimental 
conditions: ~40 µM TCE, 10 mM MOPs/NaCl, pH 8.3, magnetite stoichiometry (xd = Fe2+/Fe3+ = 
0.5), mass loading 78 g/L. 
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Table 2. PCE/TCE with Magnetite alone 
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Reduction of PCE and TCE by Magnetite and Fe(II) 
 

Although nonfreeze dried magnetite alone reduces TCE only slowly (and not PCE), 

previous work observed TCE reduction when aqueous Fe(II) was added to freeze-dried magnetite 

suspensions (Sivavec 1998). To investigate the influence of added Fe(II), we measured TCE and 

PCE reduction by magnetite with the added aqueous Fe(II) over a range of Fe(II) concentrations 

and pH values (Tables 4 & 5).  TCE reduction was observed under some conditions, and was 

reproducible (Table 4, Figure 9).  Here, a sample size of 12 TCE experiments with 5 g/L 

magnetite, 10 mM Fe(II) and pH 8.0 had acetylene as the primary transformation product with 

trace ethylene and ethane accounting for 24 ± 5.6% total products, and 99 ± 11% carbon recovery 

at the final time point. The first-order rate coefficient for this study was k = 1.97 x 10-8 s-1 (t1/2 = 

1.1 years). We found that the addition of ferrous iron also led to measurable PCE reduction k = 

1.62 x 10-8 s-1 (t1/2 = 1.3 years) (Table 4, Figure 10).  Like our TCE with magnetite with aqueous 

Fe(II) experiments, we detected acetylene as the main product and trace ethylene and ethane. 

Although 20% of the carbon mass balance was not recovered, we tested for lesser chlorinated 

solvents, DCEs, and did not detect any.   In fact, we found that under several Fe(II) concentrations 

(0.6 – 201 mM) and pH conditions (6.0-9.2), significant to no dechlorination of both TCE/PCE 

occurred and lower chlorinated products not detected. 

During setting up reactors, we observed a white precipitate forming and it appeared to 

control whether we observed TCE and PCE degradation or not (Figure 11).  Based on the 

experimental conditions and the presence of the precipitate, we hypothesized that ferrous 

hydroxide Fe(OH)2(s) was forming under select conditions that catalyzed measurable degradation 

of TCE and PCE.  To confirm whether magnetite and ferrous hydroxide were the only mineral 
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phases present in the TCE reactors, we used XRD and Mössbauer spectroscopy to characterize the 

minerals phases for multiple reactors. All XRD diffraction patterns confirmed that ferrous 

hydroxide precipitates were present with the initially added magnetite, and a sample is shown in 

figure 12. This sample was taken at 167 days of reaction with 30% total degradation products and 

corresponds to Exp. 19 (Table 4). Similar XRD patterns were observed for PCE plus magnetite at 

conditions saturated for ferrous hydroxide. 

Mössbauer spectra for samples were measured at 140K to identify magnetite, and 

additional iron phases (Figure 13, Exp 35). The Mössbauer spectrum reveals two sextets and a 

Fe(II) doublet. As expected, the sextet with the dominant spectral area (≈ 47%) had a center shift 

(CS) and hyperfine splitting (H) consistent with the OctFe2.5+ site in magnetite (Table 3).  Likewise 

the second sextet had a spectral area of (≈ 23%) with a center shift (CS) and hyperfine splitting 

(H) consistent with the Oct,TetFe3+ site in magnetite. Using the spectral areas for these two sites, the 

post reacted magnetite mineral phase was stoichiometric xms = 0.5.  The Fe(II) doublet in the 

Mössbauer spectra comprised of 30% of the total iron area was ferrous hydroxide as confirmed 

using XRD (Figure 12). For tested samples, the Fe(II) doublet had CS = 1.24 mm/s and a 

quadrupole splitting (QS) = 3.04 mm/s. No other mineral phases besides magnetite and ferrous 

hydroxide, were detected for reactors prepared with Fe(II) from ferrous chloride iron stock 

solutions. 

To assess whether the ferrous hydroxide precipitate catalyzed the reduction of PCE and 

TCE, we plotted the initial conditions of all experiments on a Fe(OH)2(s) solubility diagram 

(Tables 4 & 5, Figure 14). For each solubility diagram in this study, red solid circle markers 

represent reactors that detected C2 transformation products (Acetylene, Ethene and Ethane), and 

yellow solid circle markers those with no degradation.  A noticeable pattern of PCE and TCE 
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reduction occurs only when the experimental conditions are saturated for Fe(OH)2(s).  Of the 

thirty-six experimental conditions investigated for, thirty (~83 %) experiments follow the pattern 

of TCE reduction being observed only when Fe(OH)2(s) solubility is exceeded (Figure 14). Only 

two out of thirty-six experiments were exceptions to this pattern when saturated for Fe(OH)2(s), 

and a single experiment with products when below Fe(OH)2(s) saturation (Table 4, Exp 25). 

Similar experiments were conducted for PCE with magnetite and Fe(II) and like our TCE 

results, PCE reduction was favored once Fe(OH)2(s) precipitated (Figure 14). Of fifteen 

conditions evaluated, nine experiments were saturated for ferrous hydroxide and all had 

measurable transformation products. We explored whether non-freeze dried magnetite saturated 

for Fe(OH)2 (s) may enhance the extent of degradation for TCE and PCE (Labeled with (**) on 

Table 4).  As expected degradation occurred for TCE and PCE in freshly precipitated magnetite 

with Fe(OH)2(s) suspensions, but we found no evidence for increased rates of either TCE nor PCE 

degradation, when compared to reactions with freeze dried magnetite. We decided to repeat 

Sivavec’s study using a similar mass loading of magnetite, the same very high concentration of 

aqueous iron at pH 6, and found completely no signs of degradation with almost complete mass 

recovery up to 100 days (Table 5, yellow square        Figure 15).   
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Figure 9. Reduction of TCE over time with freeze dried magnetite and aqueous Fe(II). 
Experimental conditions: 50 µM TCE, 5 g/L Fe3O4 (s), 9.3 ± 0.6 mM Fe(II), 10 mM MOPs/NaCl, 
pH 8, for (n = 12). 
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Figure 10. Reduction of PCE over time with freeze dried magnetite and aqueous Fe(II). 
Experimental conditions: 54 µM TCE, 5 g/L Fe3O4 (s), 33 mM Fe(II), 10 mM MOPs/NaCl, pH 
7.9. 
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Figure 11. Images of 50 µM TCE reactors with low Fe(II) (Left reactor) and precipitated 
Fe(OH)2(s) (Right reactor) with 5 g/L magnetite in 10 mM MOPs buffer at pH 8.0. 
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Figure 12. X-ray diffraction pattern of a TCE reactor with magnetite and Fe(II) where 30.0% 
products were observed. Light green bars indicate ferrous hydroxide and blue bars magnetite. 
Background prior 40 is due to kapton film used to seal the sample from being oxidized. 
Experimental conditions: 51µM TCE, 10 mM MOPs/NaCl, 9.2 mM Fe(II), pH 8.0. 
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Figure 13. Mössbauer spectrum of magnetite plus ferrous hydroxide after reaction with 51 µM 
TCE, 10 mM MOPs/NaCl, pH 8.0. After 167 d, 30.0% total products were observed. Note: 9.2 
mM Fe(II) was the initial concentration of dissolved iron added. 
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Table 3. Mössbauer Parameters for Magnetite, pre-and post reacted with Fe(II) and TCE 
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Figure 14. Fe(OH)2(s) solubility diagram with magnetite plus Fe(II) reactor conditions overlaid, 
(a) PCE and (b) TCE.    Red markers represent PCE and TCE reactors with reduction products 
(acetylene, ethylene and trace ethane). Ksp [Fe(OH)2(s)] = [Fe2+] [OH-]2 = 5 x 10-15 M (Sawyer, 
McCarty, and Parkin 2016). 
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Figure 15. Reduction of TCE over time with freeze dried magnetite and aqueous Fe(II). Sivavec, 
1998:  7.0 µM TCE, 217 g/L Fe3O4 (s), 200 mM Fe(II), pH 6.0. This study: 22 µM TCE, 147 g/L 
Fe3O4 (s), 201 ± 12 mM Fe(II), 10 mM MOPs/NaCl, pH 6.1. 
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Table 4. PCE/TCE Magnetite + aqueous Fe(II) reactors with products 
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Table 5. PCE/TCE with Magnetite + aqueous Fe(II) reactors without products 
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Reduction of PCE and TCE by Ferrous hydroxide 
 

The observation of Fe(OH)2(s) precipitation being necessary for PCE and TCE reduction 

to occur, however, begs the question of whether Fe(OH)2(s) alone or even aqueous Fe(II) alone 

can reduce TCE, or whether magnetite needs to be present for TCE reduction to occur. To evaluate 

whether Fe(OH)2(s) alone or aqueous Fe(II) alone could reduce TCE, we measured TCE reduction 

over a range of Fe(II) concentrations and pH values and plotted the results on an Fe(OH)2(s) 

solubility diagram (Table 6, Figure 16). As expected, no reduction of TCE was observed by 

aqueous Fe(II). Interestingly an even more selective degradation trend is noticeable rather than the 

trend observed for magnetite plus Fe(II) experiments. Here, TCE reduction was measured when 

Fe(OH)2(s) has also precipitated, but the initial Fe(II) concentration must surpass 13 mM (Figure 

16). The average percent carbon mass recovery was 95 ± 30% for (n = 8).  We prepared PCE plus 

aqueous Fe(II) reactors with an Fe(II) range of (0.30 to 32) mM and pH range from 7.0 thru 9.2 

(Table 6, Figure 16). Like our TCE experiments, PCE removal only occurred when Fe(OH)2(s) 

was present from an initial Fe(II) concentration greater than 13 mM. A qualitative assessment 

remarkably confirm that the appearance or absence of the white precipitate closely followed the 

solubility of ferrous hydroxide (Figure 17). 

To confirm that the reactive solid phase was solely ferrous hydroxide, we characterized the 

solid materials in our reactors after ~150 days reaction using powder X-ray diffraction (pXRD) 

and Mössbauer spectroscopy.  Both pXRD and Mössbauer confirmed that the mineral phase in 

these reactors was Fe(OH)2 (s) (Figures 18-19). Although we observed some black and bluish gray 

specks in some reactors where transformation of TCE and PCE occurred, the total mass of these 

solid phases was less than ~ 2% of detection limits for both Mössbauer spectroscopy and pXRD.  
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As expected, the Mössbauer spectrum of the post reacted Fe(OH)2(s) sample at 140 K contains a 

single Fe(II) doublet, and a negligible amount of ferric iron Fe(III) (Figure 20). We ran the samples 

at 13 K, where the Fe(OH)2 spectrum is an octet with parameters that are similar to those published 

for ferrous hydroxide (Figure 16) (Miyamoto, Shinjo, and Takada 1967; Genin et al. 1986). 

Ferrous hydroxide undergoes antiferromagnetic ordering below its Néel temperature of ~30 K, 

which results in the ferrous octet spectra as determined from our results.  

To explore differences in kinetics of abiotic reduction of TCE by magnetite plus ferrous 

hydroxide versus ferrous hydroxide alone, the results are summarized in figure 20, by plotting 

experiments at 10 mM Fe(II) at pH 8.0, and 30 mM at pH 8.5 – 9.0.  Gray closed markers are the 

sum of products for reactors with magnetite, and the blue open markers indicate products because 

of ferrous hydroxide.  At the 30 mM Fe(II) pH 8.5 and 9.0 conditions, we observed that the 

presence of magnetite does not make a significant difference in the percent products. In contrast, 

at 10 mM Fe(II) and pH 8.0, which is exactly on the ferrous hydroxide solubility line a noticeable 

difference in percent products is observed (Figure 14). For all ferrous hydroxide pH 8.0 reactors 

no degradation of TCE was detected (Table 6, Figure 16), but the presence of magnetite appeared 

to not only cause the reaction to occur, but also enhance the degradation of TCE by a factor of 5.  

It is well reported through laboratory and field studies, that several reactive minerals have 

different reactivity towards various chlorinated solvents (He et al. 2015). But our results appear to 

show that a synergistic response between two minerals, magnetite with ferrous hydroxide, is 

occurring which lead to the degradation under conditions where ferrous hydroxide did not remove 

either PCE or TCE analytes alone (Figures 14 & 16). Therefore, data for this study reports a strong 

case were reactivity of minerals towards chlorinated solvents can occur or enhance when different 
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mineral phases containing structural Fe(II) are investigated together, which we suggest is a closer 

representation of what occurs in nature or engineered systems. 
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Figure 16. Fe(OH)2(s) solubility diagram with aqueous Fe(II) reactors without magnetite 
conditions overlaid, (a) PCE and (b) TCE. Red markers represent PCE and TCE reactors with 
reduction products (acetylene, ethylene and trace ethane). Ksp [Fe(OH)2(s)] = [Fe2+] [OH-]2 = 5 x 
10-15 M (Sawyer, McCarty, and Parkin 2016). 
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Figure 17. Reactors showing increasing saturation of white Fe(OH)2 precipitate from left to right 
in buffer solution. A-C reactors are 7.0 mM initial Fe(II) concentration, set at pH values of 8.0, 8.5 
and 9.0, respectively. D-F reactors are 30.0 mM initial Fe(II) concentration, set at pH values of 
8.0, 8.5 and 9.0, respectively. 
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Figure 18. X-ray diffraction pattern of a TCE reactor with Fe(II) alone where 9.0% products were 
observed. Light green bars indicate ferrous hydroxide. Background between 12 and 34 is due to 
Kapton film used to seal the sample from being oxidized. Experimental conditions: 60 µM TCE, 
10 mM MOPs/NaCl, 32 mM Fe(II), pH 8.  
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Figure 19. Mössbauer spectrum of white precipitate after reacting with 60 µM TCE, 10 mM 
MOPs/NaCl, pH 8.0, where 9.0% products were observed. Note: 32 mM Fe(II) was the initial 
concentration of dissolved iron added. 
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Figure 20. Sum of C2 products (acetylene, ethylene and ethane) formation for TCE reactors with 
ferrous hydroxide plus magnetite (Gray solid markers) and ferrous hydroxide alone (Blue open 
markers) over time.  Circles are 10 mM Fe(II), pH 8.0. Squares and triangles are 30 mM Fe(II), 
pH 8.5-9.0. 
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Table 6. PCE/TCE with aqueous Fe(II) alone 
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CHAPTER III 

 
ENGINEERING SIGNIFICANCE AND CONCLUSION 

 

Human development has resulted in the release of tons of anthropogenic compounds like 

tetrachloroethylene (PCE) and trichloroethylene (TCE) at unlined landfills, leaking underground 

storage tanks, and soils that threaten our ecosystem and the future state of hundreds of groundwater 

resources (Kueper et al. 2014; Meckenstock et al. 2015; Tratnyek et al. 2014). Groundwater is a 

crucial water source for many countries worldwide (Zektser, Loáiciga, and Wolf 2005). The 

United States is not exempt, where it is estimated that one-half of the nation’s population depend 

on groundwater as a drinking-water source for residents in rural areas (Zogorski et al. 2006).  

Finding sustainable engineered solutions to contain, and or remediate plumes of PCE and TCE is 

of top priority to avoid further contamination within the groundwater table from dissolve phase 

organics reaching existing drinking water wells. Feasible solutions must address the current 

economic burden and environmental impacts due primarily from decades of reliance on energy 

intensive and carbon dioxide (CO2) emitting approaches, like pump and treat (Vörösmarty et al. 

2000; Kueper et al. 2014; He et al. 2009). Moreover, an effective strategy must degrade the parent 

chlorinated solvents to less benign products (i.e., Acetylene) and not stall at other carcinogenic 

volatile organic compounds VOCs, such as dichloroethenes or vinyl chloride (He et al. 2009).  

Reductive elimination of PCE and TCE is suggested as the major abiotic degradation 

pathway when reacted with iron Fe(II)-bearing minerals (Cwiertny and Scherer 2010; He et al. 

2015). The most common transformation product from reductive elimination with Fe(II) 

containing minerals is acetylene, which is suggested as a signature abiotic product (He et al. 2015). 
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For this study, all PCE and TCE reactions had acetylene as the major transformation product, 

confirming another situation where reductive elimination is the dominant degradation pathway, 

similar to other Fe(II) containing minerals such as mackinawite FeS, Green rust, and Fe2+-sorbed 

minerals (He et al. 2015). 

It is important to be able to predict pathways for abiotic degradation, and estimate the rates 

at which a specific reactive iron minerals may degrade targeted chlorinated solvents. We know 

reactive Fe(II)-containing minerals such as magnetite and green rust form under iron reducing 

conditions within engineered remedies i.e., zero valent iron permeable reactive barriers (PRBs), 

enhanced reductive dechlorination (ERD) treatment zones, and naturally in aquifers (He et al. 

2015; Vodyanitskii 2014). Therefore, it is worth continued effort exploring magnetite as a potential 

mineral phase that can be incorporated as part of existing remedies. Before this study, the optimal 

geochemical conditions for magnetite driven degradation of PCE and TCE under iron reducing 

conditions were not fully explored (Table 1). In the literature, much greater effort has been spent 

to determine whether other reactive minerals such as mackinawite, green rust and pyrite degrade 

PCE and TCE, and whether they can be effectively incorporated into engineered remediation 

strategies under reducing groundwater conditions (He et al. 2015).  

An advancing engineered treatment strategy for chlorinated ethenes is monitored natural 

attenuation (MNA), where the site specific reactive biogeochemical makeup is utilized to decrease 

the concentration of contaminants (Kueper et al. 2014). Reactive Fe(II)-bearing minerals for 

abiotic degradation of chlorinated solvents in aquifers is an important contributor to natural 

attenuation. Although magnetite Fe3O4 is often present in unconsolidated glacial aquifers and 

aquifers that form in sediments that are shed by uplands composed of granite or other igneous 
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rocks (Darlington and Rectanus 2015), our results highlight that simply monitoring for the 

presence of magnetite alone does not readily tell whether PCE and TCE will degrade. 

For this study, it was discovered that magnetite under iron reducing conditions where 

ferrous hydroxide Fe(OH)2 is likely to precipitate, degradation of PCE and TCE occurs. Therefore, 

groundwater engineers performing site characterization, assessment and even modelling of natural 

attenuation for PCE and TCE should keenly evaluate changes to aqueous Fe(II) concentrations, 

and the quantity of magnetite within contaminated aquifers (Thornton, Lerner, and Banwart 2001).  

Particularly, for groundwater plumes with low dissolved concentrations of the target organic 

contaminants. 

Though our findings indicate that the solid-state chemistry of magnetite i.e., stoichiometry 

does not directly enhance the rate of degradation for both PCE and TCE as originally hypothesized, 

our results confirm that exclusively at conditions where magnetite is expected to be stoichiometric 

x = 0.5 in the presence of precipitated Fe(OH)2, degradation of the target chlorinated ethenes 

occurred. This finding strongly supports the notion that the mineral stoichiometry of magnetite 

should always be evaluated as an intrinsic identifier for the select batch of mineral used within 

laboratory experiments, especially to ensure experimental reproducibility and evaluating redox 

processes of contaminants with magnetite (Gorski and Scherer 2009b; Latta et al. 2011; Wylie, 

Olive, and Powell 2016). 

To evaluate the quantity of magnetite mineral present in aquifer sediments, magnetic 

susceptibility of magnetite from downhole sondes (probes) is a promising technique (Wiedemeier 

et al. 2017; Ferrey et al. 2004b). To our understanding a similar quantification technique to 

determine the quantity of meta-stable mineral states like green rust, or ferrous hydroxide at field 
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scale is not readily available, but it appears that some work was done to report a signature magnetic 

susceptibility values for pure and partially oxidized ferrous hydroxide (Zernike 1953).  

For this study, in situ precipitation of ferrous hydroxide was evaluated under such a wide 

range of conditions in the presence of magnetite, our data set seems to indicate that the optimal 

geochemical conditions for TCE dechlorination was demonstrated as directly at the Fe(OH)2 

solubility curve (pH 8 and 10 mM Fe(II) with 5 g/l Magnetite) (Figure 20).  The apparent 

difference between PCE and TCE degradation by ferrous hydroxide alone, and the synergistic 

response with magnetite plus ferrous hydroxide, is quite an interesting finding and presents some 

potential future research questions. 

1. Does Fe(OH)2 (s) in the presence of magnetite enhance the rate of degradation of 
dicholroethenes DCEs, since DCEs were not detected in any of our PCE and TCE 
reactors?  

 
Rationale: 

a. At the field-scale, microcosm studies was used to show the first case of non-
biological degradation evidence for DCEs from sediment that contain magnetite 
(Ferrey et al. 2004b). 

 
b. From laboratory studies, it was suggested that in situ formed magnetite with other 

mineral phases present does not react with cis-DCE, but Ferrous hydroxide and 
green rust formed in situ did (Jeong et al. 2011; Jeong et al. 2013). 

 
2. Why did our results appear to indicate that when ferrous hydroxide alone reacted with 

PCE and TCE needed a significant build up/ mass loading of the solids or electrons to be 
present for degradation to occur? 
 

3. Does a synergistic response, as observed for magnetite plus ferrous hydroxide PCE and 
TCE degradation occur with other reactive minerals like ferrous hydroxide plus troilite, 
pyrite or mackinawite? 

 

For groundwater remediation, abiotic reactions are being engineered to stimulate reactive 

mineral formation, as in the case of biogeochemical reductive dechlorination (BiRD) technology 
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(He et al. 2015; Kennedy et al. 2006; Kennedy, Everett, and Gonzales 2006).  The BiRD method 

simulates bio-reactivity of sulfate-reducing bacteria, through amending a groundwater site with 

sulfate !"#$% and if needed a source of organic carbon is introduced to the sediments containing 

mineral irons like magnetite. Due to successful field testing of this technology, it is worth 

performing similar controlled kinetic laboratory experiments to investigate the degradation rates, 

and transformation products for chlorinated ethenes PCE and TCE by magnetite under sulfur-

reducing conditions. 
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APPENDIX 

 
	

	

	

	

	

	

	

	

 

 

Figure 21. Sample ferrous hydroxide (Fe(OH)2) solubility diagram. 
Equations:	

Line	1	

&'( )*$+ = 13.7 − 2	45	

Line	2	

&'( )*"5+ = 4.2 − 45	

Line	3	

&'( )* "5 $	78 = 	−6.9	

Line	4	

&'( )* "5 ;
% = 	−17.3 + 45	

	

Solubility	Curve:	

!= = )*$+ + )*"5+ + )* "5 $	78 + [)* "5 ;
%]	
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Sample of Henry’s Law Calculations  

For	a	Carbon	Mass	Balance	

 

	

	

	

	

	

	

	

	

	

Determination	of	gas/liquid	phase	concentrations	using	Hcc	

@ABCD = 	@EBCD/5BCD
CC =					

@A=CD = @E=CD	/5=CD
CC =	

@78DGH7IJ = 	5DGH7IJ
CC ∗ @(DGH7IJ =	

@78DGHLMJIJ = 	5DGHLMJIJ
CC ∗ @(DGHLMJIJ =	

@78NOJGLMJIJ	 = 	5NOJGLMJIJ
CC ∗ @(NOJGLMJIJ =	

	

Carbon	atomic	mass	balance	(2	phase	system)	

Input	Carbon	atoms	=	Output	Carbon	Atom	

	

P'QE&	@BCD	(78) = 	∑@BCD	 78	&	A + 	∑@=CD	 78	&	A + ∑@DGH7IJ	 78	&	A + ∑@DGHLMJIJ	 78	&	A + ∑@NOJGLMJIJ	 78	&	A 	

Converted	concentration	to	moles	of	carbon.	

Carbon	atomic	balance	(2	phase	system) 
Total	Carbon

PCE	(aq)
		=	C

PCE	(aq	&	g)	
+
	
C
TCE	(aq	&	g)

	+	C
Ethane

	
(aq	&	g)	

+	C
ethylene	(aq	&	g)	

+	C
acetylene	(aq	&	g)

 

Determination	of	specie	specific	dimensionless	Henry’s	coefficient	Hcc	

HccPCE	=	6.2	×	10−4 	
012	
03	45 	× 8.314	

03	45
012	7 	× 298	7 = 1.54	

HccTCE	=	1.02	×	10−3 	
012	
03	45 	× 8.314	

03	45
012	7 	× 298	7 = 2.55	

HccEthane	=	1.9	×	10−5 	
012	
03	45 	× 8.314	

03	45
012	7 	× 298	7 = 0.047	

HccEthylene	=	1.9	×	10−5 	
012	
03	45 	× 8.314	

03	45
012	7 	× 298	7 = 0.047	

HccAcetylene		=		___________	
012	
03	45 	× 8.314	

03	45
012	7 	× 298	7 = E. F.	

VWXYWZ[	\WY]^WX_ = 
`abE&cQdeE&&c	f*Q*ghdb*f		eEgi'b + 5*bgcjk	lEm	f*Q*ghdb*f	eEgi'bn		

!4do*f	Q'QE&	eEgi'b
×100 

 

Mass balance equation - MBE (Closed system) 
Input + generation – output – consumption = accumulation 
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